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INTRODUCTION:

Post traumatic epilepsy (PTE) can be characterized as recurring seizures develop after traumatic brain injury.
There is often a significant delay between the manifestation of seizures and the initial injury. There is increasing
evidence that suggests that epilepsy is a disease involving a network of abnormalities. 7 Tesla MRI, enables
exceptionally high-contrast, high-resolution in vivo imaging of the brain. We are recruiting patients with TBI,
PTE, and healthy controls as part of an imaging study. The data will be processed to explore suspected biomarkers
of epilepsy in all volunteers.

KEYWORDS:

Post Traumatic Epilepsy, Traumatic Brain Injury, Ultra High Field MRI, 7T MRI

ACCOMPLISHMENTS:

What were the major goals of the project?

Specific Aim 1 - Specific Aim 1 — Leverage new 7T structural, spectroscopic, and diffusion MRI
tools to identify network changes in the brain associated with PTE (Months 1-20)

Milestone 2: Protocol Optimized with finalized Data Collection Instruments - December 2019
(100%)

Milestone 3: Complete enrollment and data acquisition of subjects, PTE and HC — April 2021 (6%)
Milestone 4: Define biomarkers of PTE — April 2021 (0%)

Specific Aim 2 — Identify biomarkers which can be used to differentiate PTE from non-
epileptogenic TBI (Months 4-24)

Milestone 5: Complete enrollment and data acquisition of TBI subjects — May 2021 (0%)
Milestone 6: Quantification of metrics related to PTE and TBI — August 2021 (0%)

What was accomplished under these goals?

1) Major Activities

Major activities this year have focused around establishing the research program, obtaining
institutional permissions to conduct research, communicating and collaborating with the co-
investigators. We hired staff to carry out elements of the research and developed, tested, and
optimized the protocol as well as developing and testing image processing capabilities

We applied for and received permission to resume research at Mount Sinai after the shutdown due
to COVID-19. PTE patients have been contacted, and screened for participation.




1) Major Activities Cont.

Milestone 1: IRB Approval
Protocol Approvals: Both IRB and HRPO approval was obtained.
Permission to resume human research was acquired following the shutdown due to COVID-19

Milestone 2: Protocol Optimization
Personnel: A clinical coordinator was hired and has been trained on the protocol

Data Acquisition and Image Analysis: A Redcap database has been established, and populated
with forms. The final set of data collection instruments were agreed upon based on preliminary
data collected in the Fall. An IRB amendment was submitted and approved.

Milestone 3: Recruitment: Continuing IRB approval was also obtained. Following the resumption
of research at Mount Sinai, PTE patients have been contacted, and screened for participation.
Recruitment details, following a CONSORT chart type of information is included in Appendix 1

Milestone 4: Define biomarkers of PTE
Image analysis pipelines were developed to facilitate network analysis of PTE. Tool was
prototyped on pilot data set.

A report on the image analysis tools developed for this project was accepted for publication




4.

What opportunities for training and professional development has the project provided?

Undergraduate Research Trainees: Two fourth year honors students have joined my research lab for
their thesis. Their projects center around developing and optimizing image processing tools for the data
to be acquired this year.

These students attended the ISMRM Virtual Meeting in August, and participated in the weekend
educational courses.

How were the results disseminated to communities of interest?

Nothing to Report

What do you plan to do during the next reporting period to accomplish the goals?

We plan to complete recruitment and scanning over the next 6-9 months, upload all acquired data sets
to FITBIR, and process the data, identifying biomarkers of epilepsy.

PTE Enrollment: Presented at the Monthly Mount Sinai Epilepsy meeting in October in order to
accelerate recruitment. We plan to collaborate with additional epileptologists in the Mount Sinai Health
System to expand the recruitment pool. Epileptologist will screen for Traumatic Brain Injury within
their own clinics and refer them to our study. Additionally, we’ve distributed IRB approved passive
recruitment materials to several epilepsy support groups. This effort to expand enrollment to meet our
recruitment goals should not have an impact on the budget.

TBI Enrollment: Presented at the Brain Injury Association of New York State (BIANYS) New York
City Chapter meeting. Traumatic Brain Injury (TBI) patients attended the conference call and were able
to sian up for participation.

IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

Technical development: we have developed a technique to detect and measure the venous vascular
network in the brain using 7T MRI. This technique lets us visualize and quantify the vessels through
which blood drains out of the brain. This additional metric may help us understand what parts of the brain
are affected after injury and track the progression of the disease.

The Project Narrative described a proof of concept analysis of blood vessel structure through automatic
segmentation of susceptibility-weighted imaging data. Changes to vasculature is thought to be indicative
of epileptic pathology. Analysis of blood vessels in patients with PTE, healthy controls, and TBI patients
may help identify changes with in the brain that lead to the onset of epilepsy.




What was the impact on other disciplines?

The metric designed to measure and quantify venous vasculature is also of interest to neurologists
studying multiple sclerosis. This processing tool is being used to aide in the evaluation of
perivascular spaces around a central vein. This metric is being used to investigate response to
treatment in relapsing remitting multiple sclerosis.

What was the impact on technology transfer?

Nothing to Report

What was the impact on society beyond science and technology?

Nothing to Report

CHANGES/PROBLEMS:
Changes in approach and reasons for change

Nothing to Reports

Actual or anticipated problems or delays and actions or plans to resolve them

Recruitment Delay: The worldwide pandemic has resulted in a significant recruitment delay due to
uncertainty of the pandemic in NYC participants are hesitant to come in for in-person research at this time.
To accelerate PTE subject recruitment, we are expanding the pool of recruiting physicians, and focusing on
recruitment and screening. We are also currently working with Mount Sinai Hospital’s social media team to
promote the study on their website and other social media outlets.

We anticipate that we will require additional time to complete recruitment. This will delay the
final analysis and data reporting. Once we have assessed our recruitment rate, we plan to apply
for a no-cost extension in order to ensure that the analysis can be completed.

Changes that had a significant impact on expenditures

Due to the delay in recruitment, subject reimbursement has not yet been made for the expected number of
participants. Similarly, there have not yet been charges for the expected use of the MRI scanner. We
expect that these charges will be made over the next year as we accelerate recruitment to meet recruitment
targets.




Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select agents

Decreased one-on-one contact during intake and screening: All screening which can be done over the phone
is now required to be done over the phone. This includes the initial safety screening, consent process, and
questionnaires. This was done to decrease-in person contact in response to the on-going COVID-19
pandemic.

Imaging Facility Cleaning Protocol Changes: The imaging facility initiated a number of changes related to
ensuring volunteer safety and reduce/eliminate virus transmission. This includes the use of face masks in
public areas and enhanced cleaning protocols.

The program for the protection of human subjects approved our research resumption

SUBMITTED TO AND APPROVED BY:
¢ Mount Sinai IRB: Submission 19-01970
¢ Mount Sinai IRB: HSM: 19-00542 - Approval 06/25/2019; Expires (renewal required by) 06/16/2020
HRPO: Log Number E00857.1a (Approval Memorandum: 10/31/2019)
Mount Sinai IRB: Amendment Approved 03/30/2020
Mount Sinai IRB: Continuation — Approved 06/16/2020

Significant changes in use or care of vertebrate animals
Nothing to Report

Significant changes in use of biohazards and/or select agents

Nothing to Report




6. PRODUCTS:

. Publications, conference papers, and presentations

Journal publications.

Feldman RE, Marcuse LV, Verma G, Brown SSG, Rus A, Rutland JW, Delman
BN, Balchandani P, Fields MC. “Seven-tesla susceptibility-weighted analysis of
hippocampal venous structures: Application to magnetic-resonance-normal focal
epilepsy.” Epilepsia. 2020. doi: 10.1111/epi.16433. Epub 2020 Feb 4.
Acknowledgement of federal support (yes)

The above manuscript reports on images acquired in MTLE patients. The major
revision of the data analysis for this manuscript occurred over the late fall. At the
same time, we were focussing our efforts on developing the data analysis tools
required to analyze the images we intend to obtain under this award. The SWI imaging
protocol used on the MTLE patients was substantively similar to the planned PTE
imaging protocol, thus we were able to reprocess the previously acquired MTLE
images through the data analysis tool that we refined during Q4 of 2019.

We received permission to delay the submission of the revisied manuscript until
January 1, 2020 so we could take advantage of the reduction in false positives
provided by the newly developed data analysis software. The above listed publication
describes the methods we developed for the purposes of analyzing the vessels in the
PTE data set once acquired.

Books or other non-periodical, one-time publications.

Nothing to Report

Other publications, conference papers and presentations.

Conference Presentation:

Brown S, Dams-O’Connor K, Balchandani P, Feldman RE. “An MRI traumatic brain
injury case study at 7Tesla: pre- and post- injury structural network and volumetric
reorganization and recovery”, Proceedings of the ISMRM 28™ Scientific Meeting, Virtual,
#2011 (August 2020) Acknowledgement of Federal Support (yes — in poster)

. Website(s) or other Internet site(s)

Nothing to Report



https://www.ncbi.nlm.nih.gov/pubmed/32020606

Technologies or techniques

As described in the published manuscript, we have developed a technique to detect and
measure the venous vascular network in the brain using susceptibility weighted imaging at
7T MRI. This technique lets us visualize and quantify the vessels through which blood
drains out of the brain. This additional metric may help us understand what parts of the
brain are affected after injury and track the progression or development of epilepsy.

Vascular structure may play a significant role in epileptic pathology, and a robust in vivo
method of assessing this would facilitate the investigation of changes to vasculature
associated with TBI and PTE in relation to healthy controls. This data analysis was
performed on data acquired using a 7-T MRI scanner, and was optimized for SWI images
acquired using the following sequence parameters (TA = 7:30, voxel size 0.2x0.2x1.5 mm?,
TR =23 milliseconds, TE = 14 milliseconds, FA = 12°, matrix = 1024x832, BW = 150
Hz/pixel, image acceleration factor [iPAT] = 3). The technique makes use of structural
images acquired using a T1-weighted sequence (Figure 1A).

Minimum intensity projection images through five (5) contiguous slices were produced
from the magnitude of the SW1 acquisition (Figure 1 B). Segmentation of the T1-weighted
image were used to isolate the region of interest in the brain, and the SWI and T1-weighted
images were co-registered (Figure 1C). A modified Frangi filter, implemented in MATLAB
was used to detect potential venous structures, and the principle direction was found by
finding the eigen values of the Hessian matrix.

To identify vessels, the objects detected were linked using nearest-neighbors (across all 3
dimensions), and networks shorter than 4 voxels were excluded.

Image Processing: - X
]
7 Segmentation Mask
(Freesurfer)
} WYl

MP2RAGE(UNIDEN] |

| Hessian Filter
Co-registered  |EdEe Ditection)
F- Image (5PM)
i g 4 o]
Ak Vessel-Like Objects
{18-Connected Network)

SWI (miP)

Figure 1: Image Processing Flow Chart
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The protocol was validated against manually traced vessels across 13 non-contiguous axial
mIP slices of a control SWI image representing the brain from the basal ganglia to the
vertex. For comparison, the vessel tracing protocol was applied to the same slices. The
manual and automatic vessel tracings were compared and, sensitivity and positive
predictive value were calculated. The validation set contained a total 1245 manually traced
vessels, and 1444 veins were identified by the automated method. A total of 1215 veins
were concordant between the two methods. A total of 229 objects were labeled as veins by
the automated method where none was indicated in the manual tracing. A total of 30 veins
were seen only by the manual tracing. The sensitivity of the automated tracing technique is
show in Figure 2 along with summary statistics. The sensitivity ranged between 0.81 and
1.0. The positive predictive value of the method ranged between 0.63 and 1.00.

The false positives identified by comparison between the manual and automatic tracings
were re-examined. 43 out of the 46 objects identified by the automated tool but not the
manual tracing were re-classified after re-examination.

Although the majority of the structures identified by the automatic segmentation were
visible to both the automatic and manual segmentation, each protocol uniquely identified a
set of vessel structures. The assessment showed that manual segmentation was more
accurate in regions near the sinuses or where low overall signal rendered the SWI less
reliable. However, the automatic segmentation technique was more rapid and did not suffer
from inconsistencies due to manual rater fatigue and was better able to assess information
across multiple imaging planes to identify vessels traveling perpendicular to the plane of
analysis.

This technique was published in Epilepsia in 2020.

A
! T I T T T
08—
02— [ JSensitivity
I Fositive Predictive Value
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Segmented Slice Number
B # True # False # False Sensitivity Positive Predictive Value
Positive Positive Negative
Overall 1215 229 30 0.98 0.84

Figure 2: Comparison of Automated and manual segmentation




Inventions, patent applications, and/or licenses

Nothing to Report

Other Products

Nothing to Report
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7.

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS
What individuals have worked on the project?

Name: Rebecca Feldman

Project Role: Project Director

Researcher Identifier: 0000-0001-8403-9807

Nearest person month worked: 4

Contribution to Project: Dr. Feldman has developed research protocol and coordinated with the IRB
to modify the protocol. She is also coordinating the data collection and development of analysis tools.

Name: Alara Akyatan

Project Role: Clinical Research Coordinator

Nearest person month worked: 4

Contribution to Project: Alara was re-deployed by Mount Sinai during April and May. She has
coordinated PTE patient identification and recruitment. She has also identified and recruited non-PTE
TBI participants.

Name: Stephanie Brown

Project Role: Postdoctoral Fellow (data analysis)

Nearest person month worked: 1

Contribution to Project: Stephanie analyzed diffusion data to evaluate network changes following
TBI.

Name: Seger Nelson

Project Role: Undergraduate Research Assistant

Nearest Person Month worked: 2

Contribution to Project: Post-processing pipeline and data analysis

Name: Priti Balchandani

Project Role: Co-investigator/Collaborator

Nearest person month worked: 1

Contribution to Project: Dr. Balchandani advised on and facilitated the development of the imaging
protocol and the resumption of research.

Name: Kristen Dams O’Connor

Project Role: Co-investigator/Collaborator

Nearest person month worked: 1

Contribution to project: Dr. Dams O’Connor advised and guided the development of the neurological
testing protocol, and lent her expertise to the training of the clinical coordinator
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Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last
reporting period?

New Funding
Image acquisition and analysis tools for magnetic resonance imaging near brain injury

NSERC Discovery Grant RGPIN-2020-06005
April 2020 — March 2025
CAD ly

What other organizations were involved as partners?

University of British Columbia

Location of Organization: Kelowna, British Columbia, Canada

Partners contribution to the project: Office space for research and data analysis and undergraduate
trainee.

. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS:

QUAD CHARTS:
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Ultrahigh Field MRI Detection of Biomarkers in Post Traumatic Epilepsy

Log Number: EP180006
Award Number: W81X\WH-19-1-0616

Pl: Rebecca Feldman Org: Mount Sinai

Award Amount: $508,490

Study/Product Aim(s)
+ Leverage new 7T structural, spectroscopic, and diffusion MRI tools to
identify network changes in the brain associated with Post Traumatic
Epilepsy
+ |dentify biomarkers which can be used to differentiate PTE from TBI

Approach
We hypothesize in cases of PTE, epileptogenic changes occur in the
beyond the site of initial injury. We believe that through the analysis of
7T MRI data we will be able to detect reorganization in neuronal

circuitry, metabolic function, and structural changes which lead to the
development of PTE following TBI.

We segmented hippocampus subnuclei and the amygdala and analyzed the structural
connectomes for the subjects.

Timeline and Cost

Activities CcY| 19 20 21
Enroll and acquire data from 1

patients with PTE |
Identify imaging biomarkers of ' i

PTE |
Enroll and acquire data from '

patients with TBI ll
Differentiate biomarkers of PTE |

and TBI
Estimated Budget ($508 K) $63K |$255K | $191

Updated: Mount Sinai Aug 31, 2020

Goals/Milestones (Example)

CY19 Goal - Establish experimental protocol

1 Develop experimental protocol

¥ Acquire approval

] Optimize imaging protocol

] CY20 Goals — Subject enroliment and data acquisition
¥ Validate Imaging protocol

OEnrall subjects and acquire data

[J Finalize image analysis techniques

CY21 Goal — Continued data acquisition and image analysis
[0 Complete subject enroliment and data acquisition

15




Appendix 1: Recruitment Details

9. APPENDICES

________________________________________

Referrals (n=21)

Recruitment Method

BIRC Communications (n=7)
Study Advertising (n=2)

PTE Groupn=2

/

4

Total inquiries
n=30

DoD PTE

Last Updated: 11/5/2020

Y

4

Assessed for

Unable to Contact (n = 11)

Ineligible: (n=8)
(was not able to complete MRI
because of metal in the body)

Other: (n=2)
Lost=6
Uninterested = 23

Eligibility
n=19 /
\\
Consented
n=
L 4
Screened
n=

Did Not Qualify After Medical
Record Abstraction (n = 3)

TBI Groupn =1

Health Control
Groupn=3
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Abstract

Objective: Vascular structures may play a significant role in epileptic pathology.
Although previous attempts to characterize vasculature relative to epileptogenic
zones and hippocampal sclerosis have been inconsistent, anin vivo method of analy-
siswould assist in resolving these i nconsi stencies and facilitate a comparison agai nst
healthy controls in a human model. Magnetic resonance imaging is a noninvasive
technique that provides excellent soft tissue contrast, and the relatively recent devel-
opment of susceptibility-wei ghted imaging has dramatically improved the visibility
of small veins.

Methods: We built and tested a Hessi an-based segmentation technique, which takes
advantage of the increased signal and contrast available at 7 T to detect venous struc-
tures in vivo. We investigate the ability of this technique to quantify vessels in the
brain and gpply it to an asymmetry analysis of vessel density in the hippocampusin
patients with mesial temporal lobe epilepsy (M TL E) and neocortical epilepsy.
Results Vessel density was highly symmetric in the hippocampus in controls
(mean asymmetry = 0.080 £ 0.076, median = 0.05027), whereas average vessel
density asymmetry was greater in neocortical (mean asymmetry = 0.23 £ 0.17, me-
dan = 0.14) and MTLE (mean asymmetry = 0.37 + 0.46, median = 0.26) patients,
with the decrease in vessel density ipsilateral to the suspected seizure onset zone.
Post hoc testing with one-way analysis of variance and T ukey post hoc test indicated
significant differences in the group means (P < .02) between MTLE and the control
group only.

Significance: Asymmetry in vessel density in the hippocampus is visible in pa-
tients with M TLE, even when qualitative and quantitati ve measures of hippocampa
asymmetry show little volumetric difference between epilepsy patients and healthy
controls.

KEYWORDS
7-T MR, hippocampus, nonlesiona foca epilepsy, SWI, temporal |obe epilegpsy

Rili Bachandani and Maddine Cara Fid dsare senior authors

Epilepsta 200,61: 287-296.

wileyonlindibrary. comdjournal fepi Wiley Pariodicds, Inc. | 287

€ 2020 Intarnational League A gainst Epilepsy
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FELDMAN &t AL

= | Epilepsia

1 | INTRODUCTION

Epilepsy is a chronic condition that is characterized by
recurrent seizures and actively affects approximately
15-8% of the worldwide [:m-]:u]alicrrhl_5 Mesial temporal
lobe epilepsy (MTLE) is the most common seizure type in
adult epilepsy. MTLE is often drug-resistant and difficult
to clinically manage. One of the most frequent magnetic
resonance imaging (MRI) findings in adult MTLE 1is hip-
pocampal sclerosis, which is characterized by gliosis and
neuronal loss.

In vivo identification of hippocampal volume (HV ) asym-
metry and of a hyperintense lesion on structural MRI scans
are both key indicators of hippocampal sclerosis. However,
even patients without a clear lesion or volume asymmetry on
presurgical imaging who undergo successful surgery (guided
by seizure semiology and both scalp and intracranial elec-
troencephalography [EEG]) can have distinct, epileptogenic
abnormalities identified in the resection via postsurgical his-
tnpaﬂmlogy.m'" This suggests that there are discrete struc-
tural abnormalities that are not well characterized by current
imaging protocols and analysis.

WVascular structures may play a significant role in ep-
ileptic pathology. In analysis of sclerotic hippocampi of
temporal lobe epilepsy patients, changes in permeabil-
ity of the blood-brain barrier have been rEpG]'LBd.m_M
Although previous attempts to characterize wvasculature
relative to epileptogenic zones and hippocampal sclero-
sis have been inconsistent, an increase in hippocampal
vasculature, found through examination of immunohisto-
chemistry markers such as collagen IV and macroscopic
observations of the epileptogenic zone, has been inter-
preted as evidence of an increase in hippocampal vascu-
lature in MTLE.'> 22 However, this pattern is discordant
with histochemical labeling studies employing alkaline
phosphatase, a marker of endothelial cells in the blood-
brain barrier, and both high-magnification light and
electron microscopy, which suggest a decrease of blood
vessels and visual identification of atrophic blood vessels
in sclerotic ]li]J[:m:lu::aann[:ni.E_26 Existing technigues investi-
gating alterations in vasculature during epilepsy have re-
lied on ex vivo assessment of the resected hippocampus.
An in vivo method would assist in resolving these incon-
sistencies and facilitate a comparison against healthy con-
trols in a human model.

MRI is a noninvasive technigue that provides excellent
soft tissue contrast, and the relatively recent development
of susceptibility-weighted imaging (SW1) has dramatically
improved the visibility of small veins.” ™ A number of al-
gorithms making use of Hessian filters have been proposed
to facilitate the segmentation of blood vessels made visible
by SWL."3 11 this work, we build on the Steger algo-
rithm™ to create a Hessian-based segmentation technigue,

Key Points

& Vessels were segmented in the hippocampus from
high-resolution SWI images

e No significant difference in hippocampus symme-
try was detected

e Significant changes in vessel symmetry in the hip-
pocampus were detected in patients with mesial
temporal lobe epilepsy

which takes advantage of the increased signal and contrast
available at MRI strengths of 7 T to detect venous struc-
tures in vivo. The method integrates high-resolution SWI
and anatomical knowledge derived from T 1-weighted im-
ages. We investigate the ability of this technique to quan-
tify vessels in the brain and apply it to an analysis of vessel
density (WD) in the hippocampus in patients with neocorti-
cal epilepsy and MTLE.

2 | MATERIALS AND METHODS

2.1 | Participants

Patients with epilepsy, between the ages of 18 and
T8 years, were referred for 7-T imaging by their epilep-
tologist (M.C.F. and L.V.M.). Inclusion criteria for this
analysis required epilepsy patients to (1) have suspected
seizure onset in the temporal lobe (MTLE), or other forms
of focal epilepsy from the neocortex, as revealed by their
clinical history, seizure semiology, and/or EEG data; (2)
have standardized epilepsy protocol 1.5-T or 3-T MRI
scans that were read as MRI-normal, that is, without epi-
leptogenic lesions, by a neurcradiologist (B.N.D.); and (3)
have no contraindications to 7-T MRI. Institutional review
board approval for human research was obtained for this
study, and written, fully informed consent was given by
each participant prior to enrollment. A total of 17 MTLE
patients (10 female; mean age = 37 & 15 years), underwent
scanning for the present study, as well as 17 neocortical pa-
tients {10 female, age = 37 & 13 years), selected for similar
ape and gender, and 17 age- and pender-matched normal
controls (10 female, mean age = 37 £+ 13 years; Table 1).
All MTLE patients recruited to participate in 7-T research
on epilepsy patients with MRI-normal clinical scans were
analyzed. Control volunteers were included if they had no
contraindications to 7-T MRI and self-identified with no
history of seizure or epilepsy. From neocortical patients,
seizure onset was suspected to be focal (n = 10, includ-
ing nine frontal and one parietal) or multifocal (n = 7).
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TABLE 1 Panticipant de hi z
Heipant CEmBgTEpIEs Image Processing:
MTLE Neocortical Healthy conirols
Number of 17 17 17 =, SR
subjects 3
Male 7 7 7 }
Female 10 10 10 X
MPZRAGE[UNIDEN)
Agey+8D 37x15 3713 3T +13

Abbmeviations: MTLE, mesial iemporal lobe epilepsy: 5D, standard deviation.

Additional clinical information is provided in supplemen-
tary Tables 51 and S2.

2.2 | Dataacquisition

All imaging was performed on a 7-T whole-body scanner
(Magnetom, Siemens Healthcare). A SC72CD gradient coil
(max slew rate = 200 T/m/'s, G, = 70 mT/m) was used with
a single channel transmit and a 32-channel receive head coil
(Mova Medical). The patients were scanned using a 90-min-
ute epilepsy MRI protocol, and qualitative analysis of the
data has been lllzprcu'tf_'d.s'1 For this analysis, we made use of
the Tl-weighted (MPZRAGE™) sequence (time of acquisi-
tion [TA] = 7:26, voxel size = 0.8 x (L8 x 0.8 rnmj, field of
view = 255 x 183 mmz, repetition time [TR] = 6000 mil-
liseconds, echo time [TE] = 5.1 milliseconds, inversion time
[TI]/TI2Z = 1030/3000 milliseconds, flip angle [FA]1/FA2=
5°/4°, matrix =282 x 146, Bandwidth [BW] = 130 Hz/pixel,
iPAT = 3) and the SWI sequence (TA = 7:30, voxel size =
0.2 x 0.2% 1.5 mm’, TR = 23 milliseconds, TE = 14 mil-
liseconds, FA = 12° matrix = 1024 »x 832, BW = 150 Hz/
pixel, image acceleration factor [iPAT] = 3).

23 | Vessel tracing

The protocol developed to automatically detect potential
venous structures from the acquired data is illustrated in
Figure 1. Uniform denoised (UNIDEN) images were pro-
duced from the MP2ZRAGE acquisitions (Figure 1A), and
minimum intensity projection {mIP) images through five
contiguous slices were produced from the magnitude of the
SWI acquisition (Figure 1B). Masks were created using
cortical, subcortical, and white matter volumetric segmen-
tation of the brain in FreeSurfer v6.0 (http://surfer.nmr.
mgh.harvard.edu, Massachusetts General Hospital). The
UNIDEN image and associated mask were comegistered to
the SWI image using SPM 12 software (www . fil.ion.ucl.
ac.uk, Wellcome Center for Human Neuroimaging). The
vessel tracing algorithm also utilized a volumetric segmen-
tation of the hippocampus created in FreeSurfer (Figure
1D). The components of the segmentation comprising the

Co-registered

(Edge Détection)
Im=ge (5PMm) i

LW

o Vessel-Like Objects
1 (18-Connected Network)

L
SWI (miP)

FIGURE 1 Image processing. A-C, The uniform dencised
(UNIDEN) reconstruction of the MP2R age image (A) and the
susceptibility-weighted imaging (SWI) minimom intensity projection
(mIP) image (B) were coregistered (C; MPZRAGE, green; SW, blue).
D, A segmentation of the hippocampus was used to mask the SWI with
all components combined to make a right and ke ft hippocampuos mask.
E. F. A Hessian edge detection filier was used to detect the ridges (E),
which were linked on an 18-connected network (F). SPM, Statistical
Parametric Mapping

hippocampus were combined to create a mask of the de-
sired region of interest (ROI).

The mIP images were processed to detect potential venous
structures based on the methods of Frangi and Sl‘.f_'gerﬂ's3 detec-
tion and segmentation implemented in MATLAB (MathWorks).
WVessel enhancement was performed by finding the eigenvalues
of the Hessian matrix and extracting the principle direction.™
The results were masked using the combined hippocampal seg-
mentation to include only the ROI (Figure 1E). The resulting
three-dimensional datasets were linked along an 18-connected
network through the nearest neighbors. Individual objects
were characterized using the bwlabel function in MATLAB.
Resultant networks excluded objects with a connected length of
<4 voxels (Figure 1F). A consistent threshold was used for all
analysis. The scripts used to produce this analysis are available
upon reasonable request to the corresponding author.

2.4 | Verification

The vessel tracing protocol was validated against manually traced
vessels across 13 noncontiguous axial mIP slices of a control SWI
image representing the brain from the basal ganglia to the vertex.
The manual tracings were performed with Osirix Image analysis
software (Pixmeno). For comparison, the vessel tracing protocol
was applied to the same slices, constrained by a mask contain-
ing a volumetric segmentation of white matter and gray matter.
The manual and automatic vessel tracings were compared, and
for the purposes of this analysis, the manual segmentations were
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defined to be the gold standard manual positive results. The ves-
sels detected on both the manual and automatic vessel tracing
protocol were defined as true-positive (TP} results, and the ve-
nous structures detected on the manual segmentation but missed
on the antomatic tracing were defined as false-negative (FN) re-
sults. Finally, structures that were visible on the automatic tracing
but absent from the manual tracing were defined as false-positive
(FP) results based on the manual results (manual FPs [mFPs])
for the purpose of this calculation. True negatives (TN=), regions
that were not marked in both the manual segmentation and the
automated segmentation, constituted the majority of the image
but were not segmented into objects or quantified.

Sensitivity of the automatic object segmentation was cal-
culated using Equation 1:

TP

Sensitivity ="

(1)

Positive predictive value (PPV) was calculated using
Equation 2:

TP

PPV=— "~ _ 2)
TP + FP

Sensitivity and PPV were calculated for each slice, and for
the overall set of 13 slices based on the manual segmentation
gold standard.

To evaluate the manual markings used as our standard, we
randomly selected 20% of the mFPs identified through compar-
ison of the manual and automatic tracings and evaluated the six
slices surrounding the marking. The mFP was then classified as
either an accurare segmentarion (ie, an in-plane or through-plane
visualization of a vessel that was missed by the manual segmen-
tation and captured by the automatic segmentation) or a false
segmentarion (ie, noise or other image feature not identifiable
as a vessel that was captured by the automatic segmentation).

Finally, TP voxels (TPv), TN voxels (TNv), FP voxels
(FPv), and FN voxels (FNv) were identified using a voxel-
wise comparison of the manual and automatic segmentations.
From these values, a voxelwise sensitivity, specificity, PPV,
and the FP rate (FPR) were calculated.

2.5 | VD analysis of the hippocampus

HV for each subject was the total volume of the voxels con-
tained within the volumetric segmentation of the T 1-weighted
images. This was calculated by determining the total number
of voxels contained within each segmentation and multiply-
ing by the acquired voxel volume. The same volumetric seg-
mentations were used as the mask to demarcate the ROI for
the automatic vessel tracing. The VD on both the left and
right was estimated by calculating vessel volume (V'V) as the

total number of voxels traced in each ROI scaled by the voxel
volume and dividing by HV (Equation 3).

VD = — (3)

To explore left/right asymmetry, an asymmetry index (Al
Equation 4) and absolute asymmetry index (IAll; Equation 5)
were calculated for both HV (AL) and VD (Al ;). For the cal-
culation of Al, and Al; R represents HV or VD in the right
ROl and L represents HV or VD in the left ROL

(R—L)

Al=— "
’im +L) @
[(R—L)]|

All=————

At HR+L) @)

To explore the correlation between HV and VD, HV and
VD were calculated over the total hippocampus (left and
right) for each subject and the Pearson product-moment cor-
relation coefficient was calculated for each group (MTLE,
neocortical, and control) and for the combined population of
epilepsy patients (MTLE and neocortical).

2.6 | Statistical analysis

The HVs and VDs in the right and left hemispheres among
MTLE, neocortical, and control groups were calculated.
Patients and controls were compared using both AL and AT,
and between-group differences were calculated using a one-
way analysis of variance (ANOVA) and Tukey post hoc test.

3 | RESULTS

3.1 | Tracing verification

The SWImlIP (Figure 2A B) served as the substrate for both the
manual tracing (Figure 2C.D) and the automated tracing (Figure
2E.F). The validation set contained a total of 1245 manually
traced vessels used as the gold standard, and 1444 veins were
identified by the automated method. A total of 1215 veins were
concordant between the two methods. A total of 229 objects
were labeled as veins by the automated method where none was
indicated in the manual tracing (mFP). A total of 30 veins were
only seen by manual tracing. The sensitivity of the automated
tracing techmique, calculated using Equation 1, is plotted in
Figure 3A and ranged between 0.81 and 1.0, whereas the PPV
of the method ranged between 0.63 and 1.00. Summary statis-
tics give a sensitivity of 0.98 and a PPV of 0.84 (Figure 3B).
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Manual Vessel Tracing  AutomaticVessel Tracing

E

FIGURE 2 Comparison of manual and automated segmentation.
A, Axial slice of the susceptibility-weighted imaging (SWI) minimum
intensity projection (mlP). B, A magnification of the mIP vessels
highlighted in the yellow box in A. C, Manually segmented vessels. D,
A magnification of the manual segmentation highlighted in the yollow
box in C. E. The result of automated vessel racing. F, A magnification
of the automatic segmentation highlighted in the yellow box in E. The
armows in B indicate that the automatic segmentation prodoced accoraie
segmentations of some manual false-positive vessels (e, vessels that
were identified in the automated segmentation but not in the manual
segmeniation)

3.2 | Analysis of FPs

Of the mFPs reexamined (approximately 20% of the 229 of the
mFPs), three of 46 (6.5%) objects were classified as false seg-
mentations, and the remaining 43 of 46 (93.5%) were classi-
fied as accurate segmentations (an example is given in Figure
2). Of the accurate segmentations, 27 of 43 (62.8% ) were fully
visible in the plane of the image. 13 of 43 (30.2%) were par-
tially visible in the plane of the image but more fully visible in
the slice immediately above or below the plane of the marked
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image, and three of 43 (7.0%) were vessels running essentially

perpendicular to the plane of the image, identified as points of
susceptibility that persist through five or more slices.

33 | Voxelwise validation

A voxelwise comparison between the manual and automatic
tracings evaluated 6 202 326 voxels located within the brain
mask over the 13 slices. The sensitivity of the automated tech-
nique compared to the manual segmentation was found to be
0.89 (TPv = 1 053 405, FNv = 131 345), and the specificity
was found to be 0.96 (TNv = 4 803 978, FPv =211 598). Thus,
the PPV was (.83, and the false discovery rate was 0.04.

34 | Comparison between MTLE,
neocortical, and control groups

The total HVs in the MTLE (mean = 2.1 + (0.5 cm3), ne-
ocortical (mean = 24 + 0.2 cm’), and control groups
(mean=2.7 £ 0.3 crnl,'l ranged between 1.8 and 3.5 c:ms. with
the lowest HV found in a patient with left temporal epilepsy,
and the largest in a control.

Individually calculated Al, and Al; are reported in
the supplementary information (Tables 51 and 52). In
aggregate, there was little asymmetry in the control
population in total HV (mean IATLJ = 0.065 £ 0.04, me-
dian = 0.06). Although the mean volume asymmetry
was slightly higher than controls in both neocortical
(mean IALJ = 0.066 + 0.06, median = 0.05) and MTLE
(ALl = 0.135 + 0.15, median = 0.05) groups, the medi-
ans were slightly lower, as shown in Figure 4. A one-way
ANOVA resulted in no significant differences between the
Eroup means.

.J

Sepmented SI ce Nurnber

B # True # False # False
Positive Positive MNegative
Overall 1215 229 30

Sensitivity Paositive Predictive Value

0.98 0.84

FIGURE 3 A, Slice-by-slice sensitivity and positive predictive value (PPV) calculation of the automated method against the manual gold

standard. B, Owverall sensitivity and PPV of antomatic vessel tracing
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VD was also highly symmetric in controls (mean
ATyl = 0080 + 0.076, median = 0.050), whereas average VD
asymmetry was greater in neocortical (mean IALl=0.23 £ 0.17,
median = 0.14) and MTLE (mean IALjl = 0.37 + 0.46, me-
dian = (1.26) patients. A one-way ANOWVA indicated significant
differences in the group means (P < J02), and Tukey post hoc
test indicated that this result was driven by a significant dif-
ference between MTLE and controls groups (P < 035) in VD
asymmetry. No other significant differences were indicated.

In all cases, the asymmetry reflected a lower VD in the
hippocampus ipsilateral to the suspected seizure onset zone
when compared to the contralateral hippocampus (Tables
51 and 52). This result is shown for a control and an ep-
ilepsy patient over several slices of the hippocampus in
Figure 5.

FIGURE 5 Vessclsin the hippocampus over three axial
slices for (A) a control and (B) a paticnt with mesial temporal lobe
epilepsy (MTLE) of suspected left (L) onset. The radiological rght
hippocampus (R) is located on the left side of the image

LIK7] 0.7 0.8

hippocampal volume and vessel density.
The purple line in each part represents
the median value for all groups. A, The

mean asymmetry of hippocampus volume

is not significantly different betwesn

mesial emporal lobe epilepsy (MTLE) and

neocortical patients and controls, although

there is more variability in the epilepsy

patients. B, The asymmetry in vessel density

T is significantly higher and MTLE than in
controls *P < (4. Median for each group is
indicated with an orange bar

3.5 | Correlation between VD and HV

Weak, insignificant positive comelation between VD and HV
was found in all groups. The comelation in the control group
was 5 = 002, P = .93; the correlation in the neccortical group
was 5 =0.20, P= .43; the correlation in the MTLE group was
ris =031, P = 21. Over the combined group of epilepsy pa-
tients (neocortical and MTLE), there was a weak but significant
comelation between VD and HV (r;; = 0.33, P =.04).

4 | DISCUSSION
The present study utilized SWI to assess changes in hip-
pocampal venous vasculature in vivo, and results show a de-
crease in VI in the hippocampus in patients with MTLE who
have nonlesional clinical MRI.

4.1 | Comparison between manual and
automatic vessel tracings

Our analysis demonstrates a high level of agreement be-
tween the manual and automatic tracings. The method was
less sensitive in slices in the more inferior brain, closer to
the paranasal sinuses and basal ganglia. The PPV of the
automatic object segmentation against the manual tracing
was increasingly accurate from the basal ganglia to the
vertex. The net PPV was calculated to be 0.84, meaning
that approximately one of six objects traced automatically
was not identified as a vessel during the manual marking
(mFP). An examination of 46 (20%) of the mFPs revealed
that three (7%) of the vessels were falsely segmented by
the algorithm. By applying the same accurate segmentation
and false segmentation rates to the rest of the sample, the
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number of FPs (false segmentations) could be corrected to
15, whereas the number of TPs (accurate segmentations)
could be corrected to 1429, Finally, the number of FNs
would remain unaffected (30 total).

The voxelwise analysis produced values for sensitivity
and PPV that were lower than the object-based validation.
In addition to the voxels contained in the 229 mFP objects
identified by the algorithm (Figure 2D.F), the boundaries
identified on the manual and automatic vessel segmentations
are not identical; thus, objects identified a= mTPs on the ao-
tomatic segmentation contain voxels that are TPv, FPv, and
FNv, reducing the overall specificity and PFV.

Although the majority of structures (and voxels) were
common to both the automatic and manual vessel segmenta-
tion techniques, each protocol also uniquely identified a set
of vessel structures. The object-based segmentation revealed
that manual segmentation was more accurate in regions near
the sinuses or where low overall signal rendered SWI less
reliable but where it was possible to manually interpret the
image through noise. However, the automatic segmentation
technique did not suffer from inconsistencies due to manual
rater fatigue and was likely better able to combine informa-
tion across multiple imaging planes to identify vessels across
slices, particularly closer to the vertex.

42 | Volume asymmetry

Hippocampal asymmetry, rather than overall hippocampus
volume, iz a more common gualitative metric used in con-
junction with hyperintensity on fluid-attenuated inversion
recovery images to radiologically identify hippocampal
sclerosis.”® An analysis of the guantitative volumetric Al, in
neocortical, MTLE, and control groups reveals only minor,
nonsignificant changes to mean asymmetry in both groups
of epilepsy patients when compared to controls (Figure 4A).
This analysis was performed on data acquired from patients
whose prior clinical scans were interpreted as nonlesional,
in whom no significant qualitative hippocampal asymmetry
had been described. Thus, this result of minimal quantitative
volumetric hippocampal asymmetry in patients with neocor-
tical epilepsy and MTLE is consistent with the initial referral
criteria.

43 | VD asymmetry

Quantitative vessel analysis using SWI mIPs in MTLE and
neocortical epilepsy did reveal structural indicators of the
presence of disease even in the absence of a qualitative iden-
tification of volumetric hippocampal sclerosis. A gualitative
examination of the 7-T structural images for the two MTLE
patients with high Al (Figure 4, IAIl = 1.27 and 1.79, Table

Epilepsia—=
1), revealed suggestions of hippocampal asymmetry and
bilateral hippocampal sclerosis not visible in their clinical
scans. This appears consistent with previous work investigat-
ing the hippocampus, and in particular the CAl subfield and
the cornu ammonis as a whole, which indicates that in epi-
lepsy these regions are particularly susceptible to deteriora-
tion.®” In temporal lobe epilepsy, changes in permeability
of the blood-brain barrier in the hippocampus have been re-
ported, likely associated with the development of the inflam-
matory processes that induce glial hy pertrophy, proliferation,
and neuronal death.'*™ It therefore follows that changes to
vascular structures may play a significant role in, or may re-
sult from, epileptic pathology.

The abnormal vasodynamics coupled with a reduc-
tion in functional vessels might further contribute to mi-
croscopic hypoxia and ictal IBIJ[DEEEEI‘!BF&T.iDI‘I.'ﬁ']S Thus,
ongoing seizures may eventually involve structures and
vasculature in the hippocampus even when the region is
not implicated as a primary epileptogenic zone. Patients
without suspected seizure onset zones in the mesial tem-
poral lobes (neocortical) showed a mean asymmetry
(mean ALl = 0.23 + 0.17) greater than controls (mean
ATyl = 0.08 &+ 0.76), but the post hoc test did not indicate
significance. Approximately half (9/17) of the neocortical
patients had (ALl > 0.13, which more closely resembled
MTLE patients (lAl4l > 0.13 in 13/17 patients) than con-
trols (JALzl = 0.13 in 2/17 patients). This suggests that in
approximately half of the epilepsy patients without EEG
or clinical symptoms indicating a mesial temporal seizure
onset zone (neccortical), there may be some degree of hip-
pocampal involvement.

44 | Correlation between HV and VD
For all subjects, the voxelwise vessel segmentation was noe
malized by the HV to produce VD to minimize the correlation
between the metrics. In controls, the correlation between HV
and VD was very weak and nonsignificant. However, for epi-
lepsy patients, a weak positive correlation was detected between
HV and VI in both groups. This comrelation did not achieve
significance for the sample size. However, when the comela-
tion between HV and VD was analyzed for all epilepsy patients
(MTLE and neocortical), a weak but significant correlation was
identified. This suggests that, in the presence of pathology, both
hippocampus volume and VD are decreased, and that sclerotic
tissue is drained by disproportionately fewer intact vessels.
Although differences in the symmetry of hippocampus
volumes were not identified, the analysis may have been lim-
ited by the segmentation tool used. FreeSurfer may not be
capable of providing segmentations with sufficient accuracy
and precision to detect real, but small, alterations in hippo-
campus volumes in the 7-T datasets evaluated here.
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Future work evaluating a larger sample size with more
precise segmentation tools could explore the correlation be-
tween VD and HV and indicate where a decrease in VD may
identify hippocampal pathology before changes in HV are
detected.

4.5 | Hippocampal vasculature in previous
ex vivo work

Although histochemical markers of increased vessel forma-
tion would seem to be in conflict with our finding of reduced
VD ipsilateral to the suspected epileptogenic zone," other
ex vivo experiments have shown diminished histochemical
labeling of alkaline phosphatase (AP) in CAl subfields that
exhibit sclerosis.” AP is a marker of endothelial cells in the
blood-brain barrer, so gross reduction is a marker of lower
concentrations of AP-positive vessels. Additionally, because
AP activity appears to be altered during induced seizure ac-
tivity in rats, abnormalities in the AP genetic structure may
prompt epileptic activity through perturbation of the role of
AP in regulating y-aminobutyric acid (GABA) synthesis,
leading to alterations in GABAergic naguIatiq:n.lj";'l"i High-
magnification light and electron microscopy of resected spec-
imens also suggests that blood vessels are diminished within
epileptogenic zones within human hippocampi. Collectively,
these findings appear to suggest that prior ex vivo results
showing increased vascular markers have identified not only
functional vessels providing drainage but also collapsed and
atrophic vessel fragments in the labeling. When such vessel
damage was taken into account, active vasculature was actu-
ally significantly reduced in sclerotic hippocampi.”>®

The presence of atrophic blood vessels in sclerotic hip-
pocampi suggests that a reduction of "normal” vasculature
in this region is a characteristic of MTLE. This local reduc-
tion in functional veins may be representative of aberrant
vasogenesis and is consistent with our imaging results iden-
tifying a decrease in structures carrying deoxygenated blood
in the hippocampus. However. more imaging studies with
larger sample sizes and validation with resected tissue will be
necessary to truly ascertain the pathophysiological processes
underlying these vascular differences.

4.6 | Additional limitations and
future directions

Susceptibility-weighted imaging emphasizes the incoherent
signals in each voxel and the phase accumulation due to local
sources of magnetic susceptibility, leading to a magnification
of the effect of small veins in the irmage.23 Thus, we would
expect an overemphasis on small vessels as detected by both
the manual and automatic tracing methods.

Another limitation of the technique is the potential con-
flation of veins with other sources of T2* shortening. In the
validation set, approximately three of the 46 "FPs" identified
through comparison between the manual tracing and the au-
tomatic segmentation we considered to be false segmenta-
tions, that is, segmentations that, upon visual inspections of
the image, were considered to unlikely to be vessels. Other
image features, such as calcifications, and hemosiderin ap-
pear dark on SWI. The filters designed by Frangi and Steger
were constructed to detect long edges, such as roads and
vessels. Thus, when applied to caleification or hemosiderin,
punctate sources of susceptibility will not be segmented.
However, when the impact of these features on the image be-
comes long, thin, and more vessellike, the segmentation tool
will detect them.

The proximity of veins to other susceptible structures,
such as air and bone, including near the skull base, may
challenge the detection of small structures using this tech-
nique. This may be problematic when analyzing veins near
low signal structures, leading to impaired detection accuracy
in regions affected by both radiofrequency and main field
inhomogeneity.

Previous work has shown that volume loss in selective
hippocampal subfields is corelated to B]Jil.*z]:tf;}'_jgl_d'1 It has
been shown that different parts of the hippocampus show dif-
ferent levels of mesistance to disruption in perfusion, with the
CA1 region known to be particularly sensitive, whereas CA2
and CA3 are thought to be particularly resistant.*? Thus, it
may be possible that this change in VD is also associated with
particular hippocampal subfields. By acquiring high-resolu-
tion SWI of sufficient guality to permit subfield segmenta-
tion in addition to the vessel segmentation, it may be possible
to further localize and characterize this change in subfield
vasculature as it relates to MTLE.

Finally, only group differences in asymmetry were evalu-
ated, due to the limited sample size. Future work, on a larger
sample size, would power a direct comparison of HV and VD
that could highlight bilateral pathology in both MTLE and
neccortical epilepsy patients, which is lost in the self-nor-
malization intrinsic to the Al calculation. The analysis of VD
symmetry in patients with neocortical epilepsy did not yield
results significantly different from those of controls. There
was a wider distribution of asymmetry in neocortical patients
when compared to controls. High VD asymmetry among
neccortical patients may implicate a wider seizure network.
Future work could include a larger patient population, seizure
duration, seizure severity, and an analysis of refractoriness
alongside VD asymmetry in the hippocampus and possibly
throughout the brain. Further validation of VD asymmetry
as a biomarker through imaging and histology may help to
provide a means of identifying patients who are more likely
to be refractory to medications, to target electrode placement
surgically during intracranial monitoring to evaluate more
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elaborate seizure networks, and to guide interventions such
as responsive neurostimulator placement.

This experiment aggregates VD over the entire hippocam-
pus. Measurement of this metric as part of a comprehensive
epilepsy imaging protocol may permit us to follow and assess
structural changes associated with MTLE and eventually pre-
vent or ameliorate the progression of neuronal damage in pa-
tients via the administration of targeted pha.n'naccrtherapy.js

5 | CONCLUSIONS

We introduce and validate a novel method of venous structure
detection and report in vivo evidence of reduced functional
vasculature in the hippocampus associated with MTLE. This
feature is visible in patients with MTLE. even when quali-
tative and gquantitative measures of hippocampal asymmetry
show little volumetric difference between epilepsy patients
and controls.
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An MRI traumatic brain injury case study at 7 Tesla: pre- and post-injury structural network
and volumedtric reorganization and recovery
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Synopsis

This case Sy iNvestigates the Structural affects of IFAUMALC brain injury Tor the TIrst TiMe USing pre-injury and post-njury 7 Testa MR longitudinal
Osla. We report TNGINgs of initial volumetric changes, decreased Structural connactivity and reduced MECTDSUCILNa] ofder tat appear 10 MEtum 1o
bassline & months post-injury, suggestive of long-term plasticity and recoveny.

Introduction: A significant limitation of many studies examining traumatic brain injury (TEY is the scarcity of pre-injury data. In presant case study, we aimed to
levarage ultra-high fletd MR cvar multiple acquisition timepoints to sxamine how a right parietal bone impact afected gross brain structure, subcortical
wOkATIETICS, Micnostructural order and connectivRy longitudinalhy.

Methods: An aoult famals patient was knocked ower by a car, Cawsing a 10ss of consciousness for savaral seconds. The post-injury OT scan showed
subrutaneous soft tissus Swelling owar the right parietal bone. The patient had undergons beo SCanning Sessions at 7 Tesla prior to the head injury as a healthy
control research participant. Two MO SCans were atguired post-injury. The Scan dates wera at Tollows: Fabrualy 2018, Jahuary 2017, January 2016 and
August 2018, Inchuded in each profocol was a T1-weighted Magnetization Prepared 2 Rapid Acquisition Gradient Echo Echo (MP2RAGE) (1), a T2-weighted
Turb Spin Echa (TSE), and a difusion MR idMAL. The MP2RAGE high spatial resohution (1) vOxsl 5i08 was 0.8 mm isotropic, TR/TE = 8000/3.2 ms and

TH E1FTIZ{ED) = 1050{5W30004% ms. Two TSE structural images wene obizined at high in-plane resolution (0.4 x 0.4 mm2) and a slice thickness of 2 mm.
TR/TE = A800/83 ms, and & = 1507, The first T2-TSE was obtained in a cononal-oblique onsentation whans the imaging plane was aligned perpendicular to the
kong axis of the hippocampus. Tha second T2-TSE was obtaingd in an axial orientston, the iMaging plane aligned slong the axis connecting the anterior
comimissure and the postarior commissure (A0-PC). Diffusion MR wers also acquired at each scan imepaint, using a singla-shaot 5pin-EPI sequence aligned
axdally with an isotropic resolution of 1.05 mim and TAVTE = 8B00ET ms. The diffusion Saquencs was a Peined abiuisition with revarsed phase encoding in the
AP/PA direction. Exch pair had 84 diffusion encoding directions (b=1200 =/mm2) and 4 ufwsaightad scans {b=0 s/mmZ). Tha FreeSurfar mecon-all’ pipeina
fwarsion 6.0} (2) was used 0 process the T1-wseighted structural data at submilimsatrs resolution |3). Hippocampal subfielkd [4) and amygdata subnuchks
segmentation (5 ware also carmisd out using FreeSurfar. A MuMtispeciral sepMentztion approach was wsed, utilizing both the T1 -weighted and T2-waightad
images. leveraging the enhanced resolution of the T2-weighted image to provide addiional anatomical information. Structural connectomes ot different
HiMEpoints wera compared by custom functions that parformed elemantwisa subtraction of ths Matricas in MATLAB. To detarming a streamiine threshold of the
connectome with an acceptable level of variability, mazn matric co-efficients of varialion wene calculzted for the Tollowing streamiling thrasholds: 28, 50, 100,
2010, 400, 60O, 1800, 3200, 6400, 12800 and 25800 (Fig. 1). Actual streamiling thresholding was set at 15000, discarding edges consisting of streamiine bundies
with lecs density than the threshold. Violumetrics, fractional anisotropy (FA) and connectivity wene analysed at sach of the 4 time points and compared.
Results: The subcortical segmentation of the amygdala nuclei and hippocampal subflekds did not reweal any clear changes betwesn the scanning timepoints
{Fig. 2. At post-injury timepaoint 1, the rght and left hemisphanc brain Segmantation revaclsd lowar cortical grey Matter and cansbral whits mattar wohms
compared to othar scanning timapaints. Mo change was apparent in wantrcla wolumea [Fig. 5} Mean post-injury Structural connectivity displayed widespread
reduction in tha network connection dersity compansd 10 Mean pre-injury data. A CoMpanison betwaan the mean pre-injuly CONNecioms and the teo post-
injury matrices was than camied out, to investigats if changss to the patient’s structural connectivity Post-THI was conststant ower time. The results showsd that
at post-injury MSpoint 1, connacton densly was extansively redutad, but this 0BcrEass N connectivity was Much diminished by post-injury timepoint 2 [Fig.
4. Concumant with the changes in the structural connectome and volumetrics, fractional anisctropy (FA) of the cersbral whits matter was markedly reduced in
[oth hamisphanss in the first scan foldwing the head trawma. in both th lafk and right hemispherss, the final imepaint scan revaaisd a SubSequant increase of
FA 1o levels similar to those pre-injury [Fig. 5.

DisCusSion: Hare, our cass data show that the post-fraumatic injury brain exhibits widespread alterations to the cortical grey matter and carebral white mattes
vOlume. Additionally, white Mather conmectivity displays generalized decrezsed CONNection Sength across the network, both in teMms of conmection dansity
and microstruciural ordar of the tissws. Interestingly, structural changes atiributed to head frauma are no longer evidant by the final scanning timapaint,
Suggestiva of long-temm plasticity and recowary.

Conclusion: This case study imestigates the structural efacts of traumatic brain injury for tha NSt tima using pre-injury and post-injury 7 Tesk MR longitudinal
data. ¥We report findings of indtial vwolumetric changes, decreased structhural connectivity and reduced MICrostrectural order that appear to retum o bassline &
Months post-injury.
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Fig. 1. Streamiine threshokd effact on varizbilty of the connectome: swraged semant-wiss changs of connectivity Matrix betwesn pre-injury imepoint 1 and
pre-injury timepoint 2.

Fig. 2. 3j Hippocampal subfield segrmentation as parformed by FresSurfer, into dentate gyrus. Subicular complex, GAT and GAS/E and b) amygdala subnuclsi
SegmEntation a5 parfonmed by FresSurfar Mo the basal, kateral, 2ccassory basal, cantral, cortical and meadial nucke.

Fig. 8. Ventricls woluma and hemispheric wolumas of tha cortical grey matter and cersbral whita mather at aach scanning timepaint.

Fig- 4. aj DECreass N StruCtural NEteOMk COMNSCtiity at POSt-iNjuly SCanning tiMapoint 1 COMpEred 10 MSan Pre-iNjury SCans and b dacrez5ed Sirutiulal
natwOrk CoNNectivity at post-injuly SCanning tMepoint 2 compared 1o Mean pra-injuty Connactiity.
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Fig. 5. Fractional znisotropy of hemispharic carebral whits matter at aach scanning timepoint.
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m Introduction

Trumatic brain mjury (TBI) is a leading cause of disability worldwide, particolarly in young
and military populations, with well-documented lmks fo psychistric and newrodepensrative
pathology. A siznificant limitation of studies examining mild traumatic brain injury (mTBI) is
the wmavailability of pre-injury data. In the present case stady, we leveraged multi-modal 7
Tesla MBI data acquired at two timepaints prior to mTBL and two Smepdints post-injury, to
examine how a parietal impact affects gross brain strocrore, subcarmical velumetrics,
microstractural order and connectivity.

m Results and Discussion
—

Fipure 1. a) Areas of decreased commection demsity of the stuctural network mean post-
injury compared to mean pre-injury b) Begions of increased commection density of the
stuctural network mean post-injury comparsd to mean-pre-imjury.

Figure 1. a) Multi-spectral hippocampal subfield sepmentation (CAL, CA3, CA4, denfate gymas
and subicular complex) with underlay of axial T1-weiphted data b) Hippocampal subfield
segmentation with underlay of awial T1-weighted data ¢ Multi-specmal anryzdala submucled
segmentation  (lateral, basal, accessery basal, cenmal cortcal medial mcled and
corticoanrygdaleid transiion area (CATA) with underlay of axial Tl-weighted data d)
Amypdala submuclei segmentation with underlay of amal T2-weighted dat@.

Case description: A 38-year-old female was involved in a motor vehicle accident in which she
was 2 pedestrian hit by a car. Head CT revealed suboustameous soft tissue swelling over the
right parietal bone. Ventricles and sulci appeared pormal in size and confipwation and there
was oo midline shift or other mass effect, and prey-white matter differentiation was maintaimned
thmouphout the brain. The patient received surgical staples to close a laceration ower the right
parietal bope. The patient reported minimal headaches or nansea, but dizziness, daytime fatigne,
hypersomnolence, reduced problem-solving skills and slowed cognitive processing persisted for
several weeks following the injury. Full recovery, defined as full sympriom resolution and refum
to baseline function, was achieved approximately § months post-injury.

Figare 3. Fractional anisoopy of the hemispheric cersbral
white matier ACross SCAMIINE Emepoints.

Figure 4. Volumes of choroid venimcles, hemisphenc gmey
matter and hemispheric white marter across scanming
m Conclusion

Thiz 7 Tesla case report demomstrates nowel ewidence of
widespread compectvity and micrestructural changes at a
bighly gramular level afier mTBI where comventional
peuroimaging at a clinical level showed no radiclogical
abnormalities, Moreover, we suggest that diffusion-weighted
investigation of TBI symptomology may be of significant use
in clinical practice.

This work was fimded by DOD-IDA WEIXWH-19-1-0616 and MIH E01 MH109544

The subcortical segmentation
of the amypdala moclei and
hippocampal subfields did
oot reveal amy clear changes
between  the  scamning
timepoints. At post-injury
timepoint 1. the right and left
hemispheric rain
sepmentation revealed lower
cortical prey matter and
cerehral white matter valome
compared to other scanning
timepaints (Fig 4). Diffosion
MR comectomes pre-injury
and post-imjury revealed a
widespread decrease
compectivity  after  the
patient™s head mauma, mainky
mvolving connections
between  cortical  regions
(Fig 4a). To a lesser degres,
mean pre- fo post-injury
comparison  alse  revealsd
some increased commectivity,
primarily in ssbcortical areas
and the forebrain (Fig X). At
post-imjury  timepoint 1,
conpection  demsity  was
extensively reduced, tut this
decrease in commectivity was
partially reduced by t-
mjury trmepaint 2. FA of the
cerebral white matter was
markedly reduced in both
hemispheres in the first scan
following the head trauma. In
both the lefi amd right
hemispheres,  the  final
timepoint scan rewealed a
subsequent increase of FA to
lewel: similar to those pre-
mjury (Fig- 3).




