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Abstract
There is a need to improve the understanding of the neurobiological underpinnings of traumatic brain injury (TBI). Individuals
with TBI experience comorbidities such as posttraumatic stress disorder (PTSD) with considerable symptom overlap including
depression and hyperarousal, confounding the ability to identify specific TBI-related brain changes. The aims of the current study
were to investigate hippocampal and amygdalar volumes in Veterans with TBI with (TBI + PTSD, n = 32) and without (TBI -
PTSD, n = 25) PTSD. Shape analysis was employed to reveal any relationship between the hippocampus and depressive
symptoms in TBI subgroups. 32 TBI + PTSD, 25 TBI - PTSD, and 25 age-matched healthy male Veterans underwent an MRI
scan on a 3 Tesla scanner and a clinical evaluation. The TBI + PTSD and the TBI + hyperarousal (met criteria for the hyperarousal
symptom cluster, regardless of PTSD diagnosis) subgroup had trend-level larger left amygdalar volume than the TBI - PTSD
subgroup and the TBI - hyperarousal subgroup, respectively. However, there was no significant difference between the TBI group
as a whole and healthy controls (HC). There was a significant negative correlation between the Hamilton Rating Scale for
Depression score (HAM-D) and left hippocampal volume and a positive correlation between the HAM-D score and left
amygdalar volume in the TBI group. Left hippocampal volume was correlated with the HAM-D score only in the TBI +
PTSD and not in TBI - PTSD subgroup. Shape analyses revealed a significant correlation between the HAM-D score and the
CA1 and subiculum regions of the left hippocampus. Our results suggest that the amygdala may be a neuroanatomical correlate in
mediating PTSD-like symptoms in Veterans with TBI. The results of shape analysis suggest that alterations in the CA1 and
subiculum subregions of hippocampus may have a role in depression and PTSD.
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Introduction

Traumatic brain injury (TBI) is a leading cause of death and
disability worldwide, with serious economic consequences. It
has been estimated that over 10 million people are affected by
TBI globally (Faul et al. 2010). Estimates suggest that
352,619 military personnel have sustained TBIs worldwide
since 2000 with mild traumatic brain injury (mTBI) account-
ing for approximately 70–80% of all TBI among returning
Veterans (Hoge et al. 2008) (Defense and Center 2012).
Moreover, many Veterans with TBI also experience comorbid

psychiatric disorders, including posttraumatic stress disorder
(PTSD), creating challenges in diagnosis and treatment
(Kaplan et al . 2018; Stein and McAllister 2009;
Schneiderman et al. 2008). The prevalence of PTSD ranges
from 33% to 39% in USmilitary personnel with mTBI, which
is twice as high as prevalence rates in Veterans without TBI
(Carlson et al. 2011). Furthermore, there is significant overlap
in symptoms of PTSD and TBI that include but are not limited
to depression and hyperarousal (Stein andMcAllister 2009). It
has been hypothesized that TBI and PTSD result from a vari-
ety of pathophysiological mechanisms resulting in dysfunc-
tion in overlapping neural circuits leading to some common
symptomology (Kaplan et al. 2018). However, it is possible
that some neural underpinnings are unique to TBI and not
observed in PTSD. Therefore, it is important to consider the
comorbidity of PTSD in an imaging study of a TBI cohort,
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which may potentially advance our understanding of whether
comorbid TBI and PTSD is a unique illness with a distinct
etiology or neurobiological signature that differentiates it from
TBI without PTSD.

Research has well established that individuals with TBI
have widespread structural and functional brain alterations
(Shenton et al. 2012; Ross 2011; McDonald et al. 2012; Van
Boven et al. 2009). Subcortical regions including the hippo-
campus, amygdala, pallidum and thalamus have shown volu-
metric changes in individuals with TBI (Anderson et al. 1996;
Bigler et al. 2010; Maller et al. 2014). Importantly, several
studies have noted the influence of subcortically-mediated
functions on subjective complaints. Prior research shows that
the hippocampus plays a crucial role in learning and memory,
spatial navigation, contextual fear-conditioning and neuroen-
docrine regulation and is vulnerable to TBI (Duvernoy 2005).
Specifically, hippocampal volume reduction has been ob-
served in TBI patients (Arciniegas et al. 2001; Bigler et al.
2002; Tomaiuolo et al. 2004; Ariza et al. 2006; Warner et al.
2010; Palacios et al. 2013). Further, hippocampal volume was
associated with injury severity (Tate and Bigler 2000) and
neuropsychological functions (Bigler et al. 1997; Tate and
Bigler 2000). However, some studies did not report a signifi-
cant relationship between hippocampal volumes and the clin-
ical symptoms of TBI such as memory problems or TBI se-
verity (Arciniegas et al. 2001; Ariza et al. 2006; Warner et al.
2010). Shape analysis, a method capable of detecting subtle
volumetric changes that are often not revealed in traditional
volumetric analyses (Wade et al. 2015; Kim et al. 2015), has
previously shown deformations of the tail and head of the left
hippocampus in TBI. However, the authors found no relation-
ship between hippocampal morphology and clinical and cog-
nitive variables (Palacios et al. 2013).

Another subcortical region that may influence emotional
and cognitive symptoms related to TBI is the amygdala. The
amygdala is essential for emotional processing and is associ-
ated with emotional memory, regulation and tone (Calder et al.
2001; LeDoux 2000; Davis and Whalen 2001). Amygdala
volume reduction in adult patients with TBI has been previ-
ously reported (Warner et al. 2010). Two recent studies have
shown amygdalar shape alterations in Veterans with TBI com-
pared to Veterans with orthopedic injuries (Tate et al. 2016;
Tate et al. 2018). Importantly, time since injury was positively
correlated with radial distance of the right anterior amygdala,
suggesting increased amygdala thickness in participants with
TBI who were further removed from their injury (Tate et al.
2016). Surface features of the amygdala were significantly
associated with verbal memory performance, suggesting that
amygdalar shape alterations may influence the neurocognitive
symptoms of TBI (Tate et al. 2018).

One of the major obstacles in understanding and effectively
treating TBI in Veterans is the presence of co-morbidities such
as PTSD. For example, in a large study of active duty Marine

and Navy servicepersons who served in Operation Iraqi
Freedom (OIF) or Operation Enduring Freedom (OEF), TBI
doubled the likelihood of post-deployment PTSD symptoms
(Yurgil et al. 2014). The comorbidity of TBI and PTSD has
been associated with increased rates of neuropsychiatric com-
plications that may prolong recovery, suggesting that the neu-
robiological mechanisms underlying the comorbid condition
may be distinct or more severe than mechanisms underlying
either disorder alone (Vanderploeg et al. 2009; Zatzick et al.
2010). Given the prevalence of comorbid TBI and PTSD, it is
important to conduct TBI research in Veterans who have co-
morbid PTSD in order to better understand the underlying
neural anatomical correlates, which may lead to better thera-
peutic targets for this devastating comorbid condition.

We performed the current study to investigate volume al-
terations in the hippocampus and the amygdala in Veterans
with TBI, further divided according to PTSD diagnosis and
symptoms. To detect subtle volume changes, we employed
shape analysis, a method that uses geometric modeling of
the three-dimensional surfaces of the volumetric data to ex-
amine the expansions and contractions along the entire surface
of a region of interest (ROI) (Bolzenius et al. 2018). Shape
analysis was implemented to assess the relationships between
clinical measures and the shape of subcortical structures in-
cluding the hippocampus and amygdala. The aims of this
study were (1) to compare the volume of the hippocampus
and the amygdala between the HC and TBI groups, (2) to
investigate whether there was any volumetric difference in
the hippocampus and amygdala between the TBI with PTSD
(TBI + PTSD) and TBI without PTSD (TBI - PTSD) sub-
groups; or between the TBI subgroups depending on presence
of depressive and hyperarousal symptoms, (3) to identify
whether clinical factors were related to shape and volume
measures of the hippocampus and amygdala in the TBI group.
In addition to overall PTSD diagnosis, we focused on the
individual symptom cluster of hyperarousal given its presence
in both TBI and PTSD in order to capture potentially impor-
tant heterogeneity in neurobiological alterations related to this
phenotype.

Methods

Participants

The Institutional Review Boards at the University of Utah and
the George E. Wahlen Department of Veterans Affairs (VA)
Medical Center approved this study. All participants provided
written informed consent prior to participation in this study.
Veterans with TBI and HCs were recruited from the George E.
Wahlen VA Medical Center and the community via local ad-
vertisements and by word of mouth. Participants in the current
study were between the ages of 21 and 54 years. Structural
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magnetic resonance imaging (MRI) data and clinical measure-
ments were acquired from 25 Veterans with TBI - PTSD, 32
Veterans with TBI + PTSD, and 25HCs. All participants com-
pleted the Ohio State University-TBI Identification Method
(OSU-TBI) (Corrigan and Bogner 2007) to quantify the pres-
ence, number, and severity of lifetime TBI injuries, and the
Structured Clinical Interview (SCID-P) (First et al. 2002) to
establish DSM IVAxis I diagnoses including lifetime PTSD.
Severity of TBI was assessed according to parameters de-
scribed by Belanger and colleagues (Belanger et al. 2009).
Veterans were classified as having mild TBI (mTBI) if they
reported a head injury with an alteration of consciousness
(AOC) up to 24 h or loss of consciousness (LOC) of 0 to
30 min. Moderate TBI was defined as an injury event with
AOC between 24 h and 7 days or LOC between 30 min and
24 h. Severe TBI was defined as AOC greater than 7 days or
LOC greater than 24 h. Exclusion criteria for all participants
included major sensorimotor handicaps (e.g., deafness, blind-
ness, paralysis); estimated full scale IQ < 80; history of claus-
trophobia, autism, schizophrenia, anorexia nervosa, or bulim-
ia; active medical or neurological disease that would impact
neurobiology or brain function; history of electroconvulsive
therapy; and metal fragments or implants that would be con-
traindicated during the MRI scans. Measures of current clini-
cal status were acquired prior to scanning, including the
Hamilton Rating Scale for Depression (HAM-D) (Hamilton
1960) and the Hamilton Anxiety Rating Scale (HAM-A)
(Hamilton 1959). Years of education and handedness were
acquired from all participants in this study. The Wechsler
Abbreviated Scale of Intelligence-Second Edition two-
subtest version (Vocabulary and Matrix Reasoning) was ad-
ministered to all participants to determine estimated IQ
(Wechsler 2011).

We specifically focused some of our analyses on hyper-
arousal symptoms, as this cluster of symptoms has been found
to be common to both PTSD and TBI (Stein and McAllister
2009). Of the Veterans with TBI (N = 57), 53 of them experi-
enced a traumatic event (Criterion A Stressor) that would war-
rant further investigation into potential symptoms of PTSD.
Of these 53 Veterans who were further assessed for presence
of PTSD, 19 Veterans did not meet the criteria for having
hyperarousal symptoms (TBI– hyperarousal), while 34
Veterans (TBI + hyperarousal), irrespective of having a
PTSD diagnoses, endorsed enough hyperarousal symptoms
to have met criteria for that specific symptom cluster within
the PTSD diagnostic criteria.

Imaging acquisition

All brain MRI scans were performed in a 3 Tesla Siemens
scanner (Erlangen, Germany) with a 12-channel head coil at
the Utah Center for Advanced Imaging Research (UCAIR)
located at the University of Utah. The structural protocol

included a T1-weighted 3D MPRAGE GRAPPA sequence
with echo time/repetition time/inversion time = 3.38 ms/
2.0 s/1.1 s, 8° flip angle, 256 × 256 acquisition matrix,
256 × 256 mm2 field of view, 160 slices, 1.0 mm slice thick-
ness. All structural MRI scans were read by a neuroradiologist
to rule out gross pathology.

Imaging data processing procedures

DICOM image files were converted to NIFTI format using
dcm2nii software (http://www.mccauslandcenter.sc.edu/
mricro/mricron/) then all converted images were visually
inspected to confirm whether they were appropriate for the
analysis. One participant’s brain image appeared to have
severe motion artifacts so it was removed from further
analyses.

We conducted volumetric measurements and shape analy-
ses in hippocampus and amygdala using the FMRIB’s
Integrated Registration and Segmentation tool (FIRST)
(Patenaude et al. 2011) in the FMRIB Software Library
(FSL,version 4.1.6) (Smith et al. 2004). FIRST is an image
analysis tool that conducts fully automatic segmentation of the
whole brain and produces fifteen subcortical structures includ-
ing the hippocampus and the amygdala. The models of shape
and appearance in FIRST, based on multivariate Gaussian
assumptions, are constructed from 336manually-labeled brain
images provided by the Center for Morphometric Analysis,
Massachusetts General Hospital, Boston. FIRST processing
consists of two linear registration stages. The first step is a
robust registration of individual brain images to the
Montreal Neurological Institute (MNI) 152 standard space
by 12 degrees of freedom, and the second step is accurate
registration using subcortical mask in the MNI space.
Subcortical structures are then established by deformable
meshes consisting of vertices and edges. FIRST performs au-
tomatic segmentation based on principle of a Bayesian frame-
work and the shape of subcortical structures and intensities of
imaging data are used for basis in this process. After these
processes, we visually inspected both the outputs of the reg-
istration step and the segmented outputs of hippocampus and
amygdala across each individual brain image. Images from 6
participants were removed because of poor registration quality
or segmentation output, which did not improve even though
we had performed these processes again with other options in
FIRST.

To adjust whole brain volume differences between partici-
pants, the volumetric scaling factors were estimated by
SIENAX (Structural Image Evaluation, using Normalisation,
of Atrophy, version 2.6) in FSL software (Smith 2002). The
first step of SIENAX is to remove non-brain tissue from each
brain image. The next step is an estimation of the scaling
between individual brain image and the standard template.
Following, SIENAX completes brain tissue segmentation
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and estimates volumetric scaling factor from each brain im-
age. We extracted the absolute volumes of the hippocampus
and the amygdala from outputs of FIRST segmentation and
calculated the normalized volumes of them by multiplying
volumetric scaling factor of each image by the absolute vol-
ume. We removed one participant’s brain image because the
left hippocampal volume deviated (above 3 SD) from the
mean of all images. The final data includes analyses from 82
brain images.

We performed shape analysis of the hippocampus and the
amygdala using a tool in FSL software. We conducted vertex-
by-vertex comparison to explore group differences and rela-
tionships with clinical measurements. The outcome of the ver-
tex analysis was represented through the forms of meshes and
these results were visualized by FSLView tool, a part of FSL
software.

Statistics

Statistical analyses were performed in STATA software
(Version 12.1; Stata Corporation, College Station, TX).
Demographic and clinical variables were compared using
two sample t-tests. Two sample t-tests were also used to com-
pare brain volumes and clinical measurements between the
following groups: HC vs. TBI, TBI - PTSD vs. TBI +
PTSD, TBI - hyperarousal vs. TBI + hyperarousal. We used
stepwise multiple linear regression analyses including age,
years of education, HAM-D score, and number of TBI as
independent variables and volume and shape of the hippocam-
pus and the amygdala as dependent variables. Partial correla-
tions, using age as a covariate, were employed to identify the
relationships between the HAM-D score and volume and
shape of the hippocampus and the amygdala.

Results

Demographics and clinical measures

All eighty-two participants in this study were men. There was
no significant age difference between the HC and TBI groups
(p = 0.41). HCs had more years of education than individuals
in the TBI group (p < 0.001). The age of the TBI - PTSD
subgroup was not significantly different from the TBI +
PTSD subgroup (p = 0.20). The postinjury interval of the
TBI - PTSD subgroup was longer than the TBI + PTSD sub-
group (p = 0.04). The TBI + PTSD subgroup had fewer years
of education (p = 0.02), higher number of TBI events (p =
0.05), higher HAM-D (p < 0.001), and higher HAM-A scores
(p < 0.001) than the TBI - PTSD subgroup. With regard to
group comparisons between the TBI - hyperarousal and
TBI + hyperarousal subgroups, there were no differences in
age (p = 0.32) and postinjury interval (p = 0.11) but significant

differences were observed in years of education (P = 0.05),
number of TBI events (p = 0.05), HAM-D scores (p < 0.001),
and HAM-A scores (p < 0.001). All clinical and demographic
information is shown in Tables 1, 2, and 3.

Volumetric scaling factors

The volumetric scaling factors derived from SIENAX did not
differ between the HC and TBI groups (p = 0.21). In the TBI
subgroups, there were no significant differences for these
values between the TBI + PTSD and TBI - PTSD subgroups
as well as between the TBI + hyperarousal and TBI - hyper-
arousal subgroups (Tables 4, 5, and 6).

Volumetric differences of Hippocampus
and amygdala

There were no significant differences in hippocampal volume
between the HC and TBI groups in the left or right hemisphere
(p > 0.05). The volume of the left and right amygdala was also
not significantly different between the groups (p > 0.05)
(Table 4). Furthermore, the TBI + PTSD and TBI - PTSD as
well as the TBI + hyperarousal and TBI - hyperarousal were
not significantly different with regard to hippocampal volume
(Tables 5 and 6). The TBI + PTSD subgroup showed a trend
towards a significantly larger left amygdalar volume than the
TBI - PTSD subgroup (p = 0.07) (Table 5). TBI + hyperarous-
al subgroup also exhibited a trend towards a significantly larg-
er left amygdala volume than the TBI - hyperarousal subgroup
(p = 0.06) (Table 6). However, there were no volumetric dif-
ferences in the right amygdala between these subgroups
(Tables 5 and 6). All hippocampal and amygdalar volumes
were adjusted by the volumetric scaling factors prior to
comparisons.

Stepwise multiple linear regression analyses

We conducted stepwise multiple linear regression analyses to
examine whether clinical factors were associated with hippo-
campal and amygdalar volumes. Age, years of education,
HAM-D scores, and number of TBI events were included as
independent variables in all models because several previous
studies have indicated that these factors are associated with
hippocampal and amygdala morphology. Significant associa-
tions that were observed were those between HAM-D scores
and the left hippocampus (t = − 2.13, p = 0.04) and HAM-D
scores with the left amygdala (t = 2.01, p = 0.05); the other
three variables: age, years of education and number of TBI
events were excluded from all models because they did not
reach significance.
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Relationships between hippocampal/Amygdalar
volumes and HAM-D scores

Since the result of the stepwise multiple linear regression in-
dicated that the HAM-D score was associated with the vol-
umes of hippocampus and amygdala in the TBI group, we
conducted partial correlation analyses adjusted for the effect
of age to further investigate the relationships between
hippocampal/amygdalar volumes and the HAM-D scores.
Consequently, we found that left hippocampal volume was

negatively correlated with the HAM-D scores (r = − 0.27,
p = 0.05) and left amygdalar volume showed a positive corre-
lation with the HAM-D scores (r = 0.28, p = 0.04) in the TBI
group (Table 7, Figs. 1 and 2).

To investigate whether these results were dependent on the
lifetime diagnosis of PTSD, we examined the relationships
between hippocampal/amygdalar volumes and the HAM-D
scores, adjusted for the effect of age in the TBI - PTSD and
TBI + PTSD subgroups. There was a significant negative cor-
relation between left hippocampal volume and the HAM-D
score in the TBI + PTSD subgroup (r = − 0.39, p = 0.03).
However, in the TBI - PTSD subgroup, the HAM-D scores
were not related to left hippocampal volume (r = − 0.30, p =
0.15). The HAM-D scores were not significantly correlated
with right hippocampus and bilateral amygdala in the TBI +
PTSD and TBI - PTSD subgroups (Table 7, Figs. 1 and 2).

Relationship of HAM-D scores with the Hippocampus
and amygdala

We further explored the relationship between the subregions
of the hippocampus and the amygdala and HAM-D scores
after adjusting for the effects of age in the TBI group using
the outcome measures from the shape analyses (Fig. 3). The
results from these analyses showed that the CA1 and the
subiculum subregions of the left hippocampus and CA1 of
the right hippocampus were significantly associated with the
HAM-D scores. When we conducted the same analysis in
TBI + PTSD Veterans, we obtained similar results in the left
hippocampus, whereas we did not find any significant subre-
gion in the right hippocampus associatedwith HAM-D scores.
Shape analysis in the TBI - PTSD group indicated that there
was no subregion was significantly associated with the HAM-
D scores in the bilateral hippocampus. We could not detect
any subregion within the amygdala that was significantly as-
sociated with HAM-D scores in the TBI group overall or
within the TBI+ PTSD and TBI - PTSD subgroups.

Table 1 Demographics of
healthy controls and veterans with
TBI

Variables Healthy controls

(n = 25)

Veterans with TBI

(n = 57)

Statistics

t P

Demographics

Age, years

Mean ± SD 33.3 ± 10.5 35.1 ± 8.6 – 0.82 0.41

Range 22–54 21–54 – –

Sex, male/female 25/0 57/0 – –

Education, years† 15.9 ± 2.2 14.0 ± 1.8 3.80 < 0.001

Handedness, right/left 24/1 55/2 – –

†Data are presented as mean ± SD and are available for 21 controls and 56 veterans with TBI

Table 2 Demographics and characteristics of TBI + PTSD and TBI –
PTSD subgroups

Variables TBI-PTSD
(n = 25)

TBI + PTSD
(n = 32)

Statistics

t P

Demographics

Age, years

Mean ± SD 36.8 ± 10.7 33.8 ± 6.5 1.29 0.20

Range 21–54 24–53 – –

Sex, male/female 25/0 32/0 – –

Education, years† 14.6 ± 2.0 13.5 ± 1.5 2.39 0.02

Handedness, right/left 25/0 30/2 – –

Characteristics

Age at first injury, years‡ 19.4 ± 6.4 21.1 ± 6.5 – 0.96 0.34

Post injury interval, years‡ 18.7 ± 12.2 12.7 ± 8.4 2.15 0.04

Number of TBI 2.2 ± 1.7 3.3 ± 2.3 – 2.01 0.05

PTSD (lifetime), yes/no 0/25 32/0 – –

HAM-D 6.3 ± 7.8 13.4 ± 6.4 – 3.79 < 0.001

HAM-A 7.0 ± 8.8 16.8 ± 10.0 – 3.90 < 0.001

Abbreviations: PTSD Post-Traumatic Stress Disorder, HAM-D Hamilton
Rating Scale for Depression, HAM-A Hamilton Anxiety Rating Scale
†Data are presented as mean ± SD and are available for 24 veterans in the
TBI-PTSD
‡Data are presented as mean ± SD and are available for 23 veterans in the
TBI-PTSD
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Discussion

The present study is the first study to assess volume and shape
of the hippocampus and the amygdala in individuals with TBI
by PTSD diagnosis and depressive and hyperarousal symp-
toms, all of which often overlap in Veterans with TBI and
PTSD. The HC and TBI groups showed no volume differ-
ences in the hippocampus and the amygdala. However, we
observed a trend towards an increased left amygdalar volume
in the TBI + PTSD subgroup compared to the TBI - PTSD
subgroup as well as the TBI + hyperarousal subgroup com-
pared to the TBI - hyperarousal subgroup.

We further explored whether demographic and clinical
measures were associated with the volume and shape of
the hippocampus and the amygdala in the TBI group. Age
and years of education showed no relationship with the
volume and shape of the hippocampus and amygdala.
Since number of TBI events was significantly different
between groups, we analyzed the relationship between
this variable and shape and volume measures of the hip-
pocampus and amygdala, and these results showed no
significant association. Thus, the number of TBI events
does not significantly contribute to the between group
difference in left amygdalar volume. The HAM-D scores
were negatively correlated with the left hippocampus and
were positively correlated with the left amygdala vol-
umes. Furthermore, shape analyses revealed hippocampal
subregions were associated with HAM-D scores in the
TBI group. We also found that the relationship between

HAM-D scores and the volume and shape of the hippo-
campus varied according to the diagnosis of PTSD in the
TBI group.

No hippocampal volume difference between the HC
and TBI groups

We did not observe any hippocampal volume difference be-
tween the HC and TBI groups. A number of prior studies have
demonstrated reductions in hippocampal volume in TBI
(Arciniegas et al. 2001; Ariza et al. 2006; Warner et al.
2010; Tomaiuolo et al. 2004; Palacios et al. 2013). The inter-
val between time of brain injury and the MRI scan of partic-
ipants in the current study was longer compared to previous
publications, which may explain the discrepant findings. In
the current study, the MRI scans were performed on average
15.2 years after first brain injury (SD, 10.5; range, 1–39). In
the previous studies, the mean years from brain injury to MRI
scan were 6.7 (range, 1.8–15.0) (Arciniegas et al. 2001), 1.7
(range, 0.3–9.4) (Tomaiuolo et al. 2004), 0.8 (range, 0.5–1.7)
(Ariza et al. 2006), 0.7 (range, 0.5–1.2) (Warner et al. 2010),
and 4.2 (range was not presented) (Palacios et al. 2013).
Furthermore, the severity of the TBI also plays a critical role
in determining the extent of neurobiological alterations
(Dixon 2017). Though most of the TBI in this study were
mild, we did not assess whether they were associated with
blast exposure, which may account for the divergent findings
(Dixon 2017). Finally, a number of Veterans in the study re-
ported multiple TBIs (mean, 4; SD, 6.1; range, 1–33). Thus,

Table 3 Demographics and
characteristics of TBI +
hyperarousal and TBI –
hyperarousal subgroups

Variables TBI

- hyperarousal

(n = 19)

TBI

+ hyperarousal

(n = 34)

Statistics

t P

Demographics

Age, years

Mean ± SD 36.8 ± 11.0 34.4 ± 6.7 1.00 0.32

Range 21–54 24–53 – –

Sex, male/female 19/0 34/0 – –

Education, years† 14.7 ± 2.2 13.6 ± 1.5 2.02 0.05

Handedness, right/left 0/19 2/32 – –

Characteristics

Age at first injury, years‡ 19.3 ± 6.3 21.0 ± 6.6 – 0.89 0.38

Post injury interval, years‡ 18.4 ± 12.5 13.4 ± 9.4 1.63 0.11

Number of TBI 2.2 ± 1.5 3.4 ± 2.3 – 2.03 0.05

PTSD (lifetime), yes/no 0/19 31/3 – –

HAM-D 4.3 ± 6.3 13.6 ± 6.9 – 4.84 < 0.001

HAM-A 5.5 ± 7.1 16.9 ± 10.3 – 4.27 < 0.001

Abbreviations: PTSD Post-Traumatic Stress Disorder, HAM-D Hamilton Rating Scale for Depression, HAM-A
Hamilton Anxiety Rating Scale
†Data are presented as mean ± SD and are available for 18 veterans in the TBI-Hyper arousal group
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heterogeneity in time since injury, severity of injury, and num-
ber of TBIs are important factors to consider when interpreting
neuroimaging findings in TBI. It is possible that the decrease
in hippocampal volume recovers over time.

Hippocampal and Amygdalar volume difference
between the TBI + PTSD and TBI - PTSD subgroups

We expected that the TBI + PTSD subgroup would demon-
strate smaller hippocampal volume than the TBI - PTSD sub-
group given prior evidence of the association between PTSD

and reduced hippocampal volume (Bremner et al. 1995).
However, we failed to observe a significant difference in the
volume of the bilateral hippocampus between these groups.
Exposure to trauma irrespective of PTSD diagnosis has been
associated with alterations in the hippocampal volume. For
example, a meta-analysis study reported that hippocampal
volume reduction was found in both trauma-exposed group
with PTSD and trauma-exposed group without PTSD when
compared to the HC group (Woon and Hedges 2008). Another
meta-analysis study showed left hippocampal volume reduc-
tion in a trauma-exposed group without PTSD compared to a

Table 4 Volume differences
between healthy controls and
veterans with TBI

Healthy controls (n = 25) TBI (n = 57) Statistics

Brain Measures Mean SD Mean SD t P

Volumetric scaling factor 1.26 0.09 1.29 0.09 – 1.26 0.21

Absolute hippocampal volume (mm3)

Left hemisphere 3956 423 3948 383 0.08 0.93

Right hemisphere 4099 407 4001 378 1.06 0.29

Adjusted hippocampal volume (mm3)†

Left hemisphere 4987 574 5080 537 – 0.71 0.48

Right hemisphere 5159 490 5141 448 0.16 0.87

Absolute amygdala volume (mm3)

Left hemisphere 1174 223 1197 173 – 0.52 0.60

Right hemisphere 1274 214 1267 224 0.15 0.88

Adjusted amygdala volume (mm3)†

Left hemisphere 1481 297 1544 247 – 0.99 0.32

Right hemisphere 1607 290 1628 286 – 0.29 0.77

†Volumes were adjusted via multiplying the volumetric scaling factor by each subcortical volume

Table 5 Volume differences in
TBI – PTSD and TBI + PTSD
subgroups

TBI-PTSD (n = 25) TBI + PTSD (n = 32) Statistics

Brain Measures Mean SD Mean SD t P

Volumetric scaling factor 1.27 0.10 1.30 0.08 – 1.23 0.22

Absolute hippocampal volume (mm3)

Left hemisphere 3963 389 3936 383 0.26 0.80

Right hemisphere 4022 405 3985 362 0.37 0.71

Adjusted hippocampal volume (mm3)†

Left hemisphere 5030 542 5119 538 – 0.62 0.54

Right hemisphere 5099 496 5173 411 – 0.61 0.54

Absolute amygdala volume (mm3)

Left hemisphere 1158 169 1228 172 – 1.52 0.13

Right hemisphere 1241 187 1287 250 – 0.77 0.44

Adjusted amygdala volume (mm3)†

Left hemisphere 1477 259 1596 228 – 1.84 0.07

Right hemisphere 1573 241 1670 315 – 1.27 0.21

Bolded text indicates trend towards significance

Abbreviations: PTSD, Post-Traumatic Stress Disorder
†Volumes were adjusted via multiplying the volumetric scaling factor by each subcortical volume
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trauma-exposed group with PTSD, but right hippocampal vol-
umes demonstrated no difference between groups (Woon et al.
2010). Thus, it is possible that the TBI – PTSD subgroup also
was exposed to trauma potentially due to the TBI, which could
have contributed to the lack of significant differences between
the TBI + PTSD and TBI – PTSD groups with regard to hip-
pocampal volume. We did not record whether the TBI and
PTSD were associated events and hence we are unable to test
the above hypothesis.

We did observe a trend towards a higher left amygdalar volume
in the TBI+PTSD (compared to TBI - PTSD) and in the TBI+
hyperarousal (compared to theTBI – hyperarousal). PTSDhas been
previously associatedwith alteredvolumeof the amygdala, although
the results have been equivocal (Morey et al. 2012; Depue et al.
2014). Two meta-analyses that included amygdala volumetry
showed inconsistent differences between trauma-exposed partici-
pants with and without PTSD. The first meta-analysis found lower
volumes with small effect sizes in both the left (effect size =−.22)
and right amygdala (−.18) but only after restricting analysis to the
subset of studies that produced a homogeneous sample (Karl et al.
2006). The second meta-analysis demonstrated only a trend associ-
ation (p = .06), with a small effect size (Hedges’ g =−.29), between
smaller left amygdala volume and PTSD patients as compared to
trauma-unexposed healthy control (Woon andHedges 2009). To the
best of our knowledge, this is the first study to compare amygdalar
volumes in a comorbid diagnostic group (TBI+PTSD) to a TBI
only group (TBI-PTSD). A previous study in Veterans reported
reduced amygdalar volume in comorbid TBI and PTSD as com-
pared to Veterans who did not have either diagnosis (Depue et al.
2014). Furthermore, a trend towards increase in left amygdalar vol-
ume in the TBI+hyperarousal group compared to the TBI – hyper-
arousal group suggests that the presence of hyperarousal symptoms

may drive the difference in amygdalar volume between TBI +
PTSDandTBI–PTSDgroups.This is inagreementwithaprevious
study that posited that the amygdala dysregulation in PTSD is spe-
cifically linked to the hyperarousal symptom cluster (Suvak and
Barrett 2011). Our finding of increased amygdala volume will have
to be replicated in future studies, especially since our findings were
significant at a trend-level.

Implications of the relationship
between hippocampal morphology and depressive
symptoms

We found a significant negative correlation between left hip-
pocampal volume and the HAM-D scores in the TBI group.

Table 6 Volume differences in
TBI – hyperarousal and TBI +
hyperarousal subgroups

TBI – hyperarousal (n = 19) TBI + hyperarousal (n = 34) Statistics

Brain Measures Mean SD Mean SD t P

Volumetric scaling factor 1.28 0.10 1.30 0.08 – 1.01 0.32

Absolute hippocampal volume (mm3)

Left hemisphere 3992 415 3932 386 0.52 0.60

Right hemisphere 4024 420 3993 379 0.27 0.78

Adjusted hippocampal volume (mm3)†

Left hemisphere 5078 559 5107 544 – 0.19 0.85

Right hemisphere 5109 458 5179 443 – 0.54 0.59

Absolute amygdala volume (mm3)

Left hemisphere 1152 171 1237 170 – 1.75 0.09

Right hemisphere 1249 178 1283 252 – 0.52 0.61

Adjusted amygdala volume (mm3)†

Left hemisphere 1473 268 1606 225 – 1.92 0.06

Right hemisphere 1590 238 1662 319 – 0.87 0.39

Bolded text indicates trend towards significance
†Volumes were adjusted via multiplying the volumetric scaling factor by each subcortical volume

Table 7 Relationships between subcortical volumes and HAM-D
scores in veterans with TBI

TBI (n = 57) TBI-PTSD
(n = 25)

TBI + PTSD
(n = 32)

Subcortical Structures† r P r P r P

Left hippocampus – 0.27 0.05* – 0.30 0.15 – 0.39 0.03*

Right hippocampus – 0.19 0.16 – 0.30 0.15 – 0.20 0.27

Left amygdala 0.28 0.04* 0.16 0.45 0.22 0.24

Right amygdala 0.10 0.49 – 0.02 0.93 0.06 0.73

All analyses were completed with age as a covariate. Asterisk indicates
significance

Abbreviation: HAM-D Hamilton Rating Scale for Depression, PTSD
Post-Traumatic Stress Disorder
†Volumes were adjusted via multiplying the volumetric scaling factor by
each subcortical volume
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Moreover, shape analyses revealed that the CA1 subregion
and the subiculum of the left hippocampus and the CA1 sub-
region of the right hippocampus were significantly correlated
with the HAM-D scores. Our findings strongly indicate that
depressive symptoms in individuals with TBI are related to
alterations in hippocampal morphology. The association be-
tween depressive symptoms and hippocampal morphology in
TBI in the current study was dependent on PTSD diagnosis.
We found a significant relationship between hippocampal
morphology and the HAM-D scores in the TBI + PTSD sub-
group, but not in the TBI - PTSD subgroup. These findings
suggest that pathophysiology of PTSD may mediate the asso-
ciation between hippocampal morphology and depressive
symptoms in TBI, underscoring the importance of considering
the diagnosis of PTSD when investigating brain alterations in
a TBI cohort.

The human hippocampus can be segmented into subre-
gions based on anatomical features: the CA1, through CA4
regions, the subiculum, and the dentate gyrus (DG) with each
of the subregions exhibiting distinct structural, cellular, and
functional properties (Duvernoy 2005). The hippocampus is
one of the most extensively studied subcortical structures in
patients with psychiatric disorders. Numerous but not all stud-
ies have demonstrated that major depression is associated with
a reduction in total hippocampal volume, as confirmed by a
recent meta-analysis (Videbech and Ravnkilde 2004; Geuze
et al. 2005; McKinnon et al. 2009). Relatively fewer studies
have examined hippocampal subfields in relation to depres-
sion. A cross-sectional study in 37 drug-naive patients with

major depressive disorder (MDD) showed deformations in the
CA1, CA2, CA3 subregions, and subiculum of the bilateral
hippocampus as compared to HCs (Cole et al. 2010). The
authors, however, did not find any relationship between hip-
pocampal volume and depressive symptoms. Another study in
21 female patients with unremitting MDD reported that the
CA3 and the subiculum in the left hippocampus and the
subiculum/the end of the tail in the right hippocampus were
associated with depressive symptoms (Tae et al. 2011).
Furthermore, the left hippocampus exhibited more significant
contraction than the right hippocampus in depression (Tae
et al. 2011). The results of 5-year longitudinal study
employing shape analysis revealed changes in the CA1-CA3
subfield and subiculum in the MDD group at the 5-year
timepoint but not at baseline when compared to HCs (Isikli
et al. 2013). Furthermore, a significant negative correlation
was found with the number of days in depression without
antidepressant treatment in the CA1 region in the head
and tail of the hippocampus bilaterally, in the absence of
volume differences in the hippocampus in the depressed
group when compared to HCs at baseline and the 5-year
follow-up time point (Isikli et al. 2013). Recent studies of
hippocampal subfields in MDD have found negative cor-
relation between depression and the DG, subiculum, and
the CA subregions (Travis et al. 2015; Huang et al. 2013;
Lindqvist et al. 2014). Finally, a recent study by Averill
and colleagues reported a negative correlation between
depression severity and volume of several hippocampal
subregions including the DG, CA1, CA2/3 and CA4 in a

Fig. 1 Scatterplots between HAM-D score and hippocampal volume in
veterans with TBI. Abbreviations: HAM-D, Hamilton Rating Scale for
Depression; PTSD, Post-Traumatic Stress Disorder. Age was used as a

covariate in all analyses. The solid lines represent the line of best fit for
the data and the dotted lines indicate the 95% confidence interval
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cohort of Veterans with a subset diagnosed with PTSD
(Averill et al. 2017). With regard to the association be-
tween HAM-D scores and CA1 and subiculum regions in
the TBI + PTSD group, it is interesting that the CA1 has
been implicated in context-dependent fear extinction and
retrieval of contextual memory (Ji and Maren 2008). The
subiculum, which is a part of the limbic memory system
plays a critical role in fear conditioning and regulates the
stress response as well (Maren 1999; O'Mara 2006).
Together these studies underscore the importance of in-
vestigating focused relationships of hippocampal sub-
fields (rather than total hippocampus) and symptomology
given the implication of specialization in these subfields
across the hippocampus.

Although we reported that amygdala volume was positive-
ly correlated with the HAM-D scores, shape analyses failed to
reveal any amygdala subregion related to these scores. It is
possible that volume enlargement had occurred in the entire
amygdala so that we could not detect specific regions associ-
ated with the HAM-D scores. Secondly, since amygdala is a
relatively small structure compared to the hippocampus, we
may have insufficient power to observe subtle changes of
amygdala with the current MRI resolution.

Strengths and limitations

Our study has three primary strengths. The first is a large
sample size consisting of twenty-five healthy controls and

fifty-seven Veterans with TBI who completed neuroimaging.
A large sample size in the TBI group allowed us to compare
volume and shape alterations based on PTSD diagnosis.
Second, we investigated hippocampus and amygdala using a
well-validated tool, FIRST. FIRST, as noted previously, has
been used in numerous neuroimaging studies to conduct shape
analysis of subcortical structures including the hippocampus
and the amygdala. The outputs of FIRST were validated by
Nugent and colleagues (Nugent et al. 2013), who reported that
the test-retest reliability was excellent in the hippocampus
(ICC: left side, 0.901; right side, 0.872) and acceptable in
the amygdala (ICC: left side, 0.790; right side, 0.710).
Furthermore, the absolute agreement between FSL and man-
ual segmentation was acceptable in the hippocampus (ICC:
left side, 0.711; right side, 0.724). Third, we considered the
effect of PTSD symptoms and diagnosis in the hippocampus
and amygdala analyses in this cohort. TBI and PTSD are
highly comorbid and our sample reflects the overlap of these
two diagnoses. Additionally, all of our structured diagnostic
interviews were completed by licensed psychologists and
postdoctoral fellows, giving us confidence in the PTSD diag-
noses and also in interpreting the relationship between PTSD
symptoms and imaging variables.

Several l imitat ions must be considered when
interpreting our findings. First, the postinjury intervals
of Veterans in the TBI cohort are relatively long. This is
both a strength and a limitation, as it provides a more
clear picture of neuroimaging differences after a longer

Fig. 2 Scatterplots between HAM-D score and amygdala volume in
veterans with TBI. Abbreviations: HAM-D, Hamilton Rating Scale for
Depression; PTSD, Post-Traumatic Stress Disorder. Age was used as a

covariate in all analyses. The solid lines represent the line of best fit for
the data and the dotted lines indicate the 95% confidence interval
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post-TBI interval compared to some other studies of TBI.
Second, we did not correct for multiple comparisons for
results of the shape analyses. Third, most of the partici-
pants in this study were identified as having mild TBI.
Mild TBI is the most common type of TBI, making these
results generalizable to a larger number of Veterans (Hoge
et al. 2008). However, it is hard to generalize our findings
Veterans with moderate or severe TBI. Fourth, the current

study comprised of only male Veterans and hence the results
are not generalizable to female Veterans. Given the increase in
the proportion of female Veterans in all branches of U.S.
Armed Forces and previous studies showing sex differences
in Veterans with TBI (McGlade et al. 2015), it is critical that
future studies include female participants. Finally, due to eth-
ical reasons, we did not stop the participants from taking their
medication, which may have potentially confounded the

Fig. 3 Hippocampal subregions related with HAM-D score in veterans with TBI. Abbreviations: HAM-D, Hamilton Rating Scale for Depression;
PTSD, Post-Traumatic Stress Disorder. The color bar represents uncorrected F-statistic value. Age was used as a covariate in all analyses
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findings. Future studies should further delineate the effects of
medication on neurobiological changes associated with PTSD
and TBI.

Conclusion

In summary, this study investigated the volume and the shape
of the hippocampus and the amygdala in Veterans with TBI.
Further, we also analyzed volume and shape analyses accord-
ing to PTSD diagnosis in Veterans with TBI. We found a
trend towards larger left amygdalar volume in the TBI +
PTSD subgroup than the TBI - PTSD subgroup. HAM-D
scores were associated with hippocampal and amygdalar
volumes in the TBI group. Results from the shape analy-
ses showed that the HAM-D scores were correlated with
hippocampal subfield alterations in the TBI group, which
was related to the diagnosis of PTSD. Our findings pro-
vide evidence that PTSD comorbidity is critical to consid-
er in Veterans with TBI and that the neurobiological al-
terations in Veterans with TBI and PTSD may be distinct
and more severe than those in Veterans with TBI alone.
Shape analyses may be an important technique to reveal
biological underpinnings that may underlie the clinical
symptoms associated with TBI.
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