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Longitudinal neuroimaging following
combat concussion: sub-acute, | year and
5 years post-injury

Christine L. Mac Donald,I Jason Bar'ber',I Jalal Andr‘e,2 Chris Panks,I Kody Zalewski' and
Nancy Temkin'?

Questions remain regarding the long-term impact of combat concussive blast exposure. While efforts have begun to highlight the
clinical impact, less is known about neuroimaging trajectories that may inform underlying pathophysiological changes post-injury.
Through collaborative efforts in combat, following medical evacuation, and at universities in the USA, this study followed service
members both with and without blast concussion from the sub-acute to 1-year and 5-year outcomes with quantitative neuroimag-
ing. The following two primary and two exploratory groups were examined: combat-deployed controls without blast exposure his-
tory ‘non-blast control’ and concussive blast patients (primary) and combat concussion arising not from blast ‘non-blast concus-
sion’ and combat-deployed controls with blast exposure history ‘blast control’ (exploratory). A total of 575 subjects were
prospectively enrolled and imaged; 347 subjects completed further neuroimaging examination at 1 year and 342 subjects completed
further neuroimaging examination at 5 years post-injury. At each time point, MRI scans were completed that included high-reso-
lution structural as well as diffusion tensor imaging acquisitions processed for quantitative volumetric and diffusion tensor imaging
changes. Longitudinal evaluation of the number of abnormal diffusion tensor imaging and volumetric regions in patients with blast
concussion revealed distinct trends by imaging modality. While the presence of abnormal volumetric regions remained quite stable
comparing our two primary groups of non-blast control to blast concussion, the diffusion tensor imaging abnormalities were
observed to have varying trajectories. Most striking was the fractional anisotropy ‘U-shaped’ curve observed for a proportion of
those that, if we had only followed them to 1 year, would look like trajectories of recovery. However, by continuing the follow-up
to 5 years in these very same patients, a secondary increase in the number of reduced fractional anisotropy regions was identified.
Comparing non-blast controls to blast concussion at each time point revealed significant differences in the number of regions with
reduced fractional anisotropy at both the sub-acute and 5-year time points, which held after adjustment for age, education, gender,
scanner and subsequent head injury exposure followed by correction for multiple comparisons. The secondary increase identified
in patients with blast concussion may be the earliest indications of microstructural changes underlying the ‘accelerated brain aging’
theory recently reported from chronic, cross-sectional studies of veterans following brain injury. These varying trajectories also in-
form potential prognostic neuroimaging biomarkers of progression and recovery.

1 Department of Neurological Surgery, University of Washington, Seattle, WA 98104, USA
2 Department of Radiology, University of Washington, Seattle, WA 98104, USA
3 Department of Biostatistics, University of Washington, Seattle, WA 98104, USA

Correspondence to: Christine L. Mac Donald, PhD, Department of Neurological Surgery, University of
Washington, 352 9th Avenue, Box 959924, Seattle, WA 98104, USA
E-mail: cmacd@uw.edu

Received April 3, 2019. Revised October 7, 2019. Accepted October 17, 2019. Advance Access publication November 5, 2019

© The Author(s) (2019). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which per-
mits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com



2 | BRAIN COMMUNICATIONS 2019: Page 2 of 13

blast; concussion; imaging; longitudinal outcome

C. L. Mac Donald et al.

AD = axial diffusivity; DTI = diffusion tensor imaging; DWI = diffusion-weighted imaging; FA = fractional
anisotropy; MD = mean diffusivity; RD = radial diffusivity; TBI = traumatic brain injury

Longitudinal Imaging Abnormalities
in Blast Concussion Patients
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Introduction

While considerable research has begun to shed light on
the early neuroimaging alterations associated with mild
blast traumatic brain injury (TBI), the link to potential
long-term brain changes remains less clear. Previous work
has examined quantitative neuroimaging outcomes in
combat-deployed veterans using both diffusion tensor
imaging (DTI) and quantitative volumetrics, but most
studies have been limited by single time point evaluations
with exposure history based largely on self-report (Levin
et al., 2010; Jorge et al., 2012; Matthews et al., 2012;
Bazarian et al., 2013; Lindemer et al, 2013; Morey
et al., 2013; Sorg et al., 2014; Tate et al., 2014; Yeh
et al., 2014; Hayes et al., 2015; Taber et al., 2015;
Trotter et al., 2015; Govindarajan et al., 2016; Miller
et al., 2016; Ware et al., 2016). Questions regarding how
these neuroimaging findings evolve or resolve following
mild blast TBI treated in theatre remain. It is also unclear
whether these imaging trajectories would vary by injury
mechanism be it blast exposure or blunt head trauma in
combat. Longitudinal efforts in civilian TBI have been
largely focused on acute to early chronic time points with
reports suggesting alterations in white matter microstruc-
ture evidenced by reductions in fractional anisotropy (FA)

on DTI (Stokum et al., 2015; Edlow et al., 2016). One
civilian study did follow a small number of patients with
TBI over a 4-year period and found further degeneration
in reductions in FA on DTI (Farbota et al., 2012), al-
though it is unclear how translatable this may be to mild
brain injury exposures sustained in combat. Through
collaborative  efforts at Kandahar Airfield, Camp
Leatherneck, Landstuhl Regional Medical Center, and
academic universities in the USA, we have been provided
the unique opportunity to follow, and image with quanti-
tative MRI, the very same patients from the point of in-
jury in theatre (Adam et al., 2015) to both 1-year (Mac
Donald et al., 2011) and 5-year outcomes. The primary
objective of the current study was to analyse the quanti-
tative DTI and volumetric neuroimaging trajectory in
patients with blast concussion compared with service
members deployed to combat who did not sustain any
form of head injury exposure. A secondary exploratory
objective was to investigate whether the trajectory of
patients with blast concussion was similar or different to
that of service members who sustained a concussion in
combat not associated with a blast exposure for hypoth-
esis generating purposes regarding the role mechanism
may play on brain white matter microstructure over
long-term outcome.
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Materials and methods

Participants in this study were originally enrolled into
one of the four previous cohorts between 2008 and 2013
(Mac Donald et al., 2011, 20144, b, 2016, 2017; Adam
et al., 2015). This is the 5-year evaluation in a continued
prospective, observational, longitudinal research study. In
this study, we report the longitudinal imaging outcomes
in our two primary and two exploratory subject groups:
combat-deployed controls without history of blast expos-
ure ‘non-blast control’ and concussive blast TBI ‘blast
TBI’ (primary) and combat concussion arising not from
blast ‘non-blast TBI’ and combat-deployed controls with
history of blast exposure ‘blast control’ (exploratory).
Inclusion criteria have been reported elsewhere (Mac
Donald et al., 2011, 2016; Adam et al., 2015). Briefly,
participants were service members, deployed to the com-
bat theatre, between 2008 and 2013, in which original
enrollment was completed either directly in Afghanistan
(Adam et al., 2015; Mac Donald et al., 2015) or follow-
ing medical evacuation to Landstuhl Regional Medical
Center in Germany (Mac Donald et al., 2011, 2016,
2017). Diagnosis of head injury was determined by
trained medical personnel working in the TBI clinics in
Afghanistan or Germany. For the concussive blast TBI
group, all available clinical histories indicated blast ex-
posure plus another mechanism of head injury, such as a
fall, motor vehicle crash, and being struck by a blunt ob-
ject. None suffered an isolated blast injury. All concussive
blast and non-blast TBI subjects met the Department
of Defense definition for mild, uncomplicated TBI
(Management of Concussion/mTBI Working Group,
2009). All combat-deployed controls were clinically eval-
uated to be free of signs and symptoms of head injury
for both the ‘non-blast’ and ‘blast’ control groups and
additionally no history of blast exposure for the ‘non-
blast control’ group. Prior psychiatric and TBI diagnoses
were exclusions for all groups.

This study was approved by the University of
Washington Institutional Review Board with additional
approval from the US Army Medical Research and
Materiel Command Institutional Review Board and car-
ried out in accordance with the approved protocol.
Reconsent for each follow-up evaluation was provided by
all participants according to the Declaration of Helsinki;
no surrogate consent was allowed. Active-duty military
subjects were not paid for participation per government
guidelines, though travel expenses to the follow-up evalu-
ations were covered.

Through these efforts, 575 subjects have been prospect-
ively enrolled and assessed with neuroimaging at the
acute (0-7 days, median 4) and sub-acute (0-30days, me-
dian 7-9; 0-90days, median 14) time points; 347 of
whom completed further neuroimaging examination at
1 year post-injury and 342 at 5 vyears post-injury.
Figure 1 shows the enrollment flow diagram summarizing
enrollment including details of the specific groups
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evaluated. Note that, due to funding restrictions, only a
subset of Study 4 could be followed. Over the course of
the studies, a variety of different MRI scanners have been
used for evaluation. We have been at the mercy of what-
ever scanner was present in combat (Phillips 1.5 T—Study
4), following medical evacuation (Siemens 1.5 T—Studies
1 and 2; Siemens 3T—Study 3), at 1-year follow-up
(Siemens 1.5 T—Studies 1, 2 and 4; Siemens 3 T—Study
3), at 5-year follow-up (all on same Philips 3T). For this
reason, we strategically enrolled control participants to
be scanned on every MRI scanner in which patients with
TBI were to be scanned such that the quantitative imag-
ing methods could be compared by scanner. These con-
trol participants were also invited back for follow-up as
indicated in Fig. 1 to again be able to compare by scan-
ner but also over time. Each MRI scan included a 1-mm
isotropic MPRAGE and two diffusion-weighted imaging
(DWI) acquisitions that were used for this analysis. At
both the first and second time points, all studies acquired
two 25-direction DWI acquisitions (Mac Donald et al.,
2011; Studies 1-3) or two 15-direction DWI acquisitions
(Adam et al., 2015; Study 4) on their respective scanners.
At the third time point, all participants were imaged on
the same scanner, which allowed for 32-direciton DWI
acquisition to be collected with reverse polarity (A-P, P-
A; Mac Donald et al., 2017). While the specifics of the
protocols varied by scanner each also included a T2,
FLAIR and T2*/GRE or SWI. At the first two time
points, Studies 1 and 2 were acquired with 2D sequences
for T2, FLAIR and T2*/GRE/SWI, while Studies 3 and 4
were acquired with 3D sequences for these structural
acquisitions. At the third time point, all were acquired as
3D acquisitions and all were on the same scanner. At
every time point, all scans were evaluated by a board-cer-
tified neuroradiologist and determined to be unremark-
able for signs of brain injury pathology consistent with
the radiological interpretations previously identified in
these subjects (Mac Donald et al., 2011, 2017; Adam
et al., 2015).

The DTI postprocessing pipeline utilized for this study
(Mac Donald et al., 2017) employed the analytical meth-
ods constructed by Dr. Carlo Pierpaoli and colleagues at
the NIH called TORTOISE (Tolerably Obsessive
Registration and Tensor Optimization Indolent Software
Ensemble; Pierpaoli et al., 2010). Each DWI acquisition
was initially run through DiffPrep (Rohde er al., 2004;
Wu et al., 2008) in TORTOISE for susceptibility distor-
tion correction, motion correction, eddy current correc-
tion and registration to a 3D high-resolution structural
image. For EPI distortion correction, the diffusion images
were registered to the 1-mm isotropic T2 image using
non-linear b-splines. Eddy current and motion distortions
were corrected using standard affine and quadratic
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Total Enrollment from 2008 to 2013: 575

v

v

Landstuhl Regional Medical Center
Landstuhl, Germany (Medical Evacuation)

Kandahar Airfield/Camp Leatherneck
Afghanistan (No Medical Evacuation)

v

v

v

v

Study 1 (2008-2009)
0-90 days post-injury
Median: 14 days
Total: 84
Blast Control: 21
Blast TBI: 63
(1.5T Siemens1)

1

Study 2 (2010-2011)
0-30 days post-injury
Median: 7 days
Total: 40
Blast TBI: 40
*5ame scanner as
Study 1
(1.5T Siemens1)

!

Study 3 (2010-2013)
0-30 days post-injury
Median: 9 days
Total: 255
Non-blast Control: 97
Blast Control: 35
Non-blast TBI: 44
Blast TBI:79
(3T Siemens1)

Study 4 (2012)
0-7 days post-injury
Median: 4 days
Total: 196
Non-blast Control: 101
Blast T8I: 95
(1.5T Philips)

L 2

!

Total Completed 1-Year Follow-Up : 347

v

v

v

v

Study 1 Total: 65
Blast Control: 18
Blast TBI: 47
(1.5T Siemens2)

Study 2 Total: 32
Blast TBI: 32
(1.5T7 Siemens2)

*Sgme sconner gs Study
184

!

Study 3 Total: 178
Non-blast Control: 69
Blast Control: 27
Non-blast TBI: 29
Blast TBI: 53
(3T Siemens2)

Study 4 Total: 72
Non-blast Control: 34
Blast TBI: 38
(1.5T Siemens2)
*100 Invited

v

!

Total Completed 5-Year Follow-Up (all same Philips 3T) : 342

v

v

v

v

Study 1 Total: 53
Blast Control: 18
Blast TBI: 35

Study 2 Total: 31
Blast TBI:31

Study 3 Total: 162
Non-blast Control: 62
Blast Control: 22

Study 4 Total: 96
Non-blost Control: 47
Blast TBI: 49

Non-blast TBI: 28
Blast TBI: 50

*100 invited

Figure | Consort diagram of enroliment and longitudinal evaluation by scanner.

transformations, followed by re-orientation of the b-ma-
trix for the rotational aspect of the rigid body motion.
When reverse polarity data were collected (Scan 3), the
output images from both the A-P and P-A DWI acquisi-
tions were then sent through Diffeomorphic Registration
for Blip-Up blip-Down Diffusion Imaging (DR-BUDDI;
Irfanoglu et al., 2015) in TORTOISE for further EPI dis-
tortion and eddy current correction that can be com-
pleted with diffusion data that has been collected with
reverse polarity. This step combines the reverse polarity
imaging data to create a single, cleaned, DWI data set.
Following this step, or in the absence of reverse polarity
data, the output of Diffprep/DRBUDDI is then sent
through DiffCalc in TORTOISE (Basser et al., 1994;
Mangin et al., 2002; Chang et al., 2005, 2012; Rohde
et al., 2005; Koay et al., 2006, 2009; Pierpaoli et al.,
2010). This step completes the tensor estimation (Hoy
et al., 2014) using the robust estimation of tensors by

outlier rejection (RESTORE) approach (Chang et al,
2005). Following tensor estimation, a variety of DTI met-
rics are derived. For this study, FA was the primary DTI
metric for analysis, but we secondarily examined other
DTI metrics including mean diffusivity (MD), axial diffu-
sivity (AD), and radial diffusivity (RD).

Following this postprocessing in TORTOISE, 3D image
stacks for MD and FA were introduced into DTIstudio
(Oishi et al., 2009; Zhang et al., 2010) for segmentation
of the DTI atlas (Oishi et al., 2011) onto each partici-
pants DTI data set in ‘participant space’ through the
Diffeomap programme in DTIstudio using both linear
and non-linear transformations. This is a semi-automated
process that allows for the extraction of DTI metrics
within each 3D atlas-based region of interest providing a
comprehensive sampling throughout the entire brain into
189 regions including ventricular space. For this study,
selection of regions focused on regions of white matter,
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as the main hypothesis regarding DTI was that there
would be reductions in white matter integrity observed
with FA related to concussion. This reduces the number
of regions used for further analysis to 78. To select only
white matter, FA images were then threshold at 0.2 or
greater and the data within each of the 78 regions of
interest were extracted in ROIEditor on the FA or other
coregistered DTI metric (MD, AD, and RD) image for
further analysis (Mac Donald er al, 2017). All DTI
images were inspected following postprocessing for any
misalignment and image or signal artefacts by an imaging
scientist, blinded to the clinical status of the subject, with
expertise in DTI data processing and neuroanatomy. In
addition, noise root mean squared values extracted from
TORTOISE were assessed for image quality. These are
known to vary by scanner so the advised approach is to
examine the noise root mean squared values for the study
groups of interest by MRI scanner to confirm that there
is no systematic shift in image quality in particular to the
patient group where concern over patient stability during
the imaging session is heightened. Noise root mean
squared values by group, by machine, at each time point,
were compared, and no significant differences were iden-

tified (Table 1).

Postprocessing of the 3D T1-weighted high-resolution
structural MPRAGE image was completed using
Freesurfer (Fischl et al., 2002) v5.3 for volumetric seg-
mentation. Freesurfer is a semi-automatic segmentation
programme for analysing volumetric data using a high-
resolution structural T1-weighted image. This process is
divided into two primary parts. The first part consists of
sub-cortical/white matter surface creation and segmenta-
tion of the individual structures. The second part pro-
vides reconstruction of the cortical surface, created from
the underlying white matter surface followed by parcella-
tion of the cortical areas. Image processing steps include
initial removal of extraneous, non-cortex/non-white mat-
ter tissue, motion correction and alignment with the
MNI305 template. Spatial registration of the brain mask
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with the subsequent creation of surfaces in native
Freesurfer RAS space is completed prior to the elimin-
ation of topological defects. After this, generation of the
‘pial/cortical’ and ‘white matter’ tessellated surfaces is
completed. Quality assurance of the image processing
included review of QA/QC measures including noise val-
ues with the cutoff of 15 for white matter SNR per
Freesurfer guidelines (Kaufman, 2016), null values and fit
measures. In addition, complete visual inspection in each
orthogonal plane of the segmentation was done with the
application of control points where needed to assure cor-
rect surface generation via the automated Freesurfer pro-
gramme and to correct for small erroneous inclusions of
other anatomy, such as blood vessels, dura and any
white matter lesions. This was completed by an imaging
scientist, blinded to the clinical status of the participant,
who has been trained in neuroanatomy and is an expert
using the Freesurfer processing software. A total of 167
subcortical and cortical regions in addition to total brain
volume were examined for further analysis (Mac Donald
et al., 2017).

Given the known MRI scanner differences that often con-
found quantitative imaging studies, we intentionally
enrolled and scanned controls at each site and followed
them over time along with the TBI groups to help ac-
count for scanner variance impacting our quantitative
imaging results. To appreciate any imaging changes over
time, we have carefully computed standard scores for
each DTI and volumetric regions of interest for each par-
ticipant completed by scanner, at each time point, using
the controls on the same scanner for normative data
(mean and standard deviation). To compute standard
scores for each region for the controls, we employed a
‘leave-one-out’ approach in which the control subject (n)
is removed and the new control group (total excluding
subject #) mean and standard deviation for each DTI and
volumetric regional parameter is recomputed and then
compared with the ‘left out’ control to obtain the stand-
ard scores for that specific control. This was done for

Table | Noise root mean squared values by group for image quality comparison

Scanner noted in Non-blast controls Blast TBI Blast control Non-blast TBI Unadjusted

consort diagram (Fig. 1) noise RMS noise RMS noise RMS noise RMS P-value
Mean SD Mean SD Mean SD Mean SD

1.5 T Siemens | 10.2 0.5 10.5 1.7 0.3

3 T Siemens | 1.3 | 1.6 1.4 1.3 | 1.6 | *0.08-0.8

1.5 T Philips 17 10.8 16.2 6.7 0.8

1.5 T Siemens 2 I 0.5 10.6 0.8 10.3 0.9 *0.07-0.2

3 T Siemens 2 12.8 1.2 12.4 1.3 12.8 1.2 13.3 1.2 *0.1-0.8

3 T Phillips 2 1.2 22 1.8 0.3 25 25 *0.5-0.9

RMS, root mean squared.
*All groups compared with non-blast controls.
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every control by scanner at every time point. The stand-
ard scores for each DTI and volumetric region were
flagged as regions more likely to be an unusual occur-
rence in a non-injured population, and suspicious for an
abnormality, if the standard score was >2 SD away from
mean control in the hypothesized direction. For FA and
volume, this was below mean control while for MD, AD,
and RD, this was above mean control, given the hypothe-
sized directionality of brain injury pathology over time
on these measures as reported in both preclinical and
clinical brain injury studies (Mac Donald et al., 2007a, b;
Niogi and Mukherjee, 2010). By computing standard
scores and counting the number of abnormalities for each
participant at each time point, we can more directly com-
pare imaging findings over time in the very same subject
and across scanners. This approach is also flexible to the
heterogeneity of brain injury as it does not assume that
all patients will be injured in the same brain region, a
common critique of quantitative neuroimaging analysis in
TBI studies that examine group differences by brain re-
gion. Controls used for each scanner were the non-blast
controls. There is one exception which was for Scan 1 in
Studies 1 and 2, only blast controls were scanned on that
MRI scanner, so the standard scores were calculated for
the blast TBI groups relative to the blast controls. Thus,
the number of abnormalities for those patients with blast
TBI at Scan 1 for these two groups may be somewhat
underestimated.

Data analysis was completed in February 2019.
Demographic characteristics among the four study
cohorts were assessed for statistically significant differen-
ces using Kruskal-Wallis and Fisher’s exact tests as ap-
propriate. Differences in the number of abnormalities
among the cohorts at each time point were assessed using
mixed-effects regression modelling. Due to the skewed
distribution of number of abnormalities, a non-parametric
approach was used to determine statistical significance in
which the actual abnormality counts were replaced with
their within-scan percentile, calculated as the rank within
scan divided by the number of cases analysed for that
scan time and multiplied by 100.

For the primary analysis comparing FA and volumetric
abnormalities between the controls and blast TBI’s at
each scan time, a single mixed-effects regression model
for each metric was constructed using the data from all
three scans from just these cohorts. Within-subject corre-
lations were modelled using a random intercept and un-
structured correlation matrix. Scan was modelled as a
categorical effect, and a group-by-scan interaction was
included in our model to account for group differences
across scans. Since statistically significant demographic
differences were observed among the four cohorts, our
model adjusted for age, sex and education; however,
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since education was not consistently collected on all sub-
jects, military rank (officer or enlisted) was used as a sur-
rogate. Our model also adjusted for the number of
subsequent head injury exposures since enrollment that
was captured at S-year follow-up. Although differences
due to the specific scanner were already addressed by the
conversion of raw values to standard scores as described
above, a scanner effect was nevertheless included in our
model as a precaution. We defined contrasts to test the
significance of between-group differences at each scan.
Lastly, the resulting P-values at the three scan times were
interpreted in the context of multiple comparisons per
Benjamini-Hochberg (Benjamini and Hochberg, 1995)
using a false discovery rate of 5%.
The model equation is described as follows:

vi = Bo + Ziv + Xt By + X2 By + XizB3 + XijaPy + XijisBs
+ XijsB7 + (Xin X Z;)8; + o + &5,

where y;; is the outcome value for subject i at scan (i.e.
time point) j. The Z;y; term represents the main effect of
scan j relative to the reference Scan 1. The X;f terms
represent the effect of within-patient covariates that re-
main constant over scan (indicator variable group with
the reference category as non-blast controls, sex, rank),
while the Xjf terms represent within-patient covariates
that can vary over time (participant age, number of head
injury exposures after study entry, specific scanner used).
The (Xj1 x Z;); term represents the interaction between
scan j and group. The «; and &; terms represent the un-
observed error terms for person and scan-within-person.
Age and number of head injury exposures after study
entry were modelled as linear effects; sex and rank were
dichotomous; and scan time point and scanner were
multi-level categorical variables with scan time point
described by its two indicator variables for clarity.
Although group would usually be considered a multi-level
categorical variable, in these analyses, it was reduced to
dichotomous since every model was based exclusively on
data coming from the two groups being compared. All
models utilized an unstructured covariance matrix.

All exploratory analyses carried out on the other FA
and volumetric comparisons by groups, and secondary
analysis of the other DTI measures were assessed with an
approach and methodology identical to that of the pri-
mary analysis. In all cases, each regression model con-
sisted of all three scans for just the two cohorts being
compared, adjusting for all covariates described above re-
gardless of significance, and the P-values for each of the
three scans interpreted in the context of multiple
comparisons.

The data used for the analysis in this study are available
through a data use agreement with the corresponding
author.
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Results

Evaluation of enrollment demographics across both the
primary and exploratory subject groups did reveal signifi-
cant differences in age, gender and education, which in
addition to scanner, were adjusted for in all of the analy-
ses prior to correction for multiple comparisons
(Table 2). At S-year follow-up, subsequent head injury
exposure, defined as any exposure occurring after the
point of enrollment, was collected and was used for stat-
istical adjustment in addition to the four other parame-
ters to determine group differences. For the two primary
groups, the following total numbers of scans passed QA/
QC for use in this analysis: 191 non-blast controls and
270 blast TBI (sub-acute), 96 non-blast controls and 167
blast TBI (1-year follow-up) and 103 non-blast controls
and 156 blast TBI (5-year follow-up) with 47% of non-
blast controls and 57% of blast TBI completing all three
scans.

Longitudinal evaluation of the number of abnormal FA
and volumetric regions in patients with blast concussion
revealed distinct trends by imaging modality (Fig. 2).
While the presence of abnormal volumetric regions
remained quite stable comparing our two primary groups
of non-blast control with blast TBI, the FA abnormalities
were observed to have varying trajectories. Most striking
was the ‘u-shaped’ curve observed for a proportion of
those that, if we had only followed them to 1 year,
would look like trajectories of recovery, but only by con-
tinuing follow-up in the very same participant to 5 years,
a secondary increase in the number of reduced FA
regions is identified. Overall, 23% of the abnormal
regions at Scan 2 for non-blast controls were also abnor-
mal at Scan 3. In blast TBI, 39% of the abnormal
regions at Scan 2 were also abnormal at Scan 3. From

Table 2 Participant characteristics at enrollment
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the 1- to 5-year scans, the number of abnormal regions
remained stable in 84% of non-blast controls with 10%
showing a decrease of 5 or more abnormal regions and
6% of controls showing an increase of 5 or more abnor-
mal regions. In contrast, from the 1- to 5-year scans, the
number of abnormal regions remained stable in 76% of
blast TBI while 4% had a decrease of 5 or more abnor-
mal regions and 20% had an increase of 5 or more ab-
normal regions, which was significantly different than the
non-blast controls (chi-squared P=0.008). Comparing
non-blast controls with blast TBI at each time point
revealed significant differences in the number of regions
with reduced FA at both the sub-acute and 5-year time
points, which held after adjustment for age, education,
gender, scanner and subsequent head injury exposure (5
years only) followed by correction for multiple compari-
sons. Further examination of the additional DTI metrics
(MD, AD and RD) comparing our two primary groups
of non-blast control with blast TBI revealed that the
reductions in FA at the sub-acute and 5-year time points
appeared to be mostly driven by increases in RD. There
were significant differences in the number of regions with
increased RD at both the sub-acute and S-year time
points in patients with blast TBI, which held after adjust-
ment and correction (Fig. 3).

Exploratory analysis comparing both blast control and
non-blast TBI participants with the non-blast control
group as the main control group only identified a signifi-
cant difference in the number of reduced FA regions at
1-year follow-up in the blast controls (Fig. 4). For the
two exploratory groups, the following total numbers of
scans passed QA/QC for use in this analysis: 33 blast
controls and 42 non-blast TBI (sub-acute), 27 blast con-
trols and 28 non-blast TBI (1-year follow-up) and 37
blast controls and 25 non-blast TBI (5-year follow-up)

Characteristic Non-blast CTL

(n=198) (n=277)
Age in years, mean (SD) 30.1 £74 263 £ 6.3
Education in years, mean (SD) 149 £ 29 130 1.7
Gender, n (%)
Male 166 (84) 268 (97)
Female 32(le) 9(3)
Race/ethnicity, n (%)
White 140 (71) 207 (75)
African American 37 (18) 25 (9)
Hispanic/Latino 20 (10) 38 (14)
Others I () 7(2)
Branch of service, n (%)
US Army 118 (59) 232 (84)
US Air Force 25 (13) 3(1)
US Marine Corps 14 (7) 38 (14)
US Navy 41 (21) 4(1)
Military rank, n (%)
*Education surrogate
Enlisted 167 (84) 267 (97)
Officer 31 (16) 10 (3)

Concussive blast TBI

Blast-exposed CTL Non-blast TBI P-Value
(n=56) (n=44)

323+82 29592 <0.001
13.6 = 2.0 135+20 <0.001
51.91) 40 (91) <0.001
509 409

42 (75) 30 (68) 0.145
8 (14) 9 (20)

4(7) 3(7)

2(4) 2(5)

48 (86) 36 (82) <0.001
3(5 3(7)

5(9) 4(9)

0(0) 1(2)

51 (91) 42 (95) <0.001
509 2(5)

Statistical significance by Kruskal-Wallis and Fisher’s exact tests as appropriate.
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Figure 2 Longitudinal FA and volumetric abnormalities in concussive blast TBI compared with non-blast control. (A and B)
Comparison of the number of abnormal FA regions by time point identified significant differences in blast TBI at the sub-acute and 5-year, but not
| -year, evaluations compared with non-blast controls. (C and D) In contrast, there were no significant differences in the number of abnormal
volumetric regions at any time point comparing the two groups. P-values reported are adjusted for age, education, gender and scanner at each
time point. Subsequent head injury exposure was also collected at the 5-year evaluation and included with the other covariates for Scan 3
statistical adjustment to determine significance. Asterisk indicates P-values that remained significant after Benjamini-Hochberg correction for

multiple comparisons.

with 60% of blast controls and 52% of non-blast TBI
completing all three scans. Furthermore, examination of
the additional DTI metrics (MD, AD and RD) did not
identify any significant differences for blast controls or
non-blast TBI at any of the time points for MD and AD
that held after adjustment and correction (Fig. 5). Only
significant differences were observed in the number of
regions with increased RD at the sub-acute and 5-year
follow-ups but not 1-year follow-up in non-blast TBI par-
alleling the pattern observed in the blast TBI group.
Caution is warranted in interpreting these results as we
consider these findings hypothesis generating rather than
definitive given the small group sizes of these two ex-
ploratory groups.

Discussion

In summary, distinct time course patterns of imaging
abnormalities were observed in concussive blast TBI

compared with non-blast controls. While the volumetric
abnormalities were quite stable, there were significant dif-
ferences in the number of regions with reduced FA both
at the sub-acute and 5-year, but not 1-year, follow-ups.
This secondary increase may be the earliest indications of
the microstructural changes underlying the ‘accelerated
brain aging’ theory recently reported from chronic, cross-
sectional studies of veterans following brain injury
(Savjani et al., 2017). These findings are also in line with
prior studies in veterans reporting reductions in FA by
DTI using different analytical methods (Jorge et al.,
2012; Morey et al., 2013; Hayes et al., 2015; Trotter
et al., 2015; Miller et al., 2016). They extend and ex-
pand upon the excellent work of others to provide new
insights into the trajectory of brain imaging changes from
the sub-acute time period following injury in combat to
S-year outcome.

Strengths of the study include the longitudinal evalu-
ation of both combat-related concussive blast patients
and combat-deployed controls enrolled and followed since
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Figure 3 Longitudinal MD, AD and RD abnormalities in concussive blast TBI compared with non-blast control. (A and B)
Comparison of the number of abnormal MD regions by time point identified a significant difference at the sub-acute, but not |-year or 5-year,
follow-up evaluations. (C and D) In contrast, there were no significant differences in the number of abnormal AD regions at any time point
comparing the two groups. (E and F) Evaluation of abnormal RD regions over time revealed significant differences at the sub-acute and 5-year,
but not |-year, evaluations for blast TBI compared with non-blast controls parallel to the pattern observed with FA. P-values reported are
adjusted for age, education, gender and scanner at each time point. Subsequent head injury exposure was also collected at the 5-year evaluation
and included with the other covariates for Scan 3 statistical adjustment to determine significance. Asterisk indicates P-values that remained

significant after Benjamini-Hochberg correction for multiple comparisons.

the point of injury and deployment; the additional ex-
ploratory groups of service members enrolled including
those with combat concussions arising not from blast, as
well as those with blast exposure but clinically evaluated
to be free of signs and symptoms of head injury; the
evaluation at the sub-acute, 1-year and S5-year time
points; the employment of analytical methods that
allowed for comparisons of quantitative neuroimaging
over time with an approach flexible to the heterogeneity
of brain injury; collection and adjustment of subsequent
head injury exposures that could confound results; and
the relatively large sample size of the two primary groups
of comparison concussive blast TBI and combat-deployed
controls at 100-200+ at every time point.

Limitations of the study include the modest sample size
of the exploratory groups, the inability to obtain neuroi-
maging consistently on the same scanner for every par-
ticipant over the period of longitudinal evaluation, the
demographic imbalance that required statistical adjust-
ment of the findings and unmeasured factors that could
influence these neuroimaging results in ways not
accounted for in the statistical analysis. In addition, it
should be noted that the description of rank as officer or
enlisted military status has limitations as a surrogate for

education since some enlisted may go on to obtain a col-
lege degree as part of an extended career in the military.

In general, the strategy of identifying an occurrence
that would be unusual in a non-injured population was
employed here, as there is no gold standard approach
identified in the neuroimaging community to address the
comparison of quantitative neuroimaging data across
MRI scanners in the absence of a priori sequence har-
monization. It is well recognized in the field that the post
hoc harmonization of such quantitative data is met with
many challenges to address all forms of systematic and
machine-dependent variances. Our own strategy was to
focus on collecting control participants on each machine
and carefully follow them over time along with the
patients to provide a sense of normative data on each
machine that could be used for comparison. Then, we
chose to focus on these unusual occurrences compared
across machines over time as it would be inappropriate
to directly compare DTI metrics, such as FA, given the
machine differences. Summing up the number of these
unusual occurrences in each patient provided a represen-
tative metric of brain alternations in white matter micro-
structure that we believe is more robust to hardware
differences than direct DTI metric comparison. We
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Figure 4 Exploratory evaluation of longitudinal FA and volumetric abnormalities in blast-exposed controls and concussive
non-blast TBI compared with non-blast control. Comparison of the number of abnormal FA regions by time point identified only a
significant difference at the |-year follow-up for blast-exposed controls (A) and no differences at any time point for non-blast TBI (B) when
compared with non-blast control. There were also no significant differences in the number of abnormal volumetric regions at any time point for
either the blast-exposed control (C) or non-blast TBI (D) compared with non-blast controls. P-values reported are adjusted for age, education,
gender and scanner at each time point. Subsequent head injury exposure was also collected at the 5-year evaluation and included with the other
covariates for Scan 3 statistical adjustment to determine significance. Asterisk indicates P-values that remained significant after Benjamini—

Hochberg correction for multiple comparisons.

acknowledge that the approach we have employed in this
study is merely one of many proposed strategies, each of
which comes with limitations. As the field advances, there
may be newer methods developed that will better address
these challenges. There is inherent selection bias that we
cannot overlook given the somewhat arbitrary nature of
our criterion for how we defined an unusual occurrence
in addition to the selection criterion for white matter
thresholding. While we tried to use cutoffs that would re-
duce the erroneous inclusion of normal variation in the
data and be more likely to identify a true unusual occur-
rence, we cannot rule out the possible influence of type I
errors in this approach that focuses on individual scan
data. To this end, we cannot say for certain that an al-
ternative strategy would glean the same conclusions. We
further recognize that the complex logistical nature of the
study, literally following patients around the world, did
not allow for the utilization of a single site scanner

scenario, or a priori sequence harmonization and is more
in line with the reality of complex longitudinal patient
care. This is not to excuse any limitation in our study de-
sign but to merely acknowledge the limitation it introdu-
ces in examination via neuroimaging in such a patient
population. Hopefully, these efforts will motivate further
funding initiatives and large-scale research consortia that
can better address these logistical hurdles in future
studies.

The identification of neuroimaging changes after 1-year
evaluation in a proportion of service members under-
scores the importance of serially evaluating these patients
and emphasizes the evolution not resolution of brain
imaging changes in a subset of these cases. Only by fol-
lowing the very same individual over time were these dif-
ferences observed. These findings also provide support
for the potential prognostic utility of this quantitative
neuroimaging approach and highlight the role these
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Figure 5 Exploratory evaluation of longitudinal MD, AD and RD abnormalities in blast-exposed controls and concussive non-
blast TBI compared with non-blast controls. Comparison of the number of abnormal MD regions by time point did not identify any
significant differences for blast-exposed controls (A) or non-blast TBI (B) compared with non-blast controls. There were also no significant
differences in the number of abnormal AD regions at any time point for either the blast-exposed controls (C) or non-blast TBI (D) compared
with non-blast controls. For the number of abnormal RD regions, there were no differences for blast-exposed control (E), while there were

significant differences at the sub-acute and 5-year time points but not |-year time point for non-blast TBI (F) compared with non-blast controls.
P-values reported are adjusted for age, education, gender and scanner at each time point. Subsequent head injury exposure was also collected at
the 5-year evaluation and included with the other covariates for Scan 3 statistical adjustment to determine significance. Asterisk indicates
P-values that remained significant after Benjamini-Hochberg correction for multiple comparisons.

imaging changes could play in potential stratification for
clinical trial intervention. Further work is needed to bet-
ter understand and validate whether this approach would
be sensitive to identifying a therapeutic response as well
as the implication of these findings as they pertain to
brain aging and the potential link to downstream
dementia.
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