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MEMORANDUM OF POINTS AND AUTHORITIES

L INTRODUCTION.

In July of 2012 Plaintiff walked into a glass door and hit his head on the door. He then
started having symptoms of concussion. Plaintiff had a MRI scan which did not show any
evidence of a brain bleed or brain damage. Plaintiff then went to a neurologist, Dr. Chang. Dr.
Chang began treating him for his concussion symptoms with the hopes that the symptoms would
resolve in a few weeks like most concussions. However, Plaintiff’s symptoms have continued to
last, so Dr. Chang diagnosed Plaintiff with post-concussive syndrome. Dr. Chang tried various
treatments and medications and was not having any luck treating Plaintiff’s symptoms. Then Dr.
Chang had advanced neuroimaging studies performed on Plaintiff with the hopes that it would
provide some ideas of some different treatments that she could try. At the time the advanced
imaging studies were performed Dr. Chang had already diagnosed Plaintiff with post concussive
syndrome. She was not using the advanced imaging studies to diagnose brain injury. The
advanced imaging studies merely confirmed what Dr. Chang already diagnosed.

Defendant disputes that Plaintiff has a mild traumatic brain injury and is blaming his
underlying medical history and depression for the symptoms that Plaintiff is experiencing.
Defendant is seeking to exclude any and evidence relating to-the advanced neuro imaging studies. |
that were performed. Defendant cites to one article amidst the hundreds of articles on this issue to
support its’ contention that advanced neuroimaging is unreliable across the board. This court
should not be persuaded.

IL ADVANCED NEUROIMAGING TECHNIQUES ARE RELJABLE AND

ACCEPTED IN THE SCIENTIFIC COMMUNITY TO DETERMINE THE

EXTENT OF PLAINTIFE’S TRAUMATIC BRAIN INJURY.

The federal courts have already determined admissibility of advanced neuroimaging. In
White v. Deere & Company, Slip Copy, 2016 WL46290, Defendant moved to exclude the
opinions of Plaintiff’s expert Dr. Benson. Dr. Benson opined Plaintiff suffered a traumatic brain
injury and based that opinion in part on DTI (advanced neuro imaging). The Court denied

Defendant’s motion to exclude Dr. Benson’s opinions based on DTI because it found DTI to be
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reliable and relevant. The Court noted DTI finds have been admitted by multiple courts. Id. at 10-

12. “In df, the evidence submitted shows DTI has been tested and has a low error rate; DTI has

been subject to peer review and publications; and DTI is generally accepted method for detecting
TBL” Id. The Court also noted Dr. Benson’s conclusion of TBI was not based solely on the DTI
findings but on other sources of data. Id at 5. See Exhibit 1 to Taylor Rayfield’s Declaration,
Slip Copy of Opinion. |

Other federal courts have similarly concluded that DTI is a reliable tool, and that the
findings of DTI may be testified to by appropriate experts. See Andrew v. Patterson Motor
Freight, Inc. (W.D. La. Oct. 23, 2014) 2014 WL 5449732; Chiulli v. Newberry Fine Dining Inc.,
No. 10-10488-JLT (D. Mass. Sept. 30, 2013) 2013 WL 5494723; Ruppel v. Kucanin (N.D. Ind.
2011) 2011 WL 2470621 (“the evidence shows that DTI and analysis of white matter in DTI
images are generally accepted methods for determining mild TBI”); Booth v. Kit (D.N.M. Mar. 23,
2009) 2009 WL 4544743,

Here, Dr. Chang is not using the advanced neuro imaging solely to form her opinions about
Plaintiff’s brain injury. Dr. Chang already formed the opinion that Plaintiff was suffering from

post concussive syndrome before she even did the advanced neuro imaging. This imaging simply

‘confirmed what Dr. Chang had already diagnosed, that Plaintiff has a brain injury.

Advanced neuro imaging has been admitted in this very Courthouse. In fact Judge Feffer
allowed evidence of a functional MRI into evidence in 2014. In an unpublished California case,
Diao v. Southern California Gas Company, the Second District, Division 1, Court of Appeals
affirmed a lower court judgment which considered evidence of an abnormal fMRI for purposes of
proving mTBI caused by the blasting force of ignited natural gas. (Dido v. Southern California
Gas Company (Jan. 8, 2016) 2016 WL 110000 [not officially published].) While not specifically
deciding on the admissibility of the fMRI, the Court of Appeals concluded that the fMRI, along
with a SPECT scan, neuropsychological testing, constituted substantial evidence of TBI. (/d. at p.
8.) Judge Feffer allowed the fMRI into evidence in 2014 as evidence that the Plaintiff suffered a

TBIL
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Other State court too have determined that DTI is reliable and generally accepted in the
medical community. For example, New York has led the way in helping the legal community
recognize the reliability and accuracy of DTI that the medical community accepted years ago. In
Lamasa v. Bachman, a published opinion in which the New York appellate court held that DTI
evidence was properly admitted as it could not be characterized as novel science, but rather,
“objective medical tests.” Lahasa v. Bachman, 869 N.Y.S. 2d 17, 18. As the trial court stated,
“DTI provides anatomical information about tissue structure and composition,” the properties of
which can often by correlated with disease and traumatic brain injury. Lamasa v. Bachman, 2005
N.Y. Slip Op. 50882(U) (N.Y. Sup. Ct. April 13, 2005) 2005 WL 1364515, at fin. 3.

In an article entitled, A Decade of DTI I Traumatic Brain Injury: 10 years and 100 Articles
Later, the American Journal of NeuroRadiology (2013) reported the findings of Hulkower, et al.
who concluded that “A unifying theme can be deduced from this large body of research: DTI is an
extremely useful and robust tool for the detection of TBI-related brain abnormalities.” See Exhibit
3 to Rayfield Dec, “Clarifying the Robust Foundation for and Appropriate Use of DTI in mTBI
patients.”

Further studies support use of fMRI for traumatic brain injury patients. In the Journal of
Neurotrauma (July 15, 2016), “Is Resting State Functional Connectivity in Mild Traumatic Brain
Injury at the Acute Stage: Independent Component and Seed Based Analysis,” fMRI is a viable
alternative in detecting injury related abnormalities that structural MRI’s do not. Rayfield Dec.
Exhibit 4.

The Radiological Society of North America (October 2012), “Default Mode Network
Disruption in Mild Traumatic Brain Injury” utilized fMRI to measure reduced connectivity in the
PCC and parietal regions and increased frontal connectivity around the MPFC in patients with
mild traumatic brain injury. See Rayfield Dec., Exhibit 5.

The Journal of the American Medical Association, “Resting State Functional Magnetic
Resonance Imaging Activity and Connectivity and Cognitive Outcome in Traumatic Brain

Injury,” discussed fMRI abnormalities in signal amplitude and brain connectivity at rest and their
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relationship to cognitive outcome in patients with chronic and severe axonal injury. Rayfield Dec.
Exhibit 6.

The Journal of Neurotrauma (June 1, 2016), “Is Traumatic Brain Injury Associated with
Reduced Inter-Hemispheric Functional Connectivity? A Study of Large Scale Resting State
Networks following Traumatic Brain Injury” discussed resting state fMRI and how it was utilized
to display a specific pattern of aberrant FC following a traumatic brain injury. Rayfield Dec.
Exhibit 7.

Thus, as Plaintiff’s experts will state, the advanced neuroimaging is like other imaging
modality where it does not reveal the etiology of a particular pathology all by itself. In the case of
traumatic brain injury the advanced neuroimaging studies is used in conjunction with clinical data,
such as historical data, physical examination, and neurological examination. It is disingenuous to
assert that advanced neuroimaging should be, in and of itself, diagnostic of TBI or any other
pathology as no radiologic technique is used in isolation.

Functional MRI’s are not a novel area of scientific inquiry as Defendants imply in their
moving papers. DTI/fMRI is widely and routinely used with their very own CPT insurance codes.
A set of CPT codes was assigned to fMRI by the AMA in 2007 (70554, 70555, 96020) allbwing
radiology facilities to bill insurance companies. The following is from the Practice Guidelines.
published by the American College of Radiology concerning fMRI:

“The guidelines are an educational tool designed to assist practitioners in providing
appropriate radiologic care for patients. The ultimate judgment regarding the propriety of any
specific procedure or course of action must be made by the physician or medical physicist in light
of all the circumstances presented. Thus, an approach that differs from the guidelines, standing
alone, does not necessarily imply that the approach was below the standard of care. To the
contrary, a conscientious practitioner may responsibly adopt a course of action different from that
set forth in the guidelines when, in the reasonable judgment of the practitioner, such course of
action is indicated by the condition of the patient, limitations on available resources, or advances
in knowledge or technology subsequent to publication of the guidelines. The practice of medicine

involves not only the science but also the art of dealing with the prevention, diagnosis, alleviation,
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and treatment of disease...all that should be expected is that the practitioner will follow a
reasonable course of action based on current knowledge, available resources, and the needs of the
patient to deliver effective and safe medical care.”

Regarding qualifications of responsible personnel:

“The physician supervising and interpreting fMRI must be clinically informed and
understand the specific questions to be answered prior to the procedure in order to plan and
perform it safely and effectively. Additionally, physicians performing this procedure should have
experience or formal training in performing fMRI.”

Dr. Randall Benson who presented at the U.S. Army Telemedicine and Advanced
Technology Research Command sponsored the “Diffusion MRI TBI Roadmap Development
Workshop”, wherein the acknowledged purpose was, “DTI has detected abnormalities associated
with brain trauma at several single centers and the workshop seeks to identify and remove
barriers to rapid translation of advanced diffusion MRI technology for TBI...in order to expedite
getting the benefits of diffusion MRI to reach those who need it most, especially injured soldiers
and veterans.” As one of 50 or so “experts from academia, industry, government agehcies and
several European nations,” He also presented in a session entitled, “Experience in Neuroimaging
Translation to Clinical Use.” His talk entitled, “Global and Voxel-based approaches to DTI .in
TBI” included a comprehensive approach to imaging mild TBI, which was the culmination of over
six years of peer-reviewed published research on DTI and TBI. He used both group and single
cases to demonstrate the clinical validity and reliability of DTI in TBI. In addition to
demonstrating the excellent correlation between DTI and injury severity, he showed repeatability
of DTI for a single mTBI case scanned in two different cities, and for a different mTBI case
scanned twice 6 weeks between scanning sessions. He also used a third mtbi case to demonstrate
the excellent correspondence between hemorrhage location (using suéceptibility imaging) and
abnormally low FA on DTI in these cases. Other speakers presented data showing the correlations
of DTI with neurocognitive outcome and experience using DTI on Iraq war veterans.

Finally, like Dr. Benson’s DTI analysis of his database and known rate of error, Dr. Chang

also has a database for analysis with a known rate of error and standard deviation.
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In conclusion it is generally accepted in the scientific community throughout the peer
review literature that advanced neuro imaging is a reliable and accurate tool to detect microscopic
damage done to the brain.

Defendant relies on an article authored by M. Wintemark, P.C. Sanelli, Y. Anzai, A.J.
Tsiouris, and C.T. Whitlow. These authors have been critiqued in their positions in an article
published in the American Journal of Bioethics Neuroscience April-June, Volume5, Number 2,
2014, the authors, Michael Lipton and Eric Bigler state, “The misleading and often entirely
unsubstantiated opinions and positions of Wortzel, Tsiouris, and Filippi (2014), in opposition to
diffusion tensor imaging (DTI) as a useful measure in mTBI, are at odds with the clear consensus
of the scientific literature fegarding mild traumatic brain injury (mTBI), its clinical assessment,
and its natural history. The authors’ critique contains numerous errors.” Rayfield Dec, Exhibit 8.

Dr. Chang is a neurologist and expert in this matter. She is intimately familiar with the
field of advanced neuroimaging. She uses advanced neuroimaging in her medical practice as one
more piece of data to attempt to synthesize several independent lines of evidence. Dr. Chang has
been Plaintiff’s treating physician since July of 2012. Based on the symptoms that Plaintiff was
having and his medical history Dr. Chang diagnosed Plaintiff with post concussive syndrome.
After this diagnosis was made, Dr. Chang used advanced neuroimaging which gave further
support to her opinions.

1. CONCLUSION.

For the reasons stated above, Defendants’ motion should be denied in its entirety.

However, if the Court is not willing to deny this motion then Plaintiff requests a 402 hearing.

DATED: May 8, 2017 GREEI‘E{R JLER, LLP

Bruce A. Broillet, Esq.
Alan Van Gelder, Esq.
Taylor Rayfield, Esq.

Attorneys for Plaintiffs

-6-
Plaintiffs' Opposition to Defendants' Motion in Limine No. 3




GREENE BROILLET & WHEELER, LLP
P.0. BOX 2131
SANTA MONICA, CA 90407-2131

1C03.A56

O W N R W N

N N NN N NN NN e e e g e e ped e pa
0 N N kR W= OO NN N R WY -

DECLARATION OF TAYLOR RAYFIELD

I, TAYLOR RAYFIELD, declare and say that:

I am an attorney at law licensed to practice before all of the courts of the State of
California, and am a member of the law firm of Greene Broillet & Wheeler, LLP, attorneys of
record for plaintiff. As such, I have personal knowledge of the facts surrounding the present
action and all facts herein stated. If called as a witness, I could testify competently to the
following:

1. Attached as Exhibit 1 is a true and correct copy of the slip copy of White v. Deere &
Company, Slip Copy, 2016 WL 46290.

2. Attached as Exhibit 2 is a true and correct copy of the Declaration of Dr. Benson, the
expert in the White v. Deere & Company matter. Dr. Benson’s declaration is attached for the
purposes of providing the court with the data Plaintiff’s expert, Dr. Chang will explain.

3. Attached as Exhibit 3 is a true and correct copy of the article “Clarifying the Robust
Foundation for and Appropriate Use of DTI in mTBI patients.”

4. Attached as Exhibit 4 is a true and correct copy of an article published in the Journal of
Neurotrauma (July 15, 2016), “Is Resting State Functional Connectivity in Mild Traumatic Brain
Injury at the Acute State: Independent Component and Seed-Based Analysis.”

5. Attached as Exhibit 5 is a true and correct copy of an article published by the
Radiological Society of North American (October 2012), “Default-Mode Network Disruption in
Mild Traumatic Brain Injury.”

6. Attached as Exhibit 6 is a true and correct copy of an article published in the Journal of
the American Medical Associated, “Resting-Stage Functional Magnetic Resonance Imaging
Activity and Connectivity and Cognitive Outcome in Traumatic Brain Injury.

7. Attached as Exhibit 7 is a true and correct copy of an article published in the Journal of
American Medical Association, “The Journal of Neurotrauma (June 1, 2016), “Is Traumatic Brain
Injury Associated with Reduced Inter-Hemispheric Functional Connectivity? A Study of Large
Scale Resting Networks following Traumatic Brain Injury” discussed resting state fMRI and how

it was utilized to display a specific pattern of aberrant FC following a traumatic brain injury.
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1 8. Attached as Exhibit 8 is a true and correct copy of an article published by American
2 || Journal of Bioethics Neuroscience April-June, Volume5, Number 2, 2014 titled “Clarifying the
3 | Robust Foundation for and Appropriate Use of DTI in mTBI Patients.”
9. Attached as Exhibit 9 is a true and correct copy of the unpublished opinion Diao v.
Southern California Gas Company.
10. Attached as Exhibit 10 is a true and correct copy of Lamasa v. Bachman, (N.Y. Sup.
Ct. April 13,2005) 869 N.Y.S. 2d 17.
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I declare under penalty of perjury under the laws of the State of California that the
10 || foregoing is true and correct.

11 Executed this 8" day of May, 2017, at Santa Monica, California.

12

14

TAYLOR RAYF IEL, ESQ.
15 vDeclarant

16

SANTA MONICA, CA 90407-2131
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White v. Deere & Company, Slip Copy {2016)

2016 WL 462960
_ Only the Westlaw citation is currently available.
United States. District Court,
D. Colorado.

Miriam White, Plaintiff,
v.
Deere & Company, John Deere Limited,
and John Does 1-5, Defendants.

Civil Action No. 13-cv-02173-PAB-NYW

I
Signed February 8, 2016

Attorneys and Law Firms

Alejandro Daniel Blanco, Blanco Law Firm, PC,
- Glendale, CA, Richard P. Poormon, Riggs, Abney, Neal,
Turpen, Orbison & Lewis, PC, Denver, CO, Stephen
Reed Morgan, S. Reed Morgan, P.C., Comfort, TX, for
Plaintiff.

Jacqueline Ventre Roeder, Charles L. Casteel, Jordan Lee
Lipp, Davis Graham & Stubbs, LLP, Denver, CO, for
Defendants.

ORDER
PHILIP A. BRIMMER, United States District Judge

*1 This matter is before the Court on defendants' Motion
to Exclude Randall Benson's Opinions Derived from
Neuroimaging [Docket No. 103].

I. BACKGROUND

This is a products liability action that arises out of an
accident that occurred on August 17, 2011 while plaintiff
Miriam White was operating her Deere Model 4600
compact utility tractor and Model 460 loader. Ms. White
claims that she suffered facial injuries and traumatic brain
injury (“TBI”) as a result of a hay bale falling onto her
head while she was operating the tractor. Docket No. 103
at 1. Ms. White alleges that her tractor had design defects
that created an unreasonable risk of injury from falling
hay bales and that her injuries resulted from these defects.
Docket No. 150 at 2-3.

Ms. White has designated Randall Benson, a.board-
certified neurologist, as a medical expert. Docket No.
103 at 1. Dr. Benson opines that Ms. White suffered
a traumatic brain injury as a result of the August 17,
2011 incident. Docket No. 116-3 at 18. He bases his
opinion, in part, on results derived from a Magnetic
Resonance Imaging (“MRI”) sequence called diffusion
tensor imaging (“DTT”). Id at 20-21. Defendants move
to exclude Dr. Benson's DTI findings on two grounds.
First, defendants argue that Dr. Benson's DT findings are
unreliable. Docket No. 103 at 3. Second, defendants argue
that Dr. Benson's DTI findings will not assist the trier
of fact to determine whether Ms. White's alleged brain
injuries were caused by the August 17, 2011 accident. Id.
at4.

II. FEDERAL RULE OF EVIDENCE 702
Rule 702 of the Federal Rules of Evidence provides that:

A witness who is qualified as
an expert by knowledge, skill,
experience, training, or education
may testify in the form of an
opinion or otherwise if: (a) the
expert's scientific, technical, or other
specialized knowledge will help the
of fact to understand the
evidence or to determine a fact in
issue; (b) the testimony is based
on sufficient facts or data; (c) the
testimony is the product of reliable
principles and methods; and (d)
the expert has reliably applied the
principles and methods to the facts
of the case.

trier

Fed. R. Evid. 702. As the rule makes clear, while required,
it is not sufficient that an expert be qualified based upon
knowledge, skill, experience, training, or education to give
opinions in a particular subject area. Rather, the Court
must “perform[ ] a two-step analysis.” 103 Investors I, L. P.
v. Square D Co., 470 F.3d 985, 990 (10th Cir. 2006). After
determining whether the expert is qualified, the specific
proffered opinions must be assessed for reliability. See id.;
Fed. R. Evid. 702 (requiring that the testimony be “based
on sufficient facts or data,” be the “product of reliable
principles and methods,” and reflect a reliable application
of “the principles and methods to the facts of the case”).

WESTLAYW € 2018 Thomson Reutars. No olaim (0 originel U8, Govermment Works, 1
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Rule 702 imposes on the district court a “gatekeeper
function to ‘ensure that any and all scientific testimony
or evidence admitted is not only relevant, but reliable.” ”
United States v. Gabaldon, 389 F.3d 1090, 1098 (10th Cir.
2004) (quoting Daubert v. Merrell Dow Pharmaceuticals,
Inc., 509 U.S. 579, 589 (1993)). To perform that function,
the Court must “assess the reasoning and methodology
underlying the expert's opinion, and determine whether it
is both scientifically valid and applicable to a particular set
of facts.” Dodge v. Cotter Corp.,328 F.3d 1212, 1221 (10th
Cir. 2003) (citing Daubert, 509 U.S. at 592-93). Where an
expert relies on experience, the expert
that experience leads to the conclusion reached, why that
experience is a sufficient basis for the opinion, and how
that experience is reliably applied to the facts.” ” United
States v. Medina-Copete, 757 F.3d 1092, 1104 (10th Cir.
2014) (quoting Fed. R. Evid. 702, advisory committee
notes).

must explain how

*2 Although it is not always a straightforward exercise to

disaggregate an expert's method and conclusion, when the
conclusion simply does not follow from the data, a district
court is free to determine that an impermissible analytical
gap exists between premises and conclusion. Gen. Elec.
Co. v. Joiner, 522 U.S. 136, 146 (1997). In examining
an expert's method, however, the inquiry should not be
aimed at the “exhaustive search for cosmic understanding
but for the particularized resolution of legal disputes.”
Daubert, 509 U.S. at 597. It is the specific relationship
between an expert's method, the proffered conclusions,
and the particular factual circumstances of the dispute
that renders testimony both reliable and relevant.

In addition to the expert having appropriate qualifications
and methods, the proponent of the expert's opinions must
demonstrate that the process by which the expert derived
his or her opinions is reliable. United States v. Crabbe, 556
F. Supp. 2d 1217, 1220 (D. Colo. 2008). When assessing
reliability, “the court may consider several nondispositive
factors: (1) whether the proffered theory can and has been
tested; (2) whether the theory has been subject to peer
review; (3) the known or potential rate of error; and (4)
the general acceptance of a methodology in the relevant
scientific community.” 103 Investors I, 470 F.3d at 990
(citing Daubert, 509 U.S. at 593-94). These considerations
are not exhaustive. Rather, “the trial judge must have
considerable leeway in deciding in a particular case how to
go about determining whether particular expert testimony
is reliable.” Kumho Tire Co. v. Carmichael, 526 U.S. 137,

152 (1999). Ultimately, the test requires that the expert
“employs in the courtroom the same level of intellectual
rigor that characterizes the practice of an expert in the
relevant field.” Id.

While plaintiff, as the proponent of the challenged
testimony, has the burden of establishing admissibility,
the proffer is tested against the standard of reliability,
not correctness; she need only prove that “the witness has
sufficient expertise to choose and apply a methodology,
that the methodology applied was reliable, that sufficient
facts and data as required by the methodology were used
and that the methodology was otherwise reliably applied.”
Crabbe, 556 F. Supp. 2d at 1221.

Once the standard of reliability “is met, the court will still
consider other non-exclusive factors to determine whether
the testimony will assist the trier of fact: (1) whether the
testimony is relevant; (2) whether it is within the juror's
common knowledge and experience; and (3) whether it will
usurp thejuror's role of evaluating a witness'[ ] credibility.”
United States v. Rodriguez-Felix, 450 F.3d 1117, 1123
(10th Cir. 2000).

In sum, assuming an objection is properly made, expert
testimony must be excluded if the expert is unqualified to
render an opinion of the type proffered, if the opinion is
unreliable, if the opinion will not assist the trier of fact, or
if the opinion is irrelevant to a material issue in the case.

1. ANALYSIS
Defendants do not challenge Dr. Benson's qualifications,

the application of MRI techniques other than DTI,1
or the four sources of data other than DTI on which
Dr. Benson bases his conclusions. defendants' challenge
focuses squarely on Dr. Benson's use of DTI and his
opinions based on DTI. The Court's Practice Standards
regarding Rule 702 objections require that the party
seeking to exclude an opinion of an opposing expert
identify the opinion sought to be excluded. See Practice
Standards (Civil Cases), Judge Philip A. Brimmer, § II1.G.
The only specific opinion that defendants identify in their
motion is Dr. Benson's fifth piece of evidence regarding
brain imaging, including DTI. Docket No. 103 at 2.
The Court therefore assumes that the opinion defendants
seek to exclude is that finding in Dr. Benson's report
that states as follows: “DTI voxel-wise analysis revealed
a large number of white matter tracts with abnormally

WESTLAY  © 2016 Thomson Reulers. No dlaim {o originel UG, Government Woirks,
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reduced FA.” Docket No. 116-3 at 20. Dr. Benson also
refers to these findings later in his report in support
of his conclusion that the DTI “reveals axonal injury
predominantly in bilateral frontal lobes.” Id. at 21-22.

In their reply, defendants appear to broaden their
argument to include Dr. Benson's conclusions drawn
from Susceptibility Weighted Imaging (SWI) and
Fluid Attenuated Inversion Recovery (FLAIR)
imaging. Docket No. 130 at 3. Defendants admit
that SWI and FLAIR are “methodologically sound.”
Id. A party generally may not raise an issue for the
first time in a reply brief. See Ulibarri v. City &
Cty. of Denver, No. 07-cv-01814-WDM-MIW, 2011
WL 1336388, at *2 (D. Colo. April 6, 2011) (citing
Hill v. Kemp, 478 F.3d 1236, 1250 (10th Cir. 2007));
LNV Corporation v. Hook, No. 14-cv-00955-RM-
CBS, 2015 WL 5679723, at *3 (D. Colo. Sept. 25,
2015) (citing Conroy v. Vilsack, 707 F.3d 1163, 1179
n.6 (10th Cir. 2013)). Accordingly, the Court will not
consider defendants' arguments related to SWI and
FLAIR imaging.

A. Reliability of DTI for Identifying a TBI

*3 Defendants argue Dr. Benson should be precluded
from presenting his opinions based on DTI because DTI
is unreliable as a means for diagnosing individual patient
injuries. Docket No. 103 at 3. Defendants cite a November
2014 research paper by Wintermark et al. that finds DTI
to be suitable only for research and concludes that there is
insufficient evidence to support its routine clinical use at
the individual patient level. Docket No. 103 at 3-4; Docket
No. 103-1 at 76.

Plaintiff responds that the non-exclusive Daubert
reliability factors establish that Dr. Benson's opinions
based on DTI are admissible. Docket No. 116 at 11-14.
While the Wintermark article may undermine the weight
of Dr. Benson's DTT findings, plaintiff cites articles that
support DTT's reliability. See, e.g., Docket No. 116-1
at 7, § 10; Docket No. 116-6. The articles cited by
plaintiff appear to support the conclusion that DTIis
a generally accepted diagnostic measure for TBI. One
peer-reviewed article cited by plaintiff reviews the last
decade of research conducted on DTI and finds that
“[a] unifying theme can be deduced from this large body
of research: DTI is an extremely useful and robust tool
for the detection of TBI-related brain abnormalities.
The overwhelming consensus of these studies is that low
white matter FA [fractional anisotrophy] is characteristic

of TBIL.” M.B. Hulkower et al.,, 4 Decade of DTI in
Traumatic Brain Injury: 10 Years and 100 Articles Later,
34 AM JNEURORADIOL 2064, 2071 (2013). This article
also found “an overwhelming consensus that imaging
abnormalities detected with DTI are associated with
important clinical outcomes. This further validates DTI
as a meaningful measure of clinically important brain
injury.” Id. Another peer-reviewed article cited by plaintiff
states that the “overwhelming consensus of a substantial
body of scientific inquiry supports DTI for detecting
pathology in [mild TBI (“mTBI”) ] patients,” Docket No.
116-6 at 4, and directly challenges the criticisms of DTI
proffered by defendants' expert, Dr. Hal Wortzel. Id. at
2 (“The misleading and often entirely unsubstantiated
opinions and positions of Wortzel, Tsiouris, and Filippi
(2014), in opposition to diffusion tensor imaging (DTI)
as a useful measure in mTBI, are at odds with the clear
consensus of the scientific literature regarding [mTBI], its
clinical assessment, and its natural history.”). The Court
notes that the November 2014 research paper cited by
defendants acknowledges that “there is evidence from
group analyses that DTI can identify TBI-associated
changes in the brain across a range of injury severity, from
mild to severe TBI. Evidence also suggests that DTI has
the sensitivity necessary to detect acute and chronic TBI-
associated changes in the brain, some of which correlate
with injury outcomes.” Docket No. 103-1 at 78. Thus,
the Court finds that defendants have not shown that
the November 2014 research paper, or other evidence,
establishes that DTI is an unreliable technology to detect
mild TBI-associated changes in the brain.

In his affidavit, Dr. Benson discusses some of the testing
that he has conducted “to demonstrate the clinical validity
and reliability of DTI in TBI” as part of his work with
the U.S. Army Telemedicine and Advanced Technology
Research Command at a “Diffusion MRI TBI Roadmap
Development Workshop.” Docket No. 116-1 at 11-12,
9 18. As part of his research for his presentation at
that workshop, Dr. Benson found “excellent correlation
between DTI and injury severity” and “repeatability of
DTI for a single mTBI case scanned in two different
cities.” Id. Dr. Benson also notes that “[o]ther speakers
presented data showing the correlations of DTI with
neurocognitive outcome and experience using DTT on
Iraq war veterans.” Id. Dr. Benson states the known rate
of error for DTT analysis is .4%, Docket No. 116-1 at 14,
9 28; however, he provides no support for this rate.
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*4 Application of the four non-dispositive 103 Investors
factors supports plaintiff's argument that DT1 is a reliable
methodology. See 103 Investors I, 470 F.3d at 990 (citing
Daubert, 509 U.S. at 593-94). Regarding whether DTI can
be and has been tested, Dr. Benson's affidavit discusses the
testing he has conducted to confirm DTI results. Docket
No. 116-1 at 11-12, § 18. The publications and workshops
cited by Dr. Benson support the conclusion that DTI has
been subjected to peer review and is generally accepted in
the medical community as a tool for detecting TBI. Id.
at 10-12, 9 16, 18. While plaintiff has not supported her
argument that DTI has a known error rate, no single /03
Investors factor is dispositive. See 103 Investors I, 470 F.3d
at 990 (citing Daubert, 509 U.S. at 593-94). The Court
notes that DTI findings have been admitted by multiple
courts. Andrew v. Patterson Motor Freight, Inc., 2014 WL
5449732, at *8 (W.D. La. Oct. 23, 2014) (“In sum, the
evidence submitted shows DTI has been tested and has
a low error rate; DTI has been subject to peer review
and publication; and DTI is a generally accepted method
for detecting TBI.”) (citation omitted); Ruppel v. Kucanin,
2011 WL 2470621, at *6 (N.D. Ind. June 20, 2011) (finding
DTI to be a reliable method); Booth v. KIT, Inc., 2009 WL
4544743, at *3 (D.N.M. Mar. 23, 2009) (denying motion
to exclude expert testimony regarding findings from DTT).
Accordingly, the Court finds that plaintiff has carried its
burden of showing that DTI is a reliable technology and
that Dr. Benson applied a reliable methodology in arriving
at his challenged opinion.

B. “Fit” of Dr. Benson's DTI Findings
Defendants argue that Dr. Benson's opinions derived from
DTI do not “fit” this case. Docket No. 103 at 4; see
Bitler v. A.O. Smith Corp., 400 F.3d 1227, 1234 (10th Cir.
2004) (“A trial court must look at the logical relationship
between the evidence proffered and the material issue that
the evidence is supposed to support to determine if it
advances the purpose of aiding the trier of fact. Even if
an expert's proffered evidence is scientifically valid and
follows appropriately reliable methodologies, it might not
have sufficient bearing on the issue at hand to warrant a
determination that it has relevant ‘fit.” ) (citing Daubert,
509 U.S. at 591). Defendants assert that Dr. Benson's DTI
findings show that plaintiff has only one or two white
matter lesions and that Dr. Benson has not adequately
addressed other possible causes for such findings in light
of Ms. White's medical history, specifically, her injuries
after being kneed in the head by a horse. Docket No.
103 at 5-6. On June 10, 2012, Ms. White was hit on

the left side of her face by a horse's knee. Docket No.
81-3 at 6. After emergency medical services arrived and
evaluated Ms. White, they determined that she should
be transferred to the Medical Center of the Rockies.
Id. There, Chris Cribari, M.D., noted that Ms. White
was admitted with a diagnosis of a concussion and that
the EMTs said she was repeating herself, had retrograde
amnesia, and was slow to respond. Id. Defendants claim
that these are signs of brain trauma that Dr. Benson
ignores. Docket No. 103 at 5. Defendants also argue that
Dr. Benson does not “adequately consider or explain why
the white matter lesions are so definitively attributable
to the 2011 incident and not to [p]laintiff's psychiatric
issues.” Id at 6. The Court notes that both the June
10, 2012 incident and plaintiff's psychiatric history are
mentioned in Dr. Benson's report. See Docket No. 81-3
at 6, 8. Defendants also argue that “a fact-finder needs to
determine ...whether [p]laintiff's alleged brain injury was
caused by the 2011 incident at issue in this case” and claim
that Dr. Benson's DTI findings are not relevant to the issue
of causation. Docket No. 103 at 5.

In support of his conclusion that “[i]t is probable that [Ms.
White's] permanent cognitive, emotional, and physical
symptoms...are the direct result of the 8/17/11 injury and
not the subsequent injury of 6/10/12,” Dr. Benson relied
on five sources of data: (1) the available biomechanical
information regarding the August 17, 2011 injury event;
(2) Ms. White's symptoms following the August 17,
2011 injury event; (3) findings from a neurobehavioral
examination; (4) findings from a neuropsychological
assessment; and (5) Ms. White's neuroimaging. Docket
No. 81-3 at 18-20. Thus, DTI is not the only source
of information Dr. Benson uses to diagnose TBI. The
neuroimaging he relies upon consists of FLAIR, SWI,
and Gradient Echo imaging in addition to DTI. Id.
at 20. Dr. Benson pairs the neuroimaging results with
the neuropsychological assessment, which notes impaired
processing speed and working memory and delayed
verbal memory, coding, and symbol search, to determine
the presence of brain damage. Id. at 21. The reasons
Dr. Benson articulates for identifying the August 17,
2011 incident as the source of plaintiff's traumatic
brain injury are not based on DTI, and Dr. Benson
readily admits that “[nJo standalone imaging technique
allows for unequivocal determination of etiology absent
clinical information.” Docket No. 116-1 at 6. Dr.
Benson compares the imaging findings to the other data
sources and states that the “imaging findings match the
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biomechanics, chronic symptoms, neurobehavioral and
neuropsychological findings.” Docket No. 116-1 at 9.
Applying the differential diagnosis procedure, Dr. Benson
asserts that Ms. White's “injury/accident of 8/17/11 was
the much more significant injury and rendered her
vulnerable to the more mild[ ] concussion of 6/10/12.”
Docket No. 116-4 at 6. He also states that the “injury
of 6/10/12, while inducing a mild concussion, does not
explain her clinical deficits that began when her head was
crushed under the weight of a heavy hay bale on 8/7/11.”
Id.

*5 The Court finds that defendants present no basis to
exclude Dr. Benson's causation opinions on the grounds

of the alleged unreliability or irrelevance of DTI for
identifying a TBI suffered by Ms. White.

IV. CONCLUSION
For the foregoing reasons it is

ORDERED that defendants' Motion to Exclude Randall
Benson's Opinions Derived from Neuroimaging [Docket
No. 103] is DENIED.

All Citations

Slip Copy, 2016 WL 462960

End of Document
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United States District Court, D. Colorado.

Miriam WHITE, Plaintiff,
v.
DEERE & COMPANY, John Deere Limited, and John Does 1-5, Defendants.

No. 13-¢cv-02173.
July 13, 2015.

Affidavit of Randall Benson, MD in Support of Plaintiff White Opposition to
Defendant Deere's Motion to Exclude Dr. Benson's Opinions Re Neuroimaging

Case Type: Products Liability >> Tools/Equipment/Machinery

Jurisdiction: D.Colo.

Name of Expert: Randall R. Benson, M.D.

Area of Expertise: Health Care-Physicians & Health Professionals >> Neurologist

Representing: Plaintiff

I, Randall Benson, MD, declare and state as follows:

1. I have personal knowledge of the facts set forth in this affidavit and, if called upon to testify as a witness, I could and
would competently testify to them.

2. 1 am a board-certified neurologist with fellowship training in Neuroimaging. I completed my Residency Training
in Neurology at Boston University School of Medicine in 1991. Thereafter, I completed Fellowship Training in both
Functional Neuroimaging and Behavioral Neurology in 1993. From 2001-20111 I served as an Assistant Professor of
Neurology at Wayne State University School of Medicine in Detroit, Michigan. I also served as voluntary faculty in the
Departments of Radiology and Neurology in 2011 and continue to collaborate with faculty in research at the Medical
School. I also served as the Co-Director for Traumatic Brain Injury Research at Wayne State University. A copy of my
Curriculum Vitae is attached as Exhibit 1. I conducted a full neuro-behavioral evaluation of Ms. White, which consisted
in a medical {neurological and neurobehavioral) exam, review of medical records, review of neuropsychological report
and assessment by Dr. James Berry, and review of MRI scan of the brain.

Attached as Exhibit 2 is a true and correct copy of my Comprehensive Medical Report, dated January 18, 2015. All of
these materials and medical examination pertain to Plaintiff Miriam White in the matter of White v. Deere & Co., et
al., No. 13-cv-02173-PAB-NYW. I hereby incorporate by this reference and adopt all statements in the Comprehensive
Medical Report in this declaration.

Attached as Exhibit 3 is a true and correct copy of a Rebuttal report to Dr. Wortzel, dated May 20, 2015, 1 authored
in response to the report of Dr. Wortzel, dated May 20, 2015, after a careful review of Dr. Wortzel's report. All of these
materials pertain to the medical and scientific evaluation of Dr. Wortzel's opinions and basis in the matter of White v.
Deere & Co., et al., No. 13-cv-02173-PAB-NYW. I hereby incorporate by this reference and adopt all statements in the
Rebuttal Report to Dr. Wortzel in this declaration.
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Attached as Exhibit 4 is a Region of Interest Analysis of Fractional Anisotropy showing the areas of interest in rebuttal
to Dr. Wortzel's report. All of these materials pertain to the medical evaluation of MRI evidence of the Plaintiff, Miriam
White in the matter of White v. Deere & Co., et al., No. 13-cv-02173-PAB-NYW. I hereby incorporate by this reference
and adopt all statements in the Region of Interest Analysis of Fractional Anisotropy in this declaration.

3. I have reviewed Deere's motion to exclude Dr. Benson's opinions derived from neuroimaging as well as the report of
defense expert, Dr. Wortzel. The motion references an article by a psychiatrist who does not perform DTI and has no
training or firsthand experience in imaging.

4. DTI is simply another MRI sequence type and has been used since the early 1990's. There are a growing number of
clinical facilities throughout the U.S., Asia, and Europe that are routinely relying on DTI to diagnose axonal injury
from TBI, multiple sclerosis, and hypoxic-ischemic encephalopathy. There are good scientific reasons for this. Since
1994, there have been 10,282 peer-reviewed articles published on DTT; 8,481 articles concerning DTT and the brain and
another 1,194 articles concerning DTI and the spinal cord; and 982 articles concerning DTI and head trauma. There
were 124 peer reviewed articles published concerning DTI and the brain in 2014 alone, compared with 58 in 2007 (113%
increase). These numbers reflect the exponential increase in scientific and clinical interest in an imaging method that
has repeatedly demonstrated the unique and clinically relevant ability to detect microscopic alterations in white matter
fibers (axons), reflecting injury to these same structures. In 2001, DTI was FDA approved for use on a clinical magnet
(Philips) and then, in 2003, General Electric followed suit. DTT was initially used clinically to locate white matter tracts
involved in motor function to help neurosurgeons avoid inducing paralysis during tumor and epilepsy surgery. This
began shortly after FDA approval throughout the country and I performed this, in addition to fMRI of language areas
in patients, which I had been performing since 1994. DTI is performed throughout the western world in all continents.
Tt is no different from any other imaging sequence in terms of its accessibility. A full explanation of the science behind
DTI is given below starting at paragraph 19.

5. The motion also suggests (pages 3 and 4) that DTI is inappropriate for use on single subjects and is not standardized.
This is misleading.

An analogous situation is functional MRI (fMRI) for presurgical mapping of brain tumors and epilepsy in patients. A
set of CPT codes was assigned to fMRI by the AMA in 2007 (70554, 70555, 96020) allowing radiology facilities to bill
insurance companies. The following is from the Practice Guidelines published by the American College of Radiology
concerning fMRI (http:/iwww.asfur.orgldocs/IMRI_Clinical_Guidelines.pdf): “These guidelines are an educational tool
designed to assist practitioners in providing appropriate radiologic care for patients... The ultimate judgment regarding the
propriety of any specific procedure or course of action must be made by the physician or medical physicist in light of all
the circumstances presented. Thus, an approach that differs from the guidelines, standing alone, does not necessarily imply
that the approach was below the standard of care. To the contrary, a conscientious practitioner may responsibly adopt a
course of action different from that set forth in the guidelines when, in the reasonable judgment of the practitioner, such
course of action is indicated by the condition of the patient, limitations on available resources, or advances in knowledge or
technology subsequent to publication of the guidelines... The practice of medicine involves not only the science but also the
art of dealing with the prevention, diagnosis, alleviation, and treatment of disease... all that should be expected is that the
practitioner will follow a reasonable course of action based on current knowledge, available resources, and the needs of the
patient to deliver effective and safe medical care.”

Regarding qualifications of responsible personnel: “The physician supervising and interpreting fMRI must be clinically
informed and understand the specific questions to be answered prior to the procedure in order to plan and perform it safely
and effectively. Additionally, physicians performing this procedure should have experience or formal training in performing
SMRL”
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A similar set of Guidelines is posted by the ASFNR regarding DTI (http:/lwww.asfnr.orglwp-contentluploads/ ASFNR-
Guidelines-for-DTIpdf- “As for DTI acquisition, the specifics of DTI post-processing largely depend on the hardwarel
software configuration available for image processing and the preferences and experience of the user.” It is evident that the
clinical governing bodies, the ACR, and ASFNR do not require strict standardization of methods. Regarding Findings
and Impressions, the ASFNR Guidelines continues: “Scalar parametric maps: Although these maps are inherently
quantitative, they should be described qualitatively. Quantitative reporting (e.g. FA values in a region of interest) is
discouraged unless also provided is an estimate of the normal range to be expected for the reported parameter. “ Note that
I follow this guideline and report both qualitative and quantitative results with normal ranges provided.

They include the disclaimer: “It is critical that physicians basing clinical decisions on DTI be familiar with the limitations and
potential pitfalls inherent to the technique... their results should be interpreted in conjunction with conventional anatomical
imaging as well as other clinical data including physical examination...” I have been doing clinical research using DTI for
eleven years as well as publishing peer-reviewed articles on clinical methods regarding the use of advanced neurcimaging
for TBI. Furthermore, I routinely integrate “other clinical data” such as history, neurobehavioral examination, and all
other relevant medical records.

6. The motion states in page 4, “Dr. Benson seeks to use DTI to diagnose an organic brain injury tied to a specific incident.
“This is not true. Imaging findings are used in conjunction with other sources of evidence. The diagnosis of a traumatic
brain injury is never made using imaging as definitive proof. This is not different from the use of a spinal MRI revealing a
disc herniation. The imaging finding is used in the context of other relevant facts. I used all of the relevant medical facts,
including other sequences of MR1, i.e. SWI, FLAIR and GE, as well as all medical facts obtained through my medical
evaluation of the patient in person and review of medical records in arriving at my conclusions to reasonable degree of
medical probability. No standalone imaging technique allows for unequivocal determination of etiology absent clinical
information. This is why radiologists require historical information and usually conclude their reports with “clinical
correlation is advised.” Again, all radiologic scans often result in differential diagnoses. DTI images reveal brain regions
showing significantly reduced directional diffusion. This is critically important information since it is quantitative and
objective. When white matter fibers (axons) are injured, DTI detects this change. We certainly feel that the probative
value of DTI for mTBI is high. There are no absolutes in medicine or science.

7. Fluid Attenuated Inversion Recover, FLAIR, is a MRI sequence, different than DTI, which is utilized to look for
macroscopic damage in the brain. These findings must be clinically correlated to the behavioral and neurological changes
shown by the patient. There are regions of typical distribution of lesions in Traumatic Brain Injury shown by FLAIR.
FLAIR is scientifically valid and reliable as an MRI sequence. In Ms. White's case, FLAIR/T2 imaging revealed two
areas of hyperintensity, which I concluded, to a reasonable degree of medical probability, to be brain abnormalities
resulting from the 8/17/11's farming incident.

8. Susceptibility Weighted Imaging, SWI, is an MRI sequence, different than DTI, utilized to detect bleeding residue,
hernosiderin, in the brain. These findings must be clinically correlated to the behavioral and neurological changes shown
by the patient. SWI is scientifically valid and reliable as an MRI sequence. In Ms. White's case, SWI imaging revealed
contusion (bleeding) on the left frontal lobe, which I concluded, to a reasonable degree of medical probability, to be a
brain abnormality resulting from the 8/17/1 I's farming incident.

9. Diffusion Tensor Imaging, DTI, is an MRI sequence used to examine the microstructure of the white matter of the
brain, allowing for the detection of microscopic pathology or abnormality of the white matter (axons) in the brain. DTI
is an FDA approved, peer reviewed and approved, commercially marketed, and widely available MRI method, which
has been in clinical use for many years. DT is scientifically valid and reliable as an MRI sequence.

10. The motion suggests that DTT is unreliable. DT is not appropriately termed ‘unreliable.” It has been used since
1994 and is FDA-approved with clinical guidelines issued by the clinical radiologists governing body. It is already being
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done clinically and is an add-on sequence for preoperative protocols. In a recent article entitled, A Decade of DTI in
Traumatic Brain Injury: 10 years and 100 Articles Later, the American Journal of NeuroRadiology (2013) reported the
findings of Hulkower, et al. who concluded that “A unifying theme can be deduced from this large body of research:
DTl is an extremely useful and robust tool for the detection of TBI-related brain abnormalities. ”

11. The motion states in page 5, “Dr. Benson's findings derived from DTI would not assist a trier of fact, because they
only show, if anything, that Plaintiff has one or two small white matter lesions. That information is not relevant to a
fact finder determination of whether Plaintiff's incident with the compact tractor caused an organic brain injury”. This is
misleading. The FLAIR scan reveals two white matter lesions while the DTI reveals more. DTI is like any other imaging
technique. Imaging does not reveal the etiology of a particular pathology all by itself DTI reveals damage to axons.
DTI is used as other imaging modalities are used-to add important information regarding a differential diagnosis. In
the case of TBL, DTI is used in conjunction with clinical history, physical examination, and other MRI sequences/scans.
TBI abnormalities have a predilection for particular locations on DTI and on FLAIR/T2 and SWI. We apply the same
principles that are used routinely in the diagnosis of stroke, MS, degenerative disease, and other neurologic diagnoses.
Other pathologies have different patterns of abnormality on imaging, which are distinct from TBI. It is disingenuous to
assert that DTI should be, in and of itself, diagnostic of TBI or any other pathology. No radiologic technique is used
in isolation. Radiologic scans reveal intensity differences based on tissue contrast. Conventional MRI scans, CT, and x-
ray reveal imaging patterns only. DTI should not be held to a different standard than other imaging techniques.

12. The motion further states in page 5, that “Dr. Benson's report fails to adequately address the possibility that the
white matter lesion visible on the DTI scan (although the lesions are seen on FLAIR) could have resulted from a horse
knee to the head of plaintiff suffered in June of 2012”. Again, this is misleading since DTI cannot address the etiology as
explained above. However, I addressed this possibility in my Comprehensive Medical Report (exhibit 2), ruling out to a
reasonable degree of medical probability that the medical condition and findings on MRI were due to the horse incident.
I then more specifically addressed it in the rebuttal to Dr. Wortzel's report, Exhibit 3, pages one through three, inclusive.

13. The motion goes on to state on page 6 “Dr. Benson fails to explain other possible alternatives for the small white
lesions detected on DTI (again, FLAIR). For example, Dr. Benson admits that “a few white matter hyper-intensities on
FLAIR/T?2 in a 60 year old is not unusual.” (see Benson Rebuttal, at page 3) “But then, with no scientific backing, Dr.
Benson disregards the possibility that the white lesions are simply the result of age.” This is untrue. On Exhibit 3, page
3, the Rebuttal report goes on to mention, right after the Motion chooses to end the quote, as follows: “However, there
are a number of reasons to consider these lesions as traumatic.” I fully discuss the medical and scientific reasons why the
two hyperintensity lesions are more likely to be traumatically in nature than “other possible alternatives” which I ruled
out to a reasonable degree of medical probability (bottom of page 3 and top of page 4 of the Rebuttal report, Exhibit 3).

14. The motion also suggests that I failed “fo adequately consider or explain why the white matter lesions are so definitely
attributable to the 2011 incident and not to Plaintiff's psychiatric issues, for which she was diagnosed and treated in the
late 1980s”. Again, this is simply untrue. I fully considered her history and upon review of the data and conclusions
of Dr. James Berry, neuropsychologist at Craig's Hospital. As reported in pages 5 through 6, Dr. Berry's conclusion
was that her psychiatric diagnosis was correctly not carried forward and was a misdiagnosis. Dr. Berry did not validate
the diagnosis of the late 1980s in his formulation but emphasized that her frontal-executive dysfunction and her altered
emotional processing were consequences of her traumatic brain injury o 201 1. Furthermore, the medical literature
does not conclusively suggest DTI abnormalities are associated with pure psychiatric diagnoses. Therefore, based upon
neuropsychological data and testimony, along with my training, education and experience, I concluded that the lesions
observed on MRI are attributable to the 2011 farming incident, again to a reasonable degree of medical probability.

15. My summary in rebuttal is that “Miriam White sustained a significant traumatic injury to her frontal lobes bilaterally,
which has left her cognitively and emotionally permanently impaired. She was high functioning and active prior to
the injury. Her injury/accident of 8/17/1 1 was the much more significant injury and rendered her vulnerable to the

2045 Thomson Reuters. No dlaim o original UG, Goverament Works.

WERTLAY



Miriam WHITE, Plaintiff, v. DEERE & COMPANY, John..., 2015 WL 10439167...

mild concussion of 6/10/12. Her imaging findings match the biomechanics, chronic symptoms, neurobehavioral and
neuropsychological findings. The right parietal injury of 6/10/12, while inducing a mild concussion, does not explain her
clinical deficits that began when her head was crushed under the weight of a heavy hay bale on 8/17/11.” 1 expressed
these opinions to a reasonable degree of medical probability under the pains and penalties of perjury, using my best
judgment, based upon my training, education, research, and clinical experience.

16. The motion indicates, on page 7, “As Dr. Wortzel notes, when used in the litigation context, DTI Imaging is subject
to interpretations that are subjective rather than evidence-based and thus unreliable in this context.” Dr. Wortzel has been
critiqued in the literature for the position and opinions he has taken. Recently, in an article published in the American
Journal of Bioethics Neuroscience April-June, Volume 5, Number 2, 2014, the authors, Michael Lipton and Eric Bigler
state, “The misleading and often entirely unsubstantiated opinions and positions of Wortzel, Tsiouris, and Filippi (2014),
in opposition to diffusion tensor imaging (DTI) as a useful measure in mTBI, are at odds with the clear consensus of
the scientific literature regarding mild traumatic brain injury (mTBI), its clinical assessment, and its natural history.
The authors' critique contains numerous errors.” (Please see Hulkower et al., A Decade of DTI in Traumatic Brain
Injury: 10 years and 100 articles later, paragraph 10 for the majority view) Attached as Exhibit 6 is a true and correct
copy of Lipton & Bigler, “Clarifying the Robust Foundation for and Appropriate Use of DTT in mTBI Patients” in AJOB
Neuroscience, 2014.

17.1 have been actively involved in MR imaging research since 1992 and in Diffusion Tensor Imaging (DTI) since 2004.
I am a fellowship-trained behavioral neurologist who has evaluated and treated hundreds of patients with head trauma
and have been engaged in brain imaging research using advanced MRI methods for 18 years. My focus has been TBI
imaging for 7 years at the MR Research Program at Detroit Medical Center together with an MR scientist, E. Mark
Haacke, Ph.D. My clinical and research activities are even more focused on TBI imaging since co-founding the Center for
Neurological Studies in 2011. I published a seminal paper in 2007 delineating the alterations in DTI parameters in TBI
and the correlation of DTI (FA) with injury severity, including mild TBI. Along with the members of my research group,
I have presented or published extensively on the use of DTI for TBI emphasizing proper methodology and precautions
to avoid misinterpretation. A true and correct list of my research in DTI and lecturing is included in my Curriculum
Vitae, Exhibit 1 to this declaration.

18. On June 2-3, 2010, in recognition of the already demonstrated importance of diffusion tensor imaging to diagnose
TBI, the U.S. Army Telemedicine and Advanced Technology Research Command (TATRC) sponsored the “Diffusion
MRI TBI Roadmap Development Workshop”, wherein the acknowledged purpose was, “DTT has detected abnormalities
associated with brain trauma at several single centers and the workshop seeks to identify and remove barriers to rapid
translation of advanced diffusion MRI technology for TBI... in order to expedite getting the benefits of diffusion MRI to
reach those who need it most, especially injured soldiers and veterans.” As one of 50 or so “experts from academia, industry,
government agencies and several European nations,” I presented in a session entitled, “Experience in Neuroimaging
Translation to Clinical Use.” My talk entitled, “Global and Voxel-based approaches to DTI in TBI” included a
comprehensive approach to imaging mild TBI, which was the culmination of over six years of peer-reviewed published
research on DTT and TBI. T used both group and single cases to demonstrate the clinical validity and reliability of DT in
TBI. In addition to demonstrating the excellent correlation between DTI and injury severity, I showed the repeatability of
DTI for a single mTBI case scanned in two different cities, and for a different mTBI case scanned twice 6 weeks between
scanning sessions. I also used a third mTBI case to demonstrate the excellent correspondence between hemorrhage
location (using susceptibility imaging) and abnormally low FA on DTI in these cases. Other speakers presented data
showing the correlations of DTT with neurocognitive outcome and experience using DTT on Iraq war veterans.

19. A traditional MRI shows the structure of the brain. The majority of people who have sustained mild traumatic brain
injury (“mTBI”) have normal MRI findings, even when they have significant impairment. An overwhelming majority
of people with mTBI have normal CT scans, even with significant impairments. In fact, I have personally been involved
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with patients in coma who have normal CT Scans. And so it appeared in the case of Ms. White after the initial recognized
bleed.

20. DTI examines the microstructure of the white matter of the brain, allowing for the detection of microscopic pathology
or abnormality of the white matter. DTT is a more sensitive technique that can reveal abnormalities that are not visible
on standard MRIs. In fact, a major drive in the research and development of DTI has been its ability to detect that which
is largely invisible to MRI and CT.

21. DTI measures the direction of movement or flow (known as diffusion) of water molecules through tissue. DTTis based
upon the basic biophysics of the flow of water. With no barriers to flow, water will move in an isotropic distribution,
which means it will move equally in all directions. If there are barriers to flow, it will move anisotropically or unequally
in all directions.

22. DTI has the ability to measure the distribution of water throughout the brain by specifically measuring the flow
of water in the many voxels of the brain. Voxels are like the pixels in a digital camera. Unlike an image from a digital
camera, however, each of the MRI pixels has three dimensions, the left-right and up-down dimensions of the slice as
well as the thickness of the slice. When multiple slices are stacked atop one another, the result is the f1.111 volumetric
representation of the brain.

23. DTI measures the distribution of water in each voxel with the degree of anisotropy (non-sphericity) expressed as
a fraction of the total diffusion, i.e. fractional anisotropy (FA), which can range between zero (completely isotropic
diffusion) and one (completely anisotropic diffusion).

24. White matter of the brain is comprised of axons, which are long processes extending from the nerve cells that
constitute the gray matter. Axons are organized into thick, tubular tracts that extend from one brain region to another
similar to electrical cables. Water diffusion is much greater along the long axon than across it and, therefore, has
a relatively anisotropic distribution (higher FA). Closed head injury (or non-penetrating TBI), induced by sudden
acceleration or deceleration of the head, results in widely scattered damage to white matter fibers known as “diffuse
axonal injury.” This damage includes segmental breakdown in the outer membrane of the axon, increasing diffusion in
the short axis dimension, leading to more isotropic distribution (decreased FA). In other words, in the white matter of
a normal/healthy brain, the direction of water diffusion is very uniform. Injury disrupts the normal structure of white
matter (axons) leading to a less uniform direction of diffusion.

25. Since microscopic traumatic injuries, which are not visualized on standard clinical MRI scans, cause a relatively
modest reduction in FA that cannot be seen by visual inspection, quantitative analysis of images is performed, whereby a
TBI patient's FA images are statistically analyzed using a set of non-TBI controls' brain images as the reference standard.
This method is performed in an automated fashion on the white matter globally, regionally and voxel-by-voxel after co-
registration of brain images or tracts into a standard space. Comparing TBI images against a set of non-TBI brain images
has been demonstrated by my group and other groups to be a sensitive, reliable, and objective means of distinguishing
TBI from non-injured brains.

26. We have described our methods along with making our methods of analysis available by publishing them in peer
reviewed journals (See Curriculum Vitae). We have also published the scientific rationale and the basis for the choice of
using fractional anisotropy (FA) as the parameter to compare a patient's brain image to controls. This methodology has
been utilized by multiple imaging specialists and is well-described in the literature.

27. We use DTI in our medical practice as one more piece of data and attempt to synthesize several independent lines
of evidence including acute injury characteristics, chronic symptoms, neurobehavioral findings, neuropsychological
findings and imaging, including other scans. This is the age-old Differential Diagnosis procedure used in Medicine.

o
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The clinical history and examination helps by limiting the differential diagnosis. Imaging then functions to further limit
the possibilities. As most diseases and disorders do, TBI has a particular “profile” on imaging that emerges from the
biomechanics, pathology, and pathophysiology that are different from other disorders.

" 28. DTI analysis has a known rate of error. In fact it is 0.4%. We use 2 standard deviations, which represents 95%
of the normal values. We use a 1-tailed test since we are explicitly looking only for reduced FA in the patients. That
means our false positive rate would be 0.025. We additionally impose a post hoc correction (cluster analysis) to further
reduce the false positive rate by keeping only regions with reduced FA, which are significantly larger than observed in
the controls. The false positive (error) is 0.025 x 0.16 (one standard deviation) = 0.004 (0.4%). Finally, we do a second
statistical analysis using tract-based statistical analysis (TBSS) and only keep voxels that are significant on TBSS (t >
2). The methods employed are conservative by design.

29. General acceptance-DTI is acknowledged to be the best method for imaging white matter injury
(see Defense Centers of Excellence Clinical Recommendation, July 2013, https://dvbic.dcoe.millsitesldefault!
files/2013_Neuroimanging Rttecs_ CR_O70#81#3_13 50.pdf) It is generally accepted in the scientific community
throughout the peer reviewed literature that DTI is a reliable and accurate tool to detect microscopic damage done to
the white matter of the brain.

I declare under the penalty of perjury under the laws of the United States of America that the foregoing (including the
statements in the attached reports) is true and correct. :

End of Document € 2016 Thomson Reuters. No claim to original U.S. Govermment Works.
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issues that concerned Wortzel and colleagues, such research
can be a valuable aid in dealing with the basic inverse
inference problem pertaining to DTI interpretation in medi-
colegal settings. ’
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Clarifying the Robust Foundation
for and Appropriate Use
of DTI in mTBI Patients

Michael L. Lipton, Albert Einstein College of Medicine and Montefiore Medical Center
Erin D. Bigler, Brigham Young University

As clinicians and scientists, we believe scientific evidence
and prudent clinical practice form the proper basis for de-
termining the utility of diagnostic measures, which should
subsequently inform forensic use. The misleading and often
entirely unsubstantiated opinions and positions of Wortzel,
Tsiouris, and Filippi (2014), in opposition to diffusion tensor
imaging (DTI) as a useful measure in mTBL are at odds with
the clear consensus of the scientific literature regarding mild
traumatic brain injury (mTBI), its clinical assessment, and
its natural history. The authors’ critique contains numer-
ous errors. We focus on four areas: (1) the clinical reality of
mTBI, (2) the true substance of the scientific evidence sup-
porting use of DTI in mTBI, (3) the authors’ erroneous and
off-target opinions regarding DTI analysis, and (4) critical
appraisal and integration of clinical information for diag-
nosis of mTBL

First, an underlying theme of the authors’ arguments
claims that lasting sequelae from mTBI is not a clinical real-
ity. For example, “best available evidence does not support
notions that mTBI results in long-term cognitive impair-
ments” (12). mTBI is a reality that results in lasting sequelae
in a substantial minority (Bigler et al. 2013; McMahon et al.
2014). mTBI is modeled in animals, yielding reproducible
microstructural neuropathological and behavioral findings,

as well as with finite biomechanical models of human mTBL
The impact of mTBI cannot be argued away by focusing
on the majority who recover. Clinical, scientific, and even
forensic focus must be on the affected minority. Moreover,
traditional neuropsychological approaches are problematic
in assessing the cognitive effects of mTBI; they were never
designed to assess subtle but important deficits.

Second, the authors’ critique of DTI challenges the “be-
lievability” of quantitative DTI findings, juxtaposing visual
detection of spinal disk herniation and detection of micro-
scopic mTBI pathology. They imply that because the mi-
crostructural abnormality cannot be “seen” without quan-
tification its existence is in question. This “straw man” ar-
gument would also imply that other neuroimaging findings
that cannot be seen without quantification, such as spectro-
scopic and perfusion-based detection of tumor infiltration
into normal-appearing white matter, are not real or reliable.
The substance and implications of the American Society for
Functional Neuroradiology (ASFNR) guideline are mischar-
acterized to support the authors’ position: “the guidelines
... detailing the limitations in using DTI clinically, especially
at the individual level and when analyzed by voxel-based
techniques” (11). The guideline deals exclusively with
clinical use in patients and does not isolate single patient
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assessment for scrutiny. Important cautions are listed, but
the message is: When DTI is used in accordance with the
guideline, reliable clinical use can be achieved. Assessment
of DTI parameters is not singled out as most of concern;
greater attention is paid to limitations of tractography and
its misuse.

Third, the authors argue that method variance renders
DTI research studies and clinical assessments inconclusive.
Statements similar to “Numerous factors can influence re-
sults without current consensus as to the best parameters”
(10) recur throughout the article, often without supporting
citations, and imply that method variance across published
studies undermines reliability and leads to (even willful)
type 1 errors (i.e., false positives). The authors claim dif-
ferences in acquisition, analysis, and so on preclude salient
conclusions. This approach completely misses the point of
a very large literature, which speaks with essentially one
voice: Low fractional anisotropy (FA) is characteristic of
TBI patients, despite significant variability across studies (e.g.,
Aoki et al. 2012; Hulkower et al. 2013; Niogi and Mukher-
jee 2010; Shenton et al. 2012). Even if we assume that DTI
metrics, such as FA, vary across scanners and institutions,
we will not encounter bias in the identification of abnor-
malities in any individual; this issue is simply not germane
to a properly conducted analysis. What does matter is that
patient and control data are acquired, processed, and ana-
lyzed in the same manner and that temporal variation be
substantially less than the magnitude of the effect sought.
This latter requirement, of course, is out of concern for type
2 errors (i.e., false negatives). It is even more illogical to
expect that method variance would yield regionally local-
ized “abnormalities” that in fact represent type 1 errors.
Bias due to acquisition and processing variation across sub-
jects, if it were in fact a problem, would lead to a uniform
bias at all brain locations. This would be the result, not the
manufacture of lesions, if it were true that “technological pa-
rameters can be manipulated in ways that impact results”
(10). Digging deeper into the authors’ case for fatal vari-
ability of DTI metrics, we again note a void of supporting
evidence. The authors conclude that “unlike traditional MR
sequences .. . the very existence of a lesion . .. in any given
single patient identified via DTI is fundamentally question-
able” (10). The only relevant citation (Vollmar et al. 2010),
however, is completely misconstrued by the authors; it in
fact documents the high degree of intra- and interinstitu-
tional fidelity of FA measurements, also reported by others
(Fox et al. 2012). Such misunderstanding of the science suf-
fuses the discussion of technical issues. Glib citations such
as “Not too surprisingly, when the same DTI data set was
provided for analysis to nine different research groups ...,
nine different results were obtained” (11) entirely misrep-
resent the substance of an unpublished abstract to suit the
authors’ bias. The authors of the cited abstract actually con-
clude: “This serves as a reminder of what is being tested un-
der the null hypothesis, i.e. just because one method finds
a particular difference, it does NOT mean that there were
NO other differences—a fact that can be easily overlooked”
(Jones et al. 2007, 74). The concern is not that any of the find-
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ings are not “real”, but that additional real findings may be
missed in any analysis.

Another methods-specific argument is that abnormali-
ties could occur simply by chance: “Statistical science also
portends problems for the analysis of DTI” (11). After exag-
gerating the typical number of simultaneous comparisons
by at least 50% and invoking a “typical 5% chance of error,”
the authors conclude that “statistical realities represent yet
another potential avenue for abuse” (11). This rudimen-
tary analysis does not acknowledge that 5% is not a typical
threshold and that corrections should be and are made for
multiple testing (not just that they “fortunately exist”). Most
glaring is the authors” omission of spatial clustering, which
dramatically reduces type 1 errors. DTI analyses do not
seek individual voxel abnormalities, but ask, “What is the
likelihood that hundreds of voxels comprising a contigu-
ous tissue volume several milliliters in size will all appear
abnormal by mere chance alone?” Along these lines, the
authors state, “Given that even carefully selected healthy
controls will feature areas of ‘abnormality” ..., it should
be anticipated that most unselected patients/litigants will
feature areas of abnormality when compared to such nor-
mative databases” (11). This is a gross misrepresentation of
Kraus and colleagues (2007), in the same way that Wortzel
misused it previously (Wortzel et al. 2011). The criterion for
“abnormality” in the Kraus article (1SD) is well within all
concepts of normal. That some controls had some regions
of interest outside of 1SD is expected and does not bear on
the finding that patients had significantly more regions of
interest outside of 1SD (Kraus et al. 2007, Figure 5). This
citation provides no basis whatsoever for inferring that nor-
mals will have “abnormalities” when reasonable thresholds
for abnormality are employed. This sentence and especially
its italicized emphasis have no basis in the cited paper or
any scientific communication.

Fourth, diagnosis of mTBI, or any other disorder, is
based on integration of clinical information, not the result of
one diagnostic test. The authors offer another “straw man”
argument that insinuates DTI should not be used as a stand-
alone definitive diagnostic test, a use for which it has not
been proposed. The realities of DTI use in the clinic en-
tail weighing the strength of all clinical evidence. The au-
thors argue that “neuropsychiatric conditions are common
in the general population, and are often present in individ-
ual litigants. The potential impact of common psychiatric
conditions on DTI findings is well illustrated” (11). Placing
these two sentences back to back is blatantly misleading.
The authors cite White and colleagues (White et al. 2008),
who reviewed studies of psychiatric patients, not of healthy
people who unknowingly harbor as-yet-undiagnosed psy-
chopathology. No literature exists to support that such in-
dividuals can be identified with DTI. Moreover, the authors
do not consider that the literature on psychiatric diagnosis
is comprised of studies detecting modest group differences,
whereas TBI studies have specifically shown that individ-
uals, though not all individuals, can differ from popula-
tion norms to a degree that normals do not (see Hulkower
et al. 2013). It is not at all clear that DTI abnormalities in
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individuals with as-yet-undiagnosed psychiatric disease
can be detected in the way that such abnormalities may
be detected in TBI patients. Moreover, statements, such as
“early life stress and / or parental verbal abuse may result in
differences in white matter integrity as measured by DTI”
(11) give equal weight to single reports of small samples and
fail to assess subject/control overlap and whether any in-
ference at the individual level might even be supported. In
stark contrast, the overwhelming consensus of a substan-
tial body of scientific inquiry supports DTI for detecting
pathology in mTBI patients.
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Functional Magnetic Resonance
Imaging in Court

Lyn M. Gaudet, The Mind Research Network
Julia R. Lushing, The Mind Research Network
Kent A. Kiehl, The Mind Research Network

It was more than 30 years ago that neuroimaging evidence
was first presented in criminal court in the United States.
The charges included two counts of murder and one count
of attempted murder, and the defendant asserted the in-

sanity defense. Defense experts testified that the defendant

suffered from schizophrenia with prominent psychotic fea-

tures and was thus legally insane at the time of the crimes.
Prosecution experts testified that the defendant did not have
psychosis and was legally sane at the time of the crimes.
The defense presented a computer-assisted tomography
(CAT) scan that revealed the defendant had widened sulci
and enlarged ventricles. These structural characteristics are
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Resting-State Functional Magnetic Resonance imaging
Activity and Connectivity and Cognitive Outcome

in Traumatic Brain Injury
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IMPORTANCE The study of brain activity and connectivity at rest provides a unique
opportunity for the investigation of the brain substrates of cognitive outcome after traumatic
- axonal injury, This knowledge may contribute te improva clinical management and
. rehabilitation programs. ’

OBJECTIVE To study functional magnetic resonance imagihg abnormalities in signat
amplitude and brain connectivity at rest and their relationship to cogritive outcome in
patients with chronic and severe traumatic axonalinjury.

DESIGN Observational study.

SEYTING University of Barcelona and Hospital Clinic de Barcelona, Barcelona, and Institut
. Guttmann-Neurorehabilitation Hospital, Badalona, Spain.

PARTICIPANTS Twenty patients with traumatic brain injury (TBI) were studied, along with 17
matched healthy vofunteers, ‘ '

INTERVENTIONS Resting-state functiorial magnetic resonance imaging and diffusion tensor
imaging data were acquired. After exploring group differences in amplitude of low-frequency

- fluctuations (ALFF), we studied functional connectivity within the default mode network
{DMN) by means of independent component analysis, followsd by a duaf regression
approach and seed-based connectivity analyses. Finally, we performed probabilistic
tractography between the frontal and posterior nedes of the DMN,

BIAIN OUTCOMES AND MEASURES Signal amplitude and functional connectivity during the
resting state, ractography related to DMN, and the association between signal amplitudes
and cognltive outcome.

RESULTS Patients liad greater ALFF in frontal regions, which was correlated with cognitive
performance, Withity the DMN, patients showed increased connectivity in the frontatobes.
Seed-based connactivity analyses revealed augmented connectivity within surrounding areas
of the frontal and left parietal nodes of the DMN, Fractional anisotropy of the dingulate tract
was corvelated with increased conpectivity of the frontal node of the DMN in patients with T8I,

CONCLUSIONS AND RELEVANCE Increased ALFF isrelated to better cognitive performance in
chronic TBL The loss of structural connectivity produced by damage to the cingulum tract
explained the comnpensatory increases in functional connectivity within the frontal node of
theDMN.
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ognitive deficits after traumatic brain injury (TBD are a
major cause of daily life disability.’ Persistent disabling
sequelae are caused by the structural brain damage that
eccurs notonly inthe early stage but also after a period of appar-
entrecovery.? Traumatic axonal injuryis associated with the most
severely impaired outcomesafter TBL Neuropathological stud-
ies have shown that 'TBI affects structural brain networks pro-
gressively, from focal axon alteration to delayed axonal
disconnection.* Functional magneticresonance imaging (fMRD)
studies suggest that white matter damage alters structural con-
nectivity, whichin turn can affect functional connectivity, and
Both contribute to cognitive dysfunctions in TBLY?
Resting-state fMRIstudies have recently emerged as a use-
ful tool for investigating brain functional connectivity afterse-
vere TBIV5 and in subjects with mild TBlexdniined during the
early stages.”* These studies provide information about brain
activity and connectivity in the absence of task performance, a
condition that allows researchers to investigate patient popula-
tions with broaderranges of injury severity, because nospecific
cognitive ability is required. Advanced neuroimaging Process-
ing tools provide information about brain activity and functional
connectivity during resting-state fMRI. Low signal fluct uations
that occur during rest have besn shown to reflect strong connec-
tivity between functionally related brain regions. '
Although different functional connectivity networks can be
identified during the resting state,'® the most widely studied is
the default mode nétwork (DMN), which isreported to be affected
in & broad range of brain disorders and is commonly related to
cognitive processes,” The spatial pattern of the DMN includes
the ventromedial prefrontal cortex, the posterior cingulate cor-
tex, the lateral parietal cortex, and the precuneus. For the main
nodes of the DMN, their functional connectivity is supported by
anunderlyingstructure of white matter pathways, ™ with the cin-
gulum as the key tract that interconnects the anterior and pos-
terior core regions'of the DMN.* ‘ v
Inaddition to disrupted functional connectivity, studies of
white matter integrity using diffusion tensor imaging?** have
shown that structural connectivity is also greatly affected after
T8I, Ina previous study, we found that disrupted structural con-
nectivity after traumaticaxonal injury was responsible for altered
functional connectivity during working memory performance.
In the current research, we used new advances in resting state-
related IMRI methods to determine whether the amplitude of
spontaneous low-frequency fluctuations in brain activity and
DMN connectivity may be sensitive biomarkers for cognitive dys-
function after TBL To this end, we measured the amplitude of
resting-state blood oxygen level-dependent signal fluctuations
in the whole brain and the DMN, studying global and network-
based functional conniéctivity, as well as structural connectiy-
ity of the main fasciculi within the DMN. '

Methods

Study Participants ) ’

Twenty patients with chronic and diffuse TBI were recruited
from the Head Injury Unit of the Gutimann Institute-Neurore-
habititation Hospital, The criteria followed for sample selection

JAMA Neurology July 2013 Volume 70, Number 7

Resting Functional MRi in Trailrnatit Bralo isjury

Table 1. Demographic and Clinical Characteristics of Patients
and Control Subjects

Patients Control
With 181 Subjects
Characteristic {n=20) {n=17
Age, mean {$03, ¥° 27.5045.28)  26.29{495)
§ducaﬁonai fevel, mean {30}, ¥° 15.20 {2.96) 14,64 {2.8%)
Sex, Hot '
Male it 10
Female ] 7
6L5 score, mean (S0} 5{1.74}
Time since injury, mean {30}, v 4.10(1.18}
Microbleeds (TAI)
Frontal obes 17
Temparal tobes 12
Corpus cattosum 14
Basad ganglia 10
Parietal inhas g
Cerebeiium 43
Thatamus 5
Midbrain 5
Contusions (<10l volume)
Fraaiat labes 4
Tempoeal IabeS 2

Abbreviations: GUS, Glasgow Coma Seabe; MBI magnetic resonance imaghg:
TAL traumatic axanal injucy; TB, traumatic brain injury.

1= 07LP= 48,
bi= (52 Pe 57
©y=2.20;F= BL

have been described elsewhere 5 This study is part of a project
on long-term impairment of connectivity in diffuse T8I, and
some results already have been published > Patients’ demo-
graphic and clinical characteristics are summarized in Table 1.
Patients underwent magnetic resonance iniaging {kiRT)a mean
{SDY ol 4.1 (1.2) years after injury, and all showed microbleeds as
asign of diffuse disease in the T2* and fluid-attenuated inver-
sion recavery sequences. Table 1 provides detailed clinical and
neuroradiological characieristics for each patient in the study.
The cause of TBI was motor vehicle crashes in all cases.

The control group comprised 17 healthy volunteers
matched by age, sex, and educational level. None had a his-
tory of neurplogical or psychiatric diseases. Their demo-
graphic characteristics are provided in Table 1. '

The study was approved by the research ethics commit-
tees of the Guttraann Institute-Neurorehabilitation Hospital
and the University of Barcelona. All participants gave written
informed consent. '

{raage Acquisition ) )

Data were acquired with a Siemens Magnetom Trio Tim syngo
34T system at the Centre de Diagnostic per la Imatge of the Hos-
pital Clinic, Barcelona. A high-resolution Ti-weighted structural
image was obtained for ach subject with an MPRAGE (magne-
tization-prepared rapid acquisition gradient-echo) 3-dimen-
sional protocol (repetition time [TR}, 2300 milliseconds; echo
time [TE], 3 milliseconds; inversion time, 500 milliseconds;

penanerology.com
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. Figure 1, tmage processing and analysis methods

[ rewgomien |

Whole-brain resting activity

4
3
' . . ingividiaal wiedasbe 3
l Preprociscnng § artivity papg (ALFFY
H Group differsnces iy resting aclwity
A and dual regression
<A
3
¥ .
; Gooup differentes
in DY conmectivity ¢
Sead-based connectivity
s T (1) Whale-brain analysis of the
!(?: . M:&f;ﬁﬁiwv g}?\ 4 amplitude of low-frequency
Y1 s %ké‘ g fix tuations (ALFF); (2) independent
e component analysts (JCA} ard
Szed larations Groug ditfgsences chial-regression analysis of the
: ’ T omsedconaacthly S dafal mode network (OMN): (3}
. - o connactivity analysis using the
o1l White matter falegtity of the cingulum. - predefined DMN regions of interest
{ e | (ROs); and (4) diffusion tensot
§ o it imaging (DT)trctography anlysi
i Freprocessing i R . ot oy integery of the cingulura tract from the DIN
- parametnss {FA} ROs, {Sea the Methods seetion and
) the edethods in Supplement for
e Prahabifistic - il b
taeatians tractograghy detaiis.) FA indicates frai(nqna! )
e e o e a anisotropy: MR functional magnetic
rasonance imaging.

Field of view [FOVY, 244 mmy; and 1-mm isottopic voxel) and a 5-
minute f¥RI resting-state, single-shot, gradient-echo, echo-pla-
nar imaging sequence (TR, 2000 milliseconds; TE, 16 millisec-
onds; flip angle, 90°; FOV, 220 mm; and voxel size, 1.7 % 1.7« 3
.omm). Diffusion-weighted images were sensitized in 30 non-
collinear directions with a b value 61000 sfmm® in an echo-
planar imaging sequence (TR, 9300 milliseconds; TE, 94 milli-
seconds; section thickness, 2.0 mny; vozel size, 2.0 x 2.0 x 2.0
mm; FOV, 240 mm; and no gap). For the lesion description, the
newroradiotogist (N.B.) considered Ti-weighted, fluid-attenu-
ated inversion recovery (TR, 9000 milliseconds; TE, 85 millisec-
onds; section thickness, 3.0 mmy; voxel size, 1.3 x 0.9 x 3.0 mm;
and FQV, 240 mm), and T2* gradient-echo seguence (TR, 518
milliseconds; TE, 20 milliseconds; section thickness, 3.0 mny;
voxel size, 0,9 x 0.8 x 3.0 mm; and FOV, 240 mm) sequences.

All the images were visually inspected to ensure that they did

not contain MRI arfifacts or excessive movement before
analysis.

Neuropsychological Assessment
Atrained neuropsychologist masked to the dinical dataadmin-
istered tésts tonssess the main cognitive functions impaired af-
ter TBI The assessment included the following: letter-number
“sequencing; digit span test (forward and backward measures;
the Trail- Making Test {(parts A and B); the Rey Auditory Verbal
Learning Test; the Rey-Osterrieth complex figure; reading, color
naming, and reading wotd-color conditions from the Stroop test;
and measures of verbal semanticand phonemic fluency.* Fac-

jamanetyology.com

tor analysis was used to obtain a single measure that wasrepra-
sentative of overall cognitive outcome, based on tests in which
patients were significantly impaired compared with contipls
{eMethods and eTable in Supplement).

MRI: image Processing and Analysis

Amplitude Measures of Resting-State Data

The amplitude of low-frequency fluctuations (ALFF) was mea-
suredusinga method based on the fast Fourier transform ofthe

resting-state time series for each voxel. 2 After individual ALFF -

maps were obtained, they wére registered to the Montreal Neu-
rological Institute (MNI} standard space by means of inear reg-
istration (FLIRT [FMRIB’s Lincar Image Registration Tool] from
FSL {http:ffmrib.ox.acul/fsl])? Voxel-wise group comparisons
were performed onthese maps by using permutation-based com-

parisons with general linear modeling. Differences wereconsid-

ered significant at P < .05 {family-wise error corrected; see the
eMethods in Supplement and Figure 1 for a full description of the
procedures used). ) )

independent Component Analysis of Resting-State Data

We entered preprocessed resting IMRI data intoan independent
component analysis (ICA) using MELODIC* software from FSL,
This enabled us to obtain a set of independent components and

identify the conmmon resting-state functional networks 161579 -

Before group ICA decomposition, all individual fMRI data sets
were linearly registered to the MNI standard space.” Finally, we
selected theindependent component mapof the DMN, The pro-

JAMA Neurotogy july 2013 Volune 70, Nurnber 7
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Figure 2. Increased amplitude of low-frequency fluctuations during the
resting-state in patients with traumatic brain injury

241 o 755 ' 261
=001

Corperted P

Red-yellow regions represent areas with statistically ﬁ‘gflif icant differentes
between patients and controbs {rorrected £ < 05).

cedure for selecting the DMN within the whole set of components
was based on the computation of spatial cross-correlation be-
tween each independent component and a previously published
template corresponding to the DMN.* ’
We then used a dual regression approach**” to investigate
between-group differences in the DMN maps. The significance
threshold of the voxel-wise differences was setat P < .05(family-
wise error corrected) (eMethods in Supplement and Figure 1),

Seed- Based Analysis of the DMN -
The peak covrdinates of the DMN xdemxﬁed with ICA were usod
tocreate 4 spherical regions of interest (ROIs) representing the
main nodes of this network: medial prefrontal cortex (MPFC),

.precuneus/posterior cingulate (PPC), and left and right pari-

etal cortices (eMethods in Supplement and Figure 1},

For eachseed {or DMN node), we created whole-brain func-
tional connectivity maps and tested group differences of these
maps. All seed-based connectivity analyses were performed
using the functional data sets that had been previously pre-
processed and registered to the MNI standard space.

Analysis of MRI Diffusion Data

Diffusion MRIimages were analyzed with FDT (FMRIB’s Diffu-
ston Toolbox) software from FSL. After first extracting individual
fractional anisotropy (FAYmaps, we then used diffusion tensor
imaging data in a probabilistic tracking algorithm to estimate

JAMA Reurology  July 2013 Volume 70, Numbec 7

_ Table 2. MNt Maximum Coordinates, Cluster Size, and Statistical

Significance of the Increased Activity on Resting-State Spatial Maps

" Cluster

Siza Coordinate

Brain Area {Voxels). X §4 z Value
Frontal pole 274 -21 45 36 02
frontal pole 192 15 45 33 02
Gyrug

Superior frontal 75 15 -6 &3 02

Middle frontat 21 ~27 18 45 03

Paratingulate 14 -1 - 48 3 04

Abbreviation: MM, Montreal Heurological Institute.

white matter pathways connecting the 2 DMNROIs (ie, MPFCROL
and PPC ROD extracted from theanalysis of the resting-state IMRI
data. These ROIs (from fMRIanalysis) were originally jn MNIstan-
dard space. They were then moved to each subject’s diffusion
space before we performed tractography (using linear registia-
tion implemented with FSL software).” Individual tracts were
registered again to MNI to compute the group-average maps.
White matter pathways were averaged across controls and pa-
tients separately. Finally, the average connectivity mapof the con-
trols was used, together with the registerad FA maps, to estimate
fiber integrity of this connection in the wholesample as the mean
FA within the pathway (Figure 1).

Cognitive Qutcome and Structural and Functional Connectivity Data
Mean signal amplitude (ALFF scoresyand connectivity (functional
cormnectivity and structural connectivity) scores were extracted
within the areas that resulted significantly from the whole-brain
ALFF analysis, the ICA, and the seed-based functional connec-
tivity and tractography analyses, We used Pearson coryelations
in $P5S software (IBM) {eMethods in Supplement) to study these
measures together with the measure of cognitive ouicome.

BINNNRNNNNNIINAE,.
Results

Amplitude of Resting-State Fluctuations

Compared with controls, patients had greater ALFF in sev-
eral brain areas {corrected P < .05}, including the frontal pole,
superior frontal gyrus, middle frontal gyrus, paracingulate gy-
rus, and superior parietal lobe (see Figure 2 and Table 2 for MNI
coordinates and cluster size). Because the map of increased
ALFF in the middle frontal areas showed a large overlap with
the frontal node of the DMN we analyzed the brain connec-
tivity of this network.

independent Component Analysis

Using I0A with témporal concatenation, we oblained asetof37
independent componentsand identified the main resting-state -
networks (eResultsand eFigure 1in Supplement), Withinthisset
of networks, we selected the DMN for further analysis.

DMN Connectivity

Group Comparisons of the {CA-Based DMN

Using the dual regression approach, patients with TB had
greater functional connectivity than controls within the DMN

jamaneurelogy.cony
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in certain areas of the frontal lobe (Figure 3). These regionsin-
cluded the frontal pole, the anterior cingulate and paracingu-
late gyrus, the superior frontal gyrus, and a small part of the
precentral gyrus. ’

Figore 3. increased connectivity within the default mode ngtwork
in patients with traumatic brain injury to controls

R p

Lomacted £

Red-yellow regions represent areps where the rannectivity diffesed significently
batween patients and controls {corrected P < O5).

Figure 4. Areas showingincreased functional connectivity in trauratic
brain injury and locations of the seeds .

=66 x=-4% =23 foreected P

Argas showing inceeased functional connectivity in traumatic brain injury (red
and yellow and locations of the seeds {blue). A, Increased connectivity with the
medial prefrontal corte region of interest used as aseed. B, Increased
connectivity with the left parietal cortex region of interest used a5 a seed.
Significant at P < 05 {family-wise enor corcected)

Driginal lnvestigation Research

Seed-Based Connectivity Analysis

‘Using the ICA-based spatial map of the DMN, we created 4 spheri~

cal ROIs with which to compute seed-based connectivity maps
in the MPFC, PPC, and left and right parictal cortex ROIs {see
eResults and eFigure 2 in Supplement for exact ROI locations).

With the MPFC RO as a seed, we found increased func-

‘tional connectivity of this region with other areas of the MPFC

in patients compared with conirols {Corrected P < .05}
(Figure 4). Moreover, with theleft parietal cortex RO, wealso
found a set of brain areas with increased functional connec-
tivity in patients with TBI {corrected P < .05) (Figure 4), These
areas were located in the Jeft lateral occipital cortex, angular
gyrus, supramarginal gyrus, temporo-occipital areas, middle
and inferior temporal gyrus, occipital fusiform and lingual gyri,
and precuneus, We found no differences in functional con-
nectivity when using the remaining nodes as seeds,

Structural Connectivity Measured
With Diffusion Tensor Imaging .
The MPFC and the PPCROIs were used to reconstruct the white
matter pathway connecting the 2 regions. The probabilistic trac-
tography map of cach subject was used to create separate av-
erage maps for patients and controls. These maps indicate the
probability of each voxel being part of a white matter path-
way connecting the 2 regions. The main tracts identified were
the left and right bundles of the cingulum, Visual inspection.
of the average maps for each group showed that the size of the
cingulum was reduced in patients. _ 7 '
The average map for the control group was usedasamask -
to extract mean FA values within the cingulum for each sub-
ject. These values were significantly decreased in patients with
TBI compared with controls (mean, 0.36 for patients vs 0.42
for controls; £ = 5.9; P < .001) {Figure 5),

Amplitude of Fluctuations and Cognitive Qutcome
In patients, theamplitude of resting-state fluctuations was posi-
tively correlated with cognitive performance (r = 0.48; P = .03}

Figure 5. Results of tractography analysis shown as spatial maps of probabilistic tracking

X conent

Ganfisy

Yellow represents the 2 reglons of interest (medial prefrontal cortex and
precuneusfpostedior cingulate) used as seeds for the fiber-tracking algorithm,
Average probabilistic conneclivity maps are shown, with the standard

anatomical Monteeal Newrological Institute template, for controls {in green) and
patients with taumatic brady injury {TB1) {in biue),
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the greater the activation, the better the cognitive outcome.
There was no significant correlation between these measures
incontrols {r = 0.35; P = 16),

Within the patient group, functional connectivity scores
for the frontal ROI were negatively correlated with the FA val-

- ues of the cingulum tract {r= -0.45; P= ,04),

b
Discussion

The purpose of this study wasto provide further insight into the
ALFF and their connectivity in theresting state and the possible
relationship of these findings with cognitive outcome after trau-
maticaxonal injury. Our main fnding was that higher ALFF gt
restis associated with better cognitiveoutcome in patients with
diffuse TBI. More specifically, these patients also had increased
resting-state functional connectivity in regions surrounding the
frontal node of the DMN, Moreover, the increased frontal con-
nectivity could be explained by damage to the cingulum, the key
tract connecting the anterior and posterior brain areas of the
DMN. These findings suggest that the Joss of structoral connec-
tivity is compensated for by an increase in the functional con-

- nectivity of local circuits,

Fewstudiesto daie have considered the ALFF atrestandits
implications in terms of rognitive dysfunction, Thismeasure has
been found to be decreased in patients with mild cognitive jnv
pairment and Alzheimer disease.” Inneurodegenerative diseases,
these decreases in amplitude probably reflect a loss of neurons
that consecutively provokes connectivity deficits and disorga-
nization or breakdown of brain networks. In our study, when
comparing whole-brain ALFF in the resting state between groups,
the TBigroup showed increased aniplitudes that were predomi-
nantly focused within frontal lobe regions. Moreover, the mea-
sures of higher amplitudes in these areas predicted a better gen-
eral cognitive oulcome, suggesthlg that functionaland efficient
brain rearganization occurred to compensate for acutebrain dam-
age and improve cognitive performance. This finding, together

- with changes in structural connectivity, may constitute an ob-

jective measure of long-term cognitive outcome after TBI,
The specific analyses of the DMN in the resting state also

showed increased connectivity in the frontal node of thisnet-

work in patients with TBI compared with controls. Further-
maore, connectivity from each core of DMN nodes 1o the whole-
brain revealed a widespread pattern of focally increased func-
tional connectivity swvounding the medial frontal and left pa-
rietal nodes of the DMN. Increased functional connectivity has
been found in other diseases involving white matter damage,
such as multiple sclerosis; subjects with relapsing-remitting
multiple sclevosis lrave compensatory increased connectivity in
the posterior cingulate DMN node, and in patients with early-
stage disease, distinct networks exhibit increases in functional

. connectivity despite large reductions in white matter integrity. ™

Previous studies investigating the DMN during the resting
statein TBI have found altevations that reflect both decreases”
and increases in functional connectivity. The increases have:
been interpreted as compensatory of adaptive mechanisms be-
cause they were often positively correlated with cognitive
outcome.®¥ Anather possibleinterpretation is that thisincreased

JAMA Neurology iy 2013 Vohume 70, Number 7
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conuectivity, measured in voxels surrounding the DMNnodes,
reflects adiffusion of the DMN hodes during recovery from TBL
‘This latter interpretation also may be supported by the fact that
the white matter injury found in the cingulum in TB] precludes
the functional inhibition of areas surrounding these nodes. We
suggest that theincreases found in frontal areas may reflect com-
pénsation becausé the amplitude of the flucluations in these re-
gionscorrelated with performance, but the increasein the spread
of connectivity arpund the PPC reay reflect a loss of direction-
ality inthe connectivity caused by the injury. On theotherhand,
Mayer et al described a pattern of decreased long-distance func-
tional connectivity between the nodes of the DMN (e, between
anterior arid posterior nodes).

Although not directly examining the DMN, other authors
have found alterations in resting-state connectivity in TBlin the
form of reduced interhémispheric connectivity of the hippo-.
campus and increased ipsilateral connectivity, and these were
asspeiated with better cognitive outcome.® In addition, westing-
state MRIstudiesinvolving magnetoencephalqgmphic record-
ings have also provided evidence of brain plasticity and net-
work reorganizdtion mechanisms, specifically increases or
decreases in the extent of certain brain connections.3®

To find a possible explanation for the sbserved pattern of
augmented functional connectivity in the anterior and poste-
tior areas of the DMN, we performed tractography of the fibers
ronhecting the core of the anterior and posterior reglons of this
network. This showed reductions within the fibers correspond-
ing to the cingulum, and the FA of this bundle was correlated
with theincreased connectivity of the froiital node of the DMN.
‘The cingulum is a2 long, medial associative bundle that runs
‘within the cingulate gyrus all around the corpus callosum, con-
necting the medial frontal and parietal lobes.” This finding sug-
gests that damage t6 this fascicle Jeads to functional reorgani-
zation consisting of incredsed local connectivity surrounding
the nodes of the network, probably resulting from decressed
interconnectivity between the frontal and parietal nodes.

Altogether, ou results suggest that increased frontal func-
tional activity at rest, measured asthe ALFE, i§ associated with
better global cognitive performance and that the altered struc-
tural connectivity between related brain regions can be com-
pensated for by increased functional connectivity, Two re-
cent studies have accurately characterized the changesin the
DMN connectivity at different time points. Hillary etal,"® ex-
amining resting-state DMN conneclivity in a sample of pa-
tients in the acute stage with predominant focal lesions, found
increases in the connectivity of this network during the first
6 months after injury. On the other hand, Arenivas etal’! ex-
amined DMN functional connectivity in a cohort of patients 6
to11 months after TBI. Using 3 methodological approaches,
they found decreased connectivity in the main nodes of the
DMN, Although their sample characteristics were similar toour
own {patients with white matter damsage without significant
contusions), our patients were studied a mean of 4 years after
injury. Thus, our findings can e generalized only to patients
inthelate chronic stage and arenot directly comparable to find-
ingsinthe eatly chronicor postacute stages. However, whereas
Arenivas et al" showed decreases in the core nodes of the DMN,
we found diffuse increases in connectivity inareas surround-
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ing DMN nodes, The apparcnt contradiction can be explained
by the fact that Arenivas et al did not analyze the regions where
we found increases because they studied connectivity within
the nodes of the DMN. We suggest that the increased connec-
tivity in areas surrounding DMN nodes, which we foundinthe
late chronic stage, might represent the brain’s attempt to com-
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Default-Moae netwuik
Disruption in Mild Traumatic
Brain Injury’

To investigate the integrity of the default-mode network
{DMN} by using independent. component analysis {1CA)
methoeds in patients shortly sfter mild tesumatic brain in-
jury (MTBI) snd healthy conirol subjects, and to correlate
DMN connectivity changes with neurocognitive tests and
clinical symptoms.

This study was approved by the institutionat review hoard
and complied with HIPAA regulations. Twenty-three pa-
tients with MTBI who had posttraumatic symptoms
shortly alter injwry (<2 months} and 18 age-matched
healthy control subjects were included in this study
Resting-state funetional magnelic resonance imaging was
performed at 3 T to charactevize the DMN by using ICA
methods, including a single-participant 1CA on the basis
of a comprehensive template from core seeds in the pos-
werior cingulate coriex {PCC) and medial prefrontal cortex
{MPFC) nodes. ICA 2 images of DMN components were
compared between the twe groups and correlated with
neurocognitive tests and clinical performanee in patients
by using Pearson and Spearman rank correlation.

“When compared with the conteal-subjects; there-was gig-—
nifieantly reduced conneetivity in the PCC and parictal
regions and increased frontal connectivity around the
MPEC in patients with MTBI (P < .01). These fronto-
posterior opposing chinges within the DMN were sig-
nificantdy correlated (r = ~0.44, £ = .03). The reduced
posterior connectivity correlated positively with newro-
cognitive dysfunction {eg, cognitive flexibility}, while the
increased frontal connectivity correlated negatively with
positraumatic svmptoms {ie, depression, anxiety, fatigue.
wd posteoncussion syndromel,

These results showed abnormal DMN commectivity pat-
ierns in patients with MTBI, which may provide insight
inte how neuronal communication and information inte-
gration are disrupled among DMN key stroctures after
mild head fnjury.

PRENA, 2012
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it traumatic  braln injury

(MBI} is a substantial public

health  problem, represeniing
75% of tramnatic beain injury  coscs
{13. As delined by the World Henlth
Organization (2,3}, MTB! results from a
trawmatic event that causes a brief loss
of cousciousness, lasting less than 30
minutes, fransient memory dysfunction
or disorientation that lasts less than 24
howrs, or both, Although conventional
newroimaging lindings w'e ofien normal
in patienis with MTBI, 20%-30% of in-
dividuals develop long-term symptoms,
including behavioral, cognitive, and new-
ropsychologic problems {4}, ultimately
preventing soma from ever successfully
reengaging -in their normal lives (3).
These posttraumatic  symptoms, re-
ferred to as postconcussion syndrome
{PCS), manifest as o history of trawmatic
brain fnjury along with the presence of
three or more common symptoms {ie,

Advances in ’Knm?uedge

® In patients with mild traumatic
brain injury (MIBI, as com-
pured with healthy control sub-

mode network {DMN) . functional
connectivity was dis;mi)xed, as
evidenced by significantly
reduced connectivity in the pos-
terior cingulate cortex gnd pari-
etal regiong and increased fronial
connectivity around the medial
prefvontal cortex (< ,01}.

® These opposed chaniges were sig-
nificantly correlated with each
other {r= ~0.44, P= .03}, sug
gesting that frontoposterior
DMN nodes are not caly intrinsi-
cally interdependent but also
highly complementary and dy-
namically equitibratory in their
functions after mild injluy,

= The reduced posterior connee-
tivity correlated clinically with
neurpcognitive dysfunction {eg,
cognitive flexibility), while the
increased frontal connectivity
correlated with postiraumatic
sympioms {ie, deprassion, anx-
fety, fatigue, and posteoncussion
syndrome [PCS]L

headache, dizziness, fatigue, beritability,
insonmia, poor concenipation, menory
difficulty, or an intolerance of stress,
enjotion, or alcohol} that have lasted a
least 3 months {6), as well ay evidence
of deficits in attention and memory {7}
PCS is frequenty overlooked at the time
of initial injury and can develop and per-
sist for variable periods of lime, How-
ever, the underlying pathophysiology of
PCS s still poorly undersinod.

in recent yems, resiing-state func-
tional magnetic resonsuee (MR} im-
aging hus enabled evaluation of orvit-
ical brain wetworks on the bhasis of
baseline energy expenditure in awake

and resting states of the brain, Rest

ing-state networks ave composed of
brain regions with highly correlated
time tourses of robust low-frequency
{<0.1 11z} blood oxygen level-depen-
dent signal fuctuations (B), which are
believed to represent the mainlenance
of haseline human cognition and muot-
abolic equilibrium {ie, oxygen halance)
{9). These intrinsic, spontaneous neu-
vonal sctivities heve heen considered
1o vepresent importunt functional ar-
chitecture for understanding the cog-
nitive functions and can le altered in
various neurologic aml psychiatric dis-
orders {10}. Among these networks,
the default-mode network (DMN) is of
particudar interest, The DMN s a well-
established network that is active at
rest and suppressed during tasks that

require attention and decision making |

{9,11). The DMN typically comprises
the posterior vingulate cortex (PCC),
precuncus, inferiur parictal, and me-
dial prefronial cortex (MPFCY nodes
{(12). Anatomically, the cytanrchitee-
tonic areas of the DMN are suggested

tmplication for Patient Gare

& Qur results of disrupted DMN
synchrony and connectivity iy
MTBI suggesi thel resting-state
functionat MR hmaging cen be
used as #n additional clinieal tool
for detecting subtle brain injury
that is not apparent with conven-
tinnal MR imaging and {or better
widerstnding the underlying
disease pathophysiology of PCS.

Radlology: Voume 266: Number 3-~December 2012 = radidogy rena.om

tu be strongly interconnected (13}, Al-
terations in DMN hunctional connectiv-
ity have been found in several psychiat-
ric disorders (14-17). 1t is also knawn
that several key cognitive functions are
supporied hy this network (i8). For
example, the main role of the PCC is
mentory encoding, consolidation, and
environmental monitoring, while the

TMPEC participates. in self-relevance,

rapitl error identification, and social
fanctions  {19), These higher-order
cognitive Tunctions are ‘often disrupted
in patients with MTBI {20},

Several stadies of patients with se-
vere forms. of trotmatic brain igjury,
including vegetative states, have shown
disrupted DMN conpectivity in terms of
evaluating patients with consciousness
impairment {21-24}. Despite consider-
able interest in the DMN and its vela-
tionship with cognilive function, litile is
known about DMN conuectivity chang-
ey in MTBL A recent study by Mayer
el al {23} showed decveased comectiv-
ity within DMN nodes and increased

Publishad onliee »
1011488k 12120748 Cantant vode:[NR]... ...

Radlology 2012; 265:882-842
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b - connectivity belween DMN nodes s

the lateral prefrontal cortex o MTBI
by wusing seed-bused analysis, which
is. o single Ume-course corvelation ap-
proach hased on predefined regions
of interest, 1o the best of our knowl-
edge, these findings have nnt heen
rveplicated by using multiple-regression
methods, such as independen compo-
nent aunalysis {1CA}, which is a wore
vobust lechnique involving the blind
source separation method that caplures
the essentinl componenis of multivari-
ate resting-state functional MB imaging
data (28}, The ICA modelis a powerful
tool Tor the extradiion of imuging pat-
ferns of synchropized newmal activity
from resting-state fiunciional MR imag-
ing time series. ICA ean help separvale
the whole-brain signal fluctuations from
physiologic noise and  sutomatically
eapture the entire DMN as » single ma-
jor component {27}, This decceases the
heterogeneily of DMN patterns when
using the seed-bused method {28B), We
hypothesized that there wre abnovmat
newronal notivations of DMN  subre-
givns in he resting brain in patients
with MBI, which can be detected with
advaneed ICA technigues,

To validate ouwr findings, we osged
three dilferent strategies of ICA, which

_included a templaie-hased 1CA method
{29}, a hybrid 1CA seed-based method

{30}, and a group ICA method {31)
in paients with MTBI compared wilh
fienthy individuals, The purpose of this
study was to mvestignte the integrity
of the DMN by using ICA methods in
patients shartly sliee MTBI conpared
with control subjects and o corvelate
DMN connectivity changes with newro-
cognitive tests and clinical synmiptoms.

Rlaterials and Methods

Participants

This institutional veview board-approved
sty was performed between July 2008
uned Apeil 2001 and was in compliance
with the Health Inswrance Povtability
and Accowmstability Act, A totad of 26
patients with MTRI (recruited from a
university-affiliated lovel | reaumn center
andl a university hospital} and 21 healthy

control subjects were Jtentified  and
veciuited from a loige database in our
center of several ongoing hewroimaging
projects. Al individuals signed a consent
form before undergoing MR huaging, All

potients experienced # elosed head in-

jory with either postivaunustic amnesia
of Tess than 24 hours dhration or loss of
ponsciousness of approximately 30 mi-
nutes or less, with Glasgow Conw Scale
scores batween 13 and 15 obtamed by
ihe emegency or wnbulatory carve stall’
sfter injury. In this study cobort, all pa-
tieats experienced loss of consciousness
{nininnnn tme of 10 seconds), and all
had various postiesimuatic sympioms
at the time ol MR immaging, including
henduche, nsomnia, fatigne, sensitivity
to light, irritability, and deficiis in aten-
tion, remory, and exeeutive fimetion;
ixelusion eriterin included hitstory of
alcoho! or drug shuse, nedropsychologie
disease helore injury, and prior brain
njuey or other newologic disense, in-
cluding stroke, epilepsy, and sonsatic
disorders. On the basis of these eriteria,
three patients were excluded owing 1o
previous head fnjury, presence of othee
neurologic disease, or extensive motion
artifacts. Thus, 23 patients with clinically
defined MTBI (32) (17 men, six wonion;
mean age, 37.8 years = 120 [standard
deviation]; educational atisinment, 15

yeurs % 2.8} were included in this study,

with & mean interval of 22 days (range,
3-53 days) hetween trawma and MB I
aging. One control subject was exchuled
due to an incidental finding of hyain lo-
sions nt MR bmaging, and snothey two
control subjects wore excluded due to
excessive movement. Highieen healthy
control subjects {mean age, 32.6 yers
£ 10.0; educational attainpient, 16 years
& 2.1} were finally included for compari-
son, snd they were conlinmed to have po
brain disenses according 10 patient his-
tory and imaging, The two groups had
ne significant demogmphic differences
in age, sex, or education (P> 2],

MR Imaging

MR fmaging dnta were obtained with
1 3T whole-body MR iomger {Sie
mens CTim Peist Siemens - Medicad
Systems, Helongen, Gewmaoy) by us-
ing o 12-channel head coll. Standard

gradient-echo echo-planar resting-state
fimctional MR inaging (repetition time
nmsce/echo thne msee, 2000/30; flip an-
gle, 75°; field of view, 220 X 220 mnu
matrix, 128 X 128; 153 volunies) was
pm*fom:éd in the axial plane, parallel 1o

~ g line through the andeior and poste-

rior commissures {section thickness, 5
i section gap, 1 mum) aud positioned
to cover the entire cerchrum {spatial
resolution, 1,72 ¥ 1.72 ¥ 6.00 num)
with an acquisiton time of 5 minutes
§ seconds. Individuals were instiucied
to close their eyes for better relaxation
but to stay awake during e inaging
protocol, For corvegistralion and nor-
matization of resting-state lunctional
MR Bmaging data, threetimensionsl
Thweighted  nmisgnetization-prepared .
apid gradient-echo imaging (repelition
time msetfocho e mseefinversion
tinte ser; 230072.98/900; fip angle,
9% resolution, 1 X 1 X I oun} was
performed. In addition, T2-weightet
fast spincecho and  high-spatinbveso-
lution  susceptibility-weighted  imaging
sequences (d5/20/900: Mip angle, 158%;
resolution, 0.5 X 0.5 X 2.0 muy 52
axial sections) were also implemented
to help detert hemorrhagie or other
lesivus, The conventional T1- and "12-
waighted images together with suspep-
tibility-weighted images were reviewed

-earefully Iy two experienced eadiclo-

gists (Y, W.L und Y.G.}, and lesions, i
preseut, were documented.

Heuropsychologic Assessment

Nenropsychologie tosts wers performed
within 12 hours of MB imaging for pa-
tinnts with MTBL The newropsychologic
tests were performed by a psychologist
{L.M)} who had nwre than 7 years of ex-
parience and was blinded to MB imag-
ing vesults, Neuropsychologic measures
to evaluate cogiitive functening in-
chded {a) the Symbol Digit Modal
ities Test (33) to measure information
processing speed; {B) the Digit Span
subtest of the Wechsler Adult Intelfi-
gence Scale 1 {34) 10 measure verbal
uttentivn and concentration, as well as
working memory; (¢} the Tinil Making
Test A Lo assess speed and visual atien-
tinn; (1) the “Trail Making Test B {35) o
assess mental fexibility, specifically the
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ability to shift rapidly between cognitive
sets; {o) the California Verbal Learning
Test 1} (o assess verbul lesening, us well
as immediate and delayed verbal niem-
ory {36); and {f) the Bey-Osterveith
Complex Figure Test (o assess visuoper-
ceptual ability and immediate and de-
tayed visual memory {37). These test
results weve reported in g scoves, Post-
traumatic symptoms, incinding anxiety,
depression, and fatigne, were assessed
by using self-repovt questionnaires and
séales, Tor which higher scoves indi-
cate heightensd symptoms. ‘The Beck
Depression Inventory {38) was used
ta assesys depressive symptoms, fatigue
was measured with the Fatigue Sever-
ity Seale {39}, and subjective symptowss
ware assessed by using the Posteoncus-

sion Symptoms Scale (40}, This seale is

used {o-asséss the severity of 189 symp-
toms, such as dizziness, halance prob-
lerns, headache, and sensitvity 1o light,
which aie sssociated with PCS, nald
cognitive impairmest, or both. Hemy
are rated on a Likert scale, hulicating
severity of the symptoms, from 0 {(hong)
to 0 {severe). Past research hus vali-
daied the use of such inventories in the
use of assessiug individusls alter minor
Lead injuries (41},

Image Processing and Data Analysis

All data pre- and postprocessing were
performed by an  imaging  seientist
{Y.2.) with 11 years of orperience in
fimctionsl MB imaging data anuelysis
and interpretation,

Preprocessing. —The  three-dimen-
sional magnetidation-prepared  rapid
gradient-evlio imaging datd were first
veoviented, skull siripped, and sop-
mented fute gray matter, white matier,
angd cerebrospinal fluid regious. There-
after, thoy were corpgistered and nor
rahizedd 10 the Montreal Neurologie In-
stitute {MN1} 152-brain template (2 X 2
X 2% mm). Preprocessing steps for yest-
ing-state fimctional MR hinaging data
inclnded realignment, spatial Gaussian
smonthing with full width a hall maxi-
murit {6 mm}, band-pass temporal fliter
ing of 8.003-0.100 iz, coragistration to
magnetization-prepaved rapid gradiens-
echo jmaging snd removal of nuisance
signals - (motion  parameters,  global

signal, and signals derived from cere-
hrospinal Tddd and white watter), and
trapsformation 1o MNI stondard space,
The amstomic and Tunelional data were
preprocessetd by using both the Fune-
danal Magnetie Besonance hoaging of
the Brain, or FMRIH, Soltsarve Library
(FSL) {eg, tissue segmentation, vegis-
fration, smoothing, siud vegression) nod

“Analysis of Functional Newvolmages, or

AENI, programns (e, reocientation, skall
stripping, motion corveciion, filiering,
and rvegion of interest ime courses ox-
traction} - (adopled sevipis from htip:
shinenitre.org/project séfeon 1000},
For covrection of mation artifocts,
head movemeni~coustraint haadphones
antd a cushion were used to prevent
movement during hnaging, and all in-

dividunls were instructed 1o keep stll |

during the Imaging protocol. AFNE o~
tion-correction algorithms were used {o
perform more realigmunent steps with
three angular rowtion {voll, pitch, and
W in units of degrees) ad three di-
vectional displacement {in mitlimeters)
sdjusiments fo forther minimize mo-
tion ariifacts. After these coreection
steps, uo statisticsl differsnces wore
observed b (a) the previous six motion
parameters and (b} frame displacement
{42) along all termporal frames hetween
MBI and control groups (P > 05).
Additionally, with the ICA approach,
movement artfacts can be fdendified
easily and removed separately by apply-
inng a band-pass filter.

Seed-based  analysis.—Alter  pre-
processing, ihe Pemson  vorvelation

formed betwesn the averaged tme
series of cither the PCC- oy the MPFC-
centered seed and the doe course of
each voxel in the brain. Two regions
of interest, including the MPFCO seed
{MNL 0, 48, ~3 nup) and the PCG seed
(MNE ~8, —48, 39 mni), hoth with
§96-mn® volumes, were devived from
the seript seed Hbrary and were woll
evaluated previously hy Fox and Ruichle
{18}, Since the individual seeding ap-
proach with the seed placed withio ¢
ther the PCC or the MPFQ generates
different and incomplete DMN conner-
tivity patierns {43), the combined tem-
plate fromy these two DMNs was used

CAler

and converted into a binary image afler
applying a tweshold of corraction of P
< 05 for subsequent single-participant
ICA. The overlap similarity index be-
tween PCC- and MPECseeding DMN
group patierns was ealeulated as the
Dice coefficient, defined ns twice the in-
rersection over the sum of cardinalities
(44,45}, The tatal nwnber of voxels (N}
and average correlational 2 value were
computed from the obtained entire, an-
terior, ov posterior DMN connectivity
maps by tsing # threshold of correction
of P < 05, The anterior smd posterior
portions of the DMN were defined ae-
cording to MN! coondinates as y = 0
and y < (), respectively.

Single-partiwipant ICA.—The  eon-
ventional  siogle-participant  JCA was
implemented by using information max-
fimzation eriterin {46} Lo decompese
die duts from each udividusd Into 16
spatially statistically independent and
inirinsically  conneeted  components
{47} {httpiffent salk. edu/~tewon/ica onl
Juml), Bach component was shown by
o 2 seore wap by subteacting the global
mean from each voxel and dividing by
the global standard deviation with a
threshold of 196 {equivalent P < 05},
Cexcluding  very-low-fréquency
(<0.01 ile) or high-frequency (0.1 1z}
artifacts due o imsger drift and cor-
dinge ond respiratory motion by spplying
a baud-pass filer, the coraponent that
hadd the maxiow difference was chosen
o identify the DMN component (G}
and generate 9 3-score wap by tsing the
following equation:

Chispe = m;tlx{(?‘.:,} ”:ngx—'r}} {(n

where i represents the ith low-frequen-
ey eomponent, T stanuds for the place-
meant of voxels within the Dhinarized
DMN template fmage generated from

‘the previoos sesd-based methody (1 -~

Ty veprosents ihe region outside the
DMN template; and £ is the pverage
z seore of the Ith contponent inside or
vutside the template region.

 Hybrid ICA.—The DMN detected
mutomatienlly by mesns of single
purticipant 1A was used as @ noew
soed y ilevate Tor the nesi-round 1ICA

Ratiology: Vohsves 265: Rusber 3 - Deoerbor 2017 o rfodogyrcria ong
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Figure 1

Figure 11 DMN {emplaies created with the seed-based method in healthy conirol subjects. A, PCC-seed--based lemplate, wilh
predominant PCC, bllateral inferiof padetal, and MPFC conneclivity (correcled, P < 05; cluster size, K = 20). B, MPFC-seed-
based template shows predominant MPFC connectivity with PCC nodes detecied (corrected, P << .05; cluster size, K= 20}, C,
Binarized imags of combinad-network seading frotn the MPFC and PCC show a more inclusive connectivity pattern of the DMN,

temiplate, which s termed “hybrid
ICA seed-bused method,” us proposed
by Kelly et al {30). By deriving seed
information  from  single-participant
ICA, this hybrid algorithm uses the
explovatory power of single-partici-
pant ICA to increase the confidence
of automatic detection of spatial rela-
tionships and {0 reduce possible ovig-
inal simple sead-template~maiching
errovs. The bybeid 1CA s particularly
useful in cases where seed-based fune-
tional connectivity MR imaging maps
woild -otherwise be generated from
seed voxels where muliiple compo-

nents overlap, which is often the case
with DMN,

Group ICA. 1o validate the sin-
gle-partivipant 1CA resulis, group 1CA
with the FSL Multivariate Exploratory
Linear Optimized Decomposition into
Independent Components (MELOC)
algorithin  (hitp://www fhrib.ox.ac.uk/
Sst/meladic/index. himi} {31) was also
implemented. The final DMN compo-
neni of cach group was identified with
visugl inspection on the basis of per
indic temporal fluctuation, spatial pat-
tern, aud distinet peak of power spee-
trum al low-frequency {=0.1 1) eauge,

Statistical Analysis

For seed-based aunlysis, a bwo-sample
t test for comparing the voxel numbers
or mean 3 values was performed be-
tween the patienis and conirol sub-
jects. The FSLOEMRIB Local Analysis
of Mixed Effecis with Ordinary Least
Syuare option  (FLAMEQ) convmand
was used 1o anelyze he  variance
of DMN: maps within each group s

between two groups with corrected P <

3. For single-participant ICA, one- and
two-sample { tests were implemented
by applying SPM8 sofiware (Statistical
savametric  Mapping, bt/ ik
ox.acak/fslffshwikisy to the z hnage of
the DMN made up of ICA components
from the two participant groups 1o gen-
erate statistical maps. Av integrated
threshold was used at a significance fevel
of £2 < .01 wd a closier sive of at fessi
20 voxels {or smallvolnne correction 1o
the whole brain to remove falsepositive
error and maintain true-positive sensi-
tivity {48}, Multiple-comparison  eor-
rections at the clusier level were per-
formod on the whole brain on the basis
of Gaussian randon field theory by us-
ing FSL casythresh vinimom, z > 2.3;
cluster significance, P < 05, corrected).

Nearopsychologic  measurements
were input as covariands for second-
level covariance analysis, and Pearson
or Spearman rank correfations were
performed between either the neuwro-
cognitive tests or postiraumatic symp-
toms (ie, anxiety, depression, [atigue,
and PCS) scales and the ICA 2z images
of DMN, Bonferroni corrections were
performed in patients with # total cor-
rection factor of 12 for multiple fosts (n
= G}, and twe averaged z values {n = 2)
were olstained from either decreased or
increased regions (40},

In the healthy eontrol group, differ
ent spaifel distribution patterns of
DMN were shown when ihe seed was
placed in the standard MPEC versus
POC t‘egioli, which showsd antevior-
predominant connectivity with MPFC
seeding  and  posterior-predominant
connectivity with PCC seeding (Iig 1,
A and B) (one-sample ¢ test with cor-
rected P < 05 and cluster size of K
2 20}, suggesiing an intrinsic region-
dependent blnod oxygen level-depen-
dent signal coherenee of resting-state
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networks. The total nuniber of DMN
voxels in the healthy control group
with PCC secd {n = 16877) had only »
41.2% {DICE cocflicient) overlap with
MPEC seed (n = 20152}, A combined
DMN {n = 29397) Trom both PCC and
MPFC seeds was shown o represent a
more comprehensive network {Fig 1,
€y Tor selecting 1CA components, In
the control group, this combined DMN
showed # more inclusive network pat-
tern {74.2% and 45.9% increass from
a PCC- and MPEC-seed-only resting
state network, respeciively} involving
PCE, precuncus, MPFEC, and bilateral
parietal segions. By means of visual
inspection, patienis' showed decrea‘sed
comectivity in the parietal region
{PCC  seeding), whereay increased
connectivily was observed in the fron-
tal region (MPFC seeding) when com-
pared with contral subjects. However,
such differences did not reach siatis-
tical significance {two-sample ¢ test)
regarding the voxel numbers of DMN
or average z values.

No hemorrhagic brain fesions were
detected  with  conventional  imaging,
meluding  T2-weighted MR imaging
and susceptibility-weighted MR imag-
ing in patients with MTBL. By using »
combined DMN iemplate {a binarized
image} from both core seeds, single-
participant ICA {one-sample € tesl; P <
J01; cluster sive, K = 20) showed o sime
ilar spatial connectivilty pattern of DMN
with seed-hased analysis in healthy can-
trol subjects {Fig 2, A}, In patients with
MTBI, there was a significanily different
disteibution pattern of DMN comnectiv-
ity (Fig 2, BY when compared with that
of healthy control sulijects. Figare 2, C,
shows comparison resulls belween the
two groups (two-sample { test, P < 01},
demonstiating  signiieantly  increased
connectivity primarily in the anterior
MPEC region {Table 1) and decreased
connectivity primacily In the posterior
medial PCC and purietal régions (table 2)
within the DMN in patients with MT8L
Specifically, the inereased connectivity
i the anterior DMN rogions includes
the left caudate nucleus, the bilateral
medial prefrontal vortex, and the right
superiov temporal pole, whereas the
decreased connectivity i the posterior

Figure 22 Group /iest maps of single-subject 1CA results and comparison between patients wilh MTB! and
control sublects. When campared with DMN patlerns in the controt group (4), the patient group (8) showed
significantly decreased connectivity i the posterior porfien {arowheads) and increased connectivity in the
anterior portion {amrows) of the DMN (P < 01; cluster size, K= 20). £, The group-lavel vaxelwise image of
single-participant DMN pattermn comparing MBI to contral groups shows decreased connectivity regions in
bluz and increased connectivity regions in yellow.

Table 1 ) '

Group Comparisan of Increased DVN with Single-Subject ICA in Patients with MBI

versus Healthy Control Subjects’
Bodmenn N Cooninates

Brain Region Area feyandzinmmy  ChsterSee zSoe Plale
Left caudato nuclaus ~2,12,2 45 318 001
Left MPFC 10 ~12,44,2 49 3.08 RuisN
Right superior tempornl pole 38 34,10, ~24 41 304 001
Right medial froniat 10 8.44,2 32 2.18 004"

tiole —Single-subjcl ICA was based on whote-brain viniwise Sasyeis, sh regions with G OMH. P< 01;chister

sice, £ = 20,

* Chushers st supvived after use of & Gangsipn random-figtd algaithm ey, FSL easyﬁxresh) fo5 multiple-Compaisn Latrection
at the pluster bevel Grinlman 2 seore o> 2.3; duster sgnificance, P2 05)

- DMN regions includes the feft ealearine

cortex {V1}, the left posterior cingulate
cortex, and the bilateral cwieus. In pa-
tients with MBI such inereased rou-
nectivity in the frontal (anterjor} vegions

significantly corvelated with decrensed
comeetivity in the posterior vegions (=
~0.44, P = .04) {Fig 3), suggesting that
these oppesite within-network changes
are essuitinlly associated,
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Table 2

Group Comparison of Decreased DMN with Single-Subject IDA In Patients with MTB!

versus Healthy Control Subjects
Brodrann W x v, zCoordinates

Brain Region Aea i} - Clyster Size z 8o PVaiue

{efl calearing cortex. 17 -8, ~62, 10 42 335 < 001
vy ' .

Left PCC 23 -4, ~38, 28 22 318 REG]
Right tuneus 19 14, ~60,38 18 2.54 002
Left cuneus/PEC 23 ~18, ~54,26 25 2.75 003

Hote~—Single-sublzct 104 was based 07 whole-Ixain voxehwise anstys’s, shawing 1egions with decreased DMN. P < 9Y)

chaster size, K= 20,

“ Clusters stilf surerved afier uss of o Gauasan ra.m-ﬁaﬁ sigesithm fog, FSL. easythnsh) G multiphe~C

af the chuster feved {mintmum # score = 2.3; custet sigréficance, £ < .05}

Yo & . Figure 3:  Plot of patienfs
z . - with MBI shows that increased
= 0.5 . functionat connectivity {7 scores)
a = in the MPFC region correlates
Lo negatively {r = ~0.44, P=
g g o .03 with decreased functional
o b conngctivity {z scates) In the PCG
- :} Y and parietal regions, which may
- . suggest a highly complementary
§ 4 and uynamicaliy eqiilitratory
& * refationship betvsen the two
key substructures of the DMN
185 5 3 y r3 Ij] terms of function after injury.
fcMRI in Anterior DMN {2 scores) . oM/ = functional connaciivty
- MR imaging.

By using the hylwid 1CA seed-based
method, we found o similar but aog-
mented pattern of creased frontal
comectivity and  decreased posterior
connediivity of the DMN in patients
compared with eonirel subjects {Fig 4).
We also performmed . MELODIC group
{CA, the resulis of which ave consis-
tent with single-participant 1CA, which

showed 43.4% increases of the voxel

mumbers of ihe DMN in the antevior
regions (MN] coordinate, y = 0, pri-
marily in the MPFCG region, and 24%
decreases in the posterior regions {MN§
coordinate, y << 0} in palients with
MTBI compared with control subjects,

_la patients with MTBL there was a
significant correlation after Bonforroni
correction - between  decreased DMN

in the posterior regions with the Trail
Making Test B (Pearson correlation co-
efficient, r = 0,60 corvected, P = 02}
{Fig 5, A): which is v nreasure of exee-
utive functioning (o assess mental flex-
ihility—specifically, the ability to shift
rapidly between cognilive sets, There
was no significant correlation hetween
DMN chisnges snd other newrocogi-
fivee tests after Bonforroni adjustoent,
By using eovariunce nualysis, a signil-
icant correlation {7 < 01} between
functional  connectivity  MB imaging
{z score} of anterior MPFC and clini-
cal symploms, including sindety, de-
prossion, fatigue, and posteoncussive
symptoms, was also found, Figure 5,
B, shows a representative exsmple of
a negative coreelation between MPFC

eomneetivity and depression score in

patients with MTBI (Spearnan corve-

lation coefficient, r = —0.56; correeted,

P = .01}, indicating that patients with
higher MPFC functional comectivity

have o lower degree of depression.

Our results show significantly deeveased
intrinsic functional -connectivity in the
PCC and parietal rogions and increased
functional connectivity in the MPIFC ye-
gions at functional MR fmaging in pa-
tients shortly nfter MTBL Wo used three
different algorithrs of 1CA to covalidate
our fimdings, and our vesulls are consis-
tont and independent of data processing
algorvithms, which all suggested poste-
rior hypocounectivity and anterior hy-
perconnectivity during the resting state
of the brain alter injury fiv patients with
AMTBE The observed relationships be-
tween DMN disroption and neuroeogni-

tive dyslunetion, as well us clinical symp-

tams, provide sn additional important
chue to the patlophysiology underlying
PC8 after injury. v
Begavding the normal DMN pat-
torn, previous sty - findings {43,50).
together with the current study resulls
in which secd-based methods were
used, demonstrated very different con-
nectivity patterns of the DMN o healthy
control subjects when the seed was
placed separately in PCC versus MPFG
regions. For example, Jobnson et al ve-
ported a dissociation between MPFC
und POC activity by using functional
MR imagiug duving cognitive tasks {51},
They provided evidence with task-relat- -
ed functional MR imaging that anterior
apd posterior regions of the DMN may
subserve different funclions with re-
spect to different self-reflection condi-

“tions, In the cmremt study, we used a

comprehensive core-seed-based  tem-
plate for single-participant 1CA to se-
lect the best fit of coactivation of DMN
substructures.  The  template-hased
stngle-participant ICA is a novel aute-
mated approach i sorting independent
components without subjective identi-
fication of the DMN (52,33}, By using
terplaie-based 1CA analysis, Grelcius
ot al also showed improved speeificity

asg
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Figure 4 DMK templates obtained with the hybrid ICA saed method in patients and control subjects (corrected, P < 05; K= 20). A, Typical
but enhanced connectivity patiers of the DMN was identified in the healthy controd group. B, Distupted DMN pattemn is shews in the patient

group, €, Group-level voxelwise image of hybrid DMN template differances comparing MTBI to control groups. Red =

increased functional con-

nechvity, biu = decreased functional conneciivily in patients compated with conlrol subjects. These ahanges in DMM pattern were consistent
with the single-subject 1CA results by means of visual inspection,

2, . 25 ¢
@ 1A » N 8 . .
Q [ .
3 i} & 20 .
& g . .
] . S
(3 £
N O} = 18% »
g &
$ e | . .
& -1} § 10} e .
@ pot 3 . N
fas = +
£ -2} g s * . .
*
I ’ " 0 " 1 . & he ° s
0 05 i 15 2 28 3 3.5 1) 5 10 15 20 25

Posterior average iICA Z values

Rank (average MPFC ICA Z values)

Figure 5:  Plols show correlation analyses after Bonferroni correction batween neuropsychologic tests and single-subject {CA zimagesin
patienis with MTBL A, Pearson correlation analysis shows sigaificant positive correlation {r= 0.60, £ = .02} between furclional connectivity
in posterior regions and Trail Making Test B 7 score. B, Spearman rank correlation shows significant negalive correlation {r = —0.58, P= .01)
between functional consectivity of the anterior MPFC and depression scores in patients with MTBL

of detecting DMN abuormalities in pa-
tients with Alzheimer disease when the
entive template was used, as compuared
with & PCC-only template {(29).

On the basis of single-participant
analysis, the regions of decreased fime-
tional connectivity within the DMN at
functionsl MR imaging in the present
study wers f'mm;i to he predominantly
lscated in the posterior part of the
braim, including the cuneus, left cal
carine cortex {V1), and PCC, These
posterior components of the DMN
{eg, the PCCY have been veported to

be vulperable 1o injury after trasmatic
brain njury; for example, Yount et al
fownd decreased PCC volume (54) and
Levine et al (33) reported that there
was gray malier atraphy predombumtly
trvolved ju the PCC and retrosplenial
vegions sfier travmatic brain injuey.
Relatively recent study findings {24)
have huplicated DMN connectivily as
being veftective of level of conscious-
wess in patients with brain damage.
Although the precise role of the DMN
in. conscious processes remains to be
elucidated; all patients with MTBI in

the present study experienced a shont
period of loss of consciousness at the
thme of travma, In addition, the re-
duced posterior functional connectivity
of the DMN might indicate subtle ax-

~onal pathway bjury {58,57). We also

found a highly significant corvelation
between retduced posterior conective
ity and decrensed cagnitive flexibility,
as measared with a8 Tral Making ‘Test

B3 1 patients with MTBL, -due (o the

highly involved cognitive processes of
this network (20,58,58). Our results of
mereased MPFC funclional connectivity
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at funciional MR imaging in MBI miay,
un the other fand; reflect o compen-
satary mechanisiu of incepased frontal
baseline activity. Incvénsed MPFEC acti-
vmimi fias beeu voporied previously in
mpderste aind severe Lrmpmatic braiu

fjury {80} anet is hypothesized to rep-

resent hieain neuvoplasticily operating
i yecovery wnd neural repaiy after
injury (61}, Our finding of a negative
eorrelation belween increased MPFG
comtectivity  and  ueuropsychologic
symptoms also supports the notion of
increased usage of MPFC neoral pe-
sQUrces as dumpensmiou in respouse (o
the impaired nearocognitive function.
Previous sludies, outside of trawnatic
brain injury, have also shown MPEC
connectivity changes fn patienis with
anxiely and depression, although the
patiern of changes in connectivily op-
pears 1o be different compured with
MTBI (17.82,63). The aboormally in-
ereased MPFC usage over the fong rum,
however, nighi lead to persisteut psy-
chologic symploms, such as The depres-
sion, anxiety, auil fatigne seen in these
patients. .

Owr finding of a significans negative
correlntion between inerpascd  MPEC
funetional connectivity and decrsased
PLC functional connectivity at Tune-
tional MR naging in these patienis
suggests  that Tronlopesterior DMN
nodes are not only intrinsically interde-
pendent but also bighly complementary
in their functions. The within-network
discrepant changes have also been idin-
" tified in other diseases; for exanmple,
Zhang et at {53} reported bilaterally
decreased MPFC and medial temporal
lobe conuectivity and mereased PCC
connectivity in patients with epilepsy,
suggesting thal DMN components can
tave distinet alterntion patterns with
different  pathologic  circunistunces,

E Jones et al alse found inereased ante-

vior DMN connectivity and decreased
©posterior DMN  connectivity i aghig
populations and thoss with Aldhieimer
disease (64}, These studies suppor(
the noton that DMN eannot be consid-
ered  homogencous entily hat justead
ecomprises several nodes tim serve dif-
ferent, highly complex cognitive fune-
fipus that are independent but are

maindpined in a dynamie equilibvium
{63}, Thus, the fimctional connectivity
amd interaction between the MPFC and
PCC, which was considered a robust,
converged venteal-dovsal compartiment
mude! {28}, appems 1o be eritical when
these structares mre mjured.

When compared with single-purtic-
ipant {CA, the results of our hybrid ICA
sead-basod method by using an iters-
tive ICA algorithm showed similar but
ephanced patierns of DMN changes in
MLBL, providing muore converged infor
mation ahout spatial relationships with
less heterogeneity and rveprodueibility
problews, In line with the previous two
methods, our group 1CA, in which we
used the FSL MELODIC algorithiu on
the basis of tempaoral coneatenations of
alt hudividualy within each group, also
showed ncreased {froutel MPPC con-
nectivity and deerensed posterior con-
nectivity around the PCC i patients
with MTBL compared with healthy con-
trof subjeets. Although group 1CA is a
robust maeasure (66}, it 1s Hmited by
its inapplicability in individual quanti-
fication and corvelation with  elinieal
measures.  Although  our  seed-based
mothod ditd not show sinfistical sig-
nificance between patients with MTBI
wntd control subjects when we used
the significance level of corrected P
< 05, the direet visual fnspection of
seed-based results tndeed revealed a
similnr pottovn of differences s whey
ICA approaches werve used. Currently,
the seed-basel approach is known to
have Hmitations of noise aml high de-
pendence on seed foeation (67,68). By
using a seed-based method, Mayer et
sl {25} showed decreaved anferior snd
pusteriore fusictional convectivity within
the DMN a1 functionasl MR imagiog.
This discrepaney in findings is likely
due o several factors, including the
following: (&) Their sced-based method
was based on interregional coreelation
between averaged time cowrses of two
specifie regions instead of glabal voxel-
wise correlation Between tine courses
of each voxel and template, as used in

the vurreat study. (h) The PCC seed in

thieir study was chosen o he simaller
{679 mn®} md mové antériorly con-
terad {oi MN{ coordinates 0, —47, 33}

when comgpared with our seed (896G
wne®, centered a1 ~G, —48, 39). {¢}
There were differeness in the interval
time between injury and MR imagiog,
with & mean of 11.5 days postinjory in
their study versus 22 days in our xtudy.

A Tew potential limsitations of the
current shiely shonld be considered.
First, this study was limited in scope
fo the DMN, o most relinble sl vo-
hust network that supports the “default
mode of rain funclion” during rest,
The functional conneetivity MR imaging
abuorntities of other networks have
nol been investigaied in the current
stady, sod ondy the thalmnic network
was reporiadd on previously in MBI
{69). Secoud, the difference between
patients aud conirol subjects with a
seadh-based methad did vot reach sta-
tistieal significance, ahich raises ean-
tions for the interpretation of pur ICA-
based findings, despite the fact that the
palterng bused on the two muthods
are simtlar by means of visual inspec-
tion., One possibility is that the smnple
size is relatively small v our groups,
whiel warrants Turther juvestigation in
8 larger population. Third, the resulis
of disrupted DMN connectivity can be
caused by strociural connectivity abnor-
malities {eg, axonal injury}, which were
not inv&stigaied in the curreni study,
Future studies designed 1o explore the
relationship  between  structoral and
funetional network deficits within DMN
uodes will be valuable.

Given the Important role of the
DAMN in brain eognitive funciion, owr
vesnlis of significant changes of DNVN
functional connectivity in patients with
MTBI may provide hisights into the un-
derlying mechanisms of the rvedueed
performance in neurocognitive testing.
Longitudingl studies are warranted to
further evaluate: whether the DMN oan
serve gs @ biomarker Lo monilor dissase
prograssion and recovery in MTBL
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Resting State Functional Connectivity in Mild
Traumatic Brain Injury at the Acute Stage:
Independent Component and Seed-Based Analyses

Armin Iraji! Randall . Benson Robert D. Welch? Brian J. O'Neil* John L. Woodard,!
Syed Imran Ayaz® Andrew Kulek? Valerie Mika!® Patrick Medado.® Hamid Soltanian-Zadeh?
Tianming Liu® E. Mark Haacke” and Zhifeng Kou™’

Abstract

Mild traumatic brain injury (mTB1) accounts for more than 1 million emergency visits each year. Most of the injured stay
in the emergency department for a few hours and are discharged home without a specific follow-up plan because of their
negative clinical structural imaging. Advanced magnetic resonance imaging (MRI), particulasly functional MRI (fMR1),
has been reported as being sensitive to functional disturbances after brain injury. In thix study, a cohort of 12 patients with
mTBI were prospectively recruited from the emergency departinent of our local Level-1 trauma center for an advanced
MR scan at the acute slage. Sixteen age- and sex-matched controls were also recruited for comparison. Both group-based
and individual-based independent component analysis of resting-state IMR] (rsfMRI} demonstrated reduced functional
connectivity in both posterior cingulate cortex (PCC) and precuncus regions in comparison with controls, which is part of
the defauit mode nelwork {DMN). Further seed-based analysis confirmed reduced functional connectivity in these two
regions and also demonstrated increased connectivity between these regions and other regions of the brain in mTBL Seed-
based analysis using the thalamus, hippecampus, and amygdala regions further demonstrated increased functional con-
nectivity between these -regions and other regions of the brain, particularly in the frontal lobe, in mTBL Our data
demonstrate alterations of multiple brain networks at the resting state, particularly increased functional connectivity in the
frontal lobe, in response 1o brain concussion at the acule stage. Resting-state functional connectivity of the DMN could
sérve as a potential biomarker for improved detection of mTBI in the acute selting.

Key words: functional connectivity; fMRI; lunctional MRI; mTBI; mild traumatic brain injury; resting state fMRI

introduction The scute selting is a golden window of opportunity for im-
» . pacting current treatment of patients with mTBLY A constant
RAUMATIC ARaLN IN3URY {TBI) is 1 sigoificant public health  challenge for emergency physicians is o detect neural abnormali-
burden in the United States and worldwide, ™ Most paticnts  ties in pafients with mTBI that may impact patients’ protracted.
with ovPBI experience an injury of mild severity, often referred 1o recovery or profonged neurocognitive symptoms,” which may hold
as mild TBI (nT8I,} accounting oy more than | million emer-  the best opporiunity 1o improve the proactive treatment of patients -
gency department (ED) visits annually in the United States.® Most - with mTBL ‘
putients with mTBI usually stay in the EDs only for a few howrs and Advanced magnctic resonance imaging (MRI) holds great po-
then are discharged home withou specific follow-up instructions,  tential for mTRI injury detection and outcome prediction.®? Ex-
which is surprising given that a number of patients with mTBl  umples include diffusion tensor imaging (T, susceptibility
experience acute and protracted weurocogaitive symptoms, Further,  weighted imaging (SW1).™* perfusion imaging, and MR spee-
even amild injury can have a substantial impaet on their quality of  troscopy, among others.® Clinical and neurocognitive features of
life and socicty.>™® Such ripid ED discharge is based on negative  patients with mTBl inctude attention und memory deficits smong a-
C71 findings for most patients with wTBI, vonstetation of other physical aud emotional symptoms. Given the
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fact that ost patients with mTBI have bo obvious damage on
structural MR, funcional MR (EMR]) m.ly be a viable allernative
for detecting injury-related abnormalities. ™

Resting-state IMR1 {rsfMR1, which refleets brain activity at rest
while not performing any specific tusk, counld reveal possible dis-

ruption in cognitive function frow mild TBL 12 1 fMRI hay the -

advantape of defecting abnormalifies in funclional connectivity
{FFC) even in the presence of unremarkable structural imaging re-
sults, Nunierous studies have reported disruptions of the resting-
state networks (RSNs) and the brain’s intrinsic low FC in varions
disorders, such as Alzheimer disease {AD), schizophreaia, atten-
tion deficit hyperactivity disorder (ADHD), and mTBL -3

Among all brain petworks at the resting state, the Default
Mode Nemwork (DMN} is the most widely studied network in
wmTBLA 323 The DMN s assumed to Sontrol passive mental
activities while persons are awake amd alert but do not specifically
perform any goal-directed task.™ The posterior cingulate cortex
(PCC) and the medial prefrontal cortex {MPFC) are two important
conponents of the DMN. The PCC and MPFC are axsociuted with
<e!!‘-referemidl and emotional processing, as well as semantic
pmce\smg‘ % and their activity is aticouated when attention 1o a
goal-ditected sk increases.™ The reported imporiant role of the
DMN in several cognitive functions and its disruption in several
newrocogaitive disorders both highlight the impontance of the
connections of the DMN and possible altcrations in jts activity as a
possible diggnostic marker of injury-related neural damage.

1n terms of anulysis of rsiMR 1 data, seed-based region of interest
(ROI} analysis, aiso called sced-based analysis (SBA). is widcly
used, Mayer and associates studicd paticnts with mTBl at the
subacute stage {within 2 weeks after injury) by choosing the sostral
anterior cingulate gyrus as the seed region and demonstrated a
reduction in conncetivity within the DMN for paticnts with mTB1
and an incredse in conndetivity within a fask-reluted network
(TRN) refative 1o miziched controls. Similarly, Johnson and col-
leagnes® scamned sports athletes with mTBI at the subacute phase
(102 days), By using both voxcl-based and ROI-based analysis,
they focused on DMN sagions such as the PCC MPFC, lateral
parictal lobes, and the paratippocampal gyrus. They indicated that
both the aumber and strength of connections decreised in the PCC
and the lateral parietal cortices but increased in the MPFC.

For ICA unalysis, Stevens and coworkers™ explored different
independent components anulysis (ICA) compunents o find alter-
ations between healthy subjects and patients with mTBI who un-
derwant scanning 61 days after injury. They fouand diminished FC
in the patient group in the DMN and many other networks, such as
the primary visual processing cireuit, the mofor system, the left-
fateratized fromoparietal circuit, the dursemedial cireuit, the
frontopurietal execotive system. and the frontostrintal network,
They also found thal the precuneus has greater connectivily with
the DMN, whife the connectivity between the cingufate and this
nclworis decreases.

Tang and cnllmgucs 7 exploved alterations in thalamus con-
pectivity for patients with mTBI with a 22-day mean interval after
injary. The thalamus contributes to communication between vari-
ous contical regions of the brain. Tn the seed-based method. the
patients with mTBI demonstrated more widely distributed FC be-
tween thalamic and cortical regions. The ICA analysis indicated an
increase in thalamocortical functional connectivity at the postenior
cingulate and frontal regions in patients compared with healthy
vontrol subjects. They supgested an up-regulition of thalamocor-
tical FC in response to disruption of thalamic RSNs in paticnts
with mTBL™

IRAJI ET AL,

“Po date, most studies were conducted duniag the subacute or
chronic stage, given (hat patients with nYP'BI were imaged between
10 and 60.9 days after injury or even Jonger. Fow studies have
investigated the alterations of RSN in mTBI at the acuie stage,
which is within 24 h post-injury or ssoncr. This fime frame cofre-
sponds to the maximum amount of Hime that patients with mTBi
typically stay within EDs, and rapid treatment of patients wuhm
this time frame can have a direct impact on their acuie care.]

in addition, itis at the acute stage that most patients with mTBI
report post-concussion symptoms  (PCS) and néprecognitive
problems, Although approximately 50% of paticnts” clinieal and
neurocognilive symplons resdlve doring the subacute stage :md
most patients” symploms have resolved by the chroaie stage,™
some patienis with mTBI experience protracted symptoms, De-
tection of the neural basis OF brain injury at the acute stuge will be
most Hkely to shed light on the link between early functional ab-
normalities and the possibility of protracted symptoms,

In addition to alterations in the DMN and thalamug connectivity,
memory problems are one of the most prevalent neurocognitive
symploms experienced af the acute stage, in suggestion of likely
disruption of the hippacampal functional nétworks.  1n addition,
emotional and behavioral symptoms in wTBI also suggest ia-
yolvement of the limbic network, involving the amygdala, Along
with the fusiform gynus, the hippocampus is velnerable beeause of
its position within the middie cranial fossa and petrous bone, a
region likely fo direcily sustain deformation injury, which in turn
could affect connectivity. This also explains the functional network
alicrations seen when using the purahippocampal gyrus as a seed
repion as reported by Johnson and coworkers. 3

In addition, the tma incident is also an emotional evént, as well
as causing physical or physiologicat disruptions of the brain, £mo-
tional disturhances such as anxiety and depression immedintely aftee
o TBLin the acute selting also suggest that the amygdala may play a
role as well. Because of the location of the sphenoid bone in con-
junction with the tenforivm cerebatli, the amygdala is highly likely to
be injured at all levels of fnjury severity, including mild.

in this prospective study, we have investigated RSNs in patients
with mTBI angd have assessed their clinical and rewrocognitive
symptoms within 24 h while they are stilf either at the £D or in the
hospital. We uscd both ICA and ROJ analyses by Tooking at both the
DIMN and thatamic regions as well as the hippocampus asd amyg-
dala to determine group differences betsveen patients and controls.
Our objective is ta identily 3 possilite neural basis of acnte clinical
and cognitive symptoms in mTB1 by using rsfMRI. Wehypothesized
that the brain may demonstrate gliered functionsl connéctivity in the
DMN und networks involving the thalamus, hippocampus, and

amygdala in response fo brain injury at the acuie stage,

Methods
Subject recruitment

This study was approved by both the Hwnan Investigation
Committes of Wayne State Universily and the [nstitutional Review
Board of Detroit Medical Center. Wrilten informed gonsent was
ohtained from cach subject before enrollment. All subjects were at

teast 18 years old and able to speak English. All patients with mTBI

were reersited from the ED of Detroit Receiving Hospital (DRH),
whiclt is u Level-] trauma centér. Patient eligibility was based on
the aYI'BI definition by the Anierican Congress of Rehabilitation
Medicine. ™

Only paticuts with 2 lmvcs{ vecorded Glasgow Coma Score
(GCS)Y of 1315 wene cansidored. For 4 GCS of 15, there must be
least one of the following: (1) loss of consciousness less thap
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30 min, (b} pust-trapmatic ammesia less than 24 h, o {c) an alier-
ation in méninl status {(Le., disoriented, duzed, or confused), Par-
ticipants, both henlthy controls and patients, with u history of &
previous brain injury, newrological, neuropsychological, or psy-
chiairic disorder, or concurrent substance abuse were excluded.
Moreover, MRE exclusion criteria include metad and/or electranic
implants, claustrophobia, pregnant or irying to beecome pregnant,
and subjects weighing more than 300 pounds (136 kg, machine’s
capacity limit): If the MRI scan could not be performed in the acute
setting in a patient, the paticnt was brought back for an MRI scan
within a week of injury,

Cognitive assessment

in the acute setting, once a patient was consciots and medically
stuble and came out of post-rravmatic amnesia, if any, they would
be administercd neurocognitive testing and surveyed about théir
PCS. A short instrument called the Standardized Assessment of
Concussion (SACY! was used as a brief assessment of neurocog-
nitive function. The SAC was originally developed for ﬁgld a8
sessment of neurocognitive status after a sports concussion,™” Ithas
been reported that the SAC is sensitive 1o the acute changes after
concussion and requires Hmited training to adminiser.”

The SAC is scored 0 to 30 and assesses four cognilive domains
including erientation, attention, inmediate memory, and delayed
recatl, The SAC has demonsirated sensitivity o t}min injury in the
acute setting, particularly in delayed recall™ The Emergency
Room Edition of the SAC alse includes a PCS questionnaire where
symploms were graded from 8 10 3 (e, none, mild, moderate.
severe), The PCS score was the sum of symptony scores for the
yuestionnaire,

Image acquisition

MRI duta were coliected on a 3-Tesla Siemens Verio scanner
with a 32-chunnel rdiofrequency head-only coill A subject’s head
was fixed by foam pads to restrict motion. Resting state functional
imaging was performed using a g‘ddlcm echo echo-planar imaging
sequence with the following tmaging parameters: repetition time

(TRY=2000msee, echo time (TE)=30msec, slice . tlmkm,x.sm,

3.5 mm, slice gap=0.595 nun, flip angle =90 degrees, pixel size=

<3125 num in-plane, mauix size= 6464, 240 volames for whnle~

brain coverage, one average, aoquisition time of 8min, During
resting-state scans, subjects were jostructed to keep their eyes
closed and to stay awake. In addition, structural high-resolution T1-
weighted imuging was also performed by osing the MPRAGE
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sequence with TR = 1950 ms, TE= 226 ms, slice thickness= | mm,
flip angle = 9 degrees, ficld of view =256 % 256 nu, matrix size=
256 % '3,56. and voxel size = | mm sotropic,

image processing

!'ig.uu: 1 demonstrates a pipeline of the comprehensive image
processiug. We used both 1CA and SBA 10 analyze the resting stute
FMRI (rsfMR1), ICA was performed at both group and individual-
tevels. Group ICA was performed first in both patient and control
groups and then with cross-validition in subgroups. Individual ICA
Wi pufnrmed by using two reported methods, “dual regres-
sion'™ 3 and “hack-projection,”H and our new atlas-based
1CA method fo overceme the confounding factors of these two
methods, CA analysis was mainly performed in DMN and the
basal ganglie network (BGN). Because the thalumus bek}ng< w
BGN, wlmh is an independent network in ICA analysis in pub-
Tished duta,®® we investigated BGN to assess the thalamug in the
ICA analysis,

After ICA anulysis, SBA was also perfommd by Ldlcuidim& the
Pearson correlation valuz between major network segions and the
whole brain, and the correlation maps were used (0 compare
healthy confrols and patients, The network regions were sclected
for DMN. BGN, am;}gdaia and hippocampus regions bised on
previous studies, REL Specifically, the PCC, precuncus, angular.
anterior pmfmnml cortex (Brodmana arca [BA] 10}, and orbito-
frontal cortex (BA 11} were selected for the DMN, and the puta-
men, palfidum, thalasius, and caudate were selecfed for the BGN,
Below is a description of major steps.

Preprocessing. Preprocessing was performed using the FSL
software {htp:/Awww.fmriboxac.uk/felf). First, the first five vol-
umes were discarded to reach magnetization cquilihﬁum A high-
pass temporal filtering (100 sec), motion correction, slice (xmmg,
brain cxtraction, and spatial smoothing {full width at half maxi-
mum =& mm) were applicd. Grand mean scaling was also applied
ta the entire d-dimensional data for each subject. The data were
registered to the Monireal Newrological Jostitute standard space
using nonlinear registration with 10mm warp resolution and re-
sampled to 3 mm isotropie voxel size. Variance normalization wis
used o rescale each time series: No intensity normalization was

_performad to prevent false anticorrelation, In addition, for SBA, the

white maiter {WM) and cerebrospinal fluid (CSF) signal were re-
gressed out using the DPARSF toolbox (htip/fwenw.restimsinet/
formm/DPARSE),
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Group ICA (GICA) analysis. 1CA was performed using the
GIFT sofiwure puackage from MIALAB (hipfimialub.mrm,org!
software/gift) and the MELODIC package, which is included in
FSL (hup/fwww fmnib.ox ac.uk/fslimelodic). We chose 52 com-
ponents for our anulysis and applied an automated two-step ap-
proach for network selection to eliminate human orrers (sec
Supplement 1 for further explanations; see onling supplementary

~material at fip.lichertpub.com). Bricfly, the DMN and BON were
determined by using the spatial correlation similarity metric (Eq. 1)
between ICA copponents and o template of the desired RSNs, The
tanplate includes 75 components built by Allen and coworkers®
based on 603 subjects that contains 28 RSNy {seé Supplement |
for further explanations; see online supplc:mm!dry material at fip
Jiebertpub.com).

XY
E;X,? X Z-yf

Where 7 is the number of voxels, X is o desired RSN, and Fis g
component obtained from ICA.

The GICA was performed on the healthy confrol and patient
groups, The gronp difference was measured between patients and
controls in major network regions of both the DMN and BGN. The
relinbility and reproducibility of the results were measured by using
a cross-validation method. Specifically, for cach group {patient or
healthy control), seven subgroups were randomly chosen with six
subjects in each subgroup. GICA was performed for cach subgroup,
and the number of vozels in each nctwork region associated with
the related network and the voxel dependency were mensured,
Voxel dependency is a voxel's value of RSN map (the result of
ICAY indicating its likelihood of belonging {o the network—in
other words, the extent to which a voxel belongs to the network.

¥Foem

Eqg. 1

individual ICA.  Individual ICA ey performed using two re-
ported methods—i.e., dual regression™ A and back-projection, A
35 well as a new atlas-based KCA approuch to evaluate the alter-
ations in patients with mTBIL The common space in both ICA
methods was creatcd by using the whoele dateset of this study, be-
cause extracling the independent components of cach group sepa-
ralely may overestimate the difference between groups. Given the
relative small sample size in this study, however. the cormmon
space may still be different from that of the normal population. To
overcome the polentinl confounding factor, we proposed an atlas-
based ICA method.

Proposed atlas-based ICA.  In the atlas-based 1CA, inde-
pendent components extracted Trom 603 subjects™ were uced asthe
conunon space, and a Uspatially constrained ICAY method™® wag
used to extract the individeal components corresponding to the
COMMON Space components.

Beeause the common space n the dual regression and back-
projection methods is created by using the whole dataset of a par-
ficular study. the common spaces are different when the dutasets of
studies differ from cach ather. Consequently, R8Ns of an indi-
vidual could be chunged depending on the group 1o which the
individual belongs, On the other hand, in the temporal concatenu-
tion group ICA. we assume that there §s a copnmon space among all
individials; therefore, using the data of a study to find the common
space is not ideal, especially when the number of samples is small,
as in our study. Therefore, u template or atlas that indicates the
common space of a big population is nceded.

In the atlas-based ICA, unlike the doal regression and back-
projection, instead of using the independent components of GICA
of vur dataset as a common space for individnal 1ICA, the inde-
peadent components from a large group of healthy subjects are
considered as 4 true common space, In this cmse, (1) the RSNs

IRAJI ET AL.

extracted from an individual’s rsfMR] data are more reliable be-
eause independent components were extracted from an atlas that is
based on 4 farpe population instead of a small group of subjects: (2}
independent components and subsequent analysis and resulls
among various studies with different dats sets only depead on in-
dividual differences rather than the whole data set in an study,
because the common space is the same among alt of this study. In
other wonds, the difference between various subjects is only the
result of the intrinsic varinbility between each pair of them.

Note that because this method uses atlas components 1o extract
the individual components 1o individoal subjects, it automatically
solves the problem of finding cormesponding RSNs-acvoss subjects.
As proviously explatned, this method only requires the individual
subjeet’s data instead of a whole st of subjeets” data, which makes
# more applicable for clinical use.

SBA. SBA was performed using within-group and between-
group analyses, A Pearson correlution cosfiicient was determingd
between the average of all voxels in o network re gmn and all brain
voxels to create a correlation map for each region,”’ The correlation
maps were corrected by using the Fisher z-transformation to cal-
culafe a FC map and FC compurisons, The FC map was calculated
by applying a one-sainple 7 fest on cortected correlation maps. In
FC pomparisons. 3 corrclation mask was Arst applied to select
voxels tha arc eligible for statistical analysis (see Supplement 1 for
details regarding SBA; see online supplomentary material at
fipdicbertpub.com). Then. statistical analysis was performed using
two-sample 7 tests on corfectéd correlation maps that were further
eorrected by spatial thresholding to reduce the Talse positives and
ineréase reliability,

Stalistical analysis

Statistical analysis was performed using MATLAB software
{hitp:Awww.mathworkscomd), Data normality was assessed by
using the Kolmogorov-Smimoy test. Resulls for continuous vari-
ables are preseated as mean {standard devistion {SD]) or median
{interquartile range) as appropriate, Frequencics and percentages
are prexented for catcgorical variables. Unless specifically stated
otherwise, a p value <0.05 was vonsidered significant. For ICA, a
two-sample ¢ test was performed 1o compare RSNs botween two
groups when appropriate. For SBA, the corrclation value was
converted using the Fisher z-transformation to maintain the sta-
tistical analysis cligibility {see Supplement | for details; see online
supplementary material at fip licbertpub.con),

A two-sample £ test was performed for BC comparisons, and a
one-sample 7 18t was performed to determine the FC map for each
network region, Statistical maps for both JCA and SBA were cor-
recied with: spatial fcluster} thresholding with the MonteCarlo
simulation ustng Alphasim contained within resting-siale fMR]
software (http:/Avww.restiinri.net/) 1o decrease Tafse-positive error.
In other words, ta correct fype | evror without increasing the risk of
type 1 error, dual thresholding (based on p value and cluster size}
wag performed ta give a high reliability for statistical results.

Moreover, to increase the reliability of the belween-gioup com-
parison, the healthy subjects were randomly divided into two groups,
and a within-group analysis was perfermed by using the two-sample
est, The results wére compared with the botween-group analysis to
improve reliahility thal the difference, which appears in between-
group analysis, is generated from the group difference. Finully, the
relationship between imaging analyses and the neurccognitive
measurements, including SAC scores and scores of each SAC sub-
category, were evaduated with bivariate correlations,

Resulls

Demigraphic and clinical characteristics are presented in Table
§. In the patiem group (1 =12}, 6 {50%) were men and 6 (50%)
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Tasrg 1. INDIVIDUAL DEMOGRAPIIC AND CLiniGar Data oF Tai 12 Parmnts ENrotien i TaE Stuny

Group Subject 1D Agelses Race Mechanisin of injury  MRI findings Scan time delay
Patients PT-001 56/M Indian MVC WMHIL IVH 26h
PT-002 A5/M Black Fall Negative 36h
PT-003 sS4 Black MYC Negaiive Sh
PT-004 e Black MVC Negative - i2h
PT0O0S 30/M Whiie Sport Negative 7 days
PT-006 - 3R © Biack MVC Negative 9h
PT-007 19/M Bluck MVC WaHI 3h
PT-008 3 Asfan MV vs. Ped. Negative 3h
PT-00Y StM Black Assault WMH! 13h
PT-010° 23 Black MVC Megative Sh
PT-041" 21F White MVC Negative 48h
PT-0i2" T3F Black - Fall WMHI 6h
Summary 38217 {(Mean: 8D} 13h {Moedian}
66 (FIM) 3h~7 days (Range)
Healthy comrols  CTRL-001 SHUK White N/A Negative N/A
CTRL-002 44/m White N/A WMHI N/A
CTRL-003 C4UM White NIA Negative N/A
CTRL-004 28/F Whiic N/A Negative N/A
CTRL-005® 2HE White N/A Negative T NIA
CTRL-006 29iM Middie East N/A Negative NA
CTRLA07 33M White N/A Negative N/A
CTRL-008 2445 Asian N/A Negative N/A
CTRL-009 23iM Indian N/A Negative NIA
CTRL-OI0 45/M White NIA Negative N/A
CTRL-01) WM Whitc N/A Negative N/A
CTRL-012 2 Astan N/A Negative NIA
CTRL-DI3 - 23/F Asian N/A MNegative N/A
CTRL-014 28 Asian N/A Negative N/A
CTRL-015 65/F - Astan N/A  Negative NIA
CTRLAMG 23/ While N/A Negative NIA
Swmmary 33413 (Mean 2810

/9 (F/at)

MRI, magnelic resomnce imaging: MVC, motor vehicle collision; WMHL white matter hyperintensity; IVH. inttaventricular hemorthage; SD.

standard deviation.

“Eliminaied because of motion antifacts on their images.

o 43 0
a b [
N 1269 § 500/ !
1 H .
[} § §0U0 ¢ &3y
i ;
2088 ‘ % H
123 i
§i :
i w0 ig o i
1tx3 . %, %
: { i ’
s : 1 i % 03
15 ey i }
g)g Nt i ) ok A 3 [ T
Poesievizn iypdslie § s owe 16 Khoeck i 1% Frecstear Al Putaenen Thalorras Pafabay Daesdale
et Mads Hotwak Howad Gangla Nohoes

et Mode Nedwork

FIG. 2. Cross-validation resultz of the group independent component analysis o number of associafed voxels to the resting state
networks. The default mode network shows a difference between the two groups in (1) the posterior cingulate cortex, Brodmann area (BA)
10, BA 11 and (b) precuncuss. {¢) The basal ganghia network does not show any significant difference, Error bar is one standard deviation.

Color image is available online at www lichertpub.com/neu
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FIG. 3. Cross validation results of the group independent component analysis on voxel dependency (o the resting-state networks, The
default mode nerwork shows a difference beiween the two goups in the (a) posterior cingulate cortex and (b} precuneus. (¢} The The
basal ganglin network does not show any significant difference. Error bar is one standard deviation, Color image is available online at

www.licheripub.com/nen

women. Their age was 384 17 (mean T standard deviation} years,
-and GCS scores were all 15 on admission (o the ED. Mechanisms of
injury included: seven motor veliicle accidents, twe falls, one pe-

" destrian struck by a car, one assault, and one sports concussion. All
patients had negative CT findings thai were dinghosed in the
emergency seiting. Four patients had “nonspecific WM hyper-
intensities™ on FLAIR images, and erc had a tiny intravehtricular
hemorrhage.

- For the healthy controls {(n= 16}, 9 (56%) were men and 7 (44%)
women. and the mean healthy subject uge was 3313 years. There
was no significant age or sex differénce between pationts with mTB1
and healthy controls, Patients with mTBI underwent scanning in the
acute seiting (median of 13 h pest-injury. range 5 h o 7 days). Except
for the one patient who underwerit seanning 7 days after injury, the
rest underwent scanning within 48 h after injury, Three patients and
one conirol subject were Fater climinated from the study because of
strong motion artifacts in the images, with a total of 9 patients and 15
healthy controls included in the final analysis, '

Neurocognitive performance

The mean patient SAC score was 24.5£2.3 (mean® SD). We
compared this mean with published normative data of more than 568
sut’»jc»::ts*7 {mean: 8D, 26.3+2.2), The patieats” mean SAC seore
was significantly below this published mean score ({12)= —2.96,
p=0.015) Among all subcategories of the SAC test, including
orientation, immediate memory, concentration, and delayed recali,
only delayed recall was significantly lower than published nor-
malized data (1{12)= —~2.90, p=0.016). )

1CA resulls

GICA. Figure 2 shows a significant decrease in number of
associated voxels in the PCC and precuneus regions of the DMN in
patients with mTBI compared with controls, Figure 3 further shows
significantly decreased dependency of associated voxels in-the
smme regions in patients with mTBY compared with controls, Table
2 further demonstrates resulls of the voxel-wise (wo-sample t-iesf

on cross-validation GICA analysis (p<0.01), showing group dif-’

ferences in the precuncus and PCC. The result shows a substantial
reduction of voxe! dependency to DMN for the precunens and PCC,

by 31.19% and 42.28%, respectively. The overall reduction for
DMN i5 10.51%. ' '

By applying a two-sample £ test with a more conservative p value
of DB, cross-validation GICA results identified a eluster of 30
voxels in the PCC and a cluster of 442 vexels in the precuneus that
have significantly lower voxel dependency to the DMN in patients
compared with healthy control subjects {Fig. 4).

To sum up, our comprebensive GICA analysis demonstrates a
consistent difference in PCC and précuncas between groups, sug-
gesting that resting-state conmectivity in these regions could dis-
crimimte between paticnts and healthy controls.

For the BGN, the cross-validation GICA did not reveal any
changes in cither voxel dependency or the number of voxels in the
BGN.

TABLE 2. RESULTS 0F VOXEL-WISE TWO-SAMPLE 7 TEST
ON CROSS-VALIDATION OF GROUP INDEPENDENT
COMPONENT ANALYSIS

Number of
. voxelx with
Number of

group
voxels in -~ difference %
Nehvark Region the region  [p<Q01} Difference
DMN  Posterior cingulate 246 104 42.28%
- cortéx (PCC)Y : ‘
Precuneus 026 632 31L19%
Angular #85 a 0%
Anterior prefrontal 1397 1] (%%
cortex {BA 10} R
Orbitofrontal - 2447 {1 0%
cortex {BA 1D
Qveral 0401 736 10,51%
BGN  Thalunuy 615 ¢ 0%
: Putamen 606 G 0%
Palfidum 176 4 0%
Caudate 581 3 0%
Overall - 1978 it (434

DM, default moda network: BGN, basal gang}ia neiwork.
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FIG, 4. Two-sample 7 test using a p value of 0.001 on the defaull

mode neiwork (DMN) extracted from the cross-validation of

group independent component analysis. Resulls identified a clus-
ter of 50 voxels in the posierior cingulate cortex {green arrow) and
a cluster of 442 voxels in the precunens (blue arrow) that have
significently lower voxel dependency to the DMN in patients
compared with healthy control subjects. Coler imagé is available
online at www.lieberipub.com/neu

Individual ICA. Individual ICA was performed fo investigate
atierations of the DMN and BGN in patients compared with healthy
controls. Dual” regression, back-projection, and the atlas-based
spatially constrained JCA have ali been applied. Neither dual re-
gression nor back-projection was able to discriminate between the
two groups in individual analysis. The atlas-based spatially con-
strained ICA method, however, demonstrated an intrigoing result.

Consistent with GICA results, a two-sample 1 test on the DMNs
extracted from the atlas-based 1CA method revealed a significant
difference between the two groups in the PCC and surrounding
areas including the precuneus. For a p value=0.05, the two-saniple
¢ test map, which was corrected using the spatial threshold, mani-
fested a cluster of 137 voxels with reduced vaxel dependency to the
DMN in the patient group compared with controls. This includes 55
voxels in the PCC (Fig. §). This suggests reduced connectivity

1087

within the DMN. which is consistent with our GICA results. The
HCA resulis are also consistent with results of Stevens and assaci-
ates,*? as discussed above,

SBA

The within-group analysis on healthy controls did not reveal any -

significant difference; however, the between-group analysis using
the same parameters as that of the within-group analysis demon-
strated soveral alterations in paticnts compared with healthy con-
trols, including in connectivity maps generated by asing the PCC,
thalamus, smygdala, and hippocampus as seed regions.

PCC connectivity map. Table 3 demonstraies the one-sam-
ple 2 test of the FC map gencrated using the PCC as a seed region. It
shows {a) stronger FC between the PCC and the precuneus in the
healthy control group than that in patients, which suggests reduced
connectivity within the DMN in consistency with the results of
ICA; and (b) Jarger and more distributed FCin different regions of
the brain in patients than in the healthy control group (also see
supplementwry Fig. Si; see online supplementary material at
ftp.liebertpub.com). Specifically, patients showed stronger FC be-

- tween the PCC and the frontal lobe regions than controls (see Table

3 and supplementary Fig. $1; sce online supplementary material at
fip.lichertpub.com), For example, the FC map of patients with
mTBI using p=0.01 contains clusters with [08 voxels in the dor
solateral prefrontal cortex {(BA 9) and 77 voxels in the anterior
cingulate cortex (BA 32), while the FC map of the healthy vontrol
group does not include any voXels in these two regions. Moreover,
the FC map of paticats with mTBl contains 262 voxels in the
anterior prefrontal cortex (BA 10), compared with the FC map of
the healthy control group that has only 59 voxels. (see Table 3 and
supplementary Fig. $15 scc online supplementary material at
ftp.licbertpub.com).

Figure 6 demonstrates further two-sample ¢ tests of FC com-
patison for the PCC map (Le., using the PCC as a seed region)
between patients and controls. 1t shows significantly higher FC
hetween the PCC and several regions of the frontal lobe in patients
compared with controls, inchuding the dorsolateral prefrontal cor-
tex (BA 93 and adjoining voxels in BA 8 and the anterior cingulate
cortex (BA 32) (Fig. 6). For p value< (.01, the two-sample / test
map showed two clusters of 117 and 223 voxels, in the dorsolateral
prefrontal coriex (BA 9 with higher FC in patients than incontrols.
These clusters include 77 and 87 voxels, respectively. Along witha
cluster containing 44 voxels in the dorsal anterior cingulate cortex.
{BA 32), these show the susceptibility of these regions 1o alterations

FIG. 5. Two-sample ¢ test results domonstrate a difference in the default mode network (DMN] between the two groups in individual
independent component analysis, Highlighted area shows the cluster is statistically significant {p <0.05), which includes 55 voxels in
the posterior cingulate corfex. The warm color labels the voxels with reduced DMN dependency in patients compared with healthy
controls, Color image is available online at www. Hebertpub.com/nen S
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Tanpre 3. ONE-SAMPLE 7 TEST OF THE UNCTIONAL CONNECTIVITY MAP GENERATED USING
THE PostERIOR CINGULATE CORTEX AS A SEnp Recion

Number of voyels with p mluc':U,m Number of voxels with p value =0.001
Regions Control group Patienmt group Healthy group - Patient gmup
Dorsolateral prefrontal cortex (BA 9) 0 108 g 0
“Anterior prefrontal contex (BA 10) 59 262 0 66
Anterior cingulate cortex (BA 32) { 77 0 15
Cingulate posterior cortex ' 178 169 172 132
Precuneus 440 296 342 192

in patients with mTBL Of particular note, these regions do not
belong 1o the DMN.

Precuneus connectivity map,  Using the precuncus as a seed
region, the bietween-group analysis (two-sample ¢ test) for p<0.05
shows stronger FC between the precuncus and two clusters in pa-
tients comparcd with healthy controls, The first cluster is in the
supramarginal gyrus (BA 40) with 82 voxels; the other cluster has
85 voxels, which includes the BA 8§ and the antcrior cingulate

cortex (BA 32) (Fig, 7). Using s cutofl of p< 0.0 did not reveal any
significant difference.

Thalamus connectivity map. A between-group comparison
(two-sample ¢ test) was performed using the thalamus as a sced
region. For p<0.01, the patieni group showed significantly higher
FC with the thalamus than controls in several regions, including the
anterior prefrontal cortex (BA 10) in two clusters of 83 and 123
voxels (Fig. 8a) and a cluster of 96 voxels in the supramarginal
gyrus (BA 40) (Fig. 8b). This indicates an incréased FC of the
thalamus network with other regions of the brain,

Amygdala connectivity map. By using the amygdala as a
sced region,  between-group comparison (p <0.01) demonstrates

significantly increased FC with the left parietal superior cortex in
the patient group {cluster size = 104) than the control group (Fig. 9).
On the other hand, a one-sample ¢ test shows that the healthy
controls have higher conncctivity within the amygdala. For
p<0.01, the FC map of the healthy contrels group includes 73 and
67 voxels, while for the patient group, these numbers decrease 16 39
and 22 (g, 10).

Hippocampal connectivity map. A between-group analysis
for the FC map with the hippocampus as the seed region demon-
strates significant alteration in the FC of patients with mTBL For
'p <{.01, threo clusters (cluster sizes of 135, 61, and 52 voxels) are
significantly different between the two groups. Figure 11 demon-
strates increased FC in the fusiform gyrus and the precuneus (BA 7)
and decreased FC in the inferior frontal gyrus in the patient group
compared with controls {(Fig, 11

Relationship between FC and neurccognitive data: No
significant correlation was found between the neurovognitive tests
{SAC scores) and FC data. The largest Pearson correlation value
{0.42) was {found in the SBA for the PCC between the mean of the
correlation value with the dorsal snterior cingulate and the delayed
reeal] test, but it did not reach statistical significance.

FIG. 6. Two-sample 1 test (p=0.01) for the posterior cingulaie cortex Tunctional connectivity (FC) map. The cold color labels the
region that has tore correlation with the posterior cingulate in the patient group than in the controfs. The cross bar is Jocated in different
pasitions in the same FC map it images a and b. These regions do not belong to the default mode network. Color image is available

online at www. lichcripub.com/neu
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FIG, 7. Two-sample 7 test {p<0.05) of the precuneus functional comncetivity map. The between group comparison using the
precuneus as seed revealed differences in the supramarginal gyrus (red arrow) and the junction between Brodmann arca (BA) 8 and the
anterjor cingulate cortex {(BA 32) (green arrow). The cold color lnbels the regions that have more correlation with the precuneus in the
patient group than in controls. Celor image is available online at www.licbertpub.com/neu

Discussion

To our knowledge, this is the first investigation of resting-state
functional networks in mTBI at the acute stage. Except for one
patient who came back for an MRI scan at 7 days after injury, all
patients were either still at the ED or in the hospital under obser-

vation at the time of scanning. MRI at this point might be the most-

~clinically relevant. Except for ong patient with onc tiny intraven-
ricular microhemorrhage seen on SWI but net on conventional
structural imaging, anatomical imaging did not detect any obvious
trauma-induced structural abrormalitics In other patients. Both the
ICA and SBA, however, revealed differences of brain communi-
cation across different brain regions between patients with mTBI
and controls in the acute stage. Specifically, a comprehensive
analysis showed reduced FC within the DMN and increased func-
tional conncctivity with extra-DMN regions in paticnts with mTBL
By using the thalamus, amygdala, and hippocampus as network
regions, analyses revealed increased FC with other brain regions.

Overall, our data suggest increased involvement of frontal regions
after injury at the acute stage. This result confirmed our original
hypothesis on altered FC in these functional networks. Further, our
results also showed that independent component and seed-based
analyses complement cach other.

ICA vs. SBA

Both 1CA and SBA are widely used methods in resting-state fMR1
analysis. Instead of using one, we performed both in a comprehen-
sive analysis of the DMN and the thalamus network at the resting
state. Both our group and individual ICA analyses demonsirated
reduced connectivity in the PCC and precuneus regions. This was
further validated by our SBA results. It demonstrates that the PCC
and precuncus connectivity changes in the DMN might be the most
well-validated functional biomarkers of brain injury. Meanwhile,
because of functional network remodeling in pathological condi-
tions, analysis of the stereotyped networks in the ICA may not be

FIG. 8. - Two-sample 1 test { p<0.01) of thalamus functional connectivity map, The seed is Jocated in the thalamus and the cold color
shows the regions that have higher correlation with seed point in the patient group compared with the healthy control group. (a) Shows a
statistical differcnce hetween two groups at the anterior prefrontal cortex (Brodmann. area [BA] 10} {green arrow} and (b) shows the
differcnce in the supramarginal gyrus (BA 40) {red arrow), Color huage is availuble online at www.liebertpub.com/nen



1040

IRAJI ET AL.

FIG. 9. Two-sample 7 test (p<0.01) for the amygdala correlation map. The cold color labels the region (the left parietal superior
cortex) that has stronger correlation with the amygdala {red arrow) in the patxem group than in controls. Color image is avaxiable online

at www.liebertpub.com/neu

-ableto capture the dynamics of network alterations in wTBL Instead,

SBA demonstrated increased FC in major regions of the DMN,
thalamus, amygdala, and hippocampus with other networks of the
brain, and this finding further complements the ICA results,

DMN

Our data showed decreased strength of connections and number
of voxels involved within the DMN and increased connectivity
between the DMN and other brain regions. This resuit is, in large
part, consistent with swdics of mTBI at the subacute and chrovic
stages.2** Mayer and associates® attributed this abnormality to
the partial disruption of the putative balance between the DMN zmd
task-related networks after mTBIL, and Stevens and u)lkag,‘uc,‘s
interpreted this abnorimalily as a compensatory process of the brain,
Palacios and coworkers™ also attribute this to a compensatory
process after microstructural damage to the brain, as detected by
IXTL In addition, by considering the hyperconneciivity in thala-
mocortical network, hippocampal network, and amygdala network,

our data also support the hypothesis by Stevens and colleagnes™
that multiple RSNs could have functional abnormalities after
wTBL The brain tends to respond to head injury by recruiting a
cohort of networks in a global manner instead of just one or two
networks, disrupting the putative balance between resting-state and
task-related networks,

Tha PCC is an important part of the DMN and is also 2 central hub
of the brain®® SBA has already reported various connections be-
wween the PCC and frontal regions, including the anterior cingulate
cortex, orbital frontal cortex, and dorsolateral prefrontal cortex,
which are involved In frontal and frontopartial networks, 49-51
Increases in the connectivity between the PCC and these regions
were already observed during emotional, memory, and attentional
processi ng.ﬁs""'ﬁ3 A series of cognitive and emotional symptoms have
heen reported by patients with mTBI in the literature, including
anxiety, stress, fear, depression, memory deficits, deficits in problem
solving, and difficulty with attention and concentration.” 3 Because
the PCC receives strong fferent input from regions with functions
related to emotional tasks, working memory, and attention including

FIG. 10.

One-sample ¢ test of the amygdala map (p <0,01), (a) the functional conneet ivity (FC) map for the healthy control group and

(i) the FC map of the patient group. The higher signal intensity on {a) shows higher intrinsic FC in the amygdala in the healthy group
than that in patients, Color image is available online at www.licberipub.com/ncu
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FIG, 11, Two-sample ¢ test {p<0,01) for the hippocampus functional conncetivity (FC) map. The cold color Iabels the regions with
more correlation with the hippocampus in the patient group compared with controls while the warm color labels the region with more
correlation in the controls than in the patient group. The FC map was sectioned through {a) the precuneus association cortex (BA 7), red
arrow; (b) the inferior frontal gyrus, green arrow; and (¢} the fusiform gyrus, purple arrow, k

the anterior cingulate cortex, orbital frontal cortex, and dorsolateral
prefrontal cortex (arcas 9 and 46),"°5% the cognitive and emotional
symptormns after injury could be refated to changes in brain networks’
activity and connectivity patterns, especially in PCC connectivity,

Ouwr patient group demonstrated significant problesms in delayed
recall along with the increased connectivity between the PCC and
these frontal regions. Purther, oor ICA results demonstrated a de-
erease in PCC activity in patients mostly in its ventral part, which is
considered the predominant pattern of the DMN,*® Our data are in
fine with the reported hypoactivity and hyperfrontality scen in re-
tired National Football League players, as well.®” This suggests
that, right after injury, the PCC might gather information from
different brain network regions as an acute compensatory response
10 bring the brain back to normal status. '

One discrepancy between our data and previously reported work
is the FC between the PCC and ACC. Previous seed-based studies
of mTBI by Mayer and associates®’ and Johnson and coworkers™
showed reduced FC within the DMN. Both groups showed de-
creases in FC between the PCC and ACC in the subacuie stage

while our results showed an increase in temporal correlation be-
tween these two regions in the acute stage. One reason for this could
be the role of these regions in emotional processing and attention, in
association with the temporal resolution. Studies from both groups
were at the subscute stage while our study was in the scute stage.
With the temporal resolution of patients’ PCS, we might see dif-
ferent patternis in the connectivity between the PCC and ACC.

Thalamus FC

The abundance of gamma aminobutyric (GABA)ergic neurons
has been thought to play an inhibitory.role in the thalamocortical
network a1 resting staie.®™** Tang and <:0}lcague::;3 7 yeported

- hyperconnectivities in the thalamocortical network in patiénts with

mTBI in suggestion of the disruption of the GABAergic neurons
after head injury. Particalarly, they reported that the thalamus
correlation map in the patient group in the subacute stage is more
distributed compared with the healthy control group,”™ Their results
show that the healthy subjeets” map included areas of the bilateral
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thalamus, the superior frontal gyrus, the middle frontal gyrus, the
basat ganglia nuclel, the insula, and the cingulate gyrus while po-
tients with mTBI demonsirated more widely distributed FC that
extended to the bilateval middle temporal gyrus, the middie fromtul
gyrus, the precuncus, the inferior parietal gyrus, and the posteentral

gyrus compared with the thalamic RSNx in the healthy contral
subjects { p <0.001, corresponding to R >0.25)

Although our results, unlike their resalts, showed that alf of the
active voxels are located in the thalamus for the control group, we
got a similar result regarding more distributed corvelation maps for
the patient group compared with the healthy subject group. Their
between-group comparison avalysis for p<0.01 shows that regions
of the cingulate gyrux, temporal gyms, and frontal gysus show more
correlation with the thalamus in the patient group eoimpared with
the control group, With the same p value, we also find increases in
temporal correfation in the anterior prefronta} cortex snd the su-
pramarginal gyrus with the thalamus in patients compared with
controls. In comparison with the data from Tang and associates,” M

“our data also demonstrated an up-regulated thalamocortical net-
work us g response to brain jujury.

Memory and hippocampal FC

Our data showed memory deficits (in delayed reeall) in patients
with mTB) at the acuie stage, which is in Hine with the published
datn that delayed reeall is a sensitive index of neurocognitive
measures for mTBI at this stage.™ Our imaging data revealed that
the patien! group demonstrated decreased intrinsic connegtivity in
the inférior frontal gyrus and increased connectivity in the fusiform
gyrug and precuneus (BA 7). The reduced connectivity in the in-
ferior frontal region is similur to data from Johnson and cowork-
ers,?® which also reported reduced connectivity between these
regions. Our findings of increased conpectivity in the fusiform
gyras and precuncus, however, are in contrust with the repost of
Johnson and coworkers™ of decreased connectinns between the
parahippocampal gyrus and. the feft and right parictal lobes in
comparison with conirols.

Of particular note, onr data are rx.gardmg patients.who suli have
memary problems while the data of Johnson and associates™ were
collected alter resolution of the symptoms. The difference in im-
aging findings between the two groups may represent the teraporal
recavery process of memory after mTBL It also implies that, after
suffering Intrinsic connectivity problems of the memory network
after & concussion, the brain is trying to recruil other networks Lo
compensate,

‘Amygdala FC

The amygdala is an important stmume of zhx: fimbic system,
crucial to the processing of emotional fear, sadness, and depression,
among others emotions. 5264 Recent evidence suggests ¢ yto.xxdw
tectural and functional subspeciatization of its substructural nu-
cled 5 Three major groups of subnuclei include the taterobasal,
centromedial, and superfacial groups.™ Bzdok and volleagnes™
also yeporied a refationship between functionsl subspecialization
and its structural puclei, Therefore, the conventionul view of con-
sidéring the amygdala complex as a single entity has been chal-
lenged,” After TBI, emotional symptoms are commonly reported
as part of PCS constellation. In our study, 4 of 12 paticats reported
mifd to moderate levels of sadness and depression after injury. The
reduced connectivity inside the amygdala and increascd coonee-
tivity of the amygdala with the left purictal superior cortex in our
imaging findings might suggest that emotional fear and sadness

1RAJI ET AL,

after TBI could mediate the intranctwork conncetivity wmong dif-
ferent subnuclei gronps within the amypdali. As 8 consequence, the
brain temds to reernit uther network resources to compensate,

Limitation and future work

Several factors also set the Himitation of this study, To draw 2
move statistically meaningfol conclusion, this work should be
peiformed in a farge coliort with Iongitidinal follow-up instead of 2
handful of patients at one time point. This study demonsteates
functional alteration in several brain networks in patients with
wTBI in comparison with controls. All comparison was performéd
ai group level instead of single subject fevel. For individual ICA
analysis, the result stilf has to be compared ut group leve! before we
gain g better understanding of the variations in normal, Puture work
needs 1o be performed is 2 large cohort of patiénis and controls 10
identify the structural and finctional connéetivity damages at the
single subject lovel, Further, the question of how RSN alterations
affect the patients’ neurovognitive performance as measured by
PCS and a newropsychological assessment battery still need to he

determined.

" Meanwhile, despite the normal findings on structural MRI in
these patients, it does not mean they are normal o advanced MK,
including DTL Mounting evidence demonstrates the microstruc-
wral damage in patients with mTBE 7% Our pilot data suggest

_that, in response 1o microsiructural damuge on the cingalate bundle

shown on DL other regions of the brain tond 10 have higher FC
with the anterior cingilate cortex on resting state fMRI signal. "
This suggests a compensatory mechanism of brain injury. A sys-
wmatic investigation in a large cohort is warranted in this direction
fe delineate the brain compensatory mechanisin, o addition, our
data clearly denionstrate the multnetwork alterations after mT BI
which dre in the same line as the work of Stévens and assouaks
Further advanced DT data alsn demonsirate that mTBI could
render microstructural damages in roultiple WM tracts.” This in-
dicates the value of a Tuture connectome-scale analysis of mTBlL by
combining both DTI and MR] data 10 reveal a much more clear
picture of brain § m;my
1t is also worth mentioning that an increase in temporal vorre-
lation in different regions of a network does not necessarily indicate
an increase in the network activily because the temporal sigial of
each Drain's region consists of several independent fime series,

. which indieate the connection of the region with various brain

networks, For instance, aithough the PCC is well known as a main
pait of the DMN® and has a rol¢ in mind wandeting, mémory
recollection, efe., it also has important rolés in many other networks
sych as frontoparictal networks, & motor network, a sensory net-
work, and an exccutive nétwork 3%

Therefore, it is possible that temporal correlations between
the PCC and other brain regions increased while the activity of
the DMN decreased, or vice versa, becanse the time series of
cuch region can be the result of a combination of the temporal
activity of several nctworks. For instance, Leech and associ-
atex® showed that the PCC consists of several subregions that
have scparate signals and each contribute fo different networks.
Although the average signal of these subregions showed high
correlation between Subrepions, the correlation between the
newral signal of these subreglons was much lower, indicating
that, despife having high temporal connectivity, they have tasks
in different networks. Therefore, further fnvestigation into the
physiological underpinning of these functional netwnrk changes
ts still warranted,
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Conclusion

We performed n comprehensive unalysis of wsting-state DMN
and séveral other networks in patients with acute mTBL Our study
demonstrated multinetwork alterations in mTBI st the acote stage,
including deereased intruneiwork connectivity and inereased in-
ternetwork connectivity of the DMN and amygdala network as well
as changes in the thalamus and hippocampds networks, Particu-
tarly, the DMN alterations could be used as » biomarker fur the
diagnosis of functional deficit in mTBI in the dcute setting. A
Jougitudinal study of large-scale brain neiworks over a large cohort
ix also warranied to further reveal the physiological basis of the
neurocognitive symptoms of mTBL
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‘Is Traumatic Brain Injury Associated with Reduced
Inter-Hemispheric Functional Connectivity?
A Study of Large-Scale Resting State Networks
following Traumatic Brain Injury

Arianna Rigon! Melissa C. Duff," Edward McAuley,>® Arthur F, Kramer® and Michelle W, Voss'

Abstract

Traumatic brain injury (TBI) often has long-term- debilitating sequelae in cognitive and hehavioral domains, Under-
standing how TBI impacts functional intégrity of brain networks that underlic these domains is key to guiding future
approaches- to TBI rehabilitation. In the current study, we investigated the differences in inter-hemispheric functional
i,mmu,lwuy (FC) of resting state neiworks {RSNs) between chronic mild-to-severe TBI patients and normal comparisons
{NC}, focusing on two externally oviented networks {i.e,, the fronio-parietal network {FPNY and the executive control -
network {ECNY), one intemally oriented network (i.e., the default mode network [DMN]), and one somato-motor network
{8MN). Seed voxel correlation analysis revealed that TBI patients displayt,d significantly tess FC between lateralized
seeds and both homologous and non-homologous regions in the opposite hemisphere for extemally oriented networks but
not for DMN or SMN; conversely, TBI patients showed increased FC within regions of the DMN, especially precuneus
and parahippocampal gyrus. Region of interest correlation analyses confirmed the presence of significantly higher inter-
hemispheric FC in NC for the FPN (p<0.01), and BCN (<0.05), but not for the DMN {p>0.05) or SMN {p>0.05)

- Further analysis revealed that performance on a newropsychological test measwring vrganizational skills and visuo-spatial
abilities administered to the TBI g group, the Rey-Osterricth Complex Figure Test, positively correlated with FC beiween
the right FPN and homologous regions. Our findings suggest that distinct RSNs display specifie patters of aberrant FC
following TBI; this represents a step forward in the scarch for biomarkers uselul for early dingnosis and treatment of TBI-
related cognifive impairment.

Key words: externally oriented networks; mtfzr-hemtsphem {unctional connectivity; internally oriented netw :)rhq resting

state IMRI; travmatic brain injury

introduciion

Tnsumxnc gRAIN INJURY (TB1) 15 a global public health issue
with the incidence of TBI rising worldwide." In the United
States alone, more than 1.7 million cases are reporied annually.
Although ouicoines folfowing TBI are highly variuble, in about
one.out of five cases TBI marks the onset of jong-tenn disabili-
ties, evolving into porsistent fmpainuents in domains such as ar-
- fention, memory, movement, sénsation, executive funclions and
social conduet.™ In an effort to design ad hoc elffective rehabili-
fation protocols and o guarntee TBI patients a higher quality of
fife, interdisciplinary research that combines newropsychology and

newroimaging has endeavored 1o obtain a better understanding of

TB1 outeomes ou the brain and behavior. In particular, cognitive

- nanropsychology and brain imaging methods have been recruited

with the aim of gaining insight inta how specific profiles of he-
havioral impaiment may correspond to. specific pdquﬂ\ of func-
tional impainment and/or anatomical brain damage.*

tndividuals with TBI usually manifest a varicty of co-existing
complaints and complex cognitive und behavioral clinjcal out-
comes; this observation hints at the fact that long-term impairient
following brain injury parallel abnormalities ot {or not entirely)
due o damage in focal braiu regions, but in the inteyactions be-
tween argas that participate in nc’lworkx of functionally and/or
anatgmically conoecied neural systems.” Indecd, although TBI
especially in severe cases, may be accompaniet! by focal lesions
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ciaused by verchral contusion, it most frequently presonis white
matter microstructure changes and ix chavacterized by diffuse ax-
onal injury, a result of axon shearing due to the forve of the angular
and hear dLLLJLI"\(!OI} of the soft brdin lissue inside the skult atthe
moment of impaert

Resting state Tunctional magnetic resonance imaging {rs-IMRD
is u widely used approach 1o explore the Tunchonal Integrity of
ncural systems,” Resting state fMRI seans are collected as partic-
ipants lie in the sconner without engaging in a specific tusk; the
resulting patterns of synchronsus activity at rest resemble func-
tional networks typically observed during performance of cogaitive
tasks.™® In this way, rs-TMRI offers a tool for a task-independent
measure of functiony! integrity of large-scale coguilive systems,
Analyses of rs-fMRI data often measure the level of synchrony. or
functional connectivity (FC), by computing corrclations between
blood oxygen-{ovel dependent (BOLD) signal fluctuations of brain

- vegions of interest (ROIS) proposed to wark 1ogether as parts of

fanctional networks. The methodolagical advantages of measuring
FC with this cognitive task-free data cotlection method, in contrast
to task-refated fMRI, include prester generalizability for predicting
behavior, lack of practice or setest cffects, and perhaps most im-
portantly when deating with a TBI population, the elimination of
possible confounds due to task difficulty or floor/ceiling etfeets. "
Several studies have begun to charactorize what aberrant pat-
terns of FC at rest aré associated with TBIs of differeat severities. In
particular, research has focused on characterizing the consequences
of TBI on FC between specific ROs in thrée resting staté networks
{RSNs) that have been found to support same of the cognitive
functions most commonly impaired in TBI populations: the default
mode network {DMN), the fronto-paricial network (FPN3, and the
executive confrol netverk (ECNYY'™ AL a broader level it is
useful to conceplualize the DMN as an internally oriented network
{ION) and the FPN and ECN s exiernally oriented networks
{EONs) based on the endogenous or exogenous quality of the in-
formation they manipulase, respectively.
"The DMN comprises anterior medial prefrontal cortex, posterior

cingulate cottex (PCC), medial temporal fobe {(MTL), and lareral
parictal arcas, and i is known to have 4 role in intomally-directed -

cognition, such as autebiographical memory, theory of mind and
futvre oriented thought, ' BCin the DMN has been consistently found
to be abaormal in both mild and severe TBI poputations, albeit with
scemingly contradictory lindings, For instance, 1o studics naticed
greater FC within the DMN for TBI, compared with healihy controls,
particularly with the precuneus and posterior cingulate cor tox! 8
however, others reported fess FC within the DMN for TBI mmp'\rgd
with dontrols, especially between more posterior regions of the
DMN®?Y Those differences may be due Lo (he heterogencity of
analytical frameworks employed, time elapsed since onset of injury,
TR scventy, and extent of gray and white matter damage.

The FPN comprises the dorsolateral frontal and parictal cortices,

and has traditionally béen considered part of # broader “task posi- -

tive” network. due 1o its association with erienting atiention to the
environment rather than the sif. It has been postulated that the FPN
is involved in executive functions and externally-dirccred cognitive
abilities, such as goal directed behavior—all higher level functions
that consistently have been found to be hinpaired in TBI populations
of all severity lovels, > Similarly, the ECN includes mainly
frontal regions involved in excoutive pr ocums {goal uriented action
and inhibition), emotion, and perception.” Not surprisingly, several
stugdics on TBI samples have discovered deficits in FC between re-
gions in the FPN, some additionally reporting associations between
neuroinuiging findings and behavioral performance, 13526
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Interestingly, some recent tusk-related and rs-fMRI studies have
demonstrated less inter-hemispheric FC in their TBI samples,
compared with healthy controls, with reports of less FC between
motor areas in a sample including mild, moderate, and sovere TB1
patients, between left and ¥ight hippocampi-and anterior cingujate -
cortices in acnte sévere THI patients, and between homologous
prpfmnm pmem and hippocampal RQls in acute mild TBI in-

-dividuals. X In particular, Sours and colleapues™ observed

positive correlrtions between cognitive performance on subtasts of
a computerized cognitive assessment battery and inter-hemispheric
FC 1 acute and sub-acute stages of TBI, while Marquex de la Plata
and colleagues™ found that bilateral hippocamipal connectivity was
ussociated with memory skilfs, These findings are perhaps not
surprising, given that inter-hemispheric ¥C has been associated
with, albeit not always in a lincdr fashion, whife matier integ-
rity, which often shows axonal dcg,mmimn fullowing a TBI
episode.*” 2

To date, although some effort has been expended trying to
identify the precise patterns of aberrant FC following TBI, no work:
ting compared inter-hemispheric functional disconnection scrosg
distinct RSNs within a sample. Thus, the main purpose of the
current stady was to examing the differcnees in inter-hemispheric
FU neross lurge-scale brain networks. In particular. we explored the

. possible clinical significance of abnormal inter-hemispheric FC in

EONs (FPN and ECNY, an JON {DMN), and » fourth network
{somato-moter retwork ISMN}} specifically selected to investigate
the behavior of sensory-motor network FC following TBI damage.
We obtained rs-fMRI data on a sample of 21 TBI individuals in the
chronic stage ranging fiom mild to severe and 21 healthy com:

parison participants using ROIs from RSNs. We hypothesized that

TBI individuals would show differences in FC between homolo-
gous areas of EON’s, an 1ON, and a sensory network whén com-

pared with appurently healthy  individuals matched for sex,

education, age, and handednoss.

Methods
Experiment 1

Participants.  Individuals with TBI were recruited through the
Trammatic Brain Injury Registry at the University of fowa. AlFTBI
patients were right handed and in the chronic stage of their injury
gmore than & months sinee injury onset, a8 in TBI most of the
behavioral recovery is believed 1o occur during ihe first 6 months
following injury; Table 1.7 The Glasgow Comua Seale (GCS), in
combination with available informution on loss of conscipusness -
{LOC), post-traamnatic saterograde amnesie (PTA} and acule
mmpnkd tomography (C1) findings, were employed 1o assess TBi
severity in cmmﬁpondcnu with the riterig deseribed in the Mayo
Classification System.” ™ The Maye Classification System was
selected because of the opportunity it offers to nraximally L&p;mlx?c
o the positive findings availablé for cach individuad T8I patient
and their trauma-related history in ordér to retrospectively deter-
mine TBI severity.

Participants were classified as A} mild when GC8 was 13-15,

“acwte CT findings were unremarkable and ne focal lesions were

visible on a chronic MRL LOC was 30min or less and PTA was
shorter than 24 h; or B) moderate-severe, when GCS was less than
12, positive acute CT findings or chrosiic intracranial abnormality
definest as focal esions visible op MRI wére present, LOC was
kmgu than 30 min, and PTA longer than 24 b, 3f only one of these
criteria was met {i.e., GCS lower than 13, LOC longes than 30 min, -
FTA longer than 24h or presence of any trauma-related abnor-
mality}, it was sufficient to exclude the patient from the mild T8I
group and to classify them as moderate-severe (Table 1), As these
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arc all common occurrences following TBI, perhaps not surpris-
ingly 18 out of 21 participanis were assigned 1o the moderate 1o
severe group and only three to the mild group. However, it is im-
portant to mention that other classification systems would lead to
differenit characterizations of the sample; in particuler, those par-
ticipants who arc assigned to the muoterate-severe group merely due
to- the presence of skull or intracranial abnormulities would be
defined as complicated-mild TBY or high-risk mild TBI pa-
tients. 3 AT TBI participants were clearsd for contraindication 1o
MRI scanning.

Normal healthy comparison participants (NC; n=21) were sam-
pled from a large éxisting database of participants scanued at the
University of Hlinois on the same scanner model. Participants in this

database were recruited from the community of Urbana-Champaign,

linpis. For NC panticipants, eligibility criteria included: 1) right
handedness (at least 75% on the Edinbugh Handedness Ques-
tionaired; 2 age batween 18 and 80: 3) no previous history of
psychiatrie and neurological iliness or trawmatic brain injury; 4) a
seore >27 on the Mini-Mental State Exam; 5) normal or corrected-
w-normal viston of at feast 20040 and no color blinduess; and 6)
suitability for MRI cnvironment. Each TBI patient was matched
pairwise with a NC partficipant for sex, age, edpeation and handed-
ness. A two-tailed r-test revealed that the TBI and NC groups did not
significantly differ in age (=20, p> 0.5} or education (=20, p> 0.5
Table 1} '

Al participants sigaed a writfen informed consent and were

compensated for their participation. The study was upproved by the -

Institationad Review Boards at University of Towst wid the Uni-
versity of Hlinols-Urbana Champaign,

Neuroimaging data.
were collected during a single session. Daa for TBI participants
were acquired at the University of Tows on a 3T whole-body MRI
scanner {Magnetom TIM Trio; Siemens Healthcare, Erlangen,
Germany) operated with a 12-channel RF head receive coil. High
resolution T1-weighied brain images were acguired osing a thrée-
dimensional {30 Magnetization Prepared Rapid Gradient Echo
Imaging {(MPRAGE) protocol with 208 contiguous coronul slices,
echo time (TE) = 3.04 msee, repetition time (TR) = 2530 msec, field
of view (FOV)=1256 mm?, voxel size= | mm®, and fiip angle= 107,
T2*weighted resting state data were collected with » fast echo
planar imaging (EPI sequence) with BOLD contrast {(6bmin, TR=
2000 msee, TE=30msec, 31 slices acquired in ascending order

_voxel size: 3.4 X34 %3.5mm, 64 % 64 matrix, flip angle =75

MR data for the NC group was collected using a 3T Siemens
Trio Tim system at the University of Ilfinois-Urbana Champaign.
High resolution Tl-weighted brain images were acquired using a
3D MPRAGE protocol with 192 slices (TE=3.32msec, TR=
1900 msee, FOV=330mm?, voxel size=0.9mm®, and flip an-
gle=0%), Resting state images were acquired with a fast EP]
sequence {6min, TR = 2000 scc, TE=25msec, 35 slices acquired
in ascending order, voxel size 3.4 3.4 x4 mm, 64 X 64 matrix, flip
angle =80%), During resting stute data collection, all participants
were instructed 10 keep their eyes closed.

Pre-processing.  Functional MRI data pre-processing was
carried out using FSL 504 (FMRIB’s Software Library, www.
finrib.ox,ae.uk/is).? The investigator who conducted the analysis
was not blinded o whether the data analyzed was colleciéd from
TBI or NC participanis. High-resolution T1 images were skull

stripped using BET und the resulting misks were further manually -

Jinspected and corrected. ! EPT dats were then motion corected
using MCPLIRT, and bmin extracted and spatiaily smoothed using
a full width at half maximum. 6.0mm Guussian kernel. Single-
subject independent component analysis {ICA) was computed with
MELODIC and each component was visually inspected and man-
ually classified as signal {components of inlerest) or noise {e.g.,

For both groups, all newoimaging data -

RIGON ET AL.

collection artifacts, signal of non-neural origind by two independent
raters using a custom-made graphic user interface (https:/github.
com/ktera/fmri-ica-gui), 7" A moderator, who made the final
classification, further rated components on which the two raters did
not schieve agreement. Inter-rater reliability analysis using Co-
hen's kappa statistics was performed to determine consistency
amonyg raters, and it was found that »=0.759, with a disagreement
of 9%, interpreted as substantial :1g,rf:cmcm.""S The following steps
included temporal filtering for frequencies below 0.008 and above
(.1 Hz, nuisanee regression with FEAT {using nuisance ROl
placed in white watter and cérebrospinal fluid of the lefi ventricle
and six motion parameters), globat signal regression and volume
ccnsarig? based on a conjunction of BOLD signal spikes and
motion.® Na volumes were serubbed from any of the participants
EP! data; likely due t6 ICA dedoisiog and the use of the simulta-

nepus nuisance regression approach suggested by Hallguist and

colleagues,”’ Spatial normalization of the functional inages to the
Montreal Nevrological Instinue {MN1} 2-mm ifemplate brain was
computed using the boundary based registration algorithm,*® Re-
gistration from MPRAGE to MNI space was computed using
FNIRT with the default 10 mm warp resofution. The two resulting
teansformations were concatenated and applied fo the original EPI
data to transform it into standard MNI space. This process allowed
1o better aceount for focal anatomical variability due {o anophy and
ventricle deformation.

A research specialist with extensive ¢xXpericnce in processing
and analyzing neorohmaging data collected on neurological patients
with focal lesions and blinded to diagnosis examined cach partic-
ipant's T1 for visible trabma-refated focal lesions amd identified
eight participants whé clearly showed distinet regions of atrophy
possibly due to beud contusion. Focal lesions were hand traced
using FSLVIEW and the resulting wnasks were used during spatial
sormalization with FNIRT in order 1o increase the quality of the fit
1o the MNI brain, . :

Data for the TBI and NC groups were collécted in separate -
scanners dnd with two slightly different protocols. In order to
clarify the possible confounding effect of the multi-site acquisition,
signal-to-noise (SNR) analysis was performed to determine if the
marked differences between the tvo groups could be explained by
differont seanner properties {supplementary text and Tables S1and
82; sce online supplementary material af www.lichertpub.com).

Seed analysis, RS8Ns generated by Smith and colleagues”
and available at hup:/s]fmrib.ox.ac.ok/analysis/brainmaphrsas
were used as network ROIs (also known as “sceds™) during the
seed analysis. The RSNs were derived applying group ICA to ox-
tract 20 components from a 36 subjects rs-IMR1 datasct, and were
found to match considerably to 10 components resulting from
group 1CA carried out on the 29,671-subject BrainMap activation
database.”? In addition, these components highly resemble the ones
gencrated bs( the Group ICA analysis performed by Stevens and
colleagnes'® on a mild TBI sample, thus eliminating she potential
conceérn in employing FC maps derived from a healthy sample to
study u clinical population dataset. 18 In particular, from the Smith

“datubase we selected as seeds RSN 420 (DMN), 620 (SMN), 520

(BCN), and 920 and 1020 {right and left FPN. respectively; Fig.
1A)LY Both ECN and PPN have been found fo be vrucial for
extemally-focused attention, and thus were selected as examples of
ECONs, while the DMN served as the [ON, and the SMN ay a sen-
sory network. 2" In addition, in order to better investigate inter-
hemispheric FC differences beiween TBI patients and control
participants, for each RSN, F3L. wits tsed to vreate symmetrical feft
and right lateralized seeds, only includiug network regions sitoated
in one hemisphere (excluding the left and right FPNs, as they al-
ready showed strong lateralization: Fig. 1B). Lateralized maps
were utilized for the seed analysis. Alt ROls were generated from
the Smith network maps with a threshold of £ 2.33.
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FIG. 1. Five resting state networks { RSNs)? were sclected as regions of interest (ROIs) for the seed analysis. For each RSN, FSL was
used to generate symmenical left and right lateralized seeds, only including network regions situated in one hemisphere. Given their
already strongly lateralized nature, feft and right fronto-pariefal network map were not modified before being used as ROIs. A threshold
of Z>2.33 was applied to all maps to create network-based ROls. The networks are shown on the transverse plane (A) and on the
sagittal planc (B). Color image is available online at www.licbertpub.com/neu '

The concatenated transform obtained during pre-processing was
applied to transform the seeds from MNI to native space and again
10 transform the seed correlation miaps to MNI space. ROI corre-
lation analysis included computing voxel-wise Pearson coefficients
between the corrected average time series extracted from a given
seed network with the corrccted time series for each voxet in the
brain! in order to ensure a normal distribution of the r values,
MATLAB (2014a, The MathWorks, Inc., Natick, Massachusetts)
was wsed to transform the resultant statistical maps to Fisher's
z-seores.?! A four-dimensional image file was created by concat-
enating individual network seed maps and FSL's flameo tool was
used to perform u between participants ordinury least-square Te-
gression,™ ' ,

To determine statistical significance and account for multiple
comparisons, cach network secd map was thresholded at Z> 3,11,
with u cluster significance of p<0.05, For cach network seed, the
resulting Z-statistic map represented a group average and a contrast
of group differences. After visual inspection, anatomical labels
were assigned by referencing the Harvard-Oxford Cortical and
Subcortical Structural Atlases in the FSL analysis packagc‘”““

In order to obtain correlation values between different ROI pairs,

the mean time scries of all voxels contained in each RO was ex~

tracted and correlated with the mean time series of all other ROIs.
The resultant Pearson cocfficient was then converted into a Fisher's
z-score as was done for the voxcl-wise analysis. Functional con-
nectivity matrices and conncetivity dendrograms were separately
generated for each group using the obfained Fisher’s 7-values and
Matlab’s heatmmap, linkage, and dendrogram functions, Further
statistical analysis on these data was carried out using SPSS (re-
leased 2012, IBM SPSS Statistics for Maclntosh, Version 21.0;
iBM Corp., Armonk, NY). ,
Lastly, in order 1o verify whether inter-hemispheric FC differ-
ences between groups were due to the presence of trauma-related

focal fesions in the TBI sample, the sume analyses were repeated’

climinating the participants with lesions from the TBI sample and
their match from the NC group. '

Experiment 2

Participants and behavioral data.  Participants included the
sarite 21 TBI participants from experiment 1. Each of the TBI par-
ticipants were administered a paper version of the Rey Osterrieth
Complex Pigure Test-Copy (ROCFT-C) and the Rey Osterricth
Complex Figure Test-Delayed Recall (ROCFT-DR). As no compa-
rable netropsychological behavioral data were collected for all of the
NC group, TBI participants’ ROCFT scores were z transformed in
order to compare their performance with the population mean.

The ROCFET score colietted for the TBI participants were z-
transformed using internally generated normative data.>® Inspec-
tion of the standard scores revealed that 75% of the sample placed
below average (Z <03, with 29% one SD below average (Z < 1) and
15% two deviation standards below mean (Z < ~2; Table 2), For the
subset of the TBI group for whom GCS information was available
(n= 10}, there. was no correlation between GCS and performance on
the ROCFT-C (r=-0.211, p=0.559), nor between GCS and
ROCFT-DR {r=0.254, p=0478), As the ROCFT-DR has been
found 1o be more strongly associated with exeeative functions than
ROCFT-C, the former measure was regarded as more inclusive and
globally representative of TBI patients” functioning, and used as a
covariate of interest to investigate how inter-hemispheric FC may
correlate with newropsychological nieasures.*

Analysis of the relationship between FC and RCFT-
delayed performance. FSL’s flamen teol was used to perform
an ordinary least square regression entering as a factor the de-
meaned z-scores for the ROCFT-DR.> The association between
FC and performance of TBI participants in the ROCFT-DR was
assessed by examining the correlation between  normalized
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Tasir 2, PErvoRMANCE ON THE REY OSTERRIETH
- Comperex Floure Tesy
Rey Ostervieth Complex Figuse Tost {z-scores)
Copy Delayed recall
Mean ~{1.641 ~{3.705
5D 1.294 1.114
Z>1 (N} 2 2
~2<Z<~1 (N} 3 6
Z~2 (N} 2 3

S, standard deviation,

performance scores and FC in network seed maps. Z-staistic maps
were thresholded at Z2» 3,11, with a cluster significence of p<0.05.
All reported results are corrected for age, sex, and education,

Results
Experiment 1

Group differences in FC.  Peaks for the FCmaps obtained for
each ROI network seed are reported in Table 3,

Left FPN

Based ou the results of a t-contrast INC > TBI}, NC participants
had more FC than the TBI patients between the left FPN lateralized
seed and regions of the right FPN in the right frontal and parietal
lobes, in particular the right superior and middle frontal gyrus, the
right frontal pole, and the right angular pyrus (Table 2), In addition,
NC participants showed more FC belween the left FPN and bilat-
crat regions in the thalamus (Fig. 2A). A second t-contrast {TBJ >
NC) revealed no regions of bigher FCwith the Left FEN in the TB{
group compared with NC. ’

Right FPN, Similarly to the left FPN seed, for NC partici-
pants, the right FPN seed had more #C with the frontal and parieto-
occipital lobe of the Teft hemisphere, with clusiers in the medial
portion of the superivr frontal gyrus, middle and inferior frontal

gyrus, superior parietal lobule {angular gyros), dorso-medial partof

the eceipital cortex, und left thalumus. NC pardeipanis also showed
higher FC with the right angular gyrus and right thalamus (Fig, 2B).
TB{ paticnts showed significantly more FC between the right FPN
and the left inferior oceipital vortex, s region not included inthe left
FPN (Table 2).

- Left ECN.  Compared with the TBI group, the NC group had
significantly more FC between the left ECN Juteralized séeds and
three right hemisphere regions, the supramarginal gyrus, the oc-
cipital cortex and the middle fronial gyrus (Fig. 2C). Interestingly.
none of these areas is homologous o regions comprised in the feft
ECN, nor bverlaﬁs withy the fight EON. A t-contrast (TBI > NC)
showed no clusiers of significanty higher FC with the left ECN.

Right ECN. NC participants displayed significantly mare FC
between the right EON sced and the left middic and inferior frontal
gysus, and somz simaller clusters in the left superior pareto-
vccipital cortex {Fig. 20). Conversely, TBI patients showed more
FC with the right superior femporad gyrus and with a large clusterin
the superior oceipital cortex {Table 2},

Left DMN. NC participants disptéye,d significantly wore FC
between the left DMN and the right posteentrul gyrus and superior

RIGON ET AL.

parictal lobule than TBI individuals (Fig. 2E). T8I patients had more
FC between the left DMN luemlized sced and biliteral hippocampi
and parshippocampal gyn, bilateral precuncus and PCCs (Fig. 3A)L

Right DMN. NC showed higher FC with @ cluster in the in-
ferior frontal gyrus (Fig, 2F), while TBI exhibited significantly -
more FC hetween the right DMN seed and both left and right
precunews {Fig. 3B).

Left SMN.,  FC mups revealed more FC between the left SMN
and clusters in bilateral precuneus, middle and superior frontal gyri,
right angular gyrus and right middle temporal gyrus in NC partic-
ipants {Fig. 20} none of these regions is comprised in the right
SMN (Table 2). The TBI group showed na regions of higher FC.

Right SMN.  Comparably (but symmetricaily}io the left SMN
seed, NC purticipants displayed more FC between the right SMN
seed and bilateral precuncus, the right middle and superior tem-
poral gyrus, and the left angular and supramarginal gyrus. In ad-
dition, they had more FC with the siferior cingulate contex and the
feft saperior and middle temporal gyri (Fig. 2G; Table 2). T8I
participants revealed more FC with the night superdor temporal
gyvus and the cerebelium (Table 2).

ROl analysis. Following analyses at the voxel-wise level, in
ordér (o better guantify the inter-hemispheric disconnection effect
and iz relative strength across RSNs, differences in inter-
hemispheric FC between TBI and NC groups were investigated
with an @ priori ROL approach osing the Smith and colleagues”
network ROF seeds.” . .

Independent sample two-tadled tests were parformed to assess
between-group differénces in FC betwean homotogous ROIs. Sta-
tistical analyses revealed that TBI participans had significaatly less
RO 10 ROL FC between lateralized seeds of the FPN (140} =
~4,134, p<001) and the ECN (1{(40]=~2313, p<0.05}, but not
between 16t and right DMN secds (440]=0.860, p>0.05) or SMN
seeds {t{40] = 1,561, p>0.05; Fig. 4). In order to examipe the impact
of the prosence of mild T8I patients vn these findings, we repeated
the analysis removing the three mild ‘TBI participants and their re-
spective NC. A r-lest revealed comparmble results w the original
sample: the TBI group had significantly foss ROt ROTFC between
lateralized seeds of the FPN (1{{34}=-3.397, p<0.01) and the ECN
134]=~2,120, p<005), but not lateralized DMN  seeds
(134} = 1156, p>0.05) or SMN sceds ({34 = 1433, p>0.03).

To visualize the inter-relationships between all lateralizad ROIs
and how they differ berween groups, FC dendrograms wore gen-
erated separately for NC (Fig. 5A1 and ‘T8I (Fig. 5B} This ap-
praach allows us to explore where @ given network RO may have
more FC for the TBI group, compared with the NC group, and
examine this across all possible inter-ROI relationships. A visual
inspection of the two dendrograms revealed marked differences in
huteralized RSNy clustering, especially for the ECN and the FEN, In
the NC group, latéralized ROIs for the twa EONs are shown to be
wiost strongly associated with their own homologous counterparts,
and sceondarily with the other BEON. Conversely, TBI participants
exhibited clusiering scemingly more based on hemispherical Jut-
eralization than on RSN membership, with higher FC hetween right
ECN and right FPN and left ECN with DMN seeds and left FPNL

Experimsnt 2

The map resulting from the addition of the ROCFT-DR perfor-
mance 15 a covariate of interest revealed a positive Hovar relationship
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Functional Connectivity Maps ~ Lateralized Network ROIs

NC>TBI

Left FPN ROI

- ]
Left ECN RO

Left DVIN RO

Left SN ROS

Right FPN ROI

Right £CN RO}

Right OMN RO

£

H Right SMN ROI

FIG. 2. Functional connectivity maps generated by performing a seed analysis using left fronto-parictal network (FPN; A), right FPN
{B}, left executive control network (BCN; Cy and right ECN (D), left defanlt mode network (DMN; E), right DMN (), left SMN (G),
and right DMN (H) as regions of interest (ROIS). The images are thresholded at Z» 3,11, with a cluster sigaificance of p <0.05 and show
‘the regions displaying higher functional connectivity between the seeded ROls and arcas included in the maps in the normal comparison
sample than in the rawmatic brain injury (TBI) group, Color image is available onling at www.licberipub.com/nen

hetween behavioral dala and the FC between the right FPN and a
cluster extending from the pars opercularis of the left inferior frontal
gyrus 1o the left ventral part of the precentral gyrus (peak at MNI
coordinates (x.y.7} of (-34, 6, 16), Z=13.97, 2532 voxels in cluster), &
region included in the homwologous left FPN (Fig, 6A). No conela-
tions were found for the left FPN, or the Jeft and right ECN.

In order to visuaﬁm the association between the behavioral
variables and FC and ensurc that it was not driven by the presence
of outliers, the average time serics was extracted from ROIs defined

basedon the peaks in FC, and its correlation with said variables was
calculated and plotted. FC between the right FPN network and the
frontal ROI had a positive correlation of r=0818 (p>0.001) with
performance on the ROCFT-DR (Fig. 6B).

Discussion

Our analyses using both voxel wise and RO! correlation ap-
proaches revealed significantly fess inter-hemispheric FC in TBI
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Functional Connectivity Maps ~ DMN ROls

TBI>NC
Lett DMIN RO

B

Right DMBROI

FIG. 3. Functional connectivity maps generated by performing a sced analysis using the feft {A) and right (B) defanlt mode network (DMN)
as regions of interest (ROIS). The images are cluster thresholded for p<0.05 and for Z<3.11 and show regions displaying higher functional
connectivity between the seeded ROI and areas included in the bilateral DMN. Color image is available online at www liebertpub.com/ney

patients for EONs (FPN and ECNJ, but sot for the DMN and the
SMN, Given the selectively abnormal inter-hemispheric FC in the
TBI group, we were interested in the clinical and behavioral sig-

nificance of this pattern. As the sltimate goal of our rescarch is o
establish the wtility of FC at rest as a potential rehabilitation-
informing biomarker of cognitive impairment following TBI, we
decided 1o investigate the paraliels between FC at rest and specific
behavioral impairments within TBI individuals.

To explore the relation between infev-hemispheric FC strength
and behavioral parformatce, we examined performance of the TBI
participants on a standardized ncuropsychological test, the Rey-
Osterrieth Complex Figure Test (ROCFT), administered outside of
the scanner. We chose this measure as it is one of the four tests
recomniended by the American Brain Injury Consortim 1o assess
neuropsychological outcome following TBI, and because the
abilities measured by the ROCFT arc commeonly unpmacd in in-
dividuals with TBI, wha often perform poorly on this task.*™" The
ROCHET is a test sensitive 1o detection of hmpairment in visuo-

Comparison of mean inter-hemlspheric FC
across RSNs

-
B

~
~

®T8t

™

inter-Hembsphetic FC {Fisher's 2) -
f~4 o
-

8.3

DMIN

SMN

PPN ECN

FIG. 4. Cowmparison of mean functional connectivity (FC; %
standard error) between fateralized resting state network (RSN)
seeds in traunsatic brain injury (TBI) and normal comparison (NC)
participants.

spatial, visuo-perceptive and visuo-vonstructive abilities, micmory,
organizational skills, and highly associated with processing speed
and executive functioning, and has the potential for providing in-
sights into the mechanisms that underlie cognitive dysfunctions
after TBL. We hypothesized that reduced inter-hemispheric FC
would he associated with worse performance on the ROCRT within
the TBI group.”®**5 Ag the aim of this analysis was exploring the
relationship between inter-hemispheric connectivity and behavior,
the addition of the ROCFT as a covariate of interest focused on the
tateralized seeds of the two networks that had shown significantly
less inter-hemispheric connectivity in the TBI group: the left and
right FPN and the left and right ECN.

To our knowledge, this is the first study to investigate how inter-
hemispherie FC atrest may he altered with specificity at the level of
functional networks. Our finding generalizes across a broad liter-
ature because we measured inter-hemispheric FC with lateratized
RSN ROIs generated by meta-analytic 1CA (i.e., derived from the
fiterature as highty replicable functional networks), The use of such
aterplate allowed us fo maintain a network perspective throughout
the analysis; in addition, in a high variability population such as the
one analyzed in this study, where several changes in brain structure
may occur following a traumatic injury, the use of more cxtensive
seeds addresses some potential problems that might arise with the
use of smaller ROIs (e.g., the sensitivity of resting state fMRI
results to ROIs coordinates, size and shape, the difficulty of es-
tablishing the most representative ROIs for a given RNS and,
speeifically in the TBI population, the possible confounds due to
changes and shills in brain siructure following head injury). 5253

Our resulis with chronic TBI patients are partially consistent
with rcsults on scute and sub-acute samples by Sours and col-
teagues™ and Marquez de la Plata and colleagues®™ using more
restricted frontal and parietal ROIs. In particular, we found that TBI
participants display significantly less inter-hemispheric FC, but
only between networks more fnvolved in externally oriented cog-
nition (FPN and ECN).*? These RSNs repeatedly have been
found to activate during tasks demanding cognitive flexibility, and
to support cognitive functions necessary for successful interaction
with the environment including goal directed action, sel mainte-
nance, attentional seleetion, encoding of salience, working memory
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Differences in Hierarghical Clustering of Jateralized networks

NC

TBi

FIG. 5. Dendrograms showing differences in network clustering between the normal comparison NC {A) and traumatic brain injury

TBI (B) groups.

and mental representations.'??7%%% Given the across-the-board
impaimment in atiention and cognitive functions found in TBI pa-
tients of atl severitics and the extensive ncuropsychiatrie, emo-
tional, and behavioral problems displayed in everyday life, it is
crueial to uncover how these complaints map onto specific aberrant
patterns of FC in these farge scale networks,®* The marked inter-
hesmispheric disconnection found in our sample, coupled with the
association between inter-homispherie FC and performance on
the ROCFT, has the potential of being informative about the
mechanisms underlying TBl-related cognitive impainnent. In
pasticular, given the pattern of infer-hemispheric FC differences
and the correlations with behavior found only in EONs, our results
further our understanding of how impaired cognitive functions may
selectively map onto specific atiributes of specific functional sys-
tems; our findings reveal that not only the cognitive functions
supported by a cerain system {e.g., executive functions for the

ECN), but also the specific nature of the aberrant conncetivity
patierns found in said system {e.g.. reduced functional connectivity
between homologous regions vs, globally reduced functional con-
nectivity within a network) should be taken into consideration in
the study of how behavioral dysfunction following TBI corre-
sponds (o nenral aetivity at rest, '

In our sample, the DMN inter-hemispheric FC was not reduced
following TBL We took a large-scale network-based approach and
thus we did not direetly use a hippocampal sced; however, the
hippocampus is usually considered part of the MTL sub-network of
the DMN.'¢ Contrary to provious reports, which found less hip-
pocampal connectivity for TBI, comparcd with controls, our ana-
lyses did not reveal fess inter-hemispheric FC between lateralized
DMN sceds for TBIs, compared with controls. ™ There are two
possible explanations for this: first, the network maps we used as
seeds might have fed to different results, especiaily since when

Assaciation between FC and performance on the ROCFT-DR

A Right £PN RO

FIG. 6. Functional connectivity mups generated by performing u sced analysis using the right fronto-parietal network (FPN) as regions
of interest {ROIs) and adding the demeaned performance on the Rey Osterricth Complex Figure Test-Detayed Recall (ROCFT-DR) as a
covariate, The maps (Fig. 6A) show regions displaying a positive lemporal correlation with the seeded ROIs (in green}, whichis in twrn
associated with performance on the ROCFT-DR. Figure 6B was obtained by masking the areas included in the z-statistic maps shown in
Figure 6A and using it to extract the fime series; Figure 6B is only reporied for visualization purposes. Figure 6A s thresholded at
2> 3,11, with a cluster significance of p <0.03, Color image is available online at www lieheripub.com/nen
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thresholded at Z2>2.33 they did not include the hipprcampus,
Conseyuently, although the hippocampus is gencrally considered
ypart of the DMN, our investigation foensed on large-scale networks
and nof on small circalar seeds, and this might have caused our
discordant findings. Secondly, the failute to replicute might be re-
Jated to the chronic stage of our TBE sample, whereas the mentioned
studies focused mainly on acute TBI populations.

Although inter-hemispheric FC in the 1ON appeared unalfected,
our TBI group did show greater FC between left DMN ROI and the
- right precuncus and the Jeft parahippocampal gyrus and between
the right DMN ROI and the right précuneis, repleating previous
results on chronic samples.’” Unfortunately, based on our findings
it is impossible to conclude whether the stronger FC reflects sn
adaptive respanse to brain injury, 48 we did not administer tasks
sensitive 10 DMN infegrity to.our TBI sample such as a sustained-
attention task.'”% 1t is not surprising, then, that FC between the
DMN mand precuneus, PCC and hippocampd did not correlate with
behdvioral performance on the ROCFT, Recent reports indicaie
that focus on the DMN and the regions it comprises, as well as their
disruption following disease or injury may be key fo advaating the
study of how different disorders can influence brais functions and
cognition. 277" For this reason, evidénce on the mechanisms
throtigh which DMN intra-network FC is associated with cognitive
outcomes (inter-hemispheric FC vs. FC with nodes such as bip-
pocampi and precuncus) can geide future research and inform
targeted rehabititation procedures, '

Our findings regarding the SMN did not replicate the inter-
hemispharic. disconnection reporied by Kasahara and colleagues
using an evenl-related design, probably due 1o the diffcrent meth-
odologies employed.”” Although TBI patients tend to régain their
gross neuro-motor skills over time, persisience of certain abnor-
nalities, such as tandem gait problems amd postural instability can
cause severe distress and decrease quality of 1ife. ™75 The fact
ihat no molor task performance was assessed for either group
prevents us from making cluims, hut lack of a deficit in inier-
hemispheric FC shown by NC, compared with screened healthy
NC, suggest that subtle motor deficits following TBI may not be
mediated by functional disconnection of homologous motor re~
glons: future research should investipate this possibility by com-
paring FC doring rest compared to fasks with respect fo their
predictive utility for TBI outcomes.

Finally, the differences reported in network clustering clearly
demonsirate TBI can disturb network architecture and is associated
with changes both within RSNs and in the relationship between
RSNs.™ Previous studies hdve hiphlighted the imporiance of
characterizing the wiy networks inferact with each other to reach a
deeper understanding of the pathophysiological mechanisms of
TBI outcome.?** Notably, in our patient sample, FC begwean ar-
eas located in the sume hemisphere was higher than in regions
betonging to the same RSNs, Furthermiore, as all our TBY patients
were in the chronic sragé of hieir injury, our results clearly dem-
onstrite that these alterations m inter and intra nebwork balance are
long-term, Thus, our findings could serve uk  starting point for
future research that focuses on how specific changes in bicrarchical
clustering of RSNs may predict behavior following a TBI, and how
FC between distinet networks and lateralized ROIs vary in their
activation patterns during demanding cognitive tasks, :

Limitations

The work prosented here explored inter-hemispheric connec-
tivity following 'TB} using an innovative large-scale nelwork ap-
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proach, which Jead to robust findings important in the study of TBL
its sequelac and their bomarkers. Yet, some lmitations should be
noted, The fiest imitation coricerns the structural and functional
neurobmaging datt being coliected indifferent scanners for the TR
and NC groups, This could serve as a potential confound, although
given the results of our SNR analysis and the nature of the resulis,
we believe it is very unlikely that the specific group differences in
inler-hemispheric conneetivity could-have been driven by differ-
énces in-the hardware or scanping provedure. However, it is im-
poriant o meation that at this stage we do not have the means to
precisely quantify how much inter-scanner effects are contributing
tu the significant inter-group differences detected in the study.
Furthermore, given the vast amount of resting state data that has
and is still being collected by multicenter efforts such as the Hupan
Connectome Project, and the grawing secessity to produce studies
with large effect sizes on patient groups, the comparison of data
sequired in different sites and stamners to study different popula-
tions is soon to become a frequent reality; this situation will leave to
cach research team the responsibility of performing data analysis
{c.g.; SNR analysis) which can give insights on the possible con-
founds of different acquisition sites, The resnlts of the SNR analysis
we performed on owr data clearly shows no significant differences
hetween sites, Hhus increasing confidence in our findings,

While- we found a sigaificant relationship between FC and
performance on a neuropsychological messure that captures the
hathmark deficits of TBL having a more extensive huttery of neu-
ropsychological tests and NC compirison data would strengthen
the findings reported here, For this reason, the lack of extensive
newropsychological testing and behavioral indices for the NC poses
another fimitition: the two groups cannot be compared Trom 4
behavioral viewpoint, and conclusions drawn on whether the TBI
group was cognitively impaired in one or more speeific domains,
Subsequantly, withoat the possibility of investigating the associa-
tion betweea behavior and FC profiles, it s difficult 1o interpret the
clinical significance of our FC fiadings. However, the use of nor-
mative data allowed us lo plade our TBI pasticipants below the
mean, compared with a healthy population for the ROCFT, repli-
cating previous work. The corvelutions found by adding behavioral
measures as covariates dre restricted to the TBI saple, precluding
inter group comparison and begging the question of whether the
relationship between cognitive abilities and PC changes qualita-
tively or guantitatively after TBL Thus, future research should
forus on expanding the present study's findings vsing a compara-
tive framework. That said, the robust findings we reported represent
a step forward in the investigation of the refationship between
cognitive impairment and resting state FC in specific brain ner-

_works and in demonstrating the feisibility of a lurge scule network

approach to the study of TBL

Although our sample included three mild TBI participants, the
vast majorily was moderte to severe TBI patients. This inviles
caution in generalizing our findings to mild TBI populations. Si-
milarly, all our participanis were scanned over 6 muonths after their
injury. Therefore, our findings cannol be generalized 1o TBI pa-
tients in the acute or sub-acute phase of their TBL, and ne infor-
mation on the evolution of the aberrant patierns of FC reporfed can
bo made, ‘

Caonclusion

The present study revealed that mild-to-severe chronic T8I is
associated with network-speeific aberrant patterns of FC: two ex-
terially oriented networks, the FPN and the ECN, showed
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significantly less inter-hemispheric FC in TBL paticnts than in
nonnal condrols, while the DMN, :n internally oriented network,
had more FC with PCC and hippocampi in TBI patients. In addi-
fion, the fact that inter-hemispheric FC between regions of the FPN
in TBI individuals who perform betier in niask that mcasures visuo-
spatial, memory and exccutive fuanction peints toward the clinical
relevance of our findings and thelr potential usefulness. The ro-

hirstness of our findings shows the usefulness of employing a nete

work perspective in the study of the refutionship betweea FC in
brain systems and complex behavior and tukes us forther in the
search for biomarkers that will sérve as a diagnostic tool and allow
more precise sublyping, classification and prediction of disorder
trajectories following TBL
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Abstract ' Go to:

As clinicians and scientists, we believe scientific evidence and prudent clinical practice form the proper
basis for determining the utility of diagnostic measures, which should subsequently inform forensic use.
The misleading and often entirely unsubstantiated opinions and positions of Wortzel et al., in opposition
to DTI as a useful measure in mTBI, are at odds with the clear consensus of the scientific literature
regarding mTBI, its clinical assessment and natural history. The authors’ critique contains numerous
errors. We will focus on four areas: (1) the clinical reality of mTBI (2) the true substance of the
scientific evidence supporting use of DTI in mTBI, (3) the authors’ erroneous and off-target opinions
regarding DTI analysis and (4) critical appraisal and integration of clinical information for diagnosis of
mTBL

First, an underlying theme of the authors’ arguments claims that lasting sequelae from mTBI is not a
clinical reality. For example, “...best available evidence does not support notions that mTBI results in
long-term cognitive impairments.”. mTBI is a reality, which results in lasting sequelae in a substantial
minority (Bigler, Farrer et al. 2013, McMahon, Hricik et al. 2013). mTBI is modeled in animals,
yielding reproducible microstructural neuropathological and behavioral findings, as well as with finite
biomechanical models of human mTBI. The impact of mTBI cannot be argued away by focusing on the
majority who recover. Clinical, scientific and even forensic focus must be on the affected minority.
Moreover, traditional neuropsychological approaches are problematic in assessing the cognitive effects
of mTBI; they were never designed to assess subtle, but important deficits.

Second, the authors’ critique of DTI challenges the “believability” of quantitative DTI findings,
juxtaposing visual detection of spinal disc herniation and detection of microscopic mTBI pathology.
They imply that because the microstructural abnormality cannot be “seen” without quantification its
existence is in question. This “straw man” argument would also imply that other neuroimaging findings,
which cannot be seen without quantification, such as spectroscopic and perfusion-based detection of
tumor infiltration into normal appearing white matter, are not real or reliable. The substance and
implications of the ASFNR guideline are mischaracterized to support the authors’ position: “The
guidelines. .. detailing the limitations in using DTI clinically, especially at the individual level and when
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analyzed by voxel-based techniques” The guideline deals exclusively with clinical use in patients and
does not isolate single patient assessment for scrutiny. Important cautions are listed, but the message is:
When DTI is used in accordance with the guideline, reliable clinical use can be achieved. Assessment of
DTI parameters is not singled out as most concerning; greater attention is paid to limitations of
tractography and its misuse.

Third, the authors argue that method variance renders DTI research studies and clinical assessments
inconclusive. Statements similar to “Numerous factors can influence results without current consensus
as to the best parameters.” recur throughout the paper, often without supporting citations, and imply that
method variance across published studies undermines reliability and leads to (even willful) type 1 errors
(i.e., false positives). The authors claim differences in acquisition, analysis, etc., preclude salient
conclusions. This approach completely misses the point of a very large literature, which speaks with
essentially one voice: low FA is characteristic of TBI patients, despite significant variability across
studies (e.g., (Niogi and Mukherjee 2010, Aoki, Inokuchi et al. 2012, Shenton, Hamoda et al. 2012,
Hulkower, Poliak et al. 2013)). Even if we assume that DTI metrics, such as FA, vary across scanners
and institutions, we will not encounter bias in the identification of abnormalities in any individual; this
issue is simply not germane to a propetly conducted analysis. What does matter is that patient and
control data are acquired, processed and analyzed in the same manner and that temporal variation be
substantially less than the magnitude of the effect sought. This latter requirement, of course is out of
concern for type 2 errors (i.e., false negatives). It is even more illogical to expect that method variance
would yield regionally localized “abnormalities” that in fact represent type 1 errors. Bias due to
acquisition and processing variation across subjects, if it were in fact a problem, would lead to a
uniform bias at all brain locations. This would be the result, not the manufacture of lesions, if it were
true that “technological parameters can be manipulated in ways that impact results.”. Digging deeper
into the authors’ case for fatal variability of DTI metrics, we again note a void of supporting evidence.
The authors conclude, “...unlike traditional MR sequences... the very existence of a lesion in any given
single patient identified via DTI is fundamentally questionable...”. The only relevant citation (Vollmar.
O'Muircheartaigh et al. 2010), however, is completely misconstrued by the authors; it in fact documents
the high degree of intra- and inter-institutional fidelity of FA measurements, also reported by others
(Fox, Sakaie et al. 2012). Such misunderstanding of the science suffuses the discussion of technical -
issues. Glib citations such as “Not too surprisingly, when the same DTI data set was provided for
analysis to nine different research groups..., nine different results were obtained.” entirely misrepresent
the substance of an unpublished abstract to suit the authors’ bias. The study authors actually conclude:
“This serves as a reminder of what is being tested under the null hypothesis, i.e. just because one
method finds a particular difference, it does NOT mean that there were NO other differences -- a fact
that can be easily overlooked.” The concern is not that any of the findings are not “real”, but that
additional real findings may be missed in any analysis.

Another methods-specific argument is that abnormalities could occur simply by chance, “Statistical
science also portends problems for the analysis of DTL...”. After exaggerating the typical number of
simultaneous comparisons by at least 50% and invoking a “...typical 5% chance of error...”, the
authors conclude “...statistical realities represent yet another potential avenue for abuse...”. This
rudimentary analysis does not acknowledge that 5% is not a typical threshold and that corrections
should be and are made for multiple testing (not just that they “fortunately exist””). Most glaring is the
authors’ omission of spatial clustering, which dramatically reduces type 1 errors. DTI analyses do not
seek individual voxel abnormalities, but ask “What is the likelihood that hundreds of voxels comprising
a contiguous tissue volume several milliliters in size will all appear abnormal by mere chance alone?”
Along these lines, the authors state, “Given that even carefully selected healthy controls will feature
areas of “abnormality”. .., it should be anticipated that most unselected patients/litigants will feature
areas of abnormality when compared to such normative databases.”. This is a gross misrepresentation
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of Kraus et al. (Kraus, Susmaras et al. 2007), in the same way that Wortzel misused it previously
(Wortzel, Kraus et al. 2011). The criterion for “abnormality” in Kraus et al. (1SD) is well within all
concepts of normal. That some controls had some ROIs outside of 1SD is expected and does not bear on
the finding that patients had significantly more ROIs outside of 1SD (Figure 5; Kraus et al.). This
citation provides no basis whatsoever for inferring that normals will have “abnormalities”, when
reasonable thresholds for abnormality are employed. This sentence and especially its italicized
emphasis have no basis in the cited paper or any scientific communication.

Fourth, diagnosis of mTBI, or any other disorder, is based on integration of clinical information, not the
result of one diagnostic test. The authors offer another “straw man” argument that insinuates DTI
should not be used as a standalone definitive diagnostic test, a use for which it has not been proposed.
The realities of DTT use in the clinic entail weighing the strength of all clinical evidence. The authors
argue that “...neuropsychiatric conditions are common in the general population, and are often present
in individual litigants. The potential impact of common psychiatric conditions on DTI findings is well
illustrated...” Placing these two sentences back to back is blatantly misleading. The authors cite White,
et al. (White, Nelson et al. 2008) who reviewed studies of psychiatric patients, not of healthy people
who unknowingly harbor as yet undiagnosed psychopathology. No literature exists to support that such
individuals can be identified with DTI. Moreover, the authors do not consider that the literature on
psychiatric diagnosis is comprised of studies detecting modest group differences, whereas TBI studies
have specifically shown that individuals, though not all individuals, can differ from population norms to
a degree that normals do not (see (Hulkower, Poliak et al. 2013)). It is not at all clear that DTI
abnormalities in individuals with as yet undiagnosed psychiatric disease can be detected in the way that
such abnormalities may be detected in TBI patients. Moreover, statements, such as “...early life stress
and/or parental verbal abuse may result in differences in white matter integrity as measured by DTL”,
give equal weight to single reports of small samples and fail to assess subject/control overlap and
whether any inference at the individual level might even be supported. In stark contrast, the
overwhelming consensus of a substantial body of scientific inquiry supports DTI for detecting
pathology in mTBI patients.
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EXHIBIT 7.

Pengxuan Diao $19,786,818 in compensatory
damages for injuries he sustained as a result of a
natural gas leak and fire at his residence. Prior to
trial, SoCalGas stipulated its employee negligently
caused the leak and fire. On appeal, SoCalGas
contends (1) the trial court abused its discretion in
declining to exclude evidence of Diao's traumatic
brain injury—an injury SoCalGas argues Diao
concealed until shortly before trial; (2) there is
insufficient evidence demonstrating the gas leak or
fire caused a traumatic brain injury; and (3)
the [*2] "damages award is punitive, excessive, and
the result of passion and prejudice, as well as
improper argument and misconduct by [Diao]'s
counsel." For the reasons explained below, we
reject SoCalGas's contentions and affirm the

Taylor Rayfield



Page 2 of 12

2016 Cal. App. Unpub, LEXIS 109, *2

judgment.
BACKGROUND

The Natural Gas Leak and Fire

In January 2011, Diao, then 23 years old, rented
and lived in a detached, converted garage in San
Gabriel he shared with a roommate under a sub-
tenancy arrangement. On January 19, 2011, Simon
Youde, then a SoCalGas employee, was dispatched
to the property where Diao lived to restore gas
service to the main house after an earthquake
shutoff valve automatically shut off gas service to
the property. As Youde was attempting to relight
the pilot light on the water heater in the main
house, he reached around the back of the water
heater and twisted a valve he felt but could not see,
inadvertently opening up a gas line which led to the
garage. The gas line, which was installed before
Diao moved into the garage and was no longer in
use, was uncapped at the end where it terminated
behind some cabinets in the garage. After Youde
restored gas service, he left the property without
performing the required leak check. He did [*3] not
realize gas was flowing freely into the garage
where Diao was then sleeping.

Diao slept for another two hours after Youde
opened the uncapped gas line to the garage. Diao's
bedroom in the garage filled with about 300 cubic
feet of natural gas (one-quarter to one-third the
volume of his bedroom, which measured 11 feet, 7
inches by 11 feet, 9 inches by 8 feet). Diao awoke
at approximately 11:00 a.m., sat up on the edge of
his bed, and attempted to light a cigarette. When
Diao sparked the lighter, he heard a boom, saw fire
engulf his room, and felt a force pushing against
him as he ran out of the garage. His entire body felt
hot so he ran into the main house and took a cold
shower. Afterward, he noticed the skin on his left
arm was falling off. An ambulance transported
Diao to the hospital.

Burns and Treatment

Diao sustained second and third degree burns on

18-20 percent of his body. He remained in the burn
unit at Los Angeles County-USC Medical Center
for weeks as he underwent painful treatments,
including (1) dressing changes once or twice per
day during which the remaining skin in the area of
the burns was scraped away to prevent infection,
(2) surgical debridement during which the [*4]
dead tissue on Diao's left forearm was removed
with a long knife, and (3) skin grafting during
which healthy skin from Diao's thigh was removed
and placed on his left forearm.

When Diao was released from the hospital, he still
had open wounds all over his body. He went to live
with his father. A nurse came to the home daily to
clean Diao's wounds, which was a very painful
process. The skin in the area of the burns would
stick together, so every day Diao had to pull it apart
and stretch it. Skin fell off Diao's face. He would
wake with his pillow covered in blood due to his
face bleeding. Diao received follow-up treatment at
the burn center. He was in extreme pain every day.

This Lawsuit

In March 2012, Diao filed this negligence action
against SoCalGas. He alleged SoCalGas's
negligence caused "catastrophic and permanent
injuries" to him, including third degree burns,
"shock and injury to his nervous system and
person," and "physical and mental pain and
suffering." SoCalGas answered the complaint with
a general denial and assertion of affirmative
defenses.

In September 2012, SoCalGas stipulated to
negligence and that its negligence was a substantial
factor in causing Diao's harm, but denied [*5] its
negligence caused the extent of harm Diao claimed.
Thereafter, SoCalGas cross-complained against the
homeowners and sub-landlord, alleging they were
negligent in making or allowing illegal
modifications to the garage where Diao lived and in
failing to cap the gas line that ran into the garage.
The homeowners, in turn, cross-complained against
SoCalGas and the sub-landlord for equitable
apportionment and indemnification.
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Discovery Issues and Disputes Pertinent to This
Appeal

In July 2012, in response to SoCalGas's form
interrogatories, Diao listed the following injuries he
attributed to the natural gas leak and fire: "Plaintiff
[Diao] suffered multiple serious injuries in the
subject incident, including second and third degree
burns to his face, neck, both upper extremities
including hands and digits, right lower back and
right lower extremity. Plaintiff underwent surgery
for debridement and skin grafting. Plaintiff now has
severe hyperpigmentation and areas of severe burn
scarring. Plaintiff further suffers from chronic pain;
numbness; itching, tightness, weakness; limited
range of motion; frequent bouts of diarrhea; sexual
dysfunction; difficulty falling to sleep; and
emotional [*6] distress and depression." Diao
further stated in his response that discovery and
investigation regarding his injuries were not
complete. '

At his deposition in June 2013, Diao testified, in or
about July 2011, his friends began commenting that
his memory and reflexes were worse than they were
before the gas leak and fire. For example, after he
returned to work at the hot pot restaurant where he
had worked before the fire, his former girlfriend
stated it took him longer to understand instructions
such as the type of vegetables to purchase for the
restaurant. Diao testified, "before the accident, I
would just go out and make the purchase, but after
the accident, I would have to think about it and then
repeat it, what she told me to confirm, what I was
understanding correctly, and then went out to make
the purchase."! Diao explained his memory,
comprehension and reaction time were slower than
before the fire. Diao also testified, when he
returned to community college after the fire, he

! Diao quit his job at the hot pot restaurant because he was making so
many mistakes and was fearful the cooking would lead to a gas
explosion or fire. He quit a subsequent job at a tea house because he
could not remember the recipes, was in pain when he stood on his
right ankle for long periods (due to the manner in which the burns
had healed), and his skin was too sensitive when he came in contact
with water.

found he had problems with his short-term
memory. He would learn new vocabulary words in
his English as a second language (ESL) class and
then forget them shortly thereafter.? In the fall of
2012, he failed [*7] his ESL class.

On July 30, 2013, the homeowners' counsel sent a
letter to Diao's counsel requesting Diao submit to a
neurological examination (in addition to a
psychiatric  examination) based on Diao's
deposition testimony which, in the words of the
homeowners' counsel, "raised for the first time a
potential brain injury claim." Diao's counsel
initially refused to submit to any mental
examinations, absent the homeowners' coordination
with SoCalGas, because Diao did not want to
submit to multiple defense examinations. SoCalGas
refused to participate in the examinations requested
by the homeowners. The homeowners filed motions
to compel the examinations. Before the motions
were heard, [*8] Diao agreed he would submit to
an examination by the homeowners' neurologist,
Dr. Michael Gold, and the homeowners'
psychiatrist, Dr. David Rudnick.

Diao retained his own neurologist, Dr. Fisk. On
November 14, 2013, Dr. Fisk conducted a
neurological examination of Diao and prepared a
seven-page report. After interviewing Diao through
a Mandarin interpreter and examining him, Dr. Fisk
stated the following "Assessment": "Following the
injury, the patient has manifested persistent
impairment of cognition of uncertain etiology at

this point. Given the persistence of these symptoms

and their impact in terms of his academic
performance, he  should be  evaluated
neuropsychologically, in Mandarin. A 3.0 Tesla
brain MRI scan is recommended. The need for a
neuropsychiatric  evaluation remains to be
determined. [f] The patient's right ankle pain
should be evaluated orthopedically. [{] The
patient's headaches are largely the consequence of
stress with which the patient is contending. He will

2Diao immigrated to the United States from China in 2009, and was
studying ESL at the time of the fire. )
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be started on a seven-step cervical range of motion
stretching sequence. These exercises were
explained and demonstrated in detail. They were
written down for the patient so he would not forget

them. 1 Appropriate [*9] therapeutic
recommendations will be made following
completion of the patient's neurodiagnostic

evaluation." As one of six "Impressions," Dr. Fisk
listed: "Posttraumatic headaches in the context of a
possible traumatic brain injury."

Diao's attorneys have maintained they did not
receive Dr. Fisk's report until Dr. Fisk was deposed
on May 1, 2014. Thus, they did not provide this
report to the defense at the time expert witness
disclosures were made in February 2014, as
explained in more detail below.

On December 10, 2013, Diao submitted to the brain
MRI Dr. Fisk ordered and the result was normal.

On December 11, 2013, Dr. Gold, the homeowners'
neurologist, conducted a neurological examination
of Diao and prepared a report. Dr. Gold reviewed
documents, including the transcript of Diao's
deposition, interviewed Diao through a Mandarin
interpreter about his complaints, including
"[m]emory impairment," and examined Diao. Dr.
Gold concluded Diao's neurological examination
was normal, "except for mildly decreased sensation
over the dorsum of the left arm and hand."
SoCalGas did not participate in this examination.

On December 13, 2013, Dr. Rudnick, the
homeowners' psychiatrist, conducted a
neuropsychiatric [*10] examination of Diao and
prepared a report. Dr. Rudnick reviewed Diao's
medical records, interviewed Diao through a
Mandarin interpreter about his complaints,
including memory impairment, and conducted a
mental status examination of Diao. Dr. Rudnick
concluded Diao had "chronic Posttraumatic Stress
Disorder" and "Major Depression” and "should
have full recovery from his psychiatric condition"
with  treatment, including  psychotherapy,
medication, and cosmetic treatments for his
scarring. SoCalGas chose not to participate in this

examination.

On January 3, 2014, Diao voluntarily supplemented
his responses to SoCalGas's form interrogatories.
Regarding injuries he attributed to the gas leak and
fire, Diao added: "[A]s Plaintiff testified to in his
deposition, as a result of the subject incident,
Plaintiff suffers from: trouble with attention skills,
concentration and with memory, nightmares,
flashbacks, poor appetite, phobic reactions, and

hypervigilance." Diao further stated in his
supplemental response that discovery and
investigation regarding his injuriess were not
complete.

On February 4, 2014, Diao's retained neurologist,
Dr. Fisk, ordered a functional brain MRI (fMRI)
and brain SPECT scan [*11] for Diao, indicating on
the forms "DX:TBI" (a diagnosis of traumatic brain

injury).

On February 5, 2014, SoCalGas's counsel sent a
letter to Diao's counsel requesting Diao submit to
another mental examination. The letter states, in
pertinent part, "your client has made mental injury
an issue by alleging in the complaint, discovery
responses and deposition that he suffers from
sexual dysfunction, difficulty falling to sleep,
emotional distress and depression, trouble with
attention skills, concentration and with memory,
nightmares, flashbacks, poor appetite, phobic
reactions, hypervigilence, impaired academic
abilities, a phobia of cooking anything that requires
a flame, the inability to be exposed to common
household products due to irritation caused by the
chemicals, and mental pain and suffering."
Apparently, Diao's counsel declined this request for
another defense mental examination.

Also in February 2014, the parties served their
expert witness designations. The homeowners
designated, among other experts, Dr. Gold
(neurologist) and Dr. Rudnick (psychiatrist), both
of whom had conducted mental examinations of
Diao in December 2013, as discussed above.
SoCalGas designated, among other [*12] experts,
Dr. Barry Ludwig (neurologist) and Dr. Mark
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Kalish (psychiatrist), neither of whom had
examined Diao. Diao designated, among other
experts, Dr. Fisk (neurologist), Dr. Johnny Wen
(neuropsychologist), Dr. Wei-Chin Hwang
(psychologist), and Dr. Monte Buchsbaum
(psychiatrist/radiologist). As stated above, Diao did
not provide the defense with Dr. Fisk's November
13, 2013 report. His attorneys claim they were
unaware of it until Dr. Fisk's deposition on May 1,
2014.

Sometime in February 2014, Dr. Fisk received a
report indicating Diao's brain SPECT scan was
abnormal. Fisk also learned the results of
neuropsychological testing by Dr. Wen were
abnormal. Fisk diagnosed Diao with traumatic
brain injury. In March 2014, Dr. Buchsbaum
(Diao's retained psychiatrist/radiologist) examined
the SPECT scan and report, the neuropsychological
report, Diao's medical records, and Diao's
deposition to opine about the status of Diao's brain.
Buchsbaum diagnosed Diao with traumatic brain
injury.

On March 4, 2014, SoCalGas filed an ex parte
application to continue the April 8, 2014 trial date

due to the unavailability of the sub-landlord. The"

court continued the trial to May 20, 2014. The non-
expert [*13] discovery cutoff date of March §, 2014
remained unchanged.

Also on March 4, 2014, SoCalGas filed an ex parte
motion for leave to conduct psychiatric and
neurological examinations of Diao. On April 2,
2014, after considering Diao's opposition, the trial
court (Judge Richard E. Rico) denied the motion,
finding SoCalGas (1) had not demonstrated why
the proposed examinations were necessary given
the neurological and psychiatric examinations
already conducted in December 2013 by the
homeowners' experts, and (2) had not shown the
proposed examinations would not be duplicative of
the prior examinations. In its minute order, the
court explained: "In light of the examinations
already conducted, the examinations requested by
[SoCalGas] constitute unnecessary intrusions and

invasions of plaintiff's privacy and are burdensome,
harassing, and oppressive."

The parties conducted expert witness depositions in
April and May 2014. On April 23, 2014, Dr.
Buchsbaum (Diao's retained
psychiatrist/radiologist) testified about his opinion
that Diao suffered from a traumatic brain injury
(TBI). According to SoCalGas, this was the first
time Diao's "TBI claim was revealed," "just 27 days
before trial and over [*14] one month after the
close of fact discovery."?

On May 1, 2014, Dr. Fisk (Diao's retained
neurologist) also testified at his deposition that
Diao suffered from TBI. This is also the date Diao
produced Dr. Fisk's November 14, 2013
examination report to defendants, two-and-one-half
months after the February 18, 2014 expert witness
disclosure and production deadline. As set forth
above, Dr. Fisk's "Assessment" in the November
14, 2013 report, did not include a diagnosis of TBI,
but he listed "Posttraumatic headaches in the
context of a possible traumatic brain injury" as one
of six "Impressions." SoCalGas's counsel examined
Dr. Fisk about the report.

On May 1, 2014, Dr. Ludwig (SoCalGas's
neurologist) was deposed and presented his opinion
Diao did not suffer from TBI and provided the
basis for his opinion. At the time of his
deposition—which occurred the same day Dr. Fisk
produced his November 14, 2013 report—Dr.
Ludwig already was aware Dr. Wen (Diao's
retained neuropsychologist) and Dr. Buchsbaum
(Diao's retained radiologist/psychiatrist) [*15] had
diagnosed Diao with TBI. On May 8, 2014, Dr.
Kalish (SoCalGas's psychiatrist) was deposed and
presented his opinion Diao did not suffer from a
TBI and provided the basis for his opinion.

On May 13, 2014, SoCalGas filed an ex parte
application, seeking a five-week trial continuance

3 As stated above, nearly nine months earlier, the homeowners'
counsel recognized "a potential brain injury claim" based on Diao's
deposition testimony.
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and permission to augment its expert witness list to
include a radiologist and a neuropsychologist. The
homeowners joined the ex parte application.
SoCalGas argued there was good cause for the
relief requested because Diao provided "willfully
false discovery responses." In his January 2014
voluntary supplemental responses to SoCalGas's
form interrogatories, Diao did not disclose his TBI
claim or his November 14, 2013 neurological
examination with Dr. Fisk. According to SoCalGas,
Diao was required to disclose the examination
because Dr. Fisk was acting as a treating physician
at the time of the examination and not an expert
witness.* On May 14, 2014, the trial court (Judge
Rico) denied the ex parte application.

On May 19, 2014, SoCalGas filed a motion in
limine to exclude evidence of and argument about
TBI and anoxia (lack of oxygen from the gas leak
and/or fire) based on arguments (1) Diao provided
willfully false discovery responses, and (2) there
was a lack of evidence of TBI due to trauma or
anoxia. The homeowners filed a similar motion in
limine, which SoCalGas joined. Plaintiff filed an
opposition to these motions in limine.

The trial court (Judge Elizabeth R. Feffer who was
assigned to the case for trial) heard oral argument
on the motions in limine on May 23, 2014. The
court faulted Diao's counsel for not producing Dr.
Fisk's November 14, 2013 report in a timely
manner, commenting that "there were games being
played" and "it's all problematic.” The court noted,
however, that "ultimately, it [the report] was
disclosed and the defense did have an opportunity
to explore it." The court declined to exclude
evidence of and argument about TBI and anoxia.
The court did allow [*17] SoCalGas to augment its
expert witness designation to include a radiologist

4Dr. Fisk testified at his deposition that he "started out" as Diao's
treating physician. In or about November 2013, after the date of the
neurological examination, Diao signed an agreement giving
Dr. [#16] Fisk a lien on Diao's recovery in the litigation, which
indicates Dr. Fisk was a treating physician. At trial, however, Dr.
Fisk testified that he was retained by Diao's counsel in 2013, before
the neurological examination.

(Dr. Alan Waxman), concluding it was unclear
from Diao's designation that Dr. Buchsbaum would
be offering opinions as a radiologist in addition to
his opinions as a psychiatrist. The court rejected
SoCalGas's request to designate a
neuropsychologist, finding Diao had disclosed Dr.
Wen as his neuropsychologist and SoCalGas could
have designated its own neuropsychologist at that
time.

Trial

Trial commenced on May 29, 2014. Diao testified
extensively about his injuries (past and present). As
discussed above, Diao underwent excruciatingly
painful treatments for his burns in the months
following the fire. He was extremely upset about
the way he looked. He felt his life had "become
black, all black."

By the time of trial, more than three years after the
fire, Diao still experienced physical pain due to his
injuries. Pain in his right ankle prevented him from
standing for long periods of time. Because he
suffered from neuropathic pain syndrome on his
left arm and hand, a light touch caused intense pain.
He had weakness in his left hand. He also
experienced numbness, -tightness, pain, dryness,
and itching in the areas [*18] around his burn
injuries.

Diao continued to feel extremely upset and self-
conscious about the scarring on his body.
(Fortunately the burns on his face had healed quite
nicely by all accounts.) He had areas of
hypertrophic scars which were thick and cordlike
and caused him physical discomfort. He also had
areas of hyperpigmentation where his skin was
much darker and areas of hypopigmentation where
his skin was much lighter because there was no
pigment. Diao tended to cover his scars with
clothing, including long sleeves, because he
believed people would perceive him as gross and
deformed if they saw his scars. Dido rarely
socialized with friends and did not date. He avoided
exposure to the sun due to his scarring.
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Diao presented evidence regarding future surgeries
and treatments to improve the look of his scars and
to alleviate some of the discomfort associated with
them, including steroid injections and a balloon
expansion to stretch normal skin over the scar.
There were no treatments, however, that could
eliminate the scars entirely.

Diao testified about his cognitive impairments after
the fire, including his problems with memory and
comprehension at school and on-the-job. He
remained [*19] unemployed and out of school.

Diao presented evidence that neuropsychological
testing, the SPECT scan and the fMRI of his brain
all demonstrated TBI. He also presented evidence
that the TBI most likely was caused by the force of
the blast when the natural gas ignited, but could
also have been caused by trauma to the head during
the explosion, lack of oxygen to his brain (anoxia)
while he was sleeping in a room filled with natural
gas, carbon monoxide released during the
explosion, or a combination of these causes.

At the time of trial, Diao was 26 years old. He
presented evidence indicating he would likely
develop early-onset dementia by age 55 as a result
of his brain injury, requiring assisted living and
later 24-hour care.

Diao's father testified on cross-examination that,
before the fire, Diao was involved in a car accident
which required him to replace his car. Later, when
Diao's direct examination resumed, Diao testified
he was involved in three car accidents shortly after
he came to the United States in 2009. SoCalGas
extensively cross-examined Diao regarding the car
accidents and impeached him with documents it
gathered mid-trial showing an attorney submitted
an insurance claim [*20] on behalf of Diao and his
father after one of the accidents and a chiropractor
indicated in a report that Diao had sustained a
concussion in the accident. Diao did not disclose an
insurance claim or a prior head injury in his
interrogatory responses. Diao testified he was
unaware of the insurance claim his father's attorney
submitted and he disputed the characterization of

his alleged injuries as stated in the claim and the
chiropractor's report.

None of SoCalGas's experts attributed the car
accidents to TBI because they testified Diao did not
suffer from TBI either before or after the gas leak
and fire. The defense experts disputed the results of
the neuropsychological testing, the SPECT scan
and the fMRI of Diao's brain indicated TBI.

SoCalGas also cross-examined Diao about his
educational history in China. SoCalGas argued to
the jury that Diao was not truthful about his
academic performance in China and that his pre-
fire cognitive abilities were not as superior as he
had indicated.

Mid-trial, SoCalGas moved for nonsuit, mistrial
and terminating sanctions, arguing Diao had
suppressed evidence of TBI and his prior car
accidents and had failed to prove TBI causation.
The trial court (Judge [¥21] Feffer) denied the
motions, explaining, among other things, (1) it
already had remedied any belated TBI disclosure
by allowing SoCalGas to designate a radiologist,
(2) any failure to disclose the car accidents did not
warrant wholesale exclusion of TBI evidence, but
was a credibility issue for the jury to weigh, and (3)
there was sufficient evidence of TBI causation to
go to the jury, including testimony by SoCalGas's
experts that asphyxiation is a risk of breathing
natural gas.

On June 25, 2014, the jury returned a special
verdict awarding Diao $186,718 in past economic
damages, $2,600,100 in future economic damages,
$8,500,000 in past non-economic damages, and
$8,500,000 in future non-economic damages, for a
total damages award of $19,786,818. The jury
found the homeowners were negligent, their
negligence was a substantial factor in causing harm
to Diao, and SoCalGas's negligence was not a
superseding cause of the harm to Diao. The jury
further found the sub-landlord was not negligent.
The jury assigned 90 percent of Diao's harm to
SoCalGas and 10 percent to the homeowners. On
July 2, 2014, the trial court entered judgment
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consistent with the special verdict.

Post-Trial Motions

SoCalGas [*22] moved for a partial judgment
notwithstanding the verdict and for a new trial on
several of the grounds raised on appeal. SoCalGas
argued Diao committed discovery abuses related to
his TBI claim and presented insufficient evidence
of TBI. SoCalGas also argued Diao's counsel made
improper arguments which resulted in an excessive
and punitive damages award. SoCalGas requested
the trial court enter a remittitur and reduce the
damages award to no more than $6,000,000. The
homeowners also made a motion for new trial,
arguing for a reduction in the damages award. At
the hearing on the post-trial motions, SoCalGas
requested the trial court reduce the damages award
to a total of $3,486,718.

In connection with the post-trial motions, SoCalGas
submitted new evidence related to the car accidents
and Diao's educational history. Diao objected to all
of the new evidence on multiple grounds (hearsay,
lack of foundation) and the trial court sustained all
of Diao's objections.

The trial court (Judge Feffer) issued a 28-page
ruling addressir\ng defendants' arguments and
denying the post-trial motions. In discussing
SoCalGas's claim of discovery abuses related to
TBI, the court explained the voluminous
exhibits [23] submitted by the parties indicated
SoCalGas did not exercise reasonable diligence in
investigating the cause of Diao's alleged cognitive
defects which were revealed during Diao's June
2013 deposition.

DISCUSSION
I. Discovery Issues Regarding TBI
A. Dr. Fisk

SoCalGas contends the trial court erred in declining
to exclude Dr. Fisk's TBI testimony under Code_of
Civil Procedure section 2034.300 based on Diao's

failure to disclose Dr. Fisk's November 14, 2013
report in a timely manner.

Code of Civil Procedure section 2034.300 states, in
pertinent part, "on objection of any party who has
made a complete and timely compliance with
Section 2034.260, the trial court shall exclude from
evidence the expert opinion of any witness that is
offered by any party who has unreasonably failed to
do any of the following: [{] (a) List that witness as
an expert under Section 2034.260. []] (b) Submit an
expert witness declaration. [{] (c) Produce reports
and writings of expert witnesses under Section
2034.270. 1] (d) Make that expert available for a
deposition under Article 3 (commencing with
Section 2034.410)." (Italics added.)

Prior to or during trial, SoCalGas never asked the
trial court to exclude Dr. Fisk's testimony under this
provision. Instead, SoCalGas asked the court to
exercise its discretion and issue an evidence
sanction—excluding all evidence [*24] of TBI—
for misuse of the discovery process under section
2023.030, subdivision (c). SoCalGas should not
fault the trial court for declining to grant relief
SoCalGas never requested.

Had SoCalGas asked the trial court to exclude Dr.
Fisk's testimony under this particular provision and
the court declined, we would not disturb the court's
ruling on appeal. Assuming SoCalGas could
demonstrate Diao "unreasonably failed" to produce
the report—although Diao's attorneys maintain they
were unaware of the report until the date they
produced it—SoCalGas cannot demonstrate
prejudice. There was substantial evidence of TBI,
separate and apart from Dr. Fisk's testimony,
including the results of the neuropsychological
testing, the SPECT scan and the fMRI of Diao's
brain, and substantial evidence the gas leak and fire
caused the TBI, as set forth in more detail below in
response to SoCalGas's challenge to the sufficiency
of the evidence.

B. Interrogatory responses

SoCalGas contends the trial court erred in declining
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to grant any relief for Diao's "false" interrogatory
responses, and further contends it should have been
"able to rely on [Diao's] discovery responses to set
at rest significant issues, and remove those issues
from the case." [*25] '

First, SoCalGas points to the fact Diao did not
disclose TBI in his interrogatory responses. The
evidence shows Diao had not been diagnosed with
TBI at the time he responded to SoCalGas's form
interrogatories in June 2012 and at the time he
voluntarily supplemented his responses to the form
interrogatories in January 2014. The results of
Diao's initial MRI in December 2013 were normal.
Notwithstanding that, Diao disclosed his cognitive
impairments at his June 2013 deposition—which
alerted the homeowners' counsel to a potential brain
injury claim—and in his January 2014
supplemental responses to the form interrogatories.
Moreover, Diao stated in his interrogatory response
that discovery and investigation regarding his
injuries were not complete, which is borne out by
the record of subsequent medical testing Diao
underwent. Accordingly, Diao's interrogatory
responses regarding his injuries were not false, and
his TBI claim is not barred because he did not
specifically identify "traumatic brain injury" in
interrogatory responses served before TBI was
diagnosed.

Second, SoCalGas points to the fact Diao did not
disclose the three 2009 car accidents in response to
form interrogatories asking [*26] him to identify
injuries to the same parts of his body injured in the
gas leak and fire and asking him to identify prior
claims or demands for compensation for personal
injuries. Diao testified at trial that he was unaware
his father's attorney had made an insurance claim
on his behalf regarding one of the car accidents,
and he disputed he sustained a head injury in any of
the car accidents. SoCalGas impeached Diao's
credibility at trial with documents relating to one of
the car accidents. An evidence sanction was not
warranted.

Third, SoCalGas argues Diao misrepresented his
academic history in his discovery responses.

SoCalGas cites the new evidence it submitted in
connection with its post-trial motions. The trial
court sustained all of Diao's numerous evidentiary
objections to this new evidence. SoCalGas does not
properly challenge the trial court's evidentiary
rulings on appeal. It merely states in a couple of
footnotes that the new evidence was not offered for
the truth of the matter asserted. Hearsay is not the
only ground on which the trial court sustained
Diao's objections to the new evidence. Because
SoCalGas has not demonstrated the court abused its
discretion in sustaining [*27] objections on
multiple grounds, we may not consider this
evidence on appeal.

Finally, SoCalGas faults Diao for not identifying
Dr. Fisk as a treating physician when he voluntarily
supplemented his interrogatory responses in
January 2014. As addressed above, the evidence
regarding whether Dr. Fisk was acting as a treating
physician or a retained expert at the time he
conducted Diao's neurological examination in
November 2013 was conflicting. Given that, we
need not address this issue further.

I1. Sufficiency Of Evidence Of TBI Causation

SoCalGas contends there is insufficient evidence
demonstrating the gas leak or fire caused Diao's
TBL

"In a personal injury action, causation must be
proven within a reasonable medical probability
based on expert testimony; a mere possibility is
insufficient. [Citation.] A possible cause becomes
'probable’ when, in the absence of other reasonable
causal explanations, it is more likely than not that
the injury resulted from its action." (Sparks v.
Owens-Illinois, Inc. (1995) 32 Cal.App.4th 461,
476.) "[A]n expert's opinion based on assumptions
of fact without evidentiary support [citation], or on
speculative or conjectural factors [citation], has no
evidentiary value . . . ." (Jennings v. Palomar
Pomerado _Health Systems, Inc. (2003) 114
CalApp.4th 1108, 1117.) :

Substantial evidence presented at trial [*28]
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demonstrated, after SoCalGas's employee uncapped
the gas line to the garage, Diao slept for another
two hours as one-quarter to one-third the volume of
his room filled with natural gas. When Diao awoke
and sparked the lighter, he heard a boom, saw fire
engulf his room, and felt a force pushing against
him as he ran out of the garage. At trial, Diao
testified the force of the explosion knocked him to
the ground, although he denied falling when he
testified earlier at his deposition.

According to Diao's experts, results of
neuropsychological testing, a SPECT scan and an
fMRI of Diao's brain indicated TBI.

Regarding  causation,  substantial  evidence
demonstrated Diao's friends and family noticed a
decline in his cognitive functioning after the gas
leak and fire. His memory, comprehension and
reaction time were slower after the fire than they
were before the fire.

Dr. Buchsbaum (Diao's retained
radiologist/psychiatrist)  testified about TBI
causation. He gave his opinion the TBI did not
predate the gas leak and fire based on the severity
of the damage shown on the brain scans, and the
substantial evidence of ‘Diao's cognitive decline
after the gas leak and fire and absence of these
cognitive [*29] impairments before.

Like Dr. Fisk, Dr. Buchsbaum testified that four
factors could have contributed to Diao's TBI: the
blast that occurred when the natural gas ignited,
trauma to Diao's head in connection with the blast
(striking his head on an object or the ground),
anoxia (a lack of oxygen), and inhalation of carbon
monoxide. Based on his review of the brain scans,
and the "asymmetry" of the brain injury, Dr.
Buchsbaum opined the blast or head trauma during
the blast caused Diao's TBI. Dr. Buchsbaum had
recently worked on and completed a study
supported by the veterans administration regarding
blast injuries in veterans from Iraq. He explained
how and why a blast, "just in and of itself, can
shake and distort the brain" causing TBI without
head trauma or a skull fracture.

Based on the foregoing, substantial evidence
presented at trial demonstrated it is more likely than
not that the gas leak and fire caused Diao's TBI and
that there is an absence of other reasonable causal
explanations.

II1. Damages Award

A. Diao's counsel's conduct

SoCalGas contends Diao's counsel committed
misconduct in arguments to the jury. According to
SoCalGas, Diao's "counsel delivered an
inflammatory closing rebuttal [*30] in which he
vilified SoCalGas, invited the jury to punish the
company for defending itself at trial and for
unproven injuries to other hypothetical victims, and
referred extensively to SoCalGas's wealth and
resources, despite the court having largely granted
SoCalGas's Motion in Limine No. 8, precluding
such references."

SoCalGas takes issue with the following types of
arguments Diao's counsel made: Diao's counsel
referred to SoCalGas as a "bully" in condemning
SoCalGas's litigation tactics (e.g., cross-examining
Diao for more than 50 pages of transcript regarding
the prior car accidents); indicated SoCalGas would
celebrate and move on to the next case, the next
burn victim if the jury awarded Diao the
insufficient amount SoCalGas suggested ($1.6
million in total damages); commented that it is
difficult to fight the gas company given its
"unlimited resources;" and highlighted the
cumulative amount SoCalGas spent on expert
witness fees.

Below, SoCalGas did not object to any of counsel's
arguments it now takes issue with on appeal.
SoCalGas did not afford the trial court an
opportunity to evaluate any of these claims of
misconduct and provide an admonition if
necessary. Accordingly, these [*31] claims of
misconduct are forfeited on appeal. (Cassim v.
Allstate Ins. Co. (2004) 33 Cal.4th 780, 794-795.)

SoCalGas asserts an objection was not necessary to
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preserve these claims for appeal because counsel's
misconduct was repetitive and multiple objections
"would only have exacerbated the prejudice.”
SoCalGas's counsel did not make any effort to stop
the alleged misconduct with even one objection.
Indeed, "[olne of the primary purposes of
admonition at the beginning of an improper course
of argument is to avoid repetition of the remarks
and thus obviate the necessity of a new trial."
(Cassim v. Allstate Inc. Co., supra, 33 Cal.4th at p.
793.) The types of arguments SoCalGas belatedly
complains about are precisely the types of
arguments that could have been ameliorated with
an admonition, to the extent SoCalGas believed at
the time of trial that the arguments were improper
(e.g., comments about its resources, and comments
about other potential victims).

We do not condone, and in fact strongly
disapprove, Diao's counsel's conduct during
argument in  making inflammatory  and
inappropriate comments to the jury. But even if
SoCalGas had preserved these claims for appeal,
we would not reverse the judgment based on the
portions of counsel's argument with which
SoCalGas now takes issue. None of the
comments [*32] SoCalGas plucks from counsel's
argument, alone or in combination, constitute
reversible  misconduct. SoCalGas  cannot
demonstrate it is reasonably probable the judgment
would have been more favorable to SoCalGas if
Diao's counsel had not made these comments.
(Cassim v. Allstate Ins. Co., supra, 33 Cal.4th at p.
802.) The award is not excessive in light of the
evidence presented, as discussed in more detail
below.

B. Propriety of amount of award

SoCalGas contends the $19,786,818 damages
award is excessive, disproportionate to other
-awards for comparable injuries, punitive and
violates due process.

The standard of review in cases in which a

defendant "attacks the jury verdict on the ground of -

excessive damages is well established."

(Westphal v. Wal-Mart Stores, Inc. (1998) 68
Cal.App.4th 1071, 1078.) "The amount of damages
is a fact question, committed first to the discretion
of the jury and next to the discretion of the trial
judge on a motion for new trial. [Citations.] All
presumptions favor the trial court's ruling, which is
entitled to great deference because the trial judge,
having been present at trial, necessarily is more
familiar with the evidence and is bound by the
more demanding test of weighing conflicting
evidence rather than our standard of review under
the substantial evidence rule. [Citations.] [*33] [{]
We must uphold an award of damages whenever
possible [citation] and 'can interfere on the ground
that the judgment is excessive only on the ground
that the verdict is so large that, at first blush, it
shocks the conscience and suggests passion,
prejudice or corruption on the part of the jury.'
[Citations.] []] In assessing a claim that the jury's
award of damages is excessive, we do not reassess
the credibility of witnesses or reweigh the evidence.
To the contrary, we consider the evidence in the
light most favorable to the judgment, accepting
every reasonable inference and resolving all
conflicts in its favor." (Ibid.)

As outlined above, the jury awarded Diao $186,718
in past economic damages, $2,600,100 in future
economic damages, $8,500,000 in past non-
economic damages, and $8,500,000 in future non-
economic damages, for a total damages award of
$19,786,818. SoCalGas addresses its arguments to
the total damages award as a whole and does not
analyze each separate category of damages awarded
and explain why it believes that particular amount
is too high.

SoCalGas views the award in light of a universe of
injuries that does not include TBI, based on its
arguments the trial court should [*34] have
excluded evidence of TBI and Diao presented
insufficient evidence of TBI causation at trial. We
have rejected these arguments and accordingly
include TBI in our calculus of the propriety of the
award. SoCalGas maintains, even if TBI is
included, the award is still too high. We disagree.
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Substantial ~ evidence  presented at trial
demonstrates: Diao suffered through the trauma of
a natural gas explosion and fire in his bedroom. He
sustained burns on 18-20 percent of his body. He
underwent excruciatingly painful treatments and
suffered through a lengthy and painful healing
process. He has extensive scarring on his body that
continues to cause him great physical and mental
discomfort. He will undergo additional surgeries
and treatments to alleviate some of his discomfort
and to improve the look of the scars, but the scars
will always be visible.

As a result of the gas leak and fire, Diao suffered
"'TBI. His cognitive functioning declined in a
manner noticeable to his friends and family. He
could not succeed in college or in his employment
due to troubles with memory and comprehension.
He will likely develop early-onset dementia by age
55 and be unable to take care of himself.

Diao suffers [*35] from depression and his outlook
on life has changed. He rarely socializes and does
not date.

In light of these severe and debilitating injuries, we
do not find the award is excessive. We are not
persuaded by SoCalGas's comparison of this award
to awards in other cases. "Each case must be
determined on its own facts." (DiRosario v. Havens
(1987) 196 Cal. App.3d 1224, 1241.) The award in
this case is supported by the evidence.

"The mere fact that the judgment is large does not
validate an appellant's claim that the verdict is the
result of passion or prejudice of the jury."
(DiRosario v. Havens, supra, 196 Cal.App.3d at p.
1241.) The jury deliberated for one and one-half
days during which the jury requested and received
both sides' written breakdowns of suggested
damages for each category of injuries. The jury did
not award Diao the entire amount he requested—
$36,500,000. It awarded about half. Based on the
record before us, we do not find the award is
punitive or based on passion or prejudice.

DISPOSITION

The judgment is affirmed. Respondent is entitled to
recover costs on appeal.

CHANEY, J.

We concur:
ROTHSCHILD, P. J.
JOHNSON, J.

End of Document
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Opinion

[*340] [**17] Judgment, Supreme Court, New
York County (Martin Shulman, J.), entered
August [**18] 11, 2006, after a jury trial, in favor
of plaintiffs and against defendant in the total
amount of $ 2,774,460, unanimously affirmed,
without costs.

On the issue of fault, the trial court correctly
directed a verdict in plaintiffs' favor based on

“defendant's own testimony that he saw the injured

plaintiff's car stopped at a red light, braked hard
and shifted to low gear, but his pick-up truck
skidded on the wet roadway and hit the rear of
plaintiff's car. A rear-end collision with a stationary
vehicle creates a prima facie case of negligence
requiring a judgment in favor of the stationary
vehicle unless defendant proffers a nonnegligent
explanation for the failure to maintain a safe
distance (Mitchell v Gonzalez, 269 AD2d 250, 251,
703 NYS2d 124 [2000]). A wet roadway is not such
an explanation. A driver is expected to drive at a
sufficiently safe speed and to maintain enough
distance between [***2] himself and cars ahead of
him so as to avoid collisions with stopped vehicles,
taking into account weather and road conditions
(id). On the issue of serious injury, plaintiffs'
experts, relying on objective medical tests, testified
to brain damage and other injuries that they
attributed to trauma, and the conflicting medical
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evidence and opinions of defendant's experts
concerning the permanence and significance of
plaintiff's injuries simply raised issues of fact for
the jury (see Noble v Ackerman, 252 AD2d 392,
395, 675 NYS2d 86 [1998]). Concerning
defendant's motion to preclude expert testimony,
with respect to the nonproduction of raw data
produced in tests conducted by the experts,
defendant fails to show either prejudice or willful
and contumacious conduct. With respect to the
experts whose designations were made shortly
before trial, CPLR 3101 (d) (1) (i) [*341] does not
require a party to retain an expert at any particular
time, and the court allowed defendant appropriate
additional disclosure. With respect to the
discrepancies between the trial testimony of some
of plaintiffs' experts and their reports, defendant did
not show a willful attempt to deceive or prejudice,
and such discrepancies, which [***3] defendant
was free to raise on cross-examination, go only to
the weight, not the admissibility, of the testimony
(see Hageman v Jacobson, 202 AD2d 160, 161, 608
NYS2d 180 [1994]; Dollas v Grace & Co., 223
AD2d 319, 321, 639 NYS2d 323 [1996]). On the
issue of foundational support for expert opinion,
while some of plaintiffs' experts relied on new
technology or methodologies, the same experts also
opined based on  well-established and
recognized [****2] diagnostic tools, and we find
that they provided reliable causation opinions (see
Parker v Mobil Qil Corp., 7 NY3d 434, 447, 857
NE2d 1114, 824 NYS2d 584 [2006]). We have
considered defendant's other arguments and find
them  unavailing. Concur--Lippman,  P.J,,
Mazzarelli, Buckley, McGuire and DeGrasse, JJ.
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Executed on May 8, 2017 at Santa Monica, California.

X _ (State) I declare under penalty of petjury under the laws of the State of California that the
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