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EXECUTIVE SUMMARY

In March of 2023, Chief Judge of the United States Court of Appeals for the Federal
Circuit Kimberly A. Moore, acting under the authority of the Judicial Conduct and
Disability Act of 1980, 28 U.S.C. §§ 351-364, identified a complaint against her colleague
Circuit Judge Pauline Newman alleging, in essence that Judge Newman presents “a
concern that [she]... may have a mental or physical disability that renders her unable to
discharge the duties of her office.” Special Committee Order of May 16, 2023, at 1,
https://tinyurl.com/yc7¢78ap (“May 16 Order”).! A Special Committee (consisting of
Chief Judge Moore and Circuit Judges Sharon Prost and Richard G. Taranto) was
appointed to investigate the matter. /d. The Committee issued a series of orders directing
Judge Newman to undergo neurological and neuropsychological testing, and to release her
medical records covering the preceding two years to the evaluating physicians. See id. at
4-23. Judge Newman declined to undergo the specified examinations, citing, inter alia,
concerns about objectivity and relevance of the requested examinations. In response, the
Judicial Council of the Federal Circuit suspended Judge Newman from hearing cases
pending either compliance with the aforementioned orders or when otherwise justified by
“changed circumstances.” See Special Committee Report & Recommendation of July 24,
2024, at 2, https://tinyurl.com/28s5hz7u (“2023 R&R”).

Endeavoring to help resolve the impasse between Judge Newman and the Judicial
Council, as well as to address Judge Newman’s concerns about objectivity and reliability
of the proposed testing, I volunteered to evaluate her, using modern and objective
technology, namely Perfusion Computed Tomography. A significant body of scientific
literature confirms that Perfusion CT is highly useful for identifying dementia even prior
to clinical signs being present. Specifically, over the preceding decade a spectacular
technological advance in our ability to measure blood flow to various areas of the brain has
taken place. As a result of these stunning advances in spatial and temporal resolution there
is now a widespread medical understanding that Perfusion CT can be used to identify or
rule out the presence of dementia or cognitive impairment on a reliable objective basis.
Furthermore, unlike a situation where there may be a “defense neuropsychology report”
and a “plaintiff neuropsychology report” that disagree completely on nearly every
conclusion, there is no “defense CT scan” and “plaintiff CT scan” because the data is
completely objective requiring little if any subjective interpretation.

I have significant expertise in neurosurgery, brain injury, cognitive treatment for
individuals engaged in intellectually complex professions, and brain imaging. In 1986, I
received my MD degree from the University of Chicago and a PhD in Biological
Anthropology from Harvard University. I am an editor of the principal textbook in
neurosurgery (Youmans & Winn, Neurological Surgery (8" ed., Elsevier)) and an author of

! All orders of the Special Committee and the Judicial Council of the Federal Circuit are
filed under case caption In re Complaint No. 23-90015 (Judicial Council of the Fed. Cir.).
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several chapters including the chapter (Exhibit 3) on Diffusion Tensor Imaging of the
brain—a technology I invented and patented. See U.S. Pat. No. 5,560,360 (the subject of
some 480,000 publications identifiable on Google Scholar). I serve on the Continuing
Medical Education Committee of Cedars Sinai Medical Center in Los Angeles. For many
years, I have also served on the Joint Guidelines Committee of the American Association
of Neurological Surgeons and the Congress of Neurological Surgeons. I have been
admitted as an expert in more than a hundred cases in various state and federal courts and
my testimony has never been excluded. I also am an attorney (having received my JD
degree in 2014) and am a member of the Bar of the United States Court of Appeals of
the Federal Circuit and a member of the Federal Circuit Bar Association.
Accordingly, I possess unique expertise that permits me to provide an expert opinion on
Judge Newman’s state of mental health and her ability “to discharge the duties of her
office.”

In addition to the Perfusion CT scan, I conducted a full neurological evaluation as
required by the Special Committee’s May 16, 2023, Order. See May 16 Order at 22.
Furthermore, I conducted an interview with Judge Newman which tested her ability to
understand (without any prior preparation) complex technology and to apply complicated
patent law doctrines to the same. Finally, I compared Judge Newman’s verbal and
analytical abilities during my examination to my prior interactions with her as an attorney
who appeared before her on two separate occasions in 2019 and 2022. The examination
lasted about three hours exclusive of the time necessary to conduct or analyze the Perfusion
CT scan.

Prior to conducting my examination, I familiarized myself with evidence compiled
by the Special Committee, including affidavits from various Court staff. See Exhibits to
2023 R&R. I have also reviewed Judge Newman’s medical history dating back to 2021 as
required by the Special Committee. See May 16 Order at 6. While the records are described
more fully below, nothing in the records shows that Judge Newman has ever suffered a
“heart attack™ (in the sense of a severe abrupt disabling cardiac event) or had a fainting
episode. The records reviewed by me do not “shed light,” id. at 5, on Judge Newman’s
current condition. Indeed, given that her neurological workup was entirely normal, the
records do not appear to be contributory in any way to “the issues of impairment of
cognitive and other functioning the Committee is investigating,” id. Specifically, although
she has received treatment for various hematologic and infectious diagnoses — these related
to an infection of unclear source which has now resolved completely.

The Perfusion CT Brain scan conducted at the George Washington University
Hospital and evaluated by both myself and a physician of the employ of that hospital was
entirely normal. Indeed, Judge Newman’s brain demonstrates a very high rate of effective
perfusion—a finding consistent with high cognitive ability generally, and Judge Newman’s
high capability for integrative thought and memory functioning. Specifically — as explained
in detail below — these findings are wholly inconsistent with any dementia or other
cognitive deterioration. Her prior Pulmonary Perfusion SPECT scan of 3/4/2022 and
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Myocardial Perfusion SPECT scan of 2/4/2022 similarly support an assessment of
excellent health for her age.

The neurological examination was also normal, save for two minor issues (cataracts
and slightly unsteady heel-to-toe walk) which are discussed below, but neither of which
raises any concerns with respect to Judge Newman’s cognitive abilities.

My comparison of Judge Newman’s abilities as a jurist (including comparisons to
her speech fluency, patterns, diction, and the like) in 2019 and 2022 with those of the
present day show no notable changes.

Finally, my evaluation of Judge Newman’s abilities to understand complex
technologies and apply, in real time, complicated legal doctrines to the issues raised by
these technologies showed that Judge Newman remains fully capable to engage in the work
of a judge of the United States Court of Appeals for the Federal Circuit.

In short, in my expert professional opinion, and to a reasonable degree of medical
certainty, based on the combined test results there is no evidence that Judge Newman
suffers from any cognitive impairment, and she is fully able to discharge the duties of her
office. This report should allow the Special Committee and the Judicial Council “to fulfill
its assigned task under the Act—namely, making an informed assessment ... about whether
Judge Newman suffers from a disability.” Judicial Council Order of Sept. 20, 2023, at 68,
https:/tinyurl.com/hybufxy?2 (emphasis in original) (“Sept. 20 Order”).?

2T have confined this report solely to the issue of Judge Newman’s cognitive state and do
not opine on any other matter that the Committee may be investigating. See Special
Committee Order of June 20, 2023 at 2-3, https://tinyurl.com/5n7e3mpp.
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L. PREFACE
As a preface to this report, I provide the following context.

Judge Newman graduated from Vassar College in 1947 with majors in chemistry
and philosophy, obtained an M.A. from Columbia University in 1948, and a Ph.D. in
chemistry from Yale University in 1952. Thereafter, she worked as a chemist and research
scientist with American Cyanamid. She obtained her law degree at NYU in 1958 and
worked as patent counsel for FMC Corporation. She served as a science policy specialist
for UNESCO, was a member of the State Department Advisory Council for International
Intellectual Property between 1974 and 1984, and participated in the creation of the Court
of Appeals of the Federal Circuit between 1979 and 1982. She was appointed to the Court
on January 30, 1984, by President Ronald Reagan.

The events leading up to the suspension of Judge Newman are thoroughly set forth
in a) Special Committee’s order of May 16, 2023; b) Special Committee’s Report and
Recommendation of July 31, 2023; c) Judicial Council’s order of September 20, 2023; d)
Judge Newman’s responses to the above; and e) Defendants’ combined memorandum in
support of their motion to dismiss in opposition to plaintiff’s preliminary injunction
motion, in Newman v. Moore, No. 23-cv-1334 (D.D.C., Sept. 1, 2023). I have reviewed all
of the above documents together with all of the supporting affidavits accompanying the
same. See Exhibits to 2023 R&R.

At issue in this assessment is a suspicion that the Hon. Pauline Newman, a United
States Circuit Judge of the United States Court of Appeals for the Federal Circuit is
suffering from a loss of, or deterioration in, her cognitive abilities making her potentially
unable to discharge the duties of her office. This suspicion or concern led the Judicial
Council of the Federal Circuit to order Judge Newman to undergo neurological and
neuropsychological testing. Judge Newman declined to abide by the order to undergo
neuropsychological batteries of tests, in large part due to her concerns about objectivity,
reliability, and relevance of the ordered tests. This refusal led to an impasse between Judge
Newman and her Judicial Council colleagues which ultimately culminated in an order
suspending her from the judicial work of the Court for a period of one year. See Sept. 20
Order.? The suspension was recently renewed for another year. See Judicial Council Order
of Sept. 6, 2024, https://tinyurl.com/3xxukyac. Additionally, the dispute between Judge
Newman and her colleagues is the subject of an ongoing litigation. See Newman v. Moore,
No. 1:23-cv-01334-CRC (D.D.C., dismissed on July 9, 2024), appeal filed July 10, 2024,
(D.C. Cir. No. 24-5173).

3 Judge Newman was suspended from hearing cases as early as March of 2023. The Judicial
Council of the Federal Circuit explained that the pre-September 2023 suspension was for
reasons unrelated to her refusal to submit to requested testing. See Judicial Council Order
of June 5, 2023, https://tinyurl.com/4unuxeyf.
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I am acting pro bono and have no financial interest in any of the technologies or
methods relied on in this evaluation. Although I am an inventor of a successful technology
in brain imaging that saves thousands of lives every year and which is the subject of
480,000 publications identifiable on Google Scholar and nearly 30,000 peer reviewed
publications held by the National Library of Medicine, see Diffusion Tensor Imaging, US
Pat. No. 5,560,360 (Exhibit 2), this technology was not used in the present assessment. I
have an extremely busy medical practice booked months in advance, do this medical work
eighty to one hundred hours per week, and am in no need of seeking out additional patients
through the provision of this report. My only interaction with Judge Newman prior to this
contact and evaluation are the wholly routine events attendant on her assignment to the two
oral arguments noted above.

Neither Judge Newman nor her attorneys sought out my services. Rather, |
contacted Judge Newman’s attorneys and offered to provide the evaluation and assessment
because, like everyone else involved, I want to see that the resolution of this matter by the
relevant courts and administrative bodies benefits from the best possible medical
information in support of the ultimate decision.

I have tremendous respect for the entire judicial bench of the Court of Appeals of
the Federal Circuit. I believe that this Court makes the world leading patent system of the
United States possible. As a member of the Bar of this Court, I have argued before and
received a favorable opinion authored by the Hon. Richard Taranto in 2019. I have argued
three times before this court: in 2016 (Case No. 15-1687, heard by Circuit Judges Lourie,
Dyk, and Hughes); in 2019 (Case No. 18-2363, heard by Circuit Judges Taranto, Newman,
and O’Malley); and in 2022 (Case No. 21-1552, heard by Circuit Judges Newman, Reyna,
and Wallach).* I have also recently attended the Federal Circuit Judicial Conference held
on May 14, 2024, and based on the presentations at the Conference (including the opening
presentation by Chief Justice of the United States, the Hon. John G. Roberts)—am highly
impressed and appreciative of what Chief Judge Kimberly Moore has done to advance the
capabilities and effectiveness of the Court of Appeals for the Federal Circuit.

4 My appearances before panels of this Court which included Judge Newman resulted in
success once, see NeuroGrafix v. Brainlab, Inc., 787 F. App’x 710 (Fed. Cir. 2019)
(opinion by Taranto, J.) (non-precedential) (Exhibit 8), and leaving the ruling below
undisturbed once, see Filler v. United States, 2022 WL 193199 (Fed. Cir. Jan. 21, 2022)
(Rule 36 judgment without opinion). My third (and earliest) argument was not before Judge
Newman. See In Re Filler, No. 15-1687, 636 F. App’x 802 (Fed. Cir. 2016) (Rule 36
judgment) (affirming a Patent Trial and Appeal Board (Appeal 2014-006569) ruling that
reversed 10 but sustained 6 rejections from the original 66 claims where all of the rejections
concerned the Magnetic Resonance Neurography claims and did not affect the DTI claims).



Newman, Pauline
DOB: 6/20/1927
August 24, 2024
Page 8 of 44

This document was not prepared in order to take sides in the dispute between Judge
Newman and her colleagues, but to provide objective data to the relevant decision-makers.
The utility of the medical opinion that this report sets forth is also detailed below.

Central to this report is an advanced modern Perfusion CT scan obtained at the
George Washington University Hospital on August 22, 2024, at my direction and following
Judge Newman’s consent to proceed with this accurate and objective test. Unlike a
situation where there may be a “defense neuropsychology report” and a “plaintiff
neuropsychology report” that disagree completely on nearly every conclusion, there is no
“defense CT scan” and “plaintiff CT scan” because the data is objective.

Neuropsychology testing is not tethered to neuroanatomy or neurophysiology and
is not typically performed by a physician.’ In contradistinction, as explained below,
technology has advanced, so that measurements such as high cerebral blood volume
(CBV), high cerebral blood flow (CBF), absence of any delay in blood transit time
(TTmax), and very strong AIF - arterial input function Al calculation for the right and left
hippocampal structures of Judge Newman are decisive.

This asserted medical view from my perspective as an expert in this field, is
especially decisive when taken together with a) my review of Judge Newman’s most recent
written opinions, b) the remainder of my examinations, and c) the opinions of Drs. Ted L.
Rothstein, MD and Regina M. Carney, MD. On these pillars, I believe that the relevant
judicial evaluators should conclude that the components of this report can and do
meaningfully and relevantly show that Judge Newman does not suffer from any dementia
or detectable decline in intellectual function and that the Judicial Council’s request for
medical evaluation of the Hon. Pauline Newman has now been sufficiently completed.

Critical Preliminary Fact: Excellent published medical data show that intellectual
and/or cognitive decline does not necessarily occur with aging even though it does often
occur. The best data is present in Sudlow, et al., UK Biobank: An Open Access Resource
for Identifying the Causes of a Wide Range of Complex Diseases of Middle and Old Age,
12 PLOS Med. €1001779 (2015). This information was based on assessments of 15,000
individuals. See also Powell, et al., Defining Exceptional Cognition in Older Adults: A
Systematic Review of Cognitive Super-Aging, 38 Int. J. Geriatric Psych. e6034 (2023)
(summarizing 44 publications in this field). Given this fact, it is my expert opinion that the
demonstration of the absence or presence of cognitive decline as to Judge Newman must
be usefully assessed only by an exam on a personal and individual basis pertinent to her to
the capabilities expected of her. Therefore, this assessment undertakes to test and document
ongoing judicial excellence and capability (or lack thereof) on a particularized and
individualized basis with the highest of standards as to her required physiological

3 Indeed, the Special Committee ordered that testing be done by a neuropsychologist who
does not have medical training and has been in practice for less than a decade. See May 16
Order at 19.
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intellectual status and relevant capabilities in technology and patent law and not by
assumptions deriving from general population-based expectations.

II. STRUCTURE OF THE REPORT

To resolve the essentially medical dispute, see Special Committee Report and
Recommendation of July 24, 2024 at 21 (“We agree that the proper specialist medical
examinations and medical records are crucial to an evaluation of disability.”), as to
appropriate and relevant cognitive status testing/evaluation, I have recommended, and I am
here reporting three parallel and collectively comprehensive tracks of evaluation I have
performed:

1. Detailed Classical Neurological Examination by a cognitive specialist Board
Certified neurosurgeon to support inferences as to general neurological status
which I conducted. As a neurosurgeon with sub-specialty in this field, I am fully
qualified to conduct and have conducted thousands of such examinations.

2. Direct real-time interview, conducted by myself in my capacity as a
neurosurgeon, inventor (11 granted patents — see attached CV (Exhibit 1)), and
author of a book on inventions and patents (Smart Guide series “Smart Guide
to Patents” 2012 (Exhibit 11)). This exam component focuses on
patenting issues in advanced technology with assessment for immediate
rapid fluent verbal generation of patent law analysis. The purpose of this
component was to make direct relevant personal experience comparisons
relative to two oral arguments in 2019 and 2022 before panels which
included Judge Newman, both of which occurred prior to the beginning of
the current investigation.

3. Advanced functional testing by brain imaging of Judge Newman, which
included a battery of eight separate modern, universally accepted analytical
assessments, was conducted on August 22, 2024, at the George Washington
University Hospital in Washington, DC as described below.

= Perfusion CT scan analyzed directly by:
e Analysis Software: i-RAPID AI CTP Ischemaview
o (Computed Tomography Perfusion)
e Scanner: Siemens Somatom Definition Flash
o Dual Energy 256 Slice CT with Siemens Stellar
detectors
Rotation Time: 0.28 seconds
Isotropic Resolution: 0.33 millimeters
Temporal Resolution: 75 milliseconds
Scan Speed: 458 mm/s3 with Flash Spiral active

O O O O
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The result of these tests—which I have additionally interpreted myself—is that
Judge Newman’s Perfusion CT demonstrates no evidence of any identifiable deteriorations
that are known to be attendant on age and/or disease. In fact, these scans demonstrate none
of the various known abnormalities that accompany the various dementias even at their
pre-clinical stages. Further, it is my expert opinion that the color map images of regional
Cerebral Blood Volume and regional Cerebral Blood Flow—which show that Judge
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Newman'’s brain demonstrates a very high rate of effective perfusion of the hippocampal
region bilaterally—are reflective of her high capability for integrative thought, memory
and structured creative professional expression.

It is also my expert opinion that this result, taken together with my findings upon
neurological examination and the interview with a requirement of immediate response to
challenges on complex advanced technology in biochemistry/molecular biology and
separately, in industrial application of matter/anti-matter reactions in nuclear physics as
to patent law implications of these technologies, demonstrate excellent cognitive skills
sufficient to warrant full return to her judicial duties. It is highly unlikely that any person
suffering from even mild cognitive decline could rapidly understand and explain back this
level of complex technology in disparate fields and then immediately progress to an on-
target analysis of equally complex patent law issues.

III.  EXPERT’S BACKGROUND AND QUALIFICATIONS

I am a licensed physician in the District of Columbia, with license number
MD600003193, issued on September 9, 2024.° T am also licensed in several other states
including, but not limited to Virginia, California, Massachusetts, New York, and Texas.

I have significant expertise in neurosurgery, brain injury, cognitive evaluation and
brain imaging. In 1986, I received my MD degree from the University of Chicago and a
PhD in Biological Anthropology from Harvard University. I am an editor of the major
textbook in neurosurgery (Youmans & Winn, Neurological Surgery (8" ed., Elsevier)) and
an author of several chapters in that text including the chapter on Diffusion Tensor Imaging
of the brain—a technology I invented and patented. See U.S. Pat. No. 5,560,360. I serve
on the Continuing Medical Education Committee of Cedars Sinai Medical Center in Los
Angeles. For many years, I have also served on the Joint Guidelines Committee of the
American Association of Neurological Surgeons and the Congress of Neurological
Surgeons. | have been admitted as an expert in more than a hundred trials in various state
and federal courts and my testimony has never been excluded. My most recent federal court
testimony was Haysbert v. Bloomin’ Brands, Inc., No. 20-cv-121 (E.D. Va., Rebecca
Beach Smith, J.) regarding a head injury suffered by a 75-year-old university provost.’

6 At the time of the examination, my practice in the District of Columbia was authorized
by D.C. Code §3-1205.02(3A) (authorizing practice by “an individual retained to assess or
evaluate a subject and to testify as an expert witness in any court or administrative
proceeding, hearing, or trial”) and §3-1205.02(4) (authorizing practice by “a health
professional who is authorized to practice a health occupation in any state adjoining the
District who treats patients in the District” under certain conditions which I met).

7 As in other cases, the Court rejected defendant’s motion to exclude my testimony.
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In addition to my medical practice, I am also past president and general counsel for
the Society of Brain Mapping and Therapeutics, an organization with several thousand
members devoted to advanced technology in the neurological sciences. I have also served
as a physician in the United States Army Reserve, reaching the rank of lieutenant colonel
and serving as a Commander of the 1466th Med Team Neurosurgery.

I am currently on staff at Cedars-Sinai Medical Center in Los Angeles and St.
John’s Hospital, Providence, in Santa Monica, California, where my main principal office
is located. I also have offices in Houston, Texas, and Dallas, Texas. I have an active
practice and most recently (September 6, 2024) performed a complex specialized 12 hour
surgery on a patient who traveled from Ontario, Canada. I have extensive experience with
evaluating brain function, as set forth most recently in a presentation entitled Clinical
Application of Diffusion Tensor Imaging for Diagnosis and Treatment of Persistent Post-
Concussive Symptoms in Individual Traumatic Brain Injury Patients, delivered on
September 10, 2023, at the Walter Washington Convention Center in Washington, DC at
the 73 Annual Meeting of the Congress of Neurological Surgeons.

I am preparing this report to help definitively settle any questions or concerns
arising about the cognitive capabilities of Judge Pauline Newman. In doing so, I am relying
on my specialty and expertise as a neurosurgeon, as well as my experience as a member of
the Bar of the United States Court of Appeals of the Federal Circuit and a member of the
Federal Circuit Bar Association. I carry out 10 to 12 similar evaluations per week on a wide
variety of individuals, with wide range of occupations and educational backgrounds.
Among people I routinely examine are physicians, attorneys, executives of large
corporations, and similarly situated patients. From this practice, which includes at least
1,500 individuals evaluated by DTI imaging exam combined with a personal medical
examination, in a large clinical report under preparation, I have acquired a focused special
expertise, which I am relying on to address to the question of Judge Newman’s the
neurologic and cognitive capabilities.

IV.  BACKGROUND ON THE UTILIZED PERFUSION CT TECHNOLOGY

The first CT scanner was built by Godfrey Hounsefield at Atkinson Morley’s
Hospital in Wimbledon in 1971—the same institution where I later worked and that funded
my research leading to the first Diffusion Tensor Tractogram in 1992. See US Pat. No.
5,560,360, Fig. 17; see also A.G. Filler, The History, Development and Impact of
Computed Imaging in Neurological Diagnosis and Neurosurgery: CT, MRI and DTI, 7
Internet J. Neurosurg. 1 (2009) (explaining the physics, math and technology of CT scan
image generation and showing the first CT scans ever obtained — available online on
ResearchGate and attached to this report) (Exhibit 4).
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In the past, a single X-ray source and oppositely placed detector captured a series
of individual image paths as the pair was rotated around the patient.® In contrast, in modern
CT technology—such as for the Siemens Definition Flash CT used for this study—
effectively 256 rows of “scan and detect” circular sets simultaneously accomplish the
complete collection of 256 separate image slices in less than a 100 milliseconds. This
process—completing the entire scan of the brain in a fraction of a second—is then repeated
over and over again as a single bolus of contrast agent passes through the target structure.
The 128 x 2 rows of image collection are each slightly helical so there is no missed “space
between slices” as on older CT and MRI scanners. The temporal resolution allows a view
into the behavior of blood flow in active tissues that opens up an entirely new realm of
understanding and testing in medicine.

The technology involved here is not routine CT scanning. It is Perfusion CT
scanning, and Perfusion CT is a modern advance on CT scanning, which is proving more
precise and accurate than comparable MRI and nuclear medicine-based approaches.
Essentially, these high-count multi-slice scanners, extremely rapid CT scanning with
extremely sensitive density assessments have opened a new means of providing important
new levels of detail in brain function. An extensive literature has developed showing that
a number of analytic paradigms for processing Perfusion CT data are highly relevant to
assessment of mild early dementia or even patients showing no symptoms of dementia but
having findings that are predictive of the future expectation of dementia.

Perfusion CT additionally differs from routine CT or contrast CT essentially as
follows; a timed, mechanically administered precise bolus of contrast agent is injected into
the bloodstream and the imaging follows the front wave of this single bolus as it passes
through the brain. The data tracks the amount of contrast entering relative to tissue and the
rate at which it passes through various parts of the brain and therefore can provide detailed
scoring of vascularity and perfusion of numerous particular structures in the brain. This has
proven to be highly correlated with disease and disease progression in the field of dementia.
It provides a far more accurate and objective basis not only as to the presence or absence
of any dementia but of the particular type, subtype, and mechanism.

The scan parameters cited above state that the entire mass of scanning is completed
in less than one third of a second. It can then be repeated again and again as the wave front
of a single bolus of contrast agent progresses into and through the brain. This allows for
very high spatial resolution and detailed studies of the rate and pattern of blood perfusion

8 In classical CT scanning a single X-ray source is rotated around the patient taking a series
of image beam paths which are reconstructed to generate an image of a “slice” of the patient
body through “back projection” mathematical calculations. See Filler (2009), supra
(offering a detailed explanation). The patient table is then advanced a few millimeters, and
another slice image is obtained and so forth until 10 to 20 image slices have been obtained.
Originally, the whole process could have taken 20 or 30 minutes to complete an entire brain
image.
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as the fine patterns of the arrival and passage of the front wave of the bolus of contrast
agent passes through the brain.’

Twenty years of imaging and neuroscience research show that declines in perfusion
pattern correlate strongly with the major categories of mental decline associated with
classic dementias. Conversely, excellent flow—such as those demonstrated by Judge
Pauline Newman’s Perfusion CT brain scan—provides a reliable basis to exclude/rule out
dementia, both on a categorical and individual basis. This is particularly true when the
perfusion results correlate with appropriately targeted cognitive assessments which were
conducted and are reported on below. There is substantial medical literature that
convincingly supports the proposition that high speed perfusion brain imaging supplants
the inevitably subjective practice of neuropsychology in the fundamentals of cognitive
assessment.

A model based on neuroanatomy, neurochemistry, and neuroimaging can depict
impairment on a clear objective basis. As recently as thirty years ago medical imaging was
not up to the task. Now it is.

The literature cited in the following paragraphs relates to attempts to improve the
technology of the test such as more advanced pulse sequences for more effective Arterial
Spin Labeling (ASL is used with MRI for Perfusion scanning but has lower spatial and
temporal resolution compared to the most advanced CT scanners) to avoid having to give
contrast injections, but really do not provide any dispute as to the fundamental validity that
is being shown for these methods. Noting again that the different reports will focus on
different disease categories in order to provide homogeneous sets of patients, the
underlying result of the validity of these tests is clear.

Togao, et al., Arterial Spin Labeling Based MR Angiography for Cerebrovascular
Diseases, Principles, and Clinical Applications, 60 J. Magn. Reason. Imag. 1305 (2023),
generally explains the value and clinical uses of brain imaging techniques such as arterial
spin labeling.'”

Metting, et al., Cerebral Perfusion and Neuropsychological Followup in Mild
Traumatic Brain Injury, Acute Versus Chronic Disturbances, 86 Brain and Cognition 24
(2014) reports, based on a study of 191 patients, that where a variety of neuropsychological
batteries are used and then compared to CT results, impairments in executive functioning
and emotion perception assessed with neuropsychological tests during follow-up, were

A comparable method in MRI is called arterial spin labelling (ASL), but for this area of
imaging, CT exceeds the capabilities of MRI for speed, accuracy and spatial/temporal
resolution.

10 As noted above, see n.9, supra, Perfusion CT and ASL are comparable technologies,
with the former actually exceeding the capabilities of the latter.
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related to differences in cerebral perfusion at admission in mild traumatic brain injury
cases. It further concludes that the focal cerebral perfusion data provides an objective basis
for assessing the same functions that the neuropsychological testing such as facial
expression of emotional stimuli and tests, the zoom app test for behavioral assessment of
dis-executive syndrome, the ADS battery, the trail making test, immediate recall, Rey
auditory verbal learning test, and a two-hour battery of various neuropsychological tests.

Dash, et al., Perfusion CT imaging as a diagnostic and prognostic tool for
dementia: prospective case—control study, 99 Postgrad. Med. J. 318 (2022) (Exhibit 6),
reports that perfusion CT is a reliable imaging modality for early diagnosis of dementia
and differentiating vascular dementia from Alzheimer’s disease. The study shows that
perfusion parameters are positively correlated with the results of Montreal Cognitive
Assessment (“MOCA”). The study concluded that Perfusion CT can be used as a surrogate
marker of cognitive status in the follow-up of patients with dementia.

Hart, et al., Neuroimaging of Cognitive Dysfunction and Depression in Aging
Retired National Football League Players, 70 J. Am. Med. Ass’n Neurology 326 (2013),
matches behavioral changes to image findings on the arterial spin labeling,!' thus
demonstrating the validity of such image findings.

Streitparth, et al., Diagnostic Value of Multislice Perfusion CT in Dementia
Patients, 48 Radiologe 175 (2008),'? reports on a study of 55 subjects, and concludes that
on an analysis of blood volume, blood flow, and transit time—all parameters of a Perfusion
CT scan, while pairing these results with a Mini-Mental Status Examination, cerebral
profusion decreased with an increasing degree of dementia. The study describes Perfusion
CT scan as an inexpensive, widely available methodology, which can reveal information
about regional differences of cerebral profusion, which is in turn useful for differentiating
severity and types of dementia.

The Perfusion CT performed to scan Judge Newman at George Washington
University Hospital on August 22, 2024, is the method at the technological front line of
what is available for clinical hospital imaging of brain function as to accuracy and spatial
resolution today.

V. INFORMATION CONSIDERED IN PREPARING THIS REPORT

This report makes public selected items of Judge Newman’s medical record (all of
the information in my possession) for purposes of providing advanced current medical data
and opinion relevant to the Federal Circuit’s Special Committee and Federal Circuit’s

" rd.

12 This article is written in German, but an English-language abstract is available.
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Judicial Council orders, reflecting Judge Newman’s colleagues’ concerns regarding her
cognitive abilities.

VI.  PAST MEDICAL HISTORY

I have also been given an opportunity to review'? Judge Newman’s medical records
spanning the last two years in detail and have completed that review. The records reviewed
spanned more than 2,000 pages. All of these have been adequately summarized in the notes
of Dr. Rothstein and Dr. Carney. Judge Newman’s records indicate that she has been (or is
being) successfully treated for the various diagnoses identified below. Judge Newman
denied having had a heart attack at any point in her life or any fainting episodes, and records
do not reveal any such episodes.

The only recent issue of relevance is what appears to be an episode of sub-clinical
sepsis leading to acute anemia in late 2023 to early 2024. The problem was diagnosed and
once the infection was resolved, she demonstrated a vigorous and rapid resolution of the
anemia. In my expert opinion, none of Judge Newman’s medical conditions revealed by
her records are ultimately contributory or relevant to her current mental state, and none
suggest a cognitive decline or neurological deficits.

VII. PAST MEDICAL RECORDS

Prior to preparing this report, I reviewed Judge Newman’s medical records dating
back to early 2021, wherein Judge Newman provided these to me for review consistent
with the Special Committee’s orders. See May 16 Order at 5-6.

Notes on the Hon. Pauline Newman’s Past Medical Records:

Detailed Review of 876-page medical record for George Washington University
Hospital (GWUH) and Virginia Hospital Center — (with much internal redundancy)

Detailed Review of 908-page One Medical Group Records (Reston, VA).

Additional Separate Records (with some repetition to the One Medical Group
Records) constituting about 90 pages of notes from Jenna Byorek AGNP-BC and John
Feigert, MD as to various hematologic concerns were reviewed in parallel.

There were also about 30 pages of LabCorps reports — some of which reported
laboratory results that also appeared in the hospital records (VHC and GWUH) and
outpatient records from One Medical Group.

13 After review, all records were returned to Judge Newman.
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e Vital Signs at GWUH (8/22/2024) (date of Brain Perfusion CT)

o BP 150/69
o Pulse 61
o Temp 36.2
o Resp Rate 17
o 02 Sat 93%
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Routine cognitive impairment screening (Mini-Cog Survey) 10/31/2023
o Normal per neurologist (per One Medical Group records) (form not in
records) (unclear if this is a second different test by another neurologist)

e Modified MOCA Cognitive test (Neurologist; Ted L. Rothstein, MD) 6/21/2023
o Reported as normal

i

Myocardial Perfusion Scan 2/4/2022 (Tc99m) (SPECT) (Richard Perrin, MD)
o Normal

Depression screening PHQ-2
o 2/26/2021 — negative
o 9/2/2022 —negative
o 4/1/2024 —negative
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" e

Internal Medicine

Cardiolo

Summary Assessment of 2023 to 2024 Medical Events and Treatments

The One Medical Group Records provide a sequential summary of events as
additional paragraphs are added to a lead summary, but overall covering the same events
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demonstrated in the Virginia Hospital Center and George Washington University Hospital
Records.

At One Medical, Nurse Practitioners — such as

along with Judge Newman’s
—and their

lead Primary Care physician
associates/referral/referring medical practitioners

) manage various routine day to day
medical issues, review incoming records from VHC and GWUH and interact with home
visit staff.

Entries from 2/8/2024, 3/20/2024, 4/26/2024, 5/1/24, 5/7/2024, 5/9/2024,
5/16/2024, 5/23/2024, 6/10/2024, 7/1/2024, 7/19/2024, and 7/31/2024 were reviewed. Of
note, Judge Newman’s _ now appear to have stabilized in a
normal range on a continuing basis.

The overall current assessment of her One Medical Group providers as of 7/31/2024 is:
“Able to carry on normal activity; minor signs or symptoms of disease”

Overall — the principal medical events of the previous 12 months appear to be
various complications of low-level sepsis — with the underlying causes of the infection
being unclear.

But ultimately,

, the symptoms now appear to be resolved with no lasting
consequence. The care record demonstrates an impressive degree of seamless integration
among generalist and specialist physicians and nurse practitioners, deploying reasonable
testing regimes and timely correct treatments across a wide variety of medical specialties.

Consistent with my evaluation, Judge Newman now appears to be in very good
health consistent with the demands and requirements of her usual work — as to her general
medical status. She has excellent and promptly responsive physician and nurse practitioner
caregivers that appear to seamlessly communicate as to home health, outpatient clinic and
hospital-based services. Her recovery from the sepsis * seems
complete. The cause is not fully determined but appears to be routine — in that the onset

and course could readily have occurred to any individual and does not appear to be age
related.

Her medical team clearly makes good use of modern electronic medical record
methodology to achieve an excellent level of communication among the various
practitioners. The degree of coordinated interactions between the medical providers and
Judge Newman is of very high quality, so that despite the number of treatment elements
involved, Judge Newman has been able to complete many opinions and clear her previous
backlog during 2023, even as some of the earlier of these various medical events were
taking place.
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VIII. EXAMINATION

On August 24, 2024, I have personally examined Judge Newman, carrying out her
evaluation in her chambers at the United States Court of Appeals of the Federal Circuit in
Washington, DC.

In addition to the traditional neurologic exam (discussed below) and the
aforementioned CT scan, I have reviewed several of Judge Newman’s written opinions,
including:

o Commil USA, LLC v. Cisco, 720 F.3d 1361 (Newman, J., concurring in part and
dissenting in part) (Fed. Cir. 2013), vacated by 575 U.S. 632 (2015);

o SAS Inst. v. ComplementSoft, LLC, 825 F.3d 1341 (Fed. Cir. 2016) (Newman, J.,
concurring in part and dissenting in part), rev'd sub nom. by SAS Inst. v. lancu, 584
U.S. 357 (2018);

e Bishay v. United States, 2022 WL 3754199 (Fed. Cir. Aug. 30, 2022) (Newman,
J., dissenting) (non-precedential);

e Dep’t of Transp. v. Eagle Peak Rock and Paving, Inc., 69 F.4th 1367 (Fed. Cir.
2023) (Newman, J., dissenting);

e GSS Holdings (Liberty), Inc. v. United States, 81 F.4th 1378 (Fed. Cir. 2023)
(Newman, J., dissenting);

o Incept, LLC v. Palette Life SCIS, Inc., 77 F.4th 1366 (Fed. Cir. 2023) (Newman, J.,
concurring in part and dissenting in part);

o Military-Veterans Advocacy, Inc. v. Secr’y of Vet. Aff., 63 F.4th 935 (Fed. Cir.
2023) (opinion by Newman, J.);

o SAS Inst. v. World Programming LTD, 64 F.4th 1319 (Fed. Cir. 2023) (Newman,
J., dissenting); and

e Watson v. McDonough, 2023 WL 7381456 (Fed. Cir. Nov. 8, 2023) (opinion by
Newman, J.) (non-precedential).

The review of the above opinions was not legal, but medical. In other words, the
purpose of the review was to compare Judge Newman’s current written product to that
which preceded the allegations of cognitive decline. This review formed part of my
assessment of Judge Newman’s cognitive status.

Additionally, I drew on my own experience as an attorney appearing before panels
which included Judge Newman (case No. 18-2363, argued on August 6, 2019 and case No.
21-1552, argued on January 13, 2022, both in relation to US Pat. No. 5,560,360), to
compare Judge Newman’s current fluency, attention-span, understanding, affect and the
like, to that which she exhibited at the time of the aforementioned oral arguments. Purely
from a medical perspective, the participation of Hon. Pauline Newman in the 2019 and
2022 oral arguments in which [ participated demonstrated vigorous, thoughtful
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participation. This stands out clearly as more than comparable when compared to the audio
of the panel which did not include Judge Newman and before which I argued in 2015.

The purpose of this review is limited to my medical and professional assessment of
Judge Newman’s capabilities. In addition to medical experience and expertise, my legal
experience and expertise was brought to bear because the question before me is whether
she is mentally and physically fit to fulfill her responsibilities as a United States Circuit
Judge for the Court of Appeals for the Federal Circuit. As a litigant, a member of the Bar
of the Federal Circuit, and a member of the Federal Circuit Bar Association, I am able to
evaluate Judge Newman’s medical information as it specifically relates to her judicial
position.

The evaluation of Judge Newman did not include a DTI image because she was
ineligible for MRI scanning due to a pacemaker wherein the current corporate owner of the
relevant pacemaker type was not able to provide adequate assurance for MRI imaging.'

IX.  INDICATIONS FOR A PERFUSION CT BRAIN SCAN

Indications are as follows; firstly, of note, I have had a chance to review the
evaluations and opinions of Dr. Ted L. Rothstein, Professor of Neurology at George
Washington University, who evaluated Judge Newman over the same issues with his report
of June 21, 2023, and the report of forensic psychiatrist Dr. Regina M. Carney of her
August 25, 2023 evaluation, including the Mini-Mental State Examination carried out by
Dr. Carney.

It was my choice to obtain a Perfusion CT because of the ineligibility of Judge
Newman for a DTI due to her pacemaker. Nevertheless, it is widely recognized that
Perfusion CT scanning and the similar test of MRI-ASL evaluations (see below for further
explanation) can, and do, supplant and replace the previously used neuropsychology
evaluations, which are subjective and rooted in a testing framework arising in the 161
century.

Current reports indicating the relevance of Perfusion CT (and ASL-MRI), and their
role in replacing neuropsychology evaluations as a result of the perfusion studies’ much
higher relevance and accuracy, are set forth in Dash, supra; Togao, supra; Zhang, The
value of whole-brain CT perfusion imaging and CT angiography using a 320-slice CT
scanner in the diagnosis of MCI and AD patients, 27 Europ. Radiology 4756 (2017);
Pasternak, et al., Longitudinal cerebral perfusion in presymptomatic genetic

14 Her Pacemaker is a St. Jude Assurity DR 2240, SR#7831442, that was implanted on
November 10, 2016 after an episode of bradycardia. The leads are Tendril STC 2088TC of
various relevant lengths. Our investigation revealed that when St. Jude was purchased by
Abbott, the new owning manufacturer did not file sufficient information with the FDA to
allow for any MRI clearances by the new owner. Therefore, she cannot have an MRI scan.
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frontotemporal dementia: GENFI results, 20 J Alzheimer’s & Dementia 3525 (2024)
(Exhibit 7); Latchaw, et al., Guidelines and recommendations for perfusion imaging in
cerebral ischemia: a scientific statement for healthcare professionals by the writing group
on perfusion imaging, 34 Stroke 1084 (2003); and CT Brain Perfusion Protocol,
Radiopaedia (July 2024).

X. RECENT OPINION WRITING

In our interview in Chambers on August 24, 2024, Judge Newman reported that she
recognizes that her rate of production of opinions had slowed somewhat but drew attention
to her success in resolving the backlog without compromising the quality of her opinions.

I have reviewed the opinions discussed above and concur with the assessment by
Associate Professor Andrew C. Michaels, that the quality of the dissents, as well as other
opinions, appears to be completely adequate as would be expected of a skilled, experienced
senior Federal Circuit Court Judge. See Andrew Michaels, Judge Newman’s Recent
Dissents Show She Is Fit for Service, Law360 (June 6, 2023).

XI.  DEMEANOR

As to demeanor, I found Judge Newman to be gracious, informative and
communicative. She demonstrated appropriate personal insight in calmly and evenly
describing to me the events leading up to the current impasse with the Federal Circuit
Judicial Council. I appreciate that all persons experience episodes of irritability and
frustration. I typically assess patients—including attorneys—who are experiencing chronic
symptoms of persistent post-concussive syndromes and who complain of difficulty with
increased anger and irritability, among other symptoms. It is very corrosive for those it is
directed at and is often upsetting for those who are the source (e.g., regret for a person’s
role in such an episode).

I have reviewed the affidavits of various court staff which report that Judge
Newman’s episodes have increased in frequency and severity. While I understand that
Judge Newman recollects several episodes differently than the affiants, I do not endeavor
to resolve which recollection is more accurate, and, for the purposes of my evaluation take
affiants’ statements at face value. I do note that most of the reports of Judge Newman’s
outburst concern events that occurred following the launch of the present investigation, and
thus may be explained by the stress occasioned by this process. At the same time, if there
was any inappropriate behavior towards colleagues or subordinates by Judge Newman, I
do not seek to justify or excuse it.

Admittedly, as a physician, I had just a single moment in time at which to evaluate
Judge Newman, given her behavior during the evaluation, I cannot make any finding of
altered demeanor. In any event, it is my understanding that the episodes recounted in the
affidavits have served merely as support for the Special Committee’s and Judicial
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Council’s conclusion that medical testing is necessary to evaluate Judge Newman’s
cognitive state. This medical testing has now been conducted.

XII.  GENERAL PHYSICAL EXAMINATION

Physical exam is as follows; this is a 97-year-old woman who appears generally
healthy and active as if 20 or more years younger than her stated age. She engages normally
and fluidly in interaction and conversation without any apparent diminishment that might
be associated with age in the 10" decade as to other individuals. In this regard she presents
as a “Super-Ager” in that she does not demonstrate effects of age on cognition or demeanor
comparable to many others at this age (see Sudlow, supra and Powell, supra). Based on
my experience as an attorney and my expertise as a physician, the content of her speech is
entirely appropriate for a serving Court of Appeals Judge.

Gait and station are normal. She is observed entering and exiting the vehicle by
which we arrived at the Courthouse of the Court of Appeals of the Federal Circuit, and then
observed walking to the elevator in the parking garage and from the elevator to her
chambers.

Vital signs and general assessment were conducted by myself, using electronic
versions of traditional medical assessment devices and technologies.

Blood pressure by automated manometry blood pressure assessment of the radial
artery at the wrist was systolic 132 and diastolic 68 by electronic display.

Finger oximetry reveals oxygen saturation of 97%, pulse of 62.

Temperature was assessed with a standard digital LCD infrared temporal artery-
based thermometry at the glabella between the eyebrows as recorded as 97.8 Fahrenheit,
appropriate for age.

Auscultation with a Littmann CORE 500 EKO electronic stethoscope reveals
cardiac rate and rhythm pattern as generally normal as displayed on the screen on the hand-
held headpiece of the stethoscope. Depth and airflow of respiration and movement of lungs
are also generally normal.

The Littmann stethoscope output was also observed on a linked app in the iPhone
and appears normal. No electrocardiographic recording was made. Judge Newman had no
complaints of pain or physical disability.

XIII. NEUROLOGIC EXAMINATION

Neurologic examination is as follows; the patient is alert and oriented x4, that is, as
to person, place, time, and situation. She is able to cooperate fully in examination. Speech
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is fluent and normal and directly comparable to my prior personal experience appearing in
front of her as a litigant, without distinction from her diction, flow, rate, and complexity of
speech. This was confirmed by a review of the publicly available audio of the oral
arguments in NeuroGrafix v. Brain Lab, Inc., No. 18-2363 (Aug. 6, 2019) (transcript
provided as Exhibit 9) and Filler v. United States, No. 21-1552 (Jan. 13, 2022).

CRANIAL NERVE EXAMINATION:
Cranial Nerve I:

e No olfactory abnormalities reported.
Cranial Nerve II:

e Visual fields are full and intact to confrontation.

e The patient did experience some blurring, looking laterally to the left, and
notes that she has had a finding of a small cataract. She finds that this was
the basis of her choice not to continue driving herself.

¢ Retinal Examination, which I carried out with the direct inspection using a
Welch Allyn Hillrom, model 11820L, PanOptic ophthalmoscope including
blue light and slit lamp, as well as direct inspection demonstrated no retinal
abnormalities.

Cranial Nerves III, IV and VI:

Pupils are equal round and reactive to light.

Extraocular movements are intact.

There is no nystagmus or limitation observed upon testing of visual pursuits
in six directions (up to right, up center, up to the left, down to left, down
center, down to right).

e Convergence distance is normal at four inches — there is no evidence of any
internuclear ophthalmoplegia or any other eye movement dysfunction.

Cranial Nerve V:

e Sensation intact and uniform to cotton swab testing.
e Masseter function normal and symmetric.

Cranial Nerve VII:
e Face movement symmetric and intact.
Cranial Nerve VIII:

e Weber and Rinné testing using a 256 Hz tuning fork demonstrated
symmetric and intact hearing to bone and air conduction.
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e Sensorineural and conductive function are normal.

Cranial Nerves IX and X:

e Uvula and palate elevate midline.
Cranial Nerve XI:

e Head turn, and shoulder shrug are 5/5.
Cranial Nerve XII:

Tongue protrudes midline and moves left to right without difficulty.
Speech is normal as to diction and tone and volume.

e No dysarthria is appreciated and is generally indistinguishable from my
prior personal experience as a litigant before Judge Newman.'?

CEREBELLAR TESTING:

e Hand Eye Coordination: No evidence of dysmetria on finger-to-nose
testing.

e Reflexes are 1+ symmetric to biceps, triceps, brachioradialis, patellar and
Achille’s tendon by examination with a lightweight Tromner MDF HDP
Hammer.

She is stable on Romberg testing, slightly unsteady on heel-to-toe walking.
No tremor is observed at rest or with intentional movement.

e Directed movements are fluid and precise with no signs of cogwheel

rigidity.

AUTONOMIC:

e There is no evidence of blanching or erythema and no other evidence of
dysautonomia.

HEAD, SPINE, AND EXTREMITIES EXAMINATION:

e The patient is normocephalic and atraumatic or NCAT.

15 Clinical assessment included review and comparison with my verbal interaction with
Judge Newman in 2019 and 2022. To refresh my own memory, I reviewed publicly
available audio recordings of the oral arguments in cases 18-2363 and in 21-1552 posted
on the court's website.
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e Negative for tenderness for palpation at the occipito-nuchal line, or over
cervical, thoracic, and lumbar spinous processes by percussion.

e Neck flexion and extension, turning and lateral bending are performed
without limitation or discomfort.

e Shoulder joint function is normal with her arms at her side, at 90 or 180
degrees, no tenderness to palpation along the glenohumeral joint anteriorly
or posteriorly, nor along the biceps or supraspinatus tendons.

e Lumbar flexion and extension, twisting and lateral bending are also
performed without apparent difficulty or discomfort.

SENSORY EXAMINATION:

e For upper extremities for light touch, pinprick, temperature and vibration is
intact to all dermatomes, all modalities.
e Similar results for lower extremities.

MOTOR EXAMINATION:

e Strength exam for upper extremities for biceps, triceps, wrist flexion, wrist
extension, supination, pronation, hand intrinsics, finger abduction, finger
adduction, lumbricals, opposition of first and fifth digits all unremarkable.

e Normal strength and movement for shoulder abduction, adduction,
protraction, retraction with arm at side at 90 degrees and 180 degrees.

e Lower extremity normal strength for plantarflexion, dorsiflexion, extensor
hallucis longus, at the knee for flexion and extension.

PERIPHERAL NERVE EXAMINATION:

e Palpation and percussion for carpal tunnel, Guyon’s canal, mid forearm,
infraclavicular, scalene region, splenius, semispinalis, all unremarkable.

GAIT AND STATION:

e Normal/unremarkable.

XIV. USE OF PERFUSION CT SCANNING FOR COGNITIVE HEALTH
ASSESSMENT

At my direction, Judge Newman underwent a perfusion CT scan at the George
Washington University Hospital on August 22, 2024. This study was interpreted by a staff
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neuroradiologist, Dr. M. Reza Taheri, MD, PhD,'¢ as being completely normal. A more
detailed evaluation confirmed his opinion.

There is extensive literature on the use of advanced imaging techniques to replace
neuropsychology methods which often date back two and three centuries.

Neuropsychology tests often are designed with little specific connection to
neuroanatomy and to modern knowledge of brain localization of function. Localization of
functions in the brain is an issue I explained to the Court in my oral argument in the 18-
2363 matter.

While the most advanced type of structural analysis is my invention—diffusion
tensor imaging MRI, because of Judge Newman’s pacemaker, it was not possible to obtain
clearance for MRI. Given Judge Newman’s pacemaker and the medical question in need
of resolution, a Perfusion CT scan is an adequate substitute for diffusion tensor imaging.
This advanced CT scanning test is dynamic as well as structural and is far more accurate
and specific than neuropsychological testing.

Advanced Perfusion CT scan is able to uncover tell-tale signs of early-stage
dementia in relation to one of several major categories, which might be early Alzheimer’s
disease, early signs of senile dementia, vascular dementia, dementia associated with mild
traumatic brain injury, dementia associated with cerebral ischemia, dementia associated
with genetic frontotemporal dementias, and what is termed a mild cognitive impairment
syndrome, and amnestic mild cognitive impairment. The purpose of this test is not so much
to assess the cause of any asserted dementia, but to assess whether any dementia exists.
Perfusion CT scan is among a number of more modern and more reliable methods than
neuropsychological testing, which is non-medical, not administered by physicians, and
which ultimately cannot serve as an objective basis for assessment. See Metting, supra.

As a preface to these details, I note that the result has been interpreted by the
performing physicians as entirely normal in the case of Judge Newman, but it is worthwhile
to explain the methodologies involved and the findings. As a further introduction to the
relevant literature, much of the literature has to do with determining which of the various
possible methodologies in medical imaging are most helpful to look at the same
phenomenon which is essentially detailed assessment of blood flow in the brain. Some of
the older nuclear medicine-based approach used radioactively labeled tracers to allow the
monitoring of the passage of blood through the brain.

XV. PARAMETERS IN PERFUSION BRAIN IMAGING:

16 Dr. Taheri is a board-certified in Radiology, specializing in neuroradiology, and is a
professor at The George Washington University School of Medicine & Health Sciences.
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The parameters measured or calculated include are explained below. For further
detail, see Wong, et al., A Primer on Computed Tomography Perfusion Imaging for the
Emergency Physician, 58 J. Emerg. Med. 260 (2020).

(1) Cerebral Blood Volume (CBV) and various regional CBVs in brain structures
of interest showing the amount of blood that passes through various measured
areas of the brain in a rapid series of fixed amounts of time. These are calculated
on a voxel-by-voxel basis.!’

(2) Cerebral Blood Flow (CBF) which computes the rate at which the blood moves
(this speeds up during systole (when the heart is contracting) and slows during
diastole (when the heart’s outflow valves are closed and the heart is taking in
the next amount of blood in preparation for the next pulse contraction).

(3) Arterial Inflow Function/Venous Outflow Function (AIF/VOF) - Artificial
intelligence-based complex analyses of parameters such as arterial inflow
function or AIF versus VOF venous outflow curve in spatially identified areas
provide subtle insight into the pattern of flow (as the rate of blood flow in a
given brain area rises and falls during the course of the result of each heartbeat
that drives a bolus of contrast through the brain).

(4) Voxel level T-max and TTP. The T-Max is the amount of time at which the
contrast density is greatest in each voxel relative to the time of bolus
administration. The “Time to Peak” (TTP) is a similar measure of the amount
of time between bolus injection of the contrast and the time for a particular
voxel in the brain to reach its maximum contrast agent density — typically about
6 seconds. The TTP is the basic measurement, while the T-Max is calculated
using a deconvolution formula (correcting for imaging noise signal). A longer
TTP or T-Max reflects impaired vascularity in a particular part or location in
the brain.

(5) The MTT (Mean Transit Time assesses and reports the time it takes for a
particular voxel to proceed through the entire process of commencing to
increase in signal intensity as the front margin of the contrast bolus starts to
arrive, through the peak and then completing as the lowest level is reached after
the bolus passes. This also is affected in some of the common disorders that
cause dementia or other cognitive impairments.

(6) Subsequent volume calculations — such as penumbra (area of “shadow”) that
numerically characterizes the bands of severity of abnormality around a focused
point of deficient flow (such as would arise in a focal vessel occlusion/stroke).

17 A voxel is a three-dimensional pixel.
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XVI. RESULTS AND CONTEXT OF JUDGE NEWMAN’S PERFUSION CT TEST

Modern investigation of brain blood flow has revealed that various critical regions
of the brain are dynamically capable of increasing their blood flow as cognitive work
progresses and that loss of this capability is associated with the onset of MCI (mild
cognitive impairment) as well as the various dementias. This phenomenon is particularly
critical in the hippocampal region of the brain. Decreases in PCT parameters in the
hippocampal area constitute the best modern test for the onset of age or disease related
cognitive losses. See Kisler, et al., Cerebral Blood Flow Regulation and Neurovascular
Dysfunction in Alzheimer Disease, 18 Nature Reviews: Neuroscience 419 (2017).

An earlier large population-based study showed that diminished
CBF velocity precedes cognitive decline and hippocampal atrophy.
In addition, individuals exhibiting greater CBF velocity had larger
hippocampal and amygdala volumes.

Kisler, supra at 430 (citing Ruitenberg, et al., Cerebral Hypoperfusion and Clinical Onset
of Dementia: The Rotterdam Study, 57 Annals of Neurology 789 (2005)).

[L]Jow CBF velocity contributes to the development of dementia. A
decreased delivery of oxygen may lead to hypoxia in vulnerable
areas of the brain such as watershed areas or the hippocampus and
may negatively affect cognitive function.

Ruitenberg, supra at 793.

A recent large study in healthy controls and patients with MCI or
AD demonstrated that CBF changes (determined by ASL MRI) and
vascular dysregulation are the initial events associated with
cognitive decline before changes in classical AD biomarkers, AP
and tau, occur.

Kisler, supra at 430.
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In Judge Newman’s PCT study of August 22, 2024, there are no areas with an
abnormally low or high T-max, CBV, CBF, TTP or any other abnormalities of the AIF
functions. There are no areas of slowing the flow and the cerebral blood flow, cerebral
blood volume, Arterial Inflow Functions all came out completely normal and this is a very
sensitive test used in the assessment of large numbers of patients currently around the
world. In fact — she had particularly high flow rates in the hippocampus — as seen in the
rCBF images at image 16/48 above.'®

The T-max assessments, which look for any focal or regional delays in passage of
blood, all demonstrated normal flow throughout. Cerebral blood volume, which
demonstrates normal uniform passage of the volume of agent through the brain and most

'8 The software used for the evaluation, which is the i-RAPID Al software, and the
iSchemaView methodology, are very widely used throughout the United States.
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helpfully, the cerebral blood flow demonstrating high normal symmetric blood flow in the
hippocampus.

Hippocampal perfusion is the best direct correlate to most known dementias. For
example, this measure has been shown to decline in persons with a known genetic defect
that causes early dementia, but to become detectable as a person with the genetic
predisposition approaches the typical age of commencement of symptoms, but before any
clinically detectable symptoms even occur. See Kisler, supra.

Decreased cerebral blood flow on a focal basis in the hippocampus is responsible
for significant problems with memory function and other aspects of dementia.
Hippocampus is a critical area in that it plays an important role in attention, concentration,
recall, and memory formation, and therefore perfusion problems in this area are highly
correlative with dementia. The rCBF test in a high-resolution CT scanner using the
iSchemaView [-RAPID perfusion parameter map evaluations is the best test for diagnosing
problems with this region of the brain. It is therefore noteworthy that Judge Newman’s
brain imaging study as seen in frames 14, 15, 16, and 17 in the rCBF dataset shows very
good symmetric normal appearing cerebral blood flow in the hippocampus. and this

Judge Newman’s Perfusion CT test results obviate any need for a neuropsychology
test battery—an outdated methodology, little different in design than their 16" century
versions, and administered by non-physicians. Psychologists do not use advanced medical
imaging because their discipline is rooted in philosophy rather than objective biology and
all medical imaging is outside of their purview. Neuropsychological parameters are not
tied to specific brain pathologies or brain anatomy. It may be true that philosophy,
psychology and neuropsychology provide a comprehensive scheme of analysis that is in
wide use. However, that field has not accommodated the vast advances in neuroscience —
including in neuroimaging. See, e.g., Dufty, The Flexner Report— 100 Years Later, 84 Yale
J. Biol. Med. 269 (2011); Howieson, Current Limitations of Neuropsychological Tests and
Assessment Procedures, 33 Clinical Neuropsychologist 200 (2019); Eling, History of
Neuropsychological Assessment, 44 Frontiers in Neurology and Neurosci. 164 (2019).
Currently I often receive requests from leading neuropsychologists to carry out Brain DTI
imaging to help supplement their classical testing.

XVII. COGNITIVE INTERVIEW FOR TECHNOLOGY AND PATENT LAW

While it is my opinion that Judge Newman’s written output does not demonstrate
any impairment or decline, because such written output is often dependent on assistance of
law clerks and other staff members, it was important to make a direct assessment by a
physician in a way where it is clear that the patient was doing the work without aid or
assistance.

To accomplish this goal, I compared Judge Newman’s current (August 2024)
ability at the below-described tasks with my personal experience as an inventor and
attorney who appeared before Judge Newman in 2019 and 2022.
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As a subsequent set of specialized testing, to be appropriate to the matters at issues,
I provided three patent and technology scenarios to Judge Newman.

There was no advance notice to Judge Newman as to the subject matter or type of
questions, meaning that she had no opportunity for any preparation. Two of the questions
were based on complex inventions that have not sufficiently progressed through the patent
office to be widely publicly known, while the third question dealt, with patent history from
the 15th century and the difference and historical development of the current “non-
obviousness” standard from the old “spark of genius” standard.

The objective of this test was to distinguish her “on the fly” responses, from her
written opinions which could take months to prepare, can benefit inputs from clerks, or
have other bases for discarding the intellectual output. In contrast, this test approximates
how a judge would behave during oral argument when she has to think “on her feet” and
may be presented with information that she is not familiar with. In analyzing Judge
Newman'’s performance, I did not consider my agreement or disagreement with her views
on the law, and instead focused on her ability to grasp and analyze complex facts and legal
issues in a rapid, yet comprehensive way.

I used two complex patent applications that I had filed, neither of which has yet
been widely distributed, one in molecular biology, and one in an area of nuclear physics.
The objective was to see whether Judge Newman could rapidly understand the technology
explained over three to five minutes, and then address a patent law issue raised by the
proposed claiming.

The first scenario related to my published application Trivalent and Divalent
Cations, as Administrable Agents for Increased Processivity and Improved Fidelity of
Reverse Transcriptase in Telomerase and in Nucleic Acid Polymerases, No. U.S. 2020-
019-7351-A1 (published June 25, 2020). This involved a discovery that the substitution of
a trivalent cation, Scandium 3+, in place of Calcium 2+, improved the efficiency of the
reverse polymerase in HIV. The application focused on the medical use of this invention,
viz., it having the potential to improve the performance of the human reverse transcriptase
(a telomerase enzyme), which in turn can help delay chromosomal senescence.

I provided Judge Newman with the following information:

e The end of each chromosome has a telomere.

e The telomere is gradually consumed with each round of replication, and
eventually you reach cellular senescence when replication becomes
impossible for many cells in the body.

e This process can be delayed if the telomere can be rebuilt with the human
reverse transcriptase, which potentially can serve as an anti-aging method.

e Testing to prove an anti-aging effect could take 30 to 40 years—well
beyond the life of a patent.
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e A first use in cosmetics was proposed due to the less rigorous standards for
efficacy with regard to the time of testing.

After presenting this information, I posed a question about broad claiming
analogous to “first medical use” for something as fundamental as an element, which had
no prior medical use. Additionally, I asked Judge Newman to analyze whether a cosmetic
use with unproven claims on aging could be the basis of a broad claim for first medical use
of an element.

The results were as follows. First, Judge Newman was able to describe back the
technology that I had previously explained about how the cation improved the efficacy of
the reverse transcriptase enzyme and the relevance in aging. Second, she proceeded to
extemporaneously explain her views on the first medical use and broad claiming and
claiming at the level of an element. Her discussion of the issue was fluid, comprehensive,
and well elucidated, indicating that she maintains her abilities to understand both advanced
technology and complicated questions of patent law—two key skills for a judge serving on
the United States Court of Appeals for the Federal Circuit.

The second scenario presented to Judge Newman was in the area of nuclear physics.
It relates to my application for Positron Systems for Energy Storage Production and
Generation, No. 2016-008-6680-A1.

The following information was presented to Judge Newman:

e The invention relies on the novel issue of incorporating Manganese-52 into
the ferrite matrix of dextran coated soluble nanoparticles so that it becomes
a pourable liquid anti-matter positron emitter.

e The water-soluble positron emitting particles in the fluid are caused to flow
through, for instance, a block of copper in a channel. The Mn>? causes
matter-antimatter reactions with annihilation of electrons into production of
2 photons within the receiver metal and thereby resulting in a current, so a
battery driven by matter-antimatter chemical technology.

The question I posed to her concerned the notoriously difficult area of patent law—
patent eligibility under § 101, and limits on claiming “laws of nature” (here, the use of
matter/anti-matter reaction to generate electricity). Considering that Judge Newman’s
background as a chemist before law, and with the question having to do with limitation on
claiming as to laws of nature, it was reasonable to expect that she would be able rapidly
demonstrate an understanding of the invention. That expectation was fully met. Judge
Newman was also able to quickly grasp the patent issue at hand and to provide an erudite
discourse on Section 101 and the claiming of something fundamental about matter/anti-
matter reactions in industrial use versus their use in a battery technology, as well as the
borderline on the claiming. Again, in my expert opinion, Judge Newman’s performance on
this question demonstrates her continued capability to engage with and analyze complex
factual, technological and legal issues.
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The third question topic related to history of patenting and were drawn mostly from
my book on patents in the Smart Guide series, viz., Smart Guide to Patents (2012). Judge
Newman unsurprisingly had an excellent foundation of knowledge about the history of
patents and was able to recall many details. However, I did find that she was unfamiliar
with some details of Gutenberg’s invention of printing, as set out on page 14 through 16 in
my book (see attached excerpt).

I presented the following relevant facts to Judge Newman:

e Gutenberg had organized some investors to help him produce souvenirs for
a festival in Aachen Germany, where they were expecting 100,000 visitors.

e His initial idea was using a wine press and making numerous coin-like
souvenirs at each compression using coin making/embossing technology
that had been around for 2,000 years.

e This well-known method involved having a die poured as the reverse of the
intended coin print, driven into the metal disk.

e Due to a plague epidemic the festival was canceled, and Gutenberg was
stuck with equipment that he had no use for, while investors were
demanding their money back.

e It was in these circumstances that Gutenberg came up with the idea of
retooling the wine press to make the imprints positive rather than negative,
that is to have the projecting forms of letters in place of space for the metal
to rise into in the pressing step. Thus, the first printing-press was born.

e Because in Germany of the 1450s there was no intellectual property regime,
Gutenberg had no way to protect his invention, and it became free for
everyone to use.

Following the presentation of this history, I asked Judge Newman to discuss and
compare the old “spark of genius” inventiveness standard with our current formulation of
non-obviousness and how either would have played out in Gutenberg’s case. Additionally,
I asked Judge Newman to address the societal and policy question of why we need patents
given that Gutenberg made his invention, with no expectation of rights and ownership in
it, and presumably driven to do so by very different considerations. As with previous topics,
Judge Newman was able to fluidly and comprehensively engage with and discuss the
history and politics of the origin of the patent system and draw parallels to current issues.
In my opinion, spontaneous discussions of these complex subject matters, understanding
the subject matter, requiring an extemporaneous response was a reasonable, appropriate
and useful test of her abilities to function as a federal judge.

In summary, Judge Newman’s discussion of each of the three topics was very on
target, comprehensive, and reasonable. It was clear that she showed a rapid ability to uptake
and understand complex technology and to apply difficult patent law doctrines and policies
to each. She also was able to, without pause, immediately, as one would expect for someone
in her position, to take a strong position and make an explanation without assistance or
delay with regard to the patenting issues, as well as the history and politics. In short, her
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performance on these tasks fully tracks the objective CT data and confirms that she does
not suffer from any mental disability that would preclude her from continuing to serve as
a judge of the United States Court of Appeals for the Federal Circuit.

XVIII. SUMMARY OF EVALUATION AND TESTING

For all of the above reasons, it is my impression and opinion, to a reasonable degree
of medical certainty, that:

(1) Judge Pauline Newman’s general physical exam and neurologic exam was
entirely normal, but for the slight heel-to-toe walking unsteadiness and cataracts
as noted, neither of which impacts her ability to continue in judicial office.

(2) Her Perfusion CT scan which tested multiple different parameters of flow, as
well as anatomy, showed an entirely normal blood flow function and anatomy,
as assessed objectively by the George Washington University Hospital
neuroradiologist reviewing the study. Moreover, there is exceptionally high
flow bilaterally in the hippocampus which rules out all of the known causes of
MCI (mild cognitive impairment) and any dementias, confirming Dr. Carney’s
assessment that Judge Newman is an “unusually cognitively intact 9[7]-year-
old woman.”

(3) Based on the technology and patent law oral examination which I administered
on August 24, 2024, my past experience with Judge Newman during my oral
arguments in 2019 and 2022, and the comparison between the former and the
latter interactions, there is no evidence of any mild cognitive impairment,
dementia or other mental deterioration. Instead, Judge Newman’s rapid
efficient responses to the difficult questions posed demonstrate an
extraordinarily high level of cognitive ability. Therefore, this comprehensive
evaluation demonstrates no impediment to her continuing to serve in active
capacity as a Circuit Judge of the United States Court of Appeals for the Federal
Circuit.

(4) I am confident in stating (consistent with the opinions rendered by Dr. Ted L.
Rothstein and Dr. Regina Carney) that there is no material concern that requires
further medical testing. Based on these results, the Special Committee is now
able to “able to fulfill its assigned task under the Act— namely, making an
informed assessment (and recommendation for the Judicial Council) about
whether Judge Newman suffers from a disability.” Sept. 20 Order at 68
(emphasis in original).
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XIX. CONCLUSION: THE HON. PAULINE NEWMAN IS COGNITIVELY FIT TO
RETURN TO ACTIVE DUTY AS A SENIOR JUDGE OF THE FEDERAL CIRCUIT

In summarizing this report, I do particularly want to address the question of testing.

First, from a legitimate medical perspective, and in my position, as a neurosurgical
specialist working extensively with patients with various degrees of mental impairment,
often very high-functioning patients, Judge Newman is not in need of any medications or
other treatments for memory supplementation or for personality change.

Second, as a fundamentally medical issue within my area of specialization, I do not
believe any further testing can shed additional light on the issues in dispute. This is
particularly true because the Perfusion CT results should be determinative on the principal
underlying concerns of the Federal Circuit Judicial Council. The Perfusion CT is the most
modern detailed test available for an objective testing assessment and permits the Special
Committee and the Judicial Council to “to fulfill its assigned task under the Act—namely,
making an informed assessment ... about whether Judge Newman suffers from a
disability.”

Ultimately, the central point at issue here is the need for testing. Judge Newman
already has the opinion of her senior respected neurologist, Dr. Ted Rothstein, and an
extensive formal evaluation with Dr. Regina Carney, a highly experienced forensic
psychiatrist which support her continuation in her active judicial role. Utilizing my own
special perspective as an expert neurosurgeon, an inventor, and as an attorney practicing
before the Court of Appeals for The Federal Circuit (who is in a unique position to compare
her current performance with her previous performance in oral argument), I see no signs
of deterioration in her functioning as an active judge of the Court of Appeals of the Federal
Circuit. Considering the usefulness of a modern Perfusion CT, it is my expert opinion that
there is no reason or need for additional testing.

Therefore, it is my expert opinion that there is no medical, neurological, or
cognitive basis for requiring additional testing; or, for doubt about Judge Newman’s ability
“to discharge the duties of her office.” May 16 Order at 1.

kokeosk skook
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Elsevier. (in press). Richard Winn, Editor in Chief

2005 - 2008 Director, Peripheral Nerve Surgery Program
Cedars Sinai Medical Center &
Neurosurgical Residency Program
Cedars Sinai Medical Center, Los Angeles, CA
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2001 - 2005
1996 - 2001
1995 - 2001
2000

1995 - 1996
1994 - 1995
1992 - 1994
1991 - 1992

September 9, 2024

Director, Peripheral Nerve Surgery Program
Century City Hospital, Los Angeles, CA

Assistant Professor of Neurosurgery, UCLA
Co-Director, UCLA Peripheral Nerve Surgery Program
Co-Director, UCLA Interventional MRI Program
Director, UCLA Pediatric & Obstetric Brachial Plexus
Injury Program
Associate, Comprehensive Spine Program
Faculty, Neurosurgical Spine Surgery Fellowship Prog.
Division of Neurosurgery
UCLA Medical Center, Los Angeles, CA

Clinical Assistant Professor
Department of Neurological Surgery
University of Washington, Seattle

Faculty, Review Course for Board Certification
American Association of Neurological Surgeons

Clinical Instructor

Division of Neurosurgery
UCLA Medical Center

Wellcome Trust Lecturer
Division of Clinical Neuroscience
& Division of Biochemistry
St. George's Hospital Medical School
University of London, London, U.K.

Acting Instructor in Neurological Surgery
Department of Neurological Surgery
University of Washington, Seattle

Clinical Lecturer - Neurolmaging
Division of Biochemistry &
Clinical Neuroscience Unit
St. George's Hospital Medical School



Aaron G. Filler

1990 - 1991
1980 - 1983
1980 - 1982
1979 - 1983
1977 - 1978

September 9, 2024

Visiting Research Fellow
Division of Biochemistry
Department of Cell & Molecular Science
St. George's Hospital Medical School
London, UK.

Research Advisor for Undergraduates
Biological Anthropology
Harvard University

Special Lecturer
- Biomechanics & Comparative Primate Anatomy
- Laboratory Methods Course
Biological Anthropology
Harvard University

Teaching Fellow
- General Ed., Biology & Biological Anthropology
Harvard University
Cambridge, MA

Research Fellow,
Department of Anatomy,
University of Chicago

Governmental Presentations

10/11/2015

4/19/2016

G20 World Brain Mapping Initiative:
The Future of Clinical Neuroscience
Invention & Innovation in Neuroscience
1st Brain Mapping Day,
Australian Parliament,
Canberra, Australia

Role of the G20+/N20+ Brain Mapping Initiative
in the Future of Clinical Neuroscience:
Invention & Innovation in Neuroscience

Fifth Annual Brain Mapping Day,

United States Congress

Washington, DC
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9/2/1016 N20 World Brain Mapping Initiative:
The Future of Clinical Neuroscience:
Invention & Innovation in Neuroscience
Joint Meeting with Chongqging International
Neuroscience Forum,
AIIN20 HEF AR G
Chongging, People’s Republic of China

8/7/2018 The Invention of DTI (Diffusion Tensor Imaging)
Lessons from a Twenty-Year Process of
Technology Adoption
Brain & Spine Initiative
California State Legislature
Sacramento, California

5/10/2019 Brain Mapping Initiative in the Future of Clinical
Neuroscience — Invention and Innovation.
Office of Science and Technology Policy (OSTP),
Executive Office Building
The White House, Washington, D.C.

6/26/2019 Diffusion Tensor Imaging & Tractography in the Imaging
Of Hypoxic Brain Injury and in Parkisonian Disorders
N20 World Brain Mapping Initiative 2019
KPR, Osaka, Japan

11/16/2020 RGRAS — RNA Genome Reciprocal Amplification System
BARDA - Biomedical Advanced Research &
Development Authority, TechWatch
Department of Health & Human Services
Washington, DC

Research Support

June ‘77 - August ‘77 University of Chicago School of Medicine,
Medical Student Research Stipend
Department of Anatomy, University of Chicago
“Morphometric Analysis of Macropodid Skulls”

Feb. ‘81 - Feb. ‘84 NIH PHS Musculo-Skeletal Training Grant
Department of Biology, Harvard University
NIH PHS #5 T32 GM07117-09 0011
“Evolution of the Mammalian Spine”
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Feb. ‘88 - Sept. ‘88

Jan. 91 - May ‘92

Oct. 91 - May ‘92

May ‘94 - June ‘95

July 95 - June ‘96

Sept. ‘97 - Nov. ‘97

Jan. ‘98 - June ‘99

Jan. ‘99 - Dec. ‘01

Sept. '01 - Sept. '03

September 9, 2024

NIH Neurosurgery Training Grant
Dept. of Neurol. Surg., Univ. of Washington Seattle
5T32 NS-07144-09

“Imaging of Axonal Transport & Neural Injury”

Neurosciences Research Foundation
Atkinson Morley’s Hospital,
Harrison Clinical Lectureship
Division of Clinical Neuroscience,
St. George's Hosp. Med. School, Univ. of London
“MR Imaging of Axonal Transport” ($80,000)

Nycomed Imaging, AS, Oslo, Norway
- Academic Investigator Support
Div. of Biochemistry,
St. George’s Hospital Medical School, University of
London. Principle Investigator. “ Axonal Transport of
Ferrite MR Contrast Agents” ($25,000)

Wellcome Trust Clinical Fellowship
Division of Clinical Neuroscience
& Division of Biochemistry
St. George's Hospital Med. School, Univ. of London
“MR Imaging of Neural Tracts” ($75,000)

UCLA Department of Radiological Sciences
Pilot Assessment of MR Neurography for Cervical and
Lumbar Spinal Imaging

Nycomed Imaging, AS, Oslo, Norway - Black blood
contrast agents for enhancement of Neurography -
pilot study. ($10,000)

U.K. Dept of Trade and Industry - SynGenix LTD,
Targeted Drug Delivery to the CNS. ($100,000)

SynGenix LTD
Axonal Transport for Drug Delivery ($1.3 million)

SynGenix LTD
Axonal Transport for Drug Delivery ($8 million)
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Academic Meeting Session Chairman

3/20/2010 Filler AG. MRI Imaging. 2" Chonggqing International
Clinical Neuroscience Forum & International
NeuroDrug Conference, Chongqing,
People’s Republic of China,

2010E K EFFHERFILIn

6/25/2010 Filler AG. MRI Imaging. NeuroTalk BIT 1% Annual
Congress, Singapore. June 25, 2010.

3/15/2012 Filler AG. Neuroscience Imaging. International
Neuroscience Conference — Omori Medical Center,
Toho University, Tokyo, Japan,
HIPRFPERL >V % —KHRHEHKE

5/14/2013 Filler AG. Multi-modality Imaging. Society for Brain
Mapping & Therapeutics,
10 Annual World Congress.
Baltimore Convention Center, Baltimore, MD

1/11/2014 Filler AG and Malessy M]J. General Scientific Session.
American Society for Peripheral Nerve, Maui, Hawaii

1/12/2014 Filler AG. Medical and Legal Aspects of Coding and
Billing for Peripheral Nerve Surgery.
American Society for Peripheral Nerve, Maui, Hawaii

3/7/2015 Filler AG. Peripheral Nerve Session I
Society for Brain Mapping and Therapeutics,
Los Angeles Convention Center, Los Angeles,
California

4/8/2016 Filler AG. Policy, Ethics and the Law in Neuroscience:
Society for Brain Mapping and Therapeutics, Miami
Florida.
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Medical & Board Certifications

1987 Diplomate
National Board of Medical Examiners of U.S.A.
NBME # 214994
1994 Diplomate

American Board of Neurological Surgeons,
Primary Exam for Board Eligibility

1994 Diplomate
Neurological Surgery Residency Training
Department of Neurological Surgery
University of Washington, Seattle, WA

1994 Diplomate
Intercollegiate Board in Surgical Neurology
of the Royal Colleges of Surgeons of
Edinburgh, Glasgow, England, and Ireland.
(equivalent to FRCS {SN})

1999 Diplomate
American Board of Neurological Surgeons,
Oral Exam for Board Certification
ABNS Cert. #99073, 11/17/99 to 12/31/2009
Recertification #17043, expiration 12/31/2019
Recertified 2019 Cert#99073, exp. 12/31/2029
Medical Licensure
California State
Physician & Surgeon G81778
7/1995 - current

California State
Fluoroscopy Supervisor and Operator: RHC 145535
11/1998 — current

District of Columbia
Medical License #: MD600003193
9/9/2024 - Current
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Florida State
Medical License #: ME 118548
1/17/14 - current

Indiana State
License #: 01070287 A
9/29/2011 to current

Massachusetts State
License #:245500
4/4/2012 to current

Michigan State
Medical Doctor #:4301104352
12/3/2013 to 10/16

New York State
License # - 254556
8/19/2009 to current

Nebraska
License # 26935
8/24/2012 to current

Ohio
License #: 35098599
2/5/2012 to current

Pennsylvania State
Medical Physician & Surgeon MD423086
10/03 - 10/16

Utah State
Medical License 5267292-1205
1/27/2004 to 1/31/2006

Virginia
Medicine & Surgery License #0101252705
9/6/12 to current

Washington State
Physician and Surgeon License #MD00025619
6/30/88 - 10/21/06
-11-
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Bar Admissions

September 9, 2024

State of Texas
Medical License - T1062
4/30/21 - current

U.K. General Medical Council
Medical Practitioner Limited Registration: 89/1233
12/89 - 5/95

U.K. General Medical Council
Medical Practitioner Registration: 4439398
7/97 - current

DEA: BF0683777
6/88 - current

State Bar of California
Bar Membership # 302956
May 18, 2015

United States District Court,
Central District of California
June 17, 2015

United States District Court
Northern District of Illinois

August 7, 2018

U.S. Court of Appeals for the Federal Circuit
July 7, 2015

U.S. Court of Appeals for the Ninth Circuit
May 18, 2021

U.S. Court of Federal Claims
January 30, 2019

United States Supreme Court
June 1, 2022

-12-
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Advanced Cardiac Life Support Certification

3/06 - present Advanced Cardiovascular Life Support (ACLS)

3/06 - present Basic Life Support (BLS)

2/13 - present Pediatric Advanced Life Support (PALS)

Medical Staff Privileges

6/94 — 6/96 University of Washington Medical Center, Seattle, WA
6/94 — 6/96 Harborview Medical Center, Seattle, WA

6/96 — 6/97 Madigan Army Medical Center, Seattle, WA

6/96 — 6/97 Olive View-UCLA Medical Center, Los Angeles, CA
7/96 —7/09 UCLA Medical Center, Los Angeles, CA

5/01 -7/05 Century City Hospital, Los Angeles, CA

1/04 — 4/14 Midway/Olympia Hospital Med Center, Los Angeles, CA
7/01 - present Cedars Sinai Medical Center, Beverly Hills, CA

10/03 — present St. John’s Health Center, Santa Monica, CA

Membership in Professional Societies
Society for Brain Mapping & Therapeutics

United States Court of Appeals for the Federal Circuit
Bar Association

International Society for Magnetic Resonance in
Medicine

Society for Neuroscience

-13-
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Los Angeles County Medical Association

California Medical Association

American Medical Association

American Association for the Advancement of Science
North American Spine Society

Congress of Neurological Surgeons

Joint Section for Peripheral Nerve & Spine of the
AANS and CNS

Society of British Neurological Surgeons
Visiting Professorships

University of London
Atkinson Morley’s Hospital
St. George’s Hospital Medical School
Department of Neurosurgery
London, England, U.K. 10/21/97

Harvard University
Beth Israel/Deaconess Hospital
Harvard Medical School
Department of Anesthesia
Cambridge, Massachusetts 11/2/99 -11/3/99

Academic Honors and Awards

Pioneer in Medicine Award (2016) for invention of
Diffusion Tensor Imaging (DTI)
Society for Brain Mapping & Therapeutics

SMART Award. UK Department of Trade and Industry

Highly competitive national award in UK for
technology in SynGenix LTD (1997)

-14-
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Wellcome Trust Clinical Fellowship
(5/94) Division of Clinical Neuroscience
& Division of Biochemistry
St. George's Hospital Medical School
University of London

Harrison Clinical Lecturer in Neuroscience
(1/91-5/92) Division of Clinical Neuroscience

St. George's Hospital Medical School
University of London

NIH PHS Musculo-Skeletal Training Grant
(2/81-2/84) Department of Biology,
Harvard University

Faculty Search Committee,

Department of Anthropology,
Harvard University (9/82-9/83)

Bachelors Degree with Honors, (1977)
University of Chicago

Howell Murray Award, (1977)
University of Chicago

Technical Course Certifications
Midas Rex Bone Dissection 4/93 - current

Oratec Intradiscal Electrothermal Therapy 12/98 - current
Academic Symposia

11/98 Fifth Workshop on Obstetric Brachial Plexus Lesions
Atrium MC, Heerlen, Netherlands

Editorial Appointments

7/08 — present Youmans Neurological Surgery
Section Editor — Peripheral Nerve

-15-
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Peer Scientist Reviewer for Academic Journals

3/95 - present JMRI, (Journal of Magnetic Resonance Imaging)
9/04 — present Journal of Human Evolution, Harvard University
10/06 - present Neuroradiology

4/07 — present Journal of Neuroimaging

6/09 — preset Neurolmage

7/09 - present Clinical Anatomy

4/10 — present PLOS One

9/10 - present Journal of Neurological Sciences

11/10 - present Neurosurgery

University Committees

9/82 -9/83 Faculty Search Committee,
Department of Anthropology,
Harvard University

2004 Examiner for Doctoral Thesis

School of Medicine
University of London

Consultant Appointments

11/97 — 11/98 General Electric Medical Systems
IntraOperative MRI Medical Advisory Board
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Business Positions

7/15 — present Managing Partner
Tensor Law, P.C.
2716 Ocean Park Blvd., #3082
Santa Monica, CA 90405
Phone: 310 450-9689

www.tensorlaw.com

11/93 — 3/04 Co-Chief Scientific Officer, Director,
& Co-Founder
SynGenix Ltd. (English Reg. # 2740120)
Babraham Hall
Babraham
Cambridge, CB2 4AT, UK
Phone: (011 44 1223) 496-093
Fax: (011 44 1223) 496-018

1/04 — present CEO and Co-Founder, Director
Molecular Synthetics Inc.
2716 Ocean Park Blvd., Suite 3082
Santa Monica, CA 90405
Phone 310 314-6410
Fax: 310 314-2414
Babraham, Cambridge, UK Office
Phone: (011 44 1223) 496-121

www.molecularsynthetic.com

12/98 - present CEO and Co-Founder, Director
NeuroGrafix, Inc.
2716 Ocean Park Blvd., Ste. 3035
Santa Monica, CA 90405
Phone: (310) 664-3944
Fax: (310) 664-3949

www.neurography.com

4/2008 — 10/2008 Host — The Pain Free Hour — CBS Radio/KLSX
with Kerri Kasem and Shirlee Jackson

-17-
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Event Management

9/75 - 6/78

9/77 - 4/78

9/73 - 9/74

9/73 - 4/74

September 9, 2024

Chairman and Founder: Major Activities Board
University of Chicago
Booking, marketing and staging for concerts

Chairman: Festival of the Arts
University of Chicago
Booking, marketing, scheduling, advertising

International Vice President
United Synagogue Youth
Convention Planning, Budget Planning

Chairman: Conference on American Civilization
National Association of Student Councils
Booking, scheduling, supervision of committee staffs

Non-Technical Writing

9/75 - 6/77

6/77 - 10/79

Chicago Maroon (University of Chicago)
General reporting

Chicago Reader
Freelance feature writer

Technical Theater Experience

3/74 - 5/74

6/75 - 9/75

9/75 - 6/78

1/75 - 6/78

Stage Manager
Walt Whitman High School Talent Show

Technical Lighting and Construction Assistant
Court Theatre, Chicago

Technical Manager, Stage Manager, Director
University Theatre, University of Chicago

Technical Manager, Stage Manager, Director
Blackfriars, University of Chicago
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Athletic Leadership
9/73 - 6/74 Co-Team Captain
Walt Whitman High School Track and Field Team
9/73 - 6/74 Varsity Letterman
Cross Country Team, Walt Whitman High School
Track and Field Team, Walt Whitman High School
11/10 - 6/11 Referee Coordinator
AYSO Pacific Palisades All Stars Soccer
Military Service
7/94 - 2/97 Commander
1466th Med. Detachment, Neurosurgery
and Major, Medical Corps
United States Army Reserve
Fort Lawton, Bldg. S-544
Seattle, WA 98199
Phone: 206 281-3081, Fax: 206 281-3499
3/97 - 08/01 Major, United States Army Reserve, Medical Corps
Independent Ready Reserve
08/01 — 10/02 Lieutenant Colonel, United States Army Reserve, Medical
Corps Independent Ready Reserve
10/02 — present Lieutenant Colonel, United States Army Reserve, Medical

Corps, Retired
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Publications

Published Articles

Filler AG, Bell BA. Axonal transport and nerve compression. Brit. /. Neurosurg.

6:(4) 293-295 (1992).
(PMID: 1382450)

Howe FA, Filler AG, Bell BA, Griffiths JR. Magnetic resonance neurography.

Magn. Reson. Med. 28: 328-338 (1992).
(PMID: 1461131)

Filler AG, Howe FA, Hayes CE, Kliot M, Winn HR, Bell BA, Griffiths JR, Tsuruda

JS. Magnetic resonance neurography. Lancet 341:659-661 (1993).
(PMID: 8095572)

Filler AG. Reverse transcriptase microassay. Matrix Application Notes, Packard
Instrument Company. PAN0035/MAN-016:1-8 (1993).

Filler AG. Axonal transport and MRI: prospects for contrast agent development.

JMRI 4:259-267 (1994).
(PMID: 7520308)

Howe FA, Saunders D, Filler AG, McLean MA, Heron C, Brown MM, Griffiths
JR. Magnetic resonance neurography of the median nerve. Brit. /. Radiol.

67:1169-1172 (1994).
(PMID: 7874414)

Filler AG, Britton JA, Uttley D, Marsh HT. Adult post-repair myelo-
meningocoele & tethered cord syndrome: Good surgical outcome after abrupt

neurological decline. Brit. J. Neurosurg. 9:659-666 (1995).
(PMID: 8561939)

Britz GW, Dailey AT, West GA, Kuntz C, Grant GA, Filler AG, Tsuruda JS,
Goodkin R, Haynor DR, Maravilla K, Kliot M. Magnetic resonance imaging in

the evaluation and treatment of peripheral nerve problems. Perspectives in
Neurosurgery 6:53-66 (1995).

Dailey AT, Tsuruda ]S, Goodkin R, Haynor DR, Filler AG, Hayes CE, Kliot M.
Magnetic resonance neurography for cervical radiculopathy: a preliminary

report. Neurosurgery 38:488-492 (1996).
(PMID: 8837800)
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Filler AG, Kliot M, Hayes CE, Howe FA, Saunders DE, Bell BA, Winn HR,
Griffiths JR, Tsuruda JS. Application of magnetic resonance neurography in

the evaluation of patients with peripheral nerve pathology. Journal of

Neurosurgery 85:299-309 (1996).
(PMID: 8755760)

Kuntz C, Blake L, Britz G, Filler A, Goodkin R, Tsuruda J, Hayes C, Maravilla K,
Kliot M. Magnetic resonance neurography of peripheral nerve lesions in the

lower extremity. Neurosurgery 39:750-757 (1996).
(PMID: 8880769)

Filler AG, Lever AML. Effects of cation substitution on reverse transcriptase and
on human immunodeficiency virus production. AIDS Research and Human

Retroviruses 13:291-299 (1997).
(PMID: 9071428)

Hayes CE, Tsuruda JS, Mathis CM, Maravilla KR, Kliot M, and Filler AG. Brachial
plexus: MR imaging with a dedicated phased array surface coils. Radiology

203:286-289 (1997).
(PMID: 9122409)

Dailey A, Tsuruda JS, Filler AG, Maravilla K, Goodkin R, Kliot M. Magnetic
resonance neurography of peripheral nerve degeneration and regeneration.

Lancet 350: 1221-1222 (1997).
(PMID: 9652565)

Johnson, JP, Ahn SS, Choi WC, Masciopinto JE, Kim KD, Filler AG, DeSalles AAF.
Thoracoscopic sympathectomy: techniques and outcomes. Neurosurgical

Focus 4 (2): Article4 (1998).
(PMID: 17206769)

Johnson JP, Filler AG, McBride DC, Batzdorf U. Anterior cervical foraminotomy

for unilateral radicular disease. Spine 25 (8): 905-909 (2000).
(PMID: 10767800)

Johnson JP, Filler AG, McBride DC. Endoscopic thoracic discectomy. Neurosuzg.

Focus9(4): Article 11 (2000).
(PMID: 16833241)

Filler AG, Maravilla KR, Tsuruda JS. MR Neurography and muscle MR imaging
for image diagnosis of disorders affecting the peripheral nerves and

musculature. Neurologic Clinics 22(3):643-682, (2004).
(PMID: 15207879)
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Filler AG, Haynes J, Jordan S, Prager J, Villablanca JP, Farahani K, McBride DQ,
Tsuruda JS, Morisoli B, Batzdorf U, Johnson JP. Sciatica of Non-Disk Origin &
Piriformis Syndrome: Diagnosis by MR Neurography and Interventional MRI

with Outcome Study of Resulting Treatment. Journal of Neurosurgery — Spine

2:99-115 (2005).
(PMID: 15739520)

Filler AG. The emergence and optimization of upright posture among hominiform
hominoids and the evolutionary pathophysiology of back pain. Neurosurgical

Focus 23(1):E4 (2007).
(PMID: 17961059)

Filler AG. The first recorded neurosurgical operation — An historical
hypothesis: Isis, Osiris, Thoth & the origin of the djed cross spinal symbol.

Neurosurgical Focus23(1):E6 (2007).
(PMID: 17961051)

Filler AG. Homeotic evolution in the Mammalia: Diversification of Therian axial
seriation and the morphogenetic basis of human origins. PLOS ONE 2(10):

1019, (2007).
(PMID: 17925867)

Filler AG. Diagnosis and management of pudendal nerve entrapment syndromes:
Impact of MR Neurography and open MR-guided injections. Neurosurgery
Quarterly 18:1-6 (2008).

Filler AG. Piriformis and related entrapment syndromes: Diagnosis and

management. Neurosurgery Clinics of North America. 19:609-622, (2008).
(DOI: 10.1016/j.nec.200907.029) (PMID: 19010285)

Filler AG. Diagnosis and treatment of pudendal nerve entrapment syndrome

subtypes: imaging, injections, and minimal access surgery. Neurosurg Focus

26 (2) E9: (2009).
(PMID: 19323602)

Filler AG. Minimal access nerve surgery and interventional MRI. Neurosurgery

65: (4 Suppl), pA212-A221 (2009).
(DOI: 10.1227/01.NEU.0000346253.89837.6C) (PMID: 19927071)

Filler AG. MR Neurography and Diffusion Tensor Imaging: Origins, history, &
clinical impact of the first 50,000 cases with an assessment of efficacy and
utility in a prospective 5,000 patient study group. Neurosurgery 65: (4 Suppl),

pA29-A43 (2009).
(DOI: 10.1227/01.NEU.0000351279.78110.00) (PMID: 19927075)
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Filler AG. The history, development and impact of computed imaging in
neurological diagnosis and neurosurgery: CT, MRI, DTI. Internet Journal of
Neurosurgery, 7:(1) (2010)
http://ispub.com/IJNS/7/1/12184

Filler AG, Lever AML, Bacon M, Munglani R, Abell C, Frederickson M, and
Whiteside G. Tri-partite complex for axonal transport drug delivery achieves

pharmacological effect. BMC Neuroscience 11:8 (2010).
(DOI: 10.1186/1471-2202-11-8) (PMID: 20085661)

Morris K, et al; Neuroscience20 (BRAIN20, SPINE20, and MENTAL20) Health
Initiative: A Global Consortium Addressing the Human and Economic Burden
of Brain, Spine, and Mental Disorders Through Neurotech Innovations and

Policies. ] Alzheimer Disease 83: 1563-1601 (2021).
(DOI: 10.3233/JAD-215190)

Nami M, et al; A Proposed Brain-, Spine-, and Mental-Health Screening
Methodology (NEUROSCREEN) for Healthcare Systems: Position of the
Society for Brain Mapping and Therapeutics. ] Alzheimer Disease 86: 21-42

(2022).
(DOI 10.3233/JAD-215240)

Granted Patents

Filler AG, Tsuruda JS, Richards TL, Howe FA. Image neurography and diffusion
anisotropy imaging. PCT - US 93/02036 (filed 3/93), WO 93/18415 (1993). ,
European Patent EPO 630481 Bl issued 6/30/99. Japanese Patent #3457310

issued 8/1/03. US Patent #5,560,360 issued 10/1/96.
http://www.google.com/patents/US5560360

Filler AG, Lever AML. Nucleic acid amplification using scandium and lanthanum
ions. Application: PCT - GB 92/01599 (filed 9/92), WO 93/05714 (1993).
European Patent EPO 601010 B1 issued 6/14/2000. US Patent #5,554,498
issued 9/10/96. http://www.google.com/patents/US5554498

Filler AG, Lever AML. Particulates for antiviral therapy. Application PCT-
EP92/00021 (filed 1/4/92), WO 92/11846, priority date 1/91. European Patent

EPO 566590 B1 issued 3/19/97. US Patent #5,614,652 issued 3/25/97.
http://www.google.com/patents/US5614652

Filler AG, Howe FA. Focal neurographic MRI system. PCT - US 94/06337 (filed
6/94). European Patent EPO 737 319 B1, issued 4/22/98. US Patent #5,706,813

issued 1/13/98.
http://www.google.com/patents/US5706813
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Filler AG. Therapeutic pharmaceuticals for delivery by axonal transport. PCT -
EP 91/01780 (filed 9/91), WO 92/04916 (1992). European Patent EPO 548157

B1 issued 5/20/1998. US Patent #5,948,384 issued 9/7/99.
http://www.google.com/patents/US5948384

Filler AG, Lever AML. Compositions comprising a tissue glue and therapeutic
agent. Divisional of PCT - EP 91/01780 (filed 1/91), WO 92/04916 (1992),
European Patent EPO 804153B1, issued 10/1/2003. (filed 12/01) US Patent
#6,919,067 issued 7/19/2005. http://www.google.com/patents/US6919067

Filler AG, Lever AML. Hydroxide-free ferrites (Ceramic particles and their
preparation). Divisional of PCT - GB 92/01703 (filed 9/92), WO 93/05815
(1993). European Patent EPO 640350 B1, issued 4/10/2002.

https://data.epo.org/publication-server/pdf-document?PN=EP0640350%20EP%200640350&iDocld=5279977&iepatch=.pdf

Filler AG, Lever AML. Synthetic transfection vectors. Divisional of PCT - GB

92/01703. US Patent # 6,153,598 issued 11/28/2000.
http://www.google.com/patents/US6153598

Filler AG. Drug Delivery via Axonal Transport. Divisional of PCT - EP 91/01780

(filed 9/91), WO 92/04916 (1992). US Patent 6,562,318, issued 5/13/2003.
http://www.google.com/patents/US6562318

Filler AG. Joint imaging system utilizing magnetic resonance imaging and
associated methods. US Patent# 6,560,477 issued 5/6/2003.
http://www.google.com/patents/US6560477

Filler AG. Needle Guide. US Provisional Application 60/546,664 filed 2/20/04. US

Patent Application Publication 20050187533A1. Filed 11/20/04. US 7,059,368.
Issued 6/13/2006. http://www.google.com/patents/US7059368

Patent Applications Pending

Filler AG. Positron systems for energy storage, production and generation.
USPTO Provisional Application #62/026707 (filed 7/21/2014).

Filler AG and Lever AMLL. Trivalent and Divalent Cations as Administerable
Agents for Increased Processivity and Improved Fidelity of Reverse Transcriptase

in Telomerase, and in Nucleic Acid Polymerases. USPTO Provisional
Application #62/739,347 (filed 10/01/2018).
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Filler AG and Lever AMLL. Trivalent Cations for High Speed High Accuracy
Home Tests For COVID-19 and Other Viruses by Isothermal RNA Genome
Reciprocal Amplification and Individual User Portable Lab System. USPTO
Provisional Application #63/113,988 (filed 11/601/2020)

Academic Book Chapters

Filler AG. Evolution of the sacrum in hominoids. In: Suzgical Disorders of the
Sacrum, JR Doty and SS Rengachary eds. Thieme Medical Publishers, New
York pp.13-20 (1994).

Filler AG, Principles of MRI and other imaging techniques for studying peripheral
nerve and muscle. . Ch. 37: Neuromuscular Function and Disease: Basic,
Clinical, and Electrodiagnostic Aspects. Brown W., Bolton C., and Aminoff
M., eds. W.B. Saunders, Philadelphia; p. 661-674, 2002.

Filler AG. Applications of MRI and other imaging techniques to the study of
peripheral nerve and muscle diseases. Ch. 38: Neuromuscular Function and
Disease: Basic, Clinical, and Flectrodiagnostic Aspects. Brown W., Bolton C.,
and Aminoff M., eds. W.B. Saunders, Philadelphia; p.675-692, 2002.

Filler AG. Imaging of peripheral nerve. In: Neuromuscular Disorders in Clinical
Practice, Katirji B, Kaminski H, Preston D, Ruff R, and Shapiro B eds.
Butterworth Heinemann, Woburn MA, p266-282, 2002.

Filler AG. MR Neurography and Brachial Plexus Neurolysis in the Management
of Thoracic Outlet Syndromes. Advances in Vascular Surgery. JST Yao & WH
Pearce Eds., Precept Press, Chicago, IL p499-523, 2002.

Filler AG, Kline DG. General Principles in Evaluating and Treating Peripheral Nerve
Pathology, Injuries, and Entrapments and Their Historical Context. Ch. 229, In:
Youmans Neurological Surgery, 6th edition. Winn HR editor, Elsevier,
Philadelphia, PA; Vol. 3, p2361-2367, 2011.

Campbell W, Filler AG. Peripheral Neuropathies Ch. 233, In: Youmans
Neurological Surgery, 6th edition. Winn HR editor, Elsevier, Philadelphia,
PA; Vol. 3, p2398-2409, 2011.

Filler AG. Imaging for peripheral nerve disorders. Ch. 235, In: Youmans
Neurological Surgery, 6th edition. Winn HR editor, Elsevier, Philadelphia,
PA; Vol. 3, p2413-2426, 2011.
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Filler AG, Gilmer-Hill H. Piriformis syndrome, obturator internus syndrome,
pudendal nerve entrapment and other pelvic entrapments. Ch. 238 , In:
Youmans Neurological Surgery, 6th edition. Winn HR editor, Elsevier,
Philadelphia, PA; Vol. 3, p2447-2455, 2011.

Tiel R, Filler AG. Nerve Injuries of the Lower Extremity Ch. 243, In: Youmans
Neurological Surgery, 6th edition. Winn HR editor, Elsevier, Philadelphia,
PA; Vol. 3, p2504-2517, 2011.

Filler AG. Imaging of the Peripheral Nerve Disorders. Ch. 196, In. Schmidek &
Sweet’s Operative Neurosurgery, 6" Edition, Elsevier, 2012.

Filler AG. Non-Extremity Nerve Entrapment Syndromes. In: Sunderland’s Nerves
and Nerve Injuries, Elsevier, 3rd Edition, Ed. Shane Tubbs, Elsevier, (2015).

Filler AG, Belzberg AJ, Malessy Martijn JA, Chen L. Overview and Controversies
Evaluating and Treating Peripheral Nerve Pathology, Injuries, and Entrapments
and Their Historical Context., In: Youmans & Winn Neurological Surgery, 7th
edition. Winn HR editor, Elsevier, Philadelphia, PA; Vol. 3, p1961-1965, 2017.

Filler AG. Imaging for peripheral nerve disorders. Ch. 248, In: Youmans & Winn
Neurological Surgery, 7th edition. Winn HR editor, Elsevier, Philadelphia,
PA; Vol. 3, p2004-2018, 2017.

Filler AG. Thoracic Outlet Syndrome and Entrapments of the Brachial Plexus.
Ch. 250, In: Youmans & Winn Neurological Surgery, 7th edition. Winn HR
editor, Elsevier, Philadelphia, PA; Vol. 3, p2032-2040, 2017.

Filler AG, Gilmer-Hill H. Piriformis syndrome, obturator internus syndrome,
pudendal nerve entrapment and other pelvic entrapments. Ch. 251 , In:
Youmans & Winn Neurological Surgery, 7" edition. Winn HR editor, Elsevier,
Philadelphia, PA; Vol. 3, p2041-2050, 2017.

Filler AG, Maniker AH & Russell SM. Pain, Complications, and Iatrogenic Injury
in Nerve Surgery. Ch. 259, In: Youmans & Winn Neurological Surgery, 7th
edition. Winn HR editor, Elsevier, Philadelphia, PA; Vol. 3, p2117-2123, 2017.

Filler AG. Piriformis Syndrome and Related Nerve Entrapments of the Posterior
Pelvis. Neurosurgery Case Series — Peripheral Nerve, Oxford Univ. Press
(2018).
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Filler AG. Imaging of the Peripheral Nerve Disorders. Ch. 184, In. Schmidek &
Sweet’s Operative Neurosurgery, Karim ReFaey & Alfredo Quifiones-
Hinojosa Eds, 7" Edition, Elsevier, 2021.

Filler AG. Diffusion Tensor Imaging. Chapter 14, in: Youmans & Winn
Neurological Surgery, 8th edition. Winn HR editor, Elsevier, Philadelphia,
PA; (2022).

Filler AG, Belzberg AJ, Malessy Martijn JA, Chen L. Overview and Controversies
Evaluating and Treating Peripheral Nerve Pathology, Injuries, and Entrapments

and Their Historical Context., In: Youmans & Winn Neurological Surgery, 8th
edition. Winn HR editor, Elsevier, Philadelphia, PA; 2022.

Filler AG. Imaging for peripheral nerve disorders. Ch. 275, In: Youmans & Winn
Neurological Surgery, 8th edition. Winn HR editor, Elsevier, Philadelphia,
PA; 2022.

Filler AG. Thoracic Outlet Syndrome and Entrapments of the Brachial Plexus.
Ch. 277, In: Youmans & Winn Neurological Surgery, 8th edition. Winn HR
editor, Elsevier, Philadelphia, PA; 2022.

Filler AG, Gilmer-Hill H. Piriformis syndrome, obturator internus syndrome,
pudendal nerve entrapment and other pelvic entrapments. Ch. 278, In:
Youmans & Winn Neurological Surgery, 8" edition. Winn HR editor, Elsevier,
Philadelphia, PA; 2022.

Filler AG. Nerve Injuries of the Lower Extremities. Ch. 284, In: Youmans & Winn
Neurological Surgery, 8th edition. Winn HR editor, Elsevier, Philadelphia,
PA; 2022.

Filler AG, Maniker AH & Mahan M. Avoiding latrogenic Injury Affecting Nerves
and Treatment of Consequent Symptoms. Ch. 286, In: Youmans & Winn
Neurological Surgery, 8th edition. Winn HR editor, Elsevier, Philadelphia,
PA; 2022.

Filler AG, Hanna AS. Entrapments of the Pudendal Nerve, Nerve to the Obturator
Internus and the Ganglion Impar. Ch. 49, In: Nerves: Anatomy, Exposures

and Techniques. Hanna, Amgad S. editor, Springer Nature Switzerland AG,
Cham Switzerland. 2024.
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Academic/Professional Meeting Presentation Abstracts

Filler AG. Anatomical evidence for the "hylobatian" model of hominoid
evolution. Amer. Assoc. Phys. Anthro, 49" Annual Mtg., Niagra Falls, NY;
April 17,1980 Am. J. Phys. Anthro. 52:226 (1980).

Filler AG. Anatomical specializations in the hominoid lumbar region. Amer.
Assoc. Phys. Anthro, 50® Annual Mtg., Detroit, MI; April 24, 1981, Am. /.
Phys. Anthro. 54:218 (1981).

Kramer M, Deacon T, Sokoloff A, Filler A. Organization of motorneurons

innervating epaxial and hypaxial musculature in the frog, rat, and monkey.
Soc. Neurosci. Abs. 13:526 (1987).

Filler AG, Britton JA, Uttley D, Marsh HT. Acute paraplegia as an extreme
presentation of adult tethered cord syndrome in a post-myelomeningocoele

patient. Presented 4/91, Society for British Neurological Surgeons. /. Neurol.
Neurosurg. Psych. 55:81 (1992).

Filler AG, Winn HR, Howe FA, Griffith JR, Bell BA, Deacon TW. Axonal
transport of superparamagnetic metal oxide particles: Potential for magnetic
resonance assessments of axoplasmic flow in clinical neuroscience. Published
(Aug. 10, 1991). In: Proceedings, Society of Magnetic Resonance in Medicine,
10th Annual Meeting, San Francisco, Book of Abstracts, 10:985 (1991).

Filler AG, Bell BA, Howe FA, Griffiths JR, Flowers M, Sharma H, Winn HR,
Deacon TW. Imaging of Axonal Transport: Is the Axoplasmic Flow Clinically
Relevant. Presented Sept. 19, 1991, Joint meeting of New England
Neurosurgical Society and Society for British Neurological Surgeons. Queens

Square National Neurological Hospital. /. Neurol. Neurosurg. Psych. 55:515-
516 (1992).

Filler AG, Winn HR, Westrum LE, Sirrotta P, Krohn K, Deacon TW.
Intramuscular injection of WGA vyields systemic distribution adequate for

imaging of axonal transport in intact animals. Presented November 15, 1991
Soc. Neurosci. Abs. 17:1480 (1991).

Howe FA, Filler AG, Bell BA, Griffiths JR. Magnetic resonance neurography:
optimizing imaging techniques for peripheral nerve identification. In:

Proceedings, Society of Magnetic Resonance in Medicine, 11th Annual
Meeting, Berlin, Book of Abstracts, 11: 1701 (1992).
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Filler AG, Howe FA, Bell BA, Winn HR, Griffiths JR. Image neurography on
standard gradient MR imagers, RSNA. Radiology 185(P): Suppl.:152 (1992).

Filler AG, Howe FA, Winn HR, Bell BA, Griffiths JR. Design considerations for
axonal transport of intraneural MR contrast agents. Joint Section for
Peripheral Nerve and Spine, AANS/CNS, 2/93, Tucson, Arizona, (1993).

Filler AG, Howe FA, Golden RN, Tsuruda JS, Winn HR. Magnetic resonance
neurography for diagnosis of nerve compression. American Association of
Neurological Surgeons 1993 Annual Meeting, 4/93. /. Neurosurg. 78:368A
(1993).

Filler AG, Kliot M, Hayes CE, Tsuruda ], Howe FA. MR Neurography of peripheral
nerve abnormalities. American Society for Neuroradiology, Proceedings of
31st Annual Meeting, 5/93, Vancouver, B.C., Canada; (1993).

Filler AG, Hayes CE, Howe FA, Tsuruda JS, Kliot M. MR Neurography for
improved characterization of peripheral nerve pathology. In: Proceedings,

Society of Magnetic Resonance in Medicine, 12th Annual Meeting, New York,
Book of Abstracts, 12: 101 (1993).

Filler AG, Golden RN, Howe FA, Tsuruda JS, Richards TL. High resolution
diffusion gradient imaging for neurography in human subjects. In:

Proceedings, Society of Magnetic Resonance in Medicine, 12th Annual
Meeting, New York, Book of Abstracts, 12: 602 (1993).

Howe FA, Saunders DE, McLean MA, Filler AG, Moddares H, Brown MM,
Griffiths JR. Neurography of the median nerve. In: Proceedings, Society of

Magnetic Resonance in Medicine, 12th Annual Meeting, New York, Book of
Abstracts, 12: 102 (1993).

Kliot M, Filler A, Hayes CE, Howe FA, Goodkin R, Tsuruda JS. MRI of nerve and
muscle in the evaluation and treatment of peripheral nerve problems.
Congress of Neurological Surgeons, Vancouver, B.C. 10/93 Meeting (1993).

Filler AG, Tsuruda ]S, Hayes CE, Kliot M. Magnetic resonance neurography
reveals spin-spin relaxation rate (T2) changes correlated with onset and
recovery from symptoms in traumatic & compressive neuropathy. Soc.
Neurosci. Abs. 19:1486 (611.7) (1993).

Tsuruda JS, Filler AG, Hayes CE, Kliot M. Phased array neurography of peripheral
nerve pathology. Radiology ;189(P)Suppl.328 (1993).
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Peters R], Tsuruda JS, Hayes CE, Yuan C, Filler AG, M Kliot, Terry V, Echelard
D. MR Neurography: A technologists perspective to nerve imaging. Society of
Magnetic Resonance. 4/94

Blake LC, Tsuruda JS, Filler AG, Kliot M. Phased array MRI Neurography of the
sacral plexus, the sciatic nerve, and its major branches. American Society for

Neuroradiology, Proceedings of 32nd Annual Meeting, 5/94, Nashville,
Tennessee; (1994).

Filler AG, Howe FA, Hayes CE, Griffiths JR, Bell BA, Tsuruda JS. MR
Neurography of cervical roots and brachial plexus. 125th Meeting of the
Society of British Neurological Surgeons, 9/94, Dundee, Scotland, U.K., J.
Neurol. Neurosurg. Psych. 58:123, (1995).

Howe FA, Saunders DE, Filler AG, McLean MA, Heron C, Brown MM, Griffiths
JR. An evaluation of fat-suppressed fast spin echo imaging of the median nerve

in carpal tunnel syndrome. British Institute of Radiology: Progress in
Magnetic Resonance. London, 10/94 (1994).

Kliot M, Filler A, Geil G, Schultz RA, Tsuruda J. Three-dimensional holographic
representation of MR neurograms. Congress of Neurological Surgeons.
Chicago, IL. 10/94 (1994).

Filler AG, Bell BA, Britton JA, Tsuruda JS, Kliot M, Hayes CE, Howe FA, Heron
G, Foote S, Savy L, Griffiths JR, Clifton A. MR Neurography at 0.5 Tesla and
1.5 Tesla for imaging of cervical roots and brachial plexus. Ninth European
Congress of Radiology. Vienna, 3/95. European Radiology 5(S):227, (1995).

Kliot M, Dailey A, Goodkin R, Filler A, McKhann G, Hayes C, Tsuruda ]. MR
Neurography for cervical radiculopathy: correlation with clinical and

electrodiagnostic findings. Amer. Assoc. Neurol. Surgeons, 4/95, Orlando,
Florida (1995).

Dailey AT, Filler AG, Hayes CE, Goodkin R, Tsuruda J, Kliot M. MR Neurography
of degenerating, regenerating and grafted peripheral nerve. Amer. Assoc.
Neurol. Surgeons, 4/95, Orlando, Florida (1995).

Kliot M, Filler A, Dailey A, Kuntz C, Goodkin R, McKhann G, Tsuruda J. Magnetic

resonance neurography in evaluating and treating peripheral nerve problems.
Amer. Assoc. Neurol. Surgeons, 4/95, Orlando, Florida (1995).
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Howe FA, Saunders DE, Filler AG, McLean MA, Nussey SJ, Griffiths JR. Fat-
suppressed fast spin echo imaging in carpal tunnel syndrome: a comparison of
diabetic and non-diabetic patients. Society for Magnetic Resonance, 8/95,
Nice, France (1995).

Grant GA, Britz GW, Slimp ], Goodkin R, Haynor DR, Robertson B, Kuntz C,
Filler AG , Kliot M. Use of Magnetic Resonance Neurography (MRN) with
preoperative and intraoperative elctrophysiological monitoring in evaluating

peripheral nerve lesions. Congress of Neurological Surgeons, 45th Annual
Meeting, San Francisco 10/95 (1995).

Filler AG, Farahani K, Harris Y, Lufkin RB, Johnson JP. Turbo spin echo for MR
neurography. American Roentgen Ray Society, 1996 Annual Meeting, May
5-10, San Diego, CA (1996).

Farahani K, Filler A, Atkinson D, Johnson JP, Lufkin R. MR Neurography of the
lumbar spine: application of 3D turbo spin echo imaging. International Society

for Magnetic Resonance in Medicine, 4th Annual Meeting, April 27- May 3,
1996, New York, NY (1996).

Filler AG, Howe FA, Farahani K, Johnson JP, Griffiths JR, Kennedy A, Lufkin RB,
Haynor DR, Maravilla K, Goodkin R, Hayes CE, Tsuruda JS, Kliot M. Diagnosis

of brachial plexus pathology by MR Neurography. American Society for
Neuroradiology, 34th Annual Meeting, June 21-27, 1996, Seattle, WA (1996).

Kliot M, Grant G, Kuntz C, Blake L, Hayes C, Goodkin R, Filler A, Tsuruda J,
Maravilla K. Magnetic Resonance Neurography in the evaluation and surgical
treatment of peripheral nerve tumors. American Society for Neuroradiology,
34th Annual Meeting, June 21-27, 1996, Seattle, WA (1996).

Filler AG, Johnson JP, Farahani K, Lufkin RB. Neurography of the lumbar and
sacral spinal nerves: three dimensional turbo spin echo imaging with phased

array coils. North American Spine Society, 11th Annual Meeting, October 23-
26, 1996, Vancouver, BC (1996).

Filler AG, Jabour B, Kliot M, Lufkin RB, Johnson JP. MR Neurography: Imaging
Characteristics of the Sciatic Nerve at the Level of the Pyriformis Muscle in
Patients with Leg Pain. Joint Section on Disorders of the Spine and Peripheral
Nerves, AANS/CNS, February 19-22, 1997, Newport Beach, CA, /. Neurosuzg.
86:416A (1997).
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Dailey AT, Tsuruda JS, Filler AG, Maravilla KR, Goodkin R, Kliot M. Magnetic
Resonance Neurography of peripheral nerve degeneration and regeneration:
A clinical case presentation. Joint Section on Disorders of the Spine and
Peripheral Nerves, AANS/CNS, February 19-22, 1997, Newport Beach, CA, /.
Neurosurg. 86:416A (1997).

Johnson JP, Filler AG, Pare LS, McBride DQ, Batzdorf U. Anterior cervical
foraminotomy. Joint Section on Disorders of the Spine and Peripheral Nerves,
AANS/CNS, February 19-22, 1997, Newport Beach, CA, /. Neurosurg. 86:417A
(1997).

Johnson JP, Tabor EN, Filler AG, McBride DQ, Becker DP. Craniovertebral
junction stabilization after transoral odontoidectomy. Annual Meeting of the

American Association of Neurological Surgeons, April 12-17, 1997 Denver,
CO (1997).

Filler AG, Johnson JP, Machleder H, Jabour BA, Trent ], Kioumehr F, Villablanca
P, Lufkin RB, Tsuruda JS, Hayes CE, Maravilla K, Kliot M. Image Findings
With MR Neurography in Diagnosis of Thoracic Outlet Syndrome.
International Society for Magnetic Resonance in Medicine, 5th Annual
Meeting, April 12- 18, Vancouver, B.C. (1997).

Filler AG, Johnson JP, Machleder H, Trent J, Villablanca P, Lufkin RB, Tsuruda
JS, Hayes CE, Maravilla K, Kliot M. MR Neurography in diagnosis of thoracic

outlet syndrome. American Neurological Association, 122nd Annual Meeting,
September 28 - October 1, San Diego, CA (1997).

Filler AG, Johnson JP, Machleder H, Villablanca P, Lufkin RB, Hayes CE,
Maravilla K, Farahani K, Kliot M. MR Neurographic findings in diagnosis of
thoracic outlet syndrome. Congress of Neurological Surgeons Annual

Meeting, September 27 - October 2, New Orleans, LA. Neurosurgery 41:724
(1997).

Choi WW, Johnson JP, Filler AG, McBride DQ, Sandhu HS. Simultaneous versus
staged anterior and posterior spinal reconstruction: a comparative study.

Congress of Neurological Surgeons Annual Meeting, September 27 - October
2, New Orleans, LA. Neurosurgery 41:724 (1997).

Filler AG, Lufkin RB, Villablanca P, Farahani K, Prager ], Johnson JP. MR
Neurography & interventional MRI in diagnosis and treatment of sciatica
from piriformis syndrome. 2nd Interventional MRI Symposium. European

Society for Magnetic Resonance in Medicine and Biology, October 17-18,
Diisseldorf, Germany. European Radiology 7:1159-60 (1997).
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Filler AG, Villablanca P, Lufkin RB, Prager ], Johnson JP. MR Neurography and
open MRI in management of piriformis syndrome. 12th Annual Meeting,
North American Spine Society. October 22-25, New York, NY. (1997).

Villablanca P, Filler AG, Haynes JA, Tarlo KS. Black blood contrast agents for
improved neural selectivity in MR Neurography. American Society for
Neuroradiology, 36th Annual Meeting. May 17-21. Philadelphia, PA. (1998).

Johnson JP, Ahn S, Choi W, Masciopinto J, Kim K, Filler A, DeSalles A.
Thoracoscopic sympathectomy: techniques and outcomes. Congress of
Neurological Surgeons 48th Annual Meeting. October 3-8. Seattle, WA.
(1998).

Masciopinto JE, Kim K, Johnson JP, Filler A, Pare L, McBride D, Batzdorf U.
Anterior cervical foraminotomy. Congress of Neurological Surgeons 48th
Annual Meeting. October 3-8. Seattle, WA. (1998).

Masciopinto JE, Kim KD, Johnson JP, Choi WW, Filler AG, Sandhu HS, McBride
DQ, Gelabert H. Simultaneous versus staged anterior and posterior spinal

reconstruction: A comparative study. North American Spine Society, 13th
Annual Meeting. October 28-31. San Francisco, CA. (1998).

Johnson JP, Ahn SS, Kim KD, Filler AG, DeSalles AAF. Techniques and
outcomes of thoracoscopic sympathectomy. American Association of
Neurological Surgeons. April 1999.

Johnson JP, Ahn SS, Choi WW, Masciopinto JE, Kim KD, Filler AG, DeSalles
AAF. Techniques and outcomes of thoracoscopic sympathectomy. Joint
Section for Spine and Peripheral Nerve AANS/CNS. Orlando, Florida,
February 1999.

Villablanca JP, Gupta R, Filler A. Experimental neurography in rats at 1.5T —
compressive nerve injury model. American Association for Hand Surgery &
International Society for Reconstructive and Microsurgery. Los Angeles,
California, June 1999.

Johnson JP, Hahn MS, Obasi C, Choi W, Filler A, Sandhu V, McBride DQ,
Gelabert H. Simultaneous versus staged anterior and posterior spinal
reconstruction: a comparative study. Congress of Neurological Surgeons 43
Annual Meeting, Boston, MA, November 1999.
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Johnson JP, Hahn MS, Obasi C, Choi W, Filler AG, McBride DQ, Batzdorf U.
Anterior cervical foraminotomy for unilateral radicular disease. Congress of
Neurological Surgeons 43¢ Annual Meeting, Boston, MA, November 1999.

Obasi C, Johnson JP, Filler A, Park J. Failure of Screw-Plate Fixation in Patients

with Osteoporosis and 3-Column Instability. Danek: Spine, Science,
Management, New Orleans, LA, November 19, 1999.

Filler AG, Tarlo KS, Haynes JA, Villablanca JP. Iron oxide black blood contrast
agent improves nerve image selectivity in MR Neurography. Int. Society for
Magnetic Resonance in Medicine, Annual Meeting, Denver, CO, April 2000.

Whiteside G, Bacon M, Filler AG, Frederickson M, Abell C, Munglani R, Lever
AML. Treatment of neuropathic pain by axonal transport. Society for
Neuroscience Annual Meeting, New Orleans, LA, November 7, 2000.

Filler AG, Haynes J, Villablanca JP, Prager ], McBride D, Batzdorf U, Johnson JP.
Sciatica of Non-Disk Origin: Diagnosis by MR Neurography and
Interventional MRI with Outcome Study of Resulting Treatment. Congress
of Neurological Surgeons, San Diego, CA, October 2, 2001.

Filler AG, Haynes J. Brachial plexus neurolysis with adhesiolytic agents for
neurogenic thoracic outlet syndrome patients diagnosed by MR
Neurography: Outcome study results. American Society for Peripheral
Nerve. Cancun, Mexico, January 13, 2002.

Filler AG, Haynes ], Villablanca P, Prager J, McBride D, Farahani, K, Batzdorf U,
Johnson, JP. Sciatica of Non-Disk Origin: Diagnosis by MR Neurography and
Interventional MRI with Outcome Study of Resulting Treatment. American
Society for Peripheral Nerve. Cancun, Mexico, January 13, 2002.

Filler AG, Whiteside G, Bacon M, Frederickson M, Abell C, Munglani R, &
Lever AMLL. Treatment of neuropathic pain by axonal transport. Joint
Section for Disorders of Spine and Peripheral Nerve, AANS/CNS. Orlando,
Florida, March 3, 2002.

Filler AG. Brachial Plexus Neurolysis with Adhesiolytic Agents for Neurogenic
Thoracic Outlet Syndrome Diagnosed by MR Neurography: Outcome Study
Results. Joint Section for Disorders of Spine and Peripheral Nerve,
AANS/CNS. Orlando, Florida, March 2002.
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Filler AG. Minimally Invasive Surgical Approach for Decompression of the
Sciatic Nerve at the Piriformis Muscle. Congress of Neurological Surgeons,
527 Annual Meeting, Philadelphia, Pennsylvania, September 21-25, 2002.

Filler AG. MRI Demonstration of reinnervation of muscle by sprouting from a
severed nerve in a human subject. 32" Annual Meeting, Society for
Neuroscience, Orlando, FL, November 4-7, 2002.

Tsuruda JS, Filler AG: MR Neurography findings of the bipartite piriformis
muscle in the evaluation of sciatica. ASNR 2004.

Filler AG: The utility of MR Neurography in brachial plexus imaging. Joint
Section for Disorders of Spine and Peripheral Nerve, AANS/CNS, 22nd
Annual Meeting, Orlando, Florida, March 15, 2006

Filler AG. MR Neurography of the brachial plexus for identification of surgically
responsive neurogenic thoracic outlet syndrome. Congress of Neurological
Surgeons, 56" Annual Meeting, Chicago, IL October 7, 2006.

Filler AG. Real time optical guidance integrated with real time Open MRI for
spine and nerve interventions. Congress of Neurological Surgeons, 56%
Annual Meeting, Chicago, IL October 7, 2006.

Filler AG. Open MRI for diagnosis and therapeutic interventional procedures in
nerve and spine related pain. Joint Section for Disorders of Spine and
Peripheral Nerve, AANS/CNS, 23nd Annual Meeting, Phoenix, Arizona
March 8, 2007.

Filler AG. Diagnosis and management of pudendal neuralgia. American

Association of Neurological Surgeons. 75" Annual Meeting. Washington,
DC; April 17, 2007.

Filler AG, Lever AML. Molecular evidence for environmental trigger of mass
evolutionary acceleration: An experimental model for the Cambrian
explosion. American Association for the Advancement of Science, 88"
Annual, Pacific Regional Meeting, Boise, Idaho. June 19, 2007.

Filler AG. A Humanian Model of Human Evolution: Evidence that habitual
upright bipedality is a synapomorphy that defines a hominiform clade of
hominoids including humans and all extant apes. American Association of
Physical Anthropology, 77 Annual Meeting, Columbus, Ohio April 10,
2008. AJPA 135 (S46): p.96
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Filler AG. Impact of Cycle Time in Minimal Access Nerve Surgery and
Interventional MRI. International Brain Mapping & Intraoperative Surgical
Planning Society — World Congress. 5" Annual Meeting. Los Angeles.
August 26, 2008.

Filler AG. The anti-symmetric dyadic tensor model, the arctangent tractographic
function and their role in the past & intra-operative future of diffusion tensor
imaging. International Brain Mapping & Intraoperative Surgical Planning
Society — World Congress. 6" Annual Meeting. Harvard Medical School,
Boston, MA. August 29, 2009.

Filler AG. Fractional anisotropy and DTT tractography enhance nerve
identification in MR Neurography of the lumbo-sacral plexus. Joint Section
for Disorders of Spine and Peripheral Nerve, AANS/CNS, 26th Annual
Meeting, Orlando, FL, February 18, 2010.

Filler AG. Fractional anisotropy and DTT tractography enhance nerve
identification in MR Neurography of the brachial plexus. 2010 Annual
Meeting, American Association of Neurological Surgeons, Philadelphia, PA,
May 1-5, 2010.

Filler AG. Integration of High Field DTI Data with Real Time Intraoperative
Low Field MRI for Millimeter Scale Guidance — When is High Field DTI
Guidance Contra-Indicated? International Brain Mapping & Intraoperative
Surgical Planning Society — World Congress. 7 Annual Meeting. Uniformed
Services University of the Health Sciences, Bethesda, MD. May 24, 2010.

Filler AG. High Field DTI Data in the Setting of Real Time Intraoperative Low
Field MRI for Millimeter Scale Guidance — Effects of Mechanical Tissue
Distortion by Surgical Instruments. 8* International Interventional MRI
Symposium. Leipzig, Germany, Sept. 24-25, 2010.

Filler AG. Interventional MRI Percutaneous Procedures for Extended Relief and
Cure of Thoracic Outlet Syndrome. International Brain Mapping &
Intraoperative Surgical Planning Society — World Congress. 8" Annual
Meeting. UCSF, San Francisco, CA. June 8-10, 2011.

Filler AG. Interventional MRI Percutaneous Procedures for Extended Relief and
Cure of Thoracic Outlet Syndrome. Congress of Neurological Surgeons,
Washington Convention Center, Washington, DC October 1-6, 2011.
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Filler AG. Real time Open MRI Guidance for Percutaneous Nerve Decompression.
Society for Brain Mapping & Therapeutics, 10" Annual World Congress.
Baltimore Convention Center, Baltimore, MD. May 12-14, 2013.

Filler AG, Petersen J, Velgos S. Clinical Application of Diffusion Tensor Imaging
for Diagnosis and Treatment of Persistent Post-Concussive Symptoms in
Individual Traumatic Brain Injury Patients, 2023 Annual Mtg., Congress of
Neurological Surgeons, Walter Washington Convention Center, Washington,
DC, September 10, 2023.

Presentations and Invited Lectures

Filler AG. Axial Function in Terrestrial Amniotes. The Amniote Seminar.

Museum of Comparative Zoology, Romer Library, Harvard University,
10/7/80.

Filler AG. Bipedal Apes Before the Dawn of Man. Presented at the Darwin Festival
(on Darwin’s Birthday), Dept. of Biology, The Biology Society, Salem State
College, Salem, Mass. 2/12/82.

Filler AG. Evolutionary origins of the human upright spine. Presented at 5th
annual meeting, Joint Section for Peripheral Nerve and Spine, AANS/CNS,
2/12/89.

Filler AG. Imaging of Axonal Transport. Grand Rounds. Department of
Neurological Surgery, University of Washington Medical Center, Seattle, WA,
12/15/89.

Filler AG. Progress in the design of axonally transported intraneural contrast
agents for peripheral nerve imaging with MRI. Royal Post-Graduate Medical
School, NMR Unit, Hammersmith Hospital, London, UK. 9/24/90.

Filler AG. Mathematical analysis of multiple diffusion gradients for neuronal tract
tracing. Resident Research Rounds, Harborview Medical Center, Dept. of
Neurol. Surg., University of Washington, Seattle, WA, 8/7/91

Filler AG. Sir Richard Owen, Sir Arthur Keith, and the lost styloid process: Serial
homology and the evolution of the human spine. Section of Neurology, Royal
Society of Medicine, Registrar’s Meeting, London, February 6, (1992)

Filler AG. Spinel Ferrites and Superparamagnetism in MR Imaging. Division of
Biochemistry, Department of Cell & Molecular Biology, St. George’s Hospital
Medical School, London, 3/15/92.

-37-



Aaron G. Filler September 9, 2024

Magnetism, Spinels, and the Design of Tracers for In Vivo Imaging of Axoplasmic
Flow. Neuroscience Seminar, Department of Neurological Surgery, University
of Washington, Seattle, 7/25/92.

Filler AG. Diffusion Anisotropy in Magnetic Resonance: Neurography and In
Vivo Neural Tract Imaging. Neuroscience Seminar, Department of
Neurological Surgery, University of Washington, Seattle, 12/30/92.

Filler AG. Axonal Transport of MR Contrast Agents. Nycomed Imaging, Oslo,
Norway, 4/10/93.

Filler AG. MR Neurography in Clinical Medicine. Department of Neurology and
Neurosurgery, Columbia University Neurologic Institute, New York, New
York, 8/12/93

Filler AG. Evolution of the Axial Skeleton in the Hominoid Apes and Man.
Department of Orthopedics, Harborview Medical Center, Seattle, WA,
10/16/93

Filler AG. MR Neurography for Peripheral Nerve Diagnosis. Department of
Orthopedics, Harborview Medical Center, Seattle, WA, 1/19/94

Filler AG. Diffusion Anisotropy and Axonal Transport in MR Imaging of Neural
Structures. Neurology Study Unit, Seattle, WA, 2/8/94

Filler AG. Diffusion Anisotropy and MR Neurography. Department of Radiology,
Addenbrooke’s Hospital, Cambridge University, Cambridge, U.K., 11/17/94.

Filler AG. MR Neurography: Clinical Prospects. Presented at meeting of the South
of England Neurosciences Association, London, 5/19/95.

Filler AG. Diffusion Anisotropy, Axonal Transport and Endoneurial Fluid in
Clinical Magnetic Resonance Neurography. Section of Neurosurgery, Yale
University, New Haven, CT, 12/20/95.

Filler AG. New Techniques in MR Imaging: MR Neurography. The role of MRI
neurography in imaging of the brachial plexus. Medical Imaging Center of

Southern California, Santa Monica, CA, 7/1/96.

Filler AG. Interpretation of MR Neurograms. Long Beach Memorial MRI Center.
11/11/96.
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Filler AG. Diffusion Imaging and T2 Neurography in MR Diagnosis of Peripheral
Nerve Pathology. UCLA Department of Neurology Outpatient Conference.
11/20/96.

Filler AG, Johnson JP, Farahani K, Lufkin RB. Neurography of the lumbar and
sacral spinal nerves. Federation of Spine Associations, American Academy of
Orthopaedic Surgeons, February 16, 1997, San Francisco, CA (1997).

Filler AG. Case Presentation: MR Neurography in the Diagnosis of Thoracic
Outlet Syndrome in a Patient with Bilateral Hand Pain. Chairman’s
conference, UCLA Department of Neurology, 3/97.

Filler AG. The Role of Black Blood Contrast Agents and Intraneural Contrast

Agents in Magnetic Resonance Neurography. Nycomed Torsten Almen
Research Center (TARC), Wayne PA., 6/24/97.

Filler AG. Black Blood Contrast Agents and Intraneural Contrast Agents in
Magnetic Resonance Neurography. Nycomed Imaging, Oslo, Norway.

10/14/97.

Filler AG. MR Neurography and Open MRI in the Diagnosis and Management of
Extremity Pain. Atkinson Morley’s Hospital, London, England, U.K. 10/21/97.

Filler AG. MR Neurography and Interventional MRI in the Diagnosis and
Management of Spine and Peripheral Nerve Disorders. General Electric
Medical Systems, IntraOperative MRI Medical Advisory Board. Chicago, IL
11/10/97.

Filler AG. MR Neurography for the Evaluation of Nerve Tumors and the Effects
of Cancer on Nerves. UCLA Advances in Neurosurgery. 11/15/97.

Filler AG. Progress in the Use of MRI for Management of Peripheral Nerve
Disorders. Department of Radiology, UCLA Medical Center. 5/1/98.

Filler AG. Magnetic Resonance Neurography: Application to the Study of
Peripheral Nerve Pathology. American Association of Electrodiagnostic

Medicine. Orlando, FL. 10/14/98.

Filler AG. MR Neurography and interventional MRI in the diagnosis of sciatica.
Department of Surgery Grand Rounds, UCLA Medical Center, 11/18/98.
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Filler AG. Imaging of peripheral nerve tumors. Symposium on Peripheral Nerve
Tumors. 15th Annual Meeting. Joint Section on Disorders of the Spine and
Peripheral Nerves of the AANS/CNS. Orlando, FL 2/11/99.

Filler AG. Open MRI in the management of spine and peripheral nerve
pathology. UCLA iMR Program Presentation. Los Angeles, CA 2/17/99.

Filler AG. Imaging of brachial plexus lesions. XIIth Symposium on Brachial
Plexus Surgery (A. Narakas Club). Barcelona, Spain 3/14/99.

Filler AG. Magnetic Resonance Neurography for improved preoperative
evaluation of brachial plexus disorders. Brachial Plexus Symposium,
Obstetrical and Adult. American Association of Hand Surgery &
International Society for Reconstructive Microsurgery. Los Angeles, CA
6/22/99.

Filler AG. MR Neurography and open MRI in the management of spine and
extremity pain. Grand Rounds, Department of Orthopedics, UCLA Medical
Center, Los Angeles, CA 10/9/99.

Filler AG. MR Neurography and Open MRI in the Management of Spine and
Extremity Pain. Visiting Professor, Department of Anesthesia, Beth
Israel/Deaconess Hospital, Boston, MA 11/3/99.

Filler AG. Diffusion Anisotropy, CNS Tract Tracing and MR Neurography.

Research Meeting of Professor John Mazziotta’s Brain Mapping Group,
December 8, 1999.

Filler AG. Nerve imaging. AANS/CNS Joint Section on Disorders of the Spine
and Peripheral Nerves, Annual Meeting, Indian Wells, CA 2/24/00.

Filler AG. Evolution of the human spine. UCLA Comprehensive Spine Program,
Joint Spine Conference, Los Angeles, CA 3/00.

Filler AG. MR Neurography & Open MRI for diagnosis and treatment of spine
and peripheral nerve pathology. American Association of Neurological
Surgeons, Annual Meeting, San Francisco, CA, 4/12/00.

Filler AG. Neurography for peripheral nerve diagnosis. Department of

Neurology Grand Rounds, West Los Angeles Veterans Administration
Medical Center. Los Angeles, CA 4/21/00.
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Filler AG. MR Neurography, open MRI, and axonally delivered therapy.
Millenium Sir Wylie McKissock Neuroscience Lecture. Atkinson Morley's
Hospital, Wimbledon, UK. 11/24/2000.

Filler AG. Outcome study of diagnosis and treatment for sciatic of non-disk
origin. UCLA Comprehensive Spine Center, UCLA, Los Angeles, CA 3/5/01.

Filler AG. Advances in the diagnosis and treatment of nerve disorders.
Department of Surgery Grand Rounds, UCLA, Los Angeles, CA. 4/4/01.

Filler AG. MR Neurography in the diagnosis and treatment of thoracic outlet
syndromes. Medical staff grand rounds, Los Robles Regional Medical Center,
Thousand Oaks, CA, 5/4/01.

Filler AG. Advances in the diagnosis and treatment of nerve disorders. Medical

Center Grand Rounds, Daniel Freeman Memorial Hospital, Los Angeles, CA
6/4/01.

Filler AG. Advances in the diagnosis and treatment of nerve disorders. UCLA
Department of Surgery Third Year Medical Student Lecture Series, UCLA
Medical Center, Los Angeles, CA 6/8/01.

Filler AG. MR Neurography for diagnosis of spine and peripheral nerve
disorders. Institute for Spinal Disorders, Cedars Sinai Medical Center, Los
Angeles, CA 8/16/01.

Filler AG. MR Neurography, Open MRI and Axonal Transport in Advanced
Diagnosis and Treatment of Nerve Disorders. Grand Rounds, Department of

Neurosurgery, Massachusetts General Hospital, Harvard University, Boston,
MA, November 1, 2001.

Filler AG. Image diagnosis and surgical neurolysis for neurogenic thoracic outlet
syndrome. Symposium on Advances in Vascular Surgery, Chicago, IL,
December, 2001.

Filler AG. MR Neurography for the diagnosis of peripheral nerve disorders.
Panel Discussion: Innovations in Peripheral Nerve Surgery, American
Society for Peripheral Nerve, Cancun, Mexico, January 2002.

Filler AG. Failed lumbar spine surgery & sciatica of non-disk origin: Diagnosis,
treatment & outcomes. Grand Rounds, Los Robles Regional Medical Center,
Thousand Oaks, CA, June 21, 2002.
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Filler AG. Image diagnosis and neuroplasty for neurogenic thoracic outlet
syndrome. Dept. of Vascular Surgery Grand Rounds, Cedars Sinai Medical
Center, Los Angeles, CA July, 2002.

Filler AG. Chaos and the evolutionary emergence of the human spinal design.
Systems Biology Seminar, Santa Monica, CA August, 2002.

Filler AG. MSD Review of Potential for Neurography in Surgical Image
Guidance. Philadelphia, PA, September 24, 2002.

Filler AG. MR Neurography and Open MRI in the Diagnosis and Treatment of
Disorders Affecting the Spine and Nerves. Grand Rounds, Department of
Neurosurgery, University of California Irvine, Orange, CA, April 22, 2003.

Filler AG. Intraneural Drug Delivery via Axonally Transported Molecular
Carriers: Novel Pharmaceutical Designs for Intractable Pain Problems.

Discovery Research Seminar. Purdue Pharma, Cranbury, New Jersey,
September 12, 2003.

Filler AG. MR Neurography and Open MRI for Diagnosis and Treatment of
Spine and Nerve Disorders. CME Spine Conference, Institute for Spinal
Disorders, Cedars Sinai Medical Center, Los Angeles, CA, December 3,
2003.

Filler AG. Thoracic Outlet Syndrome Does Exist. Controversies in Peripheral
Nerve. Joint Section on Spine and Peripheral Nerve AANS/CNS, San Diego,
CA, March 20, 2004.

Filler AG. MR Neurography and Open MRI Guided Procedures for Diagnosis
and Treatment of Nerve Disorders. Grand Rounds, University of California at
San Diego, San Diego, CA, January 13, 2005.

Filler AG. New Developments in Nerve Imaging. Course 202. American Society
for Peripheral Nerve, 14th Annual Meeting, Fajardo, Puerto Rico. January
16, 2005.

Filler AG. Diagnosis and Treatment of Sciatica from Piriformis Syndrome: The
Impact of New Methods on ‘Spine-Related’ Peripheral Nerve Symptoms.
Current Concepts in Spinal Disorders: Clinical Symposia Series, Cedars Sinai
Institute for Spinal Disorders, February 9, 2005.
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Filler AG. MR Neurography and Open MRI Guided Procedures for Diagnosis
and Treatment of Nerve Disorders. San Diego Neurological Society, San
Diego, CA, February 17, 2005.

Filler AG. Open MR Guided Injections in Spine, Nerve and Neuromuscular
Disorders. American Society for Spine Radiology, Isla Verdes, Puerto Rico
February 24, 2005.

Filler AG. MR Neurography and Open MRI Guided Procedures for Diagnosis
and Treatment of Nerve Disorders. AANS Section on Peripheral Nerve,
Special Symposium, New Orleans, LA 4-19-05 (2005).

Filler AG. MR Neurography and Open MRI Guided Procedures for Diagnosis
and Treatment of Nerve Disorders. San Diego Academy of Neurological
Surgery, San Diego, CA 5-25-05. (2005)

Filler AG. Evolution and Comparative Anatomy of Vertebrae in Reptiles and
Mammals and the Emergence of Upright Posture in the Apes and Early
Ancestors of Humans. Visiting Professor. Cedars Sinai Medical Center, Los
Angeles, CA 6-1-05 (2005)

Filler AG. MR Neurography, Open MR Injections & Minimal Access Surgery in
the Management of Thoracic Outlet Syndrome. Department of Neurosurgery
Grand Rounds, University of California at Irvine, Orange, CA 8-3-05 (2005)

Filler AG. Nerve Imaging Techniques. American Society for Peripheral Nerve,
Tucson, Arizona, 1-16-06 (2006)

Filler AG. New Advanced Imaging Techniques In the Diagnosis of Pain
Syndromes — Update Session 402: Sciatica of Non-Disc Origin and Piriformis
Syndrome. American Academy of Pain Medicine — Annual Meeting, San
Diego, CA 2-25-06 (2006)

Filler AG. How to read an MR Neurography Image. Joint Section for Disorders
of Spine and Peripheral Nerve, AANS/CNS, 22nd Annual Meeting, Orlando,
Florida, 3-17-06 (2006)

Filler AG. Diagnosis and treatment of sciatica of non-disc origin and piriformis
syndrome. In: Controversies in Peripheral Nerve Surgery: Piriformis
syndrome — Is it real? American Association for Neurological Surgery,
Annual Meeting, San Francisco, CA, 4-26-06, (2006)
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Filler AG. MR Neurography, Open MR intervention, minimal access operations
and physical exam for brachial and lumbo-sacral plexus disorders. Cedars
Sinai Medical Center Neurosurgery Residents Lecture. Cedars Sinai Medical
Center, Los Angeles, CA 1-26-07 (2007)

Filler AG. Advances in MR Neurography. ABCs of Peripheral Nerve Course,
Joint Section for Disorders of Spine and Peripheral Nerve, AANS/CNS, 23rd
Annual Meeting, Phoenix, Arizona 3-9-07, (2007)

Filler AG. MR Neurography — Assessment of the first 5,000 cases. The Kline
Festschrift — an International Symposium on Nerve. LSU Health Sciences
Center, New Orleans, Louisiana. 10-19-07. (2007)

Filler AG. Minimal access surgery for pelvic nerve entrapments and thoracic
outlet syndrome. The Kline Festschrift — an International Symposium on
Nerve. LSU Health Sciences Center, New Orleans, Louisiana. 10-20-07
(2007)

Filler AG. Diagnostic distinction — lumbo-sacral radiculopathy vs sciatica of
non-disc origin: When to consider piriformis syndrome. Cedars Sinai
Medical Center, Institute for Spinal Disorders, Clinical Symposium, Los
Angeles, CA 2-13-08 (2008)

Filler AG. Piriformis Syndrome: Real or Not — David Cahill Memorial
Controversies Session, Joint Section for Spine and Peripheral Nerve of AANS
and CNS. Orlando, FL 3-1-08 (2008).

Filler AG. The Humanian Theory of Human Evolution. Evidence fore early

homeotic origin of an upright bipedal hominiform lineage. Los Angeles,
MENSA Society. Woodland Hills, CA 2-13-09 (2009).

Filler AG. MR Neurography, open MR guided injections, and minimal access
surgery in the management of peripheral nerve disorders. Grand Rounds —
University of California at Irvine, Department of Neurosurgery. Irvine, CA

10-14-09 (2009)

Filler AG. The Role of MRI in Diagnosis of Traumatic Lesions and Entrapment
Syndromes. American Society for Peripheral Nerve. 2010 Annual Meeting,
Boca Raton, FL 1-10-10 (2010).
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Filler AG. A historical hypothesis: The first recorded neurosurgical operation:
Isis, Osiris, Thoth & the Origin of the Djed Cross. 2*¢ Chongging
International Clinical Neuroscience Forum & International NeuroDrug
Conference, Chongging, People’s Republic of China, 3-20-10, (2010).

Filler AG. Tri-partite complex for axonal transport drug delivery — Development
& demonstration of clinical efficacy. 2" Chongqing International Clinical
Neuroscience Forum & International NeuroDrug Conference, Chongqing,
People’s Republic of China, 3-20-10, (2010).

Filler AG. Diffusion tensor imaging (DTI) & Magnetic Resonance Neurography
(MRN): Origins, History & Clinical Impact. 2" Chongqing International
Clinical Neuroscience Forum & International NeuroDrug Conference,
Chongging, People’s Republic of China, 3-20-10, (2010).

Filler AG. Diffusion Tensor Imaging (DTI) & Magnetic Resonance Neurography
(MRN): Origins, History, Physical Basis & Clinical Impact. NeuroTalk BIT 1+
Annual Congress, Singapore. June 25, 2010.

Filler AG. MRI Neurography, Open MRI Surgery in the Peripheral Nerve
Setting & Minimal Access Proximal Plexus Surgery. Association of Extremity
Nerve Surgeons. Annual Meeting 2011, Las Vegas Nevada, November 2011

Filler AG. Neuroimaging — MR Neurography, Diffusion Tensor Imaging, and
Open MRI for Nerve and Neural Tract Imaging. American Society for
Peripheral Nerve — Annual Meeting 2012, Las Vegas, Nevada, January 2012

Filler AG. Diffusion Tensor Imaging, MR Neurography and High Resolution
Axonal MRI Techniques for Mapping the Human Connectome & Peripheral
Nervous System. International Neuroscience Conference — Omori Medical
Center, Toho University, Tokyo, Japan, March 2012

Filler AG. Diffusion Tensor Imaging, MR Neurography and High Resolution
Axonal MRI Techniques for Mapping the Human Connectome & Peripheral
Nervous System. [E 84 - ZHEHERAG - T ACKERGEAR
International Neuroscience Conference — 2012 Shanghai International

Forum on Neuroscience. 8" People’s Hospital, Shanghai, Peoples’ Republic of
China, May 2012
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Filler AG. Diffusion Tensor Imaging, MR Neurography and High Resolution
Axonal MRI Techniques for Mapping the Human Connectome & Peripheral
Nervous System. BB #%& - BELIRME - T HEKERBER
International Neuroscience Conference — 3" Annual World Congress of
NeuroTalk, Beijing, People’s Republic of China, May 2012

Filler AG. Advances in Diffusion Anisotropy Imaging — New Mathematical
Models: The Anti-symmetric Dyadic Tensor Model. Society for Brain
Mapping & Therapeutics, 10® Annual World Congress. Baltimore
Convention Center, Baltimore, MD. May 12-14, 2013.

Filler AG. Medical and Legal Aspects of Coding and Billing for Peripheral Nerve

Surgery. American Society for Peripheral Nerve, Maui, Hawaii, January 12,
2014

Filler AG. Ultrasound and MRI in Nerve Injury. American Society for Peripheral
Nerve, Paradise Island, Bahamas, January 24, 2015.

Filler AG. Open MRI Guided Percutaneous Nerve Treatments. Society for Brain
Mapping and Therapeutics, Los Angeles Convention Center, Los Angeles,
California, March 7, 2015.

Filler AG. Role of the G20+/N20+ Brain Mapping Initiative in the Future of
Clinical Neuroscience — Invention and Innovation. Joint Session, Australian
Parliament, Canberra, Australia, October 10, 2015

Filler AG. Welcoming Address Society of Brain Mapping 13* Annual Meeting —
The Role of Technological Advance and Multi-Disciplinary Collaboration in
the Future of Neuroscience. Miami, Florida, April 8, 2016.

Filler AG. Policy, Ethics and the Law: The Role of Daubert/Frye and Markman
Type Evidentiary Hearings in the Application Neuroscience in the

Courtroom. Society of Brain Mapping & Therapeutics, Miami, Florida, April
8, 2016.

Filler AG. From the Laboratory to the Technology Start-Up: Invention, Patents,
and Entrepreneurship. Society of Brain Mapping & Therapeutics, Miami,
Florida, April 9, 2016.

Filler AG. Role of the G20+/N20+ Brain Mapping Initiative in the Future of
Clinical Neuroscience — Invention and Innovation. United States Congress,

Brain Mapping Day, April 20, 2016.
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Filler AG. Response to Michel Kliot — Diffusion Tensor Methods and
Neurography for Imaging in Peripheral Nerve Management. American
Association of Neurological Surgeons, Chicago, IL, May 3, 2016.

Filler AG. Tutorial on Magnetic Resonance Imaging and Diffusion Tensor
Imaging Technology as to U.S. Patent 5,560,360 in Support of Plaintiff’s
Claim Construction Brief. NeuroGrafix Multi-District Litigation (MDL)
United States District Court of Massachusetts, Hon. Richard G. Stearns,
Presiding. August 18, 2016.

Filler AG. Role of the Society for Brain Mapping in the Future of Clinical
Neuroscience — Invention & Innovation —BIIN20 M AR 2 61FT - N20
Joint Meeting with Chongging International Neuroscience Forum.
Chongging, People’s Republic of China, September 3, 2016.

Filler AG. Diffusion Tensor Imaging & MR Neurography & High Resolution
Axonal MRI Techniques for the Evaluation of Peripheral Nerve
Entrapments.

American Society for Peripheral Nerve, 2017 Annual Meeting, Kona Hawalii,

January 13, 2017.

Filler AG. Methodology for Analysis of DTI Images in the Setting of Brain Injury
with Memory Loss. Society for Brain Mapping and Therapeutics, 14" Annual
Meeting, Los Angeles, CA; April 20, 2017

Filler AG. Surgical Treatment of Peripheral Pain: Lower Extremity Nerve
Entrapments. Annual Meeting of the AANS/CNS Section on Disorders of the
Spine and Peripheral Nerves. Orlando, FL; March 14, 2018.

Filler AG. Diffusion Tensor Imaging & MR Neurography & High Resolution
Axonal MRI Techniques versus Ultrasound for the Evaluation of Peripheral
Nerve Entrapments. American Association of Neurological Surgeons, 2018
Annual Meeting, New Orleans, Louisiana; May 1, 2018.

Filler AG. Methodology for Analysis of DTI Images in the Setting of Brain Injury
with Photophobia or Vertigo. Society for Brain Mapping and Therapeutics, 15"
Annual Meeting, Los Angeles, CA; April 14, 2018.

Filler AG. The Invention of DTI (Diffusion Tensor Imaging) Lessons from a

Twenty Year Process of Technology Adoption. Brain & Spine Initiative at
California State Legislature, Sacramento, CA, August 7, 2018.
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Filler AG. Diffusion Tensor Imaging and Tractography in the Imaging of Hypoxic
Brain Injury and in Parkinsonian Disorders. Society for Brain Mapping and
Therapeutics (SBMT) 2019 Annual Meeting, Los Angeles, CA, March 16,
2019.

Filler AG. Brain Mapping Initiative in the Future of Clinical Neuroscience —
Invention and Innovation. Office of Science and Technology Policy (OSTP),
The White House, Washington, D.C./Executive Office Building, May 10,
2019.

Filler AG. Diffusion Tensor Imaging and Tractography in the Imaging of Hypoxic
Brain Injury and in Parkinsonian Disorders. Society for Brain Mapping and
Therapeutics (SBMT) 2019 N20 Meeting, KPR K%~ Osaka, Japan, June 26,
2019.

Filler AG, Kim C, Straus AR. Tutorial as to Impact of Split Pulse Technology on
Claim Step 36(a) of US 5,560,360 NeuroGrafix v. BrainLAB, United States
District Court — Northern District of Illinois, Hon. Matthew F. Kennelly,
Presiding, September 9, 2020.

Filler AG and Lever AML. RGRAS — RNA Genome Reciprocal Amplification
System: High Speed — High Accuracy Home Testing System for COVID-19 and
Other Pathogens. United States Department of Health and Human Services,
BARDA - Biological Advanced Research and Development Agency,
TechWatch Program — Washington, D.C., (WebEx), November 16, 2020.

Filler AG, Diffusion Tensor Imaging. Online Lecture Presentation. Link from
Youmans & Winn Neurological Surgery, 8" Edition, uploaded May 24, 2021.

Filler AG. DTI Tractography for Targeted TMS Treatment of TBI Symptoms.

Society for Brain Mapping and Therapeutics, 20" Annual Meeting, Los
Angeles, CA, March 12, 2022.

Filler AG. DTI MRI for Medical Proof of Injuries in the Brain. United States
District Court, Western District of Washington at Tacoma, in Torjusen v.
Amtrak, Tacoma, Washington, Hon. Benjamin H. Settle, Presiding, March 21,
2022.

Filler AG, Petersen J, Velgos S. The Role of DTT Guided TMS in the Management
of Symptoms of Mild Traumatic Brain Injury. Society for Brain Mapping and
Therapeutics, 20" Annual Meeting, Los Angeles, CA; February 18, 2023.

Filler AG. Piriformis Syndrome — Differential Diagnosis & Management: a
Peripheral Nerve Perspective: Scientific Session 5: Beyond the Foramen:
Peripheral Nerve Perplexities; Spine Summit — Joint Section — Disorders of
Spine and Peripheral Nerves; American Association of Neurological
Surgeons/Congress of Neurological Surgeons, Fountainbleau Hotel, Miami,
Florida; March 18, 2023.
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Filler AG, Gilmer H, Belzberg A, Ali Z, Jack M, Jacoby S, Smith B, Wilson TJ,
Winfree C, Zager E, Moderators: Controversies in Peripheral Nerve Surgery,
Congress of Neurological Surgeons 2023 Annual Meeting, Walter Washington
Convention Center, Washington, DC; September 13, 2023.

Filler AG, Gilmer H Peripheral Nerve Surgery: Evaluation and Common Surgical
Exposure: Congress of Neurological Surgeons 2024 Annual Meeting, Houston
Convention Center, Houston, TX; September 28, 2024

Filler AG, Gilmer H, et al: Peripheral Nerve Entrapment versus Radiculopathy:
Congress of Neurological Surgeons 2024 Annual Meeting, Houston Convention
Center, Houston, TX; September 30, 2024

Books

Filler AG. Apple Thesaurus (technical text on Apple II microelectronics, lab
interfaces, and machine level programming). Datamost, Chatsworth,
California. pp. 893. (1984). For information on the book:

http://www.amazon.com/Apple-Thesaurus-Aaron-Filler/dp/0881903469

Filler AG. Do You Really Need Back Surgery: A Surgeon's Guide to Neck and Back
Pain and How to Choose Your Treatment. Oxford University Press. pp
352.(2004).

http://www.amazon.com/You-Really-Need-Back-Surgery/dp/019532708X

Hardcover 1 Edition May 2004
Paperback Edition May 2007
Paperback 27 Edition January 2013

Filler AG. The Upright Ape: A New Origin of the Species. New Page Books,
New Jersey, July 2007.

http://www.amazon.com/Upright-Ape-New-Origin-
Species/dp/1564149331

Filler AG. Axial Character Seriation in Mammals. An Historical and
Morphological Exploration of the Origin, Development, Use, and Current
Collapse of the Homology Paradigm. Brown Walker Press, Boca Raton, FL,
April 2007.

http://www.amazon.com/Axial-Character-Seriation-Mammals-
Morphological/dp/1599424177
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Filler AG. Smart Guide to Patents — SmartGuide Publications (September 2012)

http://www.amazon.com/Smart-Guide-Patents-Aaron-Filler/dp/098344210X

Theses

Filler, AG. Brain Size and Social Behavior in East African Bovids: Application of
Multivariate Statistics, Eigenvectors and Factor Analysis to Relate Behavioral
and Morphometric Data. (BA, University of Chicago) (1977) (Human Behavior
& Institutions)

Filler, AG. Factor analysis and multivariate statistics for the evaluation of cranial
morphometrics in Macropodids. (Medical Student research project (1978)
University of Chicago.

Filler AG. Functional and Evolutionary Perspectives on Axial Anatomy in
Hominoids. (MA, University of Chicago) (1979).

Filler AG. Axial Character Seriation in Mammals. An Historical and
Morphological Exploration of the Origin, Development, Use, and Current
Collapse of the Homology Paradigm. (PhD, Harvard University) (1986).

Blog Posts

1/29/2007 Oxford University Press Blog

Is there an ethical crisis in spinal surgery?
http://blog.oup.com/2007/01/is_there_an_eth/

12/15/2007  Anthropology.net
A human ancestor for the apes? — Morotopithecus & Homo
sapiens vertebrae

http://anthropology.net/2007/12/15/a-human-ancestor-for-the-
apes/morotopithecus-homo-sapiens-vertebrae/

12/24/2007  Oxford University Press Blog
Redefining the word “Human” — Do some apes have human

ancestors?
http://blog.oup.com/2007/12/human/

8/17/2009 Research Blogging

Diagonal postures & The descent from human to ape
http://www.researchblogging.org/blogger/home/id/1142
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Major Media Coverage of Academic Work

Print
3/16/93 New York Times - Magnetic Resonance Gives Better
Images of Nerves in the Body. Warren Leary.
3/12/93 LA Times - Nerve Imaging Could Revolutionize Treatment
of Pain. Thomas Maugh.
3/12/93 London Times - 3D images improve cancer treatment.
Nigel Hawkes.
3/21/93 Die Welt - NMR-Tomographie spiirt Nervenstrange auf. Werner
Schulz.
3/12/93 Associated Press - New method lets doctors see nerves more
clearly.
3/20/93 Science News - Seeing the nerves within us
9/28/96 Science News - Imaging method really shows some nerve
7/31/96 LA Times - Report touts new nerve imaging technique. Thomas
Maugh.
9/7/96 Lancet News - MRI simplifies diagnosis of peripheral nerve
lesions.
3/2001 Discover - Pulling pain up by the roots. Paul D. Thacker pagell.
3/24/01 The Economist - Magic bullet for pain-killers. Technology
Quarterly, page 20
Internet

4/18/1997 CNN.com

Enhanced MRI reveals nerves that cause pain
http://cnn.com/HEALTH/9704/18/nfm/pain/index.html
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11/8/2000

11/8/2000

1/31/2005

7/15/2007

10/10/2007
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BBC News

A Step Forward in Killing Pain
http://news.bbc.co.uk/hi/english/health/newsid _1011000/1011780.stm

Web MD
New Techniques Get at Pain Where It Hurts: Nerves Carry

Pain Medication Directly To Its Target
http://my.webmd.com/content/article/1728.63588

CBS Healthwatch

New Drug Delivery Method May Target Pain Directly
http://cbshealthwatch.medscape.com/medscape/p/gcommunity/HNe
ws/hnews.asp?ReclD=226860&Channel=0

Reuters Health
Axonal Transport System Targets Drug to Site of Neuropathic

Pain in Rat Model
http://www.reutershealth.com/archive/2000/11/08/professional/links/200
01108scie002.html

New Scientist:

Magic Bullet
http://www.newscientist.com/dailynews/news.jsp?id=ns9999156
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NeuroGrafix v. Siemens AG — Dismissal Upon Settlement
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7/31/2014 Patent Trials & Appeals Board — All substantive claims in
US 5,560,360 sustained as patentable
in defense of Ex Parte Re-Exam on PTAB Appeal
(Appeal written and argued by Aaron G. Filler)

11/6/2014 NeuroGrafix v. Philips— Dismissal Upon Settlement
Action for Patent Infringement of US 5,560,360

2/8/2016 Aaron G. Filler v. Solicitor, United States Patent & Trademark
Office - all substantive claims in US 5,560,360 sustained
as patentable in defense of Ex Parte Re-Exam on Appeal
to Court of Appeals for the Federal Circuit
(Appeal written and argued by Aaron G. Filler, Esq.)

8/11/2016 NeuroGrafix v. Hitachi — Dismissal Upon Settlement
Action for Patent Infringement of US 5,560,360

5/17/2017 NeuroGrafix v. Toshiba— Dismissal Upon Settlement
Action for Patent Infringement of US 5,560,360

10/7/2019 NeuroGrafix v. Brainlab, 787 Fed.Appx. 710 (Fed.Cir., 2019)
Reversal & Remand, overturning grant of Motion for
Summary of Judgment of No Infringement on Appeal to
Court of Appeals for the Federal Circuit
(Appeal written and argued by Aaron G. Filler, Esq.)

11/1/2020 NeuroGrafix v. Brainlab, Dismissal with Prejudice of
Counterclaim and Defenses of Invalidity as to
US 5,560,360
(Lead Counsel for NeuroGrafix — Aaron G. Filler, Esq.)

4/27/2021 NeuroGrafix v. Brainlab— Dismissal Upon Settlement
Action for Patent Infringement of US 5,560,360
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IMAGE NEUROGRAPHY AND DIFFUSION
ANISOTROPY IMAGING

This application is based upon an earlier filed UK Patent
Application No. 9301268.0, filed Jan. 22, 1993, which, in
turn, is a continuation-in-part of U.K. Patent Application No.
0216383.1, filed Jul. 31, 1992, which, in turn, is a continu-
ation-in-part of U.K. Patent Application No. 9210810.9,
filed May 21, 1992, which, in turn, is a continuation-in-part
of U.K. Patent Application No. 9209648.6, filed May 5,
1992, which, in turn, is a continuation-in-part of U.K. Patent
Application No. 9207013.5, filed Mar. 30, 1992, which, in
turn, is a continuation-in-part of U.K. Patent Application No.
9205541.7, filed Mar. 13, 1992, which, in turn, is a continu-
ation-in-part of parent UK. Patent Application No.
9205058.2, filed Mar. 9, 1992, the benefit of the filing dates
of which is hereby claimed pursuant to 35 U.S.C. §119.

FIELD OF THE INVENTION

The present invention relates generally to the field of
imaging and, more particularly, to the imaging of nerve
tissue and other diffusionally anisotropic structures.

BACKGROUND OF THE INVENTION

Although many techniques have been developed for locat-
ing and viewing the brain, spinal cord, and spinal roots
within the spinal canal, hitherto there has not been a suc-
cessful method for viewing the peripheral, autonomic, and
cranial nerves. These nerves, collectively referred to herein
as peripheral nerves, commonly travel through and along
bone, muscle, lymphatics, tendons, ligaments, intermuscular
septa, collections of fatty tissues, air and fluid spaces, veins,
arteries, joints, skin, mucous membranes and other tissues.
The relatively small size of peripheral nerves, as well as
their close proximity to other tissue of comparable size and
shape, makes them difficult to locate and identify.

The examination of peripheral nerves is further compli-
cated by the complexity of many such neural structures, such
as the brachial plexus, lumbar plexus, and sacral plexus.
These structures include bundles of nerves that may join
together, separate, rejoin, intermix, and resegregate, forming
intricate three dimensional patterns. A compression or irri-
tation of a small area of nerve within such a plexus (e.g. in
the shoulder) can cause pain, numbness, weakness or paraly-
sis at some distant site (e.g. in one finger). Even when a
surgeon attempts to expose the plexus for direct inspection,
the anatomic complexity can prove overwhelming, render-
ing diagnosis inconclusive and surgery difficult and danger-
ous.

Radiologic methods employing, for example, X-rays,
have been developed to generate tissue specific images of
various physiological structures including bone, blood ves-
sels, lymphatics, the gastrointestinal tract, and the tissues of
the central nervous system. Due in part to the neural
characteristics noted above, however, these techniques have
not been successfully used. to generate suitable clinical
images of peripheral nerves.

Typically, the position of peripheral nerves in radiologic
images has been inferred by reference to more conspicuous,
non-neural structures such as tendons, vessels, or bone. For
example, by producing an X-ray image of a region of the
body through which a nerve of interest passes, non-neural
structures can often be readily identified. Then, the locations
of peripheral nerves in the region can be inferred from
standard reference information about human anatomy. Due
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to the variability of nerve position from one individual to
another, however, this technique is of limited value.

One approach of particular interest that has been used to
image physiological structures is magnetic resonance imag-
ing (MRI). By way of introduction, MRI involves the
exposure of tissue to a variety of different magnetic and
radio-frequency (rf) electromagnetic fields. The response of
the specimen’s atomic nuclei to the fields is then processed
to produce an image of the specimen.

More particularly, the specimen is initially exposed to a
polarizing magnetic field. In the presence of this field, nuclei
exhibiting magnetic moments (hereinafter referred to as
spins) will seek to align themselves with the field. The nuclei
precess about the polarizing field at an angular frequency
(hereinafter referred to as the Larmor frequency) whose
magnitude depends upon both the field’s strength and the
magnetogyric constant of the specific nuclear species
involved.

Although the magnetic components of the spins cancel
each other in a plane perpendicular to the polarizing field,
the spins exhibit a net magnetic moment in the direction of
the polarizing field. By applying an excitation field perpen-
dicular to the polarizing field and at a frequency near the
Larmor frequency, the net magnetic moment can be tilted.
The tilted magnetic moment includes a transverse compo-
nent, in the plane perpendicular to the polarizing field,
rotating at the Larmor frequency. The extent to which the
magnetic moment is tilted and, hence, the magnitude of the
net transverse magnetic moment, depends upon the magni-
tude and duration of the excitation field.

An external return coil is used to sense the field associated
with the transverse magnetic moment, once the excitation
field is removed. The return coil, thus, produces a sinusoidal
output, whose frequency is the Larmor frequency and whose
amplitude is proportional to that of the transverse magnetic
moment. With the excitation field removed, the net magnetic
moment gradually reorients itself with the polarizing field.
As a result, the amplitude of the return coil output decays
exponentially with time.

Two factors influencing the rate of decay are known as the
spin-lattice relaxation coefficient T, and the spin-spin relax-
ation coefficient T,. The spin-spin relaxation coefficient T,
represents the influence that interactions between spins have
on decay, while the spin-lattice relaxation coefficient T,
represents the influence that interactions between spins and
fixed components have on decay. Thus, the rate at which the
return coil output decays is dependent upon, and indicative
of, the composition of the specimen.

By employing an excitation field that has a narrow
frequency band, only a relatively narrow band within a
nuclear species will be excited. As a result, the transverse
magnetic component and, hence, return coil output, will
exhibit a relatively narrow frequency band indicative of that
band of the nuclear species. On the other hand, if the
excitation field has a broad frequency band, the return coil
output may include components associated with the trans-
verse magnetic components of a greater variety of frequen-
cies. A Fourier analysis of the output allows the different
frequencies, which can be indicative of different chemical or
biological environments, to be distinguished.

In the arrangement described above, the contribution of
particular spins to the return coil output is not dependent
upon their location within the specimen. As a result, while
the frequency and decay of the output can be used to identify
components of the specimen, the output does not indicate the
location of components in the specimen.
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To produce such a spatial image of the specimen, gradi-
ents are established in the polarizing field. The direction of
the polarizing field remains the same, but its strength varies
along the x, y, and z axes oriented with respect to the
specimen. By varying the strength of the polarizing field
linearly along the x-axis, the Larmor frequency of a par-
ticular nuclear species will also vary linearly as a function of
its position along the x-axis. Similarly, with magnetic field
gradients established along the y-axis and z-axis, the Larmor
frequency of a particular species will vary linearly as a
function of its position along these axes.

As noted above, by performing a Fourier analysis of the
return coil’s output, the frequency components of the output
can be separated. With a narrow band excitation field applied
to excite a select nuclear species, the position of a spin
relative to the xyz coordinate system can then be determined
by assessing the difference between the coil output fre-
quency and the Larmor frequency for that species. Thus, the
MRI system can be constructed to analyze frequency at a
given point in time to determine the location of spins relative
to the magnetic field gradients and to analyze the decay in
frequency to determine the composition of the specimen at
a particular point.

The generation and sensing of the fields required for
proper operation of an MRI system is achieved in response
to the sequential operation of, for example, one or more
main polarizing field coils, polarizing gradient field coils, rf
excitation field coils, and return field coils. Commonly, the
same coil arrangement is used to generate the excitation field
and sense the return field. A variety of different sequences
have been developed to tailor specific aspects of MRI
system operation, as described, for example, in U.S. Pat. No.
4,843,322 (Glover); U.S. Pat. No. 4,868,501 (Conolly); and
U.S. Pat. No. 4,901,020 (L.adebeck et al.).

One application of conventional MRI systems is in the
production of angiograms, or blood vessel images. Various
different pulse sequences and processing techniques have
been developed for use in MRI angiography, as described in,
for example, U.S. Pat. No. 4,516,582 (Redington); U.S. Pat.
No. 4,528,985 (Macovski); U.S. Pat. No. 4,647,857 (Taber);
U.S. Pat. No. 4,714,081 (Dumoulin et al.); U.S. Pat. No.
4,777957 (Wehrli et al.); and U.S. Pat. No. 4,836,209
(Nishimura).

As will be appreciated, blood vessels are readily differ-
entiated from surrounding tissue by the pulsatile flow of
blood therethrough. MRI angiography exploits this distin-
guishing characteristic to generate images of the blood
vessels in various ways. For example, if the excitation field
is pulsed at systole and diastole, the contribution of blood
flow to the return field will differ, while the contribution of
static tissue and bone to the return field will be the same. By
subtracting one return from the other, the static component
cancels, leaving only the contribution from the blood vessel.

Unfortunately, because peripheral nerve does not exhibit
the flow-distinctiveness of blood vessels, MRI angiography
systems and pulse sequences can not be used to generate
suitable images of peripheral nerve. Further, conventional
MRI systems and sequences used for general imaging of
tissue and bone do not provide acceptable results. Given the
poor signal-to-noise (S/N) ratio of the return signals (e.g., on
the order of 1x to 1.5X) and the small size of the nerve, the
conspicuity of imaged nerves relative to other tissue is
collectively rendered so poor as to be diagnostically useless.

One technique proposed for use in enhancing the utility of
MRI systems in imaging neural tissue involves the use of
pharmaceutical agents to enhance the contrast of neural

10

15

20

25

50

55

60

65

4

_tissue relative to surrounding tissue in the images produced.

As described in PCT Patent Application No. PCT EP
91/01780 (Filler et al., WO 92/04916), published on Apr. 2,
1992, a two-part contrast agent, such as wheat germ agglu-
tinin or dextrin-magnetite, is injected so that it is subse-
quently taken up, and transported, by the nerve of interest.
The first part of the agent promotes neural uptake, while the
second part of the agent has the desired “imageable’” prop-
erty. .

The agent is injected into muscle and undergoes axoplas-
mic flow in the nerve supplying that muscle, tagging the
nerve in subsequently generated images of the specimen. If
MRI is used, the second part of the agent is selected to have
a magnetically active (e.g., ferrite) component. An agent
having a high nuclear density can, however, be used to
increase the contrast of the nerve upon X-ray or computed
tomography (CT) examination, while a radioactive (e.g.
positron emitting) element can be used to enhance visibility
during positron emission tomography (PET) scanning.

To illustrate the effectiveness of contrast agents in imag-
ing nerve, reference is had to FIGS. 1-5. In that regard, FIG.
1 is a diagram of a transverse section of the upper forearm
FA of a rabbit. The forearm includes the triceps muscle TM,
ulnar nerve UN, brachial veins BV, median nerve MN, radial
nerve RN, humerus H, cephalic vein CV, and biceps muscle
BM.

FIGS. 2A and 2B illustrate spin-echo MR images of such
a section, using a ferrite contrast agent, produced by a
conventional MRI system at six-hour intervals. Although
some of the larger structural elements are readily identified,
the location of some objects appears skewed. More particu-
larly, the humerus marrow appears shifted relative to the
humerus H, as do ligaments L, and fat F between the biceps
or triceps. In addition, smaller neural structures are difficult
to distinguish.

Several approaches are available, however, to attempt to
identify nerves in the images generated. For example, as
shown in FIG. 3, if a short tau inversion recovery (STIR)
sequence of the type described in Atlas et al., STIR MR
Imaging of the Orbit, 151 AM. J. ROENTGEN. 1025-1030
(1988) is used, the humerus marrow disappears from the
image as does, more importantly, certain ambiguous, appar-
ently non-neural structures adjacent the median nerve MN.
Thus, as shown in the enlarged image of the region including
the median nerve MN and ulnar nerve UN, provided in FIG.
4, the median nerve MN is visible.

Similarly, even when the contrast agent images of FIGS.
2A and 2B are enlarged to better illustrate the region
including the median nerve MN, as shown in FIGS. 5A and
5B, respectively, the nerves are distinguishable to a highly
skilled observer. More particularly, transport of the ferrite
contrast agent during the six-hour interval between the
generation of images 4A and 4B results in a loss of intensity
in the MN relative to the non-neural structure adjacent
median nerve MN. Given this observation and the STIR-
based assessment, the median nerve MN can, thus, be
identified.

The use of contrast agents, while promising, does have
certain limitations. For example, there is an increasing
preference to avoid the use of invasive technologies in
medicine whenever possible. Further, contrast agents gen-
erally can be used to image only a single nerve or nerve
group. Of perhaps greatest importance, the contrast agents
employed typically reduce the intensity of the imaged nerve.
Since nerves are already difficult to see in current MRI
images, the impact of the contrast agent upon the image can
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be difficult to interpret, as illustrated by the discussion of
FIGS. 2-5 above.

In another application, MRI has been used, without con-
trast agents, to map non-peripheral, white matter nerve tracts
in the brain. The white matter tracts extend through gray
matter tissue in the brain and exhibit relatively high aniso-
tropic diffusion. More particularly, given their physical
structure (i.e., axonal pathways surrounded by myelin
sheaths), water mobility along the white matter tracts is
relatively high, while water mobility perpendicular to the
tracts is low. The surrounding gray matter does not, how-
ever, exhibit this same anisotropy.

A technique for MRI-based mapping of white matter
nerve tracts that exploits this characteristic of neural tissue
is described in Douek et al., Myelin Fiber Orientation Color
Mapping, BOOK OF ABSTRACTS, SOCIETY OF MAG-
NETIC RESONANCE IN MEDICINE, p. 910 (1991). Basi-
cally, in addition to the fields and gradients described above,
this process involves the use of a pair of field gradient pulses
(hereinafter referred to as diffusion gradients), oriented
perpendicular and parallel to the white matter tracts to be
imaged. The effect of a pulsed gradient is to change the
phase of the received signal from all of the spins. For
stationary spins the effect of the two diffusion gradients
cancels out. In contrast, spins moving from one spatial
position to another in the time between the two diffusion
gradients experience changes in the frequency and phase of
the spin magnetization with the net effect being a reduction
in the received signal. The signal reduction is greatest for
those spins that diffuse the greatest distance between the two
pulsed gradients.

As noted above, given the anisotropic nature of the tracts,
water will diffuse freely along a tract, but is restricted in it
motion perpendicular to the tract. When the diffusion gra-
dient is aligned with the tract there is thus a greater reduction
in signal than when the diffusion gradient is aligned per-
pendicular to the tract. Because this phenomenon is not
exhibited by the surrounding gray matter tissue, the white
matter tracts can be identified.

Anisotropic diffusion is also a recognized characteristic of
peripheral nerve, as indicated in Moseley et al., Anisotropy
in Diffusion-Weighted MRI, 19 MAGNETIC RESONANCE
ON MEDICINE 321 (1991). The Douek et al. technology,
however, does not distinguish peripheral nerve from muscle
and other tissue for a number of previously unrecognized
reasons. First, while the size and structure of the white
matter tracts ensure that the resultant signals will be suffi-
ciently strong for imaging, peripheral nerve is considerably
smaller and more difficult to distinguish. Second, unlike the
white matter tracts, peripheral nerve is commonly sur-
rounded by muscle and fat, both of which impair the ability
of the Douek et al. system to image nerve.

By way of elaboration, given its fibrous structure, muscle
also exhibits diffusional anisotropy, as recognized in Mose-
ley et al., Acute Effects of Exercise on Echo-Planar T, and
Diffusion-Weighted MRI of Skeletal Muscle in Volunteers,
BOOK OF ABSTRACTS, SOCIETY OF MAGNETIC
RESONANCE IN MEDICINE 108 (1991). As a result, the
simple anisotropic analysis of Douek et al. is unable to
distinguish peripheral nerve and muscle. While fat is iso-
tropic and, therefore, distinguishable from nerve, it also
impairs the imaging of peripberal nerves. Specifically, the
relative signal strength of fat returns to neural returns is so
high as to render peripheral nerves unidentifiable in images
produced.

As will be appreciated from the preceding remarks, it
would be desirable to develop a method for rapidly and

20

25

30

45

50

55

60

65

6

non-invasively imaging a single peripheral nerve, or an
entire neural network, without resort to contrast agents. The
images generated should be sufficiently detailed and accu-
rate to allow the location and condition of individual periph-
eral nerves to be assessed. It would further be desirable to
provide a system that processes neural images to enhance
the information content of the images, diagnose neural
trauma and disorders, and inform and control the adminis-
tration of treatments and therapy.

SUMMARY OF THE INVENTION

The present disclosure relates to a new method, which
quite remarkably, is capable of generating a three dimen-
sional image of an individual patient’s nerves and nerve
plexuses. The image can be acquired non-invasively and
rapidly by a magnetic resonance scanner. These images are
acquired in such a way that some embodiments of the
invention are able to make all other structures in the body
including bone, fat, skin, muscle, blood, and connective
tissues tend to disappear so that only the nerve tree remains
to be seen. A plurality of the nerves passing through a given
imaged region may be observed simultaneously, thus alle-
viating any ambiguity of nerve identification which might
arise were only a single nerve imaged as with some contrast
agent techniques.

The invention is based on the discovery of a method of
collecting a data set of signal intensities with spatial coor-
dinates which describes the positions of the nerves within
any two dimensional cross section of a living mammal or
within any three dimensional data acquisition space. There
exist a large number of pulse sequences capable of control-
ling or operating a magnetic resonance imaging apparatus
and each of which accomplishes some preferred image
optimization. Previously, however, no simple (single) or
complex (double or multiple) pulse sequence has been able
to increase the relative signal intensity of nerve so that it is
brighter than all other tissues in the body or limb cross
section. Surprisingly, the inventors have discovered that
there are certain novel ways of assembling complex pulse
sequences, wherein even though the simple components of
the sequence decrease the signal-to-noise ratio of nerve or
decrease the signal strength of nerve relative to other tissues,
the fully assembled complex sequence actually results in the
nerve signal being more intense than any other tissue. In this
fashion, the image conspicuity of nerve is greatly increased.

Thus, a first aspect of the present invention provides a
method of selectively imaging neural tissue of a subject
without requiring use of intraneural contrast agents, the
method comprising subjecting part of the subject anatomy to
magnetic resonance imaging fields, detecting magnetic reso-
nance and producing an image of neural tissue from said
detected resonance so that a nerve, root, or neural tract of
interest in said image can be visually differentiated from
surrounding structures.

A second aspect of the present invention provides a
method of selectively imaging neural tissue of a subject, the
method comprising subjecting part of the subject anatomy to
magnetic resonance imaging fields adapted to. discriminate
anisotropy of water diffusion or other special characteristic
of neural tissue, detecting magnetic resonance to produce an
electronic signal in accordance with said resonance and
producing an image of neural tissue from said electronic
signal.

The invention also provides an apparatus for selectively
imaging neural tissue of a subject without requiring the use
of neural contrast agents, the apparatus comprising means
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for subjecting part of the subject anatomy to magnetic
resonance fields, means for detecting magnetic resonance to
produce an electronic signal in accordance with said reso-
nance, and means for producing an image of neural tissue
from said clectronic signal so that a nerve, root, or neural
tract of interest in said image can be visually differentiated
from surrounding structures.

The invention also finds expression as an apparatus for
imaging neural tissue of a subject, the apparatus comprising
means for subjecting part of the subject anatomy to magnetic
resonance fields adapted to discriminate anisotropy of water
diffusion, means for detecting magnetic resonance to pro-
duce an electronic signal in accordance with said resonance
and means for producing a selective image of neural tissue
of interest from said electronic signal.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same becomes better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 is a diagram of a transverse section of the upper
forearm of a rabbit illustrating various neural and non-neural
structures;

FIGS. 2A and 2B are images of the upper forearm of a
rabbit, of the type depicted in FIG. 1, produced using an
MRI system at two spaced-apart times after the forearm was
injected with a ferrite contrast agent;

FIG. 3 is another image of the upper forearm of a rabbit
produced using an MRI system employing a short tau
inversion recovery (STIR) spin-echo sequence;

FIG. 4 is an enlargement of a portion of the image of FIG.
3 associated with a peripheral nerve of interest;

FIGS. 5A and 5B are enlargements of a portion of the
images of FIGS. 2A and 2B, respectively, associated with a
peripheral nerve of interest;

FIG. 6 is a block diagram of a neurography system,
constructed in accordance with this invention, coupled to a
plurality of other systems designed to provide information to
the neurography system and to implement, for example,
neural diagnoses, therapy, surgery, and training;

FIG. 7 is a functional chart of the operation of the
neurography system of FIG. 6;

FIG. 8 is an illustration of the various components
included in the neurography system of FIG. 6;

FIGS. 9 and 10 are flow charts depicting one way in which
the neurography system of FIG. 8 may be used to generate
NEUrograms;

FIGS. 11A through 11F illustrate one sequence of pulses
suitable for use in producing diagnostically suitable images
from the neurography system of FIG. 6;

FIG. 12 is another image of the upper forearm of a rabbit
produced by an embodimen:i of the neurography system
employing fat suppression;

FIGS. 13A and 13B are additional images of the upper
forearm of a rabbit produced by an embodiment of the
neurography system employing gradients perpendicular and
parallel, respectively, to the anisotropic axis of nerve being
imaged;

FIGS. 14A through 14D are images of the upper forearm
of a rabbit produced employing gradients of 0, 3, 5, and 7
Gauss/centimeter, respectively;
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FIGS. 15A through 15C are images produceable by the
neurography system with zero, perpendicular, and parallel
gradients, while FIG. 15D is an image based upon the
images of FIGS. 15B and 15C, referred to herein as a
subtraction neurogram

FIG. 16 vector length image of the brain produced using
the neurography system of FIG. §;

FIG. 17 is an arctan image of the brain produced using the
neurography system of FIG. §;

FIGS. 18A through 18D are images of a rabbit forearm
produced using the neurography system of FIG. 8, and
illustrating the influence of the TE sequence upon the images
produced;

FIG. 19 illustrates a splint employed in the neurography
and medical systems of the present invention;

FIGS. 20, 21, and 22 are illustrations of images of a
human sciatic nerve produced using the neurography system
of FIG. 8, with FIGS. 20 and 21 illustrating the ability of the
system to image nerve fascicles (in two cross-sectional
scales) and FIG. 22 illustrating an axial projection of the
nerve;

FIG. 23 is a diagram of a cross-section of a vertebra,
illustrating the types of structure present in one neurography
application; and

FIG. 24 is a schematic illustration of a surgical system
constructed in accordance with this invention for use with
the neurography system of FIG. 8.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring now to FIG. 6, a neurography system 10 is
shown as one component of a broader medical system 12.
Unlike prior art arrangements, system 10 quickly and non-
invasively generates accurate images showing the pattern of
individual peripheral nerves, or entire nerve trees, without
the use of contrast agents. The system is designed to allow
such images, hereinafter referred to as neurograms, to be
displayed in two-dimensions, illustrating neural cross sec-
tions in the specimen under examination, or in three-dimen-
sions. The images may selectively exclude all other struc-
tures within the specimen, or may illustrate the physical
relationship of other structures relative to the nerves for
reference.

1. Medical System Overview

As shown in FIG. 6, the neurography system 10 included
in medical system 12 includes four basic components: MRI
system 14, processing system 16, input system 18, and
output/display system 20. In the preferred arrangement, the
MRI system 14 is a conventional MRI system modified for
use in collecting image data of a patient P under examina-
tion. The processing system 16 responds to operator inputs
applied via input system 18 to control MRI system 14 and
process its output to display the resultant neurograms at
system 20. As will be described in greater detail below,
system 16 employs a variety of different imaging protocols,
alone or in combination, to ensure that the images produced
are of a quality heretofore unachieved.

The medical system 12 includes a number of components
that supplement the imaging information produced by sys-
tem 10 and/or use that information for a variety of purposes.
For example, an auxiliary data collection system 22 may be
included to collect image information about non-neural
structures, such as blood vessels and bone, in the imaged
region of patient P. This information can then be used to
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suppress and/or enhance the appearance of those structures
in the neurograms produced by system 10.

A diagnostic system 24, included in system 12, may be
used to analyze the images produced by system 10. Given
the high resolution, detail, and accuracy of neurograms
produced by system 10, system 24 can be programmed to
analyze neural pathway information to detect discontinuities
associated with, for example, neural compressions, injuries,
and tumors. System 24 provides outputs indicative of the
location of discontinuities and may, by consultation with a
database of image information associated with clinically
assessed abnormalities, provide an indication of the nature
and magnitude of an imaged discontinuity. These outputs
can be used for diagnosis, or applied as feedback to system
10 to refine a region of interest (ROI) under examination in
patient P.

Medical system 12 may also include a therapeutic system
26 and surgical system 28. Systems 26 and 28 employ
information about the patient’s neural structure from system
10 to assist in the proper administration of a desired thera-
peutic or surgical operation. For example, the information
may be used to guide a robotic stylus to a damaged neural
site for treatment or to allow an operation on non-neural
structure to be performed without damage to the patient’s
peripheral nerves. The systems 26 and 28 may operate
independent of physician control or may simply provide the
physician with real-time feedback concerning the relation-
ship between an operation being performed and the patient’s
neural structures. ]

A training and development system 30 is included in the
medical system 12 for a variety of different purposes. For
example, the training system 30 may be used to demonstrate
the anatomy of various neural structures, along with their
positional relationship to non-neural patient structures. This
information has great educational value given the extremely
limited ability of prior an techniques, including direct
examination, to provide detailed anatomical information.
Training system 30 may also be designed to analyze the
effectiveness of neurography system 10 and provide feed-
back used to control the pulse sequences and other opera-
tional parameters of system 10.

As one final component, medical system 12 may include
a host processing system 32 in addition to, or in place of,
separate processing systems in the other components of
system 12. Although not separately shown in FIG. 6, system
32 includes a central processing unit (CPU) coupled to the
remainder of system 12 by input/output circuits. Memory is
provided to store software instructions, used to control the
operation of the CPU and, hence, the various components of
system 12, and to store image and other data collected by
system 12. The use of a separate host processing system 32
is particularly desirable where various components of sys-
tem 12 are to be operated in interactive fashion pursuant to
a single set of software instructions.

2. The Neurography System

Turning now to a more detailed discussion of neurography
system 10, by way of introduction, some of the more
important operational features of system 10 are loosely
depicted in the chart of FIG. 7. As will be described in
greater detail below, system 10 may be constructed io
employ one or more of these features to enhance the imaging
ability of conventional MRI sufficiently to provide diagnos-
tically and therapeutically useful information.

As shown, the operation of system 10 can be broken down
into the broad steps of data collection 34, image processing
and analysis 36, image display 38, and control 40. The data
collection process 34 involves, for example, spin-echo imag-
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ing 42, which may be supplemented by one or more of the
following imaging protocols: fat suppression 44, diffusion
weighting 46, and “long T2” processing 48, and other
protocols including magnetization transfer. Each of these
protocols has been found to enhance the quality of images of
peripheral nerve sufficiently to provide heretofore unavail-
able MRI neurograms.

The data collected by process 34 is subjected to image
processing and analysis 36, involving two-dimensional
and:three-dimensional image generation 50. Image genera-
tion 50 may be further enhanced by miscellaneous suppres-
sion features 52, responsible for reducing the influence of,
for example, blood vessels and patient motion, on the
images produced. An image subtraction feature 54 may also
be employed to remove all non-neural components from the
images.

a. Neurography System Construction

Having briefly summarized the operational aspects of
neurography system 10, its construction and operation will
now be considered in greater detail. In one embodiment,
MRI system 14 includes an imager I of the type sold by GE
Medical Systems, under the trademark SIGNA (software
release 5.2).

In that regard, as shown in FIG. 8, the region R of the
patient to be imaged is placed within the bore B of the MRI
system imager L. As will be described in greater detail below,
the position of region R relative to the imager may be
stabilized by a splint 58. Splint 58 limits motion artifact,
provides fiducial markers in a secondary frame of reference,
and reduces the system’s susceptibility to boundary effects
that otherwise might degrade fat suppression near the
boundary between skin and air.

MRI system 14 includes polarizing field coils 60 and 61
responsible for exposing region R to the desired polarizing
field. The polarizing ficld has a strength of, for example, 1.5
Tesla and is oriented along a z-axis.

A tuned rf excitation coil 62 is also positioned within bore
B over the region R under investigation. Coil 62 is provided
with a pulsed rf input, in a manner described below, to
generate the field responsible for excitation of nuclear spins
in region R. Coil 62 is also responsible for detecting the rf
return, or echo, fields generated by the spins, although
separate transmit and receive coils may alternatively be
used.

The excitation coil 62 may be, for example, a solenoid or
surface coil, configured and dimensioned to fit closely over
the region R to be imaged (e.g., the patient’s arm, leg,
shoulder, chest, pelvis, head, neck or back). In a preferred
arrangement, however, a phased array coil system is
employed to increase the signal-to-noise ratio of the returns,
thereby providing an improvement in the spatial resolution
of system 14 and allowing information to be retrieved from
signals that would otherwise have been too weak to form
useful images. For example, where peripheral nerve having
athickness on the order of 1-2 mm is to be sharply resolved,
each array -includes, for example, 4-6 individual coils,
arranged in transverse and longitudinal pairs or linear paired
arrays.

Three pairs of gradient coils 64 and 66 are also positioned
within the bore B of the imager. These coils superimpose a
locational gradient of roughly one Gauss per centimeter
upon the polarizing field over the sample region R along
each of the x, y, and z-axes. For the sake of simplicity,
however, only the z-gradient coils 64 and 66 are shown in
FIG. 8.

In the preferred arrangement, the same coil pairs 64 and
66 are used to produce diffusional gradients along the
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desired axes, as well as the requisite locational gradients.
Alternatively, one or more separate diffusional gradient coil
pairs 68 and 70 may be provided within the imager bore B.
If the separate coil pair 68 and 70 is mounted on a movable
track, substantially any desired diffusional gradient orienta-
tion can be achieved. The diffusional gradient is relatively
strong compared to the locational gradients, e.g, ranging up
to 10 Gauss/centimeter or higher.

A computer 72 and front-end circuit 74 form the process-
ing system 16, input system 18, and output/display system
20 of neurography system 10 shown in FIG. 6. Computer 72
and circuit 74 cooperatively control and synchronize the
operation of MRI system 14, as well as process and display
the acquired data.

The computer 72 is, for example, an IBM-compatible
personal computer including a 486 processor, VGA monitor,
and keyboard. An interface bus 76, included in circuit 74,
couples computer 72 to the other components of circuit 74.

A gradient pulse generator 78 included in circuit 74
produces generally rectangular output pulses used to estab-
lish the desired gradients in the polarizing field. The output
of generator 78 is applied to x-, y, and z-axis gradient field
amplifiers 80, although only the z-axis amplifier 80 is shown
in FIG. 8. As will be appreciated, if separate coils 68 and 70
are employed to establish the diffusional gradients, the
output of generator 78 must be applied to those coils via
separate amplifiers 82.

Circuit 74 also includes an f pulse generator 84, which
produces rf signal pulses used in the establishment of the
excitation field. In the preferred arrangement, the pulse
generator produces an rf output suitable for use in proton
MR, although frequencies specific to other MRI susceptible
nuclei, such as, *fluorine, '*carbon, 3'phosphorus, deute-
rium, or *sodium, may be used. The output of generator 84
is amplified by a high-power rf amplifier 86 before being
selectively applied to the excitation coil 62 by a duplexer 88.
The duplexer 88 is also controlled to selectively steer the
low level MR returns received by the excitation coil 62 to a
preamplifier 90.

A mixer 92 transforms the high frequency output of
preamplifier 90 to a low frequency signal by mixing the
amplified MR returns with signals from a digitally con-
trolled rf oscillator 94, which also provides inputs to gen-
erator 84. The analog output of mixer 92 is input to a low
pass filter 96 before finally being converted to a digital form
by an analog-to-digital converter 98. The computer 72
processes the resultant digital inputs, which represent the
response of the spins to the applied fields, to generate the
desired neurograms.

b. Neurography System Operation

Having reviewed the basic construction of the neurogra-
phy system 10, its operation to generate the desired two- or
three-dimensional neurograms will now be considered. To
that end, FIGS. 9 and 10 depict the general sequence of steps
performed by system 10 in the production of neurograms.
These neurograms exhibit a high nerve conspicuity, which
for the purpose of the ensuing discussion will be understood
to refer to the contrast (in, for example, intensity or color)
between the nerve and the image background. The methods
described below may be used to produce neurographic
images of substantially any region of the body, including the
brain, for example, central nervous system (CNS) neuro-
grams.

As indicated at block 100, the operation of the system is
first initialized to establish certain parameters of the sys-
tem’s operation. In that regard, the operator may input
desired parameters via computer 72 in response to queries
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generated at start up. Because most aspects of the system’s
operation are controlled by software resident in the memory
of computer 72, default initialization parameters may also be
accessed.

Although the particular parameters to be initialized may
vary at the user’s discretion, examples include the type of
images to be generated (i.c., two-dimensional cross sections
or three-dimensional projections), field of view (FOV),
thickness of each slice imaged, pulse repetition rate (TR),
number of phase encoding steps, the existence of a known
axis of diffusional anisotropy, and the strengths and orien-
tations of the diffusional gradients to be used. By way of
example, the operator may select a two-dimensional image,
a FOV of four cm by four cm, a TR of 1.5 seconds, and 256
phase encoding steps. A discussion of anisotropic axis
identification is provided below.

Once initialization has been completed, a series of steps,
corresponding to the data collection process 34 discussed in
connection with FIG. 7, are performed. This process gener-
ally involves the control of pulse sequences used in con-
nection with front end circuit 74. As will be described in
greater detail below, different sets of pulse sequences and
combinations of pulse sequences have been devised to
unambiguously distinguish small peripheral nerves from
neighboring structures of similar shape and location, includ-
ing the combination of certain existing sequences into new
groupings for use in new situations and the design of new
sequences that incorporate optimized features for the pur-
pose of neurographic imaging. For illustrative purposes, a
graphic illustration of one example of a suitable pulse
sequence is provided in FIGS. 11A through 11F.

i. Fat Suppression

As indicated in block 102 of FIG. 9, a first, optional, step
performed in the image generation process is fat suppres-
sion. Although fat represents a known source of interference
in MRI images of bone and tissue, it was not previously
recognized as an impediment to effective neural imaging due
to the broader perception that neural MR signals were
inadequate for imaging regardless of background composi-
tion. The value of fat suppression was discovered during the
development of the present invention by the fortuitous use of
a main field magnet designed for spectroscopy as part of an
imaging system.

In that regard, in MR spectroscopy, a relatively strong
magnetic field is employed to increase the separation in
frequency between signals arising from different chemical
species of the same nucleus, thereby allowing these com-
ponents to be more easily distinguished. MRI also uses a
frequency distribution (created by applying a field gradient)
over a sample to locate spins and create an image. The
signals from fat and water are at slightly different frequen-
cies and therefore appear shifted relative to each other in an
image.

The fat/water shift is relatively small when a low field,
clinical MRI system is used. Fortuitously, a much stronger
spectroscopic field magnet was used during initial efforts at
imaging nerve, introducing a much greater displacement of
fat in the image produced. With the high intensity fat signal
shifted away from the nerve, an enhancement of the nerve’s
conspicuity was observed. The recognition of this enhance-
ment led to the realization that effective neural imaging
could, in fact, be achieved through the inclusion of fat
suppression in system 14.

Fat suppression apparently enhances the use of conven-
tional MRI systems for neurography in several ways. First,
the removal of extraneous components reduces the number
of imaged structures to be distinguished. Second, in a fat
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suppressed image a peripheral nerve exhibits a relatively
high intensity and will stand out sharply against the low
intensity space left behind by the suppressed fat. As will be
described in greater detail below, fat suppression also syn-
ergistically increases the apparent magnitude of diffusion
anisotropy and magnetization transfer effect.

One suitable fat suppression technique involves the use of
a chemical shift selective (CHESS) pulse sequence,
described in detail, for example, in Haase et al. NMR
Chemical Shift Selective Imaging, 30 PHYS. MED. BIOL.
341-344 (1985).

As shown in FIG. 11A, CHESS involves the application
of a sequence of narrow band rf pulses A, B and C to the
excitation coil 62 to selectively excite the nuclear spins of fat
molecules within the region R of the patient being imaged.
By way of example, three millisecond Gaussian pulses
having a minus three dB bandwidth of 600 Hertz may be
employed. A sequence of gradient pulses a, b, and c is then
applied to the three sets of gradient coils 64 and 66 to
dephase the excited spins, thereby minimizing the contribu-
tion of the fat signals to the final image. The gradient pulses
a, b, and c applied to the orthogonal gradient coil pairs
produce, for example, gradients of five Gauss per centimeter
for three milliseconds along the x, y, and z-axis, respectively.

FIG. 12 illustrates the effect of fat suppression on neuro-
grams produced with the MRI system 14.The image pro-
vided in FIG. 12 is of the forearm of a rabbit and corre-
sponds to the images of FIGS. 1-5 described above. The
darker portions of the image represent greater image inten-
sity. As shown in FIG. 12, the ulnar nerve UN and median
nerve MN are readily identified.

As an alternative to the use of CHESS for fat suppression,
the desired suppression may be effected by selective water
stimulation. Other suitable alternatives include the Dixon
technique for fat suppression described in, for example,
Dixon et al., Simple Proton Spectroscopic Imaging, 153
RADIOLOGY 189-194 (1984) and also STIR (short tau
inversion recovery) described in Improved Fat Suppression
in STIR MR Imaging: Selecting Inversion Time through
Spectral Display, 178 RADIOLOGY 885-887 (1991).

Although in the preferred embodiment fat suppression is
combined with other techniques such as diffusional weight-
ing and long T, processing, fat suppression by itself
enhances conventional MRI processing sufficiently to gen-
erate clinically useful neurograms. Similarly, as will be
described in greater detail below, other techniques employed
by system 10 can be used without fat suppression to generate
suitable neurograms.

ii. Spin-Echo Sequence (Without Diffusional Weighting)

Having discussed the optional introductory portion of the
illustrative pulse sequence depicted in FIG. 11, the next
phase of the neurography system’s operation will now be
considered.

In that regard, an rf excitation pulse D, shown in FIG.
114, is applied to coil 62 to tilt the net magnetic moment of
the spins by ninety degrees relative to the polarizing field,
into the transverse plane. The resultant maximum transverse
magnetization then decays to zero as the spins dephase. A
second pulse E, having twice the intensity of pulse D, is
applied to coil 62 after a delay of one-half the return or echo
time (TE). This pulse rotates the spins a further 180 degrees
and causes a spin-echo to form as the spins rephase. The spin
echo has a maximum amplitude after a further delay of TE/2.
A spin-echo signal F is, thus, generated in coil 62 at time TE
in response to the combined influence of excitation pulse D
and refocusing pulse E. These steps are depicted in blocks
104, 106, and 108 of FIG. 9.
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At the same time, the imaging gradients are produced by
the orthogonal coil pairs 64 and 66 to encode the echo signal
F in the usuval manner, allowing an MR image to be
constructed, as indicated in block 110. With the sample
oriented along the z-axis, the “slice select” pulses d, d', and
e shown in FIG. 11C are applied to the z-axis coil pair 64 and
66, to excite and refocus the z-axis slice of interest. The
“readout gradient” pulses f and f, shown in FIG. 11D, are
applied to, for example, the x-axis coil pair 64-66 to achieve
the desired output that is to be Fourier transformed. The
“phase encoding” pulses g and g', shown in FIG. 11E, are
applied to the y-axis coil pair 64 and 66, to control the
number of echoes (e.g., 256) to be received. The sequence
may be used to generate images from contiguous slices or
regions of the patient.

As will be appreciated, if the operator indicates (at block
100) that diffusional weighting is not required for the
generation of a particular image by neurography system 10,
the pulses shown in FIGS. 11A-11E define substantially the
entire spin-echo sequence. Even if diffusional weighting is
to be employed, in the preferred embodiment an initial
image is generated using only fat suppression for enhance-
ment and, as a result, diffusional weighting is not used
during the first performance of the spin-echo sequence
(blocks 104-110) for a particular slice.

Although spin-echo imaging is employed in the preceding
embodiment of neurography system 10, other techniques
can be employed. Suitable alternative techniques include,
for example, stimulated echo imaging and gradient-recalled
echo imaging, e.g., echo planar imaging (EPI). Such alter-
native techniques are described in Parikh, MAGNETIC
RESONANCE IMAGING TECHNIQUES (1992).

iii. Echo Processing

In the imaging sequence depicted in FIG. 11, a series of
echo signals F are acquired to create a two-dimensional
image. For example, at block 112 in FIG. 9, 256 echoes with
256 different phase encoding gradient amplitudes are used to
construct a 256-by-256 pixel image. The data set is then
enlarged at block 114 by zero filling to produce a 1024-by-
1024 matrix of data. As a result, the apparent resolution of
the final image is increased, making the image clearer.

Next, the enlarged data set is processed using a 2D
Gaussian filter at block 116. The filter smoothes the image
by attenuating the high frequency components in the image
and, thus, clarifies the delineation of small details without
altering the relative average pixel intensities over a region of
interest. At block 118, the two-dimensional matrix of data
then undergoes a two-dimensional Fourier transform, which
yields an image to be stored. If desired, the image may also
be displayed on the computer monitor, although in the
preferred arrangement this image is but one component used
in a more extensive analysis performed to generate a select,
enhanced image.

Once an initial image has been generated, the analysis of
the image is initiated, as shown in FIG. 10. At block 122, one
or more regions of interest (ROI) within the image can be
identified. Each ROI may be a single pixel or voxel, or a
larger region. ROI selection can be performed manually
using, for example, a keyboard or mouse to move a cursor
over the ROI on the displayed image. Alternatively, ROI
selection may be accomplished automatically via a sequen-
tial selection of all pixels or via an external input regarding
a particular region from, for example, diagnostic system 24.

Next, the average image or pixel intensity within each
ROI is computed at block 124. This average image intensity
S can be represented by the following expression:

S=Ao lexp (-TE/T,)llexp (-bD)} (1)
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where A, is the absolute signal intensity for a particular pixel
and b is the gradient factor, determined in accordance with
the expression:

B=(GA(8)(a-513) )

where v is the gyromagnetic ratio, G, is the polarizing field
strength, & is the length of a diffusional weighting gradient
pulse, and A is the interval between diffusional weighting
gradient pulses. As will be appreciated, in the first iteration
before diffusional weighting is employed, the final term of
equation (1) is, thus, unity.

To make use of the expressions in equations (1) and (2),
the preceding data acquisition process is repeated for dif-
ferent values of echo time TE. On the other hand, if
diffusional weighting is employed, as described in greater
detail below, the data acquisition process is repeated for
different gradient strengths (controlled by adjusting gradient
magnitude and/or duration) or gradient orientations. For
example, TEs of 30, 60, 90, and 110 milliseconds, or
gradient magnitudes of 0, 3, 5, and 7 Gauss/centimeter, may
be employed. The image intensity S for a particular pixel of
these multiple images of the same transverse slice for
particular values of TE (or b, if diffusional weighting is
employed) is available and a linear regression analysis of the
logarithmic relationship is performed at block 126.

Finally, the value of the apparent T, relaxation time (or
the apparent diffusion coefficient D, if diffusional weighting
is employed) is computed for a particular ROI at block 128.
These computations provide quantitative assessments of the
various ROl in the image that are useful in subsequent image
processing by other components of the medical system 12.
iv. Gradient Orientation for Diffusion Weighting

In the preferred arrangement, after the initial fat sup-
pressed image has been collected and its ROI characterized,
a diffusional weighting analysis is initiated to further
enhance the neurograms generated by evaluating the diffu-
sional anisotropy exhibited by nerve and other tissue. The
first aspect of this analysis is the selection of the diffusional
gradients to be used.

By way of introduction, in one currently preferred
embodiment, the analysis involves the application of pulsed
magnetic field gradients to the polarizing field in two or
more directions to produce images in which the peripheral
nerve is enhanced or suppressed, depending upon the “dif-
fusion weighting” resulting from the particular pulsed gra-
dient axis chosen. Discrimination of water diffusion anisot-
ropy is then achieved by subtracting the suppressed image
from the enhanced image, in the manner described in greater
detail below, producing an image depicting only the periph-
eral nerve.

Most preferably, the magnetic field gradients are applied
in mutually substantially orthogonal directions. For
example, with gradients approximately perpendicular and
parallel to the axis of the peripheral nerve at the particular
point being imaged, the parallel gradient image can be
subtracted from the perpendicular gradient image to produce
the desired “nerve only” image.

As will be appreciated, if the axis of the nerve is generally
known to the operator and its relationship to the referential
frame of the MRI system 14 has been indicated at initial-
ization block 100, the direction of the desired orthogonal
diffusional weighting gradients can be readily determined.
On the other hand, if the axis of the peripheral nerve is not
known, or if many;nerves having different axes are being
imaged, the neurography system 10 must employ a system
of gradient orientations suitable for imaging nerve having
substantially any axial alignment. For example, as will be
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described in greater detail below, a full three-dimensional
vector analysis can be used to characterize the diffusion
coefficient and provide a nerve image by construction based
upon a fixed arrangement of diffusion weighting gradients.

In anatomical regions, such as the upper arm or wrist, it
is also possible to achieve adequate enhanced isolation of
the nerve image by applying only a single diffusion gradient
perpendicular to the axis of the nerve at the site of interest.
As a result, no subtraction need be carried out to produce the
neurogram. The fat suppressed, orthogonally diffusion
weighted image can either be processed directly, or it can be
subject to threshold processing to remove signals of lower
intensity associated with non-neural tissue, or nerves with
different axes and directions of travel at the imaging loca-
tion.

As will be appreciated, for quicker and more efficient data
collection and processing, the establishment of diffusion
gradients in the polarizing field should be responsive to the
particular one of the foregoing scenarios that applies to the
imaging problem at hand. Depending upon the inputs pro-
vided at block 100, the system may have been advised that
(a) only one gradient of known orientation is required, (b)
two orthogonal gradients of known orientation are required,
or (c) two or more gradients of unknown orientation are
required.

As indicated in block 130 of FIG. 10, upon completion of
the analysis of an image, the system considers whether all of
the desired diffusional gradients have been applied to the
polarizing field during subsequent data acquisition by, for
example, spin-echo processing, or fast spin-echo processing.
Because no diffusional gradient was used in the initial fat
suppression processing, the answer is initially NO and
operation proceeds to block 132.

There, the computer determines whether the operator
initially indicated that the axis of diffusional anisotropy is
known. If the axis is known, a perpendicular diffusional
gradient is employed, as indicated at block 134. Then, as
indicated at block 136, a diffusion-weighted spin-echo
sequence is performed (modified by the inclusion of the
diffusional gradient in the manner described in greater detail
below) and image generated, pursuant to blocks 102-122,
before quantification of the image data occurs at blocks
124-128 to compute D or T,. If the operator indicated at
initialization that orthogonal diffusion gradients are required
for the particular imaging problem at hand, this process is
then repeated at blocks 138 and 140 for a parallel diffusional
gradient.

If the inquiry performed at block 132 determines that the
axis of diffusional anisotropy is unknown, operation pro-
ceeds to block 142. There an initial diffusional gradient is
arbitrarily selected, to be followed by a sequence of alter-
native gradients selected for use by the operator when the
anisotropic axis is unknown.

At block 144, using the initial diffusional gradient, a
spin-echo sequence is performed (modified by the inclusion
of the diffusional gradient in the manner described in greater
detail below) and image generated, pursuant to blocks
102-122, before quantification of the imaged data occurs at
blocks 124-128. Then, at block 146, a test is performed to
determine whether the desired number of different diffu-
sional gradients (e.g., three gradients, along the x-, y-, and
z-axes) have been used. If not, the next diffusional gradient
is selected at block 148 and the spin-echo sequence, imaging
and processing operations are performed, as indicated at
block 144. This process is then repeated until the desired
number of alternative diffusional gradients have been
employed.
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As will be appreciated, additional gradient coils may be
provided where gradients are desired along axes other than
those provided by the locational gradient coils. To that end,
diffusional gradient coils may be mounted on a magnetically
compatible, adjustable track within the bore of the imager to
allow gradients to be repositioned and applied over a sub-
stantially continuous range of orientations. Similarly, the
region to be imaged may be movably supported relative to
a fixed set of gradient coils to introduce the desired vari-
ability in gradient direction. As another option, a plurality of
different gradient coils may be employed and activated in
various combinations to effect the desired gradient varia-
tions. Alternatively, the results obtained from a limited
number of gradient directions can be processed using a
vector analysis to estimate the results obtainable with a
gradients other than those directly available, as described in
greater detail below.

v. Spin-Echo Sequence For Diffusional Weighting

As noted briefly above, for each of the different diffu-
sional gradients employed, the spin-echo sequence is
repeated, followed by the generation of image data and the
processing of that data to, for example, quantify the relax-
ation time T, or diffusion coefficient D. In the preferred
arrangement, the use of diffusion gradients influences a
number of aspects of the spin-echo sequence.

As shown in FIG. 11F, two pulses h and h', applied to the
desired pair of gradient coils are used to establish a particu-
lar diffusional gradient in the polarizing field. For an echo
time (TE) of 50 milliseconds, the duration (8) of each pulse
is, for example, 10 milliseconds and their separation (A) is
20 milliseconds. In the presence of the diffusional gradient,
the echo signal F, and therefore the pixel or voxel intensity
in the image ultimately produced, is made sensitive to the
spatial diffusion of water molecules in the imaged region R.

In that regard, as indicated above, with the diffusional
gradient oriented substantially perpendicular to the diffu-
sionally anisotropic nerve, the nerve image is enhanced and
generally exhibits the highest intensity of various features
imaged. This phenomena is depicted in FIG. 13A, which is
an image of the forearm of a rabbit, corresponding to the
diagram provided in FIG. 1. The ulnar nerve UN and median
nerve MN are both relatively dark (high intensity) and are
easily seen. Alternatively, with the diffusional gradient ori-
ented substantially parallel to the diffusionally anisotropic
nerve, the nerve image is suppressed and generally exhibits
a lower intensity than other features imaged, as illustrated in
FIG. 13B. These images can be combined, via a subtraction
process described in greater detail below, to produce an
image of the nerve isolated from all other structure.

To reduce the effect of cross-terms between the imaging
gradients and the diffusion weighting gradients, the spin-
echo sequence illustrated in FIG. 11 is a modified version of
conventional sequences. More particularly, the readout gra-
dient rephasing pulse f shown in FIG. 11D, is placed directly
before the acquisition of echo F in FIG. 114, instead of after
the slice-selective excitation pulse d, shown in FIG. 11C.
However, a consequence of this change was the appearance
of artifacts in the non-diffusion-weighted images due to an
unwanted echo, presumably formed from imperfections in
the slice-selection pulses d, d', and e, shown in FIG. 11C. To
overcome this problem, a second modification of the pulse
sequence was made. Specifically, the phase-encoding gra-
dient was split into two sections g and g', and two or four
transients (depending upon S/N) were acquired with phase
cycling. As a result, the remaining cross terms contribute
less than three percent to the diffusion weighting factor.

Although fat suppression is not required to take advantage
of the image enhancements available through diffusional
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weighting gradients, in the preferred arrangement, the fat
suppression sequence shown in FIGS. 11A and 11B is
employed prior to the initiation of the diffusion-weighted
spin-echo sequence. As will be described in greater detail
below, the combination of these techniques generally pro-
vides an-image quality that exceeds that available from
either technique individually.

The echo F produced using the diffusion weighted pulse
echo sequence is processed in the manner described above
in connection with blocks 112 through 128 of FIGS. 9 and
10. With diffusion weighting, the computation of the diffu-
sional coefficient D at block 128 is preferably based upon the
analysis of data collected for different gradient magnitudes.
For example, the computation may be based upon gradients
of 0, 3, 5, and 7 Gauss/centimeter, resulting in the produc-
tion of image data as represented in FIGS. 14A through 14D,
respectively. While fat, bone, marrow, skin and vessels are
generally absent even at the lower gradients, muscle and
ligaments drop out at the higher gradients. As suggested
previously, the increasingly stronger gradients may be
achieved by increasing gradient duration, rather than mag-
nitude. Alternatively, the iterative data collection process
may be performed using different gradient directions.

vi. Image Selection/Production

Once computer 72 determines, at block 130, that images
have been collected for all of the desired diffusional gradi-
ents, operation proceeds to block 150. If the axis of anisot-
ropy is unknown, the various diffusional coefficients D
computed for each ROI using different gradient orientations
are compared at block 150 to identify the maximum and
minimum values. These coefficients provide a measure,
associated with each pixel or voxel, of the magnitude of
diffusional anisotropy at that point, while the anisotropic
direction is indicated by the gradient orientation.

(a) Subtraction Neurography

In the preferred arrangement, the images associated with
the maximum and minimum values of the diffusional coef-
ficients for a particular ROl are then used in a subtraction
process, as indicated at block 152. The image associated
with the larger coefficient is produced by a gradient that is
more nearly perpendicular to the neural axis, enhancing the
nerve image, while the image associated with the smaller
coefficient is produced by a gradient that is more nearly
parallel to the axis, selectively destroying the nerve signal.
When these two penultimate images are then mathematically
(or photographically or optically) subtracted from one
another, a subtraction neurogram is produced.

By way of illustration, FIG. 15A is an image produced
without diffusion weighting. FIGS. 15B and 15C then illus-
trate images produced using parallel and perpendicular
gradients, respectively. Finally, the subtraction neurogram
produced when the image of FIG. 15C is subtracted from
that of FIG. 15B is shown in FIG. 15D.

This “ideal” neurogram is somewhat analogous to a
subtraction angiogram (an image showing only blood ves-
sels), but sharply highlights a nerve rather than a vessel.
Such an image is particularly useful for confirming the
identification of nerves in a given imaging plane or space as
well as for locating nerve injuries and nerve compressions.
Despite the well known existence of angiograms showing
the entire vascular pattern in an anatomic region, and despite
the existence of MRI techniques that could have been
applied to the problem of neural imaging techniques, and
despite the great need for the visualization of nerves, par-
ticularly, in isolation, there has not previously been any way
of creating such neurograms.

Although image subtraction is employed in the preferred
arrangement, it is not necessary. For example, in some
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applications of known anisotropy, subtraction is unnecessary
and can be foregone in favor of a threshold analysis. Also,
the subtraction process can be further supplemented, if
desired. For example, the output of the subtraction process
can be divided by the signal information from a fat sup-
pressed, T,-weighted spin echo sequence (e.g. using the
aforementioned CHESS technique).

One potential problem to be addressed by the use of the
subtraction process is image registration. As will be appre-
ciated, provided that non-neural tissue is identically located
in both images subjected to the subtraction process, the
non-neural component will cancel out of the resuitant image.
On the other hand, if some shift or other discrepancy in the
apparent position of non-neural tissue is introduced into an
image due, for example, to movement of the subject, can-
cellation may not occur and the nerve may actually be more
difficult to identify in the resultant image.

In one embodiment, acceptable image registration is
evaluated prior to initiation of the subtraction process. More
particularly, the intensities of pixels in one image are com-
pared to the intensities of corresponding pixels in the second
image. Pixels of neural tissue are disqualified on the basis of
their high diffusional anisotropy, assessed via their diffusion
coefficients. Unless the intensities of the remaining, non-
neural pixels fall within a certain range of each other,
indicating acceptable image registration, subtraction will be
inhibited.

(b) Vector Processing and Three-Dimensional Image Gen-
eration

Up to this point, the output produced is generally in the
form of a single two-dimensional image, or a series of
two-dimensional images that can be related to form a
three-dimensional image. In a simple form of three-dimen-
sional image generation, described in greater detail below,
the high S/N ratio of the two-dimensional neurograms
produced by system 14 readily allows the imaged nerve
cross-sections to be identified and then linked together to
form a three-dimensional projection of the neural structure.

As will be appreciated, however, depending upon the
neural pattern involved and the spatial resolution required,
this simplified approach may introduce undesired disconti-
nuities into the three-dimensional projection. A more sophis-
ticated processing scheme employs information about the
anisotropic direction of the nerve in each two-dimensional
image to further enhance the accuracy of three-dimensional
image projections. The availability of information regarding
anisotropic direction is also useful in establishing the opti-
mal directions for the gradients used in the diffusional
weighting analysis described above to produce a two-di-
mensional image. '

In that regard, the anisotropic axis of the peripheral nerve
being imaged is sometimes known to the operator, allowing
the operator to input the directional information at block 100
and select the best diffusional gradients for imaging. More
commonly, however, nerves and CNS neural tracts follow
relatively complex paths and the direction in which the
diffusion anisotropy coefficient of the nerve or tract is
greatest gradually shifts from one plane or axis to another as
the nerve or tract curves or turns. As a result, one or two
arbitrarily oriented, standard gradients may be inadequate to
provide the desired images.

Changes in neural direction can be monitored by moving
the patient relative to a fixed set of gradient coils or
employing movable diffusional gradient coils mounted, on a
track with a non-magnetic drive system, within the bore of
the imager to adjustably control the orientation of the
diffusional gradients applied to the region of interest. By
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monitoring changes in the ratio of D,/D,, obtained for a
given pixel using alternative gradient alignments, or for
sequential pixels using the same gradient alignments,
changes in neural direction can be estimated and suitable
gradient directions selected. Alternatively, gradient coils
oriented in three planes can be simultaneously activated in
various combinations to achieve the effect of an infinite
variety of differently oriented gradients.

One advantage of attempting to track changes in neural
direction is that parallel and perpendicular gradient infor-
mation can then be collected and used to produce a subtrac-
tion neurogram of the type described above. If, however, the
optimal gradient directions for a given pixel are determined
using feedback from images generated with repetitively
adjusted gradients, processing speed may be significantly
impaired.

In many cases the well known anatomy of a nerve will
permit the use of a particular axis orientation in advance.
Initial imaging information will provide a description of the
gross course of the nerve. A subsequent “informed” approxi-
mation can optimize the orientation in each slice. This can
be useful to insure excellent homogeneity of nerve image
intensity or to measure the coefficient of anisotropy along
the course of the nerve.

As a preferred alternative, requiring less mechanical com-
plexity and faster processing speed, a technique has been
developed for observing diffusional anisotropy, independent
of its degree of alignment with any individual gradient axes.
This process involves the combination of information from
anisotropy measurements obtained along three standard
orthogonal axes or using information from multiple fixed
axes. For example, in the preferred embodiment, a vector
analysis is used to produce interpolated images and direc-
tional information from the three orthogonal diffusion-
weighted images described above.

In that regard, image information is collected from, for
example, four “muiti-slice” sets using a zero diffusion
gradient B, and diffusion gradients B,, B,, B, in the x-, y-,
and z-orthogonal directions, respectively. For each pixel in
the image to be produced, information concerning the cor-
responding pixels in the four diffusion gradients images is
combined to produce a diffusion vector, representative of
water molecule movement along the nerve fiber in either
direction. This vector has a magnitude representative of the
image intensity of the pixel and a direction representative of
an “effective” diffusion gradient associated with the pixel.

More particularly, the image intensity S,, of a given pixel
in the new image is calculated using the following vector
equation:

S,=vector length=[(5>+5,%+5,2)8,*]'? 3)

where S,, S,, and S, are the image intensities of the
corresponding pixels in the images produced by the B,, B,,
and B, gradients. S, is the image intensity of the corre-
sponding pixel in the image produced by the B, gradient and
is included in equation (3) to normalize the resultant image
intensity S,,. The direction of the effective gradient associ-
ated with this pixel image includes components 6,, 6., and

xzZ?
0., computed in the following manner:

6,,~diffusion vector angle between B, and By=arc tan (5,/S;) [C))
6,~diffusion vector angle between B, and B,=arc tan (5./5,) (5)

©)

6, ~diffusion vector angle between B, and B ~arc tan (§,/5,)

The parameters computed in equations (3), (4), (5), and
(6) can be used to generate images in a variety of different
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ways. For example, the intensities of the pixels can be
displayed as a “vector length” image. An illustration of a
vector length CNS image, in which the intensity of the
image is proportional to the magnitude of S, is shown in
FIG. 16.

The image of FIG. 16 is a brain scan of a monkey (macaca
fascicularis) weighing 2-2.5 kg, performed using diffusion
imaging (spin-echo) on a General Electric CSI II imager/
spectrometer (2 Tesla, equipped with actively shielded gra-
dients). The acquisition parameters were: TR=1000 ms,
TE=80 ms, diffusion gradients=5 Gauss/cm, diffusion gra-
dient duration=20 ms, diffusion gradient separation=40 ms.
Four slices of thickness 4 mm were imaged. T,-weighted
images were used to reproducibly select the diffusion
images.

As an alternative to the use of vector length images, arctan
images can be employed. These images are obtained by
establishing the intensity of a pixel in direct proportion to the
angular output of one of equations (4), (5), or (6). An
illustration of an arctan image is provided in FIG. 17. As
shown in this example of a CNS neurogram, a select neural
tract of interest can be effectively traced and made to stand
out in isolation from other neural tracts.

When used to evaluate lesions in CNS images of the type
shown in FIGS. 16 and 17, vector length images will be
more sensitive to water diffusion changes where all three
orthogonal images change in the same way, while the vector
angle images will be sensitive to changes in anisotropy
between two orthogonal directions. A CNS lesion caused by
experimental allergic encephatlomyelitis induced by myelin
basic protein is demonstrated by its departure from the
diffusional anisotropy, which appears as vector length
decreases and image intensity changes accentuated in par-
ticular vector angle images.

Alternative forms of vector analysis can also be applied,
for example, as described in Basser et al., Fiber Orientation
Mapping in an Anisotropic Medium with NMR Diffusion
Spectroscopy, SMRM BOOK OF ABSTRACTS 1221
(1992). Similarly, tensor analyses employing tensors of
various ranks, as described in Basser et al., Diagonal and Off
Diagonal Components of the Self-Diffusion Tensor: Their
Relation to an Estimation from the NMR Spin-Echo Signal,
SMRM BOOK OF ABSTRACTS 1222 (1992), can be used
to treat, or transform the coordinates of, MR diffusional
anisotropy data. Suitable alternative processing techniques
have been developed for use in the evaluation of magnetic,
thermal, and structural anisotropy data.

Unlike prior art systems, because the non-neural compo-
nents of the neurograms produced by system 14 exhibit a
relatively low intensity, or indeed disappear entirely from
the images, the computer 72 is readily able to identify nerve
locations in the anatomical structure and to correctly trace
the course of the nerves between two-dimensional image
planes or through a three-dimensional acquisition volume.
For example, the location of nerves in a given image plane
can be detected by comparing pixel intensity to some
threshold level. A three-dimensional image can then be
formed by linking or projecting the results of these two-
dimensional analyses over the desired volume.

As an alternative, the vector information obtained above
can be used to track continuous serial changes in the
direction of maximum anisotropy of a nerve or neural tract
as the nerve or tract travels along its natural course. In that
regard, the direction of maximum anisotropy for each voxel
associated with a nerve is determined and a voxel connec-
tion routine, of the type described in Saloner et al., Appli-
cation of a Connected-Voxel Algorithm to MR Anglographic
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Data, 1 JOURNAL OF MAGNETIC RESONANCE
IMAGING 423-430 (1991), is then used to link up voxels
of maximum anisotropy. The resultant plot of the nerve or
neural tract provides enhanced spatial resolution and less
discontinuity from one image plane to the next.

As an alternative to the two-dimensional imaging
sequences described above, it is also possible to carry out the
signal acquisition using a “three dimensional” imaging
sequence of the type described in Frahm et al., Rapid
Three-Dimensional MR Imaging Using the FLASH Tech-
nigue, 10 JOURNAL OF COMPUTER ASSISTED
TOMOGRAPHY 363-368 (1986). The output of this
sequence is then processed using a three-dimensional Fou-
rier transform to extract the returns from nuclei over the
volume being imaged. The resultant processing used to
compute D for a given voxel and to generate, for example,
a subtraction angjogram is substantially the same as
described above.

Regardless of the routine employed to project the neural
structure in three-dimensions, the system 10 may be further
programmed to implement the projection by referring to
known characteristics of the structure. More particularly,
once a given nerve has been identified in a given two-
dimensional image, an “expert” system 10 is able to predict
the occurrence of certain branches and mergers in this
structure, albeit at unknown locations. This information can
then be used to test the plausibility of the projection being
generated, refining it where necessary.

vii. Results of Combined Fat Suppression and Diffusion
Weighting

As previously noted, both muscle and nerve exhibit
diffusional anisotropy. In view of the relatively low signal
strength of neural components, diffusional analyses were not
expected to provide clinically useful neurograms. The com-
bined use of fat suppression and diffusional weighting has,
however, been found to be extremely effective in providing
the desired nerve image enhancement.

By way of illustration, for a gradient strength of 7 G/cm
and an echo time of 50 ms, an nerve image signal intensity
(S,) of 17 and a muscle image signal intensity (S,,) of 7 were
calculated, based upon the difference between signal inten-
sities with pulsed gradients oriented perpendicular and par-
allel to the nerve. A nerve-to-muscle contrast parameter R of
2.43 was then computed as the ratio S,/S,,. Similarly, a
comparison of the apparent diffusion coefficients for diffu-
sional gradients perpendicular (D,,) and parallel (D) to
nerve and muscle are as follows:

Apparent Diffusion Coefficients (105 cm?/sec)

Muscle Nerve
Dy, 1.17 0.65
Dy 2.18 2.00
D,/Dy,e 1.9 231

These results clearly illustrate that the neural components
exhibit a far larger relative change in intensity than muscle
components when subjected to diffusion anisotropy analysis.
An unexpected and apparently synergistic benefit of fat
suppression, when used in combination with diffusional
weighting, is that an actual increase in neural signal anisot-
ropy is experienced, with the conspicuity of the neural
component of the image increasing by roughly 250 percent
when the fat component is removed. The combined increase
in perve conspicuity and reduction in fat interference sig-
nificantly enhances the effectiveness of neural imaging.
Although not entirely understood, there are several poten-
tial explanations for the synergistic relationship between fat
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suppression and diffusional weighting. First, it appears that
fat suppression may increase the apparent diffusional anisot-
ropy of nerve, enhancing the utility of diffusional weighting
gradients in the detection of neural tissue. By way of
illustration, an indicated in the following test data, obtained
with the signal from fat and “short T,” water removed, the
intensity of the remaining image signal was due largely to
anisotropically diffusing water.

CHESS Applied
Gradient Direction

CHESS Not Applied
Gradient Direction

Nerve Imaged pr pl Ratio pr p! Ratio
Ulnar Nerve 29 <8 >3.6 62 49 13
Median Nerve 30 <8 >3.8 46 22 21
Muscle 14 8 1.8 18 12 15

The synergistic role of fat suppression can also be viewed
as a demonstration of a magnetization transfer effect. More
particularly, the irradiation of protons on e.g,. myelin lipids
surrounding the nerve by the saturation pulse of the fat
suppression sequence may allow transfer of the saturation
pulse to water molecules in close association with the lipid,
allowing for very efficient transfer. Subsequently, these
molecules can exchange into the anisotropically diffusing
mobile water pool.

vii. Long TE/TR/T, Processing

As an alternative to the use of diffusional gradients
described above, in some regions of interest, it is possible to
achieve adequate enhanced isolation of the nerve image by
use of a spin echo fat suppression technique with a relatively
long TE (echo time) or TR (repetition time) to achieve a
T,-weighted image. In that regard, after fat suppression, the
dominant component remaining in the echo F is returned
from muscle. Because the T, of peripheral nerve has been
measured by the inventors to be roughly twice as long as the
T, of muscles, the use of a relatively long TE or TR in the
spin echo sequence allows the muscular return to be
removed.

The basic operation of a neurography system 14 employ-
ing this feature remains the same as that shown in FIGS. 9
and 10 except that the initialized value for TE is extended.
In that regard, the operator may be called upon to initially
consider whether the desired imaging is likely (e.g., neural
imaging in a patient’s limbs) or unlikely (e.g., CNS imaging)
to be disrupted by the presence of muscle. If muscular
interference is likely, a relatively long TE of between 50 and
100 milliseconds or even longer is initialized at block 100.
The particular TE or TR selected depends upon the degree
of T, weighting desired. Alternatively, the system 14 may be
programmed to compare the imaging data separately col-
lected using long TE processing and diffusional weighting to
assess which provides the best results.

Tlustrations of the results available with long TE imaging
are provided in FIGS. 18A through 18D, for TE equal to 30,
40, 60, and 100 milliseconds, respectively. In the image of
the forearm of a rabbit, provided in FIG. 18D, produced with
a field strength of 4.7 Tesla, nerves are brighter than any
other structure in the image. The extent of the increased
nerve conspicuity is on the order of ten-fold, rendering the
images clearly susceptible for use in constructing neuro-
grams. As will be appreciated, lesser conspicuities on the
order of 1.1 may also be useful.

The use of extended TE processing had previously been
considered unfeasible. In that regard, as described in Mose-
ley et al., Anisotropy in Diffusion-Weighted MRI, 19 MAG-
NETIC RESONANCE IN MEDICINE 321, 325 (1991),
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nerve was believed to exhibit a relatively short T, time.
Surprisingly, however, measurements have been conducted
indicating that the T, of muscle is approximately 27 milli-
seconds, while the T, of peripheral nerve is approximately
55 milliseconds, providing a factor of two difference
between the two types of tissue.

ix. Additional Enhancements for Neural Imaging

(a) Vessel Suppression

In addition to the fat suppression and muscle suppression
techniques described above, vessel suppression may be
employed to improve the neurographic selectivity of the
images generated by system 14. Due to the brightness of
slowly moving blood in some otherwise useful sequences,
vessel suppression has particular value when used in con-
nection with long TE sequence neurograms.

A variety of alternative approaches can be employed to
achieve the desired blood vessel suppression. For example,
in a first embodiment, the blood vessels are separately
imaged to produce a flow-based MR angiogram, employing
phase contrast or time-of-flight information. The angiogram
may be produced using the MRI system 14, under separate
program instructions, or the auxiliary data collection system
22 described below. The angiogram is then subtracted from
the neural image to provide a neurogram in which blood
vessels content is completely suppressed.

As previously noted in connection with the discussion of
image subtraction, a registration problem occurs when the
information to be removed from one image is not identically
represented with the same intensity and location in the
subtrahend image. With vessel image information obtained
using an angiography pulse-echo sequence (or other tech-
niques described below) and neural image information
obtained using the neural pulse-echo sequence described
above, some difference in vessel intensity in the two images
is to be expected. One way of avoiding registration error in
this situation is to normalize the angiogram to the corre-
sponding neural image (i.e., equalize angiogram intensity
based upon comparative measurements at a vessel pixel
identified on the angiogram).

A second technique used for vessel suppression is to
employ a short TE sequence to produce a first image in
which blood vessels are relatively bright and nerves are
relatively dim. This image is then subtracted from a second
image obtained using a long TE and exhibiting bright nerves
and dim vessels.

A third blood vessel suppression technique involves the
administration of an intravenous “black blood” contrast.
agent to the vessels. The agent is preferably (but not
necessarily) of the “blood pool” type including dysprosium-
DOTA poly lysine or iron oxide type contrast agent. The
blood vessels are thereby blacked out by the pharmaceutical
agent so there is no need for a subtraction step to produce the
desired vessel-suppressed neurogram.

Finally, carefully adjusted water suppression techniques
can be used to limit the contribution of the blood vessels and
cerebro-spinal fluid (CSF) to the neural image generated by
system 14. One such technique is fluid-attenuated, inversion
recovery (FLAIR), described in, for example, Bydde et al.,
Comparison of FLAIR Pulse Sequences with Heavily T,
Weighted SE Sequences in MR Imaging of the Brain, 185
RADIOLOGY SUPP. 151 (1992).

(b) Motion Suppression

Some of the image processing techniques described
above, including, for example, the use of diffusion weight-
ing, may be adversely influenced by motion of the region
being imaged. To limit the introduction of ambiguous or
erroneous content into the images produced (i.e., motion
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artifact), several different hardware and software features
may be employed by the neurography system 14.

As shown in FIG. 19, the acquisition of image informa-
tion can be electively carried out with the region of the
patient under examination immobilized by a splint 156. The
splint 156 includes a rigid base 158, made of plastic or some
other non-ferro-magnetic material. Base 158 is included to
provide a fixed frame of reference for the region under
examination and is designed to be optionally rigidly secured
within the bore of the imager I. As will be described in
greater detail below, once the neurography system 10 has
imaged the region, the reference frame provided by base 158
allows another system, like surgical system 28, to operate
within that reference frame in a known relationship to the
imaged nerves. A non-rigid system, described below,
employs fiduciary markers applied to the skin surface within
the splint.

A rigid frame 160, made of plastic or some other non-
ferromagnetic material, is attached to base 158 and provides
structural support for the splint 156. One or more fiduciary
markers 162, e.g. water-filled beads or linear marker strips,
are provided on the frame 160 and/or base 158 to allow the
relationship of frame 160 and base 158 relative to the
imaged region to be determined from the images generated.
In the preferred arrangement, each marker 162 extends the
length of splint 156, so that it is visible in each cross
sectional image generated. At least one of the markers or
strips 162 is aligned at a non-zero angle to the x, y, and z
axes of the image plane, ensuring that its particular location
in the image provides a positional reference to the splint.

A sleeve 164, made of a thin film plastic and filled with
a conformable substance 166, such as water containing gel,
silicone, foam, or cobalt-chloride doped water, is formed
around the frame 160 and includes straps 168 for use in
attaching the splint to the patient. As shown, the frame 160
and sleeve 164 include a number of open regions 170,
providing access to select areas of the region under exami-
nation by, for example, surgical system 28. Alternatively, the
base 158 may be used with two sleeves. A first such sleeve
provides complete and continuous skin contact for imaging,
while a second sleeve secures the arm but generally allows
access by a surgical device.

A pump 172 is included to allow the fluid to be introduced
into sleeve 164 from a reservoir 174 under pressure, forcing
the sleeve against the patient’s skin and immobilizing the
region under examination. A release valve 176, allows the
fluid within the sleeve 164 to return to the reservoir 174,
relieving pressure within sleeve 164.

In addition to reducing motion artifacts, the splint 156
performs several other functions. First, as suggested above,
the splint 156 provides a reference frame that can be used by
other components of medical system 12 to ensure that
actions are taken in proper relationship to an imaged neural
network. Second, the splint 156 may be required to keep the
region under examination immobilized for the successful
administration of therapy or performance of surgery by
system 12.

A third function of splint 156 is the reduction of edge
effects that might otherwise be experienced using fat sup-
pression. In that regard, the surface of a region under
examination (i.e, the patient’s skin) presents an abrupt
transition in the nature of the material being imaged. The
field inhomogeneity caused by this tissue-to-air interface
causes the fat signals in the patient’s surface adipose tissue
to spread out and/or shift in frequency relative to deeper
lying fat surrounding the nerve. The desired effect of fat
suppression is, however, to suppress the signal from the
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underlying tissue adjacent the neural tissue to be imaged. By
employing thin flexible polyethylene or other plastic for
sleeve 164 and paramagnetically doped water for substance
166, these edge effects introduced at the surface of the region
under examination are reduced on the order of 1.5 to 5 for
nerve tissues.

Additionally, the splint can be specially designed to move
a particular body region during an imaging series to intro-
duce serial stepped repositionings of the limb. The move-
ment can be controlled externally by a hydraulic system with
fiber optic feedbacks to assess repositioning. In this fashion,
it is possible to collect a series of images with the limb in a
controlled series of positions. These can be later assembled
to provide a kinematic view of stress or impingements upon
a nerve during motion as for the ulnar nerve at the elbow.

Motion artifact can also be addressed by the software used
to control neurography system 10. In that regard, to ensure
adequate echo amplitude for MRI, the net magnetic moment
generated by one pulse sequence typically must be allowed
to return near its equilibrium value before the next pulse
sequence is initiated. This factor, in combination with the
sheer number of sequences typically required for imaging,
typically causes data collection to occur over a relatively
long period of time (e.g., on the order of 1 to 20 minutes or
longer). As will be appreciated, the likelihood that signifi-
cant patient motion will be experienced during the data
collection process increases in direct proportion to the time
required for data collection.

The software controlling the data collection processed is
optimized to reduce at least some of the delays contributing
to motion artifact sensitivity. In the arrangement described
above, information from a number of different images may
be used to selectively produce a final image. For example,
the subtraction neurogram is typically generated on a pixel-
by-pixel (or voxel-by-voxel) basis using information from
two images obtained with orthogonal diffusion gradients. By
interleaving the image sequence so that data for a given pixel
is collected for each diffusional gradient before collecting
data for any other pixel, the susceptibility of the subtraction
process to motion artifact is reduced. Similarly, where
multiple images are collected at different gradient strengths
to compute the diffusion coefficient D for a given pixel or
voxel, as part of the gradient selection process, the suscep-
tibility of the computation to motion artifact can be reduced
by collecting data for all gradient strengths at one pixel
before data for other pixels is collected. Thus, despite the
relatively simple data collection process depicted in FIGS. 9
and 10, in the preferred arrangement, data collection is
interleaved by collecting data in several planes at each
acquisition rather than completely collecting all repetitions
for a given plane before proceeding to the next.

Another technique used to provide the desired motion
suppression is based upon the anticipation of certain peri-
odic sources of motion that can be monitored by, for
example, the auxiliary -data collection system 22. For
example, depending upon the region of the patient under
examination, the patient’s heartbeat and respiration may
introduce some motion that is not suppressed by the splint
156. With information regarding the periodicity of these
sources available from system 22, computer 72 may then
adjust the data collection sequence so that the excitation and
echo pulses occur at consistent times relative to the motion
introduced by the sources.

One technique for reducing respiratory motion artifact in
MRI is disclosed in U.S. Pat. No. 4,930,508 (Shimoni et al.).
In contrast, the neurography system 10 can be used with a
variety of techniques including mass-spectrometer monitor-
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ing of carbon dioxide output, fiber-optic observation at chest
wall movement, or auditory monitoring by long tube stetho-
scope with automated sound analysis.

(c) Fascicle Identification and Nerve Enhancement

Another feature of the neurography system 10 is its ability
to image individual nerve fascicles. For example, when a
phased array coil 62, or other high resolution MRI system is
used with a long TE sequence, individual nerve fascicles
appear much brighter than the perineural and epineural
tissue within the nerve and between the fascicles, and the
nerve takes on the appearance of a multifascicled structure.

By way of illustration, neural images depicting fascicles
in the nerve of a patient having a nerve graft are provided in
FIGS. 20, 21, and 22. These images were obtained using a
1.5 Tesla MRI system (Signa System 5.2 software release,
sold by GE Medical Systems) with standard 1 Gauss/cm
gradients and a phased array RF coil system of the type
described above. A “fast” spin-echo sequence with 2 TR of
5000 ms, TE of 102 ms, and 8 echo train was used with fat
suppression and spatial RF pulses for vessel suppression.

Two axial series of images were produced using a two
dimensional Fourier transformation. The first series con-
sisted of 24, five mm thick sections, a 512x512 matrix, one
mm skip, and one nex (number of excitations). The second
series consisted of 41, three mm thick axial sections, a
256%256 matrix, zero mm skip, and two nex. The field of
view was 18 cm and acquisition time was 10.6 minutes for
both series.

Images from the second series were post-processed by
selecting (manually) an elliptical region of interest, approxi-
mately two cm in diameter, around the sciatic nerve in each
of the sections. This region of interest was selected to
exclude blood vessels, without requiring the use of the more
analytically complex vessel suppression features described
above.

Projectional images were obtained using a maximum
intensity projection (MIP) algorithm, available as part of
System 5.t (IVI) provided by GE Medical Systems. The
resultant neurograms show the interface between the tibial
component of the sciatic nerve and the surgically placed
sural nerve graft, with FIGS. 20 and 21 illustrating the nerve
in progressively larger scale and FIG. 22 illustrating an axial
projection of the nerve including graft g. As an additional
benefit, this imaging protocol depresses the signal from
tissues within the nerve, between and among the fascicles,
so that the individual fascicles (f) of the nerve stand out in
sharp profile.

The ability of the neurography system 10 to image
fascicles is important for several reasons. First, fascicle
imaging enhances the diagnostic usefulness of the neuro-
gram because it makes it possible to observe and analyze the
internal structure of the nerve for evidence of disease. As
will be appreciated, this observation and analysis may be
performed visually by the operator or automatically, as part
of the operation of the diagnostic system 24 described in
greater detail below.

Second, this unique internal organization can be used to
provide neural selectivity and enhancement in the imaging
process, even when the conspicuity or signal intensity of a
particular nerve does not permit identification. More par-
ticularly, blood vessels, lymphatics, lymph nodes and col-
lections of adipose tissue, are often similar to nerve in shape,
location, and intensity in the cross-sectional images. None of
these features, however, exhibit the internal fascicular struc-
ture of nerve.

By way of illustration, fascicle identification and nerve
confirmation may be used to distinguish nerve from other
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structures in an ambiguous image in the following manner.
First, a thresholding process is used to identify relatively
bright regions of the image potentially representative of
nerve. With the boundaries of these regions established, the
intensity of the pixels associated with each region is evalu-
ated and average image intensities for the regions are
computed.

If the intensity of a given pixel within a region is more
than some predetermined amount below the average inten-
sity, the structure associated with that pixel is a potential
fascicle. A positive fascicle identification is, however, only
made if one or more of a plurality of predetermined
sequences of such pixel groups representative of fascicular
structure are identified. For example, a group of at least 3
such pixels must be found which are adjacent each other and
bounded on at least one side by pixels not satisfying this
criteria.

The results of this analysis can be used to distinguish
bright regions associated with nerve from those associated
with, for example, blood vessels or lymphatics. The image
intensity of regions not satisfying the fascicular identifica-
tion parameters may then be adjusted to zero, effectively
eliminating these ambiguous structures from the image.
Alternatively, a neuroradiologist or other specialist may use
this information to select a volume of interest which the
neurography system can then render into a projection neu-
rogram.

(d) Miscellaneous Nerve Enhancement Techniques

The various embodiments and features of the neurography
system 10 described above can be modified to incorporate
alternative approaches to nerve identification and enhance-
ment.

For example, a magnetization transfer pulse sequence can
be employed after the fat suppression sequence to enhance
neural imaging. Magnetization transfer involves the excita-
tion of chemically shifted protons with an “off resonance”
pulse. These protons in a short T, isotropically diffusing
water compartment then exchange into a long T, anisotro-
pically diffusing compartment. In doing so, they carry the
high intensity magnetization signal with them, thus inducing
a transfer of magnetization to surrounding neural tissue to
increase its conspicuity in the image. Nerve may exhibit
efficient exchange between the off-resonance, relatively sta-
tionary protons in the myelin sheath and the resonant,
mobile protons of axoplasmic water. On the other hand,
muscle does not exhibit exchange with a large off-resonant
proton pool to a comparable degree. The magnetization
transfer pulse sequence is designed to exploit this differen-
tial sensitivity between nerve and muscle by using stimula-
tion methods similar to fat suppression to synergistically
improve the neurographic selectivity of the image in two
ways simultaneously.

Other alternative pulse sequences can also be used. For
example, a version of steady state free precession (SSFP), as
described in Patz et al., The Application of Steady-State Free
Precession to the Study of Very Slow Fluid Flow, 3 MAG.
RES. MED. 140-145 (1986), can be used. The SSFP is,
however, modified to be included in an imaging protocol to
achieve fat suppression. Similarly, a magnetization prepared
rapid gradient echo (MP-RAGE) sequence, as described in
Mugler et al., Three Dimensional Magnetization Prepared
Rapid Gradient-Echo Imaging (3D MP RAGE), 15 MAG.
RES. MED. 152-157 (1990) can be used if modified to
improve T, contrast. In addition, neural selectivity can be
achieved by employing proton fast exchange rates or T,
relaxation rates.

Further alternative techniques for generating neurograms
employ sequences optimized to be sensitive to the slow
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coherent flow of the endoneurial fluid. These sequences
provides a unique signal because of the proximal to distal
direction of flow and because of the slow flow rate which
can be monitored by techniques originally developed to
distinguish diffusion from perfusion. Such techniques
include, for example, velocity compensation by gradient
moment nulling as described in Ehman et al., Flow Artifact
Reduction in MRI: A Review of the Roles of Gradient
Moment Nulling and Spatial Pre-saturation, 14 MAG. RES.
MED. 293-307 (1990) and Moran, A Flow Velocity Zeu-
matographic Interface for NMR Imaging, 1 MAG. RES. IM.
197-203 (1982).

3. Medical System Construction and Operation

As noted previously, the neurography system 10 is one
component of a broader medical system 12. The remaining
components of system 12 are described in greater detail in
the following sections. These components provide informa-
tion to, and process information from, neurography system
10 in accordance with software instructions executed by, for
example, a host processing system 32 or the processing
systems of individual components of the system 12 to
achieve a variety of functions beyond the imaging of periph-
eral nerve.

a. Auxiliary Data Collection System

The auxiliary data collection system 22 may take any one
of a variety of different forms. For example, as suggested
above, system 22 may be designed to collect supplemental
information regarding structure present within the images
produced by system 10. Examples of such systems include
a secondary MRI system, employing conventional pulse-
echo sequences suitable for use in angiography or STIR
sequences to show areas of high muscle signal due to
denervations or functional loss of the muscle; an X-ray
imaging system suitable for use in generating image data of
bone and/or tissue, a PET scanning system for showing the
progress of an axionally transported pharmaceutical agent;
or a CT system for collecting contrast agent lymphography
data. The splint 156 is also formed with fiduciary markers
visible using CT and MRI (e.g., iodine contrast material in
water), allowing the information from systems 10 and 22 to
be integrated.

The supplemental information may be used to suppress
structural content in the image and provide greater neural
selectivity. For example, an angiogram may be used to
remove vessel image content from the neurogram or to
distinguish nerve and vessels on the basis of color. Alterna-
tively, because non-neural structure is generally absent in the
image anyway, the additional information may be employed
to add specific structures, such as blood vessels, back into
the neurogram unambiguously. This process allows alterna-
tive structure to be readily differentiated using different
colors to display information from different sources. As will
be appreciated, the addition of structure into a MR image
viewed to assess neural structure was virtually unthinkable
with prior art systems due to the low signal content of neural
return components.

An alternative type of data collection system 22 is
employed to collect information about the patient for use in
controlling the operation of the neurography system 10,
rather than modifying its output. Examples of such systems
include conventional heart rate and respiration monitors,
used to time the data collection sequencing of system 10
relative to the heart rate and respiration of the patient.

A final type of data collection system 22 of interest is one
designed to collect supplemental information about the
neural network. For example, system 22 may be constructed
to produce an output indicative of nerve conduction velocity
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(NCV), including the approximate location of a change in
NCV or the NCV response to magnetic stimulation. Infor-
mation from evoked potential electrodes or magnetic
SQUID detectors might also be collected and integrated for
a multi-input display.
b. Diagnostic System

The diagnostic system 24 is selected to process the image
neurograms and other information (such as D and T,)
provided by neurography system 10 to provide an attending
physician with, for example, diagnoses of neural anomalies.
Alternatively, system 24 may assist the physician in making
a diagnosis, or assessing the need for, or likely success of,
surgery. In one embodiment, system 24 may be employed
simply to confirm or question the physician’s diagnoses.

By way of illustration, one region in which problematic
neural disorders commonly occur but are difficult to diag-
nose is the spinal canal. As shown in the cross sectional view
of one vertebra provided in FIG. 23, the region of interest
exhibits a relatively high physiological complexity. The
illustrated structures include a herniated disc (HD), com-
pressed left spinal root (LSR), spinous process (SP), anulus
fibrosus (AF), nucleus pulposus (NP), autonomic ganglion
(AQG), left ventral root (LVR), ventral ramus (VRA), trans-
verse process (TP), dorsal ramus (DRA), dorsal root gan-
glion (DRG), facet (F), dorsal root (DRO), extradural fat
(EF), root in cauda equina (RCE), dural sac (DS), and
cerebrospinal fluid (CF).

In this diagram, the two features of primary interest are
the left spinal root (LSR) and the left ventral root (LVR),
which are both in risk of compression from the herniating
disc (HD). Both nerves are traveling through extradural fat
(EF) but are surrounded by bone, which could impair
observation by an X-ray based technique. Both nerves are
also near the strong water signal of the disc (HD), cere-
brospinal fluid (CF) in the dural sac (DS), and other inflamed
tissue (which often diminishes image resolution and quality
in generally used magnetic resonance techniques).

The left spinal root (LSR) and left ventral root (LVR) of
diagnostic interest are small relative to the numerous large
anatomic structures nearby. Also, these roots are nearly
perpendicular to each other. This common imaging problem
can be addressed by the use of a neurography system 10
programmed to employ fat suppression, followed by pulsed
diffusion gradients oriented to enhance either the left spinal
root (LLSR) or left ventral root (LVR), so that each can be
clearly seen in a given image. If either root is compressed,
its image will demonstrate physical distortion or an imprint
due to the compression, which may manifest itself as a
change in structure or signal intensity between the two sides
of a compression.

As will be appreciated, due to the selectivity and resolu-
tion of the neurograms produced by system 10, they can be
evaluated by a physician to diagnose any neural abnormali-
ties present. In addition, the image produced by system 10
can be analyzed by diagnostic system 24 to detect, for
example, evidence of compression or inflammation and
provide the appropriate diagnosis.

The operation of system 24 depends, in part, upon the
condition to be evaluated. In one embodiment, the operator
initially views a two- or three-dimensional image generated
on a cathode-ray tube (CRT) display, included with system
24 and uses a cursor to identify a particular imaged nerve to
be evaluated. The operator may also input the particular
types of anomalies to be detected.

The system 24 then determines the boundaries of the
imaged nerve in each of the two dimensional images avail-
able, using a thresholding process. These boundaries can
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then be compared from one image to the next to look for
discontinuities or changes in shape associated with a par-
ticular anomaly of interest. For example, if this analysis
were used with a nerve severed in an accident, the nerve
might disappear entirely from certain images in which it
would otherwise be expected to appear. The system 24 is
able to readily identify such regions and provide the physi-
cian with precise locational information regarding the
anomaly.

Similarly, the physician may be interested in conditions
associated with less pronounced changes in nerve boundary
or intensity. The system 24 is readily able to provide outputs
indicative of the average intensity of a bounded neural area,
as well as the size and shape of the bounded area on an
image-by-image basis. This information can then be used to
detect anomalies such as compressions.

In one arrangement, a cursor can be used to initialize a
reference boundary of interest on the CRT (e.g., associated
with a “normal” neural cross section) for use by system 24.
System 24 then compares the actual boundary of the nerve
in subsequent images to the reference boundary to locate and
quantify the extent of neural compressions. This quantifica-
tion of an anomaly then allows the physician to monitor the
recovery of the nerve and assess the effectiveness of any
therapy being provided.

Another approach that may be employed by system 24, is
based upon the apparent increase in T, exhibited by injured
nerve. More particularly, an initial “long T,” analysis or
diffusion weighted image can be performed to image all
neural structures. Then T, can be extended to roughly 100
milliseconds to image only those nerves that are injured.

An additional approach for use in the manual evaluation
of, for example, bone fractures and injuries to joints,
involves the analysis of an image in which the fat component
is selectively demonstrated and remaining tissues sup-
pressed. This approach emphasizes the appearance of skin,
adipose collections, and of bone (in many locations) due to
the presence of marrow. When such an image is collected
and assigned a color other than that used to display nerve,
the two images can be shown transparently in the same three
dimensional construction. As a result, the physician is pro-
vided with useful information regarding the physical rela-
tionship between nerves and bones. This information is most
important in the evaluation and treatment of bone fractures
and joint injuries.

In some applications, a contrast agent may be used to
synergistically highlight the anomaly of interest. Alterna-
tively, because nerves appear bright and isolated in an
image, it may be more informative to selectively black out
one of the nerves by means of administering an intraneural
pharmaceutical contrast agent.

In addition to analyzing the output of neurography system
10, the diagnostic system 24 may also provide feedback to
system 10 to control the pulse sequences used and the type
of information produced. For example, where sites of nerve
compression, section, laceration, or fibrosis are imaged, the
alteration in endoneurial fluid fiow and in axoplasmic flow
are readily detected by monitoring the increase in signal
intensity when T,-based, or other, neurographic sequences
are used.

Although not described in detail herein, a variety of
different diagnostic applications are contemplated including:

1. The demonstration of a patient’s peripheral, cranial,
and autonomic nerve and nerve plexus anatomy.

2. The demonstration of a patient’s spinal root anatomy,
particularly the cervical, thoracic and lumbar spinal
roots and nerves where they pass through fat at the
foramina through which they exit the spinal canal.
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3. The demonstration of a patient’s spinal root anatomy
within the lumbar canal where the roots pass through
quantities of extradural fat.

4. The examination of a patient’s cranial nerves for
compressions by vessels or other structures which
could cause trigeminal neuralgia (Vth nerve), hemifa-
cial spasm or Bell’s palsy (VIIth nerve), essential
hypertension (Xth nerve) or other cranial nerve syn-
dromes.

5. The demonstration of nerve, plexus or root compres-
sions or injuries in a patient, where abnormal changes
in the direction, position, or other diffusional properties
are caused by an injurious process, such as nerve
transection, demyelinating diseases, neuritis, multiple
sclerosis, peripheral neuropathies and crush injuries, as
well as the monitoring of the regrowth of nerves.

6. The determination of the location of tumors or other
masses within the spinal cord where it is useful to know
the position of cortico-spinal motor tracts or other
functional white matter long tracts relative to some
abnormality.

7. Demonstrating the anatomy of the optic nerve, an
extension of the brain, where it passes through the
peri-orbital fat or other fat on its route to the retina.

8. Tract tracing within the brain to provide useful images
for study by radiologists, surgeons or physicians and, in
particular, for identification of the location of areas of
‘eloquent cortex’ such as the motor strip, or speech-
related areas. This method involves the spatial identi-
fication of relevant areas of the thalamus or internal
capsule and then following projecting tracts to the area
of interest on the cortical surface, or identifying regions
of interest by reference to their connections with other
arcas on the cortical surface. For example, speech
cortex projection tracts can be followed from areas
known to be involved in speech production to (and
through) other areas where an injury or stroke may
have blocked proper nerve function.

9. Tracing of nerves as they pass through tumors of low
diffusional anisotropy, such as the passage of the VIIth
nerve through an acoustic neuroma to permit a surgeon
to know the location of the nerve in or near the tumor
and so to have the ability to avoid the nerve during
surgery on the tumor.

10. Application of diffusion anisotropy imaging for the
evaluation of diffuse axonal injury, as may occur in
head injury.

11. The evaluation of bone fractures and joint dislocations
or dislocation/fractures in which surgical planning,
management and fixation would benefit from knowing
the course of the nerve in the region of the abnormal
anatomy.

c. Therapeutic System

As noted previously, a therapeutic system 26 is also
employed to process information from neurography system
10 or other components of medical system 12 to better effect
the administration of therapy to the patient. For example,
system 26 may be a drug-delivery system or a current-
stimulation system that employs feedback from neurography
system 10 to regulate its operation. In this fashion, more
precise nerve conduction velocity (NCV) or evoked poten-
tial tests can be done using neurographic data to place
stimulating or recording electrodes. For therapy, tract infor-
mation could aid in the placement of transplant tissue or for
lesions of areas of abnormal activity that might cause tremor
in the thalamus.
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d. Surgical System

The surgical system 28 employs neurographic informa-
tion from system 10 to influence any one of a variety of
surgical operations that may be performed. The information
obtained may be used to avoid neural paths during surgery
or to confirm the location and nature of neural surgery
required. The operation of surgical system 28 may be
automatically controlled in response to feedback from sys-
tem 10 or may manually controlled by a surgeon based upon
his or her review of the information provided.

In one embodiment, the region of the patient that is to
undergo surgery is placed in the splint 156 described above.
The open regions 170 of splint 156 need to be designed and
positioned to ensure that splint 156 will not interfere with the
surgical system 28 during the performance of an operation.
With the splint 156 applied, image data is then collected via
the neurography system 10. As noted previously, the pro-

“cessing system 16 of neurography system 10 provides
numerical coordinates, in three dimensions, describing the
position of the nerves along their courses with reference to
the splint base 158 and fiduciary markers 162.

Depending upon the nature of the operation to be per-
formed, outputs from the auxiliary data collection system 22
may also be required. For example, if system 28 is employed
to operate on bone within the region imaged, system 22 may
be called upon to generate a fat selective image of the bone,
or the patient may be brought to a C-T scanner for prepa-
ration of a bone image. The MRI splint 156 will be worn

~while this additional information is collected, but additional
markers (e.g., chalk or iodine solution for CT X-rays) are
required to extract locational information from the second-
ary image and, hence, provide the requisite registration
between the two images generated.

The image information is loaded into the memory of a
surgical system processor 178, shown in FIG. 24. As will be
described in greater detail below, in the preferred arrange-
ment, processor 178 is programmed to guide surgical opera-
tions performed in a coordinate system that is referenced to
the image coordinate system. The base 158 of splint 156 is
secured to a platform 180 included in surgical system 28 to
provide a fixed relationship between the coordinate systems
used in the image and by system 28. The coordinate systems
are then linked by processor 178 using a computer model of
three-dimensional space. Confirmatory X-rays may be taken
conveniently during the procedure to assure correct posi-
tioning of the markers.

An articulated surgical arm 182 is coupled to the platform
180 and has a stylus 184 (e.g., a surgical apparatus, such as
a focused laser beam or a drill) provided at its free end. The
arm 182 can be moved electrically or pneumatically to any
select point, or along any select path, defined relative to the
operating environment in response to outputs from processor
178. The position of the arm 182 can, thus, be tracked via the
control outputs applied by the processor 178. As will be
appreciated, a separate coordinate-based or laser-based posi-
tioning system may be employed if desired.

In the preferred embodiment, the position of the stylus
relative to the imaged neural and other networks is illus-
trated on a system display 186 during the course of a surgical
operation. The surgeon may manually guide the stylus 184
during the operation via, for example, a joystick, electronic
glove, or other input device 188, visually monitoring the
position of the stylus relative to anatomical structure. This
visual feedback may be based simply upon a comparison of
the known positional relationship of the stylus to the pre-
viously collected image.

Alternatively, it is possible to obtain visual confirmation
using imaging feedback data collected in real time. For
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instance, with the use of high-speed MRI data collection
sequences, such as echo planar imaging described in Wor-
thington et al., The Clinical Applications of Echo Planar
Imaging in Neuroradiology, 32 NEURORADIOLOGY
367-370 (1990), it is possible to rapidly update images.
When the resulting images are displayed, the surgeon may
observe the progression of an appropriately labeled, non-
magnetic probe into the body in real time. If a slower image
collection process is employed, the probe or device is
advanced in steps as a series of images are taken. In either
case, the neurographic image provides the surgeon with
apparent vision of sensitive neural tissue inside opaque,
solid body structures, in much the same manner as fluoros-
copy, but while also providing information regarding neural
paths.

As an alternative to requiring the surgeon to control the
operation of system 28 during surgery, a computer-guided,
stereotaxic, or fiduciary system may be employed. In that
regard, the surgeon may provide processor 178 with input
identifying the nature of the operation to be performed,
including the stylus path and operation appropriate for the
surgery to be performed. These steps can be performed with
the arm 182 disengaged, allowing the surgeon to simulate
the operation and view the stylus path on the image, before
the surgical procedure is confirmed. Once confirmed, the
processor 178 can then be instructed to automatically guide
the arm 182 over the desired path during the actual surgical
operation.

The use of surgical system 28 has a number of important
advantages over the “neurally blind” surgical methods cur-
rently employed. For example, because nerves are readily
imaged, the surgeon is better able to assess any neural
conditions that might require treatment or alter the surgical
plan. In addition, because the position of the stylus 182
relative to nerve is readily imaged and can be confirmed
before an operation is performed, accidental intrusion of the
stylus upon neural paths is avoided.

Although a splint 156 is employed in the embodiment
described above to provide a link between the referential
frames of the neurogram and surgical system 28, it is not
mandatory. For example, particularly in regions that are
relatively unsusceptible to motion artifact, fiduciary markers
can be applied directly to the body (e.g., on the head or face
when nerves of facial sensation or movement are involved,
or adjacent the jliac crests and lumbar vertebral spinous
processes when lumbar nerve roots are involved).

The use of a computer-guided surgical system 28 employ-
ing such fiduciary markers is believed to be of particular
importance in cervical, thoracic or lumbar spine surgery. In
that regard, system 28 will eliminate the problem of doing
a “good” operation but at the wrong level, e.g., inadvertently
decompressing the lumbar 3/4 root when the symptomatic
compression to be relieved was actually at the lumbar 4/5
root. For spine work, the original image can be collected
with a strip of fiduciary markers taped to the patient’s back
and independently marked in a manner that can be sensed by
system 28 to allow location of the stylus 182 during surgery.

As will be appreciated, the various components of the
surgical system 28 can be altered in a variety of manners.
For example, the stylus 182 may include a surface detector
of electrical fields or a magnetic detector of nerve activity,
constructed to detect the activity of nerves. Examples of
such devices include a somatosensory evoked potential or
magneto-encephalography system. As a result, the detection
of nerves offered by embodiment of the stylus 182 allows the
position of the stylus relative to nerve determined by refer-
ence to the neurogram to be confirmed.
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One application for surgical system 28 that is of particular
importance is in surgery of the neck. Surgery of this type
includes, for example, a carotid endarterectomy to remove
stroke producing plaque from the internal carotid artery, an
anterior cervical discectomy to relieve a cervical root com-
pression, or an operation for cancer in the neck. One of the
most common complications of such surgery is the acciden-
tal crushing or transection of the recurrent laryngeal nerve,
possibly resulting in permanent paralysis of one or both sets
of vocal cords. Optimally, a preoperative neurographic
image is used to demonstrate the course of the recurrent
laryngeal nerve, allowing the surgeon to more effectively
avoid it or at least identify and protect it during surgery.

Neurographic guidance can be also used for percutaneous
needle biopsy of lesions, or for the placement of more
claborate percutaneous systems such as ultrasonic or other
mechanical devices used to remove tissues. By way of
illustration, such operations include discectomies, the intro-
duction of laser/suction systems, the placement of RF
lesioning devices used in procedures such as gangliolysis of
the fifth cranial nerve, the placement of probes to carry out
deep tissue localized drug administration, diathermy, cryo-
therapy, or other physical or mechanical techniques. Neu-
rographic guidance may also be used to control the passage
of rigid endoscopes through solid tissues or to guide the
placement of directable flexible endoscopes.

Yet another important application of surgical system 28 is
in the use of CNS neurograms to guide stereotactic surgery
in the brain. Currently, tissue structures visible by virtue of
their T, or T, MRI are used to guide stereotactic surgery. In
contrast, CNS neurograms provide information concerning
the connections or relation of specific tracts of interest,
which may travel in or among other tracts from which they
cannot be differentiated by means of conventional tissue-
based images.

e. Training and Development System

The training and development system 30 may take any
one of a variety of forms designed to process information
collected from the neurography system 10. In one embodi-
ment, neurographic images are collected from a plurality of
patients to produce an anatomical atlas of normal and
abnormal neural paths for reference by surgeons and others.
Images obtained from a patient can be compared to the
clinically known population in the atlas to rapidly identify
anomalous nerve courses in a patient set to undergo surgery
for some condition. As a result, the surgeon may be able to
modify his or her technique to reduce the risk of injury to
nerves which happen to be in the field of surgery. Similarly,
a neurographic map of an individual patient’s skin and
cutaneous nerves can be used to help the surgeon plan
incisions that avoid the very common complication of
accidental transection of cutaneous nerves in the course of
routine surgical incision to reach structures below the skin.

In another embodiment, the training and development
system 30 may be designed to assess the effectiveness of the
programming employed by neurography system 10 and may
provide feedback to system 10 to regulate its operation and
enhance the quality of the neurograms generated. More
particularly, once a sequence able to positively identify
nerve has been employed, alternative sequences can be
employed and their results compared to the confirmed
method. As a result, a collection of techniques can be
established and programmed into neurography system,
along with the conditions under which each sequence offers
the best performance.

Another alternative training and development system 30
may be employed to assess the effectiveness of intraneural,
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pharmaceutical contrast agents designed to help in the
diagnosis of nerve compressions. More particularly, such a
training system 30 is used to quantify the image contrast
produced using different contrast agents to image known
neural anomalies. As a result,.system 30 is able to identify
those agents providing the best results for particular neural
imaging problems.

Yet another embodiment of training and development
system 30 allows information from neurograms to be used in
the design of any of a variety of products. For example, the
neurograms produced by system 10 provide information that
is of great advantage to designers of ergonomic furniture,
high gravity air or space craft seats, specialized body suits,
boots, and various kinds of electronic or electric medical
equipment, which can be best used when the positions of
nerves can be precisely located in advance. The system 30
incorporates information regarding neural paths from sys-
tem 10 into the computational processes involved in design-
ing such equipment to provide enhanced product perfor-
mance.

As one illustration, in the ergonomic design of a chair,
system 30 would be programmed to ensure that the primary
support provided by the chair does not coincide with a neural
path in the relevant customer population. This can be done
by superimposing the neural network of a sitting person
upon a mathematical model of the chair, identifying the
primary points of support, and generating flags on the
display for any support points that are within some prede-
termined distance of a nerve. As a result, the chair design can
be manipulated to avoid neural compressions.

In another application, the system 30 can be used to
control electronic prosthesis. More particularly, the infor-
mation from system 10 can be used to locate electronic
detectors adjacent, for example, a severed nerve to detect
neural activity associated with the limb replaced by the
prosthesis. The detected activity of the nerve is then used to
control the prothesis.

4. Non-neural Imaging Applications

In principle, selective imaging of any other object or
subject may be effected using the MRI techniques described
above, if that subject or object exhibits characteristics cor-
responding to the neural characteristics described above. For
example, objects exhibiting diffusion anisotropy in any part
thereof can be imaged using diffusional weighting. Thus, in
medicine, for example, the cardiovascular system could also
be imaged in this fashion and the technique can also be
employed to examine, for example, rock strata and plants, if
they exhibit diffusion anisotropy.

5. Conclusion

The lack of a suitable method for creating a distinct image
of the nerves has been a great hindrance to physicians,
surgeons, athletic trainers, and pain treatment specialists.
Although, previously, it has sometimes been possible to
make a nerve stand out from immediately surrounding
structures, the unique ability of system 10 to make the nerve
stand out from all other structures represents a significant
advance. The sensitivity of the system 10 allows even the
smallest nerves to be accurately identified and linked to form
three-dimensional projections of a neural network. The
neurographic information can be collected rapidly, without
requiring contrast agents.

While the preferred embodiment of the invention has been
illustrated and described, it will be appreciated that various
changes can be made therein without departing from the
spirit and scope of the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:
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1. A method of utilizing magnetic resonance to determine
the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue and a nerve, the nerve being a member of the
group consisting of peripheral nerves, cranjal nerves
numbers three through twelve, and autonomic nerves;

(b) exposing the in vivo region to an electromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject; and

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the
in vivo region to provide a conspicuity of the nerve that
is at least 1.1 times that of the non-neural tissue,
without the use of neural contrast agents, said process-
ing including the step of analyzing said output for
information representative of fascicles found in periph-
eral nerves, cranial nerves numbers three through
twelve, and autonomic nerves.

2. The method of claim 1, wherein the step of processing
further includes using the results of said step of analyzing
the output for information representative of fascicles to
suppress from said data set tissue that is not fascicular.

3. A method of utilizing magnetic resonance to determine
the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue and a nerve, the nerve being a member of the
group consisting of peripheral nerves, cranial nerves
numbers three through twelve, and autonomic nerves;

(b) exposing the in vivo region to an eleciromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject, said step of controlling the
performance of steps (a), (b), and (c) including select-
ing a combination of echo time and repetition time that
exploits a characteristic spin-spin relaxation coefficient
of peripheral nerves, cranial nerves numbers three
through twelve, and autonomic nerves, wherein said
spin-spin relaxation coefficient is substantially longer
than that of other surrounding tissue; and

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the
in vivo region to provide a conspicuity. of the nerve that
is at least 1.1 times that of the non-neural tissue,
without the use of neural contrast agents.

4. The method of claim 3, wherein the step of selecting
said combination of echo time and repetition time includes
selection of an echo time that is greater than 60 milliseconds
to enhance the distinction of said nerve from non-neural
tissue in the in vivo region.
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5. The method of claim 4, further comprising the step of
repeating said step of exposing the in vivo region to an
excitation field after a repetition time that is greater than one
second to enhance the distinction of said nerve from the
non-neural tissue in the in vivo region.

6. The method of claim 4, wherein the non-neural tissue
includes fat and said method further comprises exposing the
in vivo region to electromagnetic fields that suppress the
contribution of the fat in said output prior to producing an
output at step (c).

7. A method of utilizing magnetic resonance to determine
the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue and a nerve, the nerve being a member of the
group consisting of peripheral nerves, cranial nerves
numbers three through twelve, and autonomic nerves,
said magnetic polarizing field including a first diffu-
sion-weighted gradient that is substantially parallel to
the nerve and a second diffusion-weighted gradient that
is substantially perpendicular to the nerve;

(b) exposing the in vivo region to an electromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing a first
output indicative of the resonant response to said first
diffusion-weighted gradient and a second output
indicative of the response to said second diffusion-
weighted gradient;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject; and

(e) subtracting said first output from said second output to
generate a data set describing the shape and position of
said nerve, said data set distinguishing said nerve from
non-neural tissue, in the in vivo region to provide a
conspicuity of the nerve that is at least 1.1 times that of
the non-neural tissue, without the use of neural contrast
agents.

8. The method of claim 7, wherein the step of subtracting
further includes the step of determining a registration
between the first output and the second output.

9. The method of claim 8, wherein said method includes
the step of inhibiting the step of subtracting unless a thresh-
old level of registration is exhibited between the first and
second outputs.

10. The method of claim 7, wherein the non-neural tissue
inciudes fat, and wherein the method includes the step of
exposing the in vivo region to electromagnetic fields that
suppress the contribution of the fat in said first and second
outputs prior to the steps exposing the in vivo region to said
first and second gradients.

11. A method of utilizing magnetic resonance to deter-
mine the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field that includes a predetermined arrange-
ment of diffusion-weighted gradients, the in vivo
region including non-neural tissue and a nerve, the
nerve being a member of the group consisting of
peripheral nerves, cranial nerves numbers three through
twelve, and autonomic nerves;

(b) exposing the in vivo region to an electromagnetic
excitation field;
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(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response, said producing
an output indicative of the resonant response including
the step of producing a separate output for each diffu-
sion-weighted gradient of said predetermined arrange-
ment of diffusion-weighted gradients;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject;

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the
in vivo region to provide a conspicuity of the nerve that
is at least 1.1 times that of the non-neural tissue,
without the use of neural contrast agents, said process-
ing the output including the step of vector processing
the separate outputs for each said diffusion-weighted
gradient of said predetermined arrangement of diffu-
sion-weighted gradients to generate data representative
of anisotropic diffusion exhibited by the nerve, and
processing said data representative of said anisotropic
diffusion to generate said data set describing the shape
and position of the nerve.

12. A method of utilizing magnetic resonance to deter-
mine the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue that includes fat and a nerve, the nerve being a
member of the group consisting of peripheral nerves,
cranial nerves numbers three through twelve, and auto-
nomic nerves;

(b) exposing the in vivo region to an electromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject; and

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the
in vivo region to provide a conspicuity of the nerve that
is at least 1.1 times that of the non-neural tissue,
without the use of neural contrast agents; and '
said steps of exposing the in vivo region to an excita-

tion field and producing an output being designed to
suppress the contribution of fat in the output, said
step of processing the output to generate the data set
including the step of analyzing the output for infor-
mation representative of fascicles found in periph-
eral nerves, cranial nerves numbers three through
twelve and autonomic nerves.

13. The system of claim 12, wherein the contribution of
fat is suppressed by employing a chemical shift selective
sequence.

14. The method of claim 12, wherein the step of process-
ing further includes using the results of said step of analyz-
ing the output for information representative of fascicles to
suppress from said data set tissue that is not fascicular.

15. A method of utilizing magnetic resonance to deter-
mine the shape and position of mammal tissue, said method
including the steps of:
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(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue that includes blood vessels and a nerve, the nerve
being a member of the group consisting of peripheral
nerves, cranial nerves numbers three through twelve,
and autonomic nerves;

(b) exposing the in vivo region to an electromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response;

(d) performing the steps (a), (b), and (c) to produce a
second output in which the conspicuity of blood vessels
is enhanced; and

(e) processing said output indicative of the resonant
response and said second output to generate a data set
in which conspicuity of the blood vessels is suppressed,
said data set describing the shape and position of said
nerve and distinguishing said nerve from non-neural
tissue, in the in vivo region to provide a conspicuity of
the nerve that is at least 1.1 times that of the non-neural
tissue, without the use of neural contrast agents.

16. A method of utilizing magnetic resonance to deter-

mine the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue and a nerve, the nerve being a member of the
group consisting of peripheral nerves, cranial nerves
numbers three through twelve, and autonomic nerves;

(b) exposing the in vivo region to an electromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject; and

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the
in vivo region to provide a conspicuity of the nerve that
is at least 1.1 times that of the non-neural tissue,
without the use of neural contrast agents;

wherein said steps (a) through (c) include the step of
exposing the in vivo region to a readout gradient
rephasing pulse and a slice-selective excitation pulse,
said readout gradient rephasing pulse being generated
directly before said output pulse is produced instead of
directly after the generation of the slice-selective exci-
tation pulse, so as to reduce the appearance of unde-
sirable cross-terms in said data set.

17. The method of claim 16, wherein said steps (a)
through (c) further include the step of exposing the in vivo
region to a two-part phase encoding gradient, so as to further
reduce the appearance of undesirable cross-terms in said
data set.

18. A method of utilizing magnetic resonance to deter-
mine the shape and position of mammal tissue, said method
including the steps of:

(a) exposing an in vivo region of a subject to a magnetic
polarizing field, the in vivo region including non-neural
tissue and a nerve, the nerve including epineurium and
perineurium and being a member of the group consist-
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ing of peripheral nerves, cranial nerves numbers three
through twelve, and autonomic nerves;

(b) exposing the in vivo region to an electromagnetic
excitation field;

(c) sensing a resonant response of the in vivo region to the
polarizing and excitation fields and producing an out-
put indicative of the resonant response;

(d) controlling the performance of the steps (a), (b), and
(c) to enhance, in the output produced, the selectivity of
said nerve, while the nerve is living in the in vivo
region of the subject; and

(e) processing the output to generate a data set describing
the shape and position of said nerve, said data set
distinguishing said nerve from non-neural tissue, in the
in vivo region to provide a conspicuity of the nerve that
is at least 1.1 times that of any adjacent non-neural
tissue, without the use of neural contrast agents.

19. The method of claim 18, wherein said data set
distinguishes said nerve from non-neural tissue in the in vivo
region so that said data set describes the nerve at an intensity
at least 5 times that of the non-neural tissue.

20. The method of claim 18, wherein the step of exposing
the in vivo region to a polarizing field includes the step of
exposing the in vivo region to a polarizing field including at
least one diffusion-weighted gradient.

21. The method of claim 20, wherein the at least one
diffusion-weighted gradient includes a first gradient substan-
tially parallel to the nerve and a second gradient substan-
tially perpendicular to the nerve, and the step of producing
an output includes the steps of producing a first output when
the first gradient is employed and a second output when the
second gradient is employed, and the step of processing the
output includes the step of subtracting the first output from
the second output.

22, The method of claim 20, wherein the at least one
diffusion-weighted gradient includes a predetermined
arrangement of gradients, the step of producing an output
includes the step of producing a separate output associated
with each gradient, and the step of processing the output
includes the steps of vector processing the separate outputs
to generate data representative of anisotropic diffusion
exhibited by the nerve, and processing said data represen-
tative of anisotropic diffusion to generate said data set
describing the shape and position of the nerve.

23. The method of claim 18, wherein the non-neural tissue
includes fat, and the steps of exposing the in vivo region to
an excitation field and producing an output involve the
excitation of any fat in the in vivo region in a manner
designed to suppress the contribution of the fat to the output.

24. The method of claim 23, wherein the step of process-
ing further includes the step of analyzing the output for
information representative of fascicles found in peripheral
nerves, cranial nerves numbers three through twelve, and
autonomic nerves.

25. The method of claim 18, wherein step (d) includes the
step of selecting a combination of echo time and repetition
time that exploits a characteristic spin-spin relaxation coef-
ficient of peripheral nerves, cranial nerves numbers three
through twelve, and autonomic nerves, said spin-spin retax-
ation coefficient of these nerves being substantially longer
than that of other surrounding tissue.

26. The method of claim 18, wherein step (d) includes the
step of controlling said step (b) to expose the in vivo region
to an excitation field that induces a magnetization transfer
from non-anisotropically diffusing water in the in vivo
region to anisotropically diffusing water in said nerve, to
more readily distinguish the nerve from non-neural tissue.

10

15

20

25

30

35

40

45

50

55

60

65

42

27. The method of claim 26, wherein the non-neural tissue
includes fat and said method further comprises exposing the
in vivo region to electromagnetic fields that suppress the
contribution of the fat in said output prior to producing an
output at step (c).

28. The method of claim 18, wherein the in vivo region
includes blood vessels and said step (d) suppresses the blood
vessels from said data set.

29. The method of claim 28, wherein the conspicuity of
nerve is enhanced in said output and said steps (a), (b), and
(c) are performed a second time to produce a second output
in which the conspicuity of blood vessels is enhanced and
wherein said step (e) of processing the output includes the
step of processing said output and said second output to
suppress the blood vessels from said data set.

30. The method of claim 18, wherein if the non-neural
tissue in said in vivo region includes blood vessels and
cerebrospinal fluid, said step (d) includes the step of select-
ing the polarizing field of step (a) and the excitation field of
step (b) to suppress the blood vessels and the cerebrospinal
fluid from said data set.

31. The method of claim 18, wherein said step (c) includes
the step of processing said output on an interleaved pixel-
by-pixel basis to suppress the influence of motion of the in
vivo region on said data set.

32. The method of claim 18, wherein said method further
includes the step of immobilizing the in vivo region in a
splint to reduce motion artifact in said data set.

33. The method of claim 18, wherein the in vivo region
includes a plurality of peripheral nerves, cranial nerves
numbers three through twelve, or autonomic nerves, and
said method further includes the step of administering a
contrast agent to a selected one of the plurality of peripheral
nerves, cranial nerves numbers three through twelve, or
autonormic nerves to remove said selected one nerve from
said data set.

34. The method of claim 18, wherein the intensity of said
nerve in said data set is at least 10 times that of non-neural
tissue in the in vivo region.

35. The method of claim 18, wherein said method further
includes the step of processing said data set to generate an
image displaying the shape and position of said nerve.

36. A method of utilizing magnetic resonance to deter-
mine the shape and position of a structure, said method
including the steps of:

(a) exposing a region to a magnetic polarizing field
including a predetermined arrangement of diffusion-
weighted gradients, the region including a selected
structure that exhibits diffusion anisotropy and other
structures that do not exhibit diffusion anisotropy;

(b) exposing the region to an electromagnetic excitation
field;

(c) for each of said diffusion-weighted gradients, sensing
a resonant response of the region to the excitation field
and the polarizing field including the diffusion-
weighted gradient and producing an output indicative
of the resonant response; and

(d) vector processing said outputs to generate data repre-
sentative of anisotropic diffusion exhibited by said
selected structure in the region, regardless of the align-
ment of said diffusion-weighted gradients with respect
to the orientation of said selected structure; and

(e) processing said data representative of anisotropic
diffusion to generate a data set describing the shape and
position of said selected structure in the region, said
data set distinguishing said selected structure from
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other structures in the region that do not exhibit diffu-
sion anisotropy.
37. The method of claim 36, wherein said selected struc-
ture is neural tissue in a mammal and said other structures
are non-neural tissue in the mammal.
38. The method of claim 37, wherein said step of pro-
cessing said data representative of anisotropic diffusion
includes the steps of:
analyzing said data representative of anisotropic diffusion
to determine an effective direction of the anisotropic
diffusion exhibited by said neural tissue, so as to
determine an optimal orentation for diffusion-
weighted gradients;
exposing the region to two additional diffusion-weighted
gradients respectively substantially parallel to and sub-
stantially perpendicular to said effective direction;

producing two additional outputs indicative of the
region’s resonant responses respectively to said two
additional diffusion-weighted gradients; and

calculating a difference between said two additional out-
puts to generate said data set describing the shape and
position of said neural tissue.

39. The method of claim 37, wherein said data set
describing the shape and position of said neural tissue
describes the shape and position of a selected cross section
of said neural tissue, and the steps used to generate said data
set are repeated to generate additional data sets describing
different cross sections of said neural tissue, and a further
data set that describes the three dimensional shape and
position of a segment of said neural tissue is generated by
steps including:

analyzing the data representative of anisotropic diffusion

to determine how to relate said data set and said
additional data sets describing the shape and position of
cross sections of said neural tissue; and

based upon the results of said step of analyzing the data
representative of anisotropic diffusion, combining said
data set and said additional data sets to generate said
further data set that describes the three dimensional
shape and position of the segment of said neural tissue,
thereby enabling the three dimensional shape and posi-
tion of curved neural tissue to be described.

40. The method of claim 39, wherein said step of ana-
lyzing the data representative of anisotropic diffusion
includes determining an effective direction of the anisotropic
diffusion exhibited by said neural tissue in each of said
selected and different cross sections.

41. The method of claim 37, wherein said predetermined
arrangement of gradients includes first, second, and third
orthogonal gradients, and said data representative of aniso-
tropic diffusion include a description of an effective vector
representative of the anisotropic diffusion exhibited by said
neural tissue.

42. The method of claim 41, wherein said data set
describing the shape and position of said neural tissue is
based upon the length of said effective vector.

43. The method of claim 42, wherein the step of exposing
the region to a magnetic polarizing field includes the step of
exposing the region to a zero diffusion gradient polarizing
field that does not include a diffusion-weighted gradient, the
step of producing an output includes the step of producing
a zero diffusion gradient output indicative of the region’s
resonant response to said zero diffusion gradient polarizing
field, and the length of said effective vector is normalized by
a magnitude of said zero diffusion gradient output.

44. The method of claim 41, wherein said data set
describing the shape and position of said neural tissue is
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based upon an angle describing in part the direction of said
effective vector.
45. The method of claim 41, wherein said step of pro-
cessing said data representative of anisotropic diffusion
includes the steps of:
exposing the region to two additional diffusion-weighted
gradients respectively substantially parallel to and sub-
stantially perpendicular to the direction of said effective
vector representative of the anisotropic diffusion exhib-
ited by said neural tissue;
producing two additional outputs indicative of the
region’s resonant responses respectively to said two
additional diffusion-weighted gradients; and

calculating a difference between said two additional out-
puts to generate said data set describing the shape and
position of said neural tissue.

46. The method of claim 41, wherein said data set
describes the shape and position of a selected cross section
of said neural tissue, and the steps used to generate said data
set are repeated to generate additional data sets describing
different cross sections of said neural tissue, and a further
data set that describes the three dimensional shape and
position of a segment of said neural tissue is generated by
steps including:

analyzing the data representative of anisotropic diffusion

to determine how to relate said data set and said
additional data sets describing the shape and position of
cross sections of said neural tissue; and

based upon the results of said step of analyzing the data
representative of anisotropic diffusion, combining said
data set and said additional data sets to generate said
further data set that describes the three dimensional
shape and position of the segment of said neural tissue,
thereby allowing the three dimensional shape and posi-
tion of curved neural tissue to be described.
47. The method of claim 46, wherein said step of ana-
lyzing the data representative of anisotropic diffusion
includes the step of analyzing the direction of the effective
vector representative of the anisotropic diffusion exhibited
by said neural tissue in each of said cross sections.
48. The method of claim 46, wherein said step of pro-
cessing said data representative of anisotropic diffusion
includes the steps of:
analyzing said data representative of anisotropic diffusion
to determine an effective direction of the anisotropic
diffusion exhibited by said selected structure, so as to
determine an optimal orientation for diffusion-
weighted gradients;
exposing the region to two additional diffusion-weighted
gradients respectively substantially parallel to and sub-
stantially perpendicular to said effective direction;

producing two additional outputs indicative of the
region’s resonant responses respectively to said two
additional diffusion-weighted gradients; and

calculating a difference between said two additional out-
puts to generate said data set describing the shape and
position of said selected structure.

49. The method of claim 36, wherein said data set
describing the shape and position of said selected structure
describes the shape and position of a selected cross section
of said selected structure, and the steps used to generate said
data set are repeated to generate additional data sets describ-
ing different cross sections of said selected structure, and a
further data set that describes the three dimensional shape
and position of a segment of said selected structure is
generated by steps including;:
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analyzing the data representative of anisotropic diffusion
to determine how to relate said data set and said
additional data sets describing the shape and position of
cross sections of said selected structure; and

based upon the results of said step of analyzing the data
representative of anisotropic diffusion, combining said
data set and said additional data sets to generate said
further data set that describes a three dimensional shape
and position of the segment of said selected structure,
thereby allowing the three dimensional shape and posi-
tion of a curved structure exhibiting anisotropic diffu-
sion to be described.

50. The method of claim 36, wherein said predetermined
arrangement of gradients includes first, second, and third
orthogonal gradients, and said data representative of aniso-
tropic diffusion include a description of an effective vector
representative of the anisotropic diffusion exhibited by said
selected structure.

51. A method of utilizing magnetic resonance to deter-
mine data representative of diffusion anisotropy exhibited by
a structure, said method including the steps of:

(a) exposing a region to a suppression sequence of elec-
tromagnetic fields that suppresses the electromagnetic
responsiveness of structures in the region that do not
exhibit diffusion anisotropy, so as to increase the appar-
ent diffusion anisotropy of structures in the region that
exhibit diffusion anisotropy, said suppression sequence
of electromagnetic fields not including diffusion-
weighted magnetic gradients;

(b) exposing the region to a predetermined arrangement of
diffusion-weighted magnetic gradients, said predeter-
mined arrangement of diffusion-weighted magnetic
gradients chosen to:

i) emphasize a selected structure in the region exhib-
iting diffusion anisotropy in a particular direction;
and

ii) suppress other structures in the region exhibiting
diffusion anisotropy in directions different from said
particular direction;

(c) for each of said diffusion-weighted gradients, sensing
a resonant response of the region to the diffusion-
weighted gradient and producing an output indicative
of the resonant response; and

(d) processing said outputs to generate data representative
of the diffusion anisotropy of the selected structure.

52. The method of claim 51, wherein said data represen-

tative of the diffusion anisotropy of the selected structure is
processed to produce a data set that describes the shape and
position of the selected structure.

53. The method of claim 52, wherein the selected diffu-

sion anisotropic structure is neural tissue in vivo and living.

54. A magnetic resonance apparatus for determining data

representative of the diffusion anisotropy exhibited by a
structure, said apparatus including:

(2) excitation and output arrangement means for exposing
a region to a suppression sequence of electromagnetic
fields that suppresses the electromagnetic responsive-
ness of structures in the region that do not exhibit
diffusion anisotropy, so as to increase the apparent
diffusion anisotropy of structures in the region that
exhibit diffusion anisotropy, said suppression sequence
of electromagnetic fields not including diffusion-
weighted magnetic gradients;

(b) polarizing field source means positioned near said
excitation and output arrangement means for exposing
the region to a predetermined arrangement of diffusion-
weighted magnetic gradients chosen to:
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i) emphasize a selected structure in the region exhib-
iting diffusion anisotropy in a particular direction;
and

ii) suppress other structures in the region exhibiting

5 diffusion anisotropy in directions different from said
particular direction, said excitation and output
arrangement means further for sensing a resonant
response of the region to the diffusion-weighted
gradient and producing an output indicative of the
resonant response, for each of said diffusion-
weighted gradients; and

(c) processor means coupled to said excitation and output

arrangement means for processing said outputs to gen-

erate data representative of the diffusion anisotropy of
the selected structure.

55. A magnetic resonance apparatus for determining the
shape and position of a structure, said apparatus including:

(2) polarizing field source means for exposing a region to

a magnetic polarizing field including a predetermined

arrangement of diffusion-weighted gradients, the

region including a selected structure that exhibits dif-
fusion anisotropy and other structures that do not
exhibit diffusion anisotropy;

(b) excitation and output arrangement means positioned

near said polarizing field source means for:

i) exposing the region to an electromagnetic excitation
field; and

if) for each of said diffusion-weighted gradients, sens-
ing a resonant response of the region to the excitation
field and the polarizing field including the diffusion-
weighted gradient and producing an output indica-
tive of the resonant response; and

(c) processor means coupled to said excitation and output

arrangement means for:

i) vector processing said outputs to generate data rep-
resentative of anisotropic diffusion exhibited by the
selected structure in the region, regardless of the
alignment of said diffusion-weighted gradients with
respect to the orientation of said selected structure;
and

i) processing said data representative of anisotropic
diffusion to generate a data set describing the shape
and position of said selected structure in the region,
said data set distinguishing said selected structure
from other structures in the region that do not exhibit
diffusion anisotropy.

56. The apparatus of claim S5, wherein said selected
structure is neural tissue in a- mammal and said other
structures are non-neural tissue in the mammal.

57. The apparatus of claim 56, wherein:

said processor means is further for analyzing said data

representative of anisotropic diffusion to determine an

effective direction of the anisotropic diffusion exhibited
by said neural tissue, so as to determine an optimal
orientation for diffusion-weighted gradients;

said polarizing field source means is further for exposing

the region to two additional diffusion-weighted gradi-

ents respectively substantially parallel to and substan-
tially perpendicular to said effective direction;

said excitation and output arrangement means is further

for producing two additional outputs indicative of the

region’s resonant responses respectively to said two
additional diffusion-weighted gradients; and

said processor means is further for determining the dif-

ference between said two additional outputs to generate

said data set describing the shape and position of said
neural tissue.
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58. The apparatus of claim 56, wherein said data set
describing the shape and position of said neural tissue
describes the shape and position of a selected cross section
of said neural tissue, and said apparatus is further for
generating additional data sets describing different cross
sections of said neural tissue, and said processor means is
further for calculating a further data set that describes the
three dimensional shape and position of a segment of said
neural tissue by:

analyzing the data representative of anisotropic diffusion
to determine how to rclate said data set and said
additional data sets describing the shape and position of
cross sections of said neural tissue; and

based upon the results of said analyzing the data repre-
sentative of anisotropic diffusion, combining said data
set and said additional data sets to generate said further
data set that describes the three dimensional shape and
position of the segment of said neural tissue, thereby
allowing a three dimensional shape and position of
curved neural tissue to be described.

59. The apparatus of claim 56, wherein said predeter-
mined arrangement of gradients includes first, second, and
third orthogonal gradients, and said data representative of
anisotropic diffusion include a description of an effective
vector representative of the anisotropic diffusion exhibited
by said neural tissue.

60. The apparatus of claim 55, wherein:

said processor means is further for analyzing said data

representative of anisotropic diffusion to determine an
effective direction of the anisotropic diffusion exhibited
by said selected structure, so as to determine an optimal
orientation for diffusion-weighted gradients;

said polarizing field source means is further for exposing

the region to two additional diffusion-weighted gradi-
ents respectively substantially parallel to and substan-
tially perpendicular to said effective direction;

said excitation and output arrangement means is further

for producing two additional outputs indicative of the
region’s resonant responses respectively to said two
additional diffusion-weighted gradients; and

said processor means is further for determining a differ-

ence between said two additional outputs to generate
said data set describing the shape and position of said
selected structure.
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61. The apparatus of claim 55, wherein said data set
describing the shape and position of said selected structure
describes the shape and position of a selected cross section
of said selected structure, and said apparatus is further for
generating additional data sets describing different cross
sections of said selected structure, and said processor means
is further for determining a further data set that describes the
three dimensional shape and position of a segment of said
selected structure by:

analyzing the data representative of anisotropic diffusion
to determine how to relate said data set and said
additional data sets describing the shape and position of
cross sections of said selected structure; and

based upon the results of said analyzing the data repre-
sentative of anisotropic diffusion, combining said data
set and said additional data sets to generate said further
data set that describes the three dimensional shape and
position of the segment of said selected structure,
thereby enabling a three dimensional shape and posi-
tion of curved structure exhibiting anisotropic diffusion
to be described.

62. The apparatus of claim 55, wherein said predeter-
mined arrangement of gradients includes first, second, and
third orthogonal gradients, and said data representative of
anisotropic diffusion include a description of an effective
vector representative of the anisotropic diffusion exhibited
by said selected structure.

63. The method of claim 61, wherein the selected diffu-
sion anisotropic structure is a member of the group consist-
ing of peripheral nerves, cranial nerves numbers three
through twelve, and autonomic nerves, and is living,

64. The apparatus of claim 61, wherein said processor
means is further for processing said data representative of
the diffusion anisotropy of the selected structure to produce
a data set that describes the shape and position of the
selected structure.

65. The apparatus of claim 64, wherein the selected
diffusion anisotropic structure is neural tissue and is living.

66. The apparatus of claim 64, wherein the selected
diffusion anisotropic structure is a member of the group
consisting of peripheral nerves, cranial nerves numbers three
through twelve, and autonomic nerves, and is living.
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FIGURE 14.3 Radiofrequency (RF) and gradient pulse timing of the spin echo sequence modified to incorporate fat suppression and diffusion
weighting.Note the position of the readout dephasing gradient, which is placed toward the end of the sequence to minimize the effects of coupling

between the imaging and diffusion-weighting gradients.’® The two split parts of the phase-encoding gradient are oppositely polarized and placed
symmetrically around the time of the 180-degree inversion RF pulse. This arrangement nearly eliminates cross terms and allows high-resolution
imaging no matter the angle of the diffusion gradient relative to the x, y, and z location gradients. This is the key inventive advance that made all
subsequent diffusion tensor and vector anisotropy methods possible. The authors produced the first pyramidal tract tractogram within a few weeks of
the discovery.

From Howe FA, Filler AG, Bell BA, Griffiths JR. Magnetic resonance neurography Magn Reson Med. 1992;28(2):328-338.

The next step in the development of DTI was to show that diffusion-related MRI could in fact detect directional structure in brain tissue as the inventors had
anticipated when multiple directions of off-angle diffusion gradients were used and a mathematical calculation of a vector or tensor direction was made in each
voxel —a method developed with regard to vectors by Todd Richards (one of the US patent number 5,560,360 co-inventors from the University of Washington) and
extended to tensors by Filler.

The final step was to apply the connected voxel algorithms that had been used for MR angiography to the directional information in each voxel so that selected
white matter tracts could be visualized by starting at a seed location and using the orientation data to march along from voxel to voxel with a result that shows the
actual white matter tracts in the brain in a way that could be captured in a medical image. This was developed by Jay Tsuruda (a neuroradiologist who is a coauthor
of Moseley’s seminal 1990 paper'®), the fourth of the University of Washington US patent number 5,560,360 inventors in further work with Filler. These original
discoveries that underlie the technology were made 30 years ago. There are now more than 20,000 peer-reviewed publications in this field, and the pace of research
and optimization continues to progress.

History of the Invention of Diffusion Tensor Imaging

This work emerged from two groups working in this area during 1991 and 1992 on the fundamental method of data acquisition for DTI—one team led by
neurosurgical resident Aaron Filler and colleagues at the University of Washington (Todd Richards and Jay Tsuruda) and University of London (Franklyn
Howe)'®!? and, separately, a second team led by Peter Basser?’ and Dennis Le Bihan?! at the National Institutes of Health (NIH). In 1994 Peter Basser, an engineer,
and Denis Le Bihan, a physician with training in neurosurgery and radiology, along with James Mattiello, a medical physicist, published a critical foundational
paper in this field setting forth the mathematical basis for the design of the imaging method.? The first pyramidal tract tractogram image from the Filler group was
published in 19967 (filed in 1993) and the first from the Basser group, with Carlo Pierpaoli, appeared in 2000.242

Both Filler and Basser were involved in strain gauge mathematics at Harvard University in the early 1980s—Basser as an undergraduate and Filler as a graduate
student. This was one of two areas in which tensor mathematics was applied at Harvard's Museum of Comparative Zoology (Functional Morphology group) and
Department of Anthropology.??® The application of the tensor method in structural and functional biology was taught by Filler and others as part of Harvard’s
Biology 21 course. Filler also worked with Terrence Deacon doing axonal transport tracer studies to study the anatomy of the arcuate fasciculus in primates? and
for peripheral nerve imaging.* Filler had been applying multivariate mathematics for analysis of brain anatomy dating back to a bachelor’s thesis at the University
of Chicago in 1977.
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In 1990 Lisa Tauxe,??%3! working with David Pilbeam’s team at the Department of Anthropology at Harvard, published an application of tensor mathematics for
use in the field of magnetic stratigraphy —the use of changes in the direction of the earth’s magnetic field to identify stratigraphic layers. This was to support efforts
to provide dates for hominoid fossils from the Miocene era (12 million years ago) in the Siwalik mountains of Pakistan. In the method, magnetometer data were
collected from six different directions for each rock sample, so that a tensor could be determined that showed the orientation of the magnetic field in each sample.
Numerous samples were collected, their orientation was noted when they were collected, and then each was subjected to tensor analysis from multiple directions so
that magnetic flux stratigraphic lines in the mountainside could be determined.

Filler was a graduate student and lecturer in this research group (1979-1984), but later applied this exact mathematical paradigm to axonal directions to
determine tracts in the brain, along with colleagues Todd Richards, an MR physicist who created software to determine the vector array for the brain; Franklyn
Howe, who designed MRI pulse sequences capable of acquiring the data; and Jay Tsuruda, a neuroradiologist who showed how to postprocess the image data to
depict the tracts. Both Tsuruda and Richards had trained under Michael Moseley, who introduced diffusion-weighted imaging (DWI) to brain imaging in 1990.15°%
34

Filler, who in 1990 was a fourth-year resident in neurosurgery at the University of Washington under H. Richard Winn, filed a National Research Service Award
(NRSA) grant application for a new method of MRI with off-angle gradients for anisotropic diffusion imaging in May 1991. This was rejected by NIH in October
1991 on the grounds that (1) the project was just about developing a method and had not focused on any one specific neurological hypothesis and (2) Filler had been
unable to identify any experienced supervisor in this field (a field that had not yet come into existence).

Filler was seconded to London to work as a neurosurgery registrar at Atkinson Morley’s Hospital in Wimbledon—the site where Hounsfield invented and built
the first CT scanner.!? In light of the NIH grant rejection, the consultant neurosurgery staff of Atkinson Morley’s Hospital—David Uttley, Anthony Bell, Henry
Marsh, and Anne Moore—decided to put up funds from the hospital research foundation to support the project. When the project succeeded, Filler gave the first
report of the new advance in imaging axonal flow by MRI at a joint meeting of the Society of British Neurological Surgeons and the New England Neurosurgical
Society at a September 19, 1991 conference at the National Hospital for Neurology and Neurosurgery at Queen Square in London.

Peter Basser came to NIH in 1991 as an engineer working on strain gauges and magnetic stimulation of nerves, with no involvement or background in medical
imaging. In September 1991, he came across a poster from another NIH scientist, Denis Le Bihan, showing early work in MRI of diffusion anisotropy. Basser
realized that the tensor formalism he had learned as a student at Harvard could be applied to solve part of the imaging problem that Le Bihan was struggling with.
On November 11, 1991, he wrote a confidential letter to several colleagues proposing the mathematical tensor solution to determining the orientation of diffusion in
a voxel in MRL? essentially applying the same mathematics in which both Filler and he had been trained by the same sources at Harvard.

Filler, Howe, Richards, and Tsuruda—the four inventors on the Seattle/London patent—had poster presentations at the International Society for Magnetic
Resonance in Medicine meeting in Berlin in August 1992; Basser, Le Bihan, and Mattiello had their poster in the same hall at the same meeting. Michael Moseley,
one of the leading diffusion MRI scientists, saw the posters from Filler, Howe, Richards, and Tsuruda in Berlin, obtained copies of their images from them, and
presented the work as part of a plenary session for the annual meeting of the Society for Magnetic Resonance Imaging in San Francisco in March 1993 in front of
hundreds of MRI scientists. Denis Le Bihan was the moderator of the San Francisco session. The Seattle/London patent23 was filed in March 1993 as well, and
subsequently Basser, Le Bihan, and Mattiello filed their patent®® in August 1993.

However, despite filing a patent, neither Basser nor Le Bihan knew how to collect the off-angle diffusion data necessary to actually make the image. Filler and
Howe solved this problem and generated the first image data.

Richards wrote a program in Fortran on a Mac computer that took the diffusion data and then performed the voxel-by-voxel calculation on an actual brain MRI
image data set to determine a mathematical summary of neural direction in each voxel of a brain image. Tsuruda showed how to generate a pyramidal tract
tractogram from Todd Richard’s data by mathematically marching from voxel to voxel, and the result of the work by the four inventors is Figure 17 in US patent
number 5,560,360 —a patent with initial filings in the United Kingdom in March 1992 and completed filing in the United States in March 1993% (Fig. 14.4).

FIGURE 14.4 The image on the /eft is the first tractogram explaining in the patent that an infinite number of gradient directions could be applied and
then calculated by tensor and vector analysis methods. This image was made by applying a seed-based connectivity algorithm from an MR
angiography application but using the criteria of adjacency and similarity of arctangent orientation to select and extend voxel inclusion. The result was
a curving tractogram on each side, selectively showing the pyramidal tract bilaterally.

From Filler AG, Howe FA, Richards TR, Tsuruda JS. Image neurography and diffusion anisotropy imaging, US Patent 5,560,360, 1° filed March 8 1993 with priority to March 9,
1992. Figure 17.
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Basser, Mattielo, and Le Bihan filed their patent in August 1993,% but it covered only a proposed method for collecting DTI data at a voxel level, with no means of
performing the voxel-by-voxel calculations in an image array, and no method for tractography. They could not create a recognizable first brain image, but only
rotated a pork loin in an MRI scanner to show that the fibers would change intensity when the muscle tissue was reoriented.

The key difference in the two images—a set of two-dimensional gray patches versus a pyramidal tract tractogram—was due to a discovery by Filler and Howe,
which they reported in 1992'* but which Basser and Le Bihan and others failed to notice in the literature. Many researchers at the time knew that a tensor method
needed to be developed. Both Filler and Basser were familiar with the tensor mathematics. However, none of the other scientists solved a difficult issue in MRI
physics that was blocking the way forward.

There is an interference that arises, called a cross term, in which the magnetic field from a diffusion gradient shot in at an off angle disrupts the magnetic field
from the location gradients that are along the x-, y-, and z-axes of the scanner, which are necessary for MR imaging. Multiple researchers at the time knew that this
was the unsolved problem (see Moseley et al.,'> Mori and van Zijl,'” Le Bihan et al.,'* and Conturo et al.*). Indeed, Basser reported in his history that when he told
Le Bihan they just needed to measure the diffusion signal in six different directions, he was crestfallen when Le Bihan said he knew this was necessary, but no one
knew how to do it.20

This was the problem that Filler and Howe solved in February 199232 —developing a process of refocusing the location gradients in order to virtually eliminate
the destructive cross terms. Mori and van Zijl published a nearly identical strategy to reduce the interference in their 1995 paper,'” but this was not sufficient by
itself to make DTI possible. As pointed out by the Filler group, with this solution set forth in detail in their patent, diffusion gradient application directed from an
essentially infinite number of different directions is possible.?

The Basis of Diffusion Anisotropy Imaging
Physics Underlying the Image Signal in Nuclear Magnetic Resonance

The physical basis of the DTI technique is that water tends to diffuse more rapidly along the long axis of an axon as opposed to diffusing transversely through the
walls of the axon. At a theoretical level, water should be able to diffuse transversely through axon membranes and myelin sheaths, but the directionality of water
diffusion in neural tissue is well proven. When water diffuses uniformly in all directions in a material or tissue, that pattern is described as isotropic, or equal in all
directions. When there is a preferred direction of diffusion, then the behavior of water in that tissue is termed anisotropic.

Fundamentally, MRI scanning is based on measurement of nuclear spins of water protons. A proton in a given compound (such as the hydrogen proton in a
water molecule) spins around its axis at a rate that is related to a surrounding magnetic field based on the Larmor equation. Stated simply, for example, if the
applied magnetic field is at 4.7 T, the water protons will have an intrinsic spin rate of exactly 200 MHz (200 million times around per second). If radiofrequency (RF)
energy is pumped into the volume of water in the 4.7-T field at a frequency of 200 MHz, then that will be introducing energy at exactly the resonant frequency of
those protons, and they will commence absorbing the energy.

At the start, all of the protons can be thought of as standing vertically, each spinning on its axis and all aligned with the direction of the main magnetic field of the
scanner. The absorbed energy cannot make the proton spin any faster; however, like a top, the proton’s magnetic axis may be pushed off of vertical so that the
protons begin to precess, all coherently with one another, in response to the incoming wave of the applied RF signal. In MR, a pulse of RF is applied at the exact
necessary frequency and then the RF is turned off and an antenna is brought into use to detect an RF signal coming back from the spinning protons as they
coherently precess en masse, giving off their excess energy as the “spinning tops” return toward vertical. With elapsing time—a few microseconds—the excess
energy will gradually be transmitted out of the coherently spinning protons, and the signal from the protons will decay away as their vertical axis of spin returns to
alignment with the main magnetic field.

In T1 or T2 MR paradigms, the rate of decay provides the image contrast, with some tissues having faster or slower rates of decay. T1 decay relates to interactions
between the spinning protons and magnetically active components in surrounding tissue components, whereas T2 contrast is related to decay interactions with
other spinning protons.

Use of Location Gradients to Create a Magnetic Resonance Image

The difference between nuclear magnetic resonance (NMR)—a laboratory technique going back to the 1950s—and MRI is the application of “locational” magnetic
gradients that establish a three-dimensional Cartesian grid in MRL.” A gradient is an addition to the main magnetic field such that, for instance, for voxels on the
left side of the imaging volume the field strength is at 4.72 T and for voxels on the right side of the volume the field strength is at 4.68 T. The spin frequency for
protons in the voxels on the left will be higher (e.g., 200.1 MHz), and the resonant frequency for protons in the voxels on the right side will be lower (e.g., 199.8
MHz).

The gradient is turned on briefly by running an electrical current through a loop of wire that results in generation of a magnetic field. The field is strongest near
the loop and lowest at a distance, so there is a gradient from weak to strong along one direction. A first gradient is applied from head to foot (axial or z-axis—“slice
select”), a second gradient is applied from back to front (anteroposterior or y-axis—“phase encode”), and a third gradient is applied right to left (transverse or x-
gradient— “frequency encode”). When all three gradients are used, each voxel in the three-dimensional volume will have a unique and different field strength, so
each will have a unique and distinct resonant frequency and phase. The system can learn about signal strength in each voxel and know exactly where in the three-
dimensional grid each of the voxel signal return sources is located.

With this—the invention of MRI (by Paul Lauterbur and by Raymond Damadian!®)—it became possible to individually and separately address different voxels in
an image. If one wanted to test a voxel in the lower left part of the volume in the back, one would use a lower precise frequency to stimulate and the antenna to
learn the decay rate in that voxel, and so on. In this fashion the decay rate could be individually measured in each separate voxel in the imaged volume, such as the
brain. Operationally, all the different frequencies are pumped in at the same time (often slice by slice).The receiving antenna receives a complex cacophony of
thousands of signals at the full array of frequency and uses the mathematics of Fourier transforms to sort the data into an ordered array of data measurements. The
measurements are repeated a number of times over—for example, a second—and some voxels will begin to decay in strength faster. For a T2 image, voxels with
cerebrospinal fluid (CSF) will decay slowly and will still have a bright strong signal at the end of the second, whereas voxels with denser brain tissue will have
return resonance signals that decay more rapidly and so can be shown as a darker voxel (three dimensional) or a darker pixel (two dimensional) on an image on the
screen.
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Diffusion-Weighted Magnetic Resonance Imaging

Diffusion MRI is based on the addition of an additional magnetic field gradient during the image acquisition. In this case the gradient is used to make a
measurement of the diffusion of water. When the diffusion gradient is applied there will be (as for the imaging gradients), for example, a higher field strength on
the left side of the voxel and a lower strength on the right side of the voxel. If water molecules with their protons diffuse (physically move or spread owing to
brownian forces of energy such as heat) equally in all directions, then the diffusion is isotropic or equal in all directions.

At the initial instant of the imaging experiment, all the water molecules in the voxel are set to precessing coherently, all spinning at their resonant frequency for
the applied field strength (e.g., 4.7 T, so 200 MHz). However, as some of the water molecules wander, by diffusion, into an area of the voxel where the applied
diffusion gradient is stronger, they will speed up. Others will diffuse or spread into areas of the voxel where the applied main magnetic field is weaker and will
slow down by a small amount. Very soon the various water protons in the voxel will each have their own distinct spin rate frequencies. The coherence of the signal
will have decayed owing to their diffusion or physical movement in the voxel.

In a voxel with isotropic diffusion (e.g., CSF), this decay of the coherent signal due to diffusion movements will happen at exactly the same rate whether the
diffusion gradient is applied from right to left or from head to toe, and so on. However, in axons, diffusion is anisotropic. Water molecules diffuse preferentially up
and down the length of an axon. If, for instance, a peripheral nerve is to be imaged as to diffusion, we can consider what happens when a gradient is applied
perpendicular to the nerve direction. The entire length of the nerve will travel along at one level of the gradient strength. The water diffusion preferentially up and
down the length of the axon will not experience decay from diffusion, because as the molecules diffuse up and down along the axon, they remain at the same
gradient strength. However, if the gradient is then turned so that it is applied down the length of the nerve—higher strength proximally, lower strength distally —
then as the water diffuses the molecules will move rapidly into higher or lower magnetic field strengths at a rapid rate and there will be accelerated decay from
diffusion.

In isotropic tissue, the gradual decay rate caused by the diffusion gradient is the same no matter which way the gradient is oriented. However, for an anisotropic
tissue such as a nerve axon, the rate of diffusion decay is highly dependent on the orientation of the applied diffusion gradient. Because of this difference, a given
voxel will remain brightest when the gradient is applied perpendicular to the long axis of an axon passing through it; will be intermediate in decay rate if it contains
isotropic tissue; and will decay rapidly, becoming dark in intensity, if it contains an axon and the gradient is applied parallel to the direction of the axon. Because of
this, we can learn about the direction in which an axon is oriented by the way its image signal strength responds to the orientation of a particular applied diffusion
gradient.

Diffusion MRI was first introduced into clinical use because of its capability to detect stroke in an MRI scan. There is a characteristic pattern of image intensities in
a brain MRI image slice when diffusion gradients are applied. However, in the setting of stroke, axons start to lose their apparent diffusion when they suffer
infarction. Therefore the image characteristics of a diffusion-weighted MR image will start to change in an area affected by stroke. The affected area of neural tissue
will begin to act as if it were restricted or decreased rather than unrestricted. For diffusion-weighted MRI, there is no need to know the precise direction of
diffusion.

One additional technical aspect of diffusion MRI is that the diffusion gradient is pulsed on twice during each acquisition to actually detect the effect. In essence, it
is turned on briefly to “label” the protons by giving them a particular coherent spin at their location at the beginning of the acquisition and then it is pulsed on a
second time a few milliseconds later with the two pulses symmetrically placed on either side of the 180-degree inversion pulse. The difference in physical position
in the gradient between the two pulses will sharply and precisely delineate the effects of diffusion. This is called a Stejskal-Tanner pulse after its two developers.!*3

Diffusion Anisotropy Imaging: Tensor and Vector Techniques

As described earlier, when the orientation of a nerve is simple and linear and known in advance (such as the median nerve in the upper arm), diffusion-weighted
gradients can be applied parallel or perpendicular to the nerve to show the anisotropy, or health, of the nerve. However, as in many locations for peripheral nerves
and for most locations in the brain, neural tracts will curve and turn as they progress, so there is no simple method of planning a perpendicular or parallel diffusion
gradient. In DTI or in vector versions (e.g., HARDI, Q-Ball imaging), a larger number of gradient directions are applied and mathematical methods are then used to
calculate neural direction on a voxel-by-voxel basis.

Note, however, that the diffusion gradients have to be set to about 10 times the strength of the location gradients in order to work. Without diffusion gradients,
there is an ordered array of magnetic field strengths voxel by voxel in a cube generated by the x, y, and z gradients. With the addition of a far more powerful
gradient from some off angle, the ordered array of field strengths set up by the location gradients, particularly the “phase encode” or y gradient, turns to chaos.
These interactions are called cross terms, and they made it impossible to actually get a useful image when off-angle gradients were applied to generate tensor data.

For standard diffusion-weighted MRI, a single diffusion gradient could be applied parallel to one of the location gradients. The cross terms could be managed in
this situation by using a balanced opposing pair of gradients—for example, one pointing along the x-axis and a second one pointing in the same orientation but
from the opposite direction.”® However, to calculate a tensor, it was necessary to send in diffusion gradients from multiple different angles. As Mori pointed out,!”
the two balanced pulses Neeman® had proposed have to arrive at substantially different times, so diffusion is progressing between the two arrival times and
therefore full correction is not possible. With the added the complexity of a gradient that is not parallel to the location gradient, the geometry of correction becomes
inordinately complex. The cross terms get far more complicated. There is then the additional issue that multiple images, at least seven, will be obtained with
different gradient orientations, so failures of compensation will be different from one gradient direction to the next, even as the water molecules are diffusing in
complex, anatomically determined pathways that do not follow a Cartesian grid.

The fundamental invention that created the field of DTI—which is wholly attributable to the Filler group in their US patent number 5,560,360 —was a method for
allowing a non-Cartesian gradient (a gradient not directed along the x-, y-, or z-axis) to be applied without destroying the locational gradients (x, y, and z). Unlike in
other scientific fields (such as the use of tensor analysis to determine the direction of magnetization in anisotropic rocks by the Harvard group where Filler trained
[Tauxe?” and colleagues]) the same physical process (precisely oriented magnetic field gradients) is used to create the image in MRI and to apply the method for
disruption to assess diffusion direction and anisotropy.

Filler identified the problem in 1991 and tasked Franklyn Howe, an MRI physicist, with finding a refocusing method that would work intrinsically with each
gradient orientation (no balanced pair). Howe developed two different methods of refocusing the location gradients immediately after each application of a
diffusion gradient so that diffusion could be measured in any direction without disrupting the image being created simultaneously by the image gradients. This
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discovery was published in 1992'% showing detailed highresolution imaging despite application of an off-angle diffusion gradient. With this problem solved, there
was no limit to how many diffusion gradient directions could be obtained without the image being significantly affected by cross terms.

In addition, based on work by co-inventor Todd Richards, the group showed that the image could be constructed in an entirely novel way. In radiography, CT,
MRI, and DWI, the result of imaging is that each voxel in the image is ultimately assigned a single image intensity number (a scalar quantity). These various shades
of black, gray, and white make up the image, whether as exposed silver grains on a film or as pixel intensities on a computer monitor screen.

In the diffusion anisotropy techniques (e.g., DTI, HARDI, Q-Ball), each voxel becomes the subject of a mathematical calculation, with the result that it contains
one or more vectors and not a single scalar quantity. The direction(s) of the vector will show the orientation of axons in the voxel, and the length of the vector will
show the health or relative degree of anisotropy in that voxel. For simple DTI methods, each voxel can contain only one vector. For the vector methods HARDI and
Q-Ball, for instance, there can be multiple vectors in the voxel, illustrating the fact that there may be crossing, joining, or splitting brain tracts captured within a
single voxel. Richards et al.*2 published this methodology for mathematically combining the several different diffusion direction image acquisitions into a single
image whose voxels contained the directional information in 1992 as well.

For all of these diffusion anisotropy methods, the fundamental paradigm is to collect the image by using multiple diffusion gradients (each as a Stejskal-Tanner
paired pulse!®¥). The gradients for a tensor method must be applied in a minimum of six different directions; modern DTI/DVI (diffusion vector imaging) scanning
is typically done with about 30 directions of diffusion, but there may be as many as 256 directions of diffusion gradients applied for super-high resolution analysis.
The MRI unit may still have the original design of just three gradient coils used for the three imaging gradients (x, ¥, and z directions). However, by turning two or
all three of them on together in multiple varying strengths, the scanner can generate an infinite number of diffusion gradient orientations. The gradient refocusing is
carried out in the course of each gradient acquisition.

Prior to this advance, in papers such as the Moseley work on anisotropy, the researcher would publish a grid of four images, one routine with no diffusion, one
showing how the slice appeared with an x-direction gradient, one with the y-direction appearance, and one with the z-direction appearance. Using Todd Richards’s
method, it was possible to do a calculation for each voxel that incorporated all of the image results for that voxel and produced an invariant result. The data in the
voxel would show the calculated orientation in space of an effective vector (either truly a vector or as the summary primary axis of a tensor). In addition, it would
encode in the length of the vector—just how relatively isotropic or anisotropic the tissue was within that particular voxel.

The word tensor is involved for two entirely separate reasons. In physics the phenomenon of diffusion is called a tensor quantity. In anisotropic diffusion in
various materials (rocks, polymer liquid crystal solutions, and so on) there is no single pure direction of movement, but rather the result is a sort of oriented ovoid
or ellipsoid. It cannot be accurately and fully described by a single vector, but rather forms a sort of ovoid cloud of movement, with a long axis and two short axes.
This is described as the tensor quantity phenomenon. One therefore can speak of the diffusion tensor as the quantity to be measured, although in clinical brain MRI
we are interested in the orientation of axons and have no clinical interest in describing the niceties of “the diffusion tensor” of axonal tissue as a general physical
phenomenon.

Separately, there is a type of mathematical analysis developed by Einstein called tensor analysis,!***%¢ which he applied to the study of space and time and also
to the “Brownian motion” of diffusion. This mathematics is one of a number of mathematical techniques that can take an input of multiple vector measurements
and convert them into a result that reveals the orientation and length of the principal axis of the ellipsoid and the orientation and length of the two short axes (Fig.
14.5). This will show whether the ellipsoid is nearly spherical (as occurs in tissues with isotropic diffusion) or whether it is thin and elongated (as occurs in tissues
with anisotropic diffusion), as well as determining the precise orientation in space of the principal or long axis of the ellipsoid. Typically in DTI of the brain, we are
mostly interested in the long axis—its direction and how long is it (relative to the short axes). These are individually calculated for each voxel in the brain.

Isotropic diffusion Anisotropic diffusion Fiber tracking
. \ ‘
A'=A2=23 A'>A2or 23 P 4 .

A B C

FIGURE 14.5 The principal eigenvector is termed A1. This long axis of the ovoid representation of a symmetrical tensor volume is used as an

effective vector to guide the tractography (fiber-tracking) process.'®
From Lerner A, Mogensen MA, Kim PE, Shiroishi MS, Hwang DH, Law M. Clinical applications of diffusion tensor imaging. World Neurosurg. 2014,82(1-2J:96-109.

By contrast, in a vector mathematical analysis, multiple crossing, joining, or splitting tracts can be identified. A typical vector concept is based on treating each

voxel as a multitessellated icosidodecahedron (polyhedron with 60 sides), like an elaborate buckminsterfullerene. We then simply ask if there are any faces of the
polyhedron that are particularly bright on image acquisition. These will be potential multiple different axonal orientations within the single imaged voxel. There are
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also statistical spherical deconvolution methods (Fig. 14.6) that can find multiple maxima for image directional intensity within the data space of each single vector.
For certain regions of the brain, such as the optic radiation, the ability to follow multiple tracts and to follow tracts through sharp turns is critical for patient safety
when tractograms are used to guide glioma surgery.

DTI + Deterministic DTI + Probabilistic CSD + Probabilistic
algorithm algorithm algorithm

FIGURE 14.6 Fiber-tracking results in a healthy human subject obtained using a seed region in the brainstem and target region in the sensorimotor
cortices.Coronal T1-weighted images overlaid with tractography results for diffusion tensor imaging (DT/) combined with a deterministic algorithm
(left); DTI combined with a probabilistic algorithm (middle); and constrained spherical deconvolution (CSD) combined with a probabilistic algorithm

(right). Data were acquired using 60 diffusion-weighted directions with b = 3000 s/mm?. The color-coding indicates the fiber orientation.
Modified from Farquharson S, Tournier JD, Calamante F, et al. White matter fiber tractography: why we need to move beyond DTI. J Neurosurg. Jun 2013;118{6]:1367-77.

The Method of Tractography

As a fourth aspect of the invention, Jay Tsuruda, a neuroradiologist, introduced the use of the connected voxel algorithm. This was a method under development at
the time to improve carotid artery MR angiography. Tsuruda reprocessed brain image data produced by Richards to show that the algorithm could progress from
voxel to voxel in a stepwise fashion. He also applied whole-volume ray projection (maximum intensity projection), but that method is not well suited to sorting out
individual tracts. This led to the discovery that it was actually possible to produce images of brain tracts based on postprocessing of the voxel by voxel diffusion
direction anisotropy data. The first DTI tractogram of the pyramidal tract appeared as Figure 17 in US patent number 5,560,360 (see Fig. 14.4).

The Bases of Fractional Anisotropy and Tractography in Brain Evaluation

Analyzing the Structure of the Voxel

Given that some data acquisition and data processing methods have filled the voxels of the brain image with an elaborate array of calculated effective vectors, the
next step for many neurosurgical analyses is to proceed to further process the data into a clinically useful form. There are two major categories of final analysis. The
first of these is to generate fractional anisotropy (FA) data. This is a simple further transformation that can abandon the directional information of the vectors and
just ask whether or not the voxel is highly anisotropic. This is particularly helpful in evaluating closed head injuries.

Several different summary numbers can be obtained for each voxel, but FA is the most widely used. This is simply a matter of treating a completely isotropic
voxel (e.g., the CSF in a ventricle) as having an FA of zero and of treating a highly aligned anisotropic voxel (e.g., the splenium of the corpus callosum) as having an
FA of nearly 1.0. In fact, the highest FA in the brain is usually the splenium measurement, which is typically between 0.75 and 0.85. This measure can be used as a
baseline for comparison with other individuals or for comparison with FA measures in other white matter tracts in the brain.

The gray matter of the brain has very low FA and cannot be evaluated with tractography. This is because there is no uniform coherent direction of diffusion in a
voxel of gray matter. The mass of neuron cell components of axon and dendrite branches and hillocks is not susceptible to determination in currently available MRI
scanners. There is no theoretical limit to the spatial resolution of MRI, but practically speaking, even with the most advanced experimental 7-T MRI scanners, the
voxels size is about 100 microns on a side.*®¢ DTI FA analysis is therefore currently primarily a white matter technique.

The Tensor model produces what is often described as an ellipsoid. The details of the ellipsoid include its orientation in space, but also the measures of the three
primary axes of the ellipsoid, termed (lambda) A1, A2, and A3. If all three are equal, the result will be a sphere. Working with these three measures, several different
summary results can be determined that have clinical significance (see Fig. 14.5).

A, = longitudinal (axial) diffusivity(AD)
(A, +1,)/2 = radial diffusivity (RD)
(A, + A, +1,)/3 = mean diffusivity (MD)
\ﬁ\/(Al X))+ (A = A3)2+ (A= N)? = fractional
2 VORI + %) anisotropy (FA)

The most commonly used of these is FA based on the formula above, which forces the FA result number down toward zero when the three measures A1, A2, and
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A3 are nearly equal—as in the sphere demonstrating an isotropic voxel in Fig. 14.5—and also magnifies the numerical effect of a “flattened” ellipsoid. This varies
from 1 to O, with a typical highest value in the splenium of the corpus callosum of as high as 0.85. This states how anisotropic or isotropic a given voxel is found to
be. It is well established that with injury this number will generally be reduced. The axial diffusivity is similar but does not really balance with the two shorter axes.
Radial diffusivity is an expression of the degree of isotropy. What has proven to be more interesting as the capability of MRI scanners has improved is the mean
diffusivity. This is similar to the trace, which is 3 times the mean diffusivity. This measure is applicable to DTI studies of gray matter as well as white matter.>*-2

Yet another measure of increasing clinical interest is kurtosis.*> This is assessed with at least 15 directions of diffusion analyzed with a vector model. In a tensor
model, all of the data gets forced into the one resulting ellipsoid oriented within the voxel. However, for vector models the voxel is filled with multiple vectors,
some longer than others. The pattern of the set of vectors may reveal internal structure. This kurtosis measure of the uniformity or nonuniformity of the array of
vectors has proven to be helpful for distinguishing some clinical conditions.

Carrying Out the Tractography

Tractography is clearly the most surprising and dramatic advance to emerge from the development of diffusion anisotropy imaging. Tractography involves a
process in which the voxels are filled with vectors (or an effective vector summarizing the primary direction, or eigenvector, of the tensor ellipsoid) and then an
algorithm is used to step from voxel to follow an axonal tract. This is a mathematical reinvention of retrograde axonal transport techniques that were used to map
out the tracts of the brain starting in the 1950s. In those methods an axonal tracer stain compound would be injected into a location of interest in the brain of an
experimental animal. The tracer would be carried along a tract by the natural phenomenon of axonal transport for a few days, after which the animal would be
killed and the brain preserved, removed, sliced, and stained, and thereby the route of the tracer compound through the brain would be identified. Virtually all
tracts of the brain had been mapped in this fashion, in tremendous detail, but obviously none of this could be used to evaluate human subjects.

DTI tractography works by having an operator select a seed location and then allowing an algorithm to check neighboring voxels to see if a neighbor has similar
orientation. The algorithm then draws a tract from one voxel to the next and then looks for another neighbor that continues the direction without too sharp a turn
and that has sufficient FA to have reliable directional data. Alternately, all the tracts of the brain are mapped at the outset and the user then selects a subset by
placing a seed “ROI” (region of interest).

Tractography differs from general imaging because, like angiography, it is tissue selective—it only images white matter tracts. In addition, like, for example,
angiography of the middle cerebral artery, it is often used to image one single tract of interest, leaving all others dark. An example is the situation in which a
surgeon wants to achieve maximal resection of a glioma near the pyramidal tract (pyramidal tract = superior portion of combined corticospinal and corticobulbar
tracts). A functional MRI (fMRI) paradigm may be useful —for instance, having the patient open and close the hand repeatedly during the acquisition of a blood
oxygen level-dependent (BOLD) imaging acquisition will cause the hand motor cortex to be identifiable. The operator then selects that gyrus as one seed and then
makes an anatomic selection of the crus cerebri (cerebral peduncle), and this will result in an image with just the hand portion of the corticospinal (pyramidal) tract.
This can be projected into a routine detailed brain image. Then the surgeon is able to examine a detailed routine MR image of the brain and tumor, but with the
critical hand corticospinal tract lit up in color, revealing its exact relation to the tumor, even if it has been distorted in its course and pushed out of the way by the
tumor. This can also be projected into a heads-up display or into the visual field of a surgical microscope that has been integrated into an image guidance system so
that the surgeon can see the tracts superimposed on white matter in view during operation (most accurate if the data are updated by means of intraoperative MRI
after the skull is opened and as the dissection progresses).

The fiber assignment by continuous tracking (FACT) algorithm developed by Susumu Mori** is widely used for tractography in systems such as Brainlab
FiberTracking. However, the FACT method is a deterministic method that works effectively when only a single vector is present in a voxel. Some centers such as
University of California at San Francisco (UCSF) have shown that probabilistic methods used with HARDI or Q-Ball data can be safer and more reliable for surgical
guidance.®® This is because a FACT algorithm brain tract originating at a seed (e.g., in the brainstem) will come to a halt and leave out two following tracts that split
from each other. Probabilistic methods also allow for visualization of more than one direction in a voxel, such as occurs where two tracts join or where one tract
passes through another tract. For these reasons, probabilistic tractography has been strongly preferred in many centers. These are sometimes called model-free
methods because the mathematics involve various types of vector analysis as opposed to tensor analysis.

To some extent, simple transition to progressively higher spatial resolution, together with a few tweaks to the tractographic algorithm, can substantially improve
the accuracy and safety of surgical guidance tractography. Although nontensor algorithms with probabilistic tractography have been viewed as more accurate and
reliable in general, newer constrained spherical deconvolution methods (discussed later in the chapter) are now allowing the speed of deterministic tractography to
be employed with accuracy that matches or exceeds the clinical accuracy of older probabilistic methods.

Connectomics and Constrained Spherical Deconvolution

Mapping the Human Connectome

Inspired by and paralleling the Human Genome Project, the NIH launched the Human Connectome Project in 2009, with the result now exceeding 4000 peer-
reviewed publications and a detailed map of the human connectome (Fig. 14.7).97*° The fundamental methodology of the project was to reassess the classical
parcellation of the cortical surface by authors such as Brodmann, who identified 52 areas based on histology in his famous 1909%*! work, into finer detail such as
165 parcels by Irimia and colleagues® or larger numbers such as 360 nodes of identified locations.> Currently this is accomplished by relying on fMRI, histology,
anatomy, and even neurochemistry,* then determining the standard connections between and among the locations via high-resolution tractography (Fig. 14.8).
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FIGURE 14.7 Graphical representation of the human brain connectivity scaffold.Standard three-dimensional (3D) graphs (A) and a connectogram (B) are used to visualize white matter
connections whose removal leads to significant changes in network integration and segregation. Only connections with this property are represented, and the strength of the link associated with
each of them is indicated by the F statistic of the test. Link transparency varies such that most transparent links are those associated with the smallest F-values, and the most opaque ones are
associated with the largest F-values (see section “Statistical Significance of Edge Removals” in Irimia et al.>? for details). To facilitate visibility of the most prominent core connections, the
significance threshold used for 3D graphs (a/m = 7.4 x 10™° where a = 0.0001 is the statistical significance level, m = G x (G — 1)/2 is the number of comparisons, and G = 165 is the number of
parcels) is more stringentthan for the connectogram (a/m = 3.7 x 107® where a = 0.05). The significance threshold used for 3D graphs (A) is more stringent than for the connectogram (B) in order
to facilitate visibility of the most prominent core connections (A), as opposed to all the connections whose removal leads to statistically significant changes in network integration and segregation
(B). Regions whose connectogram wedges are highlighted in red correspond to rich club nodes as identified by Van Den Heuvel and Sporns'®; the number of core scaffold connections and the
complexity of their pattern compared with rich club interlinks both suggest considerable differences between the rich club network and the core scaffold (see discussion). For a connectogram in

which network metrics rather than morphometric variables are encoded in each concentriccircle, see Van Horn et al.’®®
From Van Hom JD, Irimia A, Torgerson CM, Chambers MC, Kikinis R, Toga AW. Mapping connectivity damage in the case of Phineas Gage. PLoS One. 2012,7[5]:e37454; and Irimia A, Van Hom JD. Systematic network fesioning
reveals the core white matter scaffold of the human brain. Front Hum Neurosci 2014,8:51.
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FIGURE 14.8 Tracts identified by connectomic analysis with origins in functional parcellation map.Note the splaying of tracts on the left side that
link the area of the inferior frontal gyrus to the superior frontal gyrus (red arrows).

DTI cannot be used reliably for detailed connectomics because it obliterates many tracts that have crossing, joining, or splitting portions®>%” (see Fig. 14.6).
Although a variety of nontensor methods have been developed, the bulk of the connectomics work was ultimately carried out using constrained spherical
deconvolution (CSD),*® a refinement of HARDI; these techniques are broadly classified as spherical vector methods as opposed to tensor methods.*

With the dramatically improved efficiency of tract identification when CSD is used instead of DTI, it becomes difficult to use probabilistic methodology
because of the vastly increased number of possible trajectories. Fortunately, deterministic tractography used with CSD produces highly useful anatomic data,
so the combined use of these two methods has become an effective standard for many types of tractographic analysis.®*!

However, a further problem arises in head injury analysis wherein measures of FA are essential. Voxels that have multiple directions of diffusion due to
splitting, crossing, or joining fibers may incorrectly reveal low FA because of the absence of a single coherent direction of diffusion; an emerging solution for
this issue is to supplement FA data with tract density measures summarized under the term neurite orientation dispersion and density imaging (NODDI).®1261 An
effective solution is to use deterministic CSD or probabilistic CSD to map the tracts and thus avoid false termination points that make important tracts
disappear, but then to perform a posttractographic sorting so that only those voxels with a single direction are queried as to FA.%?

Clinical Applications

Tractographic Guidance for Intracranial Resective Surgery

The capability for tractographic depiction of eloquent or functionally significant tracts greatly improves both safety and efficacy of glioma surgery and, in
addition, plays an increasingly significant role in functional surgery.

For tumor resections, efforts to achieve the maximal safe resection are aided by tractographic information.®63 For tumor resection, tractography is commonly
used to develop depictions of the pyramidal tract for the reduction of risk of paresis and paralysis for tumors near the motor strip. To avoid fluent aphasias
from injury to the arcuate fasciculus, surgeons may select seed points by obtaining fMRI identification of the Broca area in the inferior frontal gyrus and of
Wernicke area in the superior temporal gyrus (Fig. 14. 9).%%
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FIGURE 149 Tractography seeded from fMR imaging activated voxels in Broca's and Wernicke’s areas: screensave from BrainLAB
neuronavigational software (clockwise from top left: tractography in three dimensions, and overlaid on axial, coronal, and sagittal contrast T1-
weighted images).fMR imaging and DT imaging data show segmented tumor in left parietal lobe (right side of image is left side of patient)
causing medial displacement of the arcuate fasciculus fibers.

Image courtesy Nicole Brennan, The New School for Social Research, New York, NY.

There have been repeated attempts to accurately assess the impact of intraoperative tractography on extent of resection.5*”* These studies have tried to
balance advances in tractographic technology with other aspects of technical advances in glioma resection.” The leading edge of this field at present is around
efforts to pull multimodality data about function, various assessments of edema, tumor penetration of tracts, and advanced methodologies to accurately
determine the true functional contours of tracts to directly guide surgery.”®78

The optic radiation is often put at risk because a contralateral upper quadrantanopia can develop, affecting visual input from both eyes when an injury to the
Meyer loop occurs during a temporal lobe resection for tumor or for treatment of epilepsy.”® A tractographic depiction can be obtained from the anatomic
landmark of the lateral geniculate body following tracts that reach from there to the occipital cortex arrayed around the calcarine fissure. The risk occurs
because the Meyer loop portion of the optic radiation proceeds anteriorly into the temporal lobe before turning 180 degrees to reach the occipital cortex. This
area of anatomy is a particular weak point for deterministic tractography based on diffusion tensor paradigm imaging but is generally well handled by

probabilistic tractography with vector (HARDI or Q-Ball) data.®%

Improved Access to Functional Stimulation and Lesion Sites
Another important impact of tractography is to greatly expand the range of accessible functional targets for stimulation and lesioning in functional
neurosurgery.®*! This is particularly the case when an important treatment goal requires access to a small nucleus with many adjacent nuclei where injury
must be avoided. Reaching the target with an electrode may be rendered unfeasible by the necessity of avoiding damage to other nuclei. An alternative in some
situations is to select the target nucleus and then generate a tractogram showing the course of a projection that may be more readily and safely accessed for
stimulation or lesioning. The tracts from adjacent nuclei can be mapped separately to ensure that they will be avoided.”>*® In addition, the area around the
intended lesion or stimulation site on a projecting tract can be used as a seed to learn whether any other eloquent tracts are too close.

In addition to the experience with tractographic assistance for the placement of stimulation targets and surgical lesioning, tractography is now playing an
increasingly important role in incisionless functional procedures such as focused ultrasound, which takes place entirely in the setting of the scanner

performing the tractography.?%>
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Evaluation of Closed Head Injury

Studies of FA and tractographic interruptions play an increasingly crucial role in evaluation of closed head injuries. A number of deficits seen after concussion can
now be matched to specific tract injuries. This is important because a small area of injury affecting a critical tract can cause a very significant deficit. Further,
sequential objective FA measurements reveal whether a patient is likely to develop dementia, chronic traumatic encephalopathy (CTE), or other progressive disorders.

Longitudinal studies have shown that FA losses and mean diffusivity changes are correlated with development of cognitive deficits in patients who sustain head

injury and sports-related concussion.’%

Overall, it is compellingly clear that traumatic brain injuries that do not result in acute abnormalities on routine CT or MRI often do result in characteristic
abnormalities detectable with DTI scanning.®®® Furthermore, there is mounting evidence that specialized DTI studies can be used to make early predictions about
which head-injured patients are more likely to have persisting symptoms, contributing to the 10% to 20% of patients who do not follow the normal arc of

improvement after injury.!® There is also considerable methodologic variability; many radiologists who are not equipped with advanced software for processing and

1

analyzing DTI studies have relied on simple one-point assessments of FA levels in the corpus callosum!®! or temporo-occipital white matter.!”? Increasingly,

evaluations of patients with closed head injuries involves extensive analysis of numerous locations for statistical assessment of FA changes, methods that have shown

high reliability and reproducibility (Fig. 14.10).10%105

FIGURE 14.10 Small tract-centric volume of interest (VOI) selections can be made using specialized software such as Nordic BrainEx (Nordic
Neurolabs). The mean fractional anisotropy and standard deviation, along with other statistics, are reported by the software. This allows the right and
left side to be compared to demonstrate any statistically significant difference and allows for comparison with normal standards. This patient with a prior
history of left parietal tumor resection, radiation, chemotherapy, and bacterial meningitis, then sustained a head injury with new onset of focal
symptoms. The analytic framework of VOI-based fractional anisotropy analysis allows for identification of the different sources of neurological
impairment. Axial view at the level of the genu of the corpus callosum (A), coronal view at level of the genu of the internal capsule (B), axial view at the
level of the pons (C), and sagittal midline view (D). AF, Arcuate fasciculus; AG, angular gyrus, right side; BF, body of fornix; GCC, genu of corpus
callosum; IC, internal capsule; MBCC, mid-body of corpus callosum; ML, medial lemniscus; PF, pillars of fornix; SCC, splenium of corpus callosum; UF,
uncinate fasciculus.
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The normal control values of measured FA are dependent on the methodology used. One method well suited to analysis of DTI in head injury is validated in
Brander,'” wherein a knowledgeable user selects small regions of interest (ROIs) in the central portion of various identified tracts with data provided on interrater
and intrarater variability (Fig. 14.10). Brander also found no substantive differences between the use of a 1.5-T or a 3.0-T MRI scanner. However, an important proviso
is that FA measured with a 4.7-T'%” scanner does not appear to be consistent with the data obtained at 3.0 T.

The data in also show no differences between GE, Philips, and Siemens scanners. Review of reports of FA with gradient strengths of lower than b = 1000 s/mm?,

108 and also not consistent with data from Alho

however, were not consistent with data from lower gradient strengths such as the b = 700 s/mm? used by Mielke et al.,
et al.!'” using gradients at b = 3000 s/mm?. For the aforementioned reasons, the data in Table 14.1 are reliably relevant only when assessing the abnormality of FA
measured with a 3-T scanner using gradients at b = 1000 s/mm? and are apparently applicable for 1.5-T scanners at b = 1000 s/mm? as well.

The major alternative method for FA evaluation is an automated approach.!!® In these methods an algorithm marches through the known anatomy and attempts to
segment (e.g., the entire arcuate fasciculus) and then produces an average FA for the entire selected volume.!''112 To determine the edge of the tract the algorithm has
to be provided with a threshold to determine when it is at the gray-white border, or the algorithm may instead segment regions by means of automated mapping of
the patient’s brain onto a presegmented electronic brain atlas database.

Automated whole-tract FA is always lower than a selected central sample FA of a tract because the whole tract will include a wider range of variation than a given
small central tract sample. Whole-tract automated FA data therefore are likely to be more applicable to medical disorders affecting larger brain regions or diffuse
processes such as diffuse axonal injury, whereas central tract selected ROI FA will be more relevant to evaluation of small focal injuries. The physician evaluating the
head injury with a central tract method identifies an area of apparent losses in a central tract location in an FA map image, applies a measurement ROI, and then
compares the FA measure to the contralateral side and to published standards derived from central sampling.

Aside from the growing literature developing from sports-related'!> or motor vehicle head injury, there is also a sizable literature related to blast injuries from
military settings.!!4115

Nonetheless, some have contended that abnormalities appreciated on DTI imaging cannot be used to prove the veracity of head injury (e.g., if a patient complains
of cognitive, emotional, or functional impairments and the DTI image shows correlated FA losses or tractographic dropout, is the existence of the injury proven?).
These positions rest on the scientifically uncommon proposition that most traumatic brain injury (TBI) research focuses on groups of patients but there are not many
studies with just one patient, so there is alleged to be limited predictive value.!’®!’® The head injury research community has responded by organizing large
multicenter longitudinal studies.!!*11124 These show that, for example, when high school or college football players are provided with annual DTI imaging, the
changes match the number and severity of head impacts and correlate with functional impairments reported as a collection of individual longitudinal data sets. Data

are also emerging regarding whether a history of concussions increases the severity of injury from additional head impacts.?®

General Cognitive Losses

Cognitive losses can be expected in injuries that cause FA losses in the frontal lobe. These are particularly identified as losses in ability for multistep planning and
map-based activities. Another important location is the superior longitudinal fasciculus because of its role in integrative processing requiring interactions between
frontal and parietal subcircuits.

Memory Function Deterioration
Memory disturbances after closed head injury can be categorized generally into effects on long-term memory, effects on memory formation, and effects on immediate
memory. Among the most critical circuits for memory formation are the fornix pathway and the stria terminalis of the hippocampus (Fig. 14.11).1261?7 Injuries that
affect immediate memory—such as verbal working memory —may be assessed from measures of the thalamo-prefrontal tracts.'?’2 These are readily assessed as to FA
and by tractography (see Fig. 14.10).

FIGURE 14.11 Left lateral view of a limbic system tractogram.The lowest tract is the hippocampal cingulum (HC,) which can be inspected for tract
losses indicating problems with attention and concentration. This arcs up to the supracallosal cingulum (SC) above the corpus callosum, where anterior
injury observed by inspection will indicate a basis for increased anxiety and depression. The second strip from the bottom is the fimbria fornix and stria
terminalis (FF-ST) which arch upward through the crus of the fornix (CF) and reach the midline descending pillars of the fornix anteriorly (PF). Injuries
in the fornix will result in impairment in new memory formation capabilities. At the inferior margin of the anterior pillars of the fornix there is a split to an
anterior portion projecting to the anterior septal nucleus, reaching above the anterior commissure and a posteriorly directed portion. After a head injury,
the neurosurgeon may inspect the various tracts of the brain in conjunction with an examination and interview in order to assess possible locations of
injury.
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Emotional Behavioral Dysfunction

Many patients develop problems with emotional control and release after frontal lobe trauma. This is typified by uncontrolled and inappropriate rage and
inexplicable anger. In contrast, depending on the mechanics of the head injury impact, some patient will experience flat affect and loss of emotional drive. This tends
to implicate an injury to the uncinate fasciculus, which normally conducts emotional tone from the amygdala to the frontal lobe. Evaluation of tractographic losses or
FA decreases in this setting can explain the behavioral paradox.1® Injuries in the anterior portions of the supracallosal cingulum may be associated with increased
anxiety and depression.!?

Visual Disturbances

Common complaints after closed head injury include photophobia and problems with accommodation. A typical site for evaluation in this setting is the medial
lemniscus. This is a general sensory pathway in the midbrain, but focal unilateral abnormalities in this structure can be used as a marker for midbrain abnormalities
that can be perceived as photophobia, as well as diplopias, and complaints of problems with visual accommodation and convergence.

Central Vertigo

Another common complaint after closed head injury is verkigo or other balance problems. In many cases these symptoms will be due to middle ear abnormalities or
injuries, but the neurosurgeon may be faced with a patient who complains of abrupt triggers of vertigo or oscillopsia but in whom an ear, nose, and throat evaluation
reveals no vestibular abnormalities. In some of these cases, DTI tractography may reveal injuries to the middle cerebellar peduncle. This should be considered
particularly in any diagnosis of central vertigo, balance dysfunction, or problems with eye movements.

Tremor

FA analysis of the substantia nigra, just deep to the crus cerebri in the cerebral peduncle, can provide a marker for early onset of posttraumatic parkinsonian
130-133

tremor.
Chronic Traumatic Encephalopathy
CTE, a severe progressive deterioration associated with recurrent head injury, is still poorly understood. There is some expectation that DTI will play a role in

tracking patients with recurrent head injury to identify early signs of progressive deterioration.!313

Spinal Cord Diffusion Tensor Imaging

Although technically challenging, DTI can be used for the assessment of spinal cord injury and to follow recovery. The small volumes to be imaged and motion
sensitivity due to respiratory movements require excellent signal-to-noise performance of the scanner and often require respiratory gating to eliminate respiratory

movements that affect the position of the spinal cord.%-13

139142 and FA measurements can

Aside from application for spinal cord injury, the use of DTI to assess cervical spondylotic myelopathy is an important application,
also identify severity of cervical spinal root impingement.'*? This is particularly the case when a patient with cervical spinal canal stenosis is being followed during a
period of conservative management. It can provide objective data on whether or not there is any progressive change that would warrant proceeding with

decompression.

Peripheral Nerve Diffusion Tensor Imaging

DTI and tractographic analysis of peripheral nerve can also provide a sensitive method for identifying a location of injury along a peripheral nerve.**1¥ [t is also
helpful for defining the relationship between nerve and tumor for surgical planning.!*® A tractographic depiction of the brachial plexus, for instance, can be very
helpful in following the elements of the plexus through various image planes.®"!4*15¢ DT] can also provide a method for assessing the severity of conditions such as

155,156

carpal tunnel syndrome in which the degree of tractographic or FA losses may be determinative for the decision to shift from conservative to surgical

management. DTI is also helpful for locating and characterizing cranial nerve impingements and disorders.'571%8
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Abstract

A steady series of advances in physics, mathematics, computers and clinical imaging science have progressively transformed
diagnosis and treatment of neurological and neurosurgical disorders in the 115 years between the discovery of the X-ray and
the advent of high resolution diffusion based functional MRI. The story of the progress in human terms, with its battles for
priorities, forgotten advances, competing claims, public battles for Nobel Prizes, and patent priority litigations bring alive the
human drama of this remarkable collective achievement in computed medical imaging.

BACKGROUND

Atkinson Morley's Hospital is a small Victorian era hospital
building standing high on a hill top in Wimbledon, about 8
miles southwest of the original St. George's Hospital
building site in central London. On October 1, 1971 Godfrey
Hounsfield and Jamie Ambrose positioned a patient inside a
new machine in the basement of the hospital turned a switch
and launched the era of modern neurosurgery and
neuroimaging.

Henceforth, there was a saying at Atkinson Morley's that
“one CT scan is worth a room full of neurologists.” Indeed,
neurological medicine and neurological surgery would never
be the same. Everything that neurosurgeons had learned
about diagnosis and surgical planning before that first scan
was totally transformed by that event.

What came together on that remarkable fall day, was a
confluence of mathematics, science, invention, clinical
medicine, and industrial resources that all arrived at that one
time and place in a dramatic and powerful way. From a
number of points of view, that first scan was no surprise to
those who made it. Like Damadian's first MR image in 1977,
Ogawa's first fMRI image in 1990[1], the first DTI image in
1991[2], or the first neurography image in 1992[3-5],
Hounsfield's first scan was simultaneously expected yet
astonishing[6-9]. The participants knew generally what they
hoped to see, but in each case the result both met and
exceeded the dream. The scientist was rewarded by the

shimmering appearance on a computer screen of a view of
the human body that no one else had seen before.

Because of the complexity of computed imaging techniques,
their history has remarkable depth and breadth. The
mathematical basis of MRI relies on the work of Fourier -
which he started in Cairo while serving as a scientific
participant in Napoleon's invasion of Egypt in 1801.
Diffusion Tensor Imaging relies on tensor math that was
developed in part by Albert Einstein in his efforts to
summarize the transformations of space and time in his
general theory of relativity. The physics involves matter-
antimatter reactions, nuclear spins, and superconducting
magnets. What we can see ranges from the large tumors of
the first CT images to the subtle patterning of fMRI that
reveals the elements of self and consciousness in the human
mind.[10] Medical imaging is starting to press upon the edge
of philosophy itself.

Another reflection of the complexity of these technologies is
that each major advance has a variety of facets - many
different competing inventors and scientists therefore seem
to see primarily their own reflection when looking at the
same resulting gem. Lenard fought bitterly with Rontgen
over the discovery of the X-ray, continuing to vigorously
attack him and his work for decades after Rontgen had died.
A dozen inventors of tomography fought each other for
priority until their shared technology was abruptly
superseded by CT scanning so that all of their works faded
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into irrelevance before the dust of the internecine battles
could even begin to settle. Efforts by Oldendorf and by
Cormack to develop computed tomography were totally
outrun by Hounsfield because his employer EMI (Electrical
and Musical Industries, LTD) was buoyed by a vast cash
geyser from John Lennon and Ringo Starr - the competitors
couldn't beat an engineering genius funded by sales of
Beatles records in the late 1960s. Damadian pled his rage to
the world in full page ads in the New York Times when the
Nobel prize committee discarded his contribution in favor of
his longtime rival Paul Lauterbur and for Mansfield who he
regarded as totally insignificant.

In fMRI, one group from Harvard's Massachusetts General
Hospital grabbed the scientific imagination with Belliveau's
dramatic cover illustration in Science,[11] but eventually lost
out to the rightness of Seiji Ogawa's model of fMRI using
BOLD (blood oxygen level dependent) MRI[12] that did not
require injection of contrast agents and which was published
a year earlier. Filler, Richards, and Howe published the first
DTI images in 1992,[2, 13] but Basser and Le Bihan at NIH
who hold a competing claim to the invention of DTI never
referenced the work by the Filler group even once after more
than 17 years.

The Basser and LeBihan story is most illuminating as a
number of historians have marveled at how in the 1930's and
perhaps as late as the 1960's, major early workers in a given
field of imaging research could progress over years without
being aware of each other's work.[14, 15] The apparent lack
of awareness has appeared to be due to barriers to
information flow in the 19th and earlier 20th centuries such
as difficulties for English speaking scientists in accessing
work done outside the major Western centers of science. The
prime example of this is Tetel-Baum's early work in CT
scanning[16-18] done in Soviet era Kiev in the 1950's and
published only in Russian - which had to be “discovered”
many years later. The DTI story shows that the causes of
apparent unawareness may have more to do with
anthropology and psychology than with limitations of
academic communication per se.

The story of computed imaging therefore provides both a
fascinating opportunity to understand the progress of a
science that underlies much of what neurologists and
neurosurgeons do today, as well as providing a riveting view
into competition and victory in the arena of scientific
accolades, clinical impact, patent litigation, and the media,
as well as the ultimate judgment of the eyes of history.

X-RAYS AND TOMOGRAPHY

Discovery of an unexpected natural phenomenon coupled
with the eery ability to see the skeleton in a living person
captured the world's imagination on an almost explosive
basis when Wilhelm Rontgen (Figure 1) showed his first
images. He had been working with apparatus developed by
Lenard that was used to generate “cathode rays.” These are
electrons generated in a glass vacuum tube when a voltage is
applied between a cathode and an anode. When the electrons
strike the glass, they cause it to glow - and this can be seen
in a darkened room. Rontgen had sealed up a tube to be sure
no light would be emitted from the glass so that he could see
if the cathode ray would penetrate the glass to strike a piece
of cardboard next to the tube that had been painted with a
flourescent substance - barium platinocyanide. However
when he tested the device to make sure it was completely
light sealed, he noticed a glow from a table at some distance
away - a distance far too great to be reached with cathode
rays. On the table was a sheet of cardboard painted with the
barium platinocyanide. He turned off the current to his tube
and the glow from the distant table stopped abruptly. He
turned on the current to the tube, and distant cardboard
immediately began to glow again.

Figure 1

Figure 1 - Wilhelm Roentgen (1845-1923) and Philipp
Lenard (1862-1947) - Rontgen was awarded the first Nobel
prize for Physics in 1901 for his discovery of X-rays. He was
working with Philip Lenard on cathode ray properties when
he saw and appreciated the surprise finding of a high energy
emission capable of passing through materials that were
opaque to light. Lenard was awarded the Nobel Prize in

1905 for his work on cathode rays, but bitterly denounced
Rontgen for stealing the X-ray invention from him - later
pursuing his academic biases as a high level Nazi official.

He discovered this on November 8th 1895, but told no one,
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working feverishly in secret for seven weeks to fully explore
his discovery of “X”rays. Finally he submitted a publication
that showed a photograph of a skeletal hand. The report
published on December 28, 1895 and although the first few
newspapers he approached declined to report about it
initially, the editor of an Austrian paper did run the story and
the news was then rapidly picked up and reported in
newspapers around the world.[14, 15]

We now understand the X-rays to be electromagnetic
radiation emitted by electrons that have much higher energy
and far shorter wavelength than photons of light. Formerly,
there was a distinction made between X-rays and gamma
rays based on the even higher energy and even shorter
wavelength of gamma rays. There is now thought to be so
much overlap in the spectra that the two are distinguished by
source - gamma rays originate in the nucleus. Although
Rontgen really had no idea at all what his “X-rays” were, he
was the first winner of the Nobel Prize in physics which was
awarded in 1901.

Philipp Lenard, however, was furious that he did not get the
prize and the recognition since the apparatus and basic
experimental set up were his. He also insisted that he had
seen the same phenomenon of distant fluorescence and was
doing a more reasoned and formal investigation of the
physics before Rontgen rushed out with the dramatic
photographs of the skeletal fingers. Although Lenard was
awarded the Nobel prize himself in 1905 for his work in
cathode rays, he continued to bitterly criticize Rontgen.
Philipp Lenard later attacked Einstein for differing from him
over the behavior of cathode rays. Still later, Lenard became
the Chief of Physics under Hitler - in which position he
attacked Einstein's physics as a fraud which no doubt
allowed the Germans to fall far behind the allies in the
development of the atomic bomb.

PLANAR TOMOGRAPHY

Against the drama of the discovery of X-rays and its truly
electrifying effect on the world at large, the history of
tomography presents a very pale shadow. The driving idea
here was to get a better look inside the chest so that the
heart, lungs, and any tuberculosis or tumors could be better
seen with out the interference of the rib cage in front and
behind. The fact that radiologists today still rely primarily on
non-tomographic chest X-rays speaks volumes about the
clinical impact of the whole endeavor. Essentially, the idea
is to move the X-ray source to the left while the image plate
is moved to the right. The axis of rotation of a line from the

source to the plate must be on a plane of interest inside the
body. The result will be that structures in the middle of the
patient (along the plane of the axis of rotation) will remain
relatively clear while those in back and front will be blurred.

The various patents and theories of accomplishing this
varied in regards to details such as whether the source and
plate would be linked rigidly as by a pendulum (the plate
goes through an arc) or alternately, whether the plate would
remain parallel to the imaged plane in the patient, and so on
(see Figure 2). Each different method had a different name -
stratigraphy, planigraphy, sterigraphy, laminography, etc.
The patents were often competing and overlapping, but filed
in different countries. The machines were generally
mechanical devices with hinges, and levers and pendulums.
The patents were typically pure mechanical devices without
any obvious proof that the images produced were better or
worse than those from any other method if any images were
produced at all. There was no serious mathematical or
physical analysis of the designs.

Figure 2

Figure 2 - Tomographic device. A typically complex
mechanical drawing from a patent granted to Ernst Pohl in
1930.[154] This type of tomography was called planigraphy
in part because the X-ray plate remained parallel to the
subject and the X-ray tube changed angle as the field was
covered.

With the elapse of time, the tomographic systems became
more complex without becoming any better or more useful.
The movements of the source and plate could be quite
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complex involving circles and spirals. Systems were
provided for advancing the plane of imaging so a series of
tomograms could be made.

In 1937, William Watson[19] filed a patent application
(granted in 1939) for the first important system that made a
series of axial tomographic images slices. The patient sat on
a stool that was rotated through a full circle as the image was
being made, while the X-ray plate was moved as well. The
seat of the stool was mounted on a telescoping column that
could be raised or lowered to get axial sections at various
locations in the body. This device actually achieved

considerable commercial success.

A number of inventors developed devices that rotated the
patient. Among the most interesting aspects of these later
developments conceptually was the emergence of the idea of
'non-blurring' tomography that could produce an axial cross
section of the patient in which the tissue outside the plane of
interest was not even exposed. Although these worked, they
involved a truly enormous amount of X-ray exposure.

FROM AXIAL TOMOGRAPHY TO COMPUTED
AXIAL TOMOGRAPHY

The next important advance was a non-computed axial
tomographic device that employed the novel idea of “back-
projection.” This is also one of the fundamental aspects of
Hounsfield's computed tomography and of Paul Lauterbur's
initial MRI design. It is certainly the single most important
technical advance to emerge from the sixty year history of
non-computed tomography. Gabriel Frank filed a patent in
1940 that fully worked out the methodology for this
approach to imaging[14, 20] (see figure 3).

Figure 3

Figure 3 - Gabriel Frank's back projection design. These
drawings from the patent granted in 1940[20] explain the
back projection image collection and reconstruction
mechanism - essentially what is accomplished by a CT
scanner today using a computer. (A) A cross sectional image
is being collected at (18) in a subject structure with a solid
dense dowel standing vertically in a low density cylinder. X-
rays approach from the left and are collimated so they strike
and expose a single line on a drum. The subject is then
rotated on its long axis a few degrees, and the drum is
rotated on its long axis a few degrees, and another line is
recorded - and so on. (B) Image reconstruction - with a light
source in the center of the drum, each line is then projected
through a collimating plate, then strikes a film. As the drum
is rotated on its long axis, the film can be rotated on an axis
linking the center of the film to the center point of the drum
line or the mirror wheel (35,37) is rotated to change the
angle of projection. (C) How the reconstructions assemble
on the film, line by line, to accomplish the back projection
process that constructs the image. The intervening step of
recording on the drum and projecting out through the
projection collimator has been collapsed to give a clearer
impression of the connection between the subject and its
back projection (D) A progressing back projection of a
different subject with two dense areas, again with the system
collapsed for diagrammatic purpose.

In back-projection, an emitter shines an x-ray through a
subject to a “receiver” that transduces the incoming X-ray
light to produce a linear trace on a rotating drum. Gradually,
the X-ray source and the collimated entry filter of the
receiver are swept from the one edge of the subject to the
other. If the subject is a phantom cylindrical column made of
perspex with a dense dowel at its core, then the receiver will
show a high intensity linear trace as the beam progresses
steadily across the perspex, then drops off abruptly when the
beam line crosses the dowel and then comes back up again
once the dowel is passed.

We now have a linear trace that describes the position of the

dowel as an area of decreased exposure along one portion of
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the detection line. We then rotate the subject a few degrees
and do the same thing again producing a new trace and
continue to do so again and again until traces are obtained
from a large number of directions (for instance 360 views if
the subject is on a turntable that is turned by one degree just
before each complete edge to edge trace is carried out).

At this point we have a drum with a record of the series of
linear exposures - much like an archaic grammophone
cylinder. We can now use the lines recorded on the cylinder
to drive an exposure light to create a film image of what has
been recorded. Note that the data collection step is now
completely separated from the film exposure step.

We lay a sheet of unexposed film flat on a turntable. We
have a light source that shines a narrow beam across the
film. When the beam is on, it exposes a line of light onto the
film. When the beam is off, no exposure takes place. We
shine a focused line of light from the source from one edge
of the film to the other edge, controlling the intensity of the
exposing light by the intensity recorded on our trace. As the
source moves across from one edge towards the other it
remains dark, but when it encounters the blip where the
dowel blocked the x-ray, it turns on the beam and a line of
light is exposed onto the film at that point. The turntable is
then rotated and the next line played out. Eventually, a thin
line of light will be projected across the film from one point
during each of the 360 differently angle exposure traverses.
Importantly, all of the 360 lines will cross at just one point
on the film. This point will have by far the greatest exposure
and this point will expose as bright white exactly where the
dowel was in our perspex model.

This is the fundamental idea of back-projection. The idea of
positron emission tomography, computed axial tomography,
and Paul Lauterbur's MRI is to do what the mechanical back
projection system has done, but to do it quickly relying on
electronics, computer reconstruction techniques, and more
advanced physics.

INVENTION AND REDUCTION TO PRACTICE OF
CT SCANNING

We know the most about four entirely independent
researchers who saw the opportunity to take advantage of
recent advances in computers in the 1960's to develop a
computer based, back projection, axial tomography system.
These workers published and filed patents as they
progressed. Hounsfield was the fifth worker. He was not an
academic. He did not publish. He only filed patents very late

in the process so that most of the work was done before the
patents were published. He was funded internally at EMI so
there were no grant proposals. He had an unmatchable
budget to do his work. He made a series of well executed
stepwise advances that allowed him to continue to work in
secrecy while renewing his financial support within the
corporation.

Oldendorf at UCLA developed a model that differed from
the non-computed axial tomogram in that the subject moved
along a line as it rotated.[14, 15] A computer then sorted out
the motions to carry out the back projections and display the
results on a computer screen. He presented it to an imaging
manufacturer and was patiently told that there was no use for
his machine - so he abandoned the effort. A group in Kiev
built a working model, but published in Russian and never
progressed the work.[16, 17] At Massachusetts General
Hospital, Brownell[21] and Chesler[22] used positron
emissions in a computed back projection system and then
later developed a system in which a gamma ray source was
used to carry out a transmission computed tomographic

image experiment.

Allan Cormack was a South African physicist who joined
the faculty at Tufts University in Boston in 1957 and later
published (in 1963 and 1964) a solution of the problem of
“line integrals[23, 24] a mathematical technique that is used
in most modern CT scan computation - although Hounsfield
did not use this mathematical approach. Cormack was
awarded the Nobel Prize in 1979 for the invention of CT
scanning along with Hounsfield. It was later appreciated that
several decades earlier, Johann Radon (an Austrian
mathematician) had solved and published[25] much of what
Cormack had done. It was also appreciated later that further
advances on the mathematics had also been published
previously - in Russian - by the Kiev group[18]. Hounsfield
cites Cormack's papers in his 1968 patent submission
(granted in 1973)[26] but dismisses Cormack's math as not
usable for practical applications. None of the others
(Cormack, Kuhl, Oldendorf) knew of Hounsfield's secret
work.

Hounsfield's biggest setback came when the moment arrived
to travel to the National Neurological Hospital at Queen's
Square in London to meet with the chief of neuroradiology.
He explained what he had accomplished and proposed the
construction of the first tomographic scanner in order to
make computed tomographic images to show slices of brain
structure in patients. The neuroradiologist patiently
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explained to Hounsfield that with pneumoencephalography,
plane tomography, and angiography, there was no existing
brain lesion that could not be diagnosed by imaging already.
There was no obvious clinical used for a computed
tomogram machine as tomograms in general weren't really
all that useful. He was sent packing. It is told apocryphally at
Atkinson Morley's Hospital (AMH) that as soon as
Hounsfield had left, the radiologist at Queen's Square took
the time to pick up the phone to call the official at the
ministry of health who had sent Hounsfield to see him - the
official was warned in no uncertain terms never again to
waste the radiologists time with crackpot inventors peddling

ridiculous contraption ideas such as this.

Hounsfield, of course, figuratively picked himself up, dusted
himself off, and managed to solicit a referral to the chief of
neuroradiology at the number two neurological hospital in
London - Jamie Ambrose at Atkinson Morley's Hospital in
Wimbledon - the initial meeting took place in 1967.
Ambrose had an interest in using ultrasound to image inside
the skull and was familiar with the axial tomography
concept. He liked Hounsfield's proposal, and others at AMH
thought it sounded sufficiently eccentric and interesting as to
be worth a try (see figure 4).

Figure 4

Figure 4 - Explanatory drawings from Hounsfield's patent
granted in 1973. (A) Demonstration of the basic back-
projection tomography principle of taking a series of linear
parallel intensity transmission measurements 6 - source, 7 -
detector. The orientation of the acquisition is then rotated.
(B) The structure on the left takes a single intensity
transmission measurement with 28 as the primary detection
site, with the signal intensity reflected into the detector at 31.
At 29 there is a second pathway provides a simultaneous
standard measurement with no tissue. The apparatus is then
rotated as a series of linear measurements are made, then
repositioned for another set. The more complex apparatus on
the right takes all the measurements for one view at once,
then the whole unit is rotated. It still uses one X-ray source,
but has multiple detectors 31-1, 31-2, etc. (C) Because serial
axial sections were novel, this drawing was provided to
explain how objects would appear on multiple sections.

The entire staff of the hospital was sworn to secrecy during
the duration of the construction and testing. Atkinson
Morley's is fairly secluded and surrounded by woodlands on
three sides so secrecy was easily achieved. The machine was
built along a plan for commercial production. The first test
resulted in the images shown as figure 5.
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Figure 5

Figure 5 - Initial test images after installation of the first
commercial CT scanner at Atkinson Morley's Hospital in
1971 (Photograph courtesy of St. George's, University of
London).

It was time for the first patient - the data tape was collected

and then sent across London for analysis, computed back
projection and image reconstruction. The new image tape
was rushed back to AMH where the result was viewed by
Jamie Ambrose. It was immediately apparent to the
assembled neuroradiologists, neurologists and
neurosurgeons of AMH that something of truly spectacular
clinical utility had emerged. Several more patients were
scanned - each with complex pathology, each producing a
crude but riveting set of image scans.

Figure 6

Figure 6 - First clinical images from the original CT scanner.
These images were posted on the wall of the neuroradiology
department at Atkinson Morley's Hospital until the hospital
moved to the main St. George's site in 2003. (Photograph
courtesy of St. George's, University of London).

Photographs of the first five patient scans hung on the wall
of the radiology department of AMH until the service was
moved out to an “Atkinson Morley Wing” of the new St.
George's Hospital in Southwest London in 2003. Figure 6 is
a photograph taken of the wall in the radiology reading room
at AMH and figure 7 shows Hounsfield holding a data tape,
talking with one of the first CT technologists.
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Figure 7

Figure 7 - Godfrey Hounsfield and one of the first CT
radiographers (technologists) near one of the operating
consoles at Atkinson Morley's Hospital in Wimbledon.
Hounsfield is holding a computer tape (Photograph courtesy
of St. George's, University of London).

The result was announced to the world and received
enormous media and clinical attention. Hundreds of
radiologists, neurologists and neurosurgeons from around
the world headed for Wimbledon to see the new machine at
AMH. Orders poured in to EMI despite the then astonishing
$300,000 price tag.

As one might imagine ongoing worldwide sales of working
clinical units (EMI scanners as they were called) abruptly
put an end to all other attempts to learn how to do computed
axial tomography, but simultaneously launched an intensive,
high powered battle to achieve commercially valuable
improvements of the device which continue to this day. For
nearly ten years, EMI deployed its patents to try to hold off
potential competitors in court. It used a strategy of filing
patent infringement litigation then offering settlements with

sealed documents. In this way, each company that they sued
had to start from scratch to try to assess the strength of the
EMI patents, but EMI avoided the huge expense and
unpredictability of full jury trials to assess its patent rights.
Since back projection itself was not an invention and no
unique algorithms were used at first, much of the patent was
based on Hounsfield's findings that the X-ray beam itself
could sensitively distinguish tissues when properly deployed
at low intensity.

EMI rapidly advanced through four generations of scanners,
steadily reducing scan time, reducing computing time and
improving spatial resolution. It also started development of
an MRI scanner project. However, in the early 1980's the
scanner unit succumbed to the pressure of competition and
litigation becoming a money losing activity - upon which it
was sold off to the British company GEC (General Electric
Company, plc). It's corporate remnants were later assembled
with products from an American company called Picker and
from Elscint - also scanner manufactures - to result in a
division at GEC called Picker International which was later
renamed Marconi. This unit was sold to Philips in 2001.

Continuing advances in CT scanning include dramatic
advances in the speed of scanning and the use of
simultaneous acquisition of as many as 128 image slices, all
of which have improved CT's capabilities to stop motion like
a fast camera. Together with advanced intravenous contrast
agents, the detail and quality of CT angiography for
coronary and cerebral vessels continues to advance. At a
different extreme, small light mobile “O-arm” units have
been developed that allow for real time CT scanning in the
operating room.

THE PHYSICAL BASIS OF NUCLEAR
MAGNETIC RESONANCE

The history of MRI can be considered in three phases - the
discovery of the fundamental physics and biological
properties of nuclear magnetic resonance, the emergence of
designs to accomplish imaging with MRI, and finally the
emergence of neurologically optimized methods such as
diffusion tensor tractography and functional MRI.

From a number of points of view, the very possibility of
MRI at its outset and the most exciting destination of the
technology in modern fMRI are embodied by its true
grandfather Wolfgang Pauli (see figure 8), an extraordinarily
talented and extraordinarily troubled Viennese physicist. He
differs in many ways from the other scientists and inventors
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covered in this article but in no way more strikingly, than in
the fact that he was utterly unconcerned with establishing
priority for his work. He generally did not even bother to
publish but just sent out his ideas in letters to his prominent
friends and colleagues such as Werner Heisenberg and Neils
Bohr. Despite the carelessness of documentation, we know
more about him that about nearly any other scientist because
- following a nervous breakdown after a divorce at age 31 in
1931 (no doubt precipitated in part by his intensive work
leading to his discovery of the neutrino), he became a patient
of Carl Jung who later published descriptions of more than
400 of Pauli's dreams.

Figure 8

Figure 8 - Leading scientific contributors to the development
of Nuclear Magnetic Resonance. Jean Baptiste Joseph
Fourier (1768-1830) a French mathematician and physicist
developed the mathematical methods for converting data
between the time domain and the frequency domain - a
method now used in a critical step in utilizing NMR and
MRI data (image source:
http://en.wikipedia.org/wiki/File:Fourier2.jpg). Wolfgang
Pauli (1900-1958) initially proposed the existence of the
physical basis of magnetic resonance. Isidor Rabi
(1898-1988) did the first experiment that proved the
existence of magnetic resonance. Felix Bloch (1905-1983)
and Edward Purcell (1912-1997) independently
demonstrated the presence of nuclear magnetic resonance in
solids (photo of Felix Bloch courtesy of Stanford News
Service). Erwin Hahn (born 1921) conceived of the
refocusing pulse/spin echo concept that greatly improves the
utility of measurement of T2 relaxation in most biological
situations (photo courtesy of Lawrence Berkeley National
Laboratory).

Pauli's first publication was an article evaluating Einstein's
theory of general relativity that he published at age 18. In
fact Pauli's analyses of relativity were so well received that it
was Albert Einstein himself who nominated Pauli for the
Nobel prize he received in 1945. Pauli discovered many
remarkable things about nature, its particles and their
quantum behavior. Most importantly for MRI, noticing some
irregularities in some spectra he was evaluating, he made the
suggestion - in 1924 - that atomic nuclei should have
magnetically related spins. He was correct in this and this is
the physical basis of magnetic resonance upon which
everything else in this field is established.
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A number of physicists set out to test Pauli's ideas on nuclear
magnetism deploying a variety of experimental devices and
systems. Most important in this period of time was the
success of Isidor Rabi in 1938 (see figure §). Rabi - who
won the Nobel Prize in 1944 - beat out numerous brilliant
competitors by realizing how to design an experiment to
detect and measure the magnetic spin of atomic nuclei.[27]
In an arrangement used by other nuclear physicists, a
gaseous beam of nuclei of a given element was sent past a
magnet which deflected the beam before it hit a detector.
Rabi added an additional electromagnet whose field strength
could be rapidly oscillated. In an inverse of how this is
typically done today, the he was able to vary the strength of
magnet. At a particular combination of field strength and
frequency of the magnetic oscillator, the beam would
abruptly begin to bend to a new deflection point. Rabi was
using a tuned resonant frequency to pump electromagnetic
energy into the protons. The particular mix of field strength
and frequency varied from one element to another. He had
proven the existence of magnetic spin, showed how to
identify the “gyromagnetic ratio” of every element, and
demonstrated the phenomenon of using varying fields to
manipulate magnetic resonance.

An interesting historical note about another famous contest
that Rabi won concerns the first atomic bomb explosion - the
Trinity test at Los Alamos in July of 1945. Bets from the
various physicists at site about the potential force that would
result from the fission chain reaction ranged from dud to
annihilation of the universe. Rabi predicted 18 kilotons of
TNT coming very close to the measured 20 kiloton force that
was actually recorded.

With the end of World War II later that year, physicists
returned to peaceful pursuits and the first great result for MR
came independently from Purcell[28] at Stanford and
Bloch[29] at Harvard in 1946 (see figure 8). Each published
their finding that the magnetic resonance effect that Rabi[27]
had observed in gases could also be detected in solid
materials. Bloch filed a patent for the first NMR
spectrometer in December of 1946 (granted in 1951).[30]
This opened the era of nuclear magnetic resonance study of a
wide array of materials including biological specimens.
Further work in Nuclear Magnetic Resonance by Hermann
Carr - along with Purcell [31] together with modifications by
Saul Meiboom and Gill[32] led to the development of pulse
sequences of radiofrequency and magnetic energy (CPMG
sequences - for Carr, Purcell, Meiboom, Gill) that could

identify different rates of magnetic field decay in a given
type of element situated in various different chemical and
physical surroundings.

An example of the kind of tasks that can be accomplished
this way is the “spin echo” - a term that applies to what is
done in the vast majority of modern MRI scans. This was
conceived of, measured and proven by Erwin Hahn (see
figure 8).[33] When a radiofrequency pulse of the correct
frequency is applied to a sample in a magnet, the selected
protons will spin in phase with each other because they are
all being driven by the same stimulating oscillating wave
form. We then turn off the stimulating signal and listen to
the emitted oscillating signal from the stimulated protons. As
they all spin around together, they generate a signal that is
strong as the tipped magnetic poles swing towards our
antenna and weak as they spin away. This emission
oscillates at the same resonant frequency at which the
protons were stimulated. However, with the elapse of time,
the signal decays away as the added energy from our
stimulating pulse is dissipated. The signal - oscillating and
steadily decaying away is called the FID (free induction
delay).

Hahn had an ingenious idea to alter the way in which the
spinning protons dissipate their introduced spin energy.
Thinking of the spinning protons as spinning tops, imagine
knocking them with the RF energy in such a way that instead
of their axis of spin being vertical, it is actually horizontal
with the foot of the spinning top resting on a vertical wire
axis. In addition to spinning around its now horizontal axis,

the top also “precesses” around the vertical wire.

As long as the axis of the spinning proton is horizontal it
emits a strong signal. With dissipation of the pulsed-in
energy, the angle of the axis slowly returns towards vertical.
We can call the magnetic output of the proton when it is
vertical the “longitudinal” magnetization and when it is
horizontal we say there is also a “transverse magnetization.”
As the orientation of the spinning proton returns to vertical -
which is parallel with the main magnetic field of the magnet
- the signal generated by the spinning transverse
magnetization fades away - this is the T1 relaxation process.

Another aspect of the way in which the RF pulse tips the
spin axes is that in addition to being horizontal, they are
precessing around the wire coherently in phase with all the
other surrounding protons. Because they are all in phase with

each other as they precess around and as they spin, they join
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together to produce a strong coherent oscillating
radiofrequency signal that we “hear/analyze” with our
antenna once the stimulating pulse is turned off.

However, two other types of signal decay come into play as
we consider this situation. Firstly, the precessing protons
will interact with each others' magnetic fields and will
disrupt each others' spin rates so that the spins gradually
dephase from each other and the signal fades away. These
are called “spin-spin” interactions and this type of signal
decay is called the T2 relaxation decay. These random
interactions will differ in quality from one tissue to another
depending on how freely mobile the water protons are - fast
in protein laden solutions, slow in water where the protons
tumble freely.

In addition, there may be non-uniform aspects of the general
environment. For instance, a blood vessel nearby will have
some iron in deoxyhemoglobin and this will uniformly affect
spins nearby causing more rapid loss of phase coherence and
therefore signal loss. This is called T2* decay. In some types
of imaging such as BOLD for functional MRI, we want to
emphasize these effects. In most other types of imaging we
want to suppress T2* effects as they may be irrelevant to the
aspects of tissue anatomy we are interested in.

Erwin Hahn's idea - further updated by Carr and Purcell[31]
- was that there was a way to “refocus” the precessing
protons to eliminate T2* effects (see figure 9). First, we
deliver the RF pulse that flips the protons into horizontal
configuration. This is called the 90 degree pulse. Then after
a selected echo time interval, we apply a second 180 degree
pulse that flips the axis into the opposite horizontal position.

Figure 9

Figure 9 - The spin echo concept. (A) - The vertical green
arrow is the average magnetic moment of a group of protons.
All are vertical in the main field and spinning on their long
axis. (B) A 90 degree pulse (orange arrow) has been applied
that flips the arrow into the horizontal (x-y) plane. The black
arrow shows the precession of the net magnetic moment. (C)
& (D) Due to T2* effects, as the net moment precesses,
some protons slow down due to lower local field strength
(and so begin to progressively trail behind) while some
speed up due to higher field strength and start getting ahead
of the others. This makes the signal broaden progressively,
dephasing and decaying. (E) A 180 degree pulse is now
applied (orange arrow) so now the slower protons lead ahead
of the main moment and the fast ones trail behind. (F)
Progressively, the fast moments catch up with the main
moment and the slow moments drift back toward the main
moment. (G) Complete refocusing has occurred and at this
time, an accurate T2 echo can be measured with all T2*
effects removed.

Quite separately, return of the green arrow towards the
vertical (not shown) would reflect the T1 relaxation
(drawing by AG Filler - copyright: GDFL 1.3/CCASA 3.0,
image source:
http://en.wikipedia.org/wiki/File:Spin_Echo_Diagram.jpg).

In the initial 90 degree position, we can think of a single
thick vector line representing the combined output from the
all the vectors spinning at identical speed and phase
representing the effects from all the stimulated protons in a
sample. As these spins slowly lose coherence - some going a
little faster, some a little slower - the single thick vector
spreads out. Some component protons slow their precession
and some actually speed up - all in response to the local
magnetic environment - these T2* effects make the T2 decay
occur rapidly. Strangely enough, with the 180 degree
refocusing pulse, the spreading effect reverses itself. The
spins that were spreading apart in their phases, begin slowly
drifting back into phase with each other. We typically
measure the T2 signal intensity at the point at which the
refocusing is complete. This places the refocusing pulse
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exactly half way between the time of the 90 degree
stimulating pulse and the echo time (TE). The TE is the
point at which the frequency and phase gradients are
deployed to read out the resulting signal strength. The
removal of the T2* effects allows for the T2 decay itself to
be observed over far longer decay times and so provides far
more complex and subtle T2 contrast between and among
various tissues.

INVENTION OF MAGNETIC RESONANCE
IMAGING

With all of these pieces in place, the stage was set for the
great drama of the invention of magnetic resonance imaging
itself.

DAMADIAN'S CONTRIBUTION

Throughout the 1950's and 1960's, NMR was used to test
and evaluate a wide variety of substances and tissues. In a
typical NMR machine, there is a small tube in the midst of
the magnet and the material or tissue to be studied is placed
in the test tube. In 1970 Raymond Damadian (see figure 10)
- aresearch physician at the State University of New York
(SUNY) Brooklyn campus, thought to measure T1 and T2
relaxation time on various tumors in comparison with related
tissues. Damadian found that the T2 was longer in the
tumors he studied by comparison with normal tissue. This
finding, published in Science in 1971[34] electrified the
magnetic resonance community because it suggested that
there could be an important medical use for NMR in testing
tissues for the presence of cancer.

Figure 10

Figure 10 - Inventors of MRI. Paul C. Lauterbur
(1929-2007) proposed the use of three orthogonal gradients
that is the basis of most modern MRI systems. Raymond V.
Damadian (born 1936) in the early days conducting MRI
experiments - he showed that cancerous cells should be
distinguishable from normal cells by NMR and invented the
first systems capable of collecting localized NMR data from
various parts of the intact body in living humans (photo
courtesy of Fonar Corporation).

As is well known today, the T2 decay rate of most cancers
does not follow the behavior that Damadian observed - but
nonetheless “a thousand ships were launched.” Damadian
himself decided that his next step would be an enormous
advance. He would progress directly from his measurement
of a piece of excised tissue in a test tube to a project to
immediately construct an NMR machine that was truly
enormous by the test tube standards of that era - big enough
for a living person to stand and move around inside the
machine (see figure 11). This is what is described in his
1972 patent filing (granted in 1974)[35].
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Figure 11

Figure 11 - Damadian's designs and results. (A) The human
size NMR spectrometer with spiral carriage for the RF
apparatus submitted in his original 1972 patent application
1972 (granted 1974).[35] Images from Damadian's later
application submitted in 1978 (granted in 1982): (B)
Drawing of human thoracic cross section, (C) the first image
from 1977, (D) a design from this patent equipped with a
system (49 & 50) for moving the patient within the
device.[155]

He conceived of a means to do NMR tissue measurements in
a vertical column of uniform magnetic field (a few
centimeters in diameter) in the center of the magnet. The
radiofrequency emitter and detector would then spiral their
way down, measuring again and again as they progressed
from the top of the head to the foot. Only the vertical column
at the very center of the person would have just the right
homogeneous magnetic field strength for the magnetic
resonance testing to occur. Then, the person would move a
little bit so that the central magnetic field would pass
through a different vertical column of the body and the spiral
process would be repeated. In this way, measurements would
be taken of all parts of the body that would allow the
machine to detect an anomalous T2 signal that could indicate
cancer and would allow the physician to know
approximately where in the body to look for it.

There were many problems with this device. First and
foremost, it was not actually capable of making an image.

Secondly, the T2 phenomenon would only identify a small
fraction of all the possible tumor types, the rest remaining
undetected. The transmit and receive device he postulated
would not provide a “beam” of RF energy as he proposed
since the radiowaves are broadcast and then received from
the antenna along a wide area. This machine did not work
and was never used. It also differed from the step by step
magnificent precise and triumphant theoretical experimental
physics of earlier workers - instead it was large crude,
hypothetical, irrational in many ways and took a giant leap
without working through the necessary steps along the way.

NOBEL PRIZE CONTROVERSY

When the Nobel Prize for invention of MRI scanning was
announced in 2003, Damadian was snubbed and the award
went to two more traditional scientists, Paul Lauterbur and
Peter Mansfield. Damadian is a creationist so he accepts
magical and divine intervention in biology. That has made
him an intellectual martyr for the creation science crowd.
Nonetheless, his omission from the Nobel Prize is a
Rohrsach test meaning different things to different
observers. The Prize committee, despite an intensive effort
by Damadian and a wide array of supporters - held to their
position. In a reverse answer to a question Damadian asked
in one of his newspaper ads - they believed that MRI would
have been developed by Lauterbur with or without
Damadian's contribution and that Lauterbur would have
accomplished it no sooner and no later. They did not accept
the possibility that the reverse of this premise might in fact
be correct.

DAMADIAN'S PATENT LITIGATION

Damadian was ultimately able to enforce one of the later
patents from his company, Fonar, that covered oblique angle
imaging. However, his original patent faced many
difficulties, - when a jury awarded Damadian a 2.2 million
dollar settlement for patent infringement against a subsidiary
of Johnson and Johnson, the judge threw out the verdict.
When a jury awarded him more than $100 million in his
patent infringement lawsuit against GE for both MRI and for
oblique angle imaging, Judge Wexler threw out the entire
award leading to a complex appeal process.

Damadian won the appeal and was ultimately able to collect
damages for patent infringement from GE and from all the
other MRI manufacturers for the oblique angle software
feature. This result has sometimes been misstated as an
action by the US Supreme Court that vindicates his claim to
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invention of MRI scanning. In fact, the US Supreme Court
did decline to review Damadian's success in the appeal that
reinstated the jury verdict against GE however the details of
the decision (by the United States Court of Appeals for the
Federal Circuit 96-1075,-1106,-1091 under judges Lourie,
Skelton, and Rader) warrant a close reading.

In the successful appeal, the court did deal with Damadian's
original patent and found infringement because the GE
scanner also distinguished the T2 decay time of cancerous
tissue not because of the issue of imaging. In addition, the
appeal judge ruled that the grey scale images that the GE
scanner produced were equivalent to numerical comparisons
of the T2 values of selected tissues that were produced by
the Damadian machine. However, there is no support in the
judicial decision for the assertion that the Damadian machine
produced an image. For these reasons, Damadian has a valid
enforceable patent that is infringed by all MRI scanners, but
his assertion that the US Supreme Court decided that he
invented MR imaging is not correct.

LAUTERBUR AND THE TECHNICAL BASIS OF
MR IMAGING

So what is it that Lauterbur and Mansfield did that led to
sharing the Nobel Prize for the invention of MRI? It is really
Paul Lauterbur who had the transforming idea that makes
magnetic resonance into a viable imaging method.

Like Damadian, Lauterbur (see figure 10) was a professor at
the State University of New York (SUNY) but at its northern
Long Island location at Stonybrook. In addition he was the
CEO of a small company - NMR Specialties - that
manufactured and operated NMR equipment. Partly as a
result of Damadian's publication about the increased T2 time
of tumors[34], Lauterbur had been forced to run NMR
analyses of pieces of rats that he had to put into test tubes.
Damadian was a physician but Lauterbur was a physicist
who was generally sickened by the specimens that were
starting to arrive. After one grisly day, he sat at a hamburger
restaurant (a Big Boy to be precise) trying to get his appetite
back, and searching through his mind for any possible ways
he could think of that would let him measure the NMR data
on intact animals. He needed a way to focus the experiment
on a single location inside the animal. An answer occurred to
him and almost immediately he realized that his method
would allow individual locatable measurements of any point
in the animal and that these could be reconstructed into
images like tomograms. He jotted it all down on a napkin,
then rushed out to buy a notebook where he could write out

the idea in more detail to get it dated and witnessed
(September 2, 1971) for a patent filing.

Lauterbur filed a preliminary patent disclosure but as the 12
month point arrived when he would need to spend money to
file the actual patent, he received advice from all sides that
magnetic resonance imaging had no imaginable commercial
use. He allowed the deadline to pass without filing,
publishing the method in Nature (after successfully
appealing an initial rejection by an editor who felt this would
be of limited specialist interest only).[36]

Lauterbur's idea was to use magnetic gradients to assign a
different magnetic field strength to each point in a subject
volume. This idea was based on the gyromagnetic ratios that
Isidor Rabi had first measured more than thirty years earlier.
Essentially, for protons for example, at 4.7 Tesla, the
resonant frequency for the protons (hydrogen atoms) in
water is 200 megahertz. If you apply a magnetic field
gradient across a specimen then (using approximate
illustrative numbers) on the left the field strength will be
4.701 Tesla and on the right it will be 4.699 Tesla. The
proton resonant frequency on the left will now be 200.01
MHz and the frequency on the right will be 199.99 MHz.

In this fashion, and by applying gradients in three different
directions (X, Y and Z) you can assign a unique field
strength to each location (voxel) in the sample volume so
that each location in the object being imaged produces a
signal at its own unique identifiable radio frequency. You
can adjust your radio dial for the receiving antenna and for
each frequency you select you can check on a T1 or T2
measurement experiment in just that voxel. By running the
experiment hundreds of times, once for each voxel, you can
determine the T1 or T2 for each voxel, know all the
locations, and generate an image showing the T1 and T2
intensities as grey scale pixels in an image.

For Lauterbur's initial design he read out a line of the
volume to produce an output very much like the mechanical
back projection data described earlier in this paper for
Gabriel Frank's non-computed axial tomogram. Once
Lauterbur's device had collected data for all the lines for an
image slice, he could run them through a computed back
projection algorithm and voila - an MRI axial tomographic
image emerged.

ERNST AND EDELSTEIN COMPLETE THE
PARADIGM
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A few years later, in 1975, Richard Ernst filed a patent
(granted in 1978)[37] showing how a group of voxel data
sets could be collected simultaneously as a complex mix of
frequency spectra. Then a Fourier transform could be
applied to extract the different frequency component
information elements. This is really the fundamental
completion of our modern magnetic resonance imaging
paradigm - a complex array of magnetic field gradients to
spatially encode each voxel in an image by its unique
frequency and then a Fourier transform to sort it all out into
a series of signal strengths (each depicted as a relative
brightness on a grey scale) to generate an image based on the

voxel signal data.

Fourier transforms had been used for a hundred years in the
study of radiowave data and had been deployed in the
evaluation of NMR spectra since the 1950's.[33] This is a
mathematical approach that dates to work by Jean Baptiste
Joseph Fourier in the early 1880's that can be used to convert
a “time domain” oscillating signal into a “frequency
domain” description of the content of the signal. It was
Ernst's insight to use this classical method from NMR
analysis in order to resolve the complex information arising
from an MR image data set.

Another improvement came from Bill Edelstein in 1980[38]
who showed that a pulsed gradient he called a “spin warp”
could be applied that would result in an array of positional
encoding by the phase that was far more efficient and usable
than the frequency encoding system that Richard Ernst had
described. Essentially, with the gradient applied briefly,
spins on one side that had a higher magnetic field strength
would speed up and the ones on the other side would slow
down. When the gradient is turned off, they all resume the
same speed. However, the spins that had sped up are out of
phase with the ones that slowed down. If you listen/analyze
for the early phase info, you will be getting information from
one side of the subject, if you listen/analyze for late phase
info, it will be coming from the other side.

In practice, the three types of gradients are used as follows.
The X-gradient along the length of the magnet (head to toe
in a cylindrical magnet) is turned on and we provide “slice
selection” by doing the RF stimulation with a range of
frequencies that work at just one region of the gradient at a
time. To move towards the closer end of the magnet with the
higher field strength we stimulate with a higher frequency, to
move towards the far end we stimulate with a lower
frequency. The stimulation frequency activates spins in a

slab that is the image slice. By using a very narrow band of
frequencies we get a thin slice, while a wider range of
frequencies results in a wider slice. Areas of the subject
outside of the selected slice will not be stimulated.

Now, to get the two-dimensional information out of the
slice, we use the Y-axis and the Z-axis gradients. For the Y-
axis (frequency encoding) we apply the gradient from right
to left across the magnet. The entire slab has already been
stimulated by the X-direction slice select gradient, so we
now want to manipulate those spins to get the data from each
location in the slab. The Y-gradient is applied and kept on so
that frequencies will be higher on the left, lower on the right.
This allows us to distinguish data coming from a tall column
of the subject's left side, distinct from a series of neighboring
columns. The column with the lowest frequency will be on
the right.

Then, we apply the Z-gradient briefly to get each column
labeled top to bottom by the phase differences mentioned
earlier. Now we have a unique access to each voxel of the
subject. The X-gradient selected the slice/slab by activating
it, the Y-gradient applied frequency encoding information
identifying the positional source of the signal within the slab
from left to right. The Z-gradient applied phase encoding top
to bottom. Edelstein's improvement was to use various
strengths of gradient in a fixed time as opposed to Ernst's
method of applying a gradient of uniform strength for
various lengths of time. Edelstein's spin warp was much
easier to accommodate in a pulse sequence.

Finally, we turn the antenna on and make a recording of the
complex mix of signals coming from our slab. This data is
run through a two dimensional Fourier transform and the
output is an image slice. If we split the frequency codes into
128 separate bins and the phase codes into 128 bins, we have
an image with 128 x 128 voxels. In each voxel, the image
intensity will be determined by the impact of the pulse
sequence applied during the image session and the results of
various decay effects (T1, T2, or others) that cause some
voxels to lose signal faster than others. In a T2 weighted
image, for instance, voxels in the middle of a brain ventricle
will have strong bright signal because of the freely tumbling
water molecules of CSF. Voxels in the skull will have little
signal at all because the water (proton) content is lower and
there is very little movement.

If we want to collect all the information from an entire slab
there are two approaches. One is to use the slice select
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gradient to activate the slab and then use the Y-direction
frequency gradient to leave only one column of the slab in
an appropriate field strength to remain activated by the
pulse. We then use the phase encode gradient to read out the
signal from the various different vertically distributed
locations along the column. We then repeat this 128 times,
gradually working our way across the slab from left to right.
If each event of RF stimulation, spatial encoding and readout
of a column takes 100 milliseconds, we will have all the data
for the slice collected after 12.8 seconds. If the slices are 4
mm thick with a Imm blank space between them, we can get
through a 15 centimeter volume with 30 slices. This will
take about six and half minutes.

Peter Mansfield pointed out that it would be possible to
rapidly switch the gradients so that the entire slab volume
could be sampled with a single acquisition. This is called
“echo planar” imaging (EPI). In this fashion the entire slice
is imaged in 100 milliseconds and the whole scan is
completed after three seconds. This sort of very fast imaging
is critical for “stop motion” studies such as cardiac imaging.
It is also very important for studies such as “diffusion tensor
imaging” (discussed below) in which each image is really
composed out of at least 7 and up to 256 or more image
repetitions to be complete. One can readily see that 100
repetitions at six minutes each is completely outside the
range of feasibility, but 100 repetitions at 3 seconds each is
going to be just 5 minutes - the same general length as a
non-EPI standard scan.

DIFFUSION TENSOR IMAGING (DTI) AND
DIFFUSION ANISOTROPY IMAGING (DAI)

The broader field of Diffusion Anisotropy Imaging includes
what is widely known a Diffusion Tensor Imaging (DTI),
tractography based on this (diffusion tensor tractography or
DTT) as well as other advanced methods for following
neural tracts such as Q-ball and HARDI (High Angular
Resolution Diffusion Imaging) which do not deploy the
classic tensor mathematical model. It also incorporates lower
order non-tensor methods in which three gradient axes are
sampled to minimize anisotropic effects where they occur in
relatively isotropic tissue such as gray matter of brain and
spinal cord.

DIFFUSION NMR

Understanding how to assess diffusion in solids and liquids
has a long history extending back into the 1700's. Among the
most fundamental investigations of the process of diffusion

are the studies by Thomas Graham (see figure 12) in the
early 1800's. He initiated the quantitative analysis of
diffusive processes through his work with intermingling
gases and with salts in solution carried out at what is now
Strathclyde University in Glasgow in the late 1820's and
early 1830's. Another important element of understanding
came from the botanist Robert Brown who was the first to
fully describe and name the cell nucleus. In 1827,[39] he
reported observations in his microscope that very small (6
micron) granules derived from pollen grains from a
wildflower - Clarkia pulchella from the American Pacific
Northwest - displayed random motion as he observed them
in liquid suspension - the first observation of “Brownian
motion” that underlies the process of diffusion.

16 of 37



The History, Development and Impact of Computed Imaging in Neurological Diagnosis and Neurosurgery:

CT, MRI, and DT]

Figure 12

Figure 12 - Leading figures in the development of diffusion
science. Thomas Graham (1805-1869) did the first
systematic quantitative measurements of diffusion. Robert
Brown (1773-1858) discovered the aleeBrownianall motion
that underlies diffusion. Henri Hureau de SA©narmont
(1808-1862) did experimental work demonstrating that
anisotropic diffusion could be represented by an ellipsoid.
Adolf Eugen Fick (1828-1901) organized the mathematical
basis of diffusion and showed its relation to studies of heat.

A fascinating experiment that introduced the concept of
using ellipsoids to describe diffusion was published by
French mineralogist and physician Henri Hureau de
Sénarmont in 1848 (see figure 12).[40] He applied wax to
the cut polished surface of a crystalline material. He then
applied heat to the center of the structure with a heated piece
of metal. The heat diffused through the crystal and melted
the wax around a progressively expanding front moving
centripetally away from the heat source. In materials in
which there was uniform diffusion in all directions
(isotropic) - the melting edge would spread as a circle. If the

crystal structure contained preferred axes of mobility - the
heat would spread more quickly along some directions than
others. The result was a growing ellipse on the wax coated
surface.

A few years later in 1855, Adolf Eugen Fick published his
insights that provided a mathematical basis for describing
diffusion.[41] Most importantly, he showed that much of the
mathematics that had been developed by Joseph Fourier and
other to describe thermal processes could be readily applied
to diffusion.

The origin of tensor mathematics was a sudden event that
occurred on the evening of October 16, 1843 as Sir William
Rowan Hamilton (see figure 13) was walking with his wife
near the Broom Bridge on the Royal Canal in Dublin. He
was trying to imagine ways of describing complex numbers
above the level of two dimensions. He abruptly realized a
method to accomplish a description in four dimensions.
Fearing he would forget and having no pen and paper, he
drew a pen-knife from his pocket and carved the
fundamental equation into the stone of the bridge.
Hamilton's math is called “quaternions”[42] and he
explicitly imagined it as dealing with the three dimensions of
space and the fourth dimension of time. The notation and
concepts an proponents of quaternions then came into
conflict with proponents of vector math and its notations
among mathematicians and scientists. Gradually, vector
math came to dominate in many areas, but the mathematical
descendants of the quaternion have remained important as
well.
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Figure 13

Figure 13 - Mathematicians & physicists responsible for
tensors. Sir William Rowan Hamilton (1805-1865)
conceived of quaternions - the initial mathematical basis of
tensors. (photo by permission of the Royal Irish Academy
A© RIA). Gregorio Ricci-Curbastro (1853-1925) together
with his student Tullio Levi-Civita (1873-1941) developed
differential calculus and established the modern form of
tensors. Albert Einstein (1879-1955) contributed to and
transformed many areas of mathematics and physics
including diffusion studies and tensor mathematics.

More than fifty years later, in the closing years of the 19th
century, Woldemar Voigt expanded Hamilton's usage of the
word “tensor” into its modern sense by applying it in his
studies of the physics of crystals.[43] Gregorio Ricci-
Curbastro,[44] (see figure 13) in the process of developing
differential calculus with his student Tullio Levi-Civita[45]
used the term “tensor” to describe an updated version of
Hamilton's quaternions, and developed a fully worked tensor
calculus. Their work was read by Albert Einstein who then
began to consider diffusion[46] and tensor mathematics.
Albert Einstein significantly advanced the mathematical
development of tensors in his work on general relativity,

using tensors to describe transformations in space and
time.[47]

In the early 1950's, Erwin Hahn[33] as well as Herman Carr
& Edward Purcell[31] pointed out that it was possible to
consider an additional form of NMR signal decay - other
than T1 and T2 - based on diffusion. The idea was to turn on
a magnetic field gradient during the measurement process.
Recall that at this time, long before MR imaging was
invented, there were no field gradients used for position. It
was Lauterbur who borrowed from the idea of diffusion
gradients to conceive of the positional gradients now used
for MR imaging. Herman Carr points out that in his 1952
Harvard PhD thesis, he was the first to report the idea of
using the diffusion gradient to encode spatial information -
at least along a single axis.[48]

Initially, diffusion was thought of as an artifact that could
cause signal decay that was not truly due to T1 or T2 effects
as well as a phenomenon of interest in its own right. If there
was relatively little diffusion of the molecules that held the
protons being measured, then the protons would remain in
the area of strong uniform magnetic field strength. However,
if the molecules tended to diffuse isotropically in all
directions, then they would move to positions of different
magnetic field strength and would rapidly dephase and lose
signal. Hahn used his idea of the spin echo generated from a
refocusing second RF pulse in order to remove the effects of
diffusion from the T2 signal. Carr and Purcell more
explicitly pointed out not only how to perfect the refocusing
pulse, but also how to make quantitative measurements of
diffusion.[31] Hence, NMR could measure rates of diffusion
under various conditions and with various elements and
molecules.

Donald Woessner[49] - then a chemist working at Mobil -
was the first to extensively consider and investigate the use
of NMR in a setting of restricted diffusion. He pointed out in
an article published in June of 1963 that if there were
barriers to the free diffusion of molecules, then the apparent
diffusion coefficient would be decreased due to the physical
barriers. The parameters of the measurement could be
adjusted based on the typical space between barriers to bring
out the effect. This method showed some promise for
measuring the free diffusion space inside some porous
structures. Woessner appreciated that the existing gradient
diffusion method was clumsy to use at small scale and
introduced the idea of using two pulsed diffusion gradients -
set at different time intervals - to determine the size of the
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compartment in which the diffusion was taking place.[50,
51]

Edward Stejskal (see figure 14) was a 30 year old assistant
professor in the Department of Chemistry at the University
of Wisconsin in Madison when John Tanner joined his group
as a graduate student in 1962. Tanner, who was actually two
years older than his professor, had been working at a small
technology firm in Madison after finishing his Masters
degree in 1954. Although Stejskal's focus was NMR, it was
Tanner that introduced the diffusion issue to the lab. He had
been working on fluid viscosity in gels at the technology
firm and had the idea of doing a PhD focused on trying to
use NMR diffusion methods to clarify the behavior of fluids
in this situation. Stejskal was aware of the use of diffusion in
NMR and decided to green light Tanner's project. However,
after 18 months, Tanner was making very little progress -
and not for lack of trying.

Figure 14

Figure 14 - Scientific leaders in the development of diffusion
NMR and MRI. Edward Stejskal together with John Tanner
conceived of the symmetrical, refocused pulsed gradient that
is employed by virtually all MRI and NMR work that
measures diffusion (photo by Cynthia Wertz, reproduced by
permission of Edward Stejskal). Michael Moseley initiated
the use of diffusion in MRI and discovered that it could
identify early signs of stroke (photo by permission of
Michael Moseley).

The diffusion gradient methods Tanner started with dated
back to early observations by Hahn[33] and by Carr &
Purcell[31] . The problem Tanner was having is that the
water in gels diffuses slowly and it was requiring
progressively larger gradient to try to detect an effect. The
gradients required were at the limit of what was possible and
there were effects of the gradients that were swamping out
the diffusion information.

Stejskal tried to imagine theoretical approaches to solve the
problem. Then, for reasons he cannot explain, shortly before
midnight on May 1st of 1963, he suddenly conceived the
solution - two pulsed gradients rather than continuous
application of a single gradient. He jotted the idea down on
the margin of an equipment logbook, left a note for Tanner
and left the lab around lam. The next day, Tanner
abandoned the approaches he had been trying and set to
work immediately to try to get the apparatus to generate the
pulses to run the experiment. This succeeded and led to their
very widely cited 1965 publication[52]. The Stejskal-Tanner
method is still the workhorse of all diffusion imaging 45
years later.

At the time there wasn't much interest in this. Both Stejskal
and Tanner moved on to other areas. Stejskal also points out
that standard NMR equipment didn't handle the pulses well.
Years later, as the equipment capabilities in NMR caught up,
interest resumed. The introduction of their method into MR
imaging by Michael Moseley in 1984[53, 54] laid the
ground work for the explosion of interest in diffusion
imaging caused by Moseley's subsequent finding of
diffusion MRI's utility in early detection of ischemic stroke
in 1990.[55-58]

The idea of using two gradient pulses is a transformation of
the ideas that Hahn[33] and Carr & Purcell[31] had applied
to RF pulses. The Stejskal & Tanner[52] idea was to pulse
the diffusion magnetic field gradient on for only a brief
period and then to do this a second time after a carefully
selected interval. The two pulses are placed symmetrically
before and after the 180 degree refocusing spin echo pulse.
This has the effect of amplifying the diffusion sensitivity
since it removes the T2* effects of the gradient pulses,
leaving just the impact of physical repositioning of the
protons due to diffusion. Effectively, the first pulsed gradient
causes dephasing, then, after the 180 degree pulse, the
second pulsed gradient reverses and eliminates the
dephasing - but only does so for those protons still at the
same position in the gradient.

The time interval between the two pulses also sets the rate of
diffusion that is being sampled - if the two are fired very
close together, only fast diffusing molecules will be affected.
When the time between them is relatively large, then even
slowly diffusing molecules will be affected.

Stejskal apparently was not aware of Woessner's work at the
time of his initial idea in May of 1963. However, the
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Stejskal solution was more effective because it placed the
two pulsed gradients on either side of a refocusing pulse -
just as Hahn had done with the spin echo.

Even more importantly for future applications, Stejskal fully
considered the implications of this advance for exploring
diffusion in all its aspects. Prophetically, Stejskal
appreciated the basic features of applying pulsed gradients to
study diffusion in anisotropic media using the tensor
ellipsoid model.[59] Drawing upon the classical work of
Carslaw & Jaeger[60] in heat diffusion, he pointed out in a
second paper published in 1965 that NMR measurements of
anisotropic diffusion should be oriented along the principal
axis of a tensor ellipsoid. This is almost the exact idea that
Peter Basser & Dennis LeBihan believed they had
discovered at the time of their patent filing nearly 30 years
later.[61, 62] In the file history of their patent examination,
they incorrectly - but successfully - asserted that no one had
ever measured this diffusion tensor for the translational (bulk
random-walk movement) self-diffusion of water and that
was the basis upon which their patent was granted.

In the 1970's other researchers such as Blinc[63] pointed out
that by rotating an anisotropic specimen relative to the
direction of measurement, a number of different values for
the translational diffusion coefficient could be obtained and
that these could be used to accurately fill in the diagonal and
off-diagonal elements of the diffusion tensor. This step had
the practical use of making it possible to determine the
orientation of the true parallel and true perpendicular
orientations for accurately measuring the relative amount
and direction of anisotropy within a sample.

By this point, it was clear that various NMR scientists had
considered what would happen if the structure they were
measuring had a strong axis of anisotropy. If they placed the
structure so that its axis of anisotropy was perpendicular to
the direction of the gradient, relatively little decay took place
because the diffusing components tended to stay in an area
of similar signal strength as they diffused. Similarly there
was an increased rate of decay if the axis of anisotropy was
parallel to the direction of the gradient. With this theoretical
basis in hand, several groups began exploring the detailed
behavior of water diffusion in muscle cells in order to show
that cell shape could be measured by its effect on water
diffusion.[64, 65]

DIFFUSION WEIGHTED IMAGING

In 1984, Michael Moseley (see figure 14) initiated the field
of diffusion imaging by inserting the Stejskal-Tanner pulsed
gradient into an imaging sequence to assess the diffusion
coefficient in structures seen in an MR image.[53, 54] Two
years later, Le Bihan[66] reported diffusion coefficients
from various normal and pathologic tissues following
Moseley's method. The most important clinical discovery in
diffusion weighted imaging was Moseley's finding published
in 1990 that diffusion weighted imaging could detect the
effect of acute stroke.[55] Prior to this time, both CT and
MRI were relatively ineffective for determining if a patient
had an ischemic stroke. The impact of Moseley's finding was
analogous to Damadian's discovery 20 years earlier[34] that
tumors could have different T2 relaxation properties when
compared to their parent normal tissues. Moseley's finding
caused an explosion of interest in diffusion MRI so that in
short order, diffusion weighted imaging was being applied in
tens of thousands of clinical images throughout the world.

Michael Eugene Moseley started his academic career in the
Department of Physical Chemistry at the University of
Uppsala. He worked with Peter Stilbs - then just two years
out from completing his own PhD. Moseley published his
first papers on NMR spectroscopy with Nitrogen in
1978.[67] His University of Uppsala PhD Thesis, submitted
in 1980[68] covered solvent and polymer dynamics in
polystyrene solutions, so he will have encountered NMR
diffusion problems similar to the one that John Tanner was
struggling with when Tanner joined Stejskal's lab fifteen
years earlier. After leaving Sweden, Moseley did a post-doc
at the Weizmann Institute in Rehovot, Israel (where Saul
Mieboom had done the work leading to the CPMG pulse
paradigm many years earlier[32]). Moseley's project as a
post-doc involved the use of the Stejskal-Tanner pulse
sequence[52] to study the anisotropic diffusion of methane
and chloroform in smectic liquid crystals.[69]

From there, Moseley moved to California, joining the
Department of Radiology at UCSF in 1982. At this point he
shifted focus from inorganic chemistry and ultimately
applied his classical training in NMR with his recent
experience in anisotropic diffusion in crystals to the new
field of MR imaging.[53-55, 70, 71] He went on to
revolutionize the field with his insights and discoveries in
the application and use of NMR diffusion methods to solve
important clinical problems in medical imaging. He has
recently served as the President of the International Society
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for Magnetic Resonance in Medicine - the leading academic
research society focused on MR, a group that has tens of
thousands of member from the MR research and clinical
community.

ORIGINS OF DIFFUSION TENSOR IMAGING

The initial diffusion weighed imaging studies quickly
revealed that there was a troubling aspect of the use of
diffusion for image contrast - Moseley reported at a 1989
meeting of the Society for Magnetic Resonance in Medicine
(SMRM) that the image intensity of white matter areas
varied in their diffusion contrast appearance depending upon
the relative angle between the diffusion gradient and the
long axis of the fiber tract[72]. Further details of his findings
were presented at a workshop in Bethesda, Maryland in June
of 1990. This complicated the utility of diffusion MRI for
identifying stroke in white mater regions, but Moseley also
appreciated that there was an unanticipated potential new
opportunity for MRI in this as well. Both Moseley's group at
UCSF[70] and a group at the Hammersmith Hospital in
London[73] published papers later that year showing that by
taking images with one gradient parallel and one gradient
perpendicular to known tracts, that a significant difference in
intensity could be observed. Radiologists thrive on the
discovery of new forms of tissue contrast, and this finding of
contrast from diffusion anisotropy generated tremendous
interest and anticipation.

One solution to the imaging problem of producing a single
valid image that correctly depicted the anisotropy in each
voxel came from studies of plant tissues. Paul Callaghan and
his associates[74] carried out NMR imaging of a thin cross
section of a wheat grain. They rotated the sample, collecting
images at each 2 degrees of rotation and then carried out a
filtered back projection algorithm - like Gabriel Frank, and
Godfrey Hounsfield had done - to generate a cross sectional
image.

However in a July 1992 patent filing,[2] Filler and his
associates revealed a series of critical aspects of diffusion
anisotropy imaging that preceded other groups by several
years and which became the basis for modern diffusion
tensor imaging. The key elements were initially made public
in an abstract at the August 1992 SMRM (Society for
Magnetic Resonance in Medicine) meeting in Berlin.[13]
However, the field of diffusion tensor imaging and
tractography were truly launched when Michael Moseley
again presented the findings, methods and images from the
Filler group to a packed plenary session of more than 700

MR scientists at the SMRI meeting in March of 1993.[75]
As Moseley wrote to Filler later “...your slides were of
course an instant hit...” It was an electrifying scientific
moment - numerous projects in the development of
tractography were launched that day.(personal
communication: Michael E. Moseley, April 8, 1993,
http://www.neurography.com/neurography-1993moseleylett
er.pdf, by permission of Michael Moseley).

The most important idea is that instead of each voxel having
an image intensity for a 2D image, each voxel should instead
contain an arrow with a specific length and direction in the
three dimensional space of the voxel. From the length of the
arrow we can learn about the anisotropic diffusion
coefficient for the voxel. From the direction in space, we can
learn about the dominant direction of neural fiber tracts
within the volume.

The patient being imaged does not need to be rotated, rather,
the diffusion gradients can be applied from many different
directions by mixing inputs from the standard three
gradients. Several different images are acquired, but these
are then combined via vector or tensor math, to result in a
single image that is “rotationally invariant” - the image
intensities - based on the anisotropic diffusion coefficient is
a single true value instead of being different in each of a
series of images obtained from various angles.

The use of a tensor formalism in NMR of diffusion had been
well known for decades, but this concept of generating a
single calculated image made up of complexly data-laden
voxels capable of generating neural tract traces was entirely
new. Instead of being flattened into a pixel of data with a
gray scale of 1 to 256, each voxel would be a “container”
that could hold complex spatial information that could be
used in various computational methods to demonstrate
various aspects of the physiology and pathology of a tissue.
Voxels could be associated with each other across three
dimensional space based on similarity of axonal orientation.

The Filler[76] patent presents both a simple geometric
method using arctangents with input from three gradient
directions and also points out that with diffusion gradients
activated in more than three directions, a diffusion tensor
may be calculated. It then goes on to show various ways to
generate tractographic images (see figure 15).
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Figure 15

Figure 15 - The first diffusion anisotropy tractographic
image. This is a coronal image in a macaque monkey imaged
in an experimental MRI system at the University of
Washington in Seattle. This image uses the arctangent of the
relationship among diffusion gradient axes. Because of the
multiple gradients - the vector length images are
alcerotationally invariantall - the intensities will be the same
no matter how the gradients are oriented. In this arctangent
image, the precise spatial orientation of the tract components
are calculated on a voxel by voxel basis to generate the
underlying data and to establish the criteria for image
intensity in the tract image.[2]

It should be noted that patent went well beyond simply
demonstrating voxel orientations in an image slice. The idea
was selective, progressive tract tracing. The radiologist
could select a seed and destination, then learn what tracts
progressed from the start point to the end point - an MRI
version of classical tract tracing techniques.

Among the most important clinical findings reported in the
1992 patent filing, was the discovery that in an encephalitis
model, there were some pathologies that were best detected
by alterations in the tractographic data. This meant that DTI
could detect white matter pathology that could not be seen
with any other MRI method. This finding was analogous to
Damadian's finding on tumor T2's[34] or Moseley's
discovery that diffusion coefficients changed in stroke[55]. It
is the basis for the current vast literature in which DTT is
used for early detection of Alzheimer's,[77, 78]
Parkinsons,[79, 80] diffuse axonal injury in head trauma[81]
and in numerous other clinical applications.[82] It would be
nearly five years before any other group reported the use of
vector or tensor methods to assess pathologies in the living
brain that could only be detected with this technique.

In the vector/arctangent model, if diffusion data were
collected in three different orthogonal directions, then a
vector could be calculated. The length of the vector
calculated from data on the three main axes would show a
close estimate of the real diffusion coefficient for an
anisotropic voxel, independent of the orientation of the
gradients relative to the direction of anisotropy. This type of
measurement is similar to what is now called the diffusion
trace or “Fractional anisotropy” or FA .

This approach of using vector length rather than a single axis
diffusion acquisition is one of several similar methods for
calculating a composite result for the diffusion coefficient of
a voxel so that the result is independent of the angle of the
gradients.[62, 76] This strategy now also dominates standard
diffusion weighted MRI for stroke.[83, 84] This is because
grey matter is not truly “isotropic” and strokes involve both
grey and white matter. By collecting gradient information in
three axes and using vector or tensor math to calculate the
true - directionally independent - measure of diffusion, the
artifacts that arise from single direction information can be
eliminated. In some sequences with short echo times
(reduced T2 weighting), all three gradients can be activated
simultaneously so that no calculation is required.[85] This is
also the approach now being used to apply diffusion imaging
to functional MRI (see below).[86, 87]

The diffusion tensor concept had been very well worked out
in other fields several decades earlier. One of the most
important applications of diffusion tensor theory in magnetic
resonance before 1992 was in the analysis of spinel crystals
such as those being developed as ferrite-type magnetic
resonance contrast agents.[88-90] The diffusion tensor
theoretically requires data from at least six different
directions although in practice, the three major or diagonal
elements of the 3x3 matrix that describes the tensor will
provide most of the needed information. It is clear that at the
time LeBihan wrote his 1991 review of diffusion
imaging[91] as well as other papers that year,[92, 93] that
the major thrust is to obtain just the x, y and z directions as
independent data elements. In the 1991 review paper,[91]
LeBihan cites the 1960 edition of Jost's textbook on
diffusion[94] in which the mathematics of the diffusion
tensor and the ellipsoid model are discussed in context of the
110 years of work in these fields (1848 to 1960).
Nonetheless, - aside from the information in the Filler et al
1992 patent filing,[2] no MR researcher actually reported
having calculated such a true anisotropic diffusion
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coefficient in a brain imaging situation until several years
later.[95]

In August of 1993, Peter Basser and Denis LeBihan (see
figure 16) filed a patent application[62] based on applying
the ellipsoid model of diffusion - with a filing date one year
after their presentations at the SMRM meeting in Berlin in
1992.[96, 97] Denis LeBihan had been involved in
pioneering work in diffusion MRI for a number of years at
that point and had filed a patent to do with the study of intra-
voxel incoherent motion of water.[98] Peter Basser was
filing patents about strain gauges in which the mathematics
of the strain tensor was employed.[99] Basser learned of Le
Bihan's work when he wandered in to a poster presentation
in a tent in a parking lot at NIH in the fall of 1991. He
immediately became very excited about the potential for
deploying tensor math to solve the problem of the need to
have a rotationally invariant method of processing the data.
Although the two signed a “disclosure document” at that
time with an eye towards a future patent filing, Basser
reports that he became dejected when Denis Le Bihan
pointed out that although this was a nice idea, neither of

them knew how to actually measure the tensor.

Figure 16

Figure 16 - Scientific innovators in diffusion tensor imaging.
Denis Le Bihan pioneered and developed many areas of
diffusion imaging including the use of tensors and the
application of diffusion MR to functional studies (photo by
permission of Dennis Le Bihan). Susumu Mori developed a
set of rules and algorithms that are widely used to
accomplish tractography (photo by permission of Susumu
Mori). Aaron Filler showed how a set of techniques could be
deployed to tract trace throughout the CNS and peripheral
nervous system. (photo by Mikel Healey; copyright GFDL
1.3/ CCASA 3.0; image source:
http://en.wikipedia.org/wiki/File: Aaron_G_Filler.jpg).

However, with the impending deadline of the abstract
submission date on March 6, 1992, for the August SMRM
meeting in Berlin, and working with James Mattiello, they
worked out the concepts. Somewhat ignominiously, they
obtained a pork loin which they rotated around in an MRI
scanner as they collected diffusion image data. The numbers
apparently were fed into software such as MathTensor that
had recently become available to run with Steven Wolfram's
Mathematica 2.0 software. The results showed that as they
rotated the pork loin, the ellipse constructed in the software
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rotated in the reference frame. This is what they published in
the 1992 abstract.

In 1994, Basser and LeBihan published an initial summary
article on their ellipsoid tensor model[61] and it is this paper
that is mostly widely cited as the original paper on diffusion
tensor imaging. This is indeed a fundamental paper that
provides a rigorous mathematical basis for tensor based
diffusion anisotropy imaging. In 1995, Basser[100] pointed
out the potential to calculate the fractional anisotropy
number and the following year the first actual data of this
sort was published by Pierpaoli et al,[95] four years after the
Filler et al patent filing[2] and the meeting abstract by Todd
Richards[13] - one of the co-inventors on the Filler et al
patent.

CONFLICT BETWEEN DTI INVENTOR GROUPS

For various unclear historical reasons, the publications by
the group of inventors in the Filler patent[101] as well as the
reports at the principal magnetic resonance research
meeting[13] went unheeded by virtually all other researchers
in the field for several years. In part, this appears to have
occurred because of Peter Basser and Denis LeBihan at NTH
held the attention of the MR community through their
vigorous program of publication and reporting on the
development of the technique. Basser and LeBihan
published steadily in this field reporting increasingly
complex math without showing experimental results.[61,
100] Eventually, as Basser told an interviewer[102] he
became concerned at how few MR scientists were entering
this field and decided he must “dumb down” diffusion MR if
he expected any other group to follow.

Many academics are unfamiliar with the process of patent
submission and evaluation so some explanation helps clarify
what happened with these two patents - US 5,560,360 from
the Filler group and US 5,539,310 from the Basser group.
The laws have changed over time and they differed
significantly at that time for inventors working in Europe
versus those working in the United States. In Europe, once a
discovery or invention has been publicly disclosed - even
verbally at a meeting presentation - it can no longer be
patented. However, in the U.S. an inventor was allowed one
full year from the date of disclosure before having to file a
patent application. In the U.S., if there is a dispute over the
priority of two patents - who invented first - then one can
look to signed and witnessed notes to find a date of
conception - however the US Patent Office will not
recognize any such documents if they are not prepared in the

geographical United States.

Once the initial applications are filed, the inventors are
allowed one year to update or add to or change the contents
before the final application with all legal “claims” attached
must be submitted. This document is then usually published
by the World Intellectual Property Organization (WIPO) as a
“Patent Cooperation Treaty”” or PCT document within 18
months of the original earliest filing date. This PCT version
gets an initial search of the literature for competing
published prior art that might invalidate it. The inventors are
required to turn in any prior art they are aware of. The
inventors then send the PCT document out to different
jurisdictions (e.g. United States, Japan, Europe, Australia,
Canada) with appropriate translations where each goes about
its own process of patent examination for non-obviousness,
validity and novelty. Various objections and rejections are
raised by the examiners, the applicants reply, and if there is
agreement, an amended version of the patent is accepted and
published by each of the jurisdictions as it finishes it's
process. Patent examination can take 1 to 12 years - or

longer!

In the case of these two patents, Filler et al started to file in
March of 1992 and had a series of “priority documents” up
to July 31 of 1992 containing the inventive material -
including a discussion of tensors and numerous orientations
of the gradients - and then filed the final application in
March of 1993 upon which it was published as a PCT in
September of 1993. Like the Filler group, the Basser group
presented papers at the August, 1992 Berlin meeting of the
Society for Magnetic Resonance in Medicine, emphasizing
the mathematics but not including any actual images.[96, 97]
The Basser group then filed their initial application 12
months later in August of 1993,[62] filed their final draft in
August of 1994 and had their PCT publication in February
of 1994. Both patents were granted and published in the
United States in 1996, apparently without the relevant
examiners being aware of each others work.

When Michael Moseley requested the images from Filler
and Richards and re-presented them in the plenary session at
the 11th Annual Meeting of the SMRI (Society for Magnetic
Resonance Imaging) in San Francisco on March 28, of 1993
- the session was moderated by Denis Le Bihan.[75] This
was five months before Le Bihan filed his patent for
diffusion tensor imaging.

The patent by Filler et al[76, 101] was granted in the US and
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some of the initial reports were published in the Lancet and
reported in the New York Times, CNN and ABC news.
Nonetheless, Basser and LeBihan apparently remained
unaware or at least unwilling to acknowledge by reference.
Even after the Filler patent was cited 32 times in an
exchange between the US Patent Office and Peter Basser in
1999 (see below), Basser and LeBihan both continued in
never referencing any of that work in numerous publications
to the present day - despite submitting more than 150
clinical and historical publications and book chapters on the
subject since that time.

The Basser, Mattielo, and LeBihan patent[62] is very
narrowly focused on using an NMR or MRI system to fill
the six matrix components of a diffusion tensor ellipsoid
model. The biggest problem it faced in the patent
examination was a series of comparisons to a patent issued
in 1984 to Wilfried Bergmann.[103] In that patent,
Bergmann proposed an MRI scanner in which the transmit
and receive coils were superconducting. He argued that this
would increase the precision of the system for measuring T1,
T2, and the diffusion tensor. He also provided
superconducting coils for generating “three dimensional
pulsed field gradients” to measure the diffusion tensor.

The patent examiner initially rejected all of the claims by
Basser saying that Bergmann had already invented a method
of using MRI to measure the diffusion tensor. Basser replies
by arguing that Bergmann must be talking about the tensor
of magnetic spins. The examiner again rejects all the claims
saying, no - it is unmistakable that Bergmann is talking
about using pulsed gradients to measure the diffusion tensor.
Basser replies that this must then be the rotational diffusion
tensor (a means of using NMR to study the rotations of
molecules) rather than water displacement. To support this,
Basser points out that when Bergmann gives a reference to a
textbook by Farrar and Becker[104] to support the
methodology for measuring the tensor, that the text only
covers rotational diffusion. The examiner, Raymond Mah,
again rejects all the claims because the textbook actually
does describe how to measure both the rotational and the
translational diffusion with NMR. The Supervisory
Examiner then confirms final rejection of the patent in July
of 1995.

However, Basser et al finally get a Christmas present - on
December 26, 1995, their attorney David Rossi makes a
phone call to Raymond Mah and convinces him that no one
has ever measured the diffusion tensor of water with an

NMR system. Mah sends out a note on December 27th
allowing all 35 claims of the patent. Rossi appears to have
been completely wrong on this, but the patent was then
granted without further discussion. The Bergmann patent
really does not provide methodology for measuring the
diffusion tensor and the primary references that Bergmann
cited do not describe it. The Tanner [105] reference in the
Farrar book does describe measuring the translational
diffusion tensor, but the examiner did not check these further
references.

So when did Peter Basser become aware of the Richards
report and the Filler patent if he missed the 1992 Berlin
abstract, the patent publication and the 1993 plenary session
about diffusion MRI in San Francisco and never heard about
this from Denis Le Bihan? This definitely took place in
1999.

In a conflict with the US Patent Office in examination of a
later US Patent 5,969,524 from Pierpaoli and Basser,[106]
the examiner cited the Filler patent[76] numerous times in
rejecting claims filed by the NIH scientists regarding similar
subject matter Basser was submitting in this 1997
application. The supervisory US patent examiner Leo
Boudreau wrote: “Regarding the above claims, Filler et al
teaches a method for assessing diffusion anisotropy in an
object; obtaining information signals representing a
diffusion tensor for each of a plurality of localized regions in
said object (note col. 20 lines 35-67); Information is being
obtained to represent a diffusion vector”. Pierpaoli and
Basser responded only by incorrectly trying to assert that the
Filler patent did not include more than two axes of diffusion
- directly in conflict with both the Filler patent[76] and
Richards 1992 publication[13] . The Filler patent actually
states:

“gradient coils oriented in three planes can be
simultaneously activated in various combinations to achieve
the effect of an infinite variety of differently oriented
gradients .... a technique has been developed for observing
diffusional anisotropy, independent of its degree of
alignment with any individual gradient axes. This process
involves the combination of information from anisotropy
measurements obtained along three standard orthogonal axes
or using information from multiple fixed axes.”[76]

In the July 31, 1992 priority document by Filler et al (p.21)
the utilization for tensor treatment is explicit as is the
relationship to known tensor analysis methods for magnetic
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data[107] which they state:

“The use of vector analysis algorithms of this sort, or
involving the treatment or coordinate transformation of MR
diffusional anisotropy data with tensors of various rank can
improve the generality and flexibility of neurographic
imaging. The example described above demonstrates that by
the application of tensor and/or vector analysis methods such
as algorithms similar to those developed for the evaluation
of e.g, magnetic, thermal, or structural anisotropy data, it is
possible to greatly improve the flexibility and generality of
image techniques for neurological diagnosis.”[2]

Further, Rossi argues on behalf of Pierpaoli and Basser that
even if the Filler patent does mention using the tensor for
tractography that none of the four inventors on the Filler
patent would have known how to use it for that purpose.
This assertion did not impress the examiner.

Pierpaoli and Basser were forced to amend the new
patent[106] and narrowly limit the claims that were
subsequently granted to cover only a theoretical lattice
concept that has not proven to have any utility.

Aside from the dispute, the fact that Filler's patent is one of
only three documents cited and that it is referenced 32 times
in the correspondence makes it quite impossible that Peter
Basser was unaware of the Filler patent or its contents as he
continued to publish numerous topical and historical articles
about the field without referencing that patent or related
publications or any of the authors over the following 10
years. His patent was then licensed to GE, Philips and
Siemens apparently without these companies being alerted to
the competing patent.

DIFFUSION ANISOTROPY AND
TRACTOGRAPHY

The special problems in this task arise because of two ways
in which the MRI diffusion tractography problem differs
from other diffusion measurement systems. Dating back to
the non-computed axial tomogram, continuing on through
CT scanning and all MRI work to that point - researchers
were concerned with determining how best to determine
contrast between one pixel and an adjacent pixel in a two
dimensional or tomographic representation. Tractography
calls for shifting fully into a three dimensional realm where
the structure being determined extends beyond the plane of
imaging.

In diffusion MRI, we can tell that diffusion anisotropy in a

neural tract is causing water molecules to move
preferentially perpendicular to a gradient, but we can't tell
which direction along the tract the water molecules are
traveling - towards us or away from us. The image intensity
is identical for the measurement of diffusion along any axis
whether the water is moving in either direction along the
tract because it does move in both directions in the neural
tract. In general diffusion work this is never a problem. In
fact if we are calculating fractional anisotropy (FA) values
that essentially give the length of the resultant vector, the
answer always comes out the same whether or not we know
the true sign (positive or negative) of the direction of the
neural tract relative to each axis.

However, for tractography, we have to know the true
direction of the tensor relative to the shared Cartesian frame
of reference. Filler[82] has outlined elsewhere an anti-
symmetric dyadic tensor model that best explains how the
additional gradient axis information solves this problem.
Basser and LeBihan in their 1993 patent filing (granted in
1996)[62] failed to suggest any method for achieving
tractography. Basser has stated in an interview that as of
1994, tractography seemed like science fiction to him.[102]
Basser and LeBihan were not able to discover a method to
do tractography.

In the 1993 patent application, the Basser group did not
propose any means to describe or utilize the angular
orientation of the tensor in Cartesian space. Like a number
of authors before and after their filing[92, 108, 109] they
proposed the use of color maps[110] so that each
independent axis of data collection could be assigned a color
and the colors then mixed to provide a general view of the
directional quality of the data. Even this approach is fairly
unproductive if the data is not multiplied by FA information.

Basser has stated that he sought to accomplish tractography
by developing a mathematical tensor field model[102] based
on the physics of streamlining that would extend his
ellipsoid diffusion tensor model to the tractographic level.
However he never succeeded in this task. It seems as though
this approach could not work since neural tract directions are
determined by evolutionary history and neural function and
not by any laws of physics.

It is helpful to keep in mind that in the voxel you can
imagine a three dimensional set of axes (X, y, and z) but that
the center of this Cartesians system is at the center of the
voxel rather that any arbitrary corner of the voxel. Now
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imagine what happens when you have a diffusion
measurement of 1 along the X-axis. You will see 0.5 on the -
x side and 0.5 on the +x side of the center of the grid. Now
suppose you have a measurement of 1 along the Y-axis also
- again there will be 0.5 on the negative side and 0.5 on the
positive side. We can keep this simpler by coming back with
a very low value on our Z- measurement - nearly 0. Even
now though, you can imagine four different vectors pointing
out from the origin. One midway between the +x and the +y
arms, one midway between the +x and the -y arms, and so
on - four different vectors organized into two anti-symmetric
pairs. How do you decide which is correct? You need to
collect data from an additional plane between the axes to
learn which is a ghost dyad and which one represents the
real Cartesian direction.[82]

In the 1992 patent application Filler et al[2] provided both a
simple vector model and tensor model for tractography and
actually produced and published the first tractographic brain
images. In the final patent they suggest selecting seed points
in two remote axial slices and then using an algorithm to
tract trace between the regions of interest based on the
directional anisotropy data.

In 1999, Susumu Mori (see figure 16)[111, 112] reported
success with tractography, in part by retracing the steps
outlined in the Filler patent, but also providing further
details of the algorithm. He filed a patent that year that was
subsequently granted in 2003.[113] In both the Filler et al
1992[2] and the Mori et al 1999 method,[113, 114] one
critical aspect is to select two areas demonstrating a high
level of anisotropy and then to allow the algorithm to follow
the principal main direction of each voxel to travel from a
seed or source point to reach a target point.

There are two methods for tractography that are explained in
the Filler application.[2] The first is based on the arctangent
function (also applicable using an algorithm called “arctan2”
in the version of FORTRAN used for the original work).
This function results in the angle of the main vector relative
to the selected Cartesian axes. This allowed images
analogous to more modern tractography in which an angle
parameter was set to determine image intensity. Anisotropic
voxels sharing that angle were bright, others were dark, this
resulted in a tractographic image that followed long tracts
through the brain. Richards[13] also reported that in some
pathologies, there seemed to be more disturbance of the
angular data than the vector length data.

The second method used true tensor data in a connected
voxel algorithm.[115] This type of algorithm - which is a
three dimensional elaboration on older “connected pixel”
algorithms[116], provides for a threshold for eliminating
voxels of low signal strength under the conditions assessed
as well as for decision making about adjacent tracts. It is a
seed based method that generates both linear and surface
regions based on the input data. In Filler[2] it was applied to
the vector length/arctan angular data that describe the
orientation of the primary diffusion vector in the voxel to
assess connectedness to adjacent voxels. In addition Filler[2]
described the use of multiple gradient acquisition hardware
that allowed mathematical assembly of an infinite number of
differently oriented diffusion gradients run in echo planar
sequences to obtain multidimensional tensor data of various
ranks.

Jay Tsuruda, a neuroradiologist who was a co-author on
Moseley's original 1990 report of anisotropic diffusion[70]
and a co-inventor on the Filler patent, joined Richards, Filler
and Howe in 1992 after the initial tensor and arctan
tractographic work had been done, and started investigating
additional issues in tractographic processing. Filler and
Tsuruda (along with Grant Hieshima - a neuroradiologist
who made several of the major inventions in the directable
catheters of interventional radiology) formed a company
called NeuroGrafix to develop the technology. In his
capacity as chief scientific officer of the company, Tsuruda
participated with other scientists in a series of further
developments that help refine the tractographic
method.[117-120] Members of the inventor group also
reported extensively on the development and clinical
evaluation of the peripheral nerve tractographic (=
neurographic) methodology.[3, 5, 82, 121-126]

One continuing problem with tractographic methods has
been that the ellipsoid tensor model of Basser and LeBihan
cannot accommodate the biological situation of two neural
tracts crossing through each other. This is because in the
elipsoid model there can be only one principal eigenvector
or main longitudinal axis in a voxel. We can look at the short
axes but these are always orthogonal to the main axis and
cannot accept any different direction.

In the anti-symmetric dyad model, we can have multiple
different dyads arise from multiple measures. If there is one
dominant measure in a voxel then any differences or
“wobble” between the dyads will reflect the equivalent of
the “radial diffusion” from the ellipsoid model - this assesses
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the degree of isotropy or noise in a voxel. However, if there
are two different tracts in the voxel, then strong enough
gradients and sufficiently numerous gradient acquisitions in
various directions can result in dyadic tensors that group into
two different directions reflecting the two different tracts.
The HARDI (high angular resolution diffusion
imaging)[127] and g-ball[128] methods work in this fashion
by abandoning Basser and LeBihan's application of the
classical diffusion ellipsoid model. David Tuch and Van
Wedeen at the Massachusetts General Hospital were granted
a patent for this method in 2006.[129]

THE ORIGINS OF THE DIFFUSION
ANISOTROPY IMAGING PATENT

The Neurography and Diffusion Anisotropy Imaging
patent[76] was an important step forward for the general
problem of treating neural structures in their linear form like
bones or blood vessels and accomplished advances in this
area on many fronts.

Aaron Filler first proposed an MRI nerve tract imaging
project in 1988 at the University of Washington where he
was a second year neurosurgery resident and the project
went forward under one of the radiology faculty, Jim
Nelson. Todd Richards was the lead physicist of the research
group. The project envisioned the use of MR contrast agents
for delivery by axonal transport with the intention of using a
contrast agent to generate linear images of nerves and tracts
that would be analogous to the axonal tracers he had used for
anatomical studies as a graduate student at Harvard ten years
earlier.

In 1990, Filler was working on that project at St. George's
Hospital in London using a 4.7 Tesla imager with high slew
rate 70 milliTesla/meter gradients (see figure 17) - note that
at this time, most clinical imagers had only 10
milliTesla/meter gradients at best and these typically had
much lower slew rates than the St. George's research system.
A grant application for the MR tract imaging work was
rejected by the MR imaging section at NIH but the project
was funded by the Neurosciences Research Foundation of
Atkinson Morley's Hospital (where Filler worked as a
neurosurgical registrar) - the same facility that supported
Hounsfield's project to deploy the first CT scanner.

Figure 17

Figure 17 - Aaron Filler loads test samples into the 4.7 Tesla
experimental MRI system at St. George's Hospital in 1991 in the course
of experiments that led to the development of diffusion tensor imaging
(photograph by Franklyn Howe, copyright: GDFL/CCASA 3.0, image
source:http://en.wikipedia.org/wiki/File:UK_lab_MRI_Aaron_Filler.jpg).

Filler learned of Moseley's report on anisotropy in white
matter when Filler gave a visiting presentation of his
progress at the Hammersmith Hospital in the early fall of
1990. He then started formulating a plan to try to apply
diffusion MRI to the nerve imaging problem. Working with
Franklyn Howe, an Oxford trained MR physicist, he noticed
that the chemical shift artifact at the very high field had
separated the small nerves into two neighboring structures.
When diffusion weighting was applied, his finding was
similar to the minimal effect in peripheral nerve noticed by
Moseley. However, in order to fully distinguish among the
water and fat nerve images that partially overlapped in the
forearm of a rabbit under anesthesia in the high field high
gradient magnet, he added chemical shift selection fat
suppression to the diffusion sequence and this yielded a
remarkably large increase in apparent anisotropy in the water
images of the nerve - quite aside from removing the fat
signals from the image. This revealed that the nerve water
included both isotropic (or slow diffusing) and anisotropic
(or fast diffusing) components, but that the chemical shift
selective pulse removed most of the isotropic water from the
image because the isotropic water had a shorter T2.

The result was a pure nerve image with no use of contrast
agents. He traced a series of images onto acetates and when
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the nerves in the series of slices were stacked up, they
clearly revealed the three dimensional branching pattern of
the major nerves of the forearm. The problem was that the
nerve images would only be bright when the nerves were
directly parallel to the gradient so image intensities dropped
out and even disappeared as the nerves curved out of plane.
Filler and Howe quickly discarded a three axis solution
because of the bipolarity of diffusion and identified the
solution as requiring a multiple gradient acquisition with
tensor analysis. This was a solution that was apparent
because Filler's work at that point included chemical work
on manipulating the spinel crystal anisotropy of mixed
ferrites he was working with for contrast agents. This was
another example - as with Michael Moseley's background in
smectic liquid crystals - where a background in the
anisotropic diffusion science of crystals resulted in insights
into water diffusion in images of neural tracts.

Yet another interesting cross pollination arose from Filler's
PhD research in biological anthropology at Harvard. His
1986 PhD thesis dealt with the evolution of Miocene
hominoids.[130-133] In particular there was great interest in
accurately dating a Miocene vertebra from the Moroto site in
Uganda. A key aspect of dating the site utilized studies of
paleomagnetism. A similar issue arose with Miocene
hominoid fossils from the Siwaliks in Pakistan.[134] Filler's
thesis adviser was David Pilbeam - who later served as Dean
of Harvard College - and Pilbeam had played an important
role in fostering the development of methodology in
paleomagnetism. Paleomagnetic structure is assessed by
making six differently oriented magnetic remanence
measurements around a sample and then using a tensor
ellipsoid calculation to determine the eigenvalues and
eigenvectors[135-138] - almost exactly the method for
diffusion tensor MRI. A 1990 summary article by two of
Pilbeam's associates provides full details of the method and
the mathematics.[107] A significant portion of the initial
theoretical work in paleomagnetism was done by
Jelinek[135] who concludes his article by stating: “We
expect that this method will also be useful in other fields in
which symmetric tensors of the 2nd order are employed.”
Other more general works on the relevant tensor
methodology are also available.[139, 140]

There is nonetheless an interesting intellectual, scientific and
technological mystery about the whole series of events of the
development of diffusion tensor imaging that seems to go to
the heart of the way that humans advance their technologies.

What is striking is that although many brilliant researchers
discussed the diffusion tensor in NMR and MRI, it is clear
that it was not really being calculated before 1992, even
though there were many sources available to explain exactly
how to go about it. In part, this appears to have occurred
because the tensor is being used as a symbolic concept that
states more or less that we all know the appropriate
formalism to apply. However, in nearly all situations in
NMR, all that we need to know is the orientation of the
principal axis of the tensor since that will allow the
measurement of the anisotropic diffusion coefficient. If you
can find the orientation by manually rotating the sample on a
turntable until you see the maximum output, then why
bother going through elaborate data collection and
calculation steps that once challenged Albert Einstein?

From a philosophical point of view, the history of diffusion
tensor imaging shows that in the process of invention, in
response to a perception of an unmet technological need, we
must disrupt our symbolic understanding[141] of the
elements of a problem in order to see its components in their
fundamental state then reassemble the elements into novel

and unpredicted new relationships and outputs.

FUNCTIONAL MRI (FMRI)

Earlier in this paper, the use of the spin echo to eliminate the
“T2*” effects of local magnetic field inhomogeneities was
discussed. Functional MRI (fMRI) is based on trying to
enhance the impact of T2* effects that result from local
bloodflow. Louis Sokoloff had shown that in the
neuroscience lab, radiolabeled (carbon 14) deoxyglucose
(FDG) could be used to track how much brain metabolism
was taking place in various regions. With the tracer in blood,
an experimental animal's brain would draw glucose into
those regions with higher energy consumption. The synthetic
glucose analog molecule would block the normal glucose
breakdown and accumulate inside the cell - accumulating
larger amounts in more active cells. Then when the animal
was sacrificed and the brain was sectioned, the radiolabel
would cause increased exposure of X-ray film at the
locations with the most retained tracer.[142]

Sokoloff and his colleagues then made FDG with fluorine-18
- a positron emitter. David Kuhl - who had worked on both
radio-isotope scanning and an early CT scanner design -
together with Michael Phelps (all at the University of
Pennsylvania) had made good progress with a positron
emission tomography scanner. Working together, Sokoloff,
Kuhl, Phelps and colleagues then used 18-FDG and an early
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PET scanner to observe changes in regional metabolism in
the living human brain[143].

Raichle and colleagues[144] had been using simple detector
arrays to monitor regional cerebral blood flow in humans
with oxygen-15 (positron emitting) labeled water. This
group also progressed to the use of PET scanning, deploying
a variety of tracers including Carbon-11 labelled glucose (to
try to see a more normal glucose metabolism relative to
flourodeoxyglucose).[145] A tremendous amount was
learned about the physiology of cerebral metabolism by
deploying these various techniques. However, they all
required an intravenous injection of a powerful radiation
source - something that seems appropriate for assessing the
potential growth rate of a patient's brain tumor, but not for
routine psychology experiments. Further, the spatial
resolution of PET limited the degree of detail possible for
these functional studies.

Belliveau and associates at Massachusettes General Hospital
showed that MRI contrast agents would distribute

differentially based on blood flow and that - at the time scale
of MRI - it was possible to show relative increase in contrast

agent flow in areas of the brain that were most active.[11]
The initial clinical excitement was for the possibility of
having a patient engage in a physical movement and using
these functional images to help identify the motor strip of
the brain's cortex.

However, unknown to Belliveau and the awestruck
reviewers at Science, Seiji Ogawa (see figure 18) at AT&T's
Bell Labs had already achieved a far more subtle and
powerful solution[12]. The effects of de-oxygenated blood
are different from the effects of oxygenated blood.
Oxygenated hemoglobin is diamagnetic - no external
magnetic field, but deoxygenated blood is paramagnetic - it
does have an external magnetic field effect. The process of
deoxygenation - if it occurred in an area of increased brain
activity - could mark that location by causing increased T2*
effects. The general class of imaging techniques used are
called BOLD for “blood oxygen level dependent” imaging.

Figure 18

Figure 18 - Leading scientific contributors to fMRI. Seiji
Ogawa demonstrated that BOLD (blood oxygen level
dependent) imaging could reveal functional activation in the
brain (photo by permission of Seiji Ogawa). Debra Gusnard
showed how fMRI baseline measures could be used to
explore the biological basis of "self" as a background for
understanding mental function (photo by permission of
Debra Gusnard).

Brain activity does increase blood flow to a brain region, but
the level of control is not very fine in scale. If one small area
has increased activity and increased demand, then a region
that may be ten to fifty times larger may see the increased
flow. However, although the active area will deoxygenate
the blood more rapidly than the less active areas the blood
flow response overcompensates.

Gusnard and Raichle[146] pointed out that background
oxygen extraction fraction (OEF) rather than oxygen
consumption per se would be the best measure because it is
relatively uniform across the brain at rest. Because of the
overcompensation of flow in response to activity, the OEF
actually decreases in areas of increased activity. With this
information in hand and with appropriate pulse sequences
selected, even very fine scale patterns of brain activation
could be reliably monitored. An extra bonus was the finding
that time scale of the changes was shorter when assessed in
this way.

These changes have led fMRI researchers to deploy very
high resolution systems that can differentiate progressively
more precise patterns and locations of activity. The analysis
of these activations has progressed both toward the particular
- identifying precise regions of function along a cortical
gyrus, and also toward the level of organization of higher
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level patterns - assessing patterns of coactivation between
limbic, temporal, frontal and parietal functional centers.

Debra Gusnard (see figure 18), a neuroradiologist trained at
the University of Chicago and University of Pennsylvania
after studying at the Sorbonne (University of Paris) chose to
do a second residency in psychiatry while doing fMRI
research at the Mallinckrodt Institute of Washington
University in St. Louis. Double boarding in neuroradiology
and psychiatry would have been difficult to predict a few
years ago, but Gusnard's work has shown how compelling
this may prove to be in the future. Working with Marcus
Raichle, she authored or co-authored several widely cited
major papers reporting important advances in the
understanding of the baseline functioning of the human brain
as well as establishing the OEF (oxygen extraction factor) as
a key paradigm for quantitation and analysis of fMRI
data.[147-151]

In addition however, Gusnard has helped launch a
fascinating new field in which fMRI is deployed to gain
biological insight into elements of thought, perception and
consciousness. She has pointed out that although traditional
neuropsychology has generally considered the concept of
“self” as non-biological, the baseline function concept of
fMRI provides an alternative explanation. By monitoring the
degree of function in coordinated regions of brain when the
individual has no external stimuli, the functional properties
and components of “self” become subject to study.[10, 147]
Gusnard also points out that other fundamental aspects of
consciousness - such as attention, self reflection, motivation,
and the temporal sequencing of thought are becoming
increasingly susceptible to study on a biological basis. This
helps provide a substantive methodological basis to the
widely anticipated possibility that not only the functioning
of the mind but the pathological variations from normal
function will be progressively unraveled by future progress
in fMRI.

Although tremendous strides have been made in fMRI using
the BOLD technique, the field of fMRI has started to
undergo another revolutionizing transformation due to
methodological improvements in diffusion imaging. In 2001,
Le Bihan and colleagues[85] noticed that the isotropic
diffusion measurement in grey matter increased with
functional activation. Recently advances in signal to noise
performance of scanners have led to the finding that
diffusion methods can be used to measure functional
activation. This measure is entirely different from the

oxygen consumption model that dates back to the laboratory
autoradiography studies. It appears to be due to swelling of
cells associated with their neural activation. The diffusion
effect (DfMRI) starts abruptly within 1 second and then
resolves before the BOLD changes even start to appear.
Onset and resolution is 2-3 seconds for DfMRI and about
9-10 seconds for BOLD studies, so the time resolution is
much better using diffusion. In addition, the spatial
resolution of the changes appears to be more precise.

Diffusion methods detect a fast diffusing phase and a slow
diffusing phase. The relative amount of water in the slow
diffusing phase (restricted diffusion) increases with brain
activation. The actual cellular and biophysical basis for this
remains unclear. It is also unclear whether the already low
anisotropy of the grey matter changes as well. [85-87, 152]
A similar cellular swelling phenomenon seems to affect the
axons of activated neurons as well - this change is proving to
be observable with a DTI paradigm that may be termed
fDTL.[153]

SUMMARY

Overall, the competitive arenas of the academic, intellectual
property, and corporate aspects of these historical
developments appear to have acted to spur on the advance of
technology. It is certainly clear in this area that patents must
be considered along with academic publications if we want
to clearly understand the historical sequence of ideas and
innovations.

Medical imaging continues to be an exciting focus that
draws in the most complex aspects of physics, mathematics,
computers and neuroscience. Neurosurgeons must remain
closely engaged with this process - recognizing where
critical clinical needs are not being met by existing
technology while striving to find insight into potential
solutions. In this way, further rounds of advancement and
insight will best serve the practitioners.

Ultimately, a medical image is an extension of the physical
exam, allowing the surgeon to probe and examine the
patient. As imaging methodology draws more subtle and
complex functional capability into the diagnostic arena, the
range of problems that will be available for neurosurgeons to
try to treat will certainly continue to grow larger as well (see
figure 19).
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Figure 19

Figure 19 - Image history series. (A) Skull X-ray - only hard tissues can be
observed and all features are overlaid upon each other, (B) one of the first
CT scans from AMH in 1971 - starting point for the cross sectional image
paradigm, (C) recently obtained CT scan showing higher resolution and
better tissue contrast, (D) T2 weighted brain MRI showing subtle contrast
differences with small thalamic abnormalities - extending the cross
sectional paradigm (E) DTI tractographic image with selective depiction of
white matter anatomical structures deployed in three dimensions, (F) fMRI
study with individual looking at pictures, making judgments and button-
press responses with resultant activation in visual cortex, and prefrontal +
SMA (supplementary motor) area. Credits: A, C, D, E: image credit Aaron
Filler, copyright: GDFL 1.3/CCASA 3.0; image source A:
http://en.wikipedia.org/wiki/File:Skull_X-ray_lateral view.jpg; C:
http://en.wikipedia.org/wiki/File:Brain_CT_scan.jpg); D:
http://en.wikipedia.org/wiki/File:MRI_T2_Brain_axial_image.jpg); E:

http://en.wikipedia.org/wiki/File:DTI_Brain_Tractogram_lateral_view.jpg);

B:courtesy of St. Georgeal™s, Univ. London; F: courtesy of D. Gusnard,
Mallinckrodt Institute of Radiology, Washington University, St. Louis.
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CHAPTER 6

MAGNETIC RESONANCE NEUROGRAPHY AND
DIFFUSION TENSOR IMAGING: ORIGINS, HISTORY,
AND CLINICAL IMPACT OF THE FIRST 50 000 CASES
WITH AN ASSESSMENT OF EFFICACY AND UTILITY IN
A PROSPECTIVE 5000-PATIENT STUDY GROUP

OBJECTIVE: Methods were invented that made it possible to image peripheral nerves
in the body and to image neural tracts in the brain. The history, physical basis, and
dyadic tensor concept underlying the methods are reviewed. Over a 15-year period,
these techniques—magnetic resonance neurography (MRN) and diffusion tensor imag-
ing—were deployed in the clinical and research community in more than 2500 pub-
lished research reports and applied to approximately 50 000 patients. Within this group,
approximately 5000 patients having MRN were carefully tracked on a prospective basis.
METHODS: A uniform Neurography imaging methodology was applied in the study
group, and all images were reviewed and registered by referral source, clinical indica-
tion, efficacy of imaging, and quality. Various classes of image findings were identified
and subjected to a variety of small targeted prospective outcome studies. Those findings
demonstrated to be clinically significant were then tracked in the larger clinical vol-
ume data set.

RESULTS: MRN demonstrates mechanical distortion of nerves, hyperintensity consistent
with nerve irritation, nerve swelling, discontinuity, relations of nerves to masses, and image
features revealing distortion of nerves at entrapment points. These findings are often
clinically relevant and warrant full consideration in the diagnostic process. They result
in specific pathological diagnoses that are comparable to electrodiagnostic testing in clin-
ical efficacy. A review of clinical outcome studies with diffusion tensor imaging also
shows convincing utility.

CONCLUSION: MRN and diffusion tensor imaging neural tract imaging have been val-
idated as indispensable clinical diagnostic methods that provide reliable anatomic
pathological information. There is no alternative diagnostic method in many situations.
With the elapsing of 15 years, tens of thousands of imaging studies, and thousands of
publications, these methods should no longer be considered experimental.

KEY WORDS: Brachial plexus, Brain, Diffusion tensor imaging, Magnetic resonance imaging, Nerve,
Piriformis, Thoracic outlet

Neurosurgery 65:A29-A43, 2009 DOI: 10.1227/01.NEU.0000351279.78110.00 www.neurosurgery-online.com

sequence strategies for tissue-specific imaging of nerve
and nerve tracts in 1991 and 1992 opened a new diag-
nostic world in which a wide variety of pathological condi-

The discovery of a series of magnetic resonance pulse

ABBREVIATIONS: ADC, apparent diffusion coefficient; CNS, central
nervous system; DTI, diffusion tensor imaging; DWI, diffusion-
weighted imaging; FA, fractional anisotropy; MRI, magnetic resonance
imaging; MRN, magnetic resonance neurography; 3-D, 3-dimensional

NEUROSURGERY

tions involving nerves and neural tracts can be visualized
directly (5, 7, 22, 29, 32, 38, 39, 59); these techniques are
grouped under the terms magnetic resonance neurography
(MRN) for peripheral nerves and diffusion tensor imaging (DTI)
or tractography for the central nervous system (CNS). Many
specialists in these 2 fields are not aware that they have a
common origin in a shared set of fundamental imaging strate-
gies and algorithms that grew out of a unitary development
project.
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FIGURE 1. First diffusion tracto-
graphic imaging case. This image is
primarily the work of Todd Richards
and shows the use of spatial diffu-
sion information to highlight a neu-
ral tract curving through brain. This
is the brain of a long-tailed macaque
monkey (Macaca fascicularis)
imaged as part of an effort to im-
prove the sensitivity of magnetic res-
onance imaging for the early detec-
tion of encephalomyelitis. (From
Filler AG, Tsuruda |S, Richards TL,
Howe FA, inventors; University of
Washington, assignee. Images, appa-
ratus, algorithms and methods. UK
patent GB920016383. July 31,1992
[29]; and Filler AG, Tsuruda ]S,
Richards TL, Howe FA, inventors;
University of Washington, assignee.
Image neurography and diffusion

The first tractographic
image using multidimen-
sional directional informa-
tion to show curved neural
tracts traversing the brain
(Fig. 1) and the first neurog-
raphy images were submit-
ted in a series of United
Kingdom patent descriptions
by Filler et al. (24, 29) be-
tween March and July of
1992 and were published by
the World Intellectual Prop-
erty Organization in 1993
(26, 30). Related images were
published in the proceedings
of the Society for Magnetic
Resonance in Medicine
annual meeting in Berlin in
August 1992 (39, 59).

Before these developments
in 1992, it had been generally
assumed among radiologists
that the peripheral nerves
simply could not be imaged
reliably. The potential to use
diffusion magnetic resonance
imaging (MRI) to tract trace
through the brain was also
not really anticipated in the

anisotropy imaging. US patent

clinical community. The strat-
5,560,360. March 8, 1993 [30]).

egy of using diffusion-based
MRI sequences to help pro-
duce linear neural images was first discussed by Filler et al. in
1991 (32) and emerged as a workable technique through discov-
eries by Filler, Howe, and Richards (in London and Seattle) in late
1991 and by LeBihan and Basser (in Bethesda) in early 1992.

As a historical note, it is worth mentioning that the original
work on DTI and Neurography in London was funded by the
Neuroscience Research Foundation of Atkinson Morley’s
Hospital—the site where Hounsfield built the first experimen-
tal computed tomographic scanner in 1971 and also the site of
the first clinical computed tomographic scan in 1973 (3, 37).

Treatment of each image voxel as a mathematical entity for
vector and tensor math analysis represented a fundamental
rethinking of neurological imaging data. This constituted a
very significant transformation of the legacy of cross-sectional
imaging from computed tomographic scanning—with its con-
ceptual origins in X-ray beams and film exposures.

Vector and tensor representation of the internal structure of
voxel image data also represented a shift in the conceptual
basis of MRI from “slab”-based neuroanatomy into the realm of
tract tracing that had dominated neuroanatomic research in
the 1970s and 1980s. Interest in tract tracing for evolutionary
studies of uniquely human neuroanatomic structures in the
brain related to speech (12, 13) and in the periphery related to
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the lumbar reorganization in hominoids (15, 17-19, 22, 33, 49)
provided the original impetus for development of imageable
tractographic methods for the CNS and nerves (16, 31).

Previously, the methodology of MRI had been focused on
identifying methods to assign contrasting image intensities to
various voxels (3-dimensional [3-D] pixels) in an MRI slice. This
was accomplished by a wide array of pulse sequences that
manipulated aspects of the T1 and T2 relaxation time of protons.
Positional information for the voxels was obtained by using
magnetic gradients to assign unique magnetic field strengths to
each location in the volume to be imaged and then using
Fourier transforms to extract signal strength data from each
voxel at various echo times after a simple or complex radiofre-
quency pulse. Diffusion nuclear magnetic resonance per se had
also known for decades; it acted as yet another source for
obtaining contrast on the voxels by assessing relaxation rates
(signal decays) that related to the degree to which nerve fibers
tended to have water diffuse anisotropically (in a primary direc-
tion) rather than isotropically (in all directions) (52, 53). This is
the basis for the diffusion-weighted imaging (DWI) that has
been used to detect strokes for many years (43, 51, 56).

In magnetic resonance angiography, we typically produce a
series of image slices in which blood vessel voxels are bright
and then reconstruct the vessel tree from a stack of slices with
vessels shown prominently in each cross section. DTI works
very differently. The critical insight was a modification in the
fundamental data acquisition process of the MRI scanning sys-
tem so that each voxel would yield not only image intensity
data but also directional data showing the tensor (3-D com-
plex vector) direction in 3-D space.

Each voxel could be represented by a small arrow pointed in
the direction of the principal nerve orientation in that volume.
Instead of producing a cross section with dots, we produce an
array of directional arrows along neural tracts, and these can be
strung together by various standard 3-D graphics techniques to
produce linear images of nerve tracts. In addition, pulse
sequence modifications could be applied that made these data
discoverable in the peripheral nerve as well. The resulting neu-
rograms then served as a model for discovering additional non-
diffusion tractographic methods for peripheral nerves.

By 1993, there were several major publications in these fields
(25, 30, 36). In the subsequent 15 years, more than 100 aca-
demic publications have reported on various aspects of this
new imaging modality in peripheral nerves, including several
large-scale formal outcome assessment trials (23, 41, 42).
Nonetheless, most textbooks of radiology or neuroradiology
do not devote any pages to nerve imaging (4), as if nerves were
not a clinically significant part of the body. Most practicing
physicians still do not realize that high-quality diagnostically
efficacious nerve imaging is available.

More than 2000 studies that explore DTI tractography in the
CNS have been published (55), with most of these appearing in
the past 3 years. The clinical impact of DTI is still difficult to
predict. However, it encodes a great deal of information that is
usually discarded in the course of CNS imaging. Therefore, it
has shown great promise for detecting subtle derangements of
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brain architecture that are difficult to recognize with cross-
sectional imaging.

Formal outcome studies on the use of DTI for evaluation of
traumatic brain injury (60), for predicting outcome after intrac-
erebral hemorrhage (63), and for surgical guidance to optimize
glioma resection (62) have appeared along with numerous pre-
liminary studies for a wide variety of clinical uses in neuro-
science, such as in the evaluation of dementia in Alzheimer’s
disease (10) and in identifying subtle lesions involved in the eti-
ology of epilepsy (14). Recent diffusion image presentation
algorithms have also been used to further advance earlier work
on the use of DTI for peripheral nerves (38, 46, 61).

In the smaller but more clinical peripheral nerve imaging
arena, MRN has proven to be more efficacious than electrodi-
agnostic studies for identifying nerve compressions that will
improve with surgical treatment. This efficacy is seen both in
diagnoses that are typically evaluated by electrodiagnostic
studies such as carpal tunnel syndrome (41, 42) and in diag-
noses in which electrodiagnostic studies have proven difficult
such as piriformis syndrome and related sciatic nerve entrap-
ments (20, 23).

The utility of MRN has now been established in the evalua-
tion of entrapment syndromes (1, 2, 23, 27, 50), in the evalua-
tion of nerve injury/repair (11), in nerve tumor assessment (8,
34, 35), and in the setting of neuritis and a variety of neu-
ropathies (28). It is also effective for evaluating nerve disor-
ders affecting young pediatric patients such as obstetrical
brachial plexus palsy.

Over the 15 years since MRN was initially brought into clini-
cal use, approximately 25 000 peripheral nerve imaging studies
have been conducted. DTI in conjunction with brain MRI scans
has been performed in tens of thousands of patients, mostly in
the past 2 years. This report assesses the use and diagnostic
range for MRN in a prospective group of more than 5000
patients for whom standardized protocols were applied, research
consent obtained, and clinical data collected and organized.

For both T2 MRN and DT], the clinical results can be used to
help verify hypotheses about the physical basis of the underly-
ing biophysical phenomena that result in the observed image
effects in both normal and pathological situations. In addition,
by identifying the most effective parameters to optimize, the
clinical results can best identify the way forward for future
developments.

PATIENTS AND METHODS

All patients had a physical examination to identify specific suspect
nerve pathological conditions. Images were ordered through St. George’s
Hospital Medical School (1992-1996); University of Washington
Department of Radiology (1993-1995); University of California, Los
Angeles or OliveView/ University of California, Los Angeles Depart-
ment of Radiology (1996-2001); or the Neurography Institute (2000—
2007). Image protocols included matched T1 (anatomic) and neuro-
graphic image pulse sequences in multiple planes including at least one
“nerve perpendicular” plane for fascicle assessment. Echo times were
greater than 40 milliseconds (usually 70-100 milliseconds) for all MRN
studies to assure that no magic angle effects could occur (8). Referral
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FIGURE 2. Nerve water compartments. Magnetic resonance pulse
sequences can be optimized to detect a water signal arising in one of sev-
eral compartments. Important nerve water components with unique char-
acteristics for magnetic resonance imaging include the endoneurial fluid,
axoplasmic water, organelle water, and myelin-associated water.

biases toward these specialty centers because of their widely recognized
expertise in this area was an unavoidable aspect of the data.

RESULTS

T2-based MRN

Physical Basis

The clinical pathological data in T2-based MRN seem to
derive from alterations in endoneurial fluid content in nerves.
This fluid seems to be the sole candidate for the class of water
to which the image parameters should apply. It is a low-protein
fluid (long T2), confined to the endoneurium of nerve fascicles
(Fig. 2), that physiologically participates in a bulk proximal to
distal flow (54, 57, 58). Compressions or irritative processes
seem to be capable of increasing the amount of this fluid rela-
tive to the other cellular components of the fascicle in a variety
of pathological conditions (40).

Usage by Type of Pathological Condition

The dominant class of pathological conditions for which MRN
studies were ordered in this group were for nerve entrapment.
Usage in tumors (Figs. 3 and 4), trauma (Fig. 5), and neuropathy
represented only a very small percentage of the studies.
However, this usage also reflects the relative incidence of these
conditions. Nerve entrapment/degenerative problems such as
carpal tunnel syndrome, piriformis syndrome, thoracic outlet
syndrome, and radicular spinal syndromes are far more preva-
lent. When correction for incidence of the major classes of disor-
ders is considered, the usage pattern seems to be similar for
degenerative/ pain/entrapment, neoplastic, and traumatic nerve
pathological conditions. Our study participants represented
approximately 0.01% of the total incidence for the time period for
these types of cases. Usage for the evaluation of neuropathy is
very low.
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FIGURE 3. Relations of a small C5 mass to brachial plexus (bp) elements.
In many patients, by collecting images in planes that are perpendicular to
the main longitudinal axis of the nerve elements of interest, it is possible
to obtain extremely specific information about the location of a mass within
the brachial plexus. A, multiplanar reformat oriented parallel to the main
longitudinal orientation of the brachial plexus. B, oblique acquisition per-
pendicular to the orientation of the main longitudinal direction of the
brachial plexus.

Usage by Body
Region/Nerve

Use of MRN is heavily con-
centrated in the evaluation of
large proximal nerves that are
difficult to assess accurately
by routine electrodiagnostic
techniques and physical
examination. Studies of the
lumbosacral plexus, proximal
sciatic nerve, and other pelvic
nerves (ilioinguinal, puden-
dal, femoral, and obturator)
constituted approximately
42% of cases. Brachial plexus
imaging accounted for an
additional 18% of cases and
lumbar spinal nerve studies
accounted for 5%. The re-
maining 35% were studies of
knee/ peroneal nerve, elbow /
ulnar nerve, wrist/ median
nerve, ankle/tibial nerve, upper neck/occipital nerves, and
thigh/distal sciatic, calf, foot, upper arm, abdominal wall, face,
intercostal spaces, and various individual study types.

FIGURE 4. Relations of brachial
plexus (bp) elements to an axillary
mass. Although a schwannoma (sc)
can be detected by various tech-
niques, it is extremely valuable for
the surgeon to have a method of
determining the position of the
nerve elements relative to the posi-
tion of the mass.

Usage by Practitioner Category

Most MRN studies were ordered by neurosurgeons (43%),
and this ordering seemed to represent a combined influence of
diagnostics and surgical planning. Surgical planning as a rea-
son for ordering was inferred when the study was ordered by
a surgeon and the diagnosis was already established. Neuro-
logists ordered an additional 21% of the studies, whereas pain
specialists (12%), physiatrists (8%), orthopedic surgeons (6%),
and various others ordered the remaining studies. Only a very
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FIGURE 5. Upper trunk brachial plexus injury (bpi) with denervation of
C5 muscles. A, apparent discontinuity of the C5 component of the upper
trunk. The C6 component is swollen upstream of the injury and sharply
narrowed and hyperintense. Coronal view (B) and nerve perpendicular
view (C) showing severe denervation changes in supraspinatus (su) and
infraspinatus (in) muscles. ss, scapular spine.

small number were ordered for pediatric patients, and these
generally were not ordered by pediatricians.

Diagnostic Efficacy and Ordering

MRN had a high diagnostic efficacy. More than 96% of stud-
ies resulted in either specific findings involving the nerve of
interest or in a definitive statement that the nerve or nerves in
question were entirely normal in appearance. The remaining
4% of studies were nondiagnostic because of movement, arti-
fact from implants, body habitus or pain limiting appropriate
positioning in the scanner, or ordering errors. Ordering errors
arose because many practitioners were not experienced in
ordering nerve imaging. For example, a neurologist or neuro-
surgeon (or staff member) seeking to evaluate sciatica due to
piriformis syndrome would order a lumbar MRN instead of the
necessary pelvic MRN because of the habit of using lumbar
MRI for sciatica.

Contrast Agent Use

Intravenous gadolinium contrast material was used in
approximately 0.4% of cases. When tumor was part of an initial
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FIGURE 6. Right and left side comparison of a patient suffering from
right-sided thoracic outlet syndrome. The image demonstrates several types
of abnormalities detectable by magnetic resonance neurography relative to
the normal side. There is increased caliber and image intensity of nerve ele-
ments on the left and 2 sites of impingement. A sharp focal downward dis-
tortion at the lateral border of the scalene triangle (sc) and then a gently
sloped upward distortion over the first rib (1st).

differential diagnosis but not proven, contrast material was not
used. Only patients with known tumors underwent intra-
venous contrast studies.

Follow-up Imaging Studies

Approximately 1% of the studies were part of a repetitive set.
These were generally done in patients who had diagnostic
MRN and were then referred for repeat imaging when symp-
toms recurred after treatment, when an extended time elapsed
between initial imaging and treatment, when recurrent tumor
was suspected, or when new symptoms arose in the same body
region. Generally, the use of repetitive imaging was lower that
what has been reported for lumbar or cervical MRI.

Geographic Distribution

The highest usage of MRN was in Southern California,
accounting for approximately 82% of patients imaged. Usage
was lower in other regions with the only other significant con-
centration being in Northern California and the remainder
coming from nearly all states in the United States, England,
Spain, France, Japan, Mexico, and China.

Classes of Image Findings

Image findings in MRN studies include the presence of
regions of nerve hyperintensity, distortions of normal nerve
course, abnormal contours, and alterations of nerve caliber
(Figs. 6 and 7), any of which can be classed by the degree or
severity of the abnormality. These findings seem most reliable
for the larger named nerves (>3 mm in diameter), although
there is no technical limit on the imageable size of a nerve. In
trauma, assessments of nerve continuity (Fig. 5) and/or loca-
tion of severed nerve endings are feasible, although edema at
a site of injury limits the utility of MRN in acute injury set-
tings, but this becomes less of an issue after the elapse of 2 to
4 weeks. In chronic trauma or late evaluation of the effects of
trauma, the development of fibrosis does not hinder nerve
imaging because most classes of fibrosis have very different
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FIGURE 7. Varying degrees of severity of brachial plexus entrapment in
thoracic outlet syndromes. A, linear plexus with short segment of mild
hyperintensity consistent with nerve irritative changes near the later bor-
der of the scalene triangle. B, evidence of more restrictive fibrosis associ-
ated with narrowing and brightening of plexus elements near the scalene
border (note linear plexus despite elevated shoulder). C, short segment of
marked hyperintensity with slight swelling. D, severe multiple element
abnormality with narrowed and swollen segments and marked hyperinten-
sity. E, linear normal plexus with isolated focal impingement of C5 spinal
nerve, just proximal to the scalene triangle. F, fibrous band causing sharp
downward distortion of the mid and lower trunk proximal to the scalene
triangle, with a second sharp upward distortion of the lower trunk near
scalene insertion at the first rib. G, moderate restrictive impingement of
plexus at the scalene triangle causing generalized distortion of the course
of the plexus with a short segment of focal hyperintensity. H, patient pre-
senting with severe pain, numbness, and weakness from progressive tho-
racic outlet syndrome: multiple points of sharp nerve course distortion
with edema and hyperintensity affecting multiple brachial plexus elements.

image characteristics than nerve: there is no long T2 low-
protein water component to deal with.
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Conspicuity and Reconstructions

One important aspect of MRN is to use MRI pulse sequences
and acquisition strategies that tend to make nerve image inten-
sity brighter than that of immediately surrounding tissues.
When this is achieved, it greatly aids the process of generating
3-D projection images as well as multiplanar reformatted
images. This process often helps in the recognition of the over-
all nerve course and of variations in the types of other image
findings along the length of a nerve. Among the 5000 patients
evaluated, 3-D analysis could be used in more than 99%. Fin-
dings in the 3-D reports revealed additional information not
recognized in 2-dimensional analysis in 28% of patients. The
greatest amount of additional diagnostic information in these
analyses occurred in the brachial plexus studies. Because of
the significant incremental amount of clinical information pro-
vided by this type of analysis and the susceptibility of most
studies, these were considered essential aspects of the diag-
nostic interpretation process in this group.

Multiplanar reformat and maximum intensity projection
reconstructions were also important in limiting artifactual vari-
ations in nerve image intensity that can occur from partial vol-
ume averaging; this means that when a given sampled voxel is
partially filled with nerve and partially filled with an adjacent
low-intensity tissue, the resulting pixel on the image will
appear to show low-intensity nerve. Reconstruction techniques
such as multiplanar reformats in linear planes allow the read-
ing clinicians to readily assess this sort of issue. Curved refor-
mats made along a “nerve course plane” drawn along the main
nerve axis by a technologist or radiologist reduce the accuracy
of the spatial information but provide for optimal reduction of
image intensity averaging effects.

Image Findings in Brachial Plexus Studies

MRN proved effective for identifying the presence of a variety
of types of abnormalities in brachial plexus studies. These
include distortions of the course of the proximal elements at the
scalene triangle (Figs. 6 and 7, A-D), fibrous band entrapments
affecting C8 and T1 spinal nerve and the lower trunk of the
brachial plexus (Fig. 7F), gross distortions of the midplexus (Figs.
7, G and H), hyperintensity consistent with nerve irritation at the
level of the first rib (Fig. 6), and distal plexus hyperintensity.

In most peripheral nerve studies it has proven useful for iden-
tifying areas of hyperintensity consistent with nerve irritation by
a comparison of results from following serial nerve cross sections
oriented to be perpendicular to the principal long axis of nerves
to images taken to be more or less parallel to the long axis. In
nerve perpendicular images, the fascicle pattern can generally be
observed. This will demonstrate expansion of the fascicle com-
partment at the expense of the interfascicular compartment at
areas of focal hyperintensity. The nerve parallel images can pro-
vide a linear overview. In general, effective interpretation of
nerve parallel images depends on the ability of the MRN imag-
ing sequence to make the nerve brighter than surrounding tis-
sues. In this fashion the nerve image plane can be adjusted by
multiplanar reformatting or the nerve can be assembled by max-
imum intensity projection. If this is not done, partial volume
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effects at the edges of nerves can lead to the artifactual appear-
ance of variation of image intensity within an image. In the
brachial plexus, multiplanar reformatting is usually sufficient to
generate a series of images that can reliably confirm the existence
of a focal change in nerve image intensity. This is aided by posi-
tioning the patient in the scanner in a way that tends to
straighten the plexus. When a change in the fascicle pattern
shows increased intensity in the nerve perpendicular views that
matches a change seen in nerve parallel views, there can be a
very high level of confidence about the clinical reality of nerve
edema at the location that appears abnormal in the image.

MRN in the Pelvis

The use of MRN has revolutionized neurological diagnosis in
the pelvis (20, 21, 23). Although sciatic pathological conditions
have been an important part of the progress, the ability of MRN
to track other nerve elements in the pelvis has contributed
greatly to resolving what had been a troublesome “black box.”

Patients with face, neck, arm, and hand conditions tend to be
very effective in identifying the location of pain, numbness,
and dysfunction. The physical examination is straightforward
and well understood by many clinicians. Electrodiagnostic
studies are readily applied. In the pelvis, the situation is quite
different. Although the sciatic nerve in the leg poses accessibil-
ity similar to what the clinician experiences in the upper body,
there has been great difficulty in applying physical examination
and imaging and electrodiagnostic studies in the pelvis.
Furthermore, patients often have great difficulty explaining the
location of pains. It is common for low buttock pain to be
described as “back pain,” whereas patients readily distinguish
between shoulder and neck pain. “Groin” pain could refer to
problems involving the femoral nerve, ilioinguinal nerve, gen-
itofemoral nerve, pudendal nerve, obturator nerve, or nerve to
the obturator internus, among others.

The ability to reliably locate all of these nerve elements in
MRN images greatly aids in physical examination. The ability of
open magnetic resonance-guided injections to distinguish the
superior gluteal nerve, inferior gluteal nerve, posterior femoral
cutaneous nerve, cluneal nerve (superior, middle, and inferior),
nerve to the obturator internus, and nerve to the quadratus
femoris has also supplemented the role of MRN for identifying
pathological conditions in these nerves. Clarification of the
nerve course anatomy has also greatly enhanced the efficacy of
a physical examination and elucidated the meaning of a variety
of new types of physical examination maneuvers.

With regard to lower extremity radiculopathy, MRN has
made it convenient to determine distinctions by imaging that
help locate impingements in spinal foramina, at the distal fora-
men, at the lateral marginal osteophytes several centimeters
distal to the foramen (Fig. 8), in the lumbosacral plexus, on the
medial aspect of the piriformis muscle (Fig. 9), in association
with division of the nerve by the piriformis muscle (Fig. 10), at
the ischial margin, at the tendon of the obturator internus, at
the distal ischial tunnel on the lateral aspect of the ischial
tuberosity, and at various locations in the thigh. Because MRN
is a very sensitive test, a completely negative MRN result (Fig.
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FIGURE 8. Extraforaminal im-
pingement of descending L5 spinal
nerve by lateral marginal osteo-
phyte distal to the foramen. drg,
dorsal root ganglion, Imo, lateral
marginal osteophyte. c

9) is often very useful, just as a
completely normal lumbar MRI
scan can be. In both cases, the
definitively negative study re-
sults can substantively change
the direction of further diag-
nostic efforts.

Reliable identification of ana-
tomic variants of the sciatic
nerve now plays a critical role in
improving the safety of opera-
tions for the release of pelvic sci-
atic nerve entrapment. Isolated
section of a single piriformis seg-
ment in patients with a split
nerve passing through a split
muscle can cause nerve compro-
mise after surgery if this condi-
tion is not detected in advance
(Fig. 11). Identification of the
presence or absence of pudendal
nerve hyperintensity consistent
with nerve irritation in the
Alcock canal (Fig. 12) along the

medial aspect of the obturator
internus muscle or at the rectal
branch of the pudendal nerve
proximal to its entrance to the

FIGURE 9. Comparison of sciatic nerve appearance at the sciatic notch in patients with hyperintensity and in nor-
mal patients. A and B, hyperintensity in the sciatic nerve in a series of images as the nerve exits the sciatic notch
and descends below the level of the piriformis tendon. C, D, and E, sciatic nerve is nearly isointense with surround-
ing muscle tissue. Arrow indicates sciatic nerve in all images.

Alcock canal (Fig. 13) has also
been quite useful clinically (21).
Imaging of the complete course of the L4 spinal nerve as it
progresses into the femoral nerve has made it possible to search
for abnormalities along the intra-abdominal and intrapelvic
course that were previously almost impossible to diagnose.
Identification of abnormalities along the ilioinguinal and gen-
itofemoral nerves is similarly greatly aided by MRN.
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Nerve Imaging for Distal Entrapments

Patients with distal entrapments including less common
problems such as posterior interosseous nerve entrapment of
the distal radial nerve as well as common issues such as per-
oneal nerve entrapment at or above the fibular head, tarsal tun-
nel syndrome, cubital tunnel syndrome, and carpal tunnel syn-
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FIGURE 10. Bilateral split sciatic
nerve at the piriformis muscle in
patient with bilateral piriformis syn-
drome. Among the most important
aspects of preoperative planning in
management of sciatic nerve entrap-
ments in the pelvis is the identifica-
tion of patients with a split sciatic
nerve partly passing through the
piriformis muscle. This image
demonstrated the S1 spinal roots,
spinal nerves, lumbosacral plexus,
and split peroneal and tibial compo-
nents of the sciatic nerve (arrows) as
they are deviated by segments of the
piriformis muscle bilaterally.

FIGURE 11. Severe focal compres-
sion of the sciatic nerve at the sciatic
notch. The nerve is flattened, hyper-
intense, and expanded to more than
twice its normal diameter. This is a
postoperative result that occurred
when only one of the 2 bipartite ele-
ments of the piriformis muscle was
released in a patient with split nerve
and split muscle. Differential retrac-
tion of the cut piriformis segment
relative to the intact segment caused
a severe mechanical impingement
syndrome.

drome benefit from MRN
imaging when a physical
examination or electrodiag-
nostic studies show that loca-
tions other than the most rou-
tine sites may be involved.
For instance, median nerve
entrapment in the distal fore-
arm can lead to failure of
treatment if only the flexor
retinaculum is addressed.
Ulnar entrapment in the
Guyon canal and proximal
peroneal nerve entrapments
along the tendon of the
biceps femoris just distal to
the sciatic bifurcation are
other specialized issues that
can be investigated best by
imaging. Electrodiagnostic
studies can be misleading
if they are done with the
assumption that abnor-
malities in certain regions
(e.g., the median nerve in the
distal forearm) will always be
at the flexor retinaculum, par-
ticularly if uncomfortable
and time-consuming “inch-
ing” studies are not done.

Clinical Outcomes
nd MRN

The evidence for clinical
utility for MRN has been
evaluated with 2 different
types of outcome studies.
First, it has been compared
with electrodiagnostic studies
in the well-defined environ-
ment of assessing median
nerve compressions at the
wrist (41, 42). In this setting,
in the evaluation of 120
patients, MRN has proven to
be as effective or slightly
better than electrodiagnostic
studies for predicting which
patients will have good surgi-
cal outcome from carpal tun-
nel decompression. Second, a
different paradigm has been
applied using class A study
methodology for evaluating
the utility of MRN for posi-
tively affecting patient out-
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FIGURE 12. Pudendal nerve en-
trapment between the ischial spine
and the Alcock canal. In patients
with unilateral pudendal entrap-
ment in the Alcock canal, it is typi-
cal to see asymmetric swelling and
hyperintensity affecting the puden-
dal neurovascular bundle. Note
increased caliber and hyperintensity
at the left pudendal nerve indicated
by the left arrow. (From Filler AG:
Diagnosis and management of
pudendal nerve entrapment syn-
dromes: Impact of MR neurography
and open MR-guided injections.
Neurosurg Q 18:1-6, 2008 [21]).

FIGURE 13. Distal pudendal nerve
neurographic image anatony. The
pudendal nerve in the Alcock canal
(AC) runs along the medial aspect
of the obturator internus muscle
(OI) medial to the ischial tuberosity
(IT). The rectal branch of the nerve
(RB) is well seen in most imaging
studies. Re, rectum. (From Filler
AG: Diagnosis and management of
pudendal nerve entrapment syn-
dromes: Impact of MR neurography
and open MR-guided injections.
Neurosurg Q 18:1-6, 2008 [21]).

comes in proximal sciatic
entrapment, a condition for
which there is no gold stan-
dard method (23, 44, 45). In
this study evaluating 239
patients, use of MRN resulted
in a strongly significant
improvement in success for
treating patients with sciatica
who had either negative
diagnostic study results or in
whom treatment failed when
managed by information
from standard diagnostic
studies alone. In these stud-
ies, image interpretation was
performed by neuroradiolo-
gists blinded to outcome
results.

Diffusion Tensor Imaging

From the earliest report on
the use of DTI to visualize
neural pathological conditions
(59), it has been clear that this
technique has great potential
for use in detecting inflamma-
tory brain conditions. It is also
proving to be promising for
evaluation of stroke, demen-
tia, and diffuse axonal head
injury and to aid in surgical
navigation in brain tumor
resections. It is also being
explored for evaluation of
myelopathy in the cervical
spinal cord. It is very deman-
ding from the point of view of
motion suppression, but
increasing clinician experience
with the special requirements
is leading to steady advances
in establishing the utility of
the technique.

Physical Basis

Nuclear magnetic reso-
nance generally depends on
using a radiofrequency stim-
ulation to push energy into a
group of nuclei and then
using an antenna to detect
the decay of the stimulated
signal. For a given type of
atomic nucleus, such as the
single proton nucleus of
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hydrogen atoms, there is a nuclear spin rate or frequency that
is related to any magnetic field applied to the nucleus accord-
ing to a physical relationship we call the gyromagnetic ratio.
This means that, for instance, in a 4.7-T magnetic field, hydro-
gen nuclei will be aligned with the direction of the main mag-
netic field and have a natural spin rate (resonant frequency) of
200 MHz; in a 1.5-T magnet, the spin rate will be 64 MHz, and
so on. Therefore, for a given magnet field strength, we know
the resonant frequency for hydrogen nuclei and can pump in
a pulse of radiofrequency energy at that resonant frequency,
thus causing most of the protons in the volume to spin in
phase with each other. They will then emit a radiosignal at
that frequency that can be detected when the incoming stim-
ulus pulse is turned off. With elapse of time over tens and
hundreds of milliseconds, the protons will gradually lose
their coherent behavior: Some will spin a little faster and
some a little slower, and the return signal will gradually
decay away.

When we measure the T1 and T2 decay rates, we are
observing the effects of the spins interacting with their sur-
roundings or “matrix.” For instance, a little bit of iron in the
tissue will perturb the magnetic environment to a variable
degree (T1 decay), and we will also see the effects of the pro-
tons interacting with each other (spin-spin or T2 decay).
Because these decays occur at differing rates in different tis-
sues, we can see contrast between tissues that can be ex-
pressed as gray or white in an image of a volume that we are
measuring.

In MRI, we use magnetic gradients in 3 planes to assign a
slightly different field strength to each location in the tissue vol-
ume. For instance, in the very center, the field strength could be
4.7 T, but a little to the right it would be 4.7001 T and a little to
the left it would be 4.699 T. The protons on the right now spin
at 200.001 MHz, and the protons on the left spin at 199.99 MHz.
In this fashion, we can assign a unique field strength and there-
fore a unique frequency to each voxel (3-D pixel) in our imag-
ing volume, and we can “listen” individually to the decay rate
in each individual volume in the tissue. The entire process is
done with a mixed complex of frequencies and a Fourier trans-
form is used to sort them all out.

In diffusion imaging, we rely on a special property of axons
to establish a source of information from an entirely different
cause of spin decay. A pulsed “diffusion” magnetic gradient is
applied so that as water molecules diffuse to different loca-
tions in a tissue, their spins dephase because a group of water
molecules that started out next to each other in a single field
strength now find themselves in different field strengths. Thus,
they have different spin rates and the spins dephase from each
other, resulting in signal decay. Water molecules in some tissues
diffuse equally in all directions (isotropic diffusion), but in
nerves and nerve tracts, diffusion takes place preferentially
along the long axis of the nerve tract (anisotropic diffusion)
(Fig. 14). If a magnetic gradient is directed perpendicular to the
direction of a nerve or tract, the water diffusing in the nerve
will tend to remain in the same strength region of the gradient
and will show relatively little decay from diffusion, gradually
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FIGURE 14. Isotropic and anisotropic diffusion of water molecules in dif-
fusion magnetic resonance imaging. Shades of gray intensity indicate the
intensity of the magnetic field, which varies across the image plane because
of the imposed pulsed magnetic field gradient. Water diffuses in all direc-
tions in most nonneural tissues (isotropically) but diffuses preferentially
along the long axis of nerves (anisotropically). When all of the water mol-
ecules in a tissue experience identical magnetic field strength despite dif-
fusion movements, the magnetic resonance signal from that tissue remains
bright relative to the signal decay in surrounding isotropically diffusing
tissue water. This is the situation on the left where the magnetic gradient
is oriented perpendicular to the nerve. In the situation on the right, the
water molecules in nerve move preferentially to different positions in the
gradients more rapidly than in the nonneural tissue so that the signal
remains brighter from nonneural tissue.

becoming brighter relative to the tissue around it. However, if
the gradient is then oriented parallel to the direction of the
nerve, the anisotropically diffusing water molecules will tend
to move up and down the gradient more rapidly compared
with isotropically diffusing water molecules and so will actu-
ally experience a more rapid signal decay, making the nerve
tend to go dark relative to other tissues around it.

However, what happens if the nerve or tract takes a curved
course? How do we get the diffusion gradient to be perpendi-
cular or parallel to it? This was the essence of the problem, but
the solution comes from very simple mathematical geometry.
In essence, if we can determine the degree of anisotropy in
each voxel relative to the three principle directional axes, we
can provide an estimate of the true dominant direction of
anisotropy inside the 3-D space of that voxel. The direction,
whether in 2- or 3-D is a vector, however—as will be explained
below—we need a more elaborate data structure called a “ten-
sor” in order to fully describe the anisotropy data. Isolated dif-
fusion measurements provide an orientation but not a direction
(e.g., the anisotropy goes up and down the z-axis)—it turns
out that to fill out the 9 elements of the matrix that describes a
tensor in 3-D space we need at least 6 measurements.

In standard DWI, we want to know the total amount of dif-
fusion within a given voxel when viewed with no special atten-
tion to direction. For DTI, we want to know both the true mag-
nitude and the true 3-D direction of the anisotropy in each
voxel independent of the angle from which we view the voxel.
This information is used in 2 different ways. One way is to
make an image slice in which the relative amount of anisotropy
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is described as the fractional
anisotropy (FA), which more
or less determines how bright
a voxel will be, and uses a
standard set of colors to
depict some of the informa-
tion about the orientation of
the fiber tracts. This results in
cross sections showing some
of the information about bulk
orientation of white matter
tracts in regions of the brain.
The other way is for tractog-
raphy. Here, various mathe-
matical algorithms are
applied to generate linear
tracts in 3 dimensions that
represent the course of bun-
dles of axons in the white
matter of the brain or of nerve
fibers in peripheral nerves
(Fig. 15).

From one point of view, the
development of DTT and trac-
tography was hindered for
many years by a mathemati-
cal model deriving from
Basser et al. (6) due to the
“elipsoid” formalism that

takes a different approach to
the analysis than in the origi-
nal vector and tensor model
from Filler (29) and Richards
(59) that underlies modern
tractography. The equations
used for the first tracto-
graphic image are as follows:

FIGURE 15. Diffusion tensor imaging data have been used to seed various tractographic assessments of this patient’s
brain. These are seen in superior (A), posterior (B), and lateral views (C and D). The seeds have been used to develop
arcuate and superior longitudinal fasciculi in A and B, for brainstem, and corona radiata in C and as combined data
sets in D. Some of the 2-dimensional projections of the tractographic result are also shown. The data set may be rotated
continuously into various planes to better appreciate the structure. Color has been assigned on the basis of the dom-
inant direction of the fibers. There is asymmetry in the tractographic fiber volume between the right (Raf) and left
arcuate fasciculus (Laf) (smaller on the left) and between the right (Rslf) and left superior longitudinal fasciculus (Lslf)
(smaller on the right). Also seen are tapetum (Tn), left corona radiata (Lcr), and left middle cerebellar peduncle (Lmcp).

(1) (Vector length)? = BX? + BY? + BZ?
(2a) Diffusion vector angle between BX and BY = arctan (BY/BX)
(2b) Diffusion vector angle between BX and BZ = arctan (BX/BZ)
(2¢) Diffusion vector angle between BY and BZ = arctan (BY/BZ)

The first of these basic equations establish a vector length
analogous to what is now called the axial diffusivity (B is an
image intensity measure related to the effects of different decay
time measured in each of the three axes assessed in three sepa-
rate measurements, X then Y then Z). This vector length calcu-
lation has the important effect of making the measurement of
the amount of anisotrophic diffusion in a given voxel independ-
ent of the orientation of the anisotropy relative to the orientation
of the gradients applied. This made it possible to make, for the
first time, a valid image showing the degree of anisotropy in all
parts of each image slice. Previously—in a standard diffusion
imaging model—a given tract would be bright or dark depend-
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ing on its orientation in a given voxel even if it was highly
anisotropic at that location.

The second set of equations allows us to take three looks at
our voxel—each seeing it in 2 dimensions. It uses the arc-
tangent function to measure the angle between the neural tract
and the gradient axis direction that is in denominator of the
equation. If BY is 0.1 and BX is nearly 1.0, then the arctangent
of BY/BX will be about 5 degrees. When the measure is equal
in two directions (Y = 0.5 and X = 0.5), the arctangent is 45
degrees.

Because of the vector length and the arctangent function, we
can correctly interpret a voxel in which all three angles of meas-
urement are equal. It does not describe a sphere nor does it
describe an isotropic voxel. We know it has length and is ori-
ented at 45 degrees to the reference frame—a line along the
diagonal of the cube. We can also depict the arctangent value in
successive voxels to see coherence in the angle of direction
from voxel to voxel as we progress along a neural tract.
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Basser and LeBihan (6, 7) proposed that each voxel be
viewed as containing an ellipsoid that needed to be defined in
shape from 6 different gradient measurements rather than just
3 (55). Although it is true that the thickness of the ellipsoid
encodes relevant information about the fine structure inside
each voxel, the practical finding has been that only the FA and
the primary eigenvector (the length and direction of the long
axis of each ellipsoid) has been required for tractography
because the tensor model as originally described by Filler,
Howe, and Richards models axons. In their fundamental
anatomy, these are linear structures and any analysis that turns
them into series of complexly shaped and directed ellipsoids
can actually obscure the underlying biological and biophysical
characteristics. Collecting images that accurately describe the
ellipsoids is still a usable formalism but the measurements of
the thickness and equatorial orientation of the "jellybean" have
so far proven to have little use in tractography. The ellipsoid
representation makes more sense in some areas of physics such
as magnetic or electric field studies, but has no clear biological
correlate in neural tract tracing. Most importantly, if 2 tracts are
crossing in a single voxel, the ellipsoid fuses and obscures the
axonal data.

As discussed below there is an equally usable formalism that
is closer to the anatomy of the axons and neural tracts. In any
case, the data processing will continue to advance in complex-
ity as dozens or even hundreds of different gradient axes are
sampled—posing significant technical challenge in MRI well
into the foreseeable future.

Tensors and Vectors for MRI

At first glance, it might seem that if we measure diffusion in
three directions that are the orthogonal x, y, and z axes in a
Cartesian 3-D space, then we will be able to know the length
and direction of a vector that we can use to support tractogra-
phy and FA analyses (see Figure 16). The problem is that diffu-
sion measurements in a given orientation do not distinguish
which direction the water molecules are moving along the
measured axis. In fact, the molecules do move both proximally
and distally along the axon, but are only restricted in that that
they tend to move along the long axis of the axon rather than
freely in any direction.

To understand the implications of this, you can consider a
3-D coordinate system such as we see in Figure 17-1. When we
provide a measurement showing diffusivity with resulting
intensity of 100 (out of 256) along the x-axis (axial orientation),
we must draw this as a line running from +50 to —50. Now we
can measure in the y-axis (coronal) and lets use the intensity of
100 again—that is it seems bright in the second axis as well.
Returning to our drawing, we draw the line from +50 to —50
on the y-axis.

If we look for an axon line that would meet this description,
we get 4 different options on the vectors that might tell us where
the axon might be. When we take a third measure—this time in
the z-axis (sagittal) and again get a result of a high intensity of
100, we have to draw a third line—this time from +50 to —50 on
the z-axis. We now have eight different possible solutions—
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8 different diagonal vector
lines running through each
of the 8 octants of 3-D space
in our voxel.

We can now start to get
some help in figuring out the
real tract direction if we
measure in a fourth axis and
then a fifth axis, each ori-
ented along one of the diago-
nals as shown in Figure 17-1L
When this comes back as a
low intensity of 3, we know
we can throw out any of the
vectors that had no signifi-
cant apparent length in the 4
octants that our plane passes
through. A sixth measure-
ment is then made along one
of the remaining diagonals
which—in this example—
comes back as a low inten-
sity of 4 (see Figure 17-III).
This eliminated 2 more octants and leaves only 1 possible
solution.

If, instead, the sixth measurement had been along the diag-
onal with the actual neural tract, it would measure out around
140—which happens to follow the Pythagorean theorem rela-
tive to our other positive measurements [hypotenuse of a right
triangle equals the square root of the of the sum of the squares
of the 2 sides: (100)? + (100)3= (140)?]. With this information, we
can be confident that 1 pair of vectors represents the line across
our voxel that is the correct source of the signal.

The fact that 6 measurements will always solve the problem
seems puzzling, but we can gain confidence by understanding
that there is a basis for this in mathematical geometry. The
information comes from a special area called tensor analysis.

It is not true that a tensor is just a 3-D vector. Tensors are
defined on complex mathematical grounds and do not neces-
sarily have any simple geometric equivalent the physician
or biologist can readily rely on to support an understanding
of them. Einstein struggled with aspects of tensor theory for
a few years before he was able to understand them well
enough to use them as the basis for his theory of relativity. To
make matters worse, there a number of different ways that
tensors can be explained and defined—some deriving from
formal modern mathematics, some from physics, some from
engineering.

For the purpose of understanding diffusion tensor imaging,
however, there is a reasonably accessible approach. A scalar is
a simple number. A vector has a length and a direction. A scalar
can also be described as a tensor of rank 0. A vector can also be
described as a tensor of rank 1.

In the example above, we showed a number of vectors that
were bound to the 0 point of a Cartesian coordinate system. It
is readily apparent that these vectors were 3-D objects. Each

FIGURE 16. A Cartesian orthogo-
nal frame of reference depicting
Vector A. The measurement of the
projection of this vector onto each
of the three axes, X, Y, and Z is 2
units. Because all of the measure-
ments are positive, the vector (A)
points into the octant of space
bound on each side by the positive
half of each axis.
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FIGURE 17. Explanation of antisymmetric dyadic tensor. For each of 3 graph series (I-11I) there are 4 different rota-
tions shown to help with visualization. (I) For diffusion measurements along each axis, the direction (sign) is not
known. In this example the neural tract is running along the diagonal of the voxel so the measurements on X, Y, and
Z are equal. As shown, the ambiguity leads to eight possible vectors (1 and 1a: blue; 2 and 2a: purple; 3 and 3a: red;
4 and 4a: turquoise) along the 4 diagonals of the space. This uncertainty arises when only 3 orthogonal diffusion direc-
tions are measured. Each vector runs along a diagonal in 1 of the 8 possible octants of this Cartesian space. We know
that 6 of the vectors must be artifactual “ghosts” but we must use 3 more diffusion gradient acquisition directions
to distinguish the ghosts from the dyad that actually represents the true neural tract orientation. (II) To clarify the
situations, 2 more gradient axes have been measured, each of which was oriented along 1 of the diagonals of the space.
A green plane determined by these 2 new measurement lines has been drawn. Notice that this plane incorporates the
red (3 and 3a) and the turquoise (4 and 4a) vector pairs. Because our measurement was near 0 in these 2 directions,
we can discard the 4 vectors in these 4 octants. (III) A sixth gradient measure has now been made. This also had a
very low intensity (rapid decay) we know we can discard the 2 vectors in these 2 octants as well. A yellow plane that
incorporates the red (3 and 3a) and the purple (2 and 2a) vectors is shown to demonstrate how the actual vector can
have length along all 6 Cartesian axes but not be zeroed by the 2 diagonal planes. Notice that by observing the var-
ious rotations, we see that the dyad made up of the blue vectors (1 and 1a) runs in the octants that remain. This shows
how 6 measurements can orient the dyad and determine which of 4 possibilities is the true tractographic course.

vector could be “expanded” for its description. Expansion is a
mathematical term that means we could give a scalar on each
of the 3 axes and use these 3 numbers to uniquely describe the
vector (see figure 16). As we saw in our example, 3 measure-
ments might be enough to describe a vector, but if we don't
know the sign or direction on each axis, then this clearly is not
enough information to describe the direction of an axon or neu-
ral tract as it traverses our MRI voxel.

For tractography, we need to use some kind of tensor of rank
2. There are a number of different mathematical constructs that
are rank 2 tensors. One thing they all share in common is that
they can be fully described by 9 measurements—often written
out in a 3-by-3 matrix. However, since 6 measurements fully
describe our neural tract you might expect that there is some
special type of tensor we need to focus on.
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The correct construct is
called a dyad. This is a struc-
ture that has a scalar quantity
and 2 directions. Fortunately
for biologists and physicians,
it is acceptable to conceive of
a dyad as being made up of 2
vectors. Even more specifi-
cally, what we need for our
neural tract is a type of dyad
called an anti-symmetric dyad.
This is a dyad in which the 2
vectors are identical in length
(symmetric), but have exactly
opposite directions.

One consequence of the
anti-symmetry is that we don't
need all 9 measurements to
fully describe the dyad. Three
of the measurements can be
dispensed with because of the
symmetric nature of the math-
ematical structure.

Because an antisymmetric
dyad is a special case of a ten-
sor of second rank, we can take
advantage of a wide expanse
of mathematical formulations
for assembling and manipulat-
ing the data we collect. How-
ever, it is not true that our dif-
fusion tensor measurements
form a classical tensor field.

One of the original ideas
behind tensor math was the
problem in physics and engi-
neering that arises when we
have a stress applied to a sur-
face of a cube. We consider
that the cube is placed under
strain and is deformed by the
tension of the applied force.

However, the strain will differ from place to place in the solid
depending on the material it is made of and the way that the
force of the stress is being applied. A tensor field might be used
to generate force vectors for each unit volume of the cube in a
predictable mathematical progression.

However in the diffusion tensor data set in clinical MRI, the
field of tensors in the brain (for instance) is determined by
anatomy and really cannot be arrived at by any complex math-
ematical formula. We can generate tractographic atlas data to
use in algorithms to help guide the tractographic process, how-
ever, for the most part, the preference has been to allow the
tractographic process to proceed from the data collected for
each voxel in the imaged area.

Tractography is done in a wide variety of ways, but there are
2 main classes of approaches to the problem. In 1 group of
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methods, we more or less follow from 1 dyadic line to the next
using various seeds as starting points. In the other group of
methods we lay out the field of dyadic tensor lines and try to
allow a line to find the lowest energy course (the path of least
resistance) through the thicket of dyads.

Future Challenges

An additional challenge for tractography derives from the
fact that diffusion imaging in general and diffusion tensor
imaging especially, are extremely sensitive to motion. This is
because we are trying to measure the motion of water mole-
cules due to diffusion. At a very fine level, brain pulsations
due to the arterial pulse and respiratory effects on the venous
pressure—along with bulk movements from respiration, can
only be suppressed by extraordinarily rapid imaging—images
requiring a fraction of a second to acquire.

Even with complete suppression of motion, brain tractogra-
phy is limited by the problem of fiber tracts in differing directions
passing through each other. Many of these conflicts can be
resolved with increasingly fine spatial resolution, so that a given
voxel tends to contain fascicles mostly with a single direction.
However, very fine spatial resolution requires very high signal to
noise performance. This can be accomplished with long repetitive
scans in high field magnets (3-T), but the very fast echo planar
scans used to suppress motion and acquire multiple gradient
axes tend to lose ground on signal strength and spatial resolution.
Abandoning the ellipsoid, we can use multiple vectors or higher
order tensors to allow multiple axonal directions in a single voxel.

There are a few situations in which a limited number of gradi-
ent orientations can be sufficient. This is the case if we use an
Atlas or a non-diffusion nerve image in peripheral nerve tractog-
raphy as a guide to make decisions about which axes to accept
and which to ignore. Another simple method proposed by
Kinosada (47, 48) is to use 1 or 2 gradient acquisitions to gener-
ate bright spots in cross sectional images. We then apply maxi-
mum intensity projection methods to look through a stack of
these images in order to convert the 2-D data to 3-D tractographic
images, much like the methodology is some forms of MR angiog-
raphy. This is more likely to be effective with peripheral nerve
since it has low resolving power for diverging tracts along com-
plex courses such as we find more frequently in the brain.

In any case, the compromise of using the single primary
eigenvector or the equivalent anti-symmetric dyad and dis-
pensing with full use of the additional information in the ellip-
soid, has made it possible to carry out good tractography in
1.5-T MRI scanners on most patients. The power of DTI is
therefore now starting to be revealed.

Clinical Utility of DTI

A critical aspect to keep in mind is that in T2 MRN, the nerve
anatomy becomes progressively more clear and detailed as the
pathological condition becomes more severe. The opposite is
true of DTL Any significant irritative or ischemic abnormality
tends to decrease the anisotropy and therefore to make the
involved neural tracts disappear. Alhough this means that DTI
tractography studies can be read for tract “drop out” as a sign

NEUROSURGERY

NEUROGRAPHY AND DIFFUSION TENSOR IMAGING

of a pathological condition, it also means that results must be
assessed very carefully when they are relied on to demarcate
tract borders near tumors or other irritative lesions.

Although simple DWTI is very useful for identifying cerebral
infarctions, DTI has greatly expanded the clinical utility of dif-
fusion decay information. The key difference between DWI
and DTTI is reliance on the apparent diffusion coefficient (ADC)
in DWI versus the FA in DTI. Simply put, the ADC provides a
single “scalar” number that estimates the relative degree of
anisotropy versus isotropy in a given voxel. The estimate is
flawed because it eliminates the anisotropy signal arising from
differences in orientation of the direction of diffusion that occur
between the axons in the volume and the arbitrarily chosen
imaging planes. Conversely, the FA measures the anisotropy in
each voxel in a way that closely approximates the true length
of the principal vector in each voxel, whatever direction it is
pointing in.

The beneficial effect on the quality of diffusion data that
results from use of FA as opposed to ADC is already clear from
the first few formal outcome studies that evaluated the clinical
utility of the FA measurement. In a study of 17 patients com-
paring ADC and FA measurements in white matter tracts adja-
cent to spontaneous intracerebral hemorrhage (63), the FA pro-
vided a statistically significant prediction of outcome, whereas
ADC did not. In a longitudinal study with repeat imaging and
FA analysis in 23 patients with traumatic brain injury (60), the
increase in FA was highly correlated with an increase in
Glasgow outcome score during recovery and most of this cor-
relation derived from the principal eigenvalue parallel to the
main direction of the axons in a given voxel.

The use of tractography in image segmentation for tumor
resection planning has now also been formally evaluated in a
randomized, controlled, prospective trial (62) involving 238
patients that compared success of gross total resection, Karnofsky
performance at 6 months, and survival from high-grade gliomas
using neuronavigation guidance from DTI tractography versus
neuronavigation from standard MRIL. This study showed statis-
tically significant improvement in these measures when DTI
tractography was used, resulting in a 43% reduction in risk of
death in the hazard risk time period evaluated.

CONCLUSIONS

At this point, it is clear that when the precise location of a
peripheral nerve lesion cannot be determined externally, nerve
imaging should be performed. Because MRN demonstrates
pathological lesions as well as anatomy because of its view
into the intrinsic signal from the endoneurial fluid, it should be
the method of choice unless there is some overwhelming rea-
son to not want to know the available information.

DTI provides increased sensitivity for CNS pathological con-
ditions relative to other magnetic resonance-based imaging
techniques. Because FA encodes directional and functional
information not captured by other techniques, its information
content regarding pathological conditions affecting both struc-
ture and membrane stability is higher. It seems to be indicated
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for diagnostic and prognostic information as well as for track-
ing recovery in the setting of ischemic, traumatic, inflamma-
tory, infectious, and degenerative disease, particularly when
an asymmetric pathological condition that will allow compar-
ison between an ipsilateral affected side and contralateral unaf-
fected side is suspected.

As with spine imaging, neurographic and tractographic
imaging can provide false-positive findings. However, these
are often very specific anatomically and can be considered and
tested for clinical relevance.

The technical aspects of imaging hardware that will improve
MRN in the future include larger areas of excellent magnetic
field homogeneity, which will allow for large field-of-view stud-
ies with uniform fat suppression and image quality throughout
the larger image volumes, and improvements in antenna coil
technology, which will also tend to improve the signal-to-noise
ratio. Use of black blood contrast agents such as ferrite agents
could improve visualization of very small nerves for which the
anatomic distinction from very small vessels is unreliable.

For diffusion-based methods such as DTI, even the vibration of
the scanner caused by the interactions between the gradient coils
and the main magnetic field have become a significant problem,
limiting spatial resolution. This is the interaction that causes the
typical knocking sound, which can rise to a deafening level when
high fields, powerful, fast-rising gradients, and very rapid pulse
sequences are deployed. The solutions here include design of
magnets with inertially resistant gradient coils that provide phys-
ical dampening of vibration along with advances in the design of
balancing gradients that cancel the physical and mechanical
effects of the magnetic interaction. The resulting improvement in
spatial resolution and signal strength will be necessary to help to
resolve brain regions in which fiber bundles pass through each
other in different directions or in which they diverge slowly.

The introduction of imaging techniques capable of demon-
strating the intrinsic signal of nerves as well as of preserving
and displaying structural linear properties of neural tissue in
general is progressively transforming all neuroimaging as these
techniques transform our approach to diagnosis, treatment
planning, and surgical access. The next 10 years will be an
extremely exciting period for the various forms of neural trac-
tography. It is reasonable to expect that there will be a logarith-
mic expansion of the use of these techniques so that more than
5 million such imaging studies will probably be performed in
the next 10 years. Many of the fundamental obstacles have
been overcome and advances in the power of imaging equip-
ment and postprocessing technology will similarly help drive
these methods to the forefront of neurology and neurosurgery.
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Abstract

Background: As functional changes precede structural changes in dementia, we aimed to elucidate changes on cerebral perfusion CT
(PCT) for early diagnosis of dementia; and to differentiate Alzheimer’s disease (AD) from vascular dementia (VaD). We also aimed to
study correlation between Montreal Cognitive Assessment (MOCA) score and PCT parameters.

Methods: We conducted a prospective case-control study enrolling 25 dementia patients (15 cases of VaD, 10 cases of AD) and 25 age-
matched controls. PCT was performed on a 256-slice CT scanner. Using perfusion software, colour maps were generated for cerebral
blood flow (CBF), cerebral blood volume (CBV), mean transit time and time-to-peak. These colour maps were first visually inspected
for any abnormalities. Subsequently, quantitative assessment of perfusion parameters was done using symmetrical freehand region of
interests drawn in bilateral frontal, temporal, parietal regions, basal ganglia and hippocampi.

Results: Strategic infarcts were present in 93.3% cases and white matter ischaemic changes in 100% cases of VaD. A global reduction in
CBF and CBV was also observed in cases of VaD; whereas these parameters were significantly lower mainly in temporoparietal regions
and hippocampi of patients with AD. There was significant positive correlation between MOCA score and various perfusion parameters

in both forms of dementia.
Conclusion: PCT is a reliable imaging modality for early diagnosis of dementia and in differentiating VaD from AD. As perfusion
parameters show positive correlation with MOCA score, they could be used as a surrogate marker of cognitive status in the follow-

up of patients with dementia.

Keywords: neuroradiology, diagnostic radiology, computed tomography, dementia, geriatric medicine

Introduction

Dementia is a major cause of morbidity and reduced quality of life
in older individuals. It affects memory and other mental faculties;
and leads to impairment of daily activities [1]. With increasing
life expectancy, geriatric population is increasing with consequent
global rise in prevalence of dementias. As per WHO, dementia
contributes 4.1% of all disability-adjusted life-years [2]. Among
senile dementias, Alzheimer’s dementia (AD) is the most common
followed by vascular dementia (VaD), frontotemporal dementia,
dementia with Lewy bodies and mixed dementia [3].
Neuroimaging has become an indispensable adjunct to clinical
examination in diagnosis of dementia [4]. Structural imaging like
CT or MRI help in assessing degree and pattern of cerebral atro-
phy; and in excluding reversible causes of dementia like tumour,
subdural haematoma or normal-pressure hydrocephalous. With
advancement in therapeutic horizons, newer medications have
been developed for treatment of mild to moderate dementias. To
enable timely institution of therapy, it is imperative to focus on
imaging techniques which facilitate early diagnosis of dementias
before cortical atrophy sets in [4]. Several studies have demon-
strated alterations in blood flow in different areas of the brain
precede structural changes in dementia. These can be measured
with functional techniques like positron emission tomography
(PET), single-photon emission computed tomography (SPECT) and

arterial spin labelled (ASL) MRI [5-7]. However, these modalities
have their own drawbacks including low specificity, high cost and
poor availability. In addition, perfusion SPECT and PET involve use
of radioisotopes; while ASL MRI suffers from low spatial resolution
and only directly obtains an estimate of cerebral blood flow
(CBF) [8].

First described by Heinz et al, perfusion CT (PCT) is another
excellent functional neuroimaging technique which detects
abnormalities of cerebral microcirculation; thereby reflecting
areas with altered perfusion-metabolism status. In contrast to
PET and SPECT, CT scanners and PCT software are more widely
available and economical. PCT is performed by monitoring the
first pass of iodinated contrast through intracranial vasculature.
It enables quantification and display of various perfusion
parameters like CBF, cerebral blood volume (CBV), mean transit
time (MTT) and time-to-peak (TTP). It is based on the central
volume principle which states that CBF =CBV/MTT [9].

In several institutions, PCT is nowadays an integral component
of stroke protocol for differentiating infarct core from ischaemic
penumbra. PCT has also been applied to brain tumours in grading
of gliomas and differentiating tumour recurrence from radiation
necrosis. However, role of PCT in evaluation of dementias is still at
a nascent stage. Few studies in this context have shown conflict-
ing results regarding which areas of brain are affected; and which
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are the most reliable parameters. Most of these studies also had
limited coverage of the brain as they used lower slice count CT
scanners.

With increase in life expectancy, the geriatric population is
increasing and it is imperative to focus on the technique which
can detect the dementia process in advance for better patient
management and care [10, 11]. Previous studies have shown
that some drugs used in AD like acetylcholinesterase inhibitors
donepezil have variable clinical response with greater increase
in the CBF on SPECT in the patients who are responsive. PCT by
virtue of its ability to measure the blood flow as SPECT can be
used to evaluate the CBF and hence the response to treatment in
these patients [12-14].

Hence, we conducted a study aimed at evaluating the changes
on cerebral PCT in dementia; and to determine whether PCT
parameters could differentiate the types of dementia. As a sec-
ondary objective, we also aimed to study the correlation between
clinical severity score and PCT parameters.

Methods

This prospective case—control study was carried out in a tertiary
care hospital over a time span of 18 months after obtaining
clearance from institutional ethics committee.

Selection of participants

Taking CBF value in study by Yildirim et al, minimum required
sample size with 95% power of study and 5% level of signifi-
cance was 23 patients in each study group. Thus, 25 patients
presenting with cognitive impairment and diagnosed as demen-
tia as per the Diagnostic and Statistical Manual of Mental Dis-
orders, fifth edition (DSM-V) criteria were included. They were
assigned to either VaD or AD subgroup as per DSM-V crite-
ria for each. An equal number of age-matched healthy sub-
jects were included as controls. Patients having a major territo-
rial infarct, intracranial space-occupying lesion (ICSOL), seizure
disorder, acute traumatic brain injury, or contraindications to
undergo contrast-enhanced CT scan due to deranged renal func-
tions or prior documented severe contrast reaction were excluded.
Detailed neuropsychiatric evaluation including Montreal Cogni-
tive Assessment (MOCA) was undertaken in each patient [15].
Based on this, dementia cases were classified as having mild
(score 19-23), moderate (score 11-18) or severe (score <10) cogni-
tive impairment. Detailed informed consent was obtained from all
study participants or their caregivers prior to their enrolment in
the study. Risks of radiation exposure were clearly explained while
obtaining consent. As most of the controls underwent PCT for
unrelated indications such as part of stroke protocol which turned
out to be negative, the risk-benefit ratio for radiation harm was
very low.

PCT image acquisition

The study was performed using a 256-slice CT scanner (Somatom
Definition Flash, Siemens Healthineers). Following a non-contrast
CT (NCCT) to rule out infarction, haemorrhage or ICSOL, 50 mL
lodinated contrast (370 mg iodine/mL) was injected intravenously
via pressure injector at 5 mL/s, followed by saline chaser. PCT data
were acquired in dynamic mode for z-axis coverage of 10cm to
include the whole brain (slice width 10 mm, FOV 200 mm, matrix
1024x1024). Scanning parameters were optimised to have lowest
possible exposure during perfusion study (80 kV, 180 mAs).

PCT postprocessing and image analysis

This was done on an advanced multimodality workstation using
Neuro VPCT package of Syngo.VIA VB20 software. Arterial input
and venous outflow functions were defined manually taking
anterior cerebral arteries and superior sagittal sinus as reference
points to generate the time-density curve for the automated PCT
variable calculations. Using automated threshold-based decon-
volution algorithms, colour maps were generated for the PCT
parameters CBF, CBV, MTT and TTP. The colour maps were first
qualitatively evaluated by visual inspection for any abnormalities.
Presence of chronic lacunar infarcts visualised as dark blue or
black colour holes on CBF/CBV colour maps due to decreased per-
fusion with increased delay was recorded. Subsequently, quantita-
tive assessment of perfusion parameters was done using bilateral
symmetrical freehand region of interests drawn on the maximum
intensity projection perfusion images in bilateral frontal, tempo-
ral, parietal regions, basal ganglia and hippocampi.

Statistical analysis

As all variables (CBF, CBV, MTT and TTP) were not normally
distributed in the three subgroups of control, AD and VaD,
non-parametric tests (Kruskal-Wallis test) were used to make
group comparisons. Receiver operating characteristic (ROC) curve
analysis was done to study the diagnostic performance and
determine cut-off values of quantitative PCT parameters to
differentiate cases from controls; as well as to differentiate the
two subgroups of dementia. Spearman’s correlation coefficient
(r) was used to explore the strength of association between MOCA
score and PCT parameters.

Results

Our study had 50 participants comprising equal number of
dementia patients and controls. Among the dementia patients,
15 belonged to VaD subgroup and 10 belonged to AD subgroup
(Figure 1). The mean age +SD of VaD patients, AD patients
and controls was 62.0+6.9, 60.1+7.1, and 60.5+6.6 years,
respectively. The male:female ratio was 2:1, 3:2 and 2.1:1 for VaD
patients, AD patients and controls respectively. The difference in
age (p=0.680) and gender (p=0.901) distribution of the three
groups was statistically insignificant. The demographic and
clinical details of the study participants is summarised in Table 1.

PCT picked up additional lacunarinfarctsin all cases of demen-
tia which were undetected on NCCT. Among dementia cases,
93.3% cases of VaD had strategic infarcts; whereas these were not
seen in any case of AD (p<0.001). PCT could also reliably detect
white matter ischaemic changes in VaD subgroup, whereas these
were not that evident in AD or controls (p<0.001).

With respect to the quantitative PCT parameters (Tables 2
and 3), CBF and CBV were significantly lower in cases of VaD
as compared with the controls in bilateral frontal, temporal,
parietal regions, basal ganglia and hippocampi (p<0.001). These
two parameters were found to be significantly lower in bilateral
temporoparietal regions and hippocampi in AD subgroup com-
pared with controls (p<0.001); whereas the difference in frontal
regions and basal ganglia was not significant.

In pairwise comparison of the two dementia subgroups, VaD
cases showed significantly lower CBF and CBV in bilateral frontal
regions as compared with AD cases (p<0.001). VaD cases also had
significantly lower CBV in bilateral basal ganglia as compared
with AD cases (p<0.001); but the difference in CBF of basal ganglia
was only significant on the right side (p=0.004). CBF and CBV of
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Figure 1. A flow diagram of participants through the study. AD, Alzheimer’s disease; DSM-V, Diagnostic and Statistical Manual of Mental Disorders,
fifth edition; ICSOL, intracranial space-occupying lesion; PCT, perfusion CT; VaD, vascular dementia; VPCT, volume PCT.

Table 1. Demographic and clinical profile of study participants

Gender
Study group No of participants Male Female Mean age (years) MOCA score
Vascular dementia 15 10 5 62.0+6.9 11-21 (mean 16.67)
Alzheimer’s disease 10 6 60.1+7.1 13-23 (mean 16.20)
Controls 25 17 8 60.5 + 6.6 -
Total 50 33 17

MOCA, Montreal Cognitive Assessment.

Table 2. Comparison of the three subgroups of the variable clinical diagnosis in terms of CBF (n="50)

CBF (SD) Kruskal-Wallis Pairwise comparison of subcategories
(mL/100 g/min) test of clinical diagnosis (adjusted p value)
Brain region AD (n=10) VaD (n=15) Control X2 P value AD-control AD-VaD  Control-VaD
(n=25)
Right frontal region ~ Mean (SD)  106.68 (12.93)  60.47 (16.30)  98.00 (2.36) 35539  <0.001  0.070 <0001  <0.001
Left frontal region Mean (SD) 104.44 (19.55)  57.36 (15.37) 97.38 (2.81) 31.509  <0.001 0.818 <0.001 <0.001
Right basal ganglia Mean (SD)  80.26 (25.04)  75.00 (15.73)  85.85 (2.17) 23165 <0.001  0.907 0.004 <0.001
Left basal ganglia Mean (SD)  75.83 (26.88) 75.52 (17.36) 85.39 (1.85) 13.099  0.001 0.349 0.345 <0.001
Right temporal region Mean (SD)  60.97 (17.67)  59.91(20.26)  92.92 (1.58) 25995 <0.001  <0.001 0.994 <0.001
Left temporal region ~ Mean (SD) 51.85 (9.03) 53.32 (13.29) 91.65 (1.44) 37.260  <0.001 <0.001 0.862 <0.001
Right hippocampus ~ Mean (SD)  42.84 (13.48)  48.77 (14.35)  87.33 (1.31) 37.055 <0.001  <0.001 0.933 <0.001
Left hippocampus Mean (SD)  37.91 (13.31) 50.02 (12.17) 86.47 (1.50) 38.577  <0.001 <0.001 0.446 <0.001
Right parietal region ~ Mean (SD)  63.18 (16.18)  62.85(17.46)  99.12 (1.05) 26.046 <0.001  <0.001 0.986 <0.001
Left parietal region Mean (SD) 59.84 (12.81) 56.75 (21.17) 97.59 (1.18) 36.954  <0.001 <0.001 0.965 <0.001

AD, Alzheimer’s disease; CBF, cerebral blood volume; VaD, vascular dementia.

bilateral temporo-parietal regions and hippocampi did not differ
significantly between the two dementia subgroups (Figure 2). CBF
and CBV in different regions of brain are summarised in Tables 2
and 3, respectively.

In ROC analysis to differentiate between dementia cases from
controls (Table 4), CBF and CBV of temporal regions, hippocampi,
parietal regions followed by basal ganglia were the most impor-
tant parameters with highest area under ROC curve (AUROC).
Frontal region CBF and CBV were found to have the maximum

AUROC in differentiating between AD and VaD. No significant dif-
ferences between these two subgroups were seen in CBF and CBV
of other areas. MTT and TTP were not found to be significantly
different between the three groups in any region.

Following neuropsychiatric examination, dementia cases were
assigned a MOCA score. All cases in our study fell in the categories
of mild and moderate cognitive impairment; with no case of
severe cognitive impairment. The MOCA score of VaD patients
ranged from 11 to 21 (mean 16.67); and that of AD patients
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Table 3. Comparison of the three subgroups of the variable clinical diagnosis in terms of CBV (n=50)

CBV (SD) Kruskal-Wallis Pairwise comparison of subcategories
(mL/100 g/min) test of clinical diagnosis (adjusted p value)
Brain region AD (n=10) VaD (n=15) Control x? P value AD-control ~ AD-VaD Control-VaD
(n=25)
Right frontal region Mean (SD) 6.75 (1.86) 3.27 (0.87) 5.99 (0.13) 31.174 <0.001 0.975 <0.001 <0.001
Left frontal region Mean (SD)  6.47(2.33)  3.15(0.84)  5.89 (0.15) 31.127 <0.001 0.970 <0.001 <0.001
Right basal ganglia Mean (SD) 5.62 (2.03) 3.97 (0.86) 5.80 (0.05) 27.777 <0.001 0.957 <0.001 <0.001
Left basal ganglia Mean (SD)  5.48(2.26)  4.01(0.90)  5.77 (0.04) 27.802 <0.001 0.949 <0.001 <0.001
Right temporal region ~ Mean (SD) 4.25(3.01) 3.49 (1.14) 5.18 (0.04) 20.526 <0.001 0.003 0.993 <0.001
Left temporal region ~ Mean (SD)  3.61(2.33)  3.05(0.76)  5.17 (0.03) 31.203 <0.001 <0.001 0.999 <0.001
Right hippocampus Mean (SD) 2.94 (2.20) 2.71(0.86) 5.16 (0.03) 31.175 <0.001 <0.001 1.000 <0.001
Left hippocampus Mean (SD) 243 (1.27)  2.67(0.70)  5.15(0.03) 31.339 <0.001 <0.001 0.965 <0.001
Right parietal region Mean (SD) 3.90 (2.31) 3.30(0.85) 5.93 (0.09) 31.208 <0.001 <0.001 1.000 <0.001
Left parietal region Mean (SD)  3.94 (2.74)  3.08(1.02)  5.84(0.09) 31.160 <0.001 <0.001 1.000 <0.001

AD, Alzheimer’s disease; CBV, cerebral blood volume; VAD, vascular dementia.

Figure 2. (A, B) CBF colour maps of a 55-year-old-man with transient focal motor deficit and no cognitive impairment (control) shows good perfusion
seen as red-yellow colour in bilateral temporal regions and hippocampi (A) as well as in bilateral frontoparietal regions and basal ganglia (B). (C, D) CBF
colour maps of a 67-year-old woman with VaD who had progressive decline in memory (MOCA score 18/30) show significant white matter
hypoperfusion in bilateral frontoparietal white matter (C) with a focal perfusion deficit in right middle cerebral peduncle (white arrow) suggestive of
lacunar infarct (D) which was not evident on NCCT of the patient (not shown). (E, F) CBF colour maps of a 67-year-old man with AD who had
progressive cognitive impairment (MOCA score 11/30) show significantly reduced CBF in bilateral frontal regions (E) and right medial temporal region
(F). AD, Alzheimer’s disease; CBF, cerebral blood volume; MOCA, Montreal Cognitive Assessment; VaD, vascular dementia; NCCT - non-contrast CT.

ranged from 13 to 23 (mean 16.20). There was no significant
difference between the two subgroups groups in terms of MOCA
score (p=0.209).

Association between cognitive status and PCT parameters is
summarised in Table 5. As is evident, in AD subgroup, there
was significant positive correlation between MOCA score and
the following parameters: MTT of bilateral temporal regions and
right hippocampus; CBF and CBV of bilateral hippocampi, left
temporal and bilateral parietal regions. In VaD group, there was

significant positive correlation between MOCA score and the fol-
lowing parameters: CBF and CBV of bilateral frontal region, CBV
of right basal ganglia and right temporal region, CBF of left basal
ganglia, left temporal and bilateral parietal regions.

Discussion

Diagnosis and classification of dementia based on clinical criteria
alone has been challenging [15]. Structural neuroimaging with
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Table 5. Significant PCT parameters and MOCA score correlation

Parameters Correlation coefficient MOCA P value
MTT (s) (right temporal region Correlation coefficient (r) =0.68 0.0311
CBF (mL/100 g/min) (left temporal region) Correlation coefficient (r)=0.88 <0.0011
CBV (mL/100 g) (left temporal region) Correlation coefficient (r)=0.89 <0.0011
MTT (s) (left temporal region) Correlation coefficient (r)=0.63 0.0491
CBF (mL/100 g/min) (right hippocampus) Correlation coefficient (r)=0.96 <0.0011
CBV (mL/100 g) (right hippocampus) Correlation coefficient (r) =0.95 <0.0011
MTT (s) (right hippocampus) Correlation coefficient (r) =0.68 0.0311
CBF (mL/100 g/min) (left hippocampus) Correlation coefficient (r) =0.64 0.0461
CBV (mL/100 g) (left hippocampus) Correlation coefficient (r)=0.81 0.0041
CBF (mL/100 g/min) (right parietal region) Correlation coefficient (r) =0.89 <0.0011
CBV (mL/100 g) (right parietal region) Correlation coefficient (r)=0.88 <0.0011
CBV (mL/100 g) (left parietal region) Correlation coefficient (r)=0.77 0.0091
CBF (mL/100 g/min) (left parietal region) Correlation coefficient (r)=0.82 0.0031

CBEF, cerebral blood flow; CBV, cerebral blood volume; MOCA, Montreal Cognitive Assessment; MTT, mean transit time; PCT, perfusion CT.

CT or MRI provides a clue for the diagnosis of dementia, and
also help in identifying etiological subtype by recognising specific
patterns of atrophy or vascular changes. However, they do so only
in the later stages of the disease and without any prognostic ben-
efit. Functional changes generally precede discernible changes in
brain structure, as has been established by modalities such as PET,
SPECT and ASL MRI [15, 16]. In particular, perfusion SPECT gives
details of perfusion deficits and 18-fluorodeoxyglucose (FDG) PET
gives information about reduced metabolic activity, both seen at
early stages of disease [17, 18].

PCT also reflects changes in cerebral microcirculation that
cannot be detected by conventional CT or MRI; and has proven
to be an excellent functional neuroimaging technique. Func-
tional imaging like FDG PET have shown that brain perfusion and
metabolism are tightly coupled [19-21]. Hence, known patterns
of hypometabolism in FDG PET in dementia can be transferred
to patterns of hypoperfusion on PCT. In this study, we used a
state-of-the-art 256-slice CT scan machine and were therefore,
able to obtain a z-axis coverage of 10cm covering the entire
brain in a single acquisition. We found that CBF and CBV were
the two parameters that were significantly different among the
three study groups (Tables 2 and 3). VaD group showed statis-
tically significant lower values of CBF and CBV in all regions
of the brain evaluated in our study in comparison to controls.
These two parameters were found to be significantly lower in
bilateral temporoparietal regions and hippocampiin AD subgroup
compared with controls.

AD is characterised by deposition of g-amyloid and neurofib-
rillary tangles; the latter is initially deposited in the entorhinal
cortex of mesial temporal region, followed by the limbic system
including the hippocampi, and eventually in the rest of the cortex.
As our study had only mild to moderate cases of AD and no severe
cases were included, this likely accounts for why AD subgroup had
significantly lower values of CBF and CBV in bilateral hippocampi
and temporal regions; whereas bilateral frontal regions and basal
ganglia did not show any significant difference from the controls.
A previous study by Yildirim et al showed a decrease in CBF in
frontal, temporal cortex and lentiform nucleus in AD compared
with healthy controls [22]. However, no difference in CBV was
found between the groups in their study, which they attributed to
vascular autoregulation. Though our results for temporal region
CBF are similar, our study showed no difference in CBF in AD
in frontal region and basal ganglia. Also, we found CBV values
were significantly lower in AD compared with controls which is
contradictory to their results [22].

VaD, on the other hand, occurs due to neuronal loss secondary
to impaired circulation. This may be a result of small vessel
disease with multiple lacunar infarcts including those in strategic
locations such as medial thalamic nuclei. Alternately, this may
also occur due to large vessel or watershed infarctions. Confluent
T2W/FLAIR white matter hyperintensities and multiple infarcts
are observed on MRI of these patients. In line with this underly-
ing pathogenetic mechanism, strategic infarcts were detected in
93.3% cases and white matter ischaemic changes in 100% cases
of VaD in our study. On quantitative assessment, VaD subgroup
showed statistically significant lower values of CBF and CBV in all
regions of the brain compared with controls. We could not find
any literature on comparison of VaD with controls on PCT. How-
ever, comparison of senile dementia with controls was performed
in the study by Tang et al, in which 55% cases were of AD and 45%
cases were of VaD. They demonstrated that CBV and CBF of bilat-
eral frontal and temporal cortices, basal ganglia and hippocam-
pus were significantly higher; whereas MTT and TTP were signifi-
cantly lower in the control group than in the dementia group [15].
Our results on VaD also show similar results in terms of CBF and
CBV; though MTT and TTP showed no significant difference [15].

AD shows preferential involvement of temporo-parietal lobes
and limbic system in early stages, with frontal hypoperfusion
only in the later course of the disease. In contrast, there is gen-
eralised brain hypoperfusion in VaD from the initial stages itself.
Therefore, on quantitative PCT evaluation, only the CBF and
CBV of frontal regions and CBV of basal ganglia were found to
be significantly lower in VaD compared with AD. The CBF and
CBV of the two dementia subgroups did not differ significantly
in temporo-parietal regions and hippocampi. On ROC analysis
also, the cut-off of right frontal CBF >95.67 mL/min/100g and left
frontal CBF >91.99 mL/min/100 g had the maximum AUROC of 1
implying 100% sensitivity and specificity for differentiating AD
and VaD (Table 4). Though Zimny et al also reported significant
difference between AD and VaD on PCT, in stark contrast to our
study results, they found CBF and CBV to be lower in frontal and
temporal regions in AD compared with VaD [7]. However, due to
limited brain sections acquired in their study, hippocampi and
parietal regions were not evaluated separately. Tang et al did not
find any significant difference between PCT parameters of AD and
VaD cases in their study [15].

Out of the four perfusion parameters analysed, we found MTT
and TTP were not significantly different in any of the regions
between control group or either of the two dementia subgroups.
This is in concordance with a previous study by Zimny et al who
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Table 6. Comparison between significant findings in previous studies and our study

Zimny et al [7] (2007) Tang et al (2013) [15]

Yildirim et al (2015) [22] Zhang et al (2017) [8]

Our study

Study groups AD, VaD and mixed Control, AD and VaD
dementia
Significant brain regions Frontal and temporal ~ Frontal and temporal
cortex cortex, basal ganglia,
hippocampus
Significant perfusion CBF, CBV CBF, CBV, MTT, TTP
parameters
Significant group AD <VaD Dementia<control
comparison AD<Mixed AD, VaD no difference
(CBF values) VaD, Mixed no
difference

Control and AD

Frontal, temporal and
occipital cortex, basal
ganglia

Control, MCI and AD

Frontal, temporal,
parietal, occipital
cortex, basal ganglia,

Control, AD and VaD

Frontal, temporal,
parietal region, basal
ganglia, hippocampus

hippocampus,
internal capsule

CBE, TTP CBF, CBV, MTT, TTP CBF, CBV
AD <control AD <control AD<control
(parietotemporal

region, hippocampus)
VaD <control (all
regions)

VaD<AD (frontal region
and basal ganglia)

AD, Alzheimer’s disease; CBF, cerebral blood flow; CBV, cerebral blood volume; MCI, Mild Cognitive Impairment; MTT, mean transit time; TTP, time-to-peak;

VaD, vascular dementia.

demonstrated no significant difference in MTT values between
AD and VaD groups [7]. However, studies by Tang et al and Yildirim
et al have demonstrated a significant difference in TTP and MTT
between study groups [15, 22]. The former study showed higher
values of both MTT and TTP in frontal lobe, temporal lobe, basal
ganglia and hippocampus in senile dementia compared with
healthy controls. The latter study established an increased TTP
value in frontal, temporal, occipital cortex and lentiform nucleus
in AD compared with controls. A comparison between findings
of our study and other previous studies on PCT in dementia is
summarised in Table 6.

In our study, we found positive correlation between MOCA
score and PCT parameters in various regions of the brain (Table 5).
These findings are in agreement with results obtained by Zimny
et al and Streitparth et al, though they used the Mini-Mental
State Examination score for cognitive assessment instead of the
MOCA score [23, 24]. The positive correlation of MOCA scores
and PCT parameters (CBF and CBV) can be explored to use them
as surrogate markers of the cognitive status of patients with
dementia. PCT can also serve as a potential tool for monitoring of
disease progression and evaluating therapeutic responses during
the course of treatment. Various studies have shown promising
results in this regard [12-14].

Certain limitations of our study must be acknowledged. Due to
time constraint, our study’s sample size was small. Second, we
only evaluated the two most common forms of dementia that is,
AD and VaD. The less prevalent types of dementia such as fron-
totemporal dementia, mixed dementia or Lewy body dementia
were not encountered in our study participants. Lastly, though we
determined the correlation of MOCA scores and PCT parameters,
we did this at only one time point. Therefore, we were unable
to assess the changes in these parameters during the disease
course, or their modification with therapy. Future research could
be directed along these lines.

Conclusion

Our results demonstrate cerebral hypoperfusion evidenced by
reduced CBF and CBV in cases of dementia. As functional changes
precede structural alterations, PCT can be employed for the early
diagnosis of dementia facilitating prompt initiation of treatment.

PCT may also reliably aid in the differentiation between AD and
VaD. Preferential involvement of temporo-parietal regions and
hippocampi with sparing of frontal regions and basal ganglia
favours the diagnosis of AD. On the other hand, a more global
reduction in CBF and CBV suggests the diagnosis of VaD. Detection
of strategic infarcts and white matter ischaemic changes lend
further support for the diagnosis of VaD. Moreover, since various
perfusion parameters show positive correlation with MOCA score,
PCT could potentially be utilised for differentiating varying sever-
ities of dementia, and in the follow-up of cases of dementia.

Main messages

e Cerebral hypoperfusion in the form of reduced CBF and
CBV is seen on PCT in cases of dementia.

¢ Preferential involvement of temporoparietal regions and
hippocampi favours AD; whereas global reduction in CBF
and CBV suggests VaD.

e Strategic infarcts and white matter ischaemic changes
are also additionally detected with PCT in VaD.

e As perfusion parameters show positive correlation with
MOCA score, PCT could be useful in the follow-up of
cases of dementia.

Current research questions

e Pattern of perfusion alterations in other rare varieties of
dementia.

e Post-treatment follow-up of perfusion parameters in
cases of dementia.

¢ Role of perfusion parameters in predicting the progres-
sion of dementia.

What is already known on the subject

* Modalities like PET and SPECT have demonstrated that
functional changes in dementia precede cortical atrophy.

e Few studies which evaluated perfusion CT in this regard
mostly had limited coverage of brain and showed hetero-
geneous results.
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1 | BACKGROUND

Frontotemporal dementia (FTD) comprises a group of clinically and
pathologically heterogeneous neurodegenerative disorders featuring
regional neuron loss primarily in the frontal and temporal cerebral
lobes.! It presents a significant burden on society and is a common
cause of young onset dementia with an estimated prevalence being
between 15 and 22 cases per 100,000 individuals, approaching that of
Alzheimer’s disease (AD) in this age group.? There is a strong genetic
basis, with up to 20% of all cases stemming from autosomal dominant
inheritance in three genes: hexanucleotide repeat expansions in chro-
mosome 9 open reading frame 72 (C%orf72), as well as mutations in
progranulin (GRN) and microtubule-associated protein tau (MAPT),3*
with relative prevalence in that order.®

While there are currently no approved disease-modifying therapies
for genetic FTD, several promising drug candidates are being evaluated
in clinical trials.>” Such therapeutics would best be applied at prodro-
mal stages of the disease when irrecoverable neuronal damage has
not yet taken place. However, clinical trial design benefits from knowl-
edge of the natural history of disease progression and heterogeneity,
which highlights the importance of effective biomarker development
to address these challenges. As evidenced in studies focusing on famil-
ial AD and Huntington’s disease, there are crucial characteristics that
effective biomarkers should possess.®? They should be acquired with
relative ease for sustainable longitudinal assessment, reliably change
at the presymptomatic stage in a manner that delineates not only
individuals at risk of the disease versus those not at risk, but also dis-
ease variants. Furthermore, they should identify differences between
individuals at risk who eventually develop symptoms versus those
who remain asymptomatic, as this would be of particular interest to
therapeutics that aim to impede disease progression.

Given the high penetrance of genetic FTD mutations, presymp-

tomatic individuals are a particularly important population for inves-

tigating the early signatures of FTD progression and for the identifi-
cation of disease-monitoring biomarkers.319 A variety of studies have
provided robust neuroimaging findings on presymptomatic genetic
FTD in terms of structural and functional brain changes.!1"22 Assess-
ment of these and other such studies also suggests that functional
measures, such as neuronal connectivity, precede structural changes
such as atrophy.® There is a need to advance the body of evidence,
notably: extending beyond cross-sectional design to study disease
change over time, incorporating all three major mutation variants of
genetic FTD, increasing sample size, using non-invasive imaging tech-
niques that avoid ionizing radiation, and placing a greater focus on
presymptomatic carriers as opposed to pooling presymptomatic and
symptomatic carriers in comparisons.

We extend upon these previous observations by conducting the
largest longitudinal analysis of cerebral perfusion across all three
genetic FTD subgroups in presymptomatic individuals at risk for
genetic FTD using arterial spin labeling (ASL) magnetic resonance
imaging (MRI). ASL is a non-invasive imaging modality in which an
individual’s blood is magnetically labeled, thereby acting as an endoge-
nous tracer to measure cerebral perfusion, which in turn is assumed
to be tightly coupled to brain metabolism.2® This study also highlights
the image processing and quality-control steps necessary for robust
cerebral perfusion quantification across multiple study sites and MRI
scanners while accounting for partial volume effects stemming from
gray matter atrophy.24 We have previously demonstrated that regional
perfusion delineates presymptomatic FTD carriers from non-carrier
controls in a cross-sectional study of all three groups in genetic FTD
using ASL.13

This study investigates regional and global cerebral perfusion
changes over time in presymptomatic FTD mutation carriers stratified
according to genetic subgroup. We hypothesized that cerebral perfu-
sion would decline over time to a greater extent in one or more of the

presymptomatic genetic subgroups relative to non-carrier controls.
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Furthermore, the degree of this perfusion decline will differ among
brain regions when comparing presymptomatic carrier groups. Finally,
perfusion relative to baseline will have declined to a greater extent in
presymptomatic carriers who eventually converted into symptomatic
FTD versus unaffected carriers who surpassed the time at which they
were expected to exhibit symptoms.

2 | METHODS
2.1 | Participants

Data were drawn from the fifth data freeze of the Genetic Frontotem-
poral Dementia Initiative (GENFI) database, with images acquired from
23 sites across Canada, the United Kingdom, Italy, the Netherlands,
Sweden, and Portugal between January 30, 2012, and May 31, 2019.
Participants were presymptomatic individuals at baseline who were
carriers of a genetic mutation in one of the C%orf72, GRN, or MAPT
genes, but who had no clinical symptoms of FTD present, as assessed
by a trained clinician. Further details regarding the inclusion criteria
are listed elsewhere.2% Non-carrier controls were first-degree rela-
tives of the presymptomatic carriers and who were confirmed to not
carry mutations in C9orf72, GRN, or MAPT. Individuals who converted
into symptomatic FTD during the study were included in a post hoc,
secondary analysis after the primary study was complete (see details

below).

2.2 | Ethics and patient consent

Ethical review boards from all sites approved the study protocol and
all participating individuals provided written and informed consent in
agreement with the Declaration of Helsinki.

2.3 | Genotype testing

Verification of C9orf72, GRN, or MAPT mutation being present/absent
was done using a standardized protocol at each site. Mutations were
detected either by DNA sequencing or allele-specific polymerase
chain reaction (PCR)-based evaluation of GRN or MAPT. C%0rf72 hex-
anucleotide repeat expansions were evaluated using a previously
described two-step genotyping procedure.?> Genetic guardians at
each site uploaded the mutation results directly to the centralized
database. All research personnel and clinicians performing clinical and
cognitive/behavioral evaluations, as well as the physical exam, were

blinded to mutation status.
2.4 | MRI image acquisition
T1-weighted and ASL sequences were collected at the respective

sites and image processing steps were taken to enable multi-site

analysis.2® Image processing accounted for five main ASL acquisition
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RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using PubMed. Cerebral perfusion has shown promise
in characterizing genetic frontotemporal dementia (FTD).
However, most of the prior literature is cross-sectional
and/or limited to one or two subsets of the major genetic
groups (C%orf72, GRN, and MAPT).

2. Interpretation: Our study provides evidence that cere-
bral perfusion may be an early biomarker for assessing
at-risk genetic FTD. Decreases in cerebral perfusion
delineate not only all major FTD genetic groups from
controls, but also between-group differences as well.
Cerebral perfusion decreases also distinguish converter
individuals from older non-converters.

3. Future directions: Measures of cerebral perfusion in
early stages of FTD may improve prediction of symptom
onset in those genetically at risk. Incorporating cere-
bral perfusion alongside other imaging measures, such
as white matter tract integrity and gray matter atrophy,
may significantly improve our understanding of disease
mechanisms and can be incorporated into clinical trial

design.

variants: pseudo-continuous ASL (PCASL) 2D gradient-echo echo-
planar imaging (EPI) on 3T Philips Achieva scanners with and without
accompanying proton-density (MO0) scans; and pulsed ASL (PASL) 3D
gradient- and spin-echo (GRaSE) on 3T Siemens Trio Tim or Prisma
Fit machines with or without an accompanying MO scan, and a PCASL
3D fast-spin-echo stack-of-spirals on 3T General Electric MR750 scan-
ners with an MO scan. Detailed ASL parameters are provided in the

supporting information (Table S1).

2.5 | ASL image processing

As in our previous cross-sectional study,’® we used ExploreASL soft-
ware (version 1.10.0),2¢ which is based on the Statistical Parametric
Mapping 12 (SPM12) MATLAB package to process ASL scans from
the various sites, vendors, and sequences. Briefly, T1-weighted struc-
tural images were segmented into gray and white matter tissue partial
volume maps and spatially normalized to a population template in
Montreal Neurological Institute 152 standard space using geodesic
shooting.?” Structural volumes of whole brain gray matter tissues were
collected at this time using SPM12 for ancillary structural MRI anal-
ysis. Transformation matrices were saved for subsequent application
in bringing cerebral perfusion images into a common space for parcel-
lation. ASL time series were corrected for motion outliers using rigid-
body transformation coupled with the Enhancement of Automated
Blood Flow Estimates (ENABLE) outlier exclusion algorithm,?® fol-

lowed by pairwise subtraction to produce perfusion-weighted images
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(PWI). If MO images were not acquired at scan time, substitute MO
images were constructed using the mean of the non-labeled ASL scans
without background suppression. MO volumes were smoothed with a
16 mm full-width half-maximum (FWHM) Gaussian kernel to create
a bias field that avoided division artifacts during perfusion quantifi-
cation and canceled out acquisition-specific B1-field inhomogeneities.
Cerebral perfusion quantification itself followed a single-compartment
model approach and recommendations outlined in the ASL consensus
paper.2?

2.6 | Quality control and corrections

For cerebral perfusion image quality control, we used the same steps
as previously described.!® Scans were independently and visually
assessed by two authors (M.P, N.L.) with more than 3 years of expe-
rience handling ASL data. Scans which featured significant image
acquisition or processing issues were discarded such as those with
poor signal-to-noise, uneven labeling, arterial transit time artifacts,
severe motion, distortions from improper coregistration, artifacts, and
clipping (see examples in Figure S1 in supporting information). An
intraclass correlation score of 0.83 was reached, which is considered
“good.”3? Remaining inconsistencies were resolved by consensus. In
total, 40 participants were excluded during this process. To account for
arterial transit time artifacts not immediately evident by visual inspec-
tion, images were also assessed quantitatively by their gray matter
spatial coefficient of variation,®! and excluded if this measure exceeded
0.8. This did not result in any further loss of participant scans.

To adjust for the effects of scans acquired at different sites, as well
as differences arising from changes or upgrades to scanner models
and software versions between time points within those sites, we per-
formed a group-based voxel-wise bias field correction approach. Scans
were placed into groupings according to their site, scanner model,
and major software version. Groups that contained fewer than four
scans were excluded, resulting in the removal of one participant. Scans
acquired during visits in which a participant was confirmed by a trained
clinician to convert into clinical FTD presentation (n = 3) were with-
held from contributing to the generation of group-specific bias fields,
as it is advised to estimate bias fields on the basis of individuals with-
out potentially significant pathophysiological alterations.32 For each
grouping, a mean perfusion image was calculated and smoothed with
a 6.4 mm FWHM Gaussian kernel. A grand mean perfusion image
for the entire population was then calculated from these individual
group means. This grand-mean image was then rescaled such that the
mean gray matter perfusion would be a physiologically reasonable
60 mL/min/100 g value,3® which involved rescaling by a factor of 1.14.
Bias fields for each grouping were then calculated by dividing its mean
perfusion image by the rescaled grand-mean image. Finally, individual
cerebral perfusion images were rescaled by being multiplied against
their grouping’s bias field image.1?

To account for the effect of gray matter atrophy, which has been
previously demonstrated to be detectable in presymptomatic FTD

19

carriers,”” rescaled perfusion images were corrected for partial vol-

ume effects (PVE) using a voxel-wise local linear regression within a 3D

Gaussian kernel based on probability tissue maps.3* For a secondary
analysis (see below), converter scans which were initially withheld
from bias field image generation were also rescaled by the appropri-
ate group-based bias field that they would have otherwise belonged to,
followed by PVE correction.

PVE-corrected images were parcellated using Automated Anatom-
ical Labeling Atlas version 2 (AAL2) within voxels that had a gray
matter partial volume > 50%.3°> Mean perfusion values from parcel-
lated regions were extracted for statistical analysis. Regions which
were not covered in all ASL scans, such as the cerebellum, or those with
fewer than 100 voxels of positive signal, were excluded from statistical

analysis.

2.7 | Demographic, clinical, and behavioral data
analysis

Participants underwent a standardized clinical assessment at each
visit. Within this study, we report the Clinical Dementia Rating plus
National Alzheimer’s Coordinating Center Behavior and Language
Domains Rating Scale Frontotemporal Lobar Degeneration (CDR plus
NACC FTLD), the FTD Rating Scale score, the revised Cambridge
Behavioral Inventory score, and the Mini-Mental State Examination
(MMSE) score. These measures were statistically assessed between
non-carrier controls and the three presymptomatic mutation car-
rier groups. To account for the effects of cardiovascular risk factors
or other neurological/medical diseases on cerebral perfusion, clinical
assessment also recorded the absence, recent occurrence, or remote
occurrence of seizures, stroke, traumatic brain injury, hypertension,
hypercholesterolemia, diabetes mellitus, smoking, excessive alcohol
consumption, recreational drug use, and autoimmune disease. These
data are presented in Table S2 in supporting information, and statisti-
cal comparisons were made across groups at baseline to ensure that
they were balanced in terms of these potential perfusion-altering risk
factors/diseases. To determine the impact of participant exclusion dur-
ing the quality control and bias field correction steps, demographic and
clinical variables were also compared between excluded participants
and the retained participants.

Categorical variables were assessed either by Pearson chi square
test or Fisher exact test depending on whether any given frequency
was lower than a count of five. Continuous variables across groups
were assessed with a type Il analysis of variance and followed up with
Tukey post hoc tests if the omnibus P value result was below an alpha
of 0.05.

2.8 | Primary linear mixed effects analysis

A total of 158 non-carrier controls, 42 C%orf72, 70 GRN, and 31
MAPT presymptomatic carriers had useable scans for at least two
time points (Table S3 in supporting information). For the primary
analysis involving regional cerebral perfusion comparison between
non-carrier controls and the three presymptomatic genetic subgroups,

we used mixed effects linear models according to the following R-style
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formula:

Perfusion ~  Group + Time + Group : Time + Adepgsejine + Sex

+CBFpseline + (1| SubjectID)

Perfusion is the cerebral perfusion at any given time point in a par-
ticular region of interest (ROI) from the AAL2 atlas or of the whole
brain gray matter at a probability of at least 50%. Group is a factor vari-
able with the following levels: non-carrier controls, presymptomatic
C9orf72 carriers, presymptomatic GRN carriers, or presymptomatic
MAPT carriers. Time refers to the exact time from baseline scan mea-
surement, reported in units of years (B). The interaction between these
two effects is denoted above as Group:Time. Contrasts were encoded
such that the control non-carrier group served as the reference
group. Interaction coefficients are therefore reported as comparing a
given presymptomatic genetic subgroup versus the control non-carrier
group and are reported as f3j,; for a given group. To avoid collinearity
issues with time from baseline, age at baseline was used as opposed to
age at scan date as a covariate. Other covariates included biological sex
and the perfusion measured at baseline for the same ROI. A random
intercept clustered over participants was included due to the longi-
tudinal nature of the study with repeat image acquisition and familial
relatedness of the participants.

The above model was arrived at using a model-building approach
from a more parsimonious model that did not include baseline per-
fusion as a covariate. Additional models that were initially tested
included permitting a random slope across time for each participant,
nesting participants within family membership, or a combination of
the model alterations. However, these more complex models failed
to properly converge regardless of optimization algorithm or other-
wise failed to perform better based on Akaike information criterion,
Bayesian information criterion, and a log-likelihood ratio test (Table S4
in supporting information) for model comparisons.

After confirmation of a significant result from the omnibus test
mixed effects model, a post hoc analysis was conducted on the model
to assess the profile of differences in whole brain gray matter perfusion
between each presymptomatic genetic subgroup and non-carrier con-
trols. This was achieved by estimating the marginal means at baseline
assessment and 1-year intervals after, with contrasts selecting for the
effect of perfusion difference between a given presymptomatic group
versus non-carrier controls.

Linear mixed effects analyses were also conducted on structural
MRI volumetric data using the following model:

Volume ~  Group + Time + Group : Time + Agepgseline + Sex

+TIVpgseline + (1 | SubjectID)

where volume refers to global gray matter volumes extracted dur-
ing image processing. TIVaseline refers to the total intracranial volume
recorded during the baseline scan visit. All other terms and their
meanings are akin to the previously described cerebral perfusion

model.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Statistical analyses were carried out in R version 4.2.2 (R Foun-
dation for Statistical Computing) and mixed effects models used the
Ime4 package for model fitting, the afex package for model conver-
gence assessment, and the emmeans package for post hoc testing of the
whole-brain gray matter perfusion model.2¢-3¢ Resulting P values from
multiple testing were adjusted using Bonferroni correction.

2.9 | Secondary analysis comparing converters to
presymptomatic carriers beyond their expected age
of disease onset

During participant recruitment, all presymptomatic carriers had a cal-
culated years to expected disease onset (EYO), as covered in a previous
GENFI study.2° Briefly, the EYO for a given participant was defined as
the difference between the age at baseline assessment versus mean
age of disease onset within the family for that participant.

To better understand how cerebral perfusion may be related to
clinical conversion, we compared mutation carriers who remained
asymptomatic past their EYO (n = 22) versus mutation carriers who
converted into symptomatic FTD during their follow-up period (n = 19).
The definition of a converter within this study involved either a clin-
ician’s diagnosis and/or otherwise a change in CDR plus NACC FTLD
into a score of one or greater. All control non-carriers or presymp-
tomatic carriers who did not meet these criteria were excluded from
this secondary analysis. This secondary analysis did not possess enough
statistical power to stratify the converters across the three major
genetic subgroups.

To reduce the influence of converter scans having more acquisitions
at later time points, which may bias results in favor of demonstrating
converter hypoperfusion, analysis was restricted to time point follow-
up three, based on Fisher exact test confirming an equal proportion
of visits between the two converter and non-converter groups (Table
S5 in supporting information). This resulted in a removal of three con-
verter scans that took place at follow-up visit four but with no loss
of participants. An analysis of covariance was conducted to ascertain
whether the perfusion difference at the final available time point rela-
tive to baseline was statistically different between the two groups. The
change in perfusion between baseline and the last time point was the
dependent variable. Covariates included the participant’s age at base-
line and their sex. As genetic subgroups had to be pooled together to
achieve sufficient statistical power, this secondary analysis was only
carried out for ROlIs that passed Bonferroni correction in two or more
genetic subgroups within the primary analysis. Additionally, as this was
a post hoc analysis, correction across multiple tests was not conducted

and only uncorrected P values are reported.

3 | RESULTS
3.1 | Demographic, clinical, and behavioral data

For demographic variables (Table 1), there were no significant differ-

ences between healthy controls and the three genetic FTD subgroups
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TABLE 1 Demographic, structural imaging, and clinical characteristics (n = 301).
Group
GRN
Non-carrier controls, C90rf72 presymptomatic  presymptomatic MAPT presymptomatic

Characteristic n=158 carriers,n=42 carriers,n=70 carriers,n=31 Pvalue
Demographics
Age (years) 46.6 +13.0 41.7 +10.0 474 +11.9 38.4+8.9 <0.001
Education (years) 147 + 3.5 15.1+25 152+ 3.5 148 +3.1 0.70
Sex 0.71
Female 99 (63%) 30(71%) 43(61%) 19 (61%)
Male 59 (37%) 12 (29%) 27 (39%) 12 (39%)
Handedness 0.10
Left 8(5.1%) 2 (4.8%) 10 (14%) 4(13%)
Right 149 (94%) 39 (93%) 59 (84%) 27 (87%)
Other 1(0.6%) 1(2.4%) 1(1.4%) 0(0%)
Clinical measures
CDR plus NACC FTLD score 0(IQR 0-0) 0(IQR0-0) 0(IQR0-0) 0(IQR 0-0) -

(categories™)
FTD rating scale (/100) 96.4+5.9 95.0+8.0 95.5+10.8 93.5+10.3 0.37
Cambridge Behavioral Inventory 4.7 + 6.1 64+7.9 3.8+6.7 74+11.0 0.08

(/180)
Mini-Mental State Examination 294+10 29.7+0.6 295+10 29.7+11 0.26

(/30)
Structural imaging
Gray matter (mm?3) 638+24 618+ 4.6 636+ 3.6 638+54 <0.001

Notes: For demographic and clinical measures, data are represented as either n (%), mean + standard deviation, or median. P values stem from type |1l analysis
of variance for continuous variables and x? or Fisher exact tests for categorical variables, depending on whether all cells were > 5 or not, respectively. For
structural measures, data are represented as group estimate + standard error based on estimated marginal means extracted from the longitudinal linear

mixed effects models. Bold emphasis has been placed on P values that are < 0.05.

Abbreviations: C9orf72, chromosome 9 open reading frame 72; CDR, Clinical Dementia Rating; FTD, frontotemporal dementia; GRN, progranulin; IQR,
interquartile range; MAPT, microtubule-associated protein tau; NACC FTLD, National Alzheimer’s Coordinating Center Behavior and Language Domains

Rating Scale.

*Clinical Dementia Rating plus National Alzheimer’s Coordinating Center Behavior and Language Domains Rating Scale Frontotemporal Lobar Degnera-

tion categories: O (normal); 0.5 (very mild); 1 (mild); 2 (moderate); 3 (severe).

across education, proportions of sex, or proportions of handedness.
However, age was statistically different (F[3, 297] = 9.98; P < 0.001)
among the groups and post hoc analysis for age demonstrated that
presymptomatic MAPT mutation carriers were statistically younger
than the non-carrier control population as well as the GRN presymp-
tomatic carrier group. Clinical and behavioral measures (Table 1),
including the CDR plus NACC FTLD, the FTD Rating Scale, the Cam-
bridge Behavioral Inventory, and the MMSE were similar between
presymptomatic genetic subgroups and non-carrier controls. Likewise,
frequency analysis of cardiovascular risk factors and other neurologi-
cal/medical diseases that could potentially influence cerebral perfusion
(Table S2) found no differences between any participant groups at
baseline.

The comparison between excluded participants and retained par-
ticipants (Table Sé in supporting information) demonstrated that the

two populations were statistically comparable for demographic and

clinical measures, apart from sex frequencies being significantly dif-
ferent (¥2[1] = 8.02; P < 0.001), with an increased proportion of male
individuals featured in the excluded group.

3.2 | Global gray matter perfusion changes

Global gray matter longitudinal perfusion profiles (Figure 1) demon-
strated an overall decreasing trend in all participant groups as a
function of time from baseline (non-carriers = —0.76 + 0.24 mL/min/
100 g/year, P = 0.002; C9orf72 = —2.42 mL/min/100 g/year,
P < 0.001; GRN = —-3.42 + 0.38 mL/min/100 g/year, P < 0.001;
MAPT = —1.89 mL/min/100 g/year, P = 0.003), in agreement with
the general observation that perfusion decreases with age.3? All
three presymptomatic genetic subgroups demonstrated a more

pronounced rate of perfusion decline relative to non-carrier
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FIGURE 1 Mixed effects interaction plot of whole brain gray matter perfusion as a function of time from baseline assessment for non-carrier
controls (black) versus presymptomatic carriers of mutations C9orf72 (orange), GRN (green), and MAPT (cyan). Shaded areas represent 95%
confidence intervals. C9orf72, chromosome 9 open reading frame 72; CBF, cerebral blood flow; GRN, progranulin; MAPT, microtubule-associated

protein tau.

controls, albeit to varying degrees. The greatest rate of perfusion
decline relative to non-carrier controls was demonstrated by the
GRN group (Bj, = —2.4 + 0.5 mL/min/100 g/year; t[555] = —4.9;
P < 0.001), followed by C9orf72 (Bin: = —1.5 + 0.6 mL/min/100 g/year;
t[579] = -26; P = 0.009) and finally the MAPT group
(Bint = —1.1+ 0.7 mL/min/100 g/year; t{542] = —1.4; P=0.15).

Post hoc analysis of the global perfusion model (Table 2) illus-
trated that lowered perfusion relative to non-carrier controls could
be identified as early as 1 year after baseline assessment in
both GRN (-2.22 + 0.65 mL/min/100 g; P = 0.002) and MAPT
(=2.69 +£0.90 mL/min/100 g; P =0.009) groups. Both groups also main-
tained significant lowered perfusion as late as 6 years post-baseline
assessment. The Corf72 group also demonstrated significantly low-
ered global gray matter perfusion relative to controls by 2 years after
baseline assessment (—2.96 + 0.86 mL/min/100 g; P = 0.002) and
maintained this significant difference onward.

3.3 | Global gray matter structural changes

Measures extracted from linear mixed effects models of global tissue
volumes (Table 1) demonstrated that only the C%orf72 group featured
a measurable degree of gray matter atrophy as early as baseline rel-
ative to non-carrier controls (—19.3 + 5.12 mm?3; P = 0.002), with no

significant differences in gray matter volume found for GRN (—1.1 + 4.2

mm?3; P=0.8) or MAPT (0.7 + 5.9 mm?3; P=0.9). However, no significant
interaction was observed between the group effect and time (Figure
S2 in supporting information), indicating no significant differences in
the rates of global gray matter change within the approximate 5-year

period for this population.

3.4 | Regional perfusion changes

Tables 3 and 4 show the coefficients for the main effect of time from
baseline (B) as well as the interaction coefficients (B;,:) for each of
the three presymptomatic genetic subgroups relative to the reference
non-carrier control group. Negative values indicate a more pronounced
decline in perfusion over time relative to non-carrier controls. Figure 2
represents the regions that survived Bonferroni correction as t values
overlaid upon axial brain slices.

The main effect of time from baseline was significant in certain ROls
and demonstrated a trend of hypoperfusion occurring in participants
as a function of time. However, the interaction effects between time
from baseline and presymptomatic genetic subgroups were generally
far more pronounced in one or more of the presymptomatic genetic
subgroups than this main effect alone. Additionally, the coefficients for
the main effects of presymptomatic genetic subgroups within the inter-
action model were not significant (P> 0.05) in any region and therefore

not presented in Table 3 or Table 4.
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FIGURE 2 Statistical axial slice maps derived from the mixed effects region of interest analysis examining the interaction effect between
mutation status (presymptomatic carrier versus non-carrier control) and time from baseline for each of the carrier groups. Colors represent
Satterthwaite-approximated t values from regions which survived familywise error correction at P value < 0.05. Images are shown in neurological
display convention, overlaid on top of the Montreal Neurological Institute 152 T1-weighted template image. C90rf72, chromosome 9 open reading
frame 72; GRN, progranulin; L, left; MAPT, microtubule-associated protein tau; R, right.

Presymptomatic C%orf72 carriers featured prominent changes in
longitudinal perfusion in the frontal lobe; certain subcortical structures
such as the caudate, putamen, and hippocampus; as well as the tha-
lamus (Tables 3 and 4). Interestingly, while most significant regions
were bilateral, a slight rightward asymmetry was observable across
the inferior frontal lobe, with significant regions coming from the pars
opercularis, pars orbitalis, pars triangularis, and orbitofrontal cortical
regions, as well as the right superior temporal gyrus.

Coinciding with the global gray matter changes in perfusion, the
presymptomatic GRN carriers featured more prominent decreases in
perfusion over time relative to controls in a far more widespread man-
ner, with nearly all regions demonstrating a significant effect. Notably,
a leftward asymmetric effect is evident, as left hemispheric regions
tended to demonstrate stronger effects based on t values and inter-
action coefficients than in similar right hemispheric regions (Tables 3
and 4).

MAPT presymptomatic carriers only showed significant decreases
in perfusion over time in the left thalamus, an area that was also
significant for Corf72 as well as GRN carriers, highlighting a region
that is commonly affected in all genetic subgroups of FTD. No regions
featured any significant increase in perfusion in any presymptomatic
genetic subgroup relative to non-carrier controls.

3.5 | Perfusion in presymptomatic carriers beyond
their expected year of symptom onset versus
converters

Mutation-positive converters pooled across genetic subgroups (n=19;
C9orf72 =7,GRN = 8, MAPT = 4) demonstrated a significant decline in

perfusion from baseline based on their last follow-up scan compared

to presymptomatic carriers who went beyond their expected age of
symptom onset (n = 22; C9orf72 = 6, GRN = 14, MAPT = 2) without
showing symptoms or signs of FTD (Table 5). These regions included
the right middle frontal gyrus, inferior frontal gyrus pars triangularis,

dorsolateral superior frontal gyrus, and posterior orbitofrontal cortex.

4 | DISCUSSION

This longitudinal study has identified specific patterns of perfusion
decline in the most prevalent genetic subsets of FTD (i.e., Corf72,
GRN, and MAPT) at the presymptomatic stage. We have found that
all genetic subgroups feature a more significant degree of global gray
matter perfusion decrease over time relative to healthy controls. This
contrasted with a structural analysis examining global brain volumes,
which only detected gray matter atrophy in the C9orf72 group at base-
line, in agreement with the prior literature,>? and which did not
detect significant differences in rates of global gray matter volume
change over time between any of the studied genetic subgroups. This
observation highlights additional gains provided by cerebral perfusion
measures longitudinally in the study of presymptomatic genetic FTD
on top of volumetric analysis alone. Post hoc analysis further iden-
tified that significant hypoperfusion is detectable as early as year 1
follow-up in GRN and MAPT subsets, and in C9orf72 by year 2 follow-
up. Given that metrics typically used within FTD clinical practice could
not differentiate presymptomatic groups from controls, these findings
are strongly attributable to the effect of the disease mutation over
nuisance factors such as age alone. Another key result was that the
presymptomatic genetic subgroups featured their own regional pat-
terns of perfusion decline, with C9orf72 being focused around the

frontal lobe with a slight right hemispheric bias, GRN featuring a more
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Post hoc marginal means estimation of whole brain gray matter perfusion differences between presymptomatic carriers versus non-carrier controls at fixed time points.

TABLE 2

MAPT presymptomatic carriers minus non-carrier

controls

C9orf72 presymptomatic carriers minus non-carrier

controls

GRN presymptomatic carriers minus non-carrier controls

Time from
baseline
(years)

Estimate

Estimate

Estimate
(mL/min/100 g)

Pvalue
0.580
0.009
0.001

(mL/min/100 g) df/T-ratio
—-1.55 + 1.19
—-2.69 + 0.90

-3.82 + 1.07
—4.95 + 1.56

Pvalue

(mL/min/100 g) df/T-ratio

Pvalue

df/T-ratio

673.47/-1.3

653.03/0.52

0.44 + 0.85
—2.22 + 0.65
-4.88 + 0.72
—7.54 + 1.01

631.2/0.35

0.35 + 1.01
—1.31 + 0.79
—2.96 + 0.86

303.33/-2.99

0.002
<0.001
<0.001
<0.001
<0.001

306.74/-3.42

0.291

301.59/-1.66

432.75/-3.56

337.04/-6.75

0.002
<0.001
<0.001
<0.001

273.04/-3.46

0.005
0.015

741.42/-3.17

607.45/-7.45

452.39/-3.97

—-4.62 + 116

798.69/-2.81

—6.08 + 2.17

762.33/-7.35

-10.2 + 1.39

627.34/-3.98

—6.28 + 1.58

0.031

779.11/-2.57

—7.21 + 2.81

797.19/-7.16

—-12.86 + 1.8

720.62/-3.91

—7.93 + 2.03

Note: Data derived from the primary analysis linear mixed effects model for whole brain gray matter perfusion. Marginal mean estimates represented as mean + standard error. P values were adjusted using

Bonferroni correction. Bold emphasis has been placed on P values that are < 0.05 after Bonferroni correction.

Abbreviations: C9orf72, chromosome 9 open reading frame 72; df, degree of freedom; GRN, progranulin; MAPT, microtubule-associated protein tau.
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global and left hemispheric bias, and MAPT restricted to the left tha-
lamus. These observations suggest the utility of longitudinal cerebral
perfusion as an imaging biomarker differentiating between the major
genetic subgroups of FTD at this presymptomatic disease stage. We
also identified that conversion into the symptomatic FTD stage was
associated with hypoperfusion in several right hemispheric frontal lobe
regions. Our study is therefore the first to indicate the potential protec-
tive effects of maintaining regional cerebral perfusion and suggest its
possible utility as a measure of drug efficacy in terms of slowing down
FTD disease progression. Altogether, the findings of this study indicate
that cerebral perfusion, as measured by ASL, has the characteristics of
apromising biomarker for assessing disease progressionin genetic FTD
prior to symptom onset.

This body of work adds to the growing evidence that the salience
network, which is involved in guiding behavior and attention, is funda-
mentally tied to FTD disease progression.*® Presymptomatic C9orf72
and GRN groups demonstrated declining perfusion in several key
component areas of this network, including the insula and anterior
cingulate cortex, as well as the posterior orbitofrontal cortex, which
projects into the network.*>*2 Both C9orf72 and GRN mutations most
commonly present with the behavioral variant of FTD (bvFTD), which is
functionally related to the salience network. Within the GENFI cohort,
most symptomatic individuals had a bvFTD presentation.2’ Our per-
fusion findings are also consistent with observations of other genetic
FTD neuroimaging studies that have identified connectivity reduc-
tions and gray matter atrophy in this network for presymptomatic and
symptomatic individuals, respectively.'81%21 Furthermore, it has been
posited that von Economo neurons (VENS), cells that are concentrated
within layer Vb of the of the cortex involved in salience network func-
tion, are particularly susceptible to pathology in the early stages of
the FTD.*3 Indeed, TAR DNA-binding protein 43 (TDP-43) proteinopa-
thy, which is the dominant inclusion in C%orf72 and GRN subsets of
genetic FTD,? has been detected within right frontoinsular VENs and
is associated with salience network atrophy.** Within this study, the
right hemispheric posterior orbitofrontal regions also showed signif-
icant hypoperfusion in converters compared to non-converters who
went beyond their EYO, the bulk of which were C9orf72 and GRN
individuals. In an earlier GENFI analysis of mutation carriers versus
non-carriers, the insula featured neuroanatomical differences as early
as 25 and 15 years prior to symptom onset for C%orf72 and GRN
carriers, respectively.2° From this collective evidence, we speculate
that in C9orf72 and GRN genetic subgroups, there is a TDP-43-based
neurodegenerative mechanism at play which targets the salience net-
work at very early stages of the disease, with initial proteinopathy
burden manifesting as local functional changes (hypoperfusion and
connectivity loss) before translating into gross structural atrophy, and
finally presenting as bvFTD in the clinic. We also speculate that certain
genetic subgroups may exhibit either leftward or rightward frontal bias
for the salience network, as the latter was evident in the Corf72 subset
of this study and is consistent with prior imaging and pathological case
series.*>*¢ Future longitudinal neuroimaging studies will need to incor-
porate a complex multimodal approach on the same cohort to assess

these conjectures.
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TABLE 3 Longitudinal region of interest analysis comparing cerebral perfusion between presymptomatic carriers of each major FTD mutation
and non-carrier controls modeled based on time from baseline and its interaction with carrier group within the left hemisphere.

C9orf72 GRN MAPT
Region B P Bint Pint Bint Pint Bint Pint
Amygdala -0.37 £ 0.3 1 -1.38 + 0.62 1 —2.66 + 0.55 <0.001 -0.86 + 0.86 1
Angular gyrus -0.82 + 0.37 1 -1.62 + 0.78 1 —-3.26 + 0.69 <0.001 -0.25 + 1.07 1
Anterior cingulate cortex —0.57 + 0.35 1 —-2.55 + 0.73 0.045 —-3.97 + 0.65 <0.001 -0.8 + 1.01 1
Anterior orbitofrontal cortex —1.69 + 0.34 <0.001 -11+07 1 —2.77 + 0.63 0.001 0.23 + 0.97 1
Calcarine fissure —1.08 + 0.43 1 —-1.18 + 0.89 1 -3.87 + 0.79 <0.001 —2.62 + 1.22 1
Caudate nucleus -0.45 + 0.27 1 -2.61 + 0.56 <0.001 —2.7 + 049 <0.001 -0.79 + 0.77 1
Dorsolateral superior frontal -1.28 + 0.33 0.012 -2.62 + 0.7 0.016 -3.27 £ 0.62 <0.001 -0.71 £ 0.96 1
gyrus
Fusiform gyrus —-0.54 + 0.3 1 —1.0 + 0.62 1 —2.68 + 0.56 <0.001 —-1.39 + 0.87 1
Gyrus rectus -0.17 £ 0.35 1 -1.52 + 0.74 1 -3.72 £ 0.66 <0.001 —0.64 + 1.03 1
Heschl’s gyrus —0.33 + 0.38 1 —2.65 + 0.79 0.072 -3.96 + 0.7 <0.001 -1.32 + 1.08 1
Hippocampus -0.39 + 0.28 1 —-2.32 + 059 0.009 —2.88 + 053 <0.001 —-1.55 + 0.83 1
Inferior frontal gyrus pars —0.56 + 0.36 1 —254 + 074 0.061 —3.81 + 0.66 <0.001 -1.51 + 1.02 1
opercularis
Inferior frontal gyrus pars —-1.11 + 0.36 0.175 —-1.45 + 0.75 1 —-3.01 + 0.66 <0.001 —-1.28 + 1.03 1
orbitalis
Inferior frontal gyrus pars —-0.69 + 0.35 1 —-2.07 + 0.74 0.454 —-3.47 + 0.65 <0.001 -131+ 101 1
triangularis
Inferior occipital gyrus —-0.95+ 04 1 —0.68 + 0.84 1 —-2.84 + 0.75 0.014 —-0.59 + 1.15 1
Inferior parietal gyrus —-1.06 + 0.36 0.261 -1.34 + 0.74 1 -3.01 + 0.66 <0.001 —-044 + 1.02 1
Inferior temporal gyrus -0.83 + 0.27 0.167 0.18 + 0.56 1 —-241 + 049 <0.001 -0.62 + 0.76 1
Insular cortex -0.46 + 0.31 1 —2.34 + 0.66 0.035 -3.4 + 0.58 <0.001 -0.97 + 0.9 1
Lateral orbitofrontal cortex —-14 + 0.39 0.036 —0.67 + 0.81 1 —-2.52 +0.72 0.045 —0.81 + 1.12 1
Lingual gyrus -0.48 + 0.36 1 -2.0 + 0.75 0.729 -3.31 + 0.67 <0.001 —2.37 + 1.04 1
Medial orbitofrontal cortex -0.66 + 0.3 1 -1.01 + 0.64 1 -3.24 + 0.57 <0.001 —0.26 + 0.88 1
Medial superior frontal gyrus —0.63 + 0.31 1 —3.03 + 0.65 <0.001 —3.53 + 0.58 <0.001 -0.9 + 0.9 1
Medial-orbital superior -0.83 + 0.36 1 -1.88 + 0.76 1 —3.77 + 0.68 <0.001 0.27 + 1.05 1
frontal gyrus
Middle cingulate cortex —0.97 + 0.32 0.214 -1.94 + 0.67 0.335 —3.26 + 0.59 <0.001 -0.73 + 0.91 1
Middle frontal gyrus -1.23 + 0.35 0.047 -2.79 + 0.74 0.014 -2.96 + 0.65 <0.001 —0.98 + 1.02 1
Middle occipital gyrus -1.3+04 0.096 —-0.76 + 0.83 1 —-241 + 0.74 0.099 —-0.23 + 1.14 1
Middle temporal gyrus —0.7 + 0.3 1 —-1.09 + 0.62 1 —2.87 + 0.55 <0.001 0.16 + 0.86 1
Middle temporal pole —-0.52 + 0.34 1 1.37 + 0.7 1 —2.06 + 0.63 0.095 —-1.52 + 0.97 1
Olfactory cortex 0.24 + 0.35 1 -212 £ 074 0.369 —3.97 £ 0.66 <0.001 -0.73 + 1.03 1
Paracentral lobule -0.92 + 0.33 0.478 —2.7 + 0.69 0.009 -3.1+ 061 <0.001 —0.51 + 0.94 1
Parahippocampal gyrus -0.37 + 0.29 1 -0.75 + 0.61 1 —-2.28 + 0.54 0.003 —-1.04 + 0.85 1
Postcentral gyrus —-0.71 + 0.32 1 —2.47 + 0.67 0.022 —-2.92 + 0.59 <0.001 —0.46 + 0.92 1
Posterior cingulate cortex —-0.86 + 0.4 1 —-221 + 0.84 0.768 -3.56 + 0.74 <0.001 —-245 + 1.15 1
Posterior orbitofrontal cortex -1.09 + 0.31 0.040 —-1.59 + 0.64 1 -3.09 + 0.57 <0.001 -0.93 + 0.89 1
Precentral gyrus —-0.83 + 0.34 1 -3.28 + 0.71 <0.001 —-3.43 + 0.63 <0.001 -0.8 + 0.98 1
Precuneus cortex —0.94 + 0.35 0.664 -1.97 + 0.73 0.649 —3.3 + 0.65 <0.001 -152 + 10 1
Putamen -0.13 + 0.27 1 -2.82 + 0.57 <0.001 —-2.64 + 0.5 <0.001 -1.31+0.78 1
Rolandic operculum —-0.39 + 0.34 1 -2.01+ 0.7 0.395 -3.5 + 0.63 <0.001 —0.63 + 0.97 1
Superior occipital gyrus —1.33 + 043 0.163 -1.81 + 0.89 1 -3.53 + 0.79 <0.001 —-1.95 + 1.22 1
Superior parietal gyrus —1.54 + 0.37 0.003 -1.1+0.78 1 —1.85 + 0.69 0.661 0.26 + 1.06 1
(Continues)
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TABLE 3 (Continued)

Region

Superior temporal gyrus
Superior temporal pole
Supplementary motor area
Supramarginal gyrus

Thalamus

B
-0.67 £ 0.32

-0.71 +£ 0.31
-0.6 + 0.3
—0.58 + 0.33
—0.67 + 0.36
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C9orf72 GRN MAPT

Bint Pint Bint Pin¢ Bint Pint
-1.83 + 0.67 0.574 -3.16 + 0.59 <0.001 -0.66 + 0.92 1
—-0.01 + 0.65 1 —2.75 + 0.58 <0.001 -125 + 0.89 1
—2.86 + 0.62 <0.001 -3.21 £ 0.55 <0.001 -0.99 + 0.85 1
—1.98 + 0.69 0.373 -3.19 + 0.61 <0.001 —1.37 £ 0.95 1
-3.19 + 0.75 0.002 -2.69 + 0.66 0.005 -3.58 + 1.03 0.050

Note: 3 refers to the main effect of time from baseline. The interaction coefficients (B;,;) represent the difference in perfusion change over time between a
given presymptomatic carrier group relative to non-carrier controls. Coefficients reported as value + standard error. P values for the main effect of time from
baseline (P) and for the interaction effects (P;,;) were adjusted using Bonferroni correction, presented here. Bold emphasis has been placed on P values that
are < 0.05 after Bonferroni correction.
Abbreviations: C9orf72, chromosome 9 open reading frame 72; FTD, frontotemporal dementia; GRN, progranulin; MAPT, microtubule-associated protein tau.

TABLE 4 Longitudinal region of interest analysis comparing cerebral perfusion between presymptomatic carriers of each major FTD mutation
and non-carrier controls modeled based on time from baseline and its interaction with carrier group within the right hemisphere.

Region

Amygdala

Angular gyrus

Anterior cingulate cortex
Anterior orbitofrontal cortex
Calcarine fissure

Caudate nucleus

Dorsolateral superior frontal
gyrus

Fusiform gyrus
Gyrus rectus
Heschl’s gyrus
Hippocampus

Inferior frontal gyrus pars
opercularis

Inferior frontal gyrus pars
orbitalis

Inferior frontal gyrus pars
triangularis

Inferior occipital gyrus
Inferior parietal gyrus
Inferior temporal gyrus
Insular cortex

Lateral orbitofrontal cortex
Lingual gyrus

Medial orbitofrontal cortex
Medial superior frontal gyrus

Medial-orbital superior
frontal gyrus

Middle cingulate cortex

B
-0.62 + 027

—-0.95 + 0.39
-0.69 + 0.34
—1.66 + 0.35
-0.88 + 0.42
-0.78 + 0.27
-1.38 + 0.33

—0.55 + 0.28
-0.44 + 0.32
-0.89 + 0.39
—0.38 + 0.28

-0.7 + 0.35

-1.23 + 037

-0.6 + 0.34

-0.86 + 0.44
-1.04 + 0.39

-0.7 +£0.28
—0.61 + 0.34

-1.4 + 042
-0.29 + 0.35
-1.09 + 031
—-0.78 + 0.31
-1.05 + 036

—-0.98 + 0.32

1
<0.001

0.330
0.003

N )

0.075

C9orf72 GRN MAPT

Bint Ping Bint Pin¢ Bint Pin¢
-1.35 + 0.57 1 -2.05+05 0.005 -0.44 + 0.78 1
-0.99 + 0.82 1 -2.57 £ 0.72 0.037 —1.54 + 112 1
-1.85 + 0.7 0.801 -3.24 + 0.63 <0.001 -0.18 + 0.97 1
—1.88 + 0.73 0.904 —2.56 + 0.65 0.007 -0.15 + 1.0 1
—-143 + 0.88 1 —-4.29 + 0.78 <0.001 —234 + 1.21 1
—2.62 + 0.56 <0.001 —2.03 + 0.49 0.004 -0.94 + 0.76 1
—2.98 + 0.69 0.002 -2.76 + 0.61 <0.001 -1.18 + 0.95 1
-0.75 + 0.59 1 —-2.7 + 0.53 <0.001 —0.83 + 0.82 1
-0.98 + 0.68 1 -3.24 + 0.61 <0.001 0.17 + 0.94 1
—2.35 + 0.82 0.384 —2.93 + 0.73 0.006 —-1.01 + 113 1
-2.16 + 0.6 0.028 -2.92 + 053 <0.001 -1.23 + 0.82 1
—349 + 0.74 <0.001 —3.0 + 0.66 <0.001 -241 + 1.01 1
-3.09 + 0.77 0.006 —2.76 + 0.68 0.005 —1.03 + 1.05 1
—3.57 + 0.72 <0.001 —3.07 + 0.64 <0.001 —1.57 + 0.98 1
-0.03 + 0.93 1 -2.94 + 0.82 0.032 -0.29 + 1.27 1
—1.51 + 0.82 1 -244 + 0.73 0.074 =il.77/ e 1112 1
-0.87 + 0.59 1 —2.28 + 0.52 0.001 -0.6 + 0.81 1
—3.58 + 0.72 <0.001 —3.01 + 0.64 <0.001 —1.89 + 0.99 1
-1.87 + 0.84 1 —-2.28 + 0.81 0.476 002 + 1.14 1
-1.92 + 0.74 0.870 —3.58 + 0.65 <0.001 -177 + 1.01 1
-2.17 £ 0.64 0.063 -2.94 + 0.57 <0.001 0.19 + 0.88 1
—2.36 + 0.65 0.028 -2.91 + 058 <0.001 —0.64 + 0.9 1
—1.45 + 0.75 1 -3.52 + 0.67 <0.001 0.52 + 1.04 1
—1.67 + 0.67 1 -254 + 0.6 0.002 —0.31 + 0.92 1

(Continues)
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TABLE 4 (Continued)
C9orf72 GRN MAPT

Region B P Bint Pint Bint Pint Bint Pint
Middle frontal gyrus -1.12 + 0.35 0.123 -3.59 + 0.73 <0.001 -2.7 + 0.65 0.003 -1.95+ 10 1
Middle occipital gyrus —1.33 + 043 0.187 -0.52 + 0.9 1 -2.11 + 0.79 0.731 —-201 + 122 1
Middle temporal gyrus -0.78 + 0.32 1 —-1.47 + 0.68 1 —254 + 0.6 0.002 —-1.14 + 0.93 1
Middle temporal pole —0.37 + 0.32 1 —0.39 + 0.68 1 —2.18 + 0.6 0.029 —1.05 + 0.93 1
Olfactory cortex —-0.41 + 0.33 1 -195+ 0.7 0.466 —3.02 + 0.62 <0.001 0.19 + 0.97 1
Paracentral lobule -0.78 + 0.32 1 —2.29 + 0.67 0.063 —2.53 + 0.59 0.002 0.16 + 0.91 1
Parahippocampal gyrus -0.34 + 0.28 1 —-0.95 + 0.58 1 —24 + 052 <0.001 -0.75+ 08 1
Postcentral gyrus —-1.08 + 0.31 0.053 —1.86 + 0.65 0.399 —1.77 + 0.58 0.205 -1.1 + 0.89 1
Posterior cingulate cortex —-1.05 + 041 0.924 —-2.76 + 0.86 0.121 —-2.92 + 0.76 0.012 —-2.35 + 1.18 1
Posterior orbitofrontal cortex -1.26 + 0.32 0.009 -2.5+0.68 0.022 —-2.54 + 0.6 0.002 —0.34 + 0.93 1
Precentral gyrus —-0.9 + 0.36 1 -3.1+0.75 0.003 —2.55 + 0.66 0.011 -1.75 + 1.02 1
Precuneus cortex —0.88 + 0.35 1 —1.65 + 0.74 1 —3.21 + 0.65 <0.001 -1.49 + 1.01 1
Putamen -042 + 0.27 1 -2.9 + 0.57 <0.001 -1.79 £ 0.5 0.038 -0.99 + 0.78 1
Rolandic operculum —0.54 + 0.33 1 —2.69 + 0.7 0.011 —2.76 + 0.62 <0.001 —1.68 + 0.95 1
Superior occipital gyrus —-1.47 + 043 0.064 -0.17 + 0.91 1 -3.09 + 0.8 0.012 —-1.98 + 1.24 1
Superior parietal gyrus —-1.25 + 0.36 0.055 —-1.57 + 0.76 1 —-1.81 + 0.67 0.654 —0.36 + 1.04 1
Superior temporal gyrus —0.48 + 0.33 1 -2.7 + 0.69 0.010 —2.54 + 0.61 0.003 -1.7 + 0.95 1
Superior temporal pole -0.8 + 0.31 0.918 —-1.76 + 0.65 0.645 —-2.35 + 0.58 0.005 -0.78 + 0.9 1
Supplementary motor area -0.51+ 0.3 1 —-2.35 + 0.63 0.021 —2.86 + 0.56 <0.001 —-0.59 + 0.87 1
Supramarginal gyrus —0.69 + 0.36 1 —-1.62 + 0.76 1 —-23 + 0.67 0.061 —-1.99 + 1.04 1
Thalamus —-0.34 + 0.35 1 -3.09 + 0.73 0.003 —3.58 + 0.65 <0.001 -2.89 + 101 0.381

Note: f refers to the main effect of time from baseline. The interaction coefficients (8;,;) represent the difference in perfusion change over time between a
given presymptomatic carrier group relative to non-carrier controls. Coefficients reported as value + standard error. P values for the main effect of time from
baseline (P) and for the interaction effects (P;,;) were adjusted using Bonferroni correction, presented here. Bold emphasis has been placed on P values that

are < 0.05 after Bonferroni correction.

Abbreviations: C9orf72, chromosome 9 open reading frame 72; FTD, frontotemporal dementia; GRN, progranulin; MAPT, microtubule-associated protein tau.

The observation that the rate of global gray matter perfusion decline
was most prominent in GRN and that it featured hypoperfusion rela-
tive to controls as early as 1 year after baseline measurement coincides
with observed atrophy rates of this FTD genotype relative to others.*”
Indeed, there is some evidence for disease acceleration to be more
prominent in non-tau variants, which would coincide with both GRN
and C9orf72 genotype groups featuring steeper global gray matter
perfusion declines compared to MAPT.“8 This widespread hypoperfu-
sion seen in presymptomatic GRN carriers has been previously noted
by Dopper et al.2 However, it is also important to note that this
GRN group has the most statistical power within GENFI and had the
largest number of follow-up visits, which increases the probability of
Type 1 statistical errors, even considering stringent multiple-testing
correction, such as Bonferroni’'s method. As in the Dopper et al.
study,'? our results also demonstrate a left-hemisphere asymmetry
in terms of hypoperfusion effect size, which is in line with previ-
ous literature observing an asymmetric impact on the brain for this
genotype.17204? This may link to prior findings that GRN carriers also
present as non-fluent-variant primary progressive aphasia (nfvPPA),*°
which is associated with atrophy and metabolic/perfusion decline

involving the left frontal region.>? One of the most prominent regions
of hypometabolism within the GRN subgroup was in the left inferior
frontal lobe pars opercularis, a region considered to have the earli-
est involvement in nfvPPA.?° This region constitutes the main portion
of Broca’s speech area, which is primarily associated with the motor
aspects of language production.”? Our hypoperfusion results in the
GRN subgroup are also consistent with nfvPPA presenting with exec-
utive dysfunction alongside hypometabolism seen in the orbitofrontal
cortex, anterior cingulate cortex, insula, precentral and postcentral
gyrus, and thalamus.>®

The single common area of hypoperfusion observed across all
presymptomatic genetic FTD subgroups was the thalamus. The tha-
lamus is a complex association of 50 to 60 subnuclei that serves as
a central signal-integration hub interconnected with networks that
pass motor, visual, auditory, and somatosensory information to various
cortical destinations.”* While initial reports demonstrated atrophy of
this structure in C9orf72 carriers,'? there have since been updates in
the literature showing that both GRN and MAPT also feature thalamic
atrophy.”>¢ Post mortem analyses confirm the thalamus is impacted in
FTD,?¢->8 with one study finding that, compared to controls, patients
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TABLE 5 Analysis of covariance results for converters versus presymptomatics past their expected year of disease onset.

Region of interest

Right middle frontal gyrus -11.73
Right inferior frontal gyrus pars triangularis —-9.73
Right dorsolateral superior frontal gyrus -8.28
Right posterior orbitofrontal cortex —7.43
Right thalamus —-9.95
Left postcentral gyrus —6.82
Left paracentral lobule -9.14
Left precentral gyrus -7.19
Right medial superior frontal gyrus —6.63
Left middle frontal gyrus —5.88
Right insular cortex -7.00
Right inferior frontal gyrus pars orbitalis -7.37
Right inferior frontal gyrus Pars opercularis —-6.95
Right caudate nucleus -5.50
Right precentral gyrus —6.18
Left dorsolateral superior frontal gyrus —-3.96
Right hippocampus —4.87
Right supplementary motor area —-4.82
Left thalamus —4.81
Left medial superior frontal gyrus -3.03
Right rolandic operculum —4.24
Left insular cortex -3.20
Right putamen —-2.92
Right superior temporal gyrus —-2.75
Left hippocampus 1.35
Left anterior cingulate cortex —1.55
Left putamen 0.85
Left supplementary motor area -1.73
Left caudate nucleus -0.67

Between-groups delta

Fvalue P value uncorrected Partial eta squared
12.02 0.001 0.25
4.99 0.032 0.12
4.78 0.035 0.11
451 0.040 0.11
3.88 0.056 0.09
3.78 0.060 0.09
371 0.063 0.11
3.62 0.065 0.09
2.98 0.093 0.07
2.47 0.124 0.06
246 0.126 0.06
2.28 0.140 0.06
2.04 0.162 0.05
1.80 0.188 0.05
1.58 0.217 0.04
1.15 0.291 0.03
1.07 0.307 0.03
0.98 0.328 0.03
0.75 0.392 0.02
0.67 0.417 0.02
0.63 0.433 0.02
0.60 0.443 0.02
0.33 0.568 0.01
0.28 0.600 0.01
0.23 0.633 0.01
0.14 0.710 0.00
0.09 0.767 0.00
0.02 0.877 0.00
0.01 0.924 0.00

Note: F values correspond to the main effect between the two groups. Between-groups delta refers to the difference between the degree of perfusion decline
in the converters vs. presymptomatics past their expected year of onset. Statistics for the covariates of age and sex have been omitted. Partial eta squared

has been included as a measure of effect size.

with tau pathology showed similar degrees of thalamic volume reduc-
tions to those with TDP-43 pathology.”®> Within the GENFI cohort
itself, a neuroanatomical study found that thalamic volume reduc-
tion was evident in C%orf72 subjects at the presymptomatic stage,
and in both GRN and MAPT subjects by the time they scored >1
on CDR plus NACC FTLD.>? These findings support the proposition
that FTD may progress along large-scale white matter networks,®©
occurring at different rates for each genotype. Under such a hypoth-
esis, it would not be surprising that one of the most interconnected
regions of the brain features some perfusion decline in all FTD genetic
subgroups. There is some evidence to suggest that subregions of
the thalamus are relevant neuroanatomical structures in delineating

variants of FTD, as seen in a meta-analysis of studies reporting on vol-

ume reductions in thalamic subregions, with differing patterns across
phenotypes, genotypes, and identified pathology.’® However, given
the currently limited spatial resolution of ASL, only the overall left
and right hemisphere equivalents of the thalamus could be reliably
investigated.

This multicenter study is the largest longitudinal cerebral perfu-
sion analysis in genetic FTD to date and assesses perfusion changes
over time within all major genetic subgroups of FTD. The ASL analy-
sis pipeline used was selected due to its adherence to ASL processing
standards and ability to adjust for multicenter scanner, sequence, and
software sources of variability.242? Site and acquisition effects were
also corrected for with the biasfield intensity normalization semi-

automatic spatial coefficient of variation quality control.331 Gray
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matter atrophy effects were accounted for through robust regression-
based partial volume correction.3* Sensitivity analyses confirmed that
individuals who were excluded due to these corrective measures
were not significantly different by demographic and clinical mea-
sures. The decline in perfusion was also detectable in non-carrier
controls in global gray matter, albeit to a lesser extent than in mutation
carriers, and this is in agreement with ASL studies of aging in healthy
populations.3?¢162 This study is not without its limitations. We were
unable to account for several variables that are known to contribute
both to inter- and intra-individual perfusion variation over time, includ-
ing diurnal effects, caffeine consumption, post-prandial status, among
other factors.®® Additionally, the fewer number of follow-up visits and
participants in the MAPT subgroup may have contributed to the less
steep rate of perfusion decline observed in whole brain gray matter
analysis for that subset versus C9orf72 or GRN. Finally, not all scanners
were able to accommodate measuring perfusion within the cerebel-
lum, a region that has been noted to feature some atrophy in C9orf72
carriers.>1?

To conclude, this study has demonstrated that cerebral perfusion
carries the characteristics of a potential biomarker for FTD. It dif-
ferentiated all presymptomatic carriers from non-carriers, delineated
variants of the disease from one another in terms of the regional pat-
tern of perfusion decline, and showed promise in highlighting regions
that feature the greatest change for participants who converted into
a FTD phenotype. Ultimately, we hope that these results will not only
further elucidate mechanisms leading to FTD that take place at the
presymptomatic stage, but also facilitate effective therapeutic trial
design to slow or even prevent FTD-related neurodegeneration.”
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NeuroGrafix v. Brainlab, Inc., 787 Fed.Appx. 710 (2019)

787 Fed.Appx. 710
This case was not selected for

publication in West's Federal Reporter.

See Fed. Rule of Appellate Procedure 32.1 1]
generally governing citation of judicial

decisions issued on or after Jan. 1, 2007.

See also U.S.Ct. of App. Fed. Cir. Rule 32.1.
United States Court of Appeals, Federal Circuit.

NEUROGRAFIX, Neurography Institute
Medical Associates, Inc., Image-
Based Surgicenter Corporation, Aaron
Gershon Filler, Plaintiffs-Appellants
V.

BRAINLAB, INC., Brainlab AG, Brainlab
Medizinische Computersysteme
GmbH, Defendants-Appellees

2018-2363
| [2]
Decided: October 7, 2019

Synopsis

Background: Owner of patent for particular methods of
generating images of nerves and other bodily structures
by use of magnetic resonance imaging (MRI) technology
brought infringement action. The case was consolidated
with cases filed against other defendants and assigned to
multidistrict litigation court. The United States District Court
for the Northern District of Illinois, Matthew F. Kennelly,

I, -2018 WL 2392000, granted summary judgment of

noninfringement to alleged infringers, and denied owner's 3]
motion for reconsideration. Owner appealed.

[Holding:] The Court of Appeals, Taranto, Circuit Judge,
held that patent owner was not required to produce evidence
of actual infringement on motion for summary judgment of
noninfringement.

Reversed and remanded.

Procedural Posture(s): On Appeal; Motion for Summary

Judgment.
g [4]

West Headnotes (4)

Patents
&= Methods or processes

Owner of patent describing and claiming
particular methods of generating images of
nerves and other bodily structures by use of
magnetic resonance imaging (MRI) technology
was not required to produce evidence of actual
infringement on motion for summary judgment
of noninfringement, where accused infringer
argued only that, under its construction of
“selected structure,” the accused software was
not capable of infringement, not that, under the
construction adopted by the court, there was no
evidence of actual infringement.

Patents
&= Methods or processes

Genuine issue of material fact existed
regarding whether accused software product
was capable of infringing uses, precluding
summary judgment on claims that accused
product infringed patent describing and claiming
particular methods of generating images of
nerves and other bodily structures by use of

magnetic resonance imaging (MRI) technology.

Patents
&= Medical devices and appliances

To “select a structure” as claimed in patent
describing and claiming particular methods of
generating images of nerves and other bodily
structures by use of magnetic resonance imaging
(MRI) technology, was to choose it as a subject
for placement into the claimed process that
started with exposing a region to a magnetic
field, proceeded to sensing a resonant response,
and continued as claimed.

Patents
&= In general; utility
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US Patent ' 5,560,360. Cited.

*711 Appeal from the United States District Court for the
Northern District of Illinois in No. 1:12-cv-06075, Judge
Matthew F. Kennelly.

Attorneys and Law Firms

Aaron Gershon Filler, Tensor Law, P.C., Santa Monica, CA,
argued for plaintiffs-appellants.

Jay Campbell, Tucker Ellis LLP, Cleveland, OH, argued
for defendants-appellees. Also represented by David Aaron
Bernstein.

Before Newman, O’Malley, and Taranto, Circuit Judges.
Opinion
Taranto, Circuit Judge.

- U.S. Patent No. 5,560,360, which names Dr. Aaron Filler

as a co-inventor, describes and claims particular methods
of generating images of nerves and other bodily structures
by use of magnetic resonance imaging (MRI) technology.
Dr. Filler and the three appellants named in the caption
(collectively, NeuroGrafix) sued the appellees named in the
caption (collectively, Brainlab), asserting infringement of the
™

’360 patent. The case was consolidated with cases filed
against other defendants and assigned for pretrial purposes
to a multidistrict litigation (MDL) court. The MDL court
granted summary judgment of non-infringement to Brainlab,
and it denied reconsideration, as did the original district court
when the case returned from the MDL court. NeuroGrafix
appeals. We conclude that the grant of summary judgment
was procedurally improper, and we resolve the parties’ key
disputes about claim construction. We reverse and remand.

A
The -
creating detailed images of neural tissues by using diffusion
tensor imaging (DTI), an application of MRI technology.

360 patent describes methods and systems for

- ’360 patent, Abstract; see also id., col. 21, lines 35-45.

DTI exploits certain facts about water diffusion in, e.g., brain
structures. Notably, diffusion along white matter nerve tracts
is anisotropic: substances such as water diffuse freely along
the main, long axis of the nerve tract, but diffusion is very
limited in a direction perpendicular to (across) that axis. /d.,
col. 5, lines 5-11. By contrast, the surrounding gray matter is
relatively isotropic: substances *712 diffuse at similar rates
in all directions. Id., col. 5, lines 11-12.

In the patented method, pulsed magnetic field gradients are
applied in two orthogonal (perpendicular) directions in a
region containing the nerve tissues for which a precise image
is sought. Id., col. 5, lines 17-21; see also id., col. 15, lines
40-57. “[1]f the axis of the nerve is generally known to the
operator,” the specification explains, “the direction of the
desired orthogonal diffusional weighting gradients can be
readily determined.” Id., col. 15, lines 58-62; see also id.,
col. 16, lines 34-47. “On the other hand, if the axis of the
peripheral nerve is not known, or if many[ ] nerves having
different axes are being imaged,” the initial directions for the
magnetic field gradients are “arbitrarily selected,” and then a
number of alternative directions are used. Id., col. 15, lines
63-67; id., col. 16, lines 48-53.

The result of this process of applying magnetic field gradients
depends on the types of tissue in the subject region. In
isotropic tissue, the signal reduction will be the same
regardless of how the magnetic field gradients are oriented
relative to the tissue, whereas in anisotropic tissue, the
signal reduction will be greatest when the magnetic field
gradients are parallel and perpendicular, respectively, to the
direction of the anisotropy, i.e., along the major, long axis
of the neural tract. Id., col. 5, lines 21-39. Accordingly,
neural tissue can be identified and visually differentiated
from the surrounding structures by determining the areas of
greater relative anisotropy. Id., col. 6, lines 46-55; see also
id., col. 15, lines 52-57 (“[W]ith gradients approximately
perpendicular and parallel to the axis of the peripheral nerve at
the particular point being imaged, the parallel gradient image
can be subtracted from the perpendicular gradient image to
produce the desired ‘nerve only’ image.”).

Claim 36 of the - ’360 patent is the only independent claim
at issue in this appeal, and the parties have generally treated
that claim as representative. That claim recites:
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36. A method of utilizing magnetic resonance to determine
the shape and position of a structure, said method including
the steps of:

(a) exposing a region to a magnetic polarizing field
including a predetermined arrangement of diffusion-
weighted gradients, the region including a selected
structure that exhibits diffusion anisotropy and other
structures that do not exhibit diffusion anisotropy;

(b) exposing the region to an electromagnetic excitation
field,;

(c) for each of said diffusion-weighted gradients, sensing
a resonant response of the region to the excitation field
and the polarizing field including the diffusion-weighted
gradient and producing an output indicative of the resonant
response; and

(d) vector processing said outputs to generate data
representative of anisotropic diffusion exhibited by said
selected structure in the region, regardless of the alignment
of said diffusion-weighted gradients with respect to the
orientation of said selected structure; and

(e) processing said data representative of anisotropic
diffusion to generate a data set describing the shape and
position of said selected structure in the region, said data set
distinguishing said selected structure from other structures
in the region that do not exhibit diffusion anisotropy.

1d., col. 42, line 43, through col. 43, line 2. The central dispute
in this appeal involves the “selected structure” limitation in
steps (a), (d), and (e).

*713 B

In August 2012, NeuroGrafix, Neurography Institute Medical
Associates, Inc., and Image-Based Surgicenter Corporation
sued Brainlab, Inc., Brainlab AG, and Brainlab Medizinische
Computersysteme GmbH in the Northern District of Illinois,
and in August 2014, Dr. Filler became a co-plaintiff by the
filing of an amended complaint. The plaintiffs (NeuroGrafix)
alleged that users of Brainlab’s FiberTracking software

-’360 patent and that Brainlab
induced the direct infringement by those users through

directly infringed the

statements in its manual and advertisements directing users

to use the software in an infringing manner. "' particular,

NeuroGrafix asserted claims 36-37, 39-42, 44, 46-47, and
49, all of which are method claims. Brainlab counterclaimed
for a declaratory judgment that the asserted claims of the

- ’360 patent are invalid.

In April 2013, the Judicial Panel on Multidistrict Litigation
transferred the case to the District of Massachusetts, where it
was consolidated, for pretrial proceedings, with several cases
that NeuroGrafix brought against various MRI equipment
manufacturers and university and hospital end-users.

In May 2016, Brainlab filed the first of its two motions
for summary judgment of non-infringement. Brainlab relied
on customer-protection provisions of settlement agreements
NeuroGrafix had entered into with MRI-equipment makers
and Philips.
FiberTracking software is used to process the output

Siemens, GE, Brainlab argued that its
from MRI systems made by those manufacturers and that
FiberTracking users do not infringe under the terms of
the settlement agreements. In its response, NeuroGrafix
argued, among other things, that Brainlab could still be
liable for infringement by “unauthorized independent medical
practitioners” who use Brainlab’s software but are not
customers of Siemens, GE, or Philips.

The MDL court granted the motion, but only in part, in August
2016. It held that summary judgment of non-infringement
was proper with respect to Brainlab’s customers using
Siemens MRI systems but not as to Brainlab’s customers
using GE and Philips MRI systems, reasoning that only
the Siemens settlement agreement, not the GE or Philips
agreements, extended to Brainlab’s software. The court also
held summary judgment of non-infringement proper as to
the alleged independent medical practitioners, concluding
that NeuroGrafix had produced “no evidence that any of
the handful of such practitioners identified by [NeuroGrafix]
used Brainlab products in their alleged infringement.” J.A. 51.

Brainlab eventually filed a second motion for summary
judgment, but before that occurred, NeuroGrafix, in
September 2017, sought leave to file a second amended
complaint that, if allowed, would add allegations that

Brainlab itself directly infringed the ™

’360 patent because
the steps performed by Brainlab’s customers were attributable
to Brainlab under an agency theory. In conjunction with
its proposed second amended complaint, NeuroGrafix filed
a declaration from Dr. Filler and attached several articles

and other exhibits allegedly demonstrating infringement
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by several of Brainlab’s customers, such as Memorial
Sloan Kettering Cancer Center *714 and Akron General
Hospital. The MDL court denied NeuroGrafix permission
to file a second amended complaint, characterizing the
new allegations as a “last-ditch attempt to repackage the
inducement claim,” which it had “long alleged but neglected
until the close of fact discovery,” as a direct-infringement
claim under an agency theory. J.A. 6986.

In February 2018, Brainlab filed its second motion for
summary judgment of non-infringement. Brainlab’s entire
argument was that users of the software do not commit
direct infringement and therefore Brainlab could not be
liable for induced infringement; it made no argument
against inducement liability except for the absence of direct
infringement. J.A. 7309 (“without direct infringement there
can be no induced infringement”), 7327 (“Absent direct
infringement, there can be no induced infringement.”).
On direct infringement, Brainlab argued that users of the
FiberTracking software do not satisfy two limitations of
claim 36—the “selected structure” limitation and the “do not
exhibit the diffusion anisotropy” limitation. In support of that
assertion, Brainlab set forth essentially three arguments in its
motion.

First, and most significantly for present purposes, Brainlab
argued that “selected structure” requires that a user know the
“existence and location” of the structure of interest before
performing the claimed steps of exposing a region to a
magnetic field, sensing a resonant response, and so forth.
J.A. 7308. Brainlab asserted that it was impossible for users
of the FiberTracking software to “select] | [a] structure”
because “Brainlab’s FiberTracking module does not permit a
user to isolate or select a specific structure for tractography”
before scanning; instead, the accused software “automatically
generates all tracts that intersect a certain volume, like a
tumor, if they meet certain criteria,” and those tracts “are not
visible until after the FiberTracking software has been run.”
J.A. 7322; see J.A. 7308 (“users of Brainlab’s FiberTracking
module cannot infringe claim 36” because they cannot select
a structure as required), 7309 (same), 7312 (same), 7322
(same), 7324 (same), 7325 (same), 7327 (same). Second,
Brainlab contended that “selected structure” was limited
to peripheral nerves, whereas the FiberTracking software
was used to image only nerves in the brain, which are not
considered peripheral nerves. J.A. 7317—-18. Third, Brainlab
argued that “do not exhibit diffusion anisotropy” should be
construed as requiring zero diffusion anisotropy. J.A. 7321.
Under that construction, Brainlab asserted, the limitation was

not satisfied because the gray matter distinguished by the
FiberTracking software has a small but nonzero anisotropy,
J.A.7325-27, and the FiberTracking software does not permit
users to choose zero as the anisotropy threshold above which
structures will be displayed, J.A. 7322.

In its opposition, NeuroGrafix responded to Brainlab’s
arguments. It argued that “selected structure” does not require
that the precise location and orientation of the chosen
structure be known in advance. J.A. 8011-12. According to
NeuroGrafix, users could satisfy the claim by, for instance,
obtaining a preliminary MRI image, choosing a structure
that would be “distinctive and visibly apparent” from the
preliminary image (such as the pyramidal tract), and then
performing the steps of the claimed method with the chosen
structure as the subject. J.A. 8012; see J.A. 801113, 8025—
26. NeuroGrafix also asserted that the FiberTracking software
was capable of being used in such a manner, pointing to
Brainlab’s advertisements, which state that users can use
the software to image the pyramidal tract, J.A. 8013, 8015,
and the FiberTracking manual, which instructs that users can
select fiber *715 bundles to include or exclude in the region
of interest, J.A. 8020.

The MDL court granted Brainlab’s second summary-

judgment motion in May 2018. -In re NeuroGrafix (°360)
Patent Litig., MDL No. 13-2432, 2018 WL 2392000, at

*5 (D. Mass. May 25, 2018) (- Summary Judgment Op.).
It rejected Brainlab’s claim-construction arguments limiting
“selected structure” to peripheral nerves and limiting “do not

exhibit diffusion anisotropy” to zero anisotropy. See - id.
at *3. As to Brainlab’s argument that some aspects of the
“selected structure” must be known in advance, the court
rejected Brainlab’s position that it was not possible to use
the FiberTracking software in a manner that satisfies the

claim limitation. See - id. “[D]epending on the physician’s
purpose and objective,” the court held, “FiberTracking is
capable of both infringing uses and non-infringing uses,”
though it did not identify precisely what those infringing and

-

non-infringing uses would be.
Nevertheless, the court concluded, summary judgment was
warranted because NeuroGrafix had pointed to no evidence
that any FiberTracking users actually used the software
in an infringing manner, i.e., there was “nothing in the
record showing that either Brainlab or any of its customers
actually uses FiberTracking in the manner hypothesized
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by Neuro[G]rafix.” -Id. at *4; see also -id. at *4 n.5

(concluding that there was “no evidence in the record”
that neurosurgeons used FiberTracking to “ascertain the
precise location of the pyramidal tract” to avoid injuring it
during surgery). The court also determined that instances of
direct infringement could not be inferred from statements
in Brainlab’s advertisements that it was “possible” to use
the FiberTracking software to delineate the pyramidal tract,
noting that those materials “do[ ] not teach a means of
selecting a particular ROI and FA Threshold and Minimum
Length values to accomplish this, nor does it recommend this

as a superior or even commensurate mode of use.” -Id. at
*4. In a footnote, the court added a conclusion seemingly
about the absence of inducement even apart from the absence
of direct infringement, even though Brainlab’s motion had not
so argued. It stated that, as a matter of law, Brainlab did not
induce infringement “for the same reason that a reasonable
factfinder cannot infer instances of direct infringement,”
namely, the FiberTracking advertisements and manual “[do
not] teach an infringing use of the device such that we are
willing to infer from those instructions an affirmative intent

to infringe the patent.” -Id. at *4 n.6 (quoting ' Takeda
Pharm. U.S.A., Inc. v. W.-Ward Pharm. Corp., 785 F.3d 625,
631 (Fed. Cir. 2015)).

In June 2018, NeuroGrafix moved for reconsideration of the
MDL court’s grant of summary judgment, primarily arguing
that several articles attached to NeuroGrafix’s motion for
leave to file a second amended complaint had provided
evidence of actual infringing uses of the FiberTracking
software. The MDL court denied NeuroGrafix’s motion for
reconsideration, noting that NeuroGrafix had not included or
relied on the relevant articles in its opposition to Brainlab’s
summary-judgment motion.

The case was then remanded to the Northern District of
[llinois for proceedings on Brainlab’s invalidity counterclaim.
[A191] In July 2018, NeuroGrafix asked the Illinois court
to reconsider the MDL court’s summary-judgment order,
contending, as relevant here, that the MDL court had
granted summary judgment on a basis not asserted in
Brainlab’s summary-judgment motion. J.A. 8775-76, 8781—
83. The district court denied NeuroGrafix’s motion for
reconsideration and dismissed Brainlab’s *716 invalidity
counterclaim without prejudice, producing a final judgment.

NeuroGrafix appeals. We have jurisdiction under 28 U.S.C.
§ 1295(a)(1).

II

A

[1] We begin by addressing NeuroGrafix’s procedural
challenge to the MDL court’s grant of summary judgment.
NeuroGrafix argues that it was improper for the MDL court to
fault it for failing to produce evidence of actual infringement
because Brainlab argued only that, under its construction of
“selected structure,” the accused software was not capable of
infringement, not that, under the construction adopted by the
MDL court, there was no evidence of actual infringement.
We review the MDL court’s grant of summary judgment
de novo. Momenta Pharm., Inc. v. Teva Pharm. USA Inc.,
809 F.3d 610, 614 (Fed. Cir. 2015) (following First Circuit

law); see also ' In re Cygnus Telecomms. Tech., LLC, Patent
Litig., 536 F.3d 1343, 1352 (Fed. Cir. 2008) (following law
of MDL court’s regional circuit in deciding issues involving
summary-judgment procedures). We agree with NeuroGrafix
and accordingly reverse the grant of summary judgment.

As Brainlab’s motion for summary judgment repeatedly
made clear, its non-infringement position depended on the
premise that “select[ing] [a] structure” requires knowing in
advance the location of the chosen structure. Under that
construction, Brainlab argued, the FiberTracking software is
not capable of infringement, since the software is used to
detect structures whose location is not already known. See,
e.g., J.LA. 7311 (“Claim 36 is focused on determining the
location and shape of an anisotropic structure that is already
known and ‘selected’ for imaging in advance of scanning....
Conversely, Brainlab’s Fiber[T]racking module is focused
on finding patient specific anisotropic structures that are not
previously known.”); J.A. 7322 (“The user certainly cannot
select a structure in advance of scanning. The reason is
simple: Brainlab’s FiberTracking module is used to find white
matter tracts that are not visible until after the FiberTracking
software has been run....”).

Moreover, the expert reports cited in Brainlab’s summary-
judgment motion were also premised on this understanding
of “selected structure.” Dr. James Leach declared that “the
neuroradiologist cannot select certain white matter structures
or tracts in advance for imaging” because “the position or
orientation of white matter tracts is not known in advance
of imaging” in cranial DTI. J.A. 7921. Dr. Andrew Tsung
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stated that “I do not select certain white matter structures
for imaging by the MRI,” as “[t]he location of white matter
tracts are not identifiable prior to imaging.” J.A. 7912. And
Dr. Michael Moseley asserted that “a ‘selected’ structure
is one where the axis of the structure, such as a nerve, ...
would be known in advance of the imaging,” J.A. 7946,
and using that understanding, he added that “there is no
‘selected structure’ when DTI imaging is performed” using
Brainlab’s FiberTracking software because “the axes of the
white matter fiber tracts are not known in advance,” J.A.
7947. Neither Brainlab nor its experts argued in the alternative
that, even if “selected structure” did not include a requirement
of knowing the position, orientation, location, or axes of
a structure in advance, the record was devoid of evidence
that Brainlab’s customers used the FiberTracking software to
image particular chosen structures.

In its summary-judgment opposition, NeuroGrafix disputed
this claim construction, essentially arguing that “selected
*717
structure as a subject for the claimed process. That is possible

structure” simply requires choosing a particular

in the FiberTracking software, NeuroGrafix asserted, because
at least the pyramidal tract is visible after taking a preliminary
image and can then be chosen for imaging according to
the claimed method. See J.A. 8012 (“[El]ither visually after
opening the skull or from preliminary routine MRI scout
images, the technologist can select[ ] a brain structure called
the pyramidal tract.”); J.A. 8014—15 (“With tractography and
DTIL, it is possible to select this structure of the brain ...
and then to provide this selected structure as an ROI for
the FiberTracking software.”). And NeuroGrafix pointed to
Brainlab’s advertisements as evidence that such a use was
possible and even encouraged by Brainlab. See J.A. 8015
(showing Brainlab advertisement that says: “It is possible to
delineate major white matter tracts, such as the pyramidal
tract, by applying fiber tracking algorithms.”); see also J.A.
8013 (showing Brainlab advertisement that says: “Waves of
DTI data on exotic eloquent white matter specimens, like
pyramidal tracts, now flow easily to your BrainLAB 1GS.”).
In other words, NeuroGrafix argued, and the MDL court
eventually agreed, that the FiberTracking software is capable
of infringing uses as well as non-infringing uses.

[2] That showing was sufficient for NeuroGrafix to defeat
summary judgment, and the MDL court erred in concluding
otherwise. NeuroGrafix demonstrated that there was a
genuine dispute of material fact on the only issue raised by
Brainlab, namely, whether the FiberTracking software was
capable of infringing uses. Evidence of actual infringing uses

of the FiberTracking software was unnecessary to answer the

only grounds for summary judgment asserted by Brainlab. 2

A court cannot grant summary judgment on a ground that
was neither asserted by the movant nor made the subject of
judicial action under Rule 56(f) that gave the non-movant
proper notice of the ground and of the obligation “to come

forward with all of her evidence.” | Celotex Corp. v. Catrett,
477U.8.317,326,106 S.Ct.2548,91 L.Ed.2d 265 (1986); see

Glaverbel Societe Anonyme v. Northlake Mktg. & Supply,
Inc., 45 F.3d 1550, 1562 (Fed. Cir. 1995) (following Seventh
Circuit law); see also, e.g., Lusson v. Carter, 704 F.2d 646,
647 (1st Cir. 1983). And in the specific context of patent
infringement, we have held that summary judgment of non-
infringement requires the accused infringer to “point[ ] to
the specific ways in which accused systems did not meet

the claim limitations.” | Exigent Technology, Inc. v. Atrana
Solutions, Inc., 442 F.3d 1301, 1309 (Fed. Cir. 2006). The
MDL court’s ruling was contrary to those basic principles in
that it granted summary judgment against NeuroGrafix for
its failure to come forward with evidence to answer a non-
infringement ground that had not been asserted and of which
it had not been given proper notice.

To be sure, our law is clear that, in this case, NeuroGrafix
could not sustain a claim of direct infringement of the
method claims by merely showing that the accused software
is “capable of” operating in an infringing manner. See, e.g.,

Fujitsu Ltd. v. Netgear Inc., 620 F.3d 1321, 1329 (Fed. Cir.
2010). We assume, without questioning, *718 that in this
case NeuroGrafix must ultimately make a showing that the
accused software was actually used in an infringing manner
by Brainlab (for direct infringement) or by one or more of
Brainlab’s customers (for indirect infringement). Moreover,
it is understandable that the district court might be surprised
that NeuroGrafix made no such showing after the years of
litigation and discovery this MDL spanned. Nevertheless, the
motion being considered by the district court in this case was
one structured and limited by the movant. The court was not
free to look down the road and consider what the non-movant
might need to establish to survive a differently structured,
well-supported motion. The motion before it necessarily
limited the court’s inquiry.

For the same reason, the MDL court’s apparent holding
that Brainlab’s advertisements and manual do not induce
infringement as a matter of law also was procedurally
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at *4 n.o.
Brainlab’s summary-judgment motion argued only that

improper. See -Summary Judgment Op.

“Brainlab cannot induce infringement of the asserted claims

of the - ’360 patent” because “[a]bsent direct infringement,
there can be no induced infringement.” J.A. 7327. It did not
argue, as the MDL court seemed to conclude, that the relevant
Brainlab materials merely suggested that an infringing use
was possible rather than instructing how to use the software in
an infringing manner. To the extent that this conclusion was
an independent basis for the MDL court’s grant of summary
judgment, we reverse the court’s decision on that ground as

well. 3

B

[3] The MDL court’s procedural error is an adequate ground
for reversal and does not depend on whether its claim
construction of “selected structure” was correct. But we
address the disputes about the proper construction of that term
so that the district court can apply the correct construction on
remand. We review the MDL court’s claim construction de
novo and any underlying factual findings based on extrinsic

evidence for clear error. | Teva Pharm. USA, Inc. v. Sandoz,
Inc., 574 U.S. 318, 135 S. Ct. 831, 841, 190 L.Ed.2d 719
(2015).

We conclude that to “select[ ] [a] structure” is simply to
choose it as a subject for placement into the claimed process
that starts with exposing a region to a magnetic field, proceeds
to sensing a resonant response, and continues as claimed.
That meaning follows from the language of claim 36 itself:
in step (a), the region exposed to a magnetic polarizing field
includes the “selected structure,” and in step (e), the resulting
data set distinguishes the “selected structure” from other

o ’360 patent, col. 42, lines 46-50;
id., col. 42, line 64, through col. 43, line 2. The specification

structures in the region.

does not use the language of “selected structure,” but it uses
“select” simply to describe choosing something before taking
some action. See, e.g., id., col. 14, lines 53-62 (discussing
“select[ing]” a region of interest before determining the
average intensity within that region of interest); id., col. 28,
lines 23-26 (discussing “select[ing] a volume of interest”
before rendering that volume of interest into a projection
neurogram).

The MDL court did not set forth a precise claim construction

of “selected structure” in its summary-judgment opinion.4
In one key respect, though, the *719 court’s understanding
of the phrase fits the simple construction that we think is
mandated. The court correctly rejected the construction that
seemingly underlies Brainlab’s contention that infringing use
of the FiberTracking software is impossible, namely, that a
“selected structure” is one whose location, orientation, axis,
or the like is known in advance of the claimed mapping
process to the same degree it will become known upon
completion of that process. And the court indicated that

o Summary Judgment

“delineat[ing] the pyramidal tract,”
Op. at *4, and “ascertain[ing] the precise location of

-id. at *4 n.5, would satisfy the

“selected structure” limitation. Those observations fit the

the pyramidal tract,”

specification’s express contemplation of performing the
patented method even when, for example, “the axis of the
peripheral nerve is not known.” Id., col. 15, lines 63—-64.

Two further points about claim construction contentions
advanced by the parties—one by Brainlab, one by
NeuroGrafix—are warranted. Brainlab has suggested that
software that tracks all fibers in an area cannot perform the
method, because the tracking is not limited to a particular
selected structure. That view is not supported by claim 36’s
language. As long as a chosen structure is among those put
into the process for distinguishing the data or images in the
way the claim specifies, the claim is satisfied, even if the
process used to do that results in comparable data and images
for other structures as well. Both claim 36’s preamble and the
claim phrase “region including a selected structure” use the

- ’360 patent, col. 42, lines 45, 48. We

have “consistently interpreted ‘including’ and ‘comprising’

word “including.”

to have the same meaning, namely, that the listed elements ...

are essential but other elements may be added.” | Lucent
Techs., Inc. v. Gateway, Inc., 525 F.3d 1200, 1214 (Fed. Cir.
2008). And nothing in the language following either of the
“including” terms implies that no other structure may be
mapped in the claimed way when a particular chosen structure
is placed into the claimed mapping process.

For its part, NeuroGrafix argues on appeal that “selected
structure” should be construed as equivalent to “region”
and that all uses of the FiberTracking software are
therefore infringing because Brainlab’s customers necessarily
choose a region to be the subject of the claimed method
before performing the steps of the method. That always-
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infringes contention is the polar opposite of Brainlab’s
never-infringes contention, and it is equally wrong. The
argument was likely forfeited by not being adequately
presented; indeed, in its motion for reconsideration before
the MDL court, NeuroGrafix specifically agreed with the
MDL court’s conclusion that “FiberTracking is capable of
both infringing uses and non-infringing uses.” J.A. 8449

(quoting -Summary Judgment Op. at *3). In any event,
NeuroGrafix’s construction contradicts the claim language.
Claim 36 refers to “selected structure” and “region” as

separate concepts, with “selected structure” being something

- ’360 patent, col. 42,
lines 4850 (“the region including a selected structure that
exhibits diffusion anisotropy and other structures that do not

merely located in the “region.” See

exhibit diffusion anisotropy™).

III

For the foregoing reasons, we reverse the MDL court’s
grant of summary judgment *720 and remand for further
proceedings consistent with this opinion.

Each party shall bear its own costs.

REVERSED AND REMANDED

All Citations

787 Fed.Appx. 710

Footnotes

1 There is evidence in the record before us that a user of the FiberTracking software selects a region of interest
from an anatomical image fused with DTI data and chooses a minimum diffusion value and a minimum length,
and the software then displays all fibers that intersect the chosen region of interest and exceed the minimum

diffusion and length parameters.

2 Thus, we need not and do not decide whether, even if NeuroGrafix did not produce direct evidence of
actual infringement, instances of infringement can be inferred from the statements and figures in Brainlab’s

advertisements and manual. See

681 F.3d 1358, 1364 (Fed. Cir. 2012);

- Summary Judgment Op. at *4 (citing

Toshiba Corp. v. Imation Corp.,

Fujitsu Ltd. v. Netgear Inc., 620 F.3d 1321, 1329 (Fed. Cir. 2010)).

3 The MDL court’s rejection of NeuroGrafix's inducement claim may also have been based on a construction
of “selected structure” that, as we discuss below, was incorrect.
4 The MDL court did not construe “selected structure” in its August 2016 claim-construction order; nor did the

parties agree to a construction of the phrase. See

206, 212 & n.4 (D. Mass. 2016).

In re NeuroGrafix ('360) Patent Litig., 201 F. Supp. 3d

End of Document
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Page 2 Page 4

1 ORAL ARGUMENT 1 JUDGE TARANTO: FiberTracking. Because that

2 ¥ ok % 2 was not actually the argument that they made a summary

3 3 judgment motion on. They never said if all you need is

4 JUDGE NEWMAN: Okay. The next argued case is 4  identifying the structure that you are going to subject

5 No. 18-2363, NeuroGrafix against Brainlab. Mr. Filler. | 5 -- you know put through this process, that nobody does

6 MR. FILLER: Good morning, your honor. 6 that. And, therefore, it completely doesn't matter

7 Pleased to be here and honored and also with my good 7 whether you didn't submit a whole lot of evidence.

8 friend Jay Campbell, (inaudible) many times over the 8 MR. FILLER: Yes. Those are two arguments at

9 years, including wrote up a section in my book. I 9 the core of what I have to say.

10 wrote about patents some time ago about his arguments 10 So to fill that in, this court in Intelligent

11  and attorney's fees in Medtronics versus Brainlab. We |11 Biosystems versus Alumina, 2016, and before that Abbott

12 were opposite in Sarif v. Brainlab. 12 Laboratories versus Sandoz, 2009, address this

13 So what I wanted to do is to make three points | 13  conundrum that, well, we certainly couldn't have

14  here. Firstly, I'd like to show that absolutely this 14  claimed something unknown in the claims without making

15 patent was infringed by Brainlab and induced, direct 15  the claim indefinite.

16  infringement by Memorial Sloan-Kettering and inducement | 16 But what's happening in Abbott is you have a

17  to that. I'd like to show that the way that the Court |17 product by process, and the product's unknown, but you

18 disposed of the motion for summary judgment by finding |18 say, well, okay, we have a process. And if you look at

19  that the patent did not apply to unknown tracts is a 19  this Intelligent Biosystems, very similar. We're

20 complete misunderstanding of the patent, and because of | 20 sequencing DNA. The DNA sequence is unknown. It's not

21  this, there is no non-infringing -- substantial 21 that we don't know that it's DNA.

22 non-infringing use. 22 So yes, the Court finds that since there are

23 JUDGE TARANTO: Okay. Can I, just to hope 23  some areas that are unknown that must be a substantial

24  that you will focus on what's in my mind, tell you a 24  non-infringing use, and so this is completely wrong

25 little bit about what's in my mind? And maybe it will |25 because the whole purpose of the patent, as you just
Page 3 Page 5

1 fit with what you're trying to say or not. 1 stated, is to map -- find the direction of unknown

2 I was focused on kind of two arguments that I 2  tissues. In fact, Claim 36 --

3 take you to be making. One of them is a claim 3 JUDGE TARANTO: That's what it says in the

4  construction argument about selected structure, 4 Preamble, in fact. This is a process for the purpose

5 and that all that means is that it is a brain structure | 5 of determining the shape and position of a structure.

6 that the user of this method chooses to subject to the 6 It would be very odd to interpret claim language in

7 process of scanning, etc., and that it plainly does not | 7 here that says you have to know that in advance before

8 require that one knows either the specific location or 8 you run the process.

9 the orientation of the selected structure. Just it 9 MR. FILLER: Absolutely, because the -- and,
10 means identifying the structure that you are subjecting | 10 in fact, even Claim 36 is general. We have a picture
11  this -- was it diffusion tensor imaging process to? 11  of celery it's used on. Claim 37 attaches to mammals
12 Because after all, the whole point of this 12 and neural tissues, but 36 is very broad because this
13 process is to produce an accurate map of the 13 is the solution, is that we had a way with MRI when the
14  orientation and location. You don't have to know it in | 14 direction is known to the peripheral nerve in the arm
15 advance. So that's -- and that the District Court was | 15 because we could see the direction of diffusion, which
16  simply wrong about the claim construction to the extent | 16 is anisotropic, primarily down a nerve, not isotropic,
17 it went beyond that. 17  diffusion in all directions.

18 And the second is a procedural point, which is | 18 So and the consequence of that is if you have
19  that you could not be faulted for not putting on, in 19 an anisotropic flow in a nerve, if you turn the

20 response to the summary judgment motion, a whole lot of | 20 gradient so first it's parallel and then it's

21  evidence about what users of the -- what's the software | 21 perpendicular, in one image the nerve will be bright.
22 that you called -- 22  The other would be dark. But if you have isotropic or
23 MR. FILLER: FiberTracking. 23  uniformly diffusing water, then it's the same image

24 JUDGE TARANTO: What's it -- 24  intensity no matter how you point the gradient.

25 MR. FILLER: FiberTracking. 25 But when we have complex curving nerve

U.S. LEGAL SUPPORT
866-339-2608
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Page 6

Page 8

1  structures, how do we know which way to point our 1 The second one about only peripheral nerves

2 gradient? And my solution was, the solution of this 2 recovered, he agreed with you about that, and then what
3 invention, is take the image from multiple directions 3 it then came down to was some notion of what exactly a
4 and carry out mathematics, that's the tensor bit, to 4  selected structure is. And it seems to me the opinion
5 determine the vector orientation on a voxel-by-voxel 5 1is not all that clear about that, but the argument that
6 Dbasis. 6 they made on that point was that you actually needed to
7 So it's a single voxel which is a -- which is 7 know, in one of their declarations, the location and

8 the unit in which we measure the direction and do a 8 then the other was I think the orien- -- there were

9 calculation. We fill each little voxel with a vector, 9 three declarations. I forget what the names were,

10 and that is discovering the direction of the tissue or |10 Moseley, Tsung, and somebody else, and they all talked
11  structure, and after Claim 37, neural tissue in a 11  about assuming that you knew the location, the

12 mammal and then we go on in settlement claims, 39, to 12 position, and/or orientation.

13 do it over multiple sections and run an arrow between 13 And if you're fighting the claim construction
14  them, follow onto the next. We have these tracts. 14 saying no, no, you don't need to know that, that's a

15 And the Appendix 06050, Figure 9, 15 legal argument that's available to you which has a

16  there they tell us Memorial Sloan Kettering, you're 16  certain appeal.

17 using Brainlab FiberTracking. It's a great, great 17 MR. FILLER: Yeah, and that is very key

18  image because it sweeps across all of neuroscience and |18 because in the -- in the patent, this is at Appendix

19 right into this patent because they tell us that they 19 0217, there's a series of paragraphs that discuss when
20 have used functional MRI, fMRI, a different method. 20 measuring unknown orientation, the word "unknown" again
21 JUDGE TARANTO: I'm sorry. And these are 21 and again. We're measuring unknown orientations and --
22 materials that were, in fact, attached to your 22 JUDGE TARANTO: Right. The spec repeatedly
23 opposition to summary judgment or no? You have a real |23 says this is a lot easier if you actually know the
24  problem -- 24 orientation because then you know what's perpendicular,
25 MR. FILLER: Yes. 25 what's orthogonal, et cetera.

Page 7 Page 9

1 JUDGE TARANTO: -- if you are relying on the 1 MR. FILLER: You don't have to --

2 proposition, as much of your brief does but not all of 2 (Talking simultaneously)

3 it, that the District Court, the MDL District Court, 3 JUDGE TARANTO: But if you don't know it, pick
4 erred in declining to consider a lot of articles, a lot | 4 a random one and start and you'll find it.

5 of evidence, that you attach to your proposed amended 5 MR. FILLER: Yes, so exactly. So it's

6 complaint but did not cite in the summary judgment 6 completely wrong. He's just erred completely because

7 motion. 7 he goes through it all and then -- then Judge Stearns

8 MR. FILLER: Right, and I want to -- 8 comes through and says, ahh, but there must be

9 JUDGE TARANTO: That's -- that's a tough thing | 9 something unknown here.

10 to fight. 10 And this is very much like saying, well, we

11 MR. FILLER: But I want to -- but I think that | 11 don't know the exact margins of someone's femur but,

12 in order for the Court to think about reaching across 12 therefore, we can't measure it because it's unknown.

13 that and listening to argument, you have to know that 13 No, we know exactly where the femur is. We know

14 if you did reach across it, there is a piece -- there 14  exactly how to take a picture of it. We just don't

15 1is solid evidence of what -- 15 know the exact shape, and this is what this does is it
16 (Talking simultaneously) 16 solves exact shape. It's like sequencing DNA. We're
17 JUDGE TARANTO: Well, let's assume that, but I |17 finding the orientation of tissue.

18 mean you've - 18 So because the Court finds that there is a

19 MR. FILLER: Okay. 19  substantial non-infringing use incorrectly, they say,
20 JUDGE TARANTO: -- got to make legal arguments |20 well, since there's something unknown. And they look
21  about why Judge Stearns was wrong in what he did, and 21  at unknown. You look at known. Therefore, there's a
22 one is he agreed with you on like two and a half of the | 22 substantial non-infringing use.
23 claim constructions. Right? You don't have to have 23 We look to the Toshiba case which says that,
24 zero anisotropic. Right? It doesn't have to be zero 24 well, if there is a substantial non-infringing use, and
25 anisotropic. 25 that was one where they were making DVDs --
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1 JUDGE TARANTO: I'm sorry. Why are we talking | 1 though the movant hadn't raised them, and that's where
2 about substantial non-infringing use? There was an 2 we objected in the motion for reconsideration.

3 inducement claim and a direct infringement claim. 3 This was like a sua sponte after-the-fact

4  There was no contributory infringement claim for which 4 decision. He's telling us only at the time of issuing
5 substantial non-infringing use is relevant. 5 the order that we're going to have to respond to

6 MR. FILLER: Well, it's because he uses that 6 something that the moving party hasn't -- hasn't

7 argument to say that it's a -- that you need to have -- | 7 asserted.

8 you need to pull direct evidence into the opposition. 8 JUDGE TARANTO: Do you happen to remember,

9 JUDGE TARANTO: Right, but I thought your -- I | 9 does the joint appendix contain the actual motion for
10 guess the -- you say a bunch of different things in 10 reconsideration? If you don't remember, don't --

11  your brief in response to that. The one that I guess 11 MR. FILLER: Yes, it does.

12 I'm focusing on which doesn't depend on that -- right, |12 JUDGE TARANTO: Okay. I'll look at it.

13 that doesn't depend -- is simply when you look at the 13 MR. FILLER: Okay.

14  arguments that the other side made in its summary 14 JUDGE TARANTO: I see it. Thanks.

15  judgment argument, you had no argument to answer that 15 MR. FILLER: So, and I -- and I appreciate

16 required you to show the downstream users, the 16  that you've saved a lot of time by focusing on these --
17  technology -- the technicians or the neurosurgeons or 17  on these key issues, but I identified where to look in
18  the interventional radiologists or whoever, had to be 18  the patent for this fact that we're addressing, unknown
19  actually doing this. 19 orientations. That's why you have to take the multiple
20 Their argument was it is impossible to use the | 20 directions and do the calculation is to -- is to find
21  BrainTracking -- BrainTracking? FiberTracking. The 21  the directions.
22 FiberTracking software to do this, not that you don't 22 It's just like sequencing a DNA, find where
23 have evidence that anybody does. 23 the actual sequence is, find what the actual
24 MR. FILLER: Exactly. So we —- 24  orientations are, because once we figure out the
25 JUDGE TARANTO: So you didn't have to answer 25 orientations of each little voxel on the brain, we can

Page 11 Page 13

1 that because there wasn't a "that" to answer. 1  then march from point to point and map out these

2 MR. FILLER: Yeah, because he would have had 2 connections, transform neuroscience and, you know, save
3 to attack the evidence that we have to require us. 3  thousands of lives, which is what this has done. So

4 That's why I claim it's a -- I'd arque it's a deficient | 4 1I'll hold over my, if I may, additional time to my

5 motion for summary judgment because he doesn't attack 5 rebuttal and allow Brainlab to proceed.

6 the substantive evidence. He tries to do the attack by | 6 JUDGE NEWMAN: Yes. Thank you. Mr. Filler.

7  knocking the whole thing out by saying it's impossible 7  Mr. Campbell.

8 to infringe because we only select -- we only select 8 MR. CAMPBELL: May it please the Court, your

9 unknown tissue, and the patent calls for known tissue. 9 Honor, I want to address a couple questions from

10 And if you accept that the Court got this 10 Judge Taranto first.

11  completely wrong, because this is about identifying 11 He asked about claim construction and the

12 unknown tissue, then we are only obligated to answer 12 Court's claim construction. The Court adopted

13 the issues raised in the motion for summary judgment by | 13  completely NeuroGrafix's claim construction. There was
14 the movant and we did that so . . . 14 an issue as to what selected structure meant, but it

15 JUDGE TARANTO: You know, there's kind of a 15 wasn't really a claim construction issue on selected

16 finding the signal in the noise here problem in the 16  structure. It was whether, according to NeuroGrafix,
17  briefing that's -- that's presented some challenges. 17 you could interpret the word ROI, region of interest,
18 MR. FILLER: I appreciate that, but that's -- |18 or region to be the same thing as a selected structure.
19 you know, certainly the key piece of it is -- because 19 The specification does talk about selecting a
20 then I would then go on to say in argument that if the |20 structure. There are many indications as to how you
21 Court found, no, there is a -- either because the 21 can select a structure. Those structures can be known
22 Court's right on that or because there is a substantial | 22 in advance. Peripheral nerves are known in advance.
23 non-infringing use and we were required, he argues 23 The optic nerve position is known in advance. Other
24 that, therefore, we were required to bring in 24 nerves, peripheral nerves around the brain, are known
25 the specific event -- specific bits of evidence even 25 in advance. They selected that language to use. The
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1 specification may be broader and may talk about 1 MR. CAMPBEIL: Right. You may want to find

2 choosing regions, but that's not what they claimed. 2 something else, but the key to Brainlab's use of it is

3 JUDGE TARANTO: All right, but put -- but put 3 we don't select anything in advance. We just run it.

4  aside that. So a selected structure is just a brain 4 And, in fact, as NeuroGrafix argues in Section 3 of

5 structure that somebody choosing to adopt -- to 5 their brief, Brainlab runs FiberTracking in advance of

6 implement this method chooses to subject to the method. | 6 anything, before a user selects any structure,

7 MR. CAMPBELL: An anisotropic structure first. | 7 whether -- or any region of interest. It's only after

8 JUDGE TARANTO: Yeah, yeah, the other, but 8 the region of interest that you see these fibers, and

9 you -- 9 as we showed --

10 MR. CAMPBELL: It just can't be a region. 10 JUDGE TARANTO: I'm sorry. A tech- -- you

11 JUDGE TARANTO: Right, but you lost on -- 11  know, the neurologist --

12 MR. CAMPBELL: Peripheral. 12 MR. CAMPBELL: Um-hmm.

13 JUDGE TARANTO: Right. You lost on 13 JUDGE TARANTO: -- or the neurosurgeon says

14 peripheral. You've lost on zero anisotropic. 14 I'm about to do some surgery in the following area of

15 MR. CAMPBELL: Correct. 15  the brain. I really want a precise map of a bunch of

16 JUDGE TARANTO: Right? So . . . 16  things that I would like to stay away from.

17 MR. CAMPBELL: Right. 17 MR. CAMPBELL: Um-hmm.

18 JUDGE TARANTO: And then you said our software | 18 JUDGE TARANTO: Why isn't that selecting a

19 cannot do what this says because it actually maps 19  structure? And so we're going to use FiberTracking

20 everything and not just one thing, and the claim is not | 20  tomorrow.

21  a pick out one and do only one. 21 MR. CAMPBELL: I'm going to use FiberTracking,

22 MR. CAMPBELL: Um-hmm. 22  and I'm going to use FiberTracking to select a region

23 JUDGE TARANTO: As long as you've got one, you |23  around —-

24  can be mapping everything under the sun as long as 24 JUDGE TARANTO: No, no, no, no. You're not

25 you've got one. It's within the claim. 25 using it to select it. You selected it. I want to
Page 15 Page 17

1 MR. CAMPBELL: Well, that's not true. In our 1  know where the pyramidal track is (sic) -- tract is,

2 motion for summary judgment, specifically Appendix 7322 | 2 and so now I'm going to run FiberTracking.

3 and on, we talk about the fact that none of our 3 MR. CAMPBELL: Um-hmm.

4  customers use it the way they claim. None of our 4 JUDGE TARANTO: Selected is just this is one

5 customers use it to select a structure, whether it be 5 of the things I am looking for when I do this process.

6 in advance, no matter what kind of structure it is, 6 MR. CAMPBELL: That's not as the parties

7 whether it be a peripheral nerve or a nerve in the 7 interpreted it. The parties interpreted looking for

8 brain or white matter that you don't see in advance. 8 a structure that you know is there, looking for --

9 Because the way Brainlab uses it is we've got 9 JUDGE TARANTO: Right.

10  a neurosurgeon, and he wants to perform some kind of 10 MR. CAMPBELL: -- a nerve that may be --

11  surgery around gray matter, typically matter that 11 JUDGE TARANTO: I'm sorry. Why -- why is that

12 doesn't have anisotropy. And he wants to see, or she, |12 different from what I'm at least trying to show?

13 if there is a fiber, a white matter fiber, near that. 13 MR. CAMPBELL: Because we're looking for some

14  So he doesn't know or she doesn't know in advance. The | 14 known structure.

15 whole purpose of doing FiberTracking is Brainlab 15 JUDGE TARANTO: You know that there's a

16 markets -- 16 pyramidal tract in there.

17 JUDGE TARANTO: Everybody knows that there's 17 MR. CAMPBELL: You know that there's a

18  this pyramidal structure in the brain. Right? 18  pyramidal but --

19 MR. CAMPBELL: Um-hmm. 19 JUDGE TARANTO: Pyramidal? Is that how you

20 JUDGE TARANTO: What more do you need? Say I |20 say it? Sorry about that.

21 want to do this to find the damn thing. 21 MR. CAMPBELL: I'm sorry?

22 MR. CAMPBELL: Well, if you wanted to do -- 22 JUDGE TARANTO: Pyramidal? I'm sorry. I'm

23 define the pyramidal structure you could. 23 not --

24 JUDGE TARANTO: Or maybe you want to find 24 MR. FILLER: Pyramidal.

25 something else. You want to find a tumor. 25 JUDGE TARANTO: -- familiar with the --
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1 MR. CAMPBELL: Dr. Filler -- 1 JUDGE NEWMAN: It's not in the claim.
2 JUDGE TARANTO: Okay. Pyram- -- we'll say 2 MR. CAMPBELL: I'm sorry?
3 pyramidal. Good. 3 JUDGE NEWMAN: It's not in the claim.
4 MR. CAMPBELL: -- corrected me several times, 4 MR. CAMPBEIL: Yes, it is. The selected
5 and now I think I say it at least the way he says it. 5 structure isn't any structure. It's a selected
6 But, you know, you're getting back to the 6 structure that exhibits diffusional anisotropy, in
7 point, never did NeuroGrafix introduce any evidence 7 other words, it's white matter structure. Now, much of
8 that Brainlab's customers use it to find the pyramidal 8 this light --
9 structure. 9 JUDGE NEWMAN: And the diffuse -- diffusion
10 JUDGE TARANTO: I don't —- 10 gradients.
11 MR. CAMPBELL: Introduce any evidence that 11 MR. CAMPBELL: Um-hmm.
12 they use it in any fashion. There was no evidence that | 12 JUDGE NEWMAN: Where --
13 Brainlab customers even use it. 13 MR. CAMPBELL: (Inaudible).
14 JUDGE TARANTO: Your advertisements and manual | 14 JUDGE NEWMAN: I'm trying to put it together.
15 were in their opposition to summary judgment and 15 The claims are quite broad.
16 it -- 16 MR. CAMPBELL: In some fashions they --
17 MR. CAMPBELL: That you could use it to find 17 JUDGE NEWMAN: Are they not?
18  the pyramidal structure. 18 MR. CAMPBELL: In some fashion it is, but it's
19 JUDGE TARANTO: Right, and -- really? It's 19 not because it does say selected structure, and it says
20 a -- it's a contestable proposition that people were 20 that throughout. As NeuroGrafix would do, they just
21  using this without having in their mind any idea of 21 eliminate that completely. They say you can select any
22 a -- of a structure that they were hoping to map? 22 area of the brain in any areas of structure, but that's
23 Really? 23 not true. You have to have a selected anisotropic
24 MR. CAMPBELL: Yes. Yes, we had testimony 24 structure, which basically is a white matter.
25 from -- 25 JUDGE TARANTO: So did you -- did you say in
Page 19 Page 21
1 JUDGE NEWMAN: No, but how can that be? 1 your summary judgment motion, and if so where,
2 MR. CAMPBELL: We have testi- —- 2 no user -- there is no evidence that any user of
3 JUDGE NEWMAN: These are very serious 3 FiberTracking undertakes to use FiberTracking with the
4  procedures. 4 idea in mind of trying to map an anisotropic structure?
5 MR. CAMPBELL: True. 5 MR. CAMPBELL: No. We say that we don't do it
6 JUDGE NEWMAN: It certainly has to be -- the 6 trying to find any known isotropic structure and
7 supposition for the entire structure is that these are 7 that's -- that was the testimony of the experts and the
8 administered by experts. Claims are very broad. 8 users.
9 Claims don't include the limitations you're telling us 9 JUDGE TARANTO: But, but, but -- I'm sorry,
10  about. 10 but I know and it seemed to me you did a most
11 MR. CAMPBELL: Well, the claim does require 11  interest- -- you had Tsung, Leach, and Moseley. Right?
12 you -- 12 MR. CAMPBELL: Yeah.
13 JUDGE NEWMAN: 36 doesn't talk about -- 13 JUDGE TARANTO: And Moseley expressly has a
14 MR. CAMPBELL: -- to select -- 14  paragraph that says, "I interpret the claim language of
15 JUDGE NEWMAN: -- white matter. 15 selected to require" -- I forget whether his is
16 MR. CAMPBELL: I'm sorry. 16 orientation or location.
17 JUDGE NEWMAN: It says we're looking for the 17 MR. CAMPBELL: Um-hmm.
18  shape and position of structure. 18 JUDGE TARANTO: Now, he -- there's
19 MR. CAMPBELL: Of a —- 19 orientation, location, and position between Tsung,
20 JUDGE NEWMAN: And, of course, there are the 20 Leach and --
21  suspicions based on all of the peripheral evidence that | 21 MR. CAMPBELL: Yeah.
22 there may very well be structure in the brain. 22 JUDGE TARANTO: And they all assume something
23 MR. CAMPBELL: We are looking for the position | 23  that the term "selected structure" does not properly
24 of a selected anisotropic structure, a selected nerve. 24 construed assume.
25 Many of these nerves -- 25 MR. CAMPBELL: Well, no. They all assume that
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1 that means you're selecting something, and you're going | 1 JUDGE NEWMAN: Well, they're standard

2 to try then to track it. 2 diagnostic procedures that you're talking about, and I

3 JUDGE TARANTO: But Moseley, for example, does | 3 can't find such a distinction being drawn as to whether

4 not say no user of this system has in mind a structure 4 you know or don't know in advance what you're going to

5 that any neurologist would know is anisotropic and is 5 find.

6 using this software to get a precise map of it. 6 MR. CAMPBELL: Well, isn't that the whole use

7 On its face it sounds preposterous tome. I'm | 7 of the word "selected"? And in fact --

8 not an expert, but what else are they using this for? 8 JUDGE TARANTO: But you just -- you just said,

9 MR. CAMPBELL: They use it to see if there is 9 right, you're scanning this area because there are

10 a structure. It doesn't have to be pyramidal 10  structures you know you don't want to -- I forget what

11  structure. It can be any structure, any white matter 11  your verb was.

12 anisotropic structure that is passing through -- 12 MR. CAMPBELL: Well, you don't know. No, you

13 JUDGE TARANTO: And that there's -- and that 13 don't know. You don't know what's there. That's

14  there's no user of the FiberTracking system that has in | 14 why -- that's the difference between --

15 mind such a structure that they're looking to map 15 JUDGE TARANTO: Really? The people -- the

16  precisely? 16  people who are running this don't know that there's a

17 MR. CAMPBELL: In advance? 17 pyramidal structure in the brain?

18 JUDGE TARANTO: In advance. 18 MR. CAMPBELL: No. They know there's a

19 MR. CAMPBELL: There's no testimony from 19 pyramidal --

20  anybody. 20 JUDGE TARANTO: And they would really like --

21 JUDGE TARANTO: Where did you -- 21 MR. CAMPBELL: They know —-

22 MR. CAMPBELL: No evidence from anybody. 22 JUDGE TARANTO: -- not to touch it?

23 JUDGE TARANTO: Where did you say in the 23 MR. CAMPBELL: -- there's a pyramidal

24  summary judgment motion that if you assume that 24 structure, but they don't know the pyramidal structures

25 selected structure simply means a structure that a user | 25 anywhere near the tumor, and in many cases it's not.
Page 23 Page 25

1 wants to subject to this process and get a precise map 1 It's nowhere near it. They have a tumor and they want

2 of, that there is no evidence that any user of the 2 to know what's around it, and that's why they run it.

3 system does that? 3 They don't know there's a pyramidal structure

4 MR. CAMPBELL: Yes. In 7322 and the couple 4 right next to it and they're trying to see how close.

5 pages that follow they respond -- they incorporate 5 They don't know that there's any white matter

6 statements from Dr. Leach and Dr. Tsung, both of which 6 structures, significant ones, next to it. All they do

7 say they do not look to -- 7 1is -- and this is what the experts said.

8 JUDGE TARANTO: Right, but all -- all of those | 8 You know, there was no testimony from any

9 three statements, Leach, Tsung, and Moseley, they all 9 expert whatsoever or any testimony that NeuroGrafix

10 come in that very paragraph at the bottom of 22 and 10 admitted saying as to how anybody uses this. The only

11 23 - 11  testimony was from Leach --

12 MR. CAMPBELL: Right. 12 JUDGE TARANTO: No testa- --

13 JUDGE TARANTO: -- all building the assumption | 13 MR. CAMPBELL: -- and Tsung.

14  that you already know the location. 14 JUDGE TARANTO: I'm sorry. No testimony

15 MR. CAMPBELL: They are building on the 15 but --

16  assumption that if you -- that the way they use 16 MR. CAMPBELL: Right.

17 Brainlab's system is you don't look for anything in 17 JUDGE TARANTO: -- there were, what, two pages

18 specific. You're not looking for, for example, 18  from advertisements, your advertisements --

19 pyramidal structure, not -- you're not looking for any |19 MR. CAMPBELL: That you could select the

20  known structure, any pre-selected structure. 20 pyramidal --

21 You just want to find out what is around that |21 JUDGE TARANTO: Can I finish my --

22 tumor. That's what they're concerned about, because 22 MR. CAMPBELL: You could do that.

23 there may be fibers that go from that tumor to another |23 JUDGE TARANTO: No, no. I'd like to ask you

24 part in the brain, and they don't want to intersect 24  to let me finish my question.

25  them. 25 MR. CAMPBEIL: I'm sorry.

U.S. LEGAL SUPPORT
866-339-2608




Oral Argument

26 to 29

Page 26 Page 28
1 JUDGE TARANTO: Thank you. 1 MR. CAMPBELL: Yes, we argue that as well.
2 MR. CAMPBELL: I apologize, your Honor. 2 JUDGE TARANTO: Right, but that --
3 JUDGE TARANTO: They were, I think, two 3 MR. CAMPBELL: Because you're not —-
4  advertising pictures and one in the manual which 4 JUDGE TARANTO: There's nothing in the claim
5 referred to, hey, a terrific benefit of this is that 5 about that. Right? This is --
6 you can identify the location of the pyramidal tract. 6 MR. CAMPBELL: Well . . .
7 MR. CAMPBELL: Um-hmm. 7 JUDGE TARANTO: This is all -- the fact that
8 JUDGE TARANTO: Why is that not sufficient 8 you select a structure doesn't mean that you're not
9 evidence that it's done? If you were advertising it 9 interested in or even getting the information about
10 and telling people you could use it that way, I bet 10 everything else surrounding it. All this says is that
11  there were doctors out there that were using it for 11  you have to scan -- I'm using "scan" as a way to
12 that purpose saying, "I'd like to know where this tract | 12 expose -- yes, exposing a region that contains a
13 is so that I don't do harm when I intervene." 13 selected structure.
14 MR. CAMPBELL: Well, there may be doctors who | 14 MR. CAMPBELL: Right.
15 do that, but that's not sufficient to prove 15 JUDGE TARANTO: It doesn't say that you are
16  infringement. They have to do that. Now, it's 16 exposing a region that contains -- which would be
17  just the claim wasn't this capable. 17  silly, but contains that structure and no other
18 JUDGE TARANTO: Why is that not -- I'm sorry. |18 structure.
19 why is that not sufficient to prove -- and we're 19 MR. CAMPBELL: Well, it doesn't say that
20 getting beyond what I think is probably -- 20 structure and no other structure.
21 MR. CAMPBELL: I think we're getting to 21 JUDGE TARANTO: Right.
22 inducement maybe. 22 MR. CAMPBELL: I agree with you. It says a
23 JUDGE TARANTO: No, no. You said that the 23  selected structure. So you're scanning it --
24  prin- -- the principal ground of the District Court's 24 JUDGE NEWMAN: It says selected structure and
25 decision -- the inducement is just in a footnote. 25 other structures.

Page 27 Page 29
1 Right? I mean, the principal ground of the District 1 MR. CAMPBELL: Right, the region.
2 Court's decision is there was no proof that anybody 2 The region you scan must -- or is supposed to include
3 was directly infringing. 3 the selected structures and other structures, but still
4 MR. CAMPBELL: True. 4 it says just not anis- -- it doesn't say the region
5 JUDGE TARANTO: Right. 5 includes anisotropic structures and isotropic
6 MR. CAMPBELL: There is no proof that anybody 6 structures. It says a selected anisotropic structure.
7 was directly infringing, and that's where it ends. 7 That's Step A, Claim 36.
8 There was no proof and, in fact, NeuroGrafix admits 8 JUDGE NEWMAN: It says selected but exhibits
9 that there was no proof. They admit that they 9 diffusion anisotropy and other structures that do not
10  introduced absolutely no proof and no argument of 10 exhibit diffusion anisotropy.
11 direct infringement. That should end it there. 11 MR. CAMPBELL: True, but it says a selected
12 And, in fact, there is no evidence. There are | 12 structure that does. So what does "selected" mean?
13 two advertisements which mention pyramidal structure, 13 "Selected" must mean that you're looking for something
14  but it doesn't say that you have to do that. You could |14 in specific. Right?
15 do FiberTracking to find any of the other structures 15 JUDGE NEWMAN: So you --
16  that aren't the pyramidal structure and, in fact, the 16 MR. CAMPBELL: And in fact --
17  testimony of our experts is that's how they do it. 17 JUDGE NEWMAN: -- run your first scan and you
18  They're not looking specifically for the pyramidal 18  select the structure, and then you run another one for
19  structure. 19 precision and so on and there it is, the —-
20 JUDGE TARANTO: Right, but why if-- 20 MR. CAMPBELL: You only run it once. You
21 some of your summary judgment brief and I guess some of | 21 don't run it first to look for a structure and then run
22  your brief here suggests that for there to be a 22 it again? In Brainlab --
23 selected structure, the result of the process has to be | 23 JUDGE NEWMAN: Well, but that really is --
24 limited to mapping that one and not mapping anything 24  that is the whole issue, that you run it. You don't
25 else. 25 run it just for fun just to see what different colors
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1 are going to turn up in your brain scan. 1 JUDGE TARANTO: The manual doesn't? That's
2 MR. CAMPBELL: True, your Honor. 2 just the advertisement? Is that right? I thought
3 JUDGE NEWMAN: So you have -- 3 there was one reference in the manual. Am I
4 MR. CAMPBELL: But you run it to -- 4 misremembering that?
5 JUDGE NEWMAN: -- significant information to 5 MR. CAMPBELL: The manual never talks about
6 start with before you do all of this, I would think or 6 it.
7  hope. 7 JUDGE TARANTO: No, no, no. Don't.
8 MR. CAMPBELL: Well, no, and that's the key 8 MR. CAMPBELL: Hmm?
9  Dbetween, I think, the patent and what Brainlab does. 9 JUDGE NEWMAN: Mr. Filler is pointing out that
10 Brainlab doesn't care what's there in advance. They're | 10 we're running over time.
11  not looking for something -- 11 MR. CAMPBELL: I understand we've run over
12 JUDGE NEWMAN: Any diagnostic procedure then 12 time.
13 would -- would not meet any kind of definition of 13 JUDGE NEWMAN: But that's --
14  diagnostic procedure because you're looking for 14 MR. CAMPBELL: I'm just trying to finish the
15 something whose presence you then verify when you 15 answer to the questions.
16  conduct the procedure. 16 JUDGE NEWMAN: Is there anything else you need
17 And why doesn't that apply to the way this 17  to tell us?
18 brain (sic) -- this claim is written as a selected 18 MR. CAMPBELL: I think I just want to conclude
19  structure? 19 by saying that never did NeuroGrafix introduce any
20 MR. CAMPBELL: Well, because it requires, I 20 evidence that anybody uses Brainlab's device in any
21 gquess, selected structure. It doesn't say any 21  way, in any fashion, whether it be the -- you know,
22 structure that exhibits diffusional anisotropy and 22 some infringing method that finds a pyramidal structure
23 isotropic structures. It says a selected structure. 23 or does anything else, all the non-infringing methods,
24 So you have to have some structure that you 24 and the Court found there were both infringing possibly
25 know something of in advance. You believe it's there. |25 methods and non-infringing methods.
Page 31 Page 33
1 Maybe the pyramidal tract. You believe that there's a 1 And mention just briefly sua sponte. Never
2 structure here, and that's what you're selecting and 2 did NeuroGrafix argue sua sponte in any of the briefs,
3 that's what you're looking for in advance. When 3 and it was not in their motion for reconsideration. So
4 Brainlab uses its device, it just draws a region of 4 we believe the judge's opinion below should be
5 interest around a tumor. 5 affirmed. Thank you very much.
6 JUDGE NEWMAN: But was the summary judgment 6 JUDGE NEWMAN: Thank you, Mr. Campbell, and we
7 based on that or was it based on absence of evidence, 7 will add --
8 of actual as opposed to contributory infringement? 8 MR. CAMPBELL: And, your Honmor, I appreciate
9 MR. CAMPBELL: Well, it was based on the fact 9 if I talked over you a couple times. I was just
10  that plaintiff produced no evidence of anybody using 10 getting excited.
11  FiberTracking in any manner, in any manner whatsoever, |11 JUDGE NEWMAN: We will add to Mr. Filler's
12 and especially not in the manner in which they argue, 12 time the amount we've run over, Mr. Campbell.
13 their hypothetical use, which is essentially to always |13 MR. FILLER: Thanks very much. So I did want
14 find the pyramidal structure. 14 to address this issue of their -- that you should know
15 JUDGE NEWMAN: So your brochure with 15 that in the event that you reverse and remand that the
16 instructions say —- 16 record does contain exactly what Mr. Campbell says it
17 MR. CAMPBELIL: Hmm? 17 does not, and that's why I was pointing to that
18 JUDGE NEWMAN: You're saying that the 18 particular page beginning 06050.
19  instructions in the -- in the brochure as to what the |1° Because neurosurgeons know there's areas of
20 system can do are insufficient. 20 the brain you could take out a large amount and have
21 MR. CAMPBELL: Yes. It doesn't say you must 21 not much trouble for the patient and other parts where
22 select a pyramidal structure. It doesn't say you must |22 you'd have a devastating injury from a tiny amount, and
23 select anything. In fact, the manual for FiberTracking |23  the pyramidal tract is one of these. And, yes,
24 doesn't use the word "pyramidal." Tt doesn't say you 24 pyramidal tract is named specifically in the manual.
25 have to use it in a certain way. The patent doesn't -- | 25 That is correct, Judge Taranto.

U.S. LEGAL SUPPORT
866-339-2608




Oral Argument

34 to 37

Page 34 Page 36
1 So what happens in Figure 9 is they tell us 1 not true medical opinion.
2 that they use this fMRI to locate Broca's and 2 The other issue that he raises about selecting
3 Wernicke's area. What are these? These are -- I talk 3 a structure is to suggest that somehow it means that
4 about that there is -- there are no unknown structures. 4 you have to select the entire structure, but the method
5 It's the unknown detail. 5 in the patent, the Claim 36, is really at a single
6 Broca's is speech generation discovered in 6 voxel. You just have to select a structure because
7 1861. People had a series of -- he had a series of 7 that's a level at which it determines the orientation.
8 patients who lost speech and then they died, and he 8 It does it voxel by voxel.
9 sectioned the brain and found the injury. That was 9 So again, I won't use up all my time, but I
10 motor speech. And Wernicke's, around the same year, 10 believe that the judge, Honorable Judge Stearns, was
11 1861, Carl Wernicke in Germany found receptive speech 11 wrong when he found there was a substantial
12 area. If it was injured, people could no longer 12 non-infringing use. He uses that. He points to
13 understand speech. 13 Toshiba to say, therefore, you did have to bring
14 Now, ten years later they found that 14 extra -- specific evidence in even though they didn't
15 connecting the two, motor speech and receptive speech, 15 cite -- even though they didn't attack the other
16 was a tract which they called the arcuate fasciculus, 16 evidence.
17 and that's what this image is about. Because this 17 We don't. We don't say there's no evidence of
18 patient has a tumor between the motor speech area and 18 infringement. What we do -- we don't admit that. We
19 the receptive speech area pushing the arcuate 19 just say you always infringe. Whenever you do these
20 fasciculus out of place, and they want to know can we 20 things you're infringing because there's no
21 get the tumor out without injuring the arcuate 21 non-infringing use. That's why -- that's our response.
22 fasciculus. And they used Brainlab to find out exactly | 22 They're saying we don't have to attack the evidence
23 where the arcuate fasciculus has been pushed to by the 23 because we never infringe. We come back and say you
24 tumor and where the edges are. 24 always infringe.
25 This is exactly, exactly laid out. They're 25 The Court decides it by saying, ahh, there's
Page 35 Page 37
1 doing something that appears in the patent, 1 unknown tissue and we don't -- I don't think the patent
2 specifically talks about exactly this issue of the 2 covers unknown tissue. 100 percent wrong. That needs
3 parts of the brain that the tracts are immersed in the 3 to change. It reverses the whole thing. They have
4 speech areas. So, in the use of MRI, fMRI, which is 4 a -- it's a deficient motion in that it didn't cite
5 for something called B-O-L-D or BOLD imaging to 5 individual infringement, but if we take it as a valid
6 identify a functional area, that also appears in the 6 motion, it is sufficient.
7 manual which I'm sure Mr. Campbell will have to agree 7 It argues one thing. You can't infringe. The
8 to. 8 answer is the judge got it wrong. They always
9 So on remand, yes, absolutely, evidence before 9 infringe, and that's why the motion for summary
10 the jury will include this user of Brainlab wanting to 10 judgment must fail, because there is substantial
11 avoid injury to this tract exactly as you have just 11 evidence of infringement which a jury could readily
12 been disputing. They've set out to do this. They know | 12 find. This is not a position of a judge to prevent
13 the tumor is near the arcuate fasciculus, and if they 13 this from getting in front of a jury. Thank you very
14 hit the fasciculus, they're going to severely impair 14 much.
15 the patient's speech. 15 JUDGE NEWMAN: Thank you. Thank you both.
16 They want to know exactly where it is. They 16 The case is taken under submission. That concludes our
17 pick the two structures using Brainlab, it's totally 17 argued cases for this morning and afternoon.
18 capable of this, with this intention and, in fact, the 18 THE BAILIFF: All rise. The Honorable Court
19 manual tells them to use BOLD imaging for this and for 19 is adjourned until tomorrow morning.
20 a pyramidal tract. And they advertise for it, and 20 (End of oral argument)
21 that's what neurosurgeons want. 21
22 And so Mr. Campbell -- which you may have 22 * ok %
23 noticed about all of his experts is they all say just 23
24 about the same thing, and that didn't happen by chance. | 24
25 So I think that you're looking at a legal argument and 25
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Mann v. Cracchiolo, 38 Cal.3d 18 (1985)
694 P.2d 1134, 210 Cal.Rptr. 762

KeyCite Red Flag - Severe Negative Treatment
Overruled by Perry v. Bakewell Hawthorne, LLC, Cal., February 23,
2017

38 Cal.3d 18
Supreme Court of California,
In Bank.

Zelvern W. MANN, as Administrator,
etc., et al., Plaintiffs and Appellants,
V. 12]
Andrea CRACCHIOLO III, et al.,
Defendants and Respondents.

L.A. 31837.

|
Feb. 19, 1985.

Synopsis

Wrongful death action was brought against medical
center and officials thereof and practitioners thereat
claiming negligence in failing to diagnose fracture of 13l
the odontoid process. The Superior Court, Los Angeles
County, Peter S. Smith and Eli Chernow, JJ., rendered
summary judgment for defendants, and plaintiff survivors
appealed. The Supreme Court, Broussard, J., held that:
(1) by appearing and participating plaintiffs have waived
issue of whether stay of “all proceedings” issued by Court
of Appeal precluded filing of summary judgment motions;
(2) trial court erred in ruling that late-filed opposition
to motion should not be considered; (3) it was error to
reject declarations of plaintiff's medical expert on ground
that it was conclusory; (4) diplomate of American Boards
of Surgery and Neurological Surgery was competent to [4]
render opinion as to standard of care in reading X rays,
in submitting X ray reports and in diagnosing; (5) trier
of fact could infer negligence from factual statements of
plaintiff's expert; and (6) certain defendants could not be
found negligent.

Affirmed in part and reversed in part.

Bird, C.J., filed concurring opinion.

West Headnotes (17)

1] Judgment

&= Defects and objections

By appearing and arguing merits of summary
judgment motions and failing to challenge
filing of motions in face of Court of
Appeal's
plaintiff opponents had waived any defects or
irregularities in notice of the motion.

stay of “all proceedings” the

12 Cases that cite this headnote

Courts
&= Power to regulate procedure

Courts
&= Operation and Effect of Rules

Absent legislative direction to the contrary,
courts may adopt local rules with the force of
law.

17 Cases that cite this headnote

Judgment
&= Affidavits, Form, Requisites and
Execution of

Reasonable local rules limiting the time to
file opposition to summary judgment motion
were not precluded by statute, as existed in
fall, 1981, which was silent as to time to file
counter-affidavits. West's Ann.Cal. C.C.P. §
437c.

9 Cases that cite this headnote

Judgment
o= Affidavits, Form, Requisites and
Execution of

Trial court abused its discretion in enforcing
then applicable three-day limitation for filing
summary judgment opposition material by
refusing to consider opposition rather than
shortening the time or continuing the hearing
where although the opposition papers, as
filed two days before scheduled hearing, were
voluminous such late filing did not preclude
full consideration of the opposition and judge
was fully prepared to consider the opposition,
which had been filed by the clerk.
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8]

14 Cases that cite this headnote

Judgment
&= Nature of summary judgment

Summary judgment procedure, inasmuch as it
denies the right of the adverse party to a trial,
is drastic and should be used with caution.

46 Cases that cite this headnote

Judgment
= Existence or non-existence of fact issue

Summary judgment is properly granted only
when the evidence in support of the moving
party establishes that there is no issue of fact
to be tried.

88 Cases that cite this headnote

Health
&= Requisite skill, training, qualifications

Health
&= Surgery in general

It is required only that physicians and
surgeons exercise in diagnosis and treatment
that reasonable degree of skill, knowledge,
and care ordinarily possessed and exercised
by members of the medical profession under
similar circumstances.

38 Cases that cite this headnote

Health
&= Gross or obvious negligence and matters
of common knowledge

In deciding whether physicians and surgeons
have met applicable standard of care, the trier
of fact may infer failure of the practitioner to
have done so in cases in which the happening
of the accident does not normally occur in
the absence of negligence, but other cases
may require expert testimony to establish the
standard of care.

7 Cases that cite this headnote

191

[10]

[11]

[12]

Evidence
&= Matters of opinion or facts

Health
&= Presumptions

In wrongful death action, trier of fact could
infer negligence on part of radiologist in view
of declaration of plaintiffs’ medical expert
that the subject X ray showed fracture of the
odontoid process and that radiology report
failed to show the fracture, and it was error
to reject the declaration on ground that it was
conclusory.

10 Cases that cite this headnote

Health
&= Presumptions

Trier of fact in medical malpractice action
could infer that in common X-ray procedure
the patients do not fall in absence of
negligence and that when patients do fall the
person positioning the patient is probable the
person responsible.

Cases that cite this headnote

Evidence
#= Due care and proper conduct in general

Diplomate in surgery and neurosurgery
was competent to testify as to standard
of care exercised by other specialists,
such as radiologists and internists, treating
respiratory problems and was competent to
opinion as to whether such other practitioners
failed to meet applicable standard of care in
allegedly failing to diagnose broken neck from
subject X rays.

8 Cases that cite this headnote

Appeal and Error
¢= Competency and qualifications

Although trial court's ruling on qualification
of an expert ordinarily will not be disturbed
absent clear abuse of discretion, the court will
be deemed to have abused its discretion if the
witness has disclosed sufficient knowledge of
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[13]

[14]

[15]

[16]

the subject to entitle his opinion to go to the
jury.

68 Cases that cite this headnote

Judgment

&= Admissibility

Fact that medical expert, whose services
were recently obtained, was not listed by
plaintiffs as one of their experts for trial
did not preclude consideration of his opinion
in opposing defendants' summary judgment
motions. West's Ann.Cal.C.C.P. §§ 20374,
2037.6.

2 Cases that cite this headnote

Death

= Exemplary damages

Punitive damages were not recoverable
in wrongful death action brought against
medical practitioners absent evidence of
conspiracy to conceal, of intentional
performance of useless operations or of an
attempt to kill, with asserted deficiencies being
failure to observe, report or diagnose fracture
of the odontoid process.

Cases that cite this headnote

Health
&= Radiology, ultrasound, and other

medical imaging

Anesthesiologist who did not order any X
rays or interpret or consult any previous
X rays and who was not shown to have
been responsible to study X rays, to
diagnose decedent's ailments or to have
treated decedent, was not negligent as regards
asserted failure to observe from X rays, report
or diagnose fracture of the odontoid process.

1 Cases that cite this headnote
Health

&= Radiology, ultrasound, and other
medical imaging

Intern in orthopedic department who
cosigned order for administration of drug
and prescribed sleeping pill and whose
examination of decedent was limited to that
necessary to verify orders of prescribing
physician and who did not order X rays,
consult or interpret X rays could not be found
negligent as regards asserted failure to observe
X rays, report or diagnose fracture of the
odontoid process.

1 Cases that cite this headnote

[17]  Appeal and Error
&= Nature of question or defect
Appeal from postjudgment orders which were
not specifically attacked in opening brief,
would not be separately considered.

4 Cases that cite this headnote

Attorneys and Law Firms

**%763 **1135 *24 Kenneth Crews Mann Sherman
Oaks, and Bruce Ogden Mann, San Juan Capistrano, in
pro. per. and for plaintiffs and appellants.

Rushfeldt, Shelley & McCurdy, Hollywood, Horvitz &
Greines, Horvitz & Levy, Ellis J. Horvitz, S. Thomas
Todd, Encino, Harrington, Foxx, Dubrow & Canter, Dale
*25 B. Goldfarb, Mark W. Flory and Patty Mortl, Los
Angeles, for defendants and respondents.

Opinion
**%764 BROUSSARD, Justice.

Plaintiffs, the surviving husband and three sons of

Ada Crews Mann,1
judgments in favor of defendants in this wrongful
death action and from denial of postjudgment orders.
Plaintiffs' complaint charged the UCLA Medical Center,
54 individual doctors, a radiology technician, the associate
director of the hospital, and the hospital's data processing
manager and finance director with breaking the decedent's
neck, conspiring to conceal the existence of the broken

deceased, appeal from summary

neck, refusing to treat it, intentionally performing useless
operations upon decedent to obtain Medicare and
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MediCal funds, and then attempting to kill her to conceal
their complicity in causing and concealing the existence of
the broken neck.

As might be expected when there are allegations such
as these, the instant case has generated a great amount
of hostility, personal clashes, side issues, and related
litigation.2 From July until October 1981, there were
filings or hearings almost daily. The briefs filed herein
continue to delve into side issues without always
specifying their relevancy. We will set forth the facts
relevant to the major issues in a brief manner, omitting
facts bearing on side issues, numerous discovery motions,
and motions to disqualify.

We review the court's order granting the motions for

summary judgment. > In granting the summary judgment
motions, Judge Peter S. Smith concluded that plaintiffs'
opposition was not timely filed and therefor was not
considered. *26 He also determined that even if plaintiffs'
opposition had been considered, it was insufficient to raise
a triable issue of fact because the doctor's declaration
offered in opposition to the motion lacked the requisite
foundational facts to qualify him to testify as to the
standard of care and tended to “shotgun his opinions
in a conclusionary way.” The court also concluded that
at most plaintiffs' declaration would make out a claim
for medical negligence and would not justify the claim
for punitive damages. The summary judgment was filed
October 26, 1981.

THE COURT OF APPEAL STAY AND THE
TIMELINESS OF PLAINTIFFS' OPPOSITION
TO THE SUMMARY JUDGMENT MOTIONS

In January 1981, the trial court granted plaintiffs' motion
for trial preference on the ground that one of them was
over age 70 and set trial for August 31, 1981. On May
1, the case was assigned to Judge Smith for all pretrial
proceedings. On June 4, defendants filed a demand for a
list of plaintiffs' expert witnesses to be served no later than
July 12. On the latter date, plaintiffs furnished the list,
and defendants in mid-July noticed the depositions of the
experts. On August 11, defendants' motion to continue the
trial date was granted, and trial was set for October 26.

On August 26, plaintiffs filed an affidavit of bias against
Judge Smith. On September 2, Judge Smith filed an

answer and transferred the case to another department.
**%765 **1137 Judge Rickles of Orange County ruled
on September 18 that Judge Smith was not disqualified.
After Judge Smith rejected another attempt to disqualify
him, plaintiffs, on September 24, filed a petition for
extraordinary relief in the Court of Appeal challenging
Judge Rickles' ruling and Judge Smith's order striking the
second motion to disqualify him.

On the same day the Court of Appeal issued the following
temporary stay: “In order that this court may have
an opportunity to consider [the] within petition, IT IS
HEREBY ORDERED that all proceedings ... are stayed

pending determination of the within petition or until

further order of this court.” *

On October 5, defendants served and filed 11 motions
for summary judgment or for orders specifying issues
as without substantial controversy. The motions were
noticed for hearing on October 15.

*27 On October 6, plaintiffs filed a petition in the Court
of Appeal for writ of prohibition to prevent hearing on
the summary judgment motions claiming that the motions
were in violation of the stay. On October 8, the Court of
Appeal denied the petitions of September 28 and October
6, and terminated the temporary stay forthwith. On the
same day plaintiffs were notified by telephone that the
stay had been lifted. On October 13, Judge Smith issued
a minute order that all pending motions in the case,
including summary judgment motions, would be heard as
scheduled on October 15.

Plaintiffs filed their opposition on October 13, relying
upon the October 7 declaration of J. DeWitt Fox, M.D.,
whose name had not been included in the list of experts
furnished to defendants in July. Defense counsel had not
received copies of the opposition at the time of hearing
on October 15. Although two defense counsel went to
court to read its copy on the 14th, a third did not, and the
hearing was recessed to permit him to read the opposition
papers.

After the recess, the hearing continued involving
numerous motions, as well as the summary judgment
motions. Plaintiffs did not claim that the summary
judgment motions filed while the stay was in force were
invalid. After defense counsel claimed that the opposition
was untimely and Judge Smith had expressed concern that
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defense counsel had not received the opposition papers,
plaintiffs suggested a continuance to permit defense
counsel to further review the papers, but the trial court
stated it would not continue the proceedings. Aside from
the above statement by plaintiffs they did not suggest a
continuance.

[1] At the outset the parties dispute whether the stay
of “all proceedings” issued by the Court of Appeal
precluded the filing of the summary judgment motions
and whether further proceedings were defective. Whether
“all proceedings” should be read as referring to all court
actions only or as including actions by the parties presents
an interesting question, but we need not reach it. Plaintiffs
chose to appear and argue the merits of the summary
judgment motions and did not challenge the filing of the
motions at the hearing of the motions. “It is well settled
that the appearance of a party at the hearing of a motion
and his or her opposition to the motion on its merits is
a waiver of any defects or irregularities in the notice of
the motion. [Citations.]” (Tate v. Superior Court (1975) 45
Cal.App.3d 925, 930, 119 Cal.Rptr. 835; Lacey v. Bertone
(1949) 33 Cal.2d 649, 651-652, 203 P.2d 755.)

Plaintiffs urge that the trial court erred in refusing to
consider the opposition papers on grounds that they were
not timely filed. Rule 16, subdivision B of the Law and
Motion Rules of the Los Angeles County Superior *28
Court provides: “B. All papers, other than those initiating
the pro **1138 ceedings, ***766 whether in opposition
or support, shall be filed directly with the court clerk in
the law and discovery department in which the matter
is pending at least five calendar days but in no event
later than 4:30 p.m. of the third court day preceding the
scheduled hearing or they will not be considered, unless
time is shortened by order of the court.”

Monday, October 12, 1981, was a holiday; therefore,
the third court day preceding the scheduled hearing was
Friday, October 9, 1981. As pointed out above, plaintiffs
mailed their papers to defense counsel on October 12 and

filed with the court on October 13.°

Pointing out that Code of Civil Procedure section 437¢
provides that summary judgment motions may be made
on 10 days' notice but is silent as to the time to file
counteraffidavits, the court in Albermont Petroleum Ltd.
v. Cunningham (1960) 186 Cal.App.2d 84, 93, 9 Cal.Rptr.
405, concluded as an alternate ground of decision that

a local rule like rule 16 which restricts the time for
opposing affidavits is void and unenforceable. The court
also pointed out that the summary judgment remedy is
“unusual and drastic” and for this reason should be used
with caution to safeguard the right to trial with any doubt
as to the granting of the motion resolved in favor of the
opposing party. (186 Cal.App.2d at p. 92, 9 Cal.Rptr.
405.)

The holding of Albermont was rejected in Shadle v. City of
Corona (1979) 96 Cal.App.3d 173, 178-179, 157 Cal.Rptr.
624, where the court reasoned that, had the Legislature
intended to grant parties opposing summary judgment the
right to file opposition to the summary judgment motion
up to and including the hearing, it would have said so
and that in the absence of legislative direction the time
for filing opposition is subject to court rule. The court
points out that last minute filings will often interrupt and
delay hearings while the parties and the court study the
documents.

A third view was expressed recently in Kapitanski v.
Von's Grocery Co. (1983) 146 Cal.App.3d 29, 32-33, 193
Cal.Rptr. 839: “ ‘Local court rules and policies have
the force of procedural statutes, so long as they are not
contrary to legislative enactments. [Citations.]” (Shadle
v. City of Cornoa (1979) 96 Cal.App.3d 173, 177 [157
Cal.Rptr. 624].) ... Judges ... generally prefer to avoid
acting as automatons and routinely reject requests by
counsel to function solely in a ministerial capacity. Rigid
rule following is not always consistent with a court's
function to see that justice is done. *29 Cognizant of the
strong policy favoring the disposition of cases on their
merits (Weitz v. Yankosky (1966) 63 Cal.2d 849, 854—
855 [48 Cal.Rptr. 620, 409 P.2d 700]; Slusher v. Durrer
(1977) 69 Cal.App.3d 747, 753-754 [138 Cal.Rptr. 265] ),
judges usually consider whether to exercise their discretion
in applying local court rules and frequently consider
documents which have been untimely filed. Judges are well
aware of the unnecessary burdens placed on courts and
counsel when strict compliance with local procedural rules
results in the expenditure of unnecessary time and money
for the preparation of later section 473 motions....

“In applying the statutory grounds for relief under
section 473 trial courts must consider the specific contexts
in which such motions arise and should employ a
flexible rather than rigid or formalistic approach to
decisionmaking. Even without an empirical study it is
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apparent that appellate courts are more inclined to affirm
orders resulting in trials on the merits than orders denying
relief from defaults. (Weitz v. Yankosky, supra, 63 Cal.2d
at p. 854 [48 Cal.Rptr. 620, 409 P.2d 700]; Slusher v.
Durrer, supra, 69 Cal.App.3d at p. 753 [138 Cal.Rptr.
265].) An attorney's neglect in untimely filing opposing
papers must be evaluated in light of the reasonableness
of ***767 **1139 the attorney's conduct. (Robinson v.
Varela (1977) 67 Cal.App.3d 611, 615-616 [136 Cal.Rptr.
783].) In circumstances such as those present here
trial courts must also consider the propriety of strictly
enforcing local procedural rules. The salutary purpose of
such rules regulating the filing of opposing papers is to
‘... ensure that the court and the parties will be familiar
with the facts and the issues so that meaningful argument
can take place and an informed decision rendered at
the earliest convenient time.” (Shadle v. City of Corona,
supra, 96 Cal.App.3d at pp. 178-179 [157 Cal.Rptr. 624].)
Also pertinent are the effects of strict enforcement on
the rights of the parties and the furtherance of justice.
(Slusher v. Durrer, supra, 69 Cal.App.3d at pp. 754-755
[138 Cal.Rptr. 265]; see also Albermont Petroleum, Ltd.
v. Cunningham (1969) 186 Cal.App.2d 84, 90 [9 Cal.Rptr.
405].)”

21 Bl
Kapitanski that in the absence of legislative direction to
the contrary courts may adopt local rules with the force
of law and that reasonable local rules limiting the time
to file opposition to the summary judgment motion were
not precluded by former Code of Civil Procedure section

437¢.6 Interruption and delay of hearings which such
rules are designed to prevent justify court management
of its procedures. However, weighing the potential for
interruption and delay against the policy in favor of
disposition of cases on their merits, the drastic nature of
the summary judgment remedy, and the potentially *30
short time available to respond to the summary judgment
motion, we are satisfied that courts were required to
exercise their discretion and relieve the attorney from
tardy opposition filings when his conduct was reasonable,
as pointed out in Kapitanski. If the court concluded that
the tardy filing of opposition papers would prejudice
the moving party or other parties, it could continue
the hearing requiring the tardy party to pay reasonable
costs. (See Code Civ.Proc., §§ 473, 594a, 1024.) Rule 16,
subdivision B of the Law and Motion Rules contemplates
that the trial court may exercise its discretion in enforcing
it by providing that the court may shorten the three-day

We agree with the view expressed in Shadle and

period before hearing during which opposition may not
be filed.

[4] In the circumstances of the instant case, the trial
court abused its discretion in enforcing the three-day
limitation by refusing to consider the opposition rather
than shortening the time or continuing the hearing. The
motions were made on 10 days' notice. The motions
and their supporting materials comprise over 800 pages.
There were several other motions in the case set for the
same day for which counsel was required to prepare.
Plaintiffs' points and authorities in opposition to the
motion comprise 30 pages, and Dr. Fox's declaration with
its attached report is 15 pages in length. As we have seen,
the summary judgment motions were made on October
5, and under the rule—because of the weekend and the
holiday under the superior court's approach—compliance
with the local rule would have required filings on October
9, four days later. A stay was in effect until October
8. Compliance with the local rule obviously would have
required Herculean efforts.

The clerk filed the untimely opposition. While it is
true that plaintiffs did not make a formal motion for
continuance at the hearing, it was apparent from the trial
court's statement—in response to plaintiffs' suggestion of
a continuance—that it would not grant a continuance. It
was also apparent that the court was prepared to consider
the merits of the motion and the showing made in favor
and in opposition and that the tardiness of the filing
of the opposition had not interfered with its ability to
fully consider the motion. At the hearing the trial court
proceeded to permit ***768 **1140 argument on the
merits of the summary judgment motion and the showing
in opposition both before and after the violation of rule
16 was called to its attention. The trial court subsequently
ruled on the showing in opposition, and its determination
that tardy filing precluded consideration contradicts the
record.

Thus, itis clear that the fact that the showing in opposition
was filed two rather than three days prior to the hearing
did not preclude full consideration of the opposition. In
view of time burdens created by the stay, the lengthy
motions and supporting documents, and the fact that
the judge was fully prepared to, and did, consider the
opposition to the motion, we conclude *31 that the trial
court erred in ruling that the opposition to the motion
could not be considered.


http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1966107825&pubNum=661&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1966107825&pubNum=661&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977103174&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977103174&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977103174&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977102992&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977102992&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977102992&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1979111607&pubNum=0000227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1979111607&pubNum=0000227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977103174&pubNum=0000227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1977103174&pubNum=0000227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1960109078&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1960109078&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=Y&serNum=1960109078&pubNum=227&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=RP&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=L&pubNum=1000201&cite=CACPS437C&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=LQ&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=L&pubNum=1000201&cite=CACPS437C&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=LQ&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=L&pubNum=1000201&cite=CACPS473&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=LQ&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=L&pubNum=1000201&cite=CACPS594A&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=LQ&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)
http://www.westlaw.com/Link/Document/FullText?findType=L&pubNum=1000201&cite=CACPS1024&originatingDoc=I25c3bdfcfab511d98ac8f235252e36df&refType=LQ&originationContext=document&vr=3.0&rs=cblt1.0&transitionType=DocumentItem&contextData=(sc.Search)

Mann v. Cracchiolo, 38 Cal.3d 18 (1985)
694 P.2d 1134, 210 Cal.Rptr. 762

THE CONTENTS OF DR. FOX' DECLARATION

The trial court also rejected Dr. Fox' declaration on the
grounds that it lacked the requisite foundational facts
to qualify him to testify about the standard of care
and tended to “shotgun his opinions in a conclusionary
way.” While we agree that Dr. Fox' declaration was
conclusionary in a number of respects, the declaration
contains several factual assertions establishing triable
issues of fact and precluding its rejection. We also
conclude that Dr. Fox was qualified to testify about the
standard of care.

Dr. Fox' summary of decedent's medical records outlining
the treatment administered is not challenged but is
reinforced by the defense showing. On November 1, 1977,
decedent went to the UCLA radiology department as an
out-patient for X-rays of her toes preparatory to surgery
for rheumatoid arthritis of the joints of her toes. She
fell and struck her head. A skull series was taken. She
returned to the hospital in December, and the surgery
was performed. On January 10, she was rehospitalized
because of some infections in the incisional sites of the
foot. The next day X-rays were taken including X-rays of
the cervical spine. In September and October 1978, she
was again in the hospital because of infection in her foot,
and during this period she was treated for rheumatoid
arthritis, dislocated hip, respiratory difficulties, and
apparently she was given a pacemaker. She was removed
to St. Joseph Hospital at the request of her family on
November 9 where she was discharged on November 17.
She returned to St. Joseph Hospital a week later, and she
died March 26, 1979. An autopsy revealed that the cause
of death was a fracture of the odontoid process with spinal
cord damage.

The motions for summary judgment of the defendant
physicians, including the radiologists, and of Holly
Hoberg, a radiology technician, were supported by the
declarations of the moving parties, the declaration of
D.M. Forrester, M.D., and portions of the deposition of
George Campion, M.D.

In addition, the motion of defendant Richard D. Ferkel,
M.D., a general surgeon, was also supported by the
declaration of Ronald W. Busuttil, M.D., board certified
in general surgery; the motions of defendants Baldwin,

Bernstein, Cooman, Cracchiolo, Galleno, Levensen,
Purcell and Tibone, all orthopedic surgeons, were also
supported by the declaration of Leonard Marmor, M.D.,
a board certified orthopedic surgeon; and the motions
of defendants Barnett, Carlson, Cassan, Croft, Levy,
Kovick, *32 MacAlpin, Simmons, and Van Herle,
whose specialties were rheumatology, internal medicine,
respiratory care, cardiology, pulmonary diseases, and
endocrinology, were also supported by the declaration
of Matthew O. Locks, M.D., who is board certified in
internal medicine.

The declarations of the doctor defendants categorically
denied the charging allegations of the complaint and
declared, inter alia, their specific involvements in the case
of Ada Crews Mann, that they were not in the room
when she fell on November 1, 1977; that they had not at
any time concealed, attempted, or conspired to conceal,
any information from anyone regarding the health, care,
and/or treatment of her; that services they provided
for decedent were ***769 **1141 not provided for
the purpose of artificially inflating her bill or obtaining
Medicare or MediCal funds; that they never attempted
or conspired to kill Ada Crews Mann, and that, in their
opinion, their conduct at all times conformed to the
standard of practice in the community relating to the
practice of their named specialty.

The declaration of Holly Hoberg declares that her only
involvement with the decedent occurred when she and
decedent were in an X-ray room on November 1, 1977,
that she had never concealed or attempted or conspired
to conceal any information from anyone regarding the
health, care, and/or treatment of decedent; that the
services she had provided to decedent were not for the
purpose of inflating her bill or obtaining funds, and that
she never attempted or conspired to kill decedent.

An earlier affidavit of Hoberg had been filed in the court's
records. It declared that her function at UCLA was to
position patients so that X-rays could be taken and then
to take X-rays; that she had been positioning Ada Crews
Mann's feet for X-rays when she fell on November 1, 1977,
and that the allegations of the complaint that Hoberg was
a party to a conspiracy to conceal medical facts and that
she kept decedent in a drugged state and attempted to kill
her were sham, spurious, and scandalous.
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The declaration of D.M. Forrester, M.D., a board
certified radiologist dated August 28, 1981, declared that
she had reviewed copies of the X-rays of decedent taken
after her fall on November 1, 1977, and copies of many
other listed X-rays and of radiology reports, all of which
had the name of Ada Crews Mann on them and were
from UCLA. In her opinion, all of “those reports were
prepared in conformity with the standard of practice for
radiologists in this community.” She further states: “To a
reasonable degree of medical certainty the November 1,
1977 x-rays do not show any fracture or dislocation. To
a reasonable degree of medical certainty I do not believe
the patient sustained a fracture of the odontoid process
on November 1, 1977 at any time that day prior to the
taking of those x-rays. Some of *33 the reasons for my
opinion are: (1) The alignment of C-1 and C-2 is normal;
(2) There is no evidence of prevertebral soft tissue swelling,
which normally would be present if the patient sustained
a fracture of the odontoid process; (3) If the patient had
recently sustained a fracture of the odontoid process she
would have been in too much pain to rotate her head to
the positions required for that series of x-rays.”

George Campion, M.D., is director of radiology at
St. Joseph Medical Center, Burbank, California. In his
deposition, he stated in reference to the November 1 skull
X-ray pictures of decedent Ada Crews Mann that “... you
cannot anatomically rule it out [a fracture of the odontoid
process] on radiographic method, although the fact that
she can turn her neck for the positioning of the skull X/
rays, it is unlikely that she does have a fracture at this
time,” and that, if her odontoid had been fractured on that
date, “... I don't think the patient would have been able to
turn her neck in order to position her head for these lateral
views.” Campion also stated that he had not formulated
an opinion as to whether any of defendant Doctors
Arndt, Bassett, Bein, Bennett, Bernstein, Bohman, Drake,
Feigenbaum, Friedman, Gold, Levine, Manger, Morton,
Russell, Scanlon, Schmidt and Weiner had failed to
comply with the standard practice relating to radiology
in relation to decedent Ada Crews Mann and that he had
never told anyone that any of those doctors had failed to
comply with the standard of practice.

The declaration of Dr. Busuttil, supporting the motion of
defendant Ferkel, declared that he had reviewed ***770

the UCLA Hospital and Clinic's chart pertaining to Ada
Crews Mann. In his opinion, the care rendered to her
by Richard Ferkel, M.D., conformed to the standard of

practice relating to general surgeons in the community in
the light of her history and symptoms.

The declaration of Leonard Marmor, M.D., supporting
the motions of the orthopedic surgeons declared that
he had reviewed **1142 the UCLA Hospital and
Clinic's chart relating to Ada Crews Mann and copies
of numerous listed X-rays pertaining to her, including
those of November 1. In his opinion the care rendered to
decedent by the eight orthopedic surgeons conformed to
the standard of practice for orthopedic surgeons in the
community in the light of her history and symptoms.

The declaration of Matthew O. Locks, M.D., supporting
the motions of the remaining treating doctors, declared
that he had reviewed a copy of the UCLA Hospital and
Clinic report pertaining to Ada Crews Mann. Based upon
his education, professional background, and review of the
above-mentioned records, it was his opinion that the care
rendered to Ada Crews Mann by each of those doctors,
naming each of them, was appropriate and reasonable, in
light of Ada Crews Mann's history and symptoms. The
records *34 reflected that she had a multitude of serious
medical problems, including severe rheumatoid arthritis,
and that the care and treatment rendered to decedent by
those doctors conformed to the standard of practice in the
community of internists.

The declaration of defendant Bernard Strohm established
that he was the associate director/administrator at UCLA
Hospital and Clinics; that he had no contact with Ada
Crews Mann and was not aware that she was a patient at
UCLA until after the instant lawsuit was filed; and that
he never concealed or attempted or conspired to conceal
any information from anyone regarding the health, care,
and/or treatment of Ada Crews Mann and had never
attempted or conspired to kill her.

The declaration of defendant William S. Russell
established that he was the data processing manager at
UCLA Hospital and Clinics during the relevant period of
time. He had no contact with Ada Crews Mann and was
not aware that she was a patient at UCLA until after the
lawsuit was filed. He had never concealed or attempted
or conspired to conceal any information concerning her
health or care or medical treatment from anyone and had
never attempted or conspired to kill her.
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Dr. Fox, plaintiff's expert, a diplomate of the American
Boards of Surgery and of Neurological Surgery, filed
a declaration which incorporates his report and may
be summarized as follows: A December 21, 1976, X-
ray shows no fracture, dislocation, or subluxation of the
odontoid. The lateral skull film of November 1, 1977,
reveals fracture of the odontoid just below the skull line,
and there is no open-mouth view to confirm it. There were
no cervical spine films to compare. The X-ray report of
November 1 is very sketchy and incomplete and states

that the tape was broken. 7 The January 11, 1978, films
confirm a fracture-dislocation of the odontoid process.
The radiologist, Richard H. Gold, M.D., interpreted this
as erosion of the dens secondary to rheumatoid disease.
He recommended an open-mouth view, which was never
taken, and tomography, which was never obtained. The
medical records show repeated complaints of head and
neck pain in 1977 and 1978. The September 4, 1978, films
confirm the subluxation of C-1 and C-2 with posterior
displacement, and this is confirmed by the radiology
reports of the UCLA radiology department. Decedent
was never treated for the fracture at the UCLA Medical
Center.

In Dr. Fox' opinion, after reviewing the medical records
and X-rays, the treatment at the medical center was below
the standard of practice. It was *35 below the standard
of practice not to discover the fracture and to fail to
take cervical spine films on November 1, 1977. Because
the earlier films showed no injury, it is reasonable to
assume that the fracture occurred when decedent fell on
November 1.

Dr. Fox was critical of Dr. Forrester's declaration.
Pointing to her statement that ***771 **1143 the
alignment of C-1 and C-2 is normal, he points out that
no films of the cervical spine were taken on November
1 and that the January 11 and September 4 films which
were of the cervical spine show a fracture dislocation
and subluxation of C-1 and C-2. Dr. Fox criticizes Dr.
Forrester's reliance on the absence of prevertebral soft
tissue swelling, stating that the patient did not have time to
develop swelling because the films were taken immediately
after the fall. Dr. Fox also criticizes the third reason
offered by Dr. Forrester for concluding there was no
fracture on November 1—if decedent had sustained a
fracture the patient would have been in too much pain to
rotate her head to the positions required for the skull X-
rays. Dr. Fox states that decedent “obviously did have the

films and did not have to rotate her head to obtain laterals

or AP's or Towne views, no rotation was needed!”

Dr. Fox also challenges the other nondefendant doctors
who filed declarations that the
conformed to the standard of practice. He asserts that

defendant doctors

in view of the history of head injury, the symptoms of
neck pain reported in the nurse's notes, and respiratory
distress, the orothopedic surgeons should have evaluated
the patient's neck. Dr. Fox also asserts internal medicine
specialists and other respiratory specialists, in view of the
symptoms, should have been alert to cervical damage.
Finally, he challenges the general surgeon's declaration,
asserting that it is inappropriate for a general surgeon to
determine the standard of care for arthritic specialists and
a cardiologist.

[S5] [6] The summary judgment procedure, inasmuch
as it denies the right of the adverse party to a trial, is
drastic and should be used with caution. (Eagle Oil &
Ref. Co. v. Prentice (1942) 19 Cal.2d 553, 556, 122 P.2d
264.) Summary judgment is properly granted only when
the evidence in support of the moving party establishes
that there is no issue of fact to be tried. (Code Civ.Proc., §
437c; Lipson v. Superior Court (1982) 31 Cal.3d 362, 374,
182 Cal.Rptr. 629, 644 P.2d 822.)

“The moving party bears the burden of furnishing
supporting documents that establish that the claims of
the adverse party are entirely without merit on any
legal theory.” (Lipson v. Superior Court, supra, 31 Cal.3d
at p. 374, 182 Cal.Rptr. 629, 644 P.2d 822.) “The
affidavits of the moving party are strictly construed and
those of his opponent liberally construed, and doubts
as to the *36 propriety of summary judgment should
be resolved against granting the motion.” (Slobojan v.
Western Travelers Life Ins. Co. (1969) 70 Cal.2d 432, 436~
439, 74 Cal.Rptr. 895, 450 P.2d 271.) “... [I]ssue finding
rather than issue determination is the pivot upon which
the summary judgment law turns.” (Walsh v. Walsh (1941)
18 Cal.2d 439, 441, 116 P.2d 62.)

71 [8] The courts require only that physicians
and surgeons exercise in diagnosis and treatment that
reasonable degree of skill, knowledge, and care ordinarily
possessed and exercised by members of the medical
profession under similar circumstances. (Bardessono v.
Michels (1970) 3 Cal.3d 780, 788, 91 Cal.Rptr. 760, 478
P.2d 480.) In deciding whether physicians and surgeons
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Mann v. Cracchiolo, 38 Cal.3d 18 (1985)
694 P.2d 1134, 210 Cal.Rptr. 762

have met this standard, the trier of fact may infer failure
of the practitioner to have done so in cases in which the
happening of the accident does not normally occur in
the absence of negligence. While other cases may require
expert testimony to establish the standard of care, such
cases do not. (Id., at pp. 788-793, 91 Cal.Rptr. 760, 478
P.2d 480.)

91 o]
the factual statements of Dr. Fox. His
that the November 1 X-ray shows the fracture and
the radiology report fails to show the fracture would

warrant the trier of fact upon reviewing the X-rays

declaration

to conclude that the radiologists were negligent in not
observing what was apparent from the X-rays and taking

appropriate action. Moreover, Dr. Fox's declaration
**%772 **1144 clearly undermines the factual basis for
Dr. Forrester's declaration which forms the basis of the
radiologists' motions for summary judgment.

The trier of fact could also infer that in common X-
ray procedures the patients do not fall in the absence
of negligence and that when patients do fall, the person
positioning the patient is probably the person responsible.

In addition, according to Dr. Fox, the radiologist reports
of January 11 and September 4 reflect a problem as
to C-1 and C-2 and recommend further procedures.
The recommended procedures were not done. A trier of
fact without expert testimony as to the standard of care
could infer that failure to follow the recommendations
constituted negligence. An excuse for failure to follow
the recommendations might require testimony as to the
standard of care, but no excuse has been offered. Without
expert testimony as to the standard of care, the trier
of fact upon viewing the January 11 and September 4
X-rays in the light of Dr. Fox' declaration that they
show the fracture *37 could infer, depending upon their
viewing of the X-rays, that the radiologists should have
identified a fracture and were negligent in not observing it.
Accordingly, entirely apart from his statements as to the
standard of care, Dr. Fox' declaration contained factual
assertions which if accepted would permit a finding of
negligence and it was error for the trial court to reject his
declaration on the grounds that it was conclusory.

[11] In any event, Dr. Fox was competent to testify
as to the standard of care. In Brown v. Colm (1974)
11 Cal.3d 639, 644, 114 Cal.Rptr. 128, 522 P.2d 688,

The trier of fact may infer negligence from

we rejected “an invariable rule which would require in
all cases that an expert must have acquired a personal,
working knowledge of the standard of care at the precise
time when the alleged malpractice occurred.” The court
reasoned in part: “While a layman may not testify to a
fact which he has learned only by reading a medical book,
there is no question that a professional physician may
rely upon medical texts as the basis for his testimony.
(Healy v. Visalia etc. R.R. Co. (1894) 101 Cal. 585, 591-
592 [36 P. 125]; Hope v. Arrowhead & Puritas Waters,
Inc. (1959) 174 Cal.App.2d 222, 230 [344 P.2d 428];
Brownv. Los Angeles Transit Lines (1955) 135 Cal.App.2d
709, 716 et seq. [287 P.2d 810]; Forrest v. Fink (1925)
71 Cal.App. 34, 39-40 [234 P. 860].) Wigmore justifies
the foregoing distinction by pointing out that a medical
doctor possesses a professional experience which gives
him a knowledge of the trustworthy authorities and
the proper sources of information, as well as a degree
of personal observation of the general subject enabling
him to estimate the plausibility of the views expressed.
Furthermore, he opines, it may be impossible to obtain
information on the particular matter except through the
reported data. (2 Wigmore on Evidence (1940) § 665b, pp.
784-785.) ...

“The unmistakable general trend in recent years has been
toward liberalizing the rules relating to the testimonial
qualifications of medical experts. Thus, whereas a number
of earlier cases held that a physician of necessity must
possess the skill ordinarily practiced only in the same
locality (see, e.g., Trindle v. Wheeler (1943) 23 Cal.2d 330,
333 [143 P.2d 932] ), only six years later this requirement
was relaxed so that a physician was deemed qualified
as an expert if he could testify to the practice in a
similar community. (Sinz v. Owens, supra, 33 Cal.2d 749,
756 [205 P.2d 3].) Some early cases were unbending in
requiring expertise as to the precise injury involved in
the litigation, as, e.g., not permitting an autopsy surgeon
to testify on urology (Moore v. Belt (1949) 34 Cal.2d
525 [212 P.2d 509] ). Other authorities, however, have
permitted variations, as, e.g., a pathologist was qualified
to testify as to causes of aseptic necrosis (Agnew v. City
of Los ***773 **1145 Angeles (1950) 97 Cal.App.2d
557, 566 [218 P.2d 66] ); an expert in otolaryngology to
testify regarding plastic surgery (Mirich *38 v. Balsinger
(1942) 53 Cal.App.2d 103 [127 P.2d 639] ); a homeopathic
physician and surgeon to testify on the degree of care
required of a physician educated in the allopathic school
of medicine (Hutter v. Hommel (1931) 213 Cal. 677, 681
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Mann v. Cracchiolo, 38 Cal.3d 18 (1985)
694 P.2d 1134, 210 Cal.Rptr. 762

[3 P.2d 554] ); a pathologist and professor of pathology
to testify on the subject of gynecology (Cline v. Lund
[ (1973) 1, supra, 31 Cal.App.3d [755] at p. 766 [107
Cal.Rptr. 629]).

“There are sound and persuasive reasons supporting this
trend toward permitting admissibility more readily, rather
than rigidly compelling rejection of expert testimony. It
is obvious that an overly strict standard of qualification
would make it difficult and in some instances virtually
impossible to secure a qualified expert witness.” (11 Cal.3d
at pp. 644-646, fn. omitted, 114 Cal.Rptr. 128, 522 P.2d
688.)

The court concluded the determinative issue in each
case must be whether the witness has sufficient skill or
experience in the field so that his testimony would be
likely to assist the jury in the search for the truth, and
“no hard and fast rule can be laid down which would be
applicable in every circumstance.” (11 Cal.3d at p. 645,
114 Cal.Rptr. 128, 522 P.2d 688.) Where a witness has
disclosed sufficient knowledge, the question of the degree
of knowledge goes more to the weight of the evidence than
its admissibility. (Chadock v. Cohn (1979) 96 Cal.App.3d
205, 209, 157 Cal.Rptr. 640.)

Dr. Fox is a diplomate in surgery and neurosurgery,
and it would be unreasonable to assume that he does
not regularly read X-rays and radiologists' reports and
is unfamiliar with the standard of care exercised by
radiologists in reading X-rays and preparing reports.
In considering the claim that Dr. Fox is not shown
competent to testify to the standard of care exercised by
the various other specialists, it must be remembered that
his challenge is they failed to diagnose the broken neck.
The fact that the patient exhibits symptomatology coming
within a particular specialty does not mean that there
is not disease or injury coming within another specialty.
A specialist must be alert to such possibilities and the
need to consult other specialists. The specialist treating
respiratory problems, in other words, must be alert to
the possibility that the respiratory problems are caused in
whole or in part by spinal dislocations and be prepared to
call in neurosurgeons when proper diagnostic procedures
so require.

Defendants argue that as a surgeon and neurosurgeon
Dr. Fox has qualifications not possessed by the other
specialists, that a higher standard of care would be

applicable to a neurosurgeon than to doctors engaged
in other specialties, and that his declaration as to the
standard of care could be rejected on the basis that he
is in a sense overqualified. However, a neurosurgeon is
obviously aware not only of the practice of his speciality
but *39 also the symptomology which leads other
specialists to treat patients coming within his speciality
and to refer patients to neurosurgeons.

[12] Defendants rely on authorities that hold that the
qualification of an expert is ordinarily a matter addressed
to the sound discretion of the court and its ruling will not
be disturbed unless a clear abuse is shown. (Chadock v.
Cohn, supra, 96 Cal.App.3d 205, 208, 157 Cal.Rptr. 640.)
However, the court will be deemed to have abused its
discretion if the witness has disclosed sufficient knowledge
of the subject to entitle his opinion to go to the jury.
(Brown v. Colm, supra, 11 Cal.3d 639, 647, 114 Cal.Rptr.
128, 522 P.2d 688.) As a diplomate of surgery and
neurosurgery, Dr. Fox is qualified to testify as to the
standard of care in reading X-rays, in submitting X-
ray reports, and in diagnosing, and the court abused
its discretion in concluding that there was no proper
foundation.

[13] Defendants also urge that because Dr. Fox was not
listed by plaintiffs as one of their experts for trial, he
could not be called as a witness at trial ( **1146 ***774
Code Civ.Proc., § 2037 et seq.) and that because the
purpose of a summary judgment motion is to determine
whether there are any triable issues of fact, the court in
ruling on the summary judgment motions was required to
disregard Dr. Fox' declaration. At the argument on the
summary judgment motions, plaintiffs asserted that they

had recently obtained the services of Dr. Fox. ?

Code of Civil Procedure section 2037.6 provides that the
court upon such terms as may be just may permit a party
to call an expert witness not included in the list of expert
witnesses so long as the court finds that the party made a
good faith attempt to list expert witnesses, that the party
has given notice to the opposing party in accordance with
section 2037.4, and that as of the date of the exchange
of lists the party would “not in the exercise of reasonable

diligence have determined to call such witness.” 107 «40
Because the trial court might choose to grant relief, the
court ruling on the motions for summary judgment could
not assume that it would not.
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For the foregoing reasons, we conclude that the court
could not properly reject Dr. Fox's declaration on the
grounds it stated. This does not mean that the summary
judgment motions must be denied as to all defendants.
Because the judge rejected Dr. Fox' declaration for all
purposes, he had no occasion to reach the further issue
that the declaration was sufficient to give rise to issues
of fact as to some defendants but not others. Although
Dr. Fox states generally that the physicians should have
been alerted to the fracture on the basis of certain X-
rays and the patient's complaints and symptoms, it is
apparent that many of the defendants were not involved
in the reading of the X-rays reflecting the fracture, and the
declaration does not specify the particular complaints or
symptoms or indicate when they occurred. The statements
that the doctors generally should have been alerted to the
fracture are obviously conclusionary and do not furnish a
basis for denial of the summary judgment motions made
by individual doctors. Upon remand, the judge should
consider as to each defendant whether there is a factual
basis for liability shown by Dr. Fox' declaration or any
additional declaration that may be filed.

PUNITIVE DAMAGES

[14] The summary judgment on the punitive damages
issues must be sustained. Dr. Fox' declaration at most

makes out a case for medical malpractice and does

not justify the claim for punitive damages. There is

no evidence of a conspiracy to conceal, of intentional

performance of useless operations or of attempt to kill. At

most all that was shown in opposition to the motions was

a failure to observe, report or diagnose. Such failure does

not establish intentional misconduct.

***775 **1147 DR. NACHMAN

[15] Summary judgment was properly entered in favor
of Dr. Nachman on March 4, 1981. His declaration may
be summarized: Dr. Nachman specializes in the field
of anesthesiology and examined decedent once for the
purpose of determining her suitability for anesthesia for
an operation. The operation was postponed, and he did
not administer anesthesia. He did not order any X-rays
or interpret or consult any previous X-rays. He did not

*4]1 enter into any agreement to conceal facts regarding
her treatment. In opposition plaintiffs did not offer any

expert declarations. There being nothing to indicate that
Dr. Nachman should have studied the X-rays, that he
was to diagnose decedent's ailments, or that he treated
decedent, the summary judgment was properly granted.

DR. DAVIDSON

[16]

granted on July 15, 1981. ' His declaration states that he
was an intern in the orthopedic department. On October

Dr. Davidson's motion for summary judgment was

23, 1978, he cosigned an order made by a Dr. Gausewitz
for administration of the drug Lasix, and on October 28,
at the decedent's request, he prescribed a sleeping pill,
Dalmane. His examination of decedent was limited to
that necessary to verify the order of Dr. Gausewitz and
to safely prescribe Dalmane. He did not order X-rays or
consult or interpret X-rays. He did not conceal any facts
and did not take any actions to speed decedent's death.
Again, plaintiffs did not offer any expert declarations. The
motion was properly granted.

MOTION TO TAKE JUDICIAL NOTICE

Plaintiffs request this court to take judicial notice of 20
matters. As to a code section and a rule of court, no
motion is necessary. Similarly, the issue table in a Court
of Appeal brief is also properly before us. The remaining
matters all appear to be factual matters which were not
called to the court's attention when it ruled on the motions
for summary judgment and may not be used to vacate the
orders.

APPEAL FROM POSTJUDGMENT ORDERS

[17]
orders, they did not in their opening brief specifically

Although plaintiffs appealed from postjudgment

attack any of those orders. Accordingly, the appeal from
those orders need not be separately considered. (See
Johnston v. Board of Supervisors (1947) 31 Cal.2d 66, 70,
187 P.2d 686; Henderson v. Security Nat. Bank (1977) 72
Cal.App.3d 764, 769, 140 Cal.Rptr. 388; *42 6 Witkin,
Cal.Procedure (2d ed. 1971) Appeal, § 425, pp. 43914393,
§ 442, pp. 4405-4406.)
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The summary judgment of March 4, 1981, in favor of
Dr. Nachman is affirmed. The summary judgment filed
October 26, 1981, is amended to include a provision
denying recovery against Dr. Davidson. That summary
judgment as amended is affirmed insofar as it denies
recovery for punitive damages and any recovery against
Dr. Davidson. In all other respects, the summary
judgment filed October 26, 1981, is reversed. Because
of our reversal of the latter summary judgment, the
postjudgment orders incident to the summary judgment
are nullified (6 Witkin, Cal.Procedure, supra, Appeal, §
542, pp. 4483-4484), except insofar as one of them relates
to punitive damages. To the extent that the postjudgment
order relates to the punitive-damages claim, it is affirmed.
Drs. Nachman and Davidson shall recover their costs on
appeal from plaintiffs and plaintiffs shall recover their
costs, other than that portion relating to their appeals
from the summary judgment in favor of Drs. Nachman
and Davidson, from the remaining respondents.

MOSK, KAUS, REYNOSO, GRODIN and LUCAS, 1J.,
concur.

**%776 BIRD, Chief Justice, concurring.

I write separately because I believe it is important to clarify
the effect of a stay of “all proceedings” for future litigants.
(See maj. opn., ante, at pp. 765-766.) In cases where a stay
is in effect when a motion is noticed, the stay should “stop
the clock” from running either toward a hearing date or
toward a date on which opposition papers are due. Any
other rule permits the clock to run toward conditional,
uncertain dates, leaving the nonmoving party unclear as
to when opposition must be filed and when an appearance
must be made. It is unfair to allow the moving party to
profit from such uncertainty.

Here, hearing on a motion for summary judgment was
noticed for October 15th. Both parties agree that the stay
order would have prevented the trial court from hearing
the motion on that date unless it was lifted. The law
and motion judge clearly informed all parties that while
moving papers could be filed in his department, no hearing
could be held unless the stay order were dissolved.

Under the terms of the local rule, ! the filing of defendants'
motions made plaintiffs' opposition due three to five
days before the noticed hearing date. *43 Yet the stay
rendered both the hearing date and, a fortiori, the deadline

for filing an opposition entirely speculative at the time
notice was given. The hearing could not go forward on the
15th unless an intervening event—the dissolution of the
stay—occurred.

Plaintiffs argue that a stay of “all proceedings” not only
bars a court from hearing a motion, but also the parties
from filing any notice of motion. Alternatively, they argue
that if a filing were allowed, a stay order would toll any
period which would otherwise begin to run when the
motion was filed. If a stay is in effect, a party may not file
a motion and thereby create a deadline for an opponent
which carries adverse consequences.

Judicial definitions of the term “proceeding” might well
have led plaintiffs to believe that either interpretation of
the stay order was correct. “The term ‘proceeding’ may
refer not only to a complete remedy (see [Code Civ.Proc.,]
§ 23) but also to a mere procedural step that is part of a
larger action or special proceeding. [Citations.]” (Rooney
v. Vermont Investment Corp. (1973) 10 Cal.3d 351,367,110
Cal.Rptr. 353, 515 P.2d 297.) Arguably, the term includes
steps taken by the parties as well as by a court. In Lukes
v. Logan (1884) 66 Cal. 33, 4 P. 883, the term was held to
encompass the settlement of a bill of exceptions between
two parties in preparation for a motion for a new trial.
Citing Lukes with approval in Stonesifer v. Kilburn (1892)
94 Cal. 33, 43, 29 P. 332, this court observed that “ ‘[t]he
word [proceeding] is generally applicable to any step taken
by a suitor to obtain the interposition or action of a court.’
” (Italics added, citation omitted.)

In Burns v. Superior Court (1903) 140 Cal. 1, 73 P. 597, the
term “proceedings” was held to include the issuance of a
subpoena by a notary at the request of one party seeking
to depose another. (I/d., at p. 9, 73 P. 597.) Though a
trial court does not act directly in deposition proceedings,
Burns viewed a deposition as “a means furnished by law
for the use of the court for the purpose of enabling it
to obtain the evidence....” (Ibid.) Thus, “[t]he taking of
a deposition is as clearly one of the ‘proceedings' of the
court as was the taking of testimony before the master or
examiner in a suit in equity.” (Ibid.)

As Burns noted, “[t]he word ‘proceeding’ necessarily has
different meanings, according to the context and the
subject to which it relates.... In section 473 of the Code
of Civil Procedure, and in similar statutory provisions of
other states, it has a broader signification, and includes
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any step taken in a case, whether by the court or by one of
the parties thereto. [Citations.] ‘In its more general sense, in
law, it means all the steps or *44 measures adopted in the
**% 7T prosecution or defense of an action.” [Citation.]”
*%1149 (Burns, supra, 140 Cal. at pp. 5-6, italics added,
73 P. 597.)

In light of these holdings, a nonmoving party could
reasonably have concluded that a stay of “all proceedings”
prohibited his opponent from noticing a hearing date
or creating a deadline for the filing of opposition. Such
notice is a prerequisite to having the motion heard. (Code
Civ.Proc., § 1010.) Like the subpoena in Burns, the notice
is the means by which the parties are brought before the
court. Like the settlement of a bill of exceptions, the notice
isa “ ‘step taken by a suitor to obtain the interposition or
action of a court.” ” (Stonesifer v. Kilburn, supra, 94 Cal.
at p. 43, 29 P. 332.) Logically, it is a “proceeding” which
is stayed by a stay of “all proceedings.”

The case law is not the only source which could lead a
nonmoving party to believe that a hearing or opposition
due date is inoperative if a stay is in effect. Conditional
dates are by their very nature inadequate notice. Here,
the October 15th hearing date was a conditional one. The
hearing could not proceed as noticed unless the stay were
dissolved. A fortiori, the deadline for plaintiffs to file their
opposition was conditional and uncertain when the notice
was given.

This ambiguity as to the deadline for filing an opposition
should not be construed against the nonmoving party.
This is particularly true with summary judgment, which
is so final a remedy. The moving party should not be

able to take advantage of his opponent's uncertainty as
to the date on which his opposition papers must be filed.
Furthermore, given the short time available to prepare an
opposition even when the noticed deadline is an operative
one, any uncertainty about the deadline could be critically
unfair to the responding party.

“It is academic that the burden is on the party moving
for summary judgment; because of the drastic nature of
the remedy sought, he is held to strict compliance with the
procedural requisites.” (Department of General Services
v. Superior Court (1978) 85 Cal.App.3d 273, 284, 147
Cal.Rptr. 422.) One “procedural requisite” for any motion
is that the notice of motion specify the date on which
the motion will be heard. (Code Civ.Proc., § 1010.) A
notice which specifies only a conditional hearing date and,
therefore, fixes a conditional date for filing opposition
papers, does not constitute “strict compliance with the
procedural requisites.”

To prevent such problems in the future, this court should
make it clear that a stay of “all proceedings” tolls any
deadlines which come into existence while a stay is in
effect. A stay does not necessarily bar a party from filing a
motion, but a moving party should be required to renotice
any *45 hearing date which was conditional at the time
of the original notice. Such a rule would prevent a moving
party from profiting from an ambiguity created by his own
action and would ensure that the rules of fair notice to an
opponent are respected.

All Citations

38 Cal.3d 18, 694 P.2d 1134, 210 Cal.Rptr. 762

Footnotes
1 Two of the sons are attorneys, and they represent themselves and the other two plaintiffs.
2 During the course of the pretrial proceedings, plaintiffs attempted to disqualify a total of six superior court judges, Judges

Choate, Rittenband, Cole, Chernow, Smith and Sumner. Eight petitions for extraordinary relief have been filed with the
Court of Appeal. Several petitions for hearing have been denied by this court. Plaintiffs filed an action in the federal court
naming three defense counsel, their firm, four judges and a special master as defendants charging that the defendants
were conspiring to deprive plaintiffs of their rights under the federal Constitution. Judgment of dismissal was affirmed with
sanctions. While this appeal was pending, plaintiff filed another federal court action—this time against five of the doctor
defendants and the administrator of the UCLA Medical Center. The action was dismissed with an award of attorney fees
to the defendants, and the dismissal was affirmed with the award upheld on the ground that the action was frivolous.

3 One of the defendant doctors' motions for summary judgment was granted in March and another in July 1981. Those
motions will be discussed later in this opinion. The discussion in the first portion relates to the motions of the remaining
defendants heard on October 15, 1981. Unless otherwise indicated the term defendants refers only to the latter

defendants.
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On October 1, plaintiffs filed another petition for extraordinary relief in the Court of Appeal, which like an earlier petition,
sought to disqualify the special master appointed to preside at depositions, retired Judge Joseph Wapner, and to vacate
Judge Eagleson's order that depositions be held in the courthouse in the presence of a bailiff. The petition was denied,
and we denied a petition for hearing.

Plaintiffs have not argued that the filing was timely under Code of Civil Procedure sections 12 and 12a extending time
for performance of an act when the last day for performance is a holiday.

In 1983, Code of Civil Procedure section 437¢c was amended to provide that the motion for summary judgment must be
made at least on 28 days' notice rather than 10 and that opposition papers must be filed 14 days before the hearing
unless the court for good cause orders otherwise. (Stats.1983, ch. 490, § 1.)

The radiologist's final report of the November 1 X-rays incorporated in several of defendants' declarations states that
decedent fell and the contemplated X-rays could not be completed. It continues [typewriting]: “Skull films were done,
however, and there is a ... [something is written in handwriting but it could not be deciphered].”

Alternatively, if the radiologists did observe the fracture but failed to report it because they ran out of tape, the trier of fact
without expert testimony on the standard of care could infer that the failure to report constituted negligence.

In their brief, plaintiffs state that they were unable to obtain the neurologist they listed as an expert witness.

Code of Civil Procedure section 2037.4 provides: “A party who is required to exchange lists of withesses shall diligently
give notice to the parties upon whom his or her list was served if, after notice of it, he or she determines to call an
expert witness not included in it, and a party shall make available for deposition such expert withesses as he or she
has determined to call and shall immediately make available for inspection and copying all of such expert witness's
discoverable reports and writings.”

Code of Civil Procedure section 2037.6 provides: “(a) The court may, upon such terms as may be just (including but not
limited to continuing the trial for a reasonable period of time and awarding costs and litigation expenses), permit a party
to call a witness, or permit a witness called by a party to testify to an opinion or data on direct examination, during the
party's case in chief where such witness, is required to be, but is not, included in such party's list of expert witnesses
so long as the court finds that such party has made a good faith effort to comply with Sections 2037 through 2037.3,
inclusive, that he has complied with Section 2037.4, and that as of the date of exchange he: [1] (1) Would not in the
exercise of reasonable diligence have determined to call such witness; or [1] (2) Failed to determine to call such witness
through mistake, inadvertence, surprise, or excusable neglect.

“(b) In making a determination under this section, the court shall take into account the extent to which
the opposing party has relied upon the list of expert withesses and will be prejudiced if the withess
is called.”

The summary judgment was not formally entered. It is appropriate to preserve the appeal by amending the summary
judgment filed October 26, 1981, to include a judgment for Dr. Davidson in order to establish an appealable judgment,
and we so order. (See Varjabedian v. City of Madera (1977) 20 Cal.3d 285, 289, fn. 1, 142 Cal.Rptr. 429, 572 P.2d 43.)
See majority opinion, ante, at page 765 of 210 Cal.Rptr., p. 1137, of 694 P.2d.

End of Document © 2019 Thomson Reuters. No claim to original U.S. Government Works.
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In 1474, Venice established a formal statutory patent system (a system of laws) granting a
ten-year monopoly for innovations.

In England, the use of “letters patent” was caught up politically in controversies of the use
of royal monopolies in general. James I of England was forced to cancel all monopolies that
had been granted, but he prevailed in convincing Parliament that those monopolies granted
to inventors for new advances should not be cancelled. It was widely accepted at the time
that the favorable treatment of new technology had been extremely beneficial to England
over the course of the previous three centuries.

-
&

Patent Vocab

A monopoly is a restriction enforced by a government that allows only one entity to do
business in that area. In a patent system, monopolies are given to the one true original
inventor of something that can be sold or made, or of a method that can be used to make a
commercial item.

The resolution of the monopolies problem led to the Statute of Monopolies of 1623 just
before King James I's reign drew to a close, and it is the first formal English legal patent
system and is the basis from which all subsequent English and US patent laws eventually
grew. It took the position that in the future no monopolies could be granted unless they are
for completely novel inventions. It created a grant of monopoly lasting fourteen years that
was available only to “the true and first inventor”

Elements of the 1623 statute were still in force in England despite major revisions and
expansions of patent law in 1843, 1863, 1883, and 1948. Only with the Patents Act of 1977
did the UK formally abandon the 1623 statute completely to harmonize with the patent
law of other European countries. Most importantly, this shifted the system to a “first to
file” instead of the “first to invent” system that was in force in the United States until it was
partially abandoned by legislation in 2011 (see Chapter 6).

The Lessons of Johannes Gutenberg

One of the greatest inventions of all time is the printing press, which led to the wide
availability of books. It is hard for us to even imagine a world without books, but until 1455,
every book or scroll had to be copied by hand, letter by letter, making books extremely



Chapter 2 » History of Patents 15

expensive and rare. The story of the invention illustrates a number of aspects of the
inventing process as well as pointing out the role of patents.

Making Coins and Souvenirs

Johannes Gutenberg was trained in the craft of making coins. To do this, the gold or silver
would be heated to a liquid, and then poured into a disklike mold. The craftsman would
engrave the markings of the coin onto a punch. The punch would then be hammered onto
the face of the coin, and the soft metal would flow a bit so that the coin surface would have
the reverse image of the engraving on the punch.

This method of manufacturing coins was quite ancient even then. Craftsmen learned the
method just as their ancestors had before them for thousands of years.

Gutenberg wanted to make a private business based on mass producing something like

a coin. He hit on the idea of making souvenirs for an annual religious pilgrimage that

was drawing over 100,000 people each year to the town of Aachen in Germany. He made
numerous copies of the punch engraving for this souvenir with a plan to line up scores of
these punches on a board. He would then use the workings of a wine press to drive all of
the punches into a sheet of soft metal at the same time, making dozens of souvenirs in one
stroke. Soon he had thousands to sell.

The plan was foiled by a plague, which caused the pilgrimage to be cancelled. Gutenberg was
left with the now-useless wine press and metal, which had cost him a great deal.

The Printing Press

Gutenberg’s disappointment was followed by a flash of genius: he could engrave a different
letter on each punch, then use the press to make them all apply ink to a page of paper, which
would lead to the mass production of books. But he had a series of technical challenges to
solve.

One challenge he faced was how to extend the letters from each punch after the fine lines
were cut. His solution was to engrave molds of each letter and pour the metal so that each
letter would be like a punch, but raised rather than indented. He had to experiment with
metals to find a mixture that would pour well into the fine lines of the letters, yet hold up
when pressed against paper many times. He had to find a paper that could rapidly absorb
the ink, and he had to find an ink that would adhere to the letter blocks—the movable
type—without running.

The type blocks were movable so that a small number of blocks could be rearranged to make
the words on a given page, print numerous copies, and then make up the words of a new

page.
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The whole development process lasted two decades, consuming money from his family and
from various partners, all along keeping the nature of the project secret—even from some
of the investors. Eventually, the cost of investment became extremely large, yet he had no
product to sell and no proof that the whole thing would ever work.

He finally began to experiment by printing simple schoolbooks referred to as the Donatus,
but they had many flaws. Gradually, however, the technical problems were solved and a
reliable working process was developed.

When the process was finally honed, Gutenberg printed his first commercial product: a
mass-produced Bible. Just as the Bible was ready to be released, his partner Johann Fust
called in all the loans and took just about everything Gutenberg had—a judge allowed
Gutenberg to keep his home and one older press. Fust and a partner then printed the
Bibles, listing themselves as the publishers, not even allowing Gutenberg’s name to appear
anywhere on the Bible. Others immediately understood what had been done; the secret was
out and others immediately began to print books.

Because Gutenberg had no intellectual property rights, because there were no patents, all of
the investment, all of the genius and passion, all of the wondrous benefits the world would
see in the 450 years between the first Bible and the first e-book were of no monetary value at
all for the inventor.

The story highlights some of the important ways that inventions are identified. There was
clearly an enormous unmet need for books. The fundamental elements of the technology
were there for anyone to use. The printing press could have been built in ancient Greece
or by anyone over a 2,000-year spread of time, but it was one person, Gutenberg, who had
made it happen. His work demonstrates a key feature of inventions called nonobviousness.

Gutenberg brought together a wine-making machine,
g‘;:.f a new twist on engraving and coin making, and the
E

( <SS . ancient tradition of copying texts—three separate
areas of technology—to make something that was
greater than the sum of its parts.

Patent Vocab : . . .
Simply putting a wine press, a coin punch, and a
Most patent laws require that copied biblical scroll next to each other would not
an invention be “nonobvious. accomplish the synthetic development of a new

It must significantly advance
what is cfrrently k?\l own in a technology—the printing press of movable type. One

way that would not occur to a can safely say that nearly no one else in the world
knowledgeable but noncreative who saw those three objects next to each other would
person. think to put them together to mass-produce books;

it’s not an obvious use of those objects.
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