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Abstract

The hippocampus and the amygdala play a central role in post-traumatic stress disorder (PTSD)
pathogenesis. While alternations in volumes of both regions have been consistently observed in
individuals with PTSD, it remains unknown whether these reflect pre-trauma vulnerability traits
or acquired post-trauma consequences of the disorder. Here, we conducted a longitudinal panel
study of adult civilian trauma survivors admitted to a general hospital emergency department
(ED). One hundred eligible participants (mean age=32.97+£10.97, n=56 [56%] females) completed
both clinical interviews and structural MRI scans at 1-, 6-, and 14-months after ED admission
(alias T1, T2, and T3). While all participants met PTSD diagnosis at T1, only n=29 still met
PTSD diagnosis at T3 (a ‘non-Remission’ Group), while n=71 did not (a ‘Remission’ Group).
Bayesian multilevel modeling analysis showed robust evidence for smaller right hippocampus
volume (P+ of ~0.014) and moderate evidence for larger left amygdala volume (P+ of ~0.870)

at T1 in the ‘non-Remission’ group, compared to the ‘Remission’ group. Subregion analysis
further demonstrated robust evidence for smaller volume in the left and right subiculum and

right CA1 hippocampal subregions (P+ of ~0.021-0.046) in the ‘non-Remission’ group. No time-
dependent volumetric changes (T1 to T2 to T3) were observed across all participants or between
groups. Results support the “vulnerability trait” hypothesis, suggesting that lower initial volumes
of specific hippocampus subregions are associated with non-remitting PTSD. The stable volume of
all hippocampal and amygdala subregions does not support the idea of consequential, progressive,
stress-related atrophy during the first critical year following trauma exposure.

Introduction

Numerous studies have examined the relationship between post-traumatic stress disorder
(PTSD) and the hippocampus and the amygdala, as both regions are implicated in

the disorder’s pathogenesis and pathophysiology[1]. The hippocampus is involved in
providing contextual memory for emotion-related processes, whereas the amygdala mediates
fear learning, extinction, and regulation[2-4]. Prior literature typically reported smaller
hippocampus volume in PTSD patients[5-7], while evidence of altered amygdala volume

is more equivocal, with findings of no difference, smaller or larger amygdala volume in
PTSD patients compared to controls[8,9]. A major unresolved question is whether these
altered volumes reflect a pre-trauma vulnerability trait[10,11], an outcome of the disorder’s
persistence associated distress[12,13], or a combination of both[14].

Previous volumetric findings in PTSD populations did not provide a clear answer to the
vulnerability versus consequence debate for several reasons. First, most studies rely on
cross-sectional designs and examine chronic PTSD samples[15], thus cannot disentangle
predisposed from acquired volume abnormalities. The few longitudinal PTSD studies
conducted to date[16-18] reported no change over time in either hippocampus or amygdala
volumes, but those are limited by relatively low sample sizes (27<n<44) and follow-up
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durations (3- to 6-months post-trauma), that may not capture longer-term modifications
of these regions[19]. Finally, studies typically examined only the whole hippocampus
and/or amygdala, usually due to limited resolution and accuracy to segment their different
subregions[20].

Yet, the hippocampus and amygdala consist of functionally and cytoarchitecturally distinct
substructures that may play a different role in PTSD development and maintenance[21,22].
Several animal studies described structural plasticity in specific subregions of these
structures after stress exposure[23], but the translational value of these findings is limited

by the lack of an adequate model system for PTSD. On the other hand, not many human
studies investigated volumetric abnormalities of amygdala and hippocampus subregions in
PTSD, and findings remain inconclusive[24-26]. To date, only two longitudinal studies
examined subregion-specific volumetric changes in the hippocampus or the amygdala during
the first year following trauma, a critical period in the etiology of PTSD[27]. Koch et al.
(2021)[28] found that smaller hippocampal left dentate gyrus volumes at baseline predicted
an increase in self-reported PTSD symptoms, and that the amount of trauma exposure
between assessments was positively associated with an increase in left basal amygdala
nucleus volume. On the other hand, Weis et al. (2021)[29] report that none of the subfield
volumes at baseline were prospectively related to PTSD symptoms six months later. Finally,
both studies did not find significant volumetric changes over time, or an association between
volumetric changes and PTSD symptoms[28,29].

To address the above-mentioned knowledge gap, we conducted a longitudinal panel study

of adult civilian trauma survivors admitted to a general hospital emergency department
(ED)[30]. One hundred eligible participants (mean age=32.97+£10.97 years, range=18-64
years, n=56 [56%] females) completed clinical interviews and MRI scans at 1-, 6-, and
14-months after ED admission (alias T1, T2, and T3). While all participants met PTSD
diagnosis at T1, only n=29 still met PTSD diagnosis at T3 (a ‘non-Remission’ Group), while
n=71 did not (a ‘Remission’ Group). At each time point, we obtained whole volumes of the
right and left hippocampus and amygdala. Furthermore, we extracted volumes of specific
hippocampal subregions previously implicated in PTSD literature[25,31-33], namely the
cornu ammonis 1 and 3 (CAL and CA3), the dentate gyrus (DG), and the subiculum (see
Fig. 1a). Similarly, we extracted volumes of specific amygdala subregions mentioned in
PTSD literature[26,34,35], namely the lateral, central, and basal nuclei of the amygdala (LA,
CeA, and BA, respectively; Fig. 1b).

This design allowed us to address two critical aims: (1) to determine whether volumetric
measures shortly after trauma can differentiate between those who recover from initial
PTSD and those who develop the chronic disorder (‘Remission’ vs. ‘hon-Remission’
symptom trajectories); (2) to examine potential time-dependent volumetric changes over
the first-year post-trauma (T1, T2, T3) across all individuals (n=100) and between

the two PTSD trajectories. While the first aim supports the role of the amygdala

and hippocampus volumes as early (possibly predisposing) vulnerability factors for the
disorder’s development, the second aim supports these alternations as acquired changes
associated with the disorder’s persistence.
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nd Materials

Data informing this report was collected between 2015 and 2020 as part of the
NIMH-funded ‘Neurobehavioral Moderators of Post-traumatic Disease Trajectories’ study
(MH103287). This research project was approved by the Tel-Aviv Sourasky Medical Center
institutional review board (approval 0207/14) and was registered on ClinicalTrials.gov
(NCT03756545). The study’s design and detailed methodologies have been previously
published[30,36-38] and those informing this work are summarized below.

Potential participants for this study were 18 to 65 years old adult civilians consecutively
admitted to a general hospital’s ED after one of the following events: motor-vehicle accident
(MVA), bicycle accident, physical assault, robbery, hostilities, electric shock, fire, drowning,
work accident, terror attack or a large-scale disaster.

Participants were included in the study if they met PTSD symptom criteria (specified
below) within one month following trauma exposure (T1). Participants were excluded if
they had an ED notation of severe head injury, coma upon ED admission, a medical
condition that interfered with their ability to provide informed consent or apprehend the
study’s procedures, a diagnosis of PTSD prior to ED admission, current substance abuse
disorder, current suicidal ideations, lifetime psychotic illness, conditions precluding MRI
scanning (e.g., pacemaker, metal implants, large tattoos, permanent makeup) or medical/
psychological conditions that constituted treatment priority. All participants in this study
provided oral consent to the study’s screening telephone interview and written informed
consent upon attending a subsequent diagnostic and eligibility ascertainment clinical
interview.

A final sample of n=100 participants with valid clinical and structural brain data (at

T1, T2, and T3) is included in the current report (i.e., ‘study completers’). While all
participants (n=100) met PTSD diagnostic criteria at T1, only n=29 still met PTSD diagnosis
at T3 (a ‘non-Remission’ Group), while n=71 did not (a ‘Remission” Group). For a
comparison of demographic and clinical characteristics of the study groups (‘Remission’

vs. ‘non-Remission’), see Table 1.

Clinical Assessments.

A comprehensive clinical interview was conducted by trained clinicians, using the Clinician-
Administered PTSD Scale (CAPS), to assess PTSD diagnosis and severity estimates at 1-,
6-, and 14-months after ED admission (T1, T2, and T3, respectively). In order to maintain
continuity with decades of PTSD research based on DSM-IV definitions, and given the
findings of nonoverlapping samples per definitional criteria used[39,40], we administered

a combined clinical interview assessing both CAPS-1V[41] and CAPS-5[42] items at the
same time. The usage of such hybrid PTSD diagnostic interviews is supported, particularly
in longitudinal studies[43], and is in line with the recommendation to use broader cross-
template definitions of PTSD for empirical research[44]. Here, a positive PTSD diagnosis
was given to individuals who met either DSM-IV or DSM-5 diagnostic criteria or, in line
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with previous recommendations[45] endorsed a CAPS-1V total score of = 40. Individuals
who met either DSM-1V or DSM-5 diagnostic criteria but endorsed CAPS-1V total score
lower than 40, were given a positive PTSD diagnosis.

MRI Acquisition.

Whole-brain anatomical images were conducted using a 3T MAGNETOM Prisma system
(Siemens Medical Solutions, Erlangen, Germany) at the Tel-Aviv Sourasky Medical Center
(TASMC). These repeated structural MRI scans took place at three different time points
following traumatic exposure (T1, T2, and T3). At each time point, a sagittal T1-weighted
magnetization prepared rapid gradient echo (MPRAGE) sequence (TR/TE = 2400/2.29ms,
flip angle = 8°, voxel size = 0.7mm3, field of view = 224x224mm?, slice thickness=0.7mm)
was used to acquire high-resolution structural images. Foam padding and earplugs were used
to reduce head motion and scanner noise.

Hippocampus and amygdala segmentations.

Hippocampal and amygdala segmentations were performed on structural T1-weighted
images (voxel size=0.7mm3) using the longitudinal pipeline[46] of FreeSurfer image
analysis suite[47] version 7.1.0. This longitudinal pipeline reduces the confounding effect
of inter-individual variability, thus increasing the robustness of the method and yielding
more sensitive brain volumes[48]. It further increases the reliability and statistical power by
using an unbiased within-subject template space[46] (based on all available time-points of a
subject), and allowed us to use all available data (i.e., also when one time-point out of three
was missing).

Segmentations of hippocampus and amygdala subregions were obtained using a special-
purpose module included in FreeSurfer version 7.1.0, an evolution of the previous
hippocampal subfields” module released with FreeSurfer 6.0. This tool uses a probabilistic
atlas built with ultra-high resolution ex-vivo MRI data (~0.1ym isotropic) to produce

an automated segmentation of the hippocampal substructures[49] and the nuclei of

the amygdala[50]. Using this processing pipeline, hippocampal subfields and amygdala
subnuclei were segmented simultaneously, ensuring that these two structures do not overlap
or leave gaps in between[48-50]. Overall, this analysis provides volumes of 12 bilateral
hippocampal subfields (subdivided in body and head when applicable) and volumes of 9
bilateral amygdala subnuclei.

As previous studies reported laterality/asymmetry effects (e.g., different volumes between
the two hemispheres) in PTSD patients[51,52], we have examined the left and right
hippocampus and amygdala separately. Thus, for each participant at each time point

(T1, T2, T3), volumes of the left and right amygdala and hippocampus were derived,

as well as its intracranial volume. These measures were previously shown to have good
agreement with manual volumetric assessment and other automatic methods[53-56]. We
further extracted volumes of four specific hippocampal subregions previously implicated

in PTSD literature[25,31-33] - CA1, CA3, DG, and subiculum (Fig. 1a) These subregions
showed excellent reliability between two consecutive days approximately 2-weeks after their
traumatic injuries[29]. Similarly, we extracted volumes of specific subregions within the
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right and left amygdala previously implicated in PTSD literature[26,34,35] - LA, CeA, and
BA (Fig. 1b). For more details regarding the a-priori selected subregions, see Supplementary
Methods. Finally, all hippocampus and amygdala segmentations were visually inspected

and checked according to standardized quality control procedures[25] (see Supplementary
Methods & Fig. S1).

The hospital’s ED computerized records were available to the study team within 24 hours
of ED admission. Within these records, an ED ‘trauma’ notation generated initial screening
contacts from 3 days after the ED admission.

Initial telephone screening was performed by trained study personnel within 10-14 days

of ED admission, and only after individuals were discharged from the hospital. After
explaining the purpose of the call and obtaining verbal consent, interviewers confirmed the
occurrence of a psychologically traumatic event and associated distress, availability for the
study, and salient exclusion criteria (i.e., 5-10 minutes ‘short interview’). Next, interviewers
evaluated PTSD symptom severity using a modified dichotomous version of the PTSD
checklist 1V for civilians (PCL)[30,57], study availability, and full exclusion criteria (i.e.,
20-30 minutes ‘long interview’). Participants who met PTSD diagnostic criteria (except for
the 1-month duration), and did not meet any of the exclusion criteria, received further verbal
information about the study and were invited for a first clinical assessment.

Clinical interviews took place within 1-month (23.9 + 8.2 days) after ED admission at

our lab. After signing informed consent, trained clinicians from the study team assessed
PTSD diagnosis and severity using the CAPS (see ‘Clinical Assessments’ subsection).
Additionally, the interviewers re-assessed (in-person) the presence of previously unnoticed
study exclusion criteria. Identical follow-up clinical interviews took place at 6- and 14-
months post-trauma (T2 and T3).

MR Scans for eligible participants took place around 1-month (30.4 + 9.5 days) after ED
admission at our lab (after the clinical interview). Several participants were excluded at this
stage since they were not eligible for MRI scans (e.g., pacemakers, non MRI-compatible
implants, permanent make-up, large tattoos). Identical follow-up scans took place at T2 and
T3.

Statistical analysis.

The study’s primary outcome measures were right and left hippocampus and amygdala
volumes (mm3) at T1, T2, and T3. Secondary outcome measures were volumes (mm3) of
specific subregions within the hippocampus (CA1, CA3, DG, and subiculum) and within the
amygdala (LA, CeA, and BA nuclei). Differences in both primary and secondary outcome
measures were measured between the two study groups (Remission vs. non-Remission; see
“Participants’ subsection) both at T1 and across all time points (T1, T2, and T3).
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Bayesian multilevel modeling (BML) analysis.

Inspired by the recent work of Limbachia et al. (2021)[58], we leveraged the strengths of
Bayesian multilevel modeling (BML)[59-61] to estimate volumetric changes over time and
initial differences between the two study groups (Remission vs. non-Remission). One of the
strengths of BML is that it allows the simultaneous estimation of multiple parameters within
a single model, hence there is no need to apply a correction for multiple comparisons[62].
Here, we used two models for the two study aims: (1) to assess initial volumetric differences
(at T1) between the study groups (Remission vs. non-Remission; main effect of Group);

(2) to test volumetric changes across time (T1 to T2 to T3), across all individuals (main
effect of Time) or between study groups (Group-by-Time interaction). Separate models
were further conducted for the analysis of the total volumes (right and left amygdala

and hippocampus) and for the analysis of the hippocampus and amygdala subregions (see
‘Hippocampus and Amygdala Segmentations’ subsection). To account for differences in
brain sizes, we included total intracranial volume as a covariate in the former, and whole and
whole hippocampus/amygdala as covariates for the latter. All models included covariates of
participants’ age and gender, ‘Remission’ group as the baseline, a random slope for each
region of interest, and ‘Subjects’ as a random intercept. Model specifications also included
40K iterations, a 99% acceptance rate (i.e., adaptive delta), and a maximum tree depth of
15. We evaluated collinearity and computed the variance inflation factor associated with all
variables. All statistical assumptions were similar to those of Limbachia et al. (2021)[58]
and are included in our code (see “Code Availability’ subsection). We report evidence in
terms of P+, the probability of the presence of an effect of interest, based on the posterior
distribution (ranging from 0 to 1)[58]. While values closer to P+=1 provide evidence that the
effect of interest is greater than zero (e.g., larger volume in non-Remission vs. Remission
group), values closer to P+=0 convey support for a reverse effect (e.g., larger volume in

the non-Remission vs. Remission group). As values are closer to £+=0.5, they provide
stronger evidence for no-effect (e.g., similar volumes between groups). We treat Bayesian
probability values as providing a continuous amount of support for a given hypothesis (not
dichotomously as in “significant” vs. “not significant”). Nevertheless, in line with previous
work[58], we used cut-off points of P+>0.85 and P+<0.15 as evidence for differences
between the groups.

Code Availability.

Scripts to reproduce data analysis associated with the current manuscript can be found at:
https://github.com/KoremNSN/longitudinal_anatomy.

Results

Screening, enrollment, and attrition.

Figure 2 summarizes participants’ identification, screening, and consecutive evaluations. A
total of 4,058 consecutive ED-admitted trauma survivors were contacted by phone within
14 days following traumatic exposure, given information about the study, and provided
informed assent. Of those, n=3,476 individuals underwent initial screening in which they
confirmed the occurrence of a psychologically traumatic event and related symptoms (i.e.,
‘short interview’), and n=1,351 underwent eligibility assessment further assessing acute
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stress symptoms, suggestive of indicative of chronic PTSD risk[63] (i.e., ‘long interview”).
A total of 435 individuals who met the inclusion criteria for this study, and did not meet any
of the exclusion criteria (see ‘Participants’ subsection), were invited for an in-person clinical
interview within one-month post-trauma (T1), and n=300 attended these interviews. Overall,
171 participants who completed both clinical interviews and MRI scans at T1 were formally
enrolled. In this work, we focus on the n=126 who met PTSD diagnosis at T1 (excluding a
group of n=45 enrolled participants that did not meet PTSD diagnosis at T1), to specifically
examine the differences between individuals who recover from initial PTSD diagnosis and
those who develop the chronic disorder. Out of these 126 individuals, n=101 and n=100
attended identical clinical assessments and MRI scans at T2 and T3, respectively.

Evaluating sampling bias.

The demographic and clinical characteristics of the studied sample and the two study groups
(i.e., “‘Remission’ and ‘non-Remission’) are presented in Table 1 (see also ‘Participants’
subsection). By design, and towards obtaining a large-enough number of PTSD patients

at T3, participants with more severe early PTSD symptoms were selected to participate in
clinical assessments and MRI scans at T1. To evaluate, however, eventual sampling bias as
to age, gender, and trauma type, we performed a series of comparisons between individuals
included and those not included at each step (see Fig. 2) on variables known to contribute

to PTSD risk. Among participants who underwent initial screening (“short interview’;
n=3,476), those included in the eligibility assessments (‘long interview’; n=1,351) did not
differ from those screened and not included (n=2,707) in age (35.51+11.91 vs. 35.59+11.88
years, respectively), gender distribution (55.3% vs. 56.2% females), or trauma type (92.8%
MVA’s vs. 92.6%) (all p-values>0.05). Similarly, trauma survivors invited for clinical
interviewers at T1 (n=435) did not differ from those who were not invited (n=916) in

age (34.11+11.16 vs. 34.82+12.01 years), gender distribution (50.9% vs. 51.5% females) or
trauma type (89.3% vs. 90.1% MVA’s) (all p-values>0.05). Among 126 participants with

a positive PTSD diagnosis enrolled at T1, n=100 ‘study completers’ did not differ from
those who did not complete the study (n=26) in age (32.97+10.97 vs. 32.23 +9.77 years),
gender distribution (56.0% vs. 54.5% females), or trauma type (89.0% vs. 86.4% MVA’S)
(all p-values>0.05). Finally, among the 100 ‘study completers’, n=29 individuals with PTSD
diagnosis at T3 (non-Remission group) did not differ from n=71 participants without PTSD
diagnosis at T3 (Remission group) in age, gender, and trauma type (all p-values>0.05, see
Table 1). These two groups differed in PTSD symptom severity at all three time-points (T1,
T2, and T3), with the non-Remission group showing more severe symptoms compared to the
Remission group (all p-values<0.05, see Table 1).

Initial volumetric differences between study groups.

At T1, we found robust evidence for smaller right hippocampus volume in the ‘non-
Remission’ group (P+ of ~0.014), relative to the ‘Remission’ group (Fig. 3a). There was also
moderate evidence for larger left amygdala volume (P+ of ~0.870) in the non-Remission
group. Subregion analysis further demonstrated strong evidence for a smaller volume of

the right subiculum (P+of ~0.031), right CA1 (P+ of ~0.046), and left subiculum (P+ of
~0.021) of the hippocampus, in the non-Remission compared with the Remission group
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(Fig. 3b). There was no evidence for volumetric differences between groups in any of the
other examined subregions (Main Effect of Group: P+ of ~0.184-0.715; Fig. 3b).

Volumetric changes over time across all individuals and between groups.

Results of the longitudinal analysis (from T1 to T3) showed no evidence for time-dependent
changes in the amygdala or hippocampus across all participants (main effect of Time: P+

of ~0.457-0.573; Fig. 4a), or between the two study groups (Time*Group interaction: P+ of
~0.403-0.457; Fig. 4c). Consistent with these results, we found no significant associations
between changes in PTSD severity (CAPS-5 scores, T3-T1) and changes in the left or right
amygdala or hippocampal volumes (T3-T1), while controlling for subjects’ age, gender and
total intracranial volume (see Table S1. Subregion analysis further demonstrated no evidence
for time-dependent changes across all participants (main effect of Time: P+ of ~0.446-0.726;
Fig. 4b) or between groups (Time*Group interaction: P+ of ~0.360-0.485; Fig. 4d). Similar
results were found for volumetric changes from T1 to T2 (see Supplementary Results & Fig.
S2). For individual volumetric trajectories of the hippocampus and amygdala, please refer to
Figure S3.

Discussion

To the best of our knowledge, this is the first longitudinal study of recent trauma to date
with repeated clinical and structural MTI assessments at three distinct time points during
the first year following trauma exposure[30], a critical period for PTSD development or
recovery[27]. This design provided a unique opportunity to evaluate associations between
structural changes and PTSD symptom trajectories in a large sample of trauma-exposed
individuals with an initial PTSD diagnosis. Specifically, we were interested in whether
volumetric alternations of the hippocampus and the amygdala, previously observed in PTSD
patients, represent early (possibly predisposing) risk factors for the disorder’s development
or rather acquired changes in individuals who develop PTSD following traumatic exposure.

Early risk factors for PTSD development.

We found robust evidence that smaller right hippocampus volume at T1 was associated
with a ‘non-remitting PTSD’ trajectory, compared with a ‘remission’ trajectory. We further
provide moderate evidence for a larger left amygdala volume in the non-Remission

(vs. Remission) group. Together with previous evidence from twin studies[10,11], these
findings suggest that hippocampal and amygdala volumes might serve as risk factors for
PTSD development, supporting the ‘vulnerability trait’ hypothesis. These initial volumetric
differences may arise from genetic factors[64], environmental factors (e.g., childhood
trauma[65], early life stress[66]), and the interactions between them.

Furthermore, examining specific hippocampus and amygdala subregions that were
previously implicated in PTSD literature, we demonstrate that initially reduced volumes

of both left and right subiculum and right CA1 hippocampal subregions characterized
individuals with non-remitting PTSD. The subiculum, a primary output region of the
hippocampus, plays a role in contextual fear-conditioning[67,68] and regulation of the stress
response[69,70], two central and impaired processes in PTSD. Future work should further
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investigate the structure and function of the subiculum in PTSD, given the importance of this
region in the regulation of the HPA axis and dopaminergic responses to stress[71,72]. With
regard to the CAL of the hippocampus, this subregion is critically involved in the formation,
consolidation, and retrieval of context-dependent memories[73]. Accordingly, few cross-
sectional studies reported smaller CA1 volumes in PTSD patients[25,74]. Interestingly,
recent work showed that a neural pathway starting from the CAL to the dorsal subiculum to
the entorhinal cortex is essential for memory retrieval[75]. Altogether, these results support
the role of specific hippocampal subregions in the maladaptive processing of the traumatic
event.

These results are in line with laterality effects previously reported in PTSD literature[51,52].
While we found evidence for both smaller right and left hippocampus volume in the PTSD
group, the effect of the right side was more robust (right: P+ of ~0.014; left: P+ of ~0.169;
Fig. 3a), in line with a meta-analysis on hippocampal volume deficits in PTSD[51]. While
both right and left amygdala volumes were larger in the PTSD group, the effect of the left
side was more robust (right: P+ of ~0.669; left: P+ of ~0.870; Fig. 3a), consistent with two
recent studies[28,76]. Regarding the subregions, we found robust evidence for the effects

of both left and right subiculum, but only for the right (but not left) CA1. Future studies
should further investigate if the amygdala-hippocampal circuitry is indeed more apparent in
one hemisphere over the other.

Acquired changes during the first year following trauma exposure.

Our results provide strong evidence for the stability of the hippocampus and amygdala
volumes during the first fourteen months following trauma exposure (T1 to T2 to T3)
across all individuals (n=100). Furthermore, we found no significant change in any of
the hippocampal or amygdala subregions, regardless of individuals’ clinical trajectory
(e.g., whether they developed PTSD or showed remission from initial symptoms). While
recent work showed that playing Tetris video game was associated with an increased
hippocampal volume of PTSD patients within a 6-week period[77], other longitudinal
PTSD studies report no volumetric change for longer time periods, in the amygdala and
hippocampus[16-18], or in their subregions[28,29].

Interestingly, a study of earthquake trauma survivors found no change in hippocampal
gray matter density from pre-trauma to 3-4 months post-trauma in survivors who did not
develop PTSD[78]; However, a significant decrease in hippocampal gray matter density
appeared in these survivors 1-year post-trauma[79], suggesting that volumetric changes
in the hippocampus may develop slowly and gradually over the year following trauma.
Together with our results, it is possible that persistent stress symptoms in PTSD cause
gradual hippocampal volume reduction over longer time periods (e.g., more than a year
following trauma)[17].

Strengths and limitations.

First, as this study did not obtain volumetric measurements before the traumatic event,
we used one-month hippocampus and amygdala volumes as a proxy of pre-trauma
volumes. Nevertheless, most studies to date which include pre-trauma MRI measures
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examined specific sub-populations at high risk for trauma exposure (e.g., soldiers[13],
police recruits[28]). As these often involve resilient and predominantly male samples, most
subjects show only sub-clinical PTSD symptoms[13,28], limiting their generalizability to
clinical populations (i.e., PTSD patients). Second, longer follow-up durations may reveal
further differences between chronic PTSD and recovered trauma survivors. Nevertheless,
fourteen months post-trauma is the longest follow-up duration reported to date, and a
clinically stable time point by which over 90% of recovery from PTSD is expected[27].
Another limitation concerns the inclusion of only participants with initial PTSD diagnosis
(at T1). This was dictated by the need to secure a large enough number of PTSD patients at
T3 (n=29), and the understanding that those with initial symptoms are the focus of clinical
attention and indicated interventions. Our sample was also limited by trauma type, including
mostly MVA’s (89% at T1; see Table 1). The results presented here require replications in
less selective samples, including individuals with subthreshold PTSD and varying traumatic
events[80,81] (e.g., terror attacks, sexual assaults). Finally, we did not collect data on
participants’ previous trauma exposures and have only partial data on individuals’ treatments
between study visits.

Within these limitations, however, both sampling and retention biases in this work were
reasonably good. Therefore, individuals included in this work fairly well represent the
general population admitted to the ED following exposure in terms of age, gender, and
trauma type. Furthermore, individuals enrolled in this study and lost to follow-up (n=26)
did not significantly differ from those who remained and completed the study (n=100).
Participants were screened for early PTSD symptoms to enrich the sample and increase

the likelihood of endpoint PTSD. Finally, given that PTSD diagnosis varies upon DSM
taxonomic classification and is frequently criticized[82,83], here we optimized participants’
clinical characterization by combining two ‘gold standard’ structured instruments capturing
both DSM-IV and DSM-5 PTSD definitions. Together with the long follow-up of 14-months
post-trauma, indicative of the clinical course of PTSD development[27,84], our results are
likely to be generalized to adult civilians admitted to the ED following trauma exposure,
and can safely guide further explorations. Methodological strengths of this work include
higher resolution structural T1-weighted images (0.7mm3 compared to the most common
1mm3 resolution[85]) and the use of the longitudinal analysis pipeline (reducing the
confounding effect of inter-individual variability)[48]. Importantly, Wisse et al. (2020)[85]
cautioned against using hippocampal subfield volumetry from 1mm3 resolution images, and
recommended the use of higher-resolution MRI scans.

This work supports the role of volumetric abnormalities in specific hippocampal subregions
as early vulnerability traits associated with non-recovery from acute PTSD. It further
demonstrates stable volumes of hippocampus and amygdala subregions during the first
fourteen months following trauma exposure, thus not supporting the idea of progressive,
stress-related atrophy of these regions in the critical first-year post-trauma.
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Figure 1. Segmentation of hippocampus and amygdala subfields.
Automatic segmentation of hippocampus and amygdala subregions, as generated with

FreeSurfer 7.1.0 for one representative subject. Hippocampal subfields (panel a) and
amygdala nuclei (panel b) are displayed in sagittal (left), coronal (middle), and axial (right)
planes. Enlarged images are presented in a sagittal plane.
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event (n=2), Current substance use disorder (n=1), Head injury (n=1), No traumatic event (n=1)

Figure 2. Consort diagram.

Flow chart depicting the inclusion and exclusion of participants in this report. £D =

Emergency Department; PTSD = Post- Traumatic Stress Disorder.
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Figure 3. Posterior distributions of the main effect of Group at one-month post-trauma (T1).
Posterior distributions are presented for the left and right hippocampus and amygdala

volumes (panel a) and for their subregions (panel b). The left vertical axis depicts the
different regions/subregions while the right vertical axis depicts the P+ values. Values
closer to P+=0 provide evidence for greater volume in the Remission group (Remission

> non-Remission, left side of the horizontal axis), while values closer to P+=1 convey
support for greater volume in the non-Remission group (non-Remission > Remission, right
side of the horizontal axis). As values are closer to P+=0.5, they provide stronger evidence
for similar volumes between groups (e.g., no effect). Posterior distributions are colored
according to their P+ values: dark blue to turquoise (0.00<P+>0.15), gray (0.15<P+>0.85),
or light yellow to dark red (0.85<P+>1.00). CA = cornu ammonis, DG = dentate qyrus, LA
= lateral amygadala, CeA = central amygdala, BA = basal amygdala.
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Figure 4. Posterior distributions of the main effect of Time (T3-T1) and Group-by-Time
interaction (T3-T1).
Posterior distributions are presented for the left and right hippocampus and amygdala

volumes (panels a & b), and for their subregions (panels ¢ & d). The left vertical axis
depicts the different regions/subregions while the right vertical axis depicts the P+ values.
For the main effect of time (T1 to T3) across all 100 participants (panels a & b), P+ values
closer to 0 provide evidence for a general decrease in volume (left side of the horizontal
axis), while P+ values closer to 1 convey support for a general increase in volume (right side
of the horizontal axis). As values are closer to P+=0.5, they provide stronger evidence of no
change in volume across all individuals (i.e., no effect). For the group-by-time interaction
(T1to T3) (panels ¢c & d), P+ values closer to 0 or 1 provide evidence for different

volume changes over time between groups (Remission>non-Remission on the left side of
the horizontal axis or Remission<non-Remission on the right side of the horizontal axis).
As values are closer to P+=0.5, they provide stronger evidence for no-effect (i.e., similar
volume changes between groups). Posterior distributions are colored according to their P+
values: dark blue to turquoise (0.00<P+>0.15), gray (0.15<P+>0.85), or light yellow to dark
red (0.85<P+>1.00). CA = cornu ammonis, DG = dentate gyrus, LA = lateral amygdala,
CeA = central amygaala, BA = basal amygadala.
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Table 1.
Participants’ demographic and clinical characteristics.

While all participants met PTSD diagnostic criteria at 1-month post-trauma (T1), n=29 individuals met PTSD
diagnostic criteria at 14-months post-trauma (T3) (‘non-Remission” Group) and n=71 did not (‘Remission’
Group). MVA = Motor Vehicle Accident;, CAPS = Clinical-Administered PTSD Scale.

Study Groups Characteristics
Study Groups
Variable Overall, N = 100l Remission, N =71 non-Remission, N =29 p—value2
Gender, n/ N (%) 0.43
Male 44 1 100 (44%) 33/ 71 (46%) 11/ 29 (38%)
Female 56 / 100 (56%) 38/ 71 (54%) 18/ 29 (62%)
Trauma Type, n/ N (%) 0.76
MVA 89 / 100 (89%) 64 /71 (90%) 25/ 29 (86%)
Assult/Brawl 5 /100 (5.0%) 3171 (4.2%) 2129 (6.9%)
Other 6 /100 (6.0%) 471 (5.6%) 2129 (6.9%)
Age, Mean (SD) 32.97 (10.97) 33.10 (11.28) 32.66 (10.37) 0.75
CAPS-5 at T1, Mean (SD) 29.21 (9.12) 27.23 (7.64) 34.07 (10.66) 0.003
CAPS-4 at T1, Mean (SD) 60.40 (16.82) 57.27 (14.40) 68.07 (19.91) 0.014
CAPS-5 at T2, Mean (SD) 18.06 (10.51) 14.79 (8.80) 25.79 (10.28) <0.001
(Missing) 6 5 1
CAPS-4 at T2, Mean (SD) 37.06 (20.63) 30.02 (17.07) 53.68 (18.87) <0.001
(Missing) 6 5 1
CAPS-5 at T3, Mean (SD) 12.73 (10.33) 7.73(6.03) 24.97 (8.23) <0.001
CAPS-4 at T3, Mean (SD) 25.80 (20.56) 15.37 (11.17) 51.34 (15.22) <0.001

'Zn I'N (%); Mean (SD)

2 . . .
Pearson's Chi-squared test; Fisher's exact test; Wilcoxon rank sum test
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