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Background: The hippocampus is a central brain structure involved in stress 
processing. Previous studies have linked stress-related mental disorders, such 
as post-traumatic stress disorder (PTSD) and major depressive disorder (MDD), 
with changes in hippocampus volume. As PTSD and MDD have similar symptoms, 
clinical diagnosis relies solely on patients reporting their cognitive and emotional 
experiences, leading to an interest in utilizing imaging-based data to improve 
accuracy. Our field study aimed to determine whether there are hippocampal 
subfield volume differences between stress-related mental disorders (PTSD, 
MDD, adjustment disorders, and AdjD) using routine clinical data from a military 
hospital.

Methods: Participants comprised soldiers (N = 185) with PTSD (n = 50), MDD 
(n = 70), PTSD with comorbid MDD (n = 38), and AdjD (n = 27). The hippocampus 
was segmented and volumetrized into subfields automatically using FreeSurfer. 
We used ANCOVA models with estimated total intracranial volume as a covariate 
to determine whether there were volume differences in the hippocampal 
subfields cornu ammonis 1 (CA1), cornu ammonis 2/3 (CA2/3), and dentate 
gyrus (DG) among patients with PTSD, MDD, PTSD with comorbid MDD, and 
AdjD. Furthermore, we  added self-reported symptom duration and previous 
psychopharmacological and psychotherapy treatment as further covariates to 
examine whether there were associations with CA1, CA2/3, and DG.

Results: No significant volume differences in hippocampal subfields between 
stress-related mental disorders were found. No significant associations were 
detected between symptom duration, psychopharmacological treatment, 
psychotherapy, and the hippocampal subfields.
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Conclusion: Hippocampal subfields may distinguish stress-related mental 
disorders; however, we did not observe any subfield differences. We provide 
several explanations for the non-results and thereby inform future field 
studies.
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1. Introduction

The German Armed Forces, also known as the Bundeswehr, face 
regular instances of soldiers experiencing mental disorders following 
deployment. Post-traumatic stress disorder (PTSD) is one of the most 
common mission-related mental disorders, followed by Adjustment 
Disorder (AdjD), and Major Depressive Disorder (MDD; Kowalski 
et al., 2012). According to the 64th annual report of the Parliamentary 
Commissioner for the Armed Forces, the incidence of deployment-
related mental illnesses among soldiers remains consistently high 
(German Bundestag, 2022). In 2022, out of 305 deployment-related 
mental illness cases, 197 were identified as PTSD. The average 
prevalence of PTSD among Bundeswehr soldiers 12 months after 
returning from deployment was 2.9% (Wittchen et  al., 2012). In 
contrast, the prevalence among veterans of the U.S. military ranges 
from 2 to 15%, depending on the mission’s specifications (Na et al., 
2023). The differences in prevalence rates are multifactorial, with one 
possible reason being the relatively longer deployment time and 
higher deployment burden experienced by U.S. soldiers compared to 
German troops.

The hippocampus (HC) is a crucial brain structure associated 
with the pathogenesis of PTSD, depression, and other stress-related 
disorders. As an important part of the limbic system, HC plays a 
critical role in consolidating and retrieving memories, regulating 
emotions, and learning processes (Franklin and Grossberg, 2017; 
Hainmueller and Bartos, 2020). The HC is hypothesized to play a 
key role in the neuroendocrine stress response in processing 
trauma-related stimuli. Several studies have indicated that PTSD 
[for reviews, see del Casale et al. (2022); Bromis et al. (2018)] and 
MDD [for a review, see Sun et al. (2023)] may lead to small HC 
volumes globally as well as specific morphological alterations in 
HC subfields (PTSD: Averill et al., 2017; Hayes et al., 2017; Chen 
et al., 2018; Postel et al., 2019, 2021; Zhang et al., 2021; MDD: 
Brown et al., 2019; Han et al., 2019; Roddy et al., 2019; Yao et al., 
2020; Twait et al., 2022).

Stress-related mental disorders such as PTSD and MDD share 
similar symptoms (World Health Organization, 2018). Similar to 
many mental disorders, diagnosis depends solely on patients’ ability 
to describe their cognitive and emotional experiences (Koutsouleris 
et al., 2022). Therefore, there is a growing interest in utilizing imaging-
based data to support a more accurate diagnosis in the long term 
(Serra-Blasco et al., 2021). In this clinical field study, we aimed to take 
a first step toward this goal by investigating whether there are 
significant differences in HC subfield volumes among patients with 
PTSD, MDD, PTSD with comorbid MDD, and AdjD using routinely 
acquired MRI data.

1.1. Hippocampal subfield alterations in 
post-traumatic stress disorder, depression, 
and adjustment disorder

1.1.1. Structural imaging of the hippocampus and 
post-traumatic stress disorder

PTSD is a complex stress-related mental disorder that arises from 
a specific traumatic event, and its symptoms include intrusion, 
avoidance, hyperarousal, sleep and mood disturbances, and difficulty 
concentrating (World Health Organization, 2018). The HC is 
considered to play a central role in the pathophysiology of PTSD, and 
meta-analyses have provided evidence suggesting that PTSD is 
associated with a smaller hippocampal volume (O’Doherty et al., 2015; 
Bromis et al., 2018; Logue et al., 2018).

O’Doherty et al. (2015) reported significant reductions in HC 
volumes for patients with PTSD (N = 676) compared to 
non-traumatized controls (NNTC = 460, g = 0.49), traumatized controls 
(NTC = 487, g = 0.37), and the sub summation of non-traumatized and 
traumatized healthy controls (g = 0.42). However, these results should 
be  interpreted cautiously because they may represent substantial 
heterogeneity (I2 = 42.7, I2 = 61.9, and I2 = 58.6, respectively). With 
more studies included and a larger sample size (NPTSD = 2,689, 
NNTC = 2,260, NTC = 1,646), Bromis et al. (2018) found similar results 
(PTSD vs. NTC: g = 0.60, I2 = 0.53; PTSD vs. TC: g = 0.24, I2 = 0.55; 
PTSD vs. NTC + TC: g = 0.43, I2 = 0.58). One possible explanation for 
the heterogeneity could be  the different populations (military vs. 
civilian), different image acquisition methodologies, different image 
processing methods (manual vs. automatic), and heterogeneous 
sample characteristics.

Logue et al. (2018) conducted a meta-analysis to address some of 
these shortcomings. They only included studies that used a 
standardized image analysis and quality control pipeline developed by 
the ENIGMA consortium. All included studies used FreeSurfer, a 
software-based automated volumetric program (Sämann et al., 2022). 
The authors further speculated that the results of previous meta-
analyses may overestimate the true effect size due to the file drawer 
problem (Logue et  al., 2018). Therefore, their consortium can 
contribute to existing knowledge by using unpublished data from 
multiple countries, which is likely to result in smaller but more 
unbiased effect sizes. Results showed a significant reduction in 
hippocampal volume in patients with PTSD (N = 780) compared to 
the sum of traumatized and non-traumatized controls (N = 1,062, 
d = 0.17; I2 = 0.00). They also conducted a subgroup analysis comparing 
military and civilian populations. The results showed a higher impact 
in civilians (d = 0.21, p = 0.003) than in military samples (d = 0.11, 
p = 0.110).
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Recent studies have suggested examining hippocampal 
subfields in addition to the whole hippocampus (Weis et al., 2021). 
The subfields may provide a more nuanced understanding of the 
hippocampus’s functionality and afford greater precision to 
differentiate between patients with PTSD and traumatized and 
non-traumatized healthy controls (Chen et al., 2018; Postel et al., 
2021; Zhang et al., 2021) and might even help differentiate between 
other mental disorders. Previous studies found a significantly 
smaller CA1  in patients with PTSD than in traumatized and 
non-traumatized controls (Chen et al., 2018; Postel et al., 2021), 
while other studies found a significantly smaller dentate gyrus 
(DG) compared to non-traumatized controls (Hayes et al., 2017; 
Postel et al., 2019; Zhang et al., 2021). Although less frequently 
reported, some studies have found negative correlations between 
the clinician-administered PTSD Scale and the hippocampus-
amygdala transition area (HATA; Averill et al., 2017) and smaller 
volumes of CA4 compared to traumatized controls (Hayes et al., 
2017). All studies used the FreeSurfer software. Nevertheless, the 
results should be interpreted with caution because of differences in 
the population (military: Averill et al., 2017; Hayes et al., 2017; 
Chen et al., 2018; civilian: Postel et al., 2019, 2021; Zhang et al., 
2021), type of trauma, and sample sizes. However, they could 
be  interpreted as preliminary evidence for particularly smaller 
CA1 and DG in patients with PTSD than in healthy controls.

Of note, the volume differences in the hippocampus and its 
subfields between PTSD patients and controls may not necessarily be a 
consequence or vulnerability factor for the development of 
PTSD. However, previous studies have shown conflicting results 
(Gilbertson et al., 2002; Kühn et al., 2021).

1.1.2. Structural imaging of the hippocampus and 
major depressive disorder

MDD is the third most common mental illness among German 
soldiers and affects millions of people worldwide. In Germany, the 
lifetime prevalence of MDD ranges from 9.9% (Kessler et al., 2003) to 
15% (Streit et al., 2022), while, in the United States, it is 20.6% (Hasin 
et al., 2018). Depressive episodes are characterized by a period of 
depressed mood or decreased interest in activities for most of the day, 
lasting at least 2 weeks, accompanied by other symptoms such as 
difficulty concentrating, feelings of worthlessness or excessive guilt, 
recurrent thoughts of death or suicide, changes in appetite or sleep, 
and more (World Health Organization, 2018).

The causes of MDD are multifactorial and complex; despite 
intensive research, the neurobiological effects on the brain and 
pathophysiological mechanisms of MDD are not yet fully understood 
(Yao et al., 2020). As part of the limbic system and the hypothalamic–
pituitary–adrenal (HPA) axis, the HC plays a crucial role in the 
pathogenesis of MDD. In addition to its function in declarative 
memory processes, it is also involved in emotion regulation, 
motivational behavior, and the neuroendocrine stress response 
(Oyarce et  al., 2020). Similar to the pathogenesis of PTSD, 
dysregulation of the HPA axis leads to increased cortisol release 
subsequently HC atrophy (Campbell and MacQueen, 2004).

Among other brain structures, changes in the HC are the most 
stable findings in brain volume research (Bromis et al., 2018; Oyarce 
et  al., 2020), although, similar to PTSD, there is considerable 
heterogeneity. Bromis et al. (2018) reported significant reductions in 
hippocampal volume of patients with MDD (N = 1,377) compared to 

healthy controls (N = 1,281, g = 0.47, I2 = 0.67). Oyarce et al. (2020) 
reported similar results (NMDD = 1737; NControl = 2,142; mean volume 
difference = 0.20; p < 0.001; I2 = 0.86). The heterogeneity might 
be explained by methodological differences (image acquisition and 
image processing) and different clinical characteristics, such as 
severity, duration, onset-date, and recurrence of MDD (Bromis et al., 
2018; Oyarce et al., 2020).

Some authors argue that examining the HC subfields may 
provide a more nuanced understanding to differentiate patients 
with MDD from healthy controls and to help distinguish it from 
other mental disorders (Sun et al., 2023). Here, a recent meta-
analysis of HC subfields found significantly smaller left CA3 
(included studies: k = 8, I2 = 0.71) and CA4 (included studies: k = 7, 
I2 = 0.69) and increased right HATA (included studies: k = 2, 
I2 = 0.27) in patients with MDD than in healthy controls. 
Furthermore, the authors conducted indirect volume comparisons 
between patients with schizophrenia and MDD by synthesizing 
studies that compared each group to healthy controls, but no 
significant differences were found (Sun et al., 2023). However, the 
heterogeneity, number of included studies, and methodology 
shortcoming, such as not controlling for intracranial volume 
(ICV), limit the interpretation of results. Nevertheless, the authors 
emphasize the need for head-to-head comparisons between 
patients with MDD and other mental disorders using a subfield-
level examination of the HC to improve our understanding of the 
pathophysiology, which could lead to a more accurate diagnosis 
in the long term.

1.1.3. Structural imaging of the hippocampus and 
post-traumatic stress disorder with comorbid 
major depressive disorder

PTSD and MDD are recognized as distinct mental disorders by 
the World Health Organization (2018), although they are often 
comorbid (Flory and Yehuda, 2015). While MDD as the primary 
diagnosis of comorbid PTSD is less common (1.4%; Dold et al., 2017), 
individuals with PTSD as the primary diagnosis also suffer from 
MDD. A meta-analysis of 57 studies (Rytwinski et al., 2013) showed 
that MDD co-occurred in 52% of PTSD cases. Furthermore, comorbid 
PTSD and MDD are significantly associated with increased distress 
and a more chronic course of impairment and are more prevalent 
among military personnel than the civilian population. Therefore, one 
might speculate that PTSD comorbid with MDD might be associated 
with more significant alterations than patients without PTSD or 
MDD comorbidities.

In this regard, the ENIGMA consortium conducted a study 
examining structural differences between individuals with comorbid 
PTSD and MDD (N = 621), PTSD-only (N = 384), MDD-only 
(N = 138), and controls without MDD or PTSD (N = 1,120; Salminen 
et al., 2019). The results indicated a significantly reduced volume of 
the hippocampal tail and CA1  in individuals with depression 
compared to controls. Additionally, the comorbid PTSD with 
depression group had a significantly reduced volume of CA1 not only 
compared to controls but also to the PTSD-only and MDD-only 
subgroups, especially in the military subsample. The authors 
concluded that comorbid PTSD and MDD might represent a unique 
biological phenotype with a particular vulnerability in the CA1 region. 
However, the results have been published as a preprint and should 
be interpreted cautiously until peer review is complete.
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1.1.4. Structural imaging of the hippocampus and 
adjustment disorder

According to ICD-11 criteria, AdjD is a maladaptive reaction to 
an identifiable psychosocial stressor or multiple stressors (e.g., divorce, 
illness, or conflicts at work) that usually emerges within a month of 
the stressor (World Health Organization, 2018). The disorder is 
characterized by preoccupation with the stressor, its consequences, or 
constant rumination about its implications. Patients cannot 
functionally adapt to stressors that cause significant impairment in 
everyday personal, family, and social life. The symptoms are not better 
explained by another mental disorder (e.g., MDD or PTSD) and 
typically resolve within 6 months unless the stressor persists longer 
(World Health Organization, 2018).

The prevalence in Germany is nationwide at about 1% 
(Maercker et  al., 2012), and it is one of the most common 
diagnoses in the German Armed Forces after deployment 
(Kowalski et al., 2012).

We are unaware of any evidence available on the subfield-level 
examination of HC concerning AdjD. However, evidence suggests that 
AdjD is a stress-related mental disorder likely to be  less severe 
(O’Donnell et  al., 2016; Morgan et  al., 2022). Therefore, it can 
be assumed that due to the potential lower severity of AdjD and the 
typically shorter duration of stress exposure, AdjD may be less affected 
by alterations in HC subfields than PTSD or MDD.

1.2. Anatomy of the hippocampus

HC can be  macroscopically segmented into head, body, 
tail, and fissure (Sämann et  al., 2022). Its main structures 
are the DG, cornu ammonis (CA), and subiculum (SUB). 
Histologically, the DG consists mainly of a granular cell layer (GC) 
surrounded by a molecular layer (ML). Other structures not part 
of HC are the presubiculum, parasubiculum, and entorhinal 
cortex. Furthermore, the main HC structures can 
be  sub-segmented into subfields (Iglesias et  al., 2015; Sämann 
et al., 2022).

HC is characterized by a higher-than-average concentration of 
glucocorticoid receptors, which makes it particularly sensitive to stress 
since elevated levels of glucocorticoids and excitatory 
neurotransmitters have a toxic effect on HC (McEwen et al., 1997). 
Coherent experiments on rodents have shown that the neurotoxic 
effect of stress can lead to the atrophy of HC (Bremner et al., 1995). 
Neurotoxicity can result in suppressed neurogenesis, decreased 
dendritic branching, and reduced synaptic or neuronal plasticity, 
which are mechanisms that can lead to a small HC volume (Wang 
et  al., 2010). Nevertheless, a characteristic feature of HC is the 
plasticity of the organ (Franklin and Grossberg, 2017) by which HC 
neurons can recover from stress-induced atrophy. A previous study 
suggests that the neurotoxic effect of stress can be  modulated or 
blocked not only with pharmacological interventions (Duman, 2004), 
and psychotherapy might lead to an increase in HC volume (Manthey 
et al., 2021).

Some HC subfields seem to be  more effected by the 
neurotoxicity of stress than others, but neither PTSD (Chen et al., 
2018; Postel et al., 2021; Zhang et al., 2021) nor MDD (Sun et al., 
2023) nor AdjD can finally be attributed to specific HC subfields 
yet (Salminen et al., 2019).

1.3. Research questions

Previous studies have focused on the total HC volume and found 
smaller volumes in patients with PTSD and MDD than in healthy 
controls (O’Doherty et al., 2015; Bromis et al., 2018; Logue et al., 2018; 
Oyarce et  al., 2020). However, interpreting these findings requires 
consideration of substantial heterogeneity. Moreover, it remains unclear 
how these results can be translated to the clinical inpatient routine, 
where healthy controls are typically unavailable. In this context, a more 
nuanced understanding of the potential differences between stress-
related mental disorders would greatly benefit supporting accurate 
long-term diagnosis (Weis et al., 2021; Sun et al., 2023). Examining HC 
subfield volumes could be a promising tool for achieving this goal.

Previous studies have found that patients with PTSD have smaller 
CA1 and DG regions than healthy controls (Hayes et al., 2017; Chen 
et al., 2018; Postel et al., 2019, 2021; Zhang et al., 2021). Although 
some evidence for smaller CA2/3 and HATA regions exists in patients 
with PTSD, these findings have been less frequently reported (Averill 
et al., 2017; Hayes et al., 2017). A recent meta-analysis by Sun et al. 
(2023) revealed initial evidence for a smaller CA2/3, CA4, and 
increased HATA region in patients with MDD compared to healthy 
controls. Furthermore, their results showed no significant differences 
in HC subfield volumes between patients with MDD and 
schizophrenia. However, this null result should be  interpreted 
cautiously, as they conducted indirect comparisons since they 
identified no study that directly compared patients with MDD and 
schizophrenia. Accordingly, the authors encourage future research to 
compare different mental disorders directly.

In light of these findings, we conducted a field study to investigate 
whether stress-related mental disorders (PTSD, MDD, PTSD+MDD, 
and AdjD) differ significantly in HC subfield volumes (CA1, CA2/3, and 
DG) when controlling for estimated intracranial volume (eTIV) using 
MRI scans from routine clinical data. We included AdjD in our study 
design, as they are highly prevalent in military populations. Moreover, 
it can be assumed that patients with AdjD, who are likely exposed to 
stress for a shorter duration and with lesser severity, may be less affected 
by HC subfield alterations than individuals with PTSD or MDD.

Our exploratory analyses examined whether self-reported 
symptom duration, medication treatment, and psychotherapeutic 
experience are associated with CA1, CA2/3, and DG volumes and 
whether they may influence potential differences between stress-
related mental disorders.

2. Materials and methods

The local ethics committee of the Chamber of Physicians in 
Hamburg, Germany (Ref. No.: PV7098), the Administrative Data 
Protection Officer of the Bundeswehr Hospital Hamburg, and the 
members of the research conference of the Bundeswehr Medical Academy 
Munich, Germany (44 K2-S-322224) approved the study design.

2.1. Sample and clinical measures

The following inclusion criteria were defined for this retrospective 
cross-sectional cohort study: patients had to meet one of the 
following ICD-10 diagnoses, as assessed by a specialist in psychiatry 
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and a licensed psychotherapist: a single episode of major depressive 
episode in mild (F32.0)/moderate (F32.1)/severe (F32.2) severity, a 
recurrent major depressive episode in mild (F33.0)/moderate (F33.1)/
severe (F33.2) severity, PTSD (F43.1), or AdjD (F43.2). We  used 
psychiatrically indicated cMRI scans obtained during the inpatient 
stay (to exclude somatic brain changes initially) and evaluated them 
using FreeSurfer 6.0 to get volumes of the hippocampal subfields. 
Exclusion criteria included previous intracranial injury, CNS 
disorders such as epilepsy, multiple sclerosis, intracranial tumors, 
psychosis, and alcohol or drug dependence.

The sample recruited from the clinical routine comprised 185 
patients (162 men, 23 women) who received inpatient psychiatric 
treatment at the Bundeswehr Hospital Hamburg from January 2014 
to March 2019 and underwent a cMRI scan during the examination 
period, which was performed using the same MRI scanner (see 
section 2.2). Subjects were divided into the following four patient 
groups for subsequent hypothesis testing: (i) patients with diagnosed 
MDD (n = 70, 37.8%), (ii) patients with diagnosed PTSD (n = 50, 
27.0%), (iii) patients with diagnosed PTSD and comorbid MDD 
(n = 38, 20.6%), and (iv) patients with diagnosed adjustment disorder 
(n = 27, 14.6%). The patients’ ages ranged from 17 to 61 years 
(M = 31.96, SD = 8.96). Of the sample, 69 patients (37.3%) were 
treated with psychopharmacological medication, and 85 patients 
(45.9%) had undergone psychotherapy (including both outpatient 
and inpatient psychotherapy), with general dichotomous extraction 
categories formed for data protection reasons. The reported symptom 
duration was extracted (M = 42.68 months, SD = 48.1, range: 
1–269 months), although the duration of symptoms highly depends 
on the specific mental disorder. However, previous empirical studies 
have suggested an association between symptom duration and 
hippocampal volume alterations (Bromis et al., 2018; Oyarce et al., 
2020). Additional sociodemographic variables, such as gender, 
education, military rank, and previous psychotherapeutic experience, 
are also recorded and reported in Table 1.

The medical and psychiatric histories of the participants were 
obtained from their medical reports at the Center for Mental Health 
of the Bundeswehr Hospital Hamburg. According to the data security 
concept, access to these reports was restricted to authorized personnel. 
MRI data and MRI reports were obtained from the Radiology 
department of Bundeswehr Hospital Hamburg. The psychiatric 
diagnoses were assigned by a specialist in psychiatry and a licensed 
psychotherapist based on the ICD-10 criteria, which were assessed 
through anamnesis interviews and reevaluated during treatment. 
Psychometric test procedures were frequently used to support the 
clinically assigned diagnoses but were not obligatory. Unfortunately, 
due to data protection regulations, we  did not have access to the 
results of the psychometric tests (see 4.1, limitations section). A 
radiology specialist assessed MRI data.

2.2. Analysis and processing of cMRI data

Magnetic resonance imaging (MRI) scans were acquired using a 3 T 
Siemens Skyra MRI scanner (Siemens AG Medical Solutions, Erlangen, 
Germany) at the Radiology Department of the Bundeswehr Hospital, 
using a 20-channel head–neck coil. Along with other MRI sequences, a 
sagittal three-dimensional gradient-echo T1-weighted sequence called 
magnetization-prepared rapid gradient echo (MPRAGE) was obtained 
for structural analysis. The parameters of the MPRAGE sequence were 
as follows: TR of 2300 ms, TE of 2.3 ms, matrix size of 256 × 256, voxel 
size of 0.9 mm3, and 192 slices in the sagittal plane.

The reconstruction of images and automated delineation of the 
whole HC and its surrounding associated structures into subfields 
were performed using version 6.0 of the FreeSurfer software.1 

1 http://surfer.nmr.mgh.harvard.edu

TABLE 1 Sociodemographic variables of the sample.

PTSD
(N = 50)

MDD
(N = 70)

PTSD + MDD
(N = 38)

AdjD
(N = 27)

Variable n % n % n % n % χ2 (df) p

Sex 1.68(3) 0.640

Male 44 88.0 63 90.0 31 81.6 24 88.9

Female 6 12.0 7 10.0 7 18.4 3 11.1

Education 6.30(6) 0.390

University 9 18.8 12 17.4 2 5.3 5 18.5

Highschool 6 12.5 15 21.7 8 21.1 7 25.9

Middle school 33 68.8 42 60.9 28 73.7 15 55.6

Military rank 7.69(6) 0.261

OF 10 20.0 15 21.4 4 10.5 7 25.9

OR 5–9 22 44.0 32 45.7 26 68.4 11 40.7

OR 1–4 18 36.0 23 32.9 8 21.1 9 33.3

Prev. Psycho 22.8 (3) <0.001

Yes 28 56.0 25 35.7 27 71.1 5 18.5

No 22 44.0 45 64.3 11 28.9 22 81.5

OF, officers; OR 5–9, noncommissioned officers; OR 1–4, enlisted ranks; Prev. Psycho, previous psychotherapy experience.
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This software utilizes a Bayesian modeling approach that predicts the 
location of neuroanatomical labels based on probabilistic atlases and 
learns the locations of manual hippocampal segmentations from 
training subjects (Iglesias et al., 2015). The automated segmentations 
were validated against manual morphometric measurements of ultra-
high-resolution scans and demonstrated improved interstudy 
comparability (Hayes et al., 2017; Sämann et al., 2022).

FreeSurfer 6.0 segmented the left and right HC into different 
subfields: for the HEAD, these were parasubiculum, presubiculum-
head, subiculum-head, CA1-head, CA2/3-head, CA4-head, GC-ML-
DG-head, molecular_layer-HP-head, and hippocampus-amygdala 
transition area (HATA); for the BODY, the subfields were 
presubiculum-body, subiculum-body, CA1-body, CA2/3-body, 
CA4-body, GC-ML-DG-body, molecular_layer-HP-body, and 
fimbria; for the TAIL, the subfields were hippocampal tail and for the 
FISSURE, hippocampal-fissure. Owing to a lack of distinguishing 
contrast and the small size of the CA2 subfield, CA2, and CA3 were 
combined and discussed as CA 2/3. Subfields were combined to form 
larger subfield structures, including subiculum, presubiculum, 
parasubiculum, CA1, CA2/3, CA4, and GC-ML-DG (including the 
DG and molecular layer), respectively, to ensure precise volume 
quantification. HATA, fimbria, HC tail, and HC fissure were 
also included.

Individual differences in brain and HC volumes are influenced by 
sex, age, and head size (Nerland et al., 2022). Therefore, adjusting for 
intracranial volume (ICV) to compare HC subfield volumes between 
individuals is essential. FreeSurfer software was used to calculate the 
estimated total intracranial volume (eTIV), which is equivalent to 
manually generated ICV (Buckner et al., 2004) and was included as a 
covariate in our analysis (O'Brien et al., 2011).

2.3. Statistical analysis

All statistical calculations were conducted using IBM SPSS 
Statistics for Windows version 28 (IBM Corp. Released 2021, Armonk, 
N.Y., USA). Based on previous studies, we  selected the following 
hippocampal subfields as variables of interest: (i) CA1, (ii) CA2/3, and 
(iii) DG. As previous studies did not conclusively provide information 
on a specific hemisphere, we defined the total volume of the CA1, 
CA2/3, and DG subfields as the primary outcome variable by adding 
the volumes of the left and right hemispheres. Inferential statistics 
were only conducted for CA1, CA2/3, and DG to reduce the likelihood 
of false positives due to multiple dependent variables.

For each dependent variable (CA1, CA2/3, and DG), 
we conducted a one-factorial analysis of covariance (ANCOVA), with 
the patient groups (MDD, PTSD, PTSD+MDD, and AdjD) as the 
independent variable and eTIV as a covariate. If a significant main 
effect for the factor patient groups was found, we conducted a-priori 
planned contrast analyses to examine whether the volume of each 
dependent variable was significantly smaller in patients with (i) MDD, 
(ii) PTSD, and (iii) PTSD+MDD than AdjD.

We used histograms separated by the patient group to test the 
normal distribution assumption. Visual inspection did not show a 
clear normal distribution in all cases. Therefore, we  repeated the 
analysis using the bootstrapping procedure (bootstrap samples: 
k = 1,000 with bias-corrected confidence intervals; Field, 2018) 
and reported the bootstrapped parameter estimates in 

Supplementary Table S1. No substantial differences were observed. 
We used boxplots for each outcome variable separated by the patient 
group to perform an outlier analysis (see Figure 1). If outliers were 
identified, we conducted covariance analysis with and without outliers 
(Pollet and Van Der Meij, 2017). However, the results obtained with 
and without the outliers did not differ significantly. Therefore, we only 
reported the results with outliers in the manuscript, whereas 
Supplementary Table S2 reports the results with and without outliers.

Although our inferential analyses focused on CA1, CA2/3, and 
DG, we computed descriptive statistics for all hippocampal subfields 
to provide a more comprehensive overview of the data. Descriptive 
statistics, including means, standard deviations, and 95% confidence 
intervals, are reported in Supplementary Table S3. In addition to these 
statistics, we calculated eTIV-corrected effect sizes (using Cohen’s d 
for unequal-sized samples; Ellis, 2010) between the different stress-
related mental disorders for each hippocampal subfield, separated by 
hemisphere, and presented them in Table 2.

2.4. Power analysis

A post-hoc power analysis was conducted using an adjusted alpha 
level of 0.017 and power of 80%, with N = 185 participants, one 
covariate (eTIV), and one independent variable (patient groups: 
MDD, PTSD, PTSD + MDD, and AdjD) for analysis of covariance. The 
results indicated that we could detect differences if the effect size were 
f ≥ 0.27 (0.10 = small effect size, 0.25 = medium effect size, 0.40 = large 
effect size; Cohen, 2013). Power analysis was performed using 
G*Power software (Faul et al., 2007). Given that we conducted three 
ANCOVAs, we applied the Bonferroni correction and adjusted the 
alpha level to α = 0.017.

3. Results

The ANCOVA results for the CA1, CA2/3, and DG subfields are 
presented in sections 3.1–3.3, respectively. For an overview of the 
results, see Table 3.

3.1. Cornu ammonis 1 subfield

One-factorial ANCOVA revealed a significant main effect for the 
covariate eTIV, F(1,180) = 77.6, p < 0.001, ηp

2 = 0.301, but no significant 
differences for the factor patient group, F(3,180) = 0.39, p = 0.301, 
ηp

2 = 0.006.
We added potential covariates (symptom duration, medication, 

and prior psychotherapeutic experience) to the ANCOVA models for 
the exploratory questions. We  examined their effects and the 
interaction effects with the patient group factor on CA1. However, 
we  found no significant associations: (i) symptom duration, 
F(1,143) = 0.87, p = 0.352, ηp

2 = 0.006, (ii) interaction of symptom 
duration × patient group, F(3,143) = 0.88, p = 0.453, ηp

2 = 0.018, (iii) 
medication, F(1,143) = 0.47, p = 0.494, ηp

2 = 0.003, (iv) interaction of 
medication × patient group, F(3,143) = 1.08, p = 0.356, ηp

2 = 0.022, (v) 
previous psychotherapeutic experience, F(1,143) = 0.17, p = 0.681, 
ηp

2 = 0.001, and (vi) interaction of previous psychotherapeutic 
experience × patient group, F(3,143) = 0.51, p = 0.670, ηp

2 = 0.011.
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3.2. Cornu ammonis 2/3 subfield

The results of the one-factorial ANCOVA showed a significant 
effect for the covariate eTIV, F(1,180) = 59.7, p < 0.001, ηp

2 = 0.249, but 
no significant differences for the factor patient group, F(3,180) = 0.96, 
p = 0.412, ηp

2 = 0.016.
To address these exploratory questions, we  applied the 

same procedure as that for subfield CA1. Again, we  found no 
significant associations between these covariates and the volume 
of CA2/3: (i) symptom duration, F(1,143) = 0.97, p = 0.325, 
ηp

2 = 0.007, (ii) the interaction of symptom duration × patient 
group, F(3,143) = 0.21, p = 0.884, ηp

2 = 0.005, (iii) medication, 
F(1,143) = 0.19, p = 0.659, ηp

2 = 0.001, (iv) the interaction of 
medication × patient group, F(3,143) = 0.73, p = 0.531, ηp

2 = 0.015, 
(v) previous psychotherapeutic experience, F(1,143) = 0.09, 
p = 0.754, ηp

2 = 0.001, and (vi) the interaction of previous 
psychotherapeutic experience × patient group, F(3,143) = 0.92, 
p = 0.432, ηp

2 = 0.019.

3.3. Dentate gyrus subfield

The results of the one-factorial ANCOVA showed a significant 
effect for the covariate eTIV, F(1,180) = 98.6, p < 0.001, ηp

2 = 0.354, but 
no significant differences for the factor patient group, F(3,180) = 0.85, 
p = 0.467, ηp

2 = 0.014.
Regarding the exploratory questions, we  found no significant 

associations between the covariates and the volume of DG: (i) 
symptom duration, F(1,143) = 1.83, p = 0.178, ηp

2 = 0.013, (ii) the 
interaction of symptom duration x patient group, F(3,143) = 0.68, 
p = 0.560, ηp

2 = 0.014, (iii) medication, F(1,143) = 0.06, p = 0.793, 
ηp

2 < 0.001, (iv) the interaction of medication × patient group, 
F(3,143) = 1.11, p = 0.347, ηp

2 = 0.023, (v) previous psychotherapeutic 
experience, F(1,143) = 0.01, p = 0.910, ηp

2 < 0.001, and (vi) the 
interaction of previous psychotherapeutic experience × patient group, 
F(3,143) = 0.79, p = 0.497, ηp

2 = 0.016.

4. Discussion

We found no significant differences in stress-related mental 
disorders between the CA1, CA2/3, and DG. One possible 
interpretation of these findings is that examining HC subfields using 
routine clinical data cannot effectively distinguish between PTSD, 
MDD, PTSD with comorbid MDD, and AdjD. This may be due to the 
difficulty in generalizing previous research to clinical practice or the 
limitations of our study design.

Despite the substantial heterogeneity, it is generally accepted that 
the total HC volume in patients with PTSD and MDD is smaller than 
that in healthy controls (O’Doherty et al., 2015; Bromis et al., 2018; 
Logue et al., 2018; Oyarce et al., 2020). A biopsychological explanation 
is that HC has a higher-than-average concentration of glucocorticoid 
receptors, making it particularly vulnerable to stress (McEwen et al., 
1997). Studies in rodents have demonstrated that stress-induced 
neurotoxicity can result in HC atrophy (Bremner et  al., 1995). 
However, it is unclear whether this is a stress-associated phenomenon 
in general or whether it differs between stress-related mental 
disorders. The latter would be particularly relevant in clinical settings 
where healthy controls are typically unavailable. Bromis et al. (2018) 
found no significant differences in total HC between patients with 
PTSD and MDD. Their results are limited because they conducted an 
indirect comparison and identified no studies that performed a head-
to-head comparison.

Some authors have argued that examining HC subfields can 
provide a more nuanced understanding of hippocampal functionality, 
which may be differently affected by different mental disorders (Chen 
et al., 2018; Postel et al., 2021; Zhang et al., 2021; Sun et al., 2023). 
Although these studies found initial evidence for specific subfields 
(CA1, CA2/3, and DG), they also used healthy controls as a 
comparison group. Therefore, whether examining HC subfields could 
help differentiate stress-related mental disorders remains unanswered.

Our non-significant results indicate that smaller HC volumes (in 
total or at the subfield level) may represent a general stress response. 
Following this assumption, if any differences exist between 

FIGURE 1

Boxplot with CA1, CA2/3, and DG separated by factor patient group.
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TABLE 2 The eTIV corrected between-subjects effect sizes of the individual hippocampal subfields.

Variable MDD vs. PTSD MDD vs. PTSD+MDD MDD vs. AdjD PTSD vs. PTSD+MDD PTSD vs. AdjD PTSD+MDD vs. AdjD

MDiff Cohen’s d MDiff Cohen’s d MDiff Cohen’s d MDiff Cohen’s d MDiff Cohen’s d MDiff Cohen’s d

Left

Para 1.706 −0.157 −2.490 0.228 −0.031 0.003 −4.197 0.388 −1.737 0.161 2.459 −0.227

Pre 0.303 −0.008 −3.287 0.088 3.876 −0.104 −3.589 0.097 3.574 −0.097 7.163 −0.193

Subiculum −4.131 0.091 −6.334 0.139 1.553 −0.034 −2.202 0.049 5.684 −0.126 7.886 −0.174

CA1 4.830 −0.070 16.830 −0.244 9.696 −0.141 12.000 −0.176 4.866 −0.072 −7.133 0.104

CA2/3 −1.812 0.068 −3.373 0.127 5.855 −0.220 −1.561 0.059 7.667 −0.291 9.228 −0.348

CA4 0.356 −0.013 −3.344 0.125 2.484 −0.093 −3.700 0.140 2.128 −0.081 5.828 −0.220

GC/DG 0.887 −0.035 −3.082 0.122 5.686 −0.225 −3.969 0.158 4.799 −0.192 8.768 −0.348

ML −1.682 0.035 1.073 −0.022 5.462 −0.114 2.755 −0.058 7.144 −0.150 4.389 −0.092

HATA 1.100 −0.139 0.382 −0.048 1.626 −0.205 −0.719 0.091 0.526 −0.067 1.244 −0.158

Fimbria −0.009 0.001 −3.299 0.182 6.394 −0.353 −3.308 0.183 6.385 −0.356 9.693 −0.536

HT −7.329 0.117 1.615 −0.026 −16.262 0.260 8.945 −0.144 −8.933 0.144 −17.877 0.286

HF −3.789 0.176 1.483 −0.068 −1.553 0.072 5.272 −0.245 2.236 −0.105 −3.036 0.141

Right

Para 2.706 −0.288 0.077 −0.008 −0.939 0.100 −2.629 0.281 −3.646 0.391 −1.017 0.108

Pre 3.952 −0.126 4.866 −0.154 7.931 −0.252 0.915 −0.029 3.979 −0.127 3.064 −0.097

Subiculum 4.132 −0.105 −3.12 0.079 10.701 −0.270 −7.252 0.184 6.569 −0.167 13.821 −0.350

CA1 9.052 −0.127 10.251 −0.143 8.144 −0.114 1.199 −0.017 −0.908 0.013 −2.107 0.030

CA2/3 −0.566 0.019 −5.409 0.178 6.789 −0.225 −4.844 0.161 7.355 −0.246 12.199 −0.405

CA4 1.059 −0.041 −4.196 0.160 5.304 −0.203 −5.254 0.202 4.245 −0.164 9.500 −0.364

GC/DG 1.201 −0.041 −4.777 0.163 6.295 −0.215 −5.977 0.205 5.094 −0.176 11.071 −0.380

ML 2.825 −0.056 −0.956 0.019 9.161 −0.182 −3.781 0.075 6.336 −0.127 10.117 −0.201

HATA 1.703 −0.196 1.181 −0.135 3.511 −0.404 −0.522 0.060 1.808 −0.210 2.330 −0.269

Fimbria 1.846 −0.099 −0.267 0.014 2.351 −0.126 −2.113 0.114 0.505 −0.027 2.618 −0.141

HT −0.641 0.010 −7.643 0.119 −3.762 0.059 −7.001 0.110 −3.121 0.049 3.880 −0.061

HF 1.010 −0.042 0.518 −0.022 10.161 −0.427 −0.491 0.021 9.151 −0.388 9.642 −0.625

Total (Left + Right)

Para 4.413 0.256 2.413 0.139 0.970 0.056 6.826 0.397 5.383 0.315 1.443 0.084

Pre 4.254 0.102 1.579 0.040 11.807 0.333 2.675 0.043 7.552 0.123 10.227 0.165

Subiculum 0.001 0.001 9.453 0.120 12.254 0.156 9.454 0.121 12.253 0.157 21.707 0.276

(Continued)
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TABLE 3 Overview of the ANCOVA results with outliers.

Variable Test statistics

F (df) p ηp²

CA1

eTIV 77.6 (1, 180) <0.001 0.301

patient group 0.39 (3, 180) 0.301 0.006

symptom duration 0.87 (1, 143) 0.352 0.006

symptom duration × 

patient group

0.88 (3, 143) 0.453 0.018

medication 0.47 (1, 143) 0.494 0.003

medication × patient 

group

1.08 (3, 143) 0.356 0.022

prev psychotherapy 0.17 (1, 143) 0.681 0.001

prev psychotherapy 

× patient group

0.51 (3, 143) 0.670 0.011

CA2/3

eTIV 59.7 (1, 180) <0.001 0.249

patient group 0.96 (3, 180) 0.412 0.016

symptom duration 0.97 (1, 143) 0.325 0.007

symptom duration × 

patient group

0.21 (3, 143) 0.884 0.005

medication 0.19 (1, 143) 0.659 0.001

medication × patient 

group

0.73 (3, 143) 0.531 0.015

prev psychotherapy 0.09 (1, 143) 0.754 0.001

prev psychotherapy 

× patient group

0.92 (3, 143) 0.432 0.019

DG

eTIV 98.6 (1, 180) <0.001 0.354

patient group 0.85 (3, 180) 0.467 0.014

symptom duration 1.83 (1, 143) 0.178 0.013

symptom duration × 

patient group

0.68 (3, 143) 0.560 0.014

medication 0.69 (1, 143) 0.793 <0.001

medication × patient 

group

1.11 (3, 143) 0.347 0.023

prev psychotherapy 0.01 (1, 143) 0.910 <0.001

prev psychotherapy 

× patient group

0.79 (3, 143) 0.497 0.016

stress-related mental disorders, the expected effect sizes are relatively 
small. Therefore, our study may be  underpowered, although our 
sample was relatively large compared to previous studies (Averill et al., 
2017; Ahmed-Leitao et  al., 2019; Postel et  al., 2019, 2021). 
Nevertheless, we included AdjD in our study design, assuming that 
due to the typically shorter duration and lower severity of stress 
exposure, AdjD might be less affected by alterations in HC subfields 
than PTSD and MDD. Contrary to our expectations, we did not find 
any significant differences. This may be interpreted as an additional 
indication that smaller HC subfields are associated with a more V
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general stress response. However, this interpretation remains 
speculative because we did not include healthy controls.

Previous meta-analyses have revealed substantial heterogeneity 
and discussed whether this might be caused by variations in patient 
characteristics, such as symptom duration, drug treatment, and 
previous psychotherapy experience (Bromis et al., 2018; Sun et al., 
2023). These covariates may influence the neuronal plasticity of HC 
subfields and impact alterations. Therefore, we implemented these 
variables as covariates in our ANCOVA models.

For example, prolonged symptom duration may lead to a chronic 
stress response, which has been associated with reduced hippocampal 
volume (Bremner et al., 1995; Duman, 2004). However, some studies 
failed to find associations between symptom duration and subfield 
volumes in patients with MDD (Cao et al., 2017). Our exploratory 
analysis revealed no significant associations. To examine these 
divergences, future longitudinal studies should examine the dose–
response curve between symptom duration and hippocampal 
subfield alterations.

Similarly, psychopharmacological treatments, such as 
antidepressants or antipsychotics, have modulated hippocampal 
function and structure (Vermetten et al., 2003; Duman, 2004; Yao 
et  al., 2020). However, our exploratory analysis again showed no 
significant correlation with the current psychopharmacological 
treatment. Differences in study design may explain this. For example, 
Vermetten et al. (2003) treated a therapy-naive sample exclusively with 
paroxetine for 36–48 weeks and allowed no other interventions. 
Therefore, our dichotomous operationalization may not 
be comprehensive enough to detect potential associations.

Finally, psychotherapy has been suggested to induce plastic 
changes in HC, potentially impacting its subfields. However, the 
empirical evidence supporting this assumption is mixed. Manthey 
et al. (2021) identified only one study in their systematic review that 
showed increased hippocampal volume following trauma-focused 
therapy. The authors concluded that the findings were too 
heterogeneous and scarce to allow for robust conclusions regarding 
the psychotherapeutic effect on HC morphology. Our exploratory 
analyses also found no significant associations between previous 
psychotherapeutic experience and CA1, CA2/3, or DG. Therefore, 
future intervention studies should empirically focus on the 
psychotherapeutic effect on hippocampal subfields.

4.1. Limitations

Our findings must be  considered in the context of several 
limitations. The primary limitation was the absence of a healthy 
control condition. We  focused on identifying differences between 
stress-related mental disorders with the long-term aim of improving 
diagnostic accuracy using routine clinical data. Nonetheless, 
we cannot conclusively determine whether we have identified smaller 
hippocampal volumes without a healthy control group for comparison. 
Typically, multiple healthy control conditions (trauma-exposed, 
trauma-unexposed) are necessary to conclude the cause and effect of 
exposure in cross-sectional samples (Gosnell et al., 2020; Siehl et al., 
2020). We did not include a healthy control group, as they are not 
typically available in clinical settings. However, the interpretation of 
these results is limited, and future studies should replicate our results 
with multiple healthy controls.

Another limitation is that self-reported severity was not collected 
as a standard measure. Although some authors have found significant 
correlations between severity and HC subfields (Averill et al., 2017; 
Hayes et  al., 2017), we were unable to empirically verify this 
relationship, which also limits the interpretation of the results. 
Additionally, the dichotomized assessment of previous 
psychotherapies and medication treatment may not have been 
sufficiently comprehensive to detect an association, limiting the 
significance of these parameters. Future studies should examine 
whether a more detailed assessment (e.g., number of outpatient 
therapy sessions, duration, and hospital stays) could affect 
hippocampal volume. In addition, we did not document the type of 
trauma experienced by the participants. While it is likely that most 
PTSD patients in our sample had a military-related trauma, because 
we  only included soldiers, we  could not empirically confirm this 
hypothesis. Because the type of trauma could potentially influence 
changes in hippocampal subfields, future studies should systematically 
examine the type of trauma experienced by the participants.

Finally, it should be noted that we had significantly fewer women 
than men in our sample. Although the ratio in our study is generally 
comparable to military samples, this may also have influenced 
the results.

5. Conclusion

In conclusion, our study demonstrates the potential of using 
routine clinical data to investigate differences in HC subfield volumes 
in patients with PTSD, MDD, and AdjD, with the goal of improving 
the diagnosis of stress-related mental disorders. Current diagnosis 
relies heavily on patient report, and the incorporation of neuroimaging 
data could significantly enhance our understanding of these disorders. 
Despite previous studies suggesting that AdjD may have lower 
symptom severity and stress exposure, our findings did not reveal 
significant volume differences between stress-related mental disorders.

Despite the limitations of the present study, our findings raise 
questions about the applicability of previous research results to clinical 
practice without healthy controls. To address these issues, future larger 
multicenter studies should include routine inpatient MRI scans and 
multiple healthy controls into their study design. Such studies are 
crucial to advancing our understanding of stress-related mental 
disorders and improving their diagnosis and long-term treatment.

Data availability statement

The raw data that supports the conclusions of this article are not 
publicly available due to data policy reasons. However, the data can be 
made available upon reasonable request to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and 
approved by local ethics committee of the chamber of physicians, 
Hamburg, Germany (Ref. no.: PV7098). Written informed consent for 
participation was not required for this study in accordance with the 
national legislation and the institutional requirements.

https://doi.org/10.3389/fpsyg.2023.1123079
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org


Knaust et al. 10.3389/fpsyg.2023.1123079

Frontiers in Psychology 11 frontiersin.org

Author contributions

TK contributed to the study design and performed the statistical 
analysis. MS contributed to the study design, performed scientific 
research, and carried out software-based volumetric analysis of the 
MRI-data. TK and MS took the lead in drafting the manuscript. DT 
contributed to the study design, carried out the scientific research, and 
contributed to the manuscript. PS participated in the data processing 
and software-based volumetric analysis of the MRI-data. HH 
supervised the psychiatric diagnostic process and provided the 
psychiatric reports. CM supervised the radiologic diagnostic process 
and provided the radiologic reports. HS conceived the study, and 
participated in its design and coordination and helped to draft the 
manuscript. All authors provided critical feedback and helped shape 
the research, analysis, and manuscript.

Funding

This study was funded by the German Ministry of Defense; 
Bundeswehr Medical Academy Munich, Germany (44 K2-S-32 2224).

Acknowledgments

The authors express their thanks to Robert-Jacek Gorzka for the 
initial idea and the active support of the authors at the beginning of 

research process, Julian Lange and the S6 department who supported 
the research by providing the hardware and solving software 
challenges, and finally, Bundeswehr Hospital Hamburg that enabled 
this research to be possible.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1123079/
full#supplementary-material

References
Ahmed-Leitao, F., Rosenstein, D., Marx, M., Young, S., Korte, K., and Seedat, S. 

(2019). Posttraumatic stress disorder, social anxiety disorder and childhood trauma: 
differences in hippocampal subfield volume. Psychiatry Res. Neuroimaging 284, 45–52. 
doi: 10.1016/j.pscychresns.2018.12.015

Averill, C. L., Satodiya, R. M., Scott, J. C., Wrocklage, K. M., Schweinsburg, B., 
Averill, L. A., et al. (2017). Posttraumatic stress disorder and depression symptom 
severities are differentially associated with hippocampal subfield volume 
loss in combat veterans. Chronic Stress 1:247054701774453. doi: 
10.1177/2470547017744538

Bremner, J. D., Randall, P., Scott, T. M., Bronen, R. A., Seibyl, J. P., Southwick, S. M., 
et al. (1995). MRI-based measurement of hippocampal volume in patients with combat-
related posttraumatic stress disorder. Am. J. Psychiatry 152, 973–981. doi: 10.1176/
ajp.152.7.973

Bromis, K., Calem, M., Reinders, A. A., Williams, S. C., and Kempton, M. J. (2018). 
Meta-analysis of 89 structural MRI studies in posttraumatic stress disorder and 
comparison with major depressive disorder. Am. J. Psychiatr. 175, 989–998. doi: 10.1176/
appi.ajp.2018.17111199

Brown, S. S., Rutland, J. W., Verma, G., Feldman, R. E., Alper, J., Schneider, M., et al. 
(2019). Structural MRI at 7T reveals amygdala nuclei and hippocampal subfield 
volumetric association with major depressive disorder symptom severity. Sci. Rep. 9, 
1–10. doi: 10.1038/s41598-019-46687-7

Buckner, R. L., Head, D., Parker, J., Fotenos, A. F., Marcus, D., Morris, J. C., et al. 
(2004). A unified approach for morphometric and functional data analysis in young, 
old, and demented adults using automated atlas-based head size normalization: 
reliability and validation against manual measurement of total intracranial volume. 
NeuroImage 23, 724–738. doi: 10.1016/j.neuroimage.2004.06.018

Campbell, S., and MacQueen, G. (2004). The role of the hippocampus in the 
pathophysiology of major depression. J. Psychiatry Neurosci. 29, 417–426.

Cao, B., Passos, I. C., Mwangi, B., Amaral-Silva, H., Tannous, J., Wu, M. J., et al. (2017). 
Hippocampal subfield volumes in mood disorders. Mol. Psychiatry 22, 1352–1358. doi: 
10.1038/mp.2016.262

Chen, L. W., Sun, D., Davis, S. L., Haswell, C. C., Dennis, E. L., Swanson, C. A., et al. 
(2018). Smaller hippocampal CA1 subfield volume in posttraumatic stress disorder. 
Depress. Anxiety 35, 1018–1029. doi: 10.1002/da.22833

Cohen, J. (2013). Statistical power analysis for the behavioral sciences. New York, NY: 
Routledge.

del Casale, A., Ferracuti, S., Barbetti, A. S., Bargagna, P., Zega, P., Iannuccelli, A., et al. 
(2022). Grey matter volume reductions of the left Hippocampus and amygdala in PTSD: 
a coordinate-based meta-analysis of magnetic resonance imaging studies. 
Neuropsychobiology 81, 257–264. doi: 10.1159/000522003

Dold, M., Bartova, L., Kautzky, A., Souery, D., Mendlewicz, J., Serretti, A., et al. (2017). 
The impact of comorbid post-traumatic stress disorder in patients with major depressive 
disorder on clinical features, pharmacological treatment strategies, and treatment 
outcomes–results from a cross-sectional European multicenter study. Eur. 
Neuropsychopharmacol. 27, 625–632. doi: 10.1016/j.euroneuro.2017.05.004

Duman, R. S. (2004). Neural plasticity: consequences of stress and actions of 
antidepressant treatment. Dialogues Clin. Neurosci. 6, 157–169. doi: 10.31887/
DCNS.2004.6.2/rduman

Ellis, P. D. (2010). The essential guide to effect sizes: statistical power, meta-analysis, and 
the interpretation of research results Cambridge University Press.

Faul, F., Erdfelder, E., Lang, A. G., and Buchner, A. (2007). G* power 3: a flexible 
statistical power analysis program for the social, behavioral, and biomedical sciences. 
Behav. Res. Methods 39, 175–191. doi: 10.3758/BF03193146

Field, A. (2018). Discovering statistics using IBM SPSS statistics. 5th Edn. London, UK: 
SAGE Publications.

Flory, J. D., and Yehuda, R. (2015). Comorbidity between post-traumatic stress disorder 
and major depressive disorder: alternative explanations and treatment considerations. 
Dialogues Clin. Neurosci.  17, 141–150. doi: 10.31887/DCNS.2015.17.2/jflory

Franklin, D. J., and Grossberg, S. (2017). A neural model of normal and abnormal 
learning and memory consolidation: adaptively timed conditioning, hippocampus, 
amnesia, neurotrophins, and consciousness. Cogn. Affect. Behav. Neurosci. 17, 24–76. 
doi: 10.3758/s13415-016-0463-y

German Bundestag. Annual Report (2022) (64st report). Information from the 
Parliamentary Commissioner for the Armed Forces. Available at: https://www.bundestag.
de/parlament/wehrbeauftragter/jahresberichte. (Accessed March 27, 2023).

Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., 
et al. (2002). Smaller hippocampal volume predicts pathologic vulnerability to 
psychological trauma. Nat. Neurosci. 5, 1242–1247. doi: 10.1038/nn958

Gosnell, S. N., Meyer, M. J., Jennings, C., Ramirez, D., Schmidt, J., Oldham, J., et al. 
(2020). Hippocampal volume in psychiatric diagnoses: should psychiatry biomarker 
research account for comorbidities? Chronic Stress 4:247054702090679. doi: 
10.1177/2470547020906799

https://doi.org/10.3389/fpsyg.2023.1123079
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1123079/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2023.1123079/full#supplementary-material
https://doi.org/10.1016/j.pscychresns.2018.12.015
https://doi.org/10.1177/2470547017744538
https://doi.org/10.1176/ajp.152.7.973
https://doi.org/10.1176/ajp.152.7.973
https://doi.org/10.1176/appi.ajp.2018.17111199
https://doi.org/10.1176/appi.ajp.2018.17111199
https://doi.org/10.1038/s41598-019-46687-7
https://doi.org/10.1016/j.neuroimage.2004.06.018
https://doi.org/10.1038/mp.2016.262
https://doi.org/10.1002/da.22833
https://doi.org/10.1159/000522003
https://doi.org/10.1016/j.euroneuro.2017.05.004
https://doi.org/10.31887/DCNS.2004.6.2/rduman
https://doi.org/10.31887/DCNS.2004.6.2/rduman
https://doi.org/10.3758/BF03193146
https://doi.org/10.31887/DCNS.2015.17.2/jflory
https://doi.org/10.3758/s13415-016-0463-y
https://www.bundestag.de/parlament/wehrbeauftragter/jahresberichte
https://www.bundestag.de/parlament/wehrbeauftragter/jahresberichte
https://doi.org/10.1038/nn958
https://doi.org/10.1177/2470547020906799


Knaust et al. 10.3389/fpsyg.2023.1123079

Frontiers in Psychology 12 frontiersin.org

Hainmueller, T., and Bartos, M. (2020). Dentate gyrus circuits for encoding, retrieval 
and discrimination of episodic memories. Nat. Rev. Neurosci. 21, 153–168. doi: 10.1038/
s41583-019-0260-z

Han, K. M., Kim, A., Kang, W., Kang, Y., Kang, J., Won, E., et al. (2019). Hippocampal 
subfield volumes in major depressive disorder and bipolar disorder. Eur. Psychiatry 57, 
70–77. doi: 10.1016/j.eurpsy.2019.01.016

Hasin, D. S., Sarvet, A. L., Meyers, J. L., Saha, T. D., Ruan, W. J., Stohl, M., et al. (2018). 
Epidemiology of adult DSM-5 major depressive disorder and its specifiers in the 
United States. JAMA Psychiat. 75, 336–346. doi: 10.1001/jamapsychiatry.2017.4602

Hayes, J. P., Hayes, S., Miller, D. R., Lafleche, G., Logue, M. W., and Verfaellie, M. (2017). 
Automated measurement of hippocampal subfields in PTSD: evidence for smaller dentate 
gyrus volume. J. Psychiatr. Res. 95, 247–252. doi: 10.1016/j.jpsychires.2017.09.007

Iglesias, J. E., Augustinack, J. C., Nguyen, K., Player, C. M., Player, A., Wright, M., et al. 
(2015). A computational atlas of the hippocampal formation using ex vivo, ultra-high 
resolution MRI: application to adaptive segmentation of in vivo MRI. NeuroImage 115, 
117–137. doi: 10.1016/j.neuroimage.2015.04.042

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Koretz, D., Merikangas, K. R., et al. (2003). 
The epidemiology of major depressive disorder: results from the National Comorbidity 
Survey Replication (NCS-R). JAMA 289, 3095–3105. doi: 10.1001/jama.289.23.3095

Koutsouleris, N., Hauser, T. U., Skvortsova, V., and De Choudhury, M. (2022). From 
promise to practice: towards the realisation of AI-informed mental health care. The 
lancet digital. Health 4, e829–e840. doi: 10.1016/S2589-7500(22)00153-4

Kowalski, J. T., Hauffa, R., Jacobs, H., Höllmer, H., Gerber, W. D., and Zimmermann, P. 
(2012). Deployment-related stress disorder in german soldiers: utilization of psychiatric 
and psychotherapeutic treatment. Dtsch. Arztebl. Int. 109, 569–575. doi: 10.3238/
arztebl.2012.0569

Kühn, S., Butler, O., Willmund, G., Wesemann, U., Zimmermann, P., and Gallinat, J. 
(2021). The brain at war: effects of stress on brain structure in soldiers deployed to a war 
zone. Transl. Psychiatry 11:247. doi: 10.1038/s41398-021-01356-0

Logue, M. W., van Rooij, S. J., Dennis, E. L., Davis, S. L., Hayes, J. P., Stevens, J. S., et al. 
(2018). Smaller hippocampal volume in posttraumatic stress disorder: a multisite 
ENIGMA-PGC study: subcortical volumetry results from posttraumatic stress disorder 
consortia. Biol. Psychiatry 83, 244–253. doi: 10.1016/j.biopsych.2017.09.006

Maercker, A., Forstmeier, S., Pielmaier, L., Spangenberg, L., Brähler, E., and 
Glaesmer, H. (2012). Adjustment disorders: prevalence in a representative nationwide 
survey in Germany. Soc. Psychiatry Psychiatr. Epidemiol. 47, 1745–1752. doi: 10.1007/
s00127-012-0493-x

Manthey, A., Sierk, A., Brakemeier, E. L., Walter, H., and Daniels, J. K. (2021). Does 
trauma-focused psychotherapy change the brain? A systematic review of neural 
correlates of therapeutic gains in PTSD. Eur. J. Psychotraumatol. 12:1929025. doi: 
10.1080/20008198.2021.1929025

McEwen, B. S., and Magarinos, A. M. (1997). Stress effects on morphology and 
function of the hippocampus. Ann. N. Y. Acad. Sci. 821, 271–284. doi: 
10.1111/j.1749-6632.1997.tb48286.x

Morgan, M. A., Kelber, M. S., Bellanti, D. M., Beech, E. H., Boyd, C., Galloway, L., et al. 
(2022). Outcomes and prognosis of adjustment disorder in adults: a systematic review. 
J. Psychiatr. Res. 156, 498–510. doi: 10.1016/j.jpsychires.2022.10.052

Na, P. J., Schnurr, P. P., and Pietrzak, R. H. (2023). Mental health of US combat 
veterans by war era: results from the national health and resilience in veterans study. J. 
Psychiatr. Res. 158, 36–40. doi: 10.1016/j.jpsychires.2022.12.019

Nerland, S., Stokkan, T. S., Jørgensen, K. N., Wortinger, L. A., Richard, G., Beck, D., 
et al. (2022). A comparison of intracranial volume estimation methods and their cross-
sectional and longitudinal associations with age. Hum. Brain. Mapp. 43, 4620–4639. doi: 
10.1002/hbm.25978

O’Doherty, D. C., Chitty, K. M., Saddiqui, S., Bennett, M. R., and Lagopoulos, J. 
(2015). A systematic review and meta-analysis of magnetic resonance imaging 
measurement of structural volumes in posttraumatic stress disorder. Psychiatry Res. 
Neuroimaging 232, 1–33. doi: 10.1016/j.pscychresns.2015.01.002

O’Donnell, M. L., Alkemade, N., Creamer, M., McFarlane, A. C., Silove, D., 
Bryant, R. A., et al. (2016). A longitudinal study of adjustment disorder after trauma 
exposure. Am. J. Psychiatr. 173, 1231–1238. doi: 10.1176/appi.ajp.2016.16010071

O'Brien, L. M., Ziegler, D. A., Deutsch, C. K., Frazier, J. A., Herbert, M. R., and 
Locascio, J. J. (2011). Statistical adjustments for brain size in volumetric neuroimaging 
studies: some practical implications in methods. Psychiatry Res. Neuroimaging 193, 
113–122. doi: 10.1016/j.pscychresns.2011.01.007

Oyarce, D. A. E., Shaw, M. E., Alateeq, K., and Cherbuin, N. (2020). Volumetric brain 
differences in clinical depression in association with anxiety: a systematic review with 
meta-analysis. J. Psychiatry Neurosci. 45, 406–429. doi: 10.1503/jpn.190156

Pollet, T. V., and Van Der Meij, L. (2017). To remove or not to remove: the impact of 
outlier handling on significance testing in testosterone data. Adapt. Hum. Behav. Physiol. 
3, 43–60. doi: 10.1007/s40750-016-0050-z

Postel, C., Mary, A., Dayan, J., Fraisse, F., Vallée, T., Guillery-Girard, B., et al. (2021). 
Variations in response to trauma and hippocampal subfield changes. Neurobiol. Stress 
15:100346. doi: 10.1016/j.ynstr.2021.100346

Postel, C., Viard, A., André, C., Guénolé, F., de Flores, R., Baleyte, J. M., et al. (2019). 
Hippocampal subfields alterations in adolescents with post-traumatic stress disorder. 
Hum. Brain Mapp. 40, 1244–1252. doi: 10.1002/hbm.24443

Roddy, D. W., Farrell, C., Doolin, K., Roman, E., Tozzi, L., Frodl, T., et al. (2019). The 
hippocampus in depression: more than the sum of its parts? Advanced hippocampal 
substructure segmentation in depression. Biol. Psychiatry 85, 487–497. doi: 10.1016/j.
biopsych.2018.08.021

Rytwinski, N. K., Scur, M. D., Feeny, N. C., and Youngstrom, E. A. (2013). The co-
occurrence of major depressive disorder among individuals with posttraumatic stress 
disorder: a meta-analysis. J. Trauma. Stress. 26, 299–309. doi: 10.1002/jts.21814

Salminen, L. E., Sämann, P. G., Zheng, Y., Dennis, E. L., Clarke-Rubright, E. K., 
Jahanshad, N., et al. (2019). Hippocampal subfield volumes are uniquely affected in 
PTSD and depression: international analysis of 31 cohorts from the PGC-ENIGMA 
PTSD working group. bioRxiv:739094

Sämann, P. G., Iglesias, J. E., Gutman, B., Grotegerd, D., Leenings, R., Flint, C., et al. 
(2022). FreeSurfer-based segmentation of hippocampal subfields: a review of methods 
and applications, with a novel quality control procedure for ENIGMA studies and other 
collaborative efforts. Hum. Brain Mapp. 43, 207–233. doi: 10.1002/hbm.25326

Serra-Blasco, M., Radua, J., Soriano-Mas, C., Gómez-Benlloch, A., Porta-Casteràs, D., 
Carulla-Roig, M., et al. (2021). Structural brain correlates in major depression, anxiety 
disorders and post-traumatic stress disorder: a voxel-based morphometry meta-analysis. 
Neurosci. Biobehav. Rev. 129, 269–281. doi: 10.1016/j.neubiorev.2021.07.002

Siehl, S., Wicking, M., Pohlack, S., Winkelmann, T., Zidda, F., Steiger-White, F., 
et al. (2020). Structural white and gray matter differences in a large sample of patients 
with posttraumatic stress disorder and a healthy and trauma-exposed control group: 
diffusion tensor imaging and region-based morphometry. NeuroImage: Clinical 
28:102424. doi: 10.1016/j.nicl.2020.102424

Streit, F., Zillich, L., Frank, J., Kleineidam, L., Wagner, M., Baune, B. T., et al. (2022). 
Lifetime and current depression in the German National Cohort (NAKO). World J. Biol. 
Psychiatry, 1–16. doi: 10.1080/15622975.2021.2014152

Sun, Y., Hu, N., Wang, M., Lu, L., Luo, C., Tang, B., et al. (2023). Hippocampal subfield 
alterations in schizophrenia and major depressive disorder: a systematic review and 
network meta-analysis of anatomic MRI studies. J. Psychiatry Neurosci. 48, E34–E49. 
doi: 10.1503/jpn.220086

Twait, E. L., Blom, K., Koek, H. L., Zwartbol, M. H., Ghaznawi, R., Hendrikse, J., et al. 
(2022). Psychosocial factors and hippocampal subfields: The Medea-7T study Human 
Brain Mapping.

Vermetten, E., Vythilingam, M., Southwick, S. M., Charney, D. S., and Bremner, J. D. 
(2003). Long-term treatment with paroxetine increases verbal declarative memory and 
hippocampal volume in posttraumatic stress disorder. Biol. Psychiatry 54, 693–702. doi: 
10.1016/S0006-3223(03)00634-6

Wang, Z., Neylan, T. C., Mueller, S. G., Lenoci, M., Truran, D., Marmar, C. R., et al. 
(2010). Magnetic resonance imaging of hippocampal subfields in posttraumatic 
stress disorder. Arch. Gen. Psychiatry 67, 296–303. doi: 10.1001/
archgenpsychiatry.2009.205

Weis, C. N., Webb, E. K., Huggins, A. A., Kallenbach, M., Miskovich, T. A., 
Fitzgerald, J. M., et al. (2021). Stability of hippocampal subfield volumes after trauma 
and relationship to development of PTSD symptoms. NeuroImage 236:118076. doi: 
10.1016/j.neuroimage.2021.118076

Wittchen, H. U., Schönfeld, S., Kirschbaum, C., Thurau, C., Trautmann, S., Steudte, S., 
et al. (2012). Traumatic experiences and posttraumatic stress disorder in soldiers 
following deployment abroad: how big is the hidden problem? Dtsch. Arztebl. Int. 109, 
559–568. doi: 10.3238/arztebl.2012.0559

World Health Organization (2018). E. coli. https://www.who.int/news-room/fact-
sheets/detail/e-coli [Accessed March 15, 2018].

Yao, Z., Fu, Y., Wu, J., Zhang, W., Yu, Y., Zhang, Z., et al. (2020). Morphological 
changes in subregions of hippocampus and amygdala in major depressive disorder 
patients. Brain Imaging Behav. 14, 653–667. doi: 10.1007/s11682-018-0003-1

Zhang, L., Lu, L., Bu, X., Li, H., Tang, S., Gao, Y., et al. (2021). Alterations in 
hippocampal subfield and amygdala subregion volumes in posttraumatic subjects with 
and without posttraumatic stress disorder. Hum. Brain Mapp. 42, 2147–2158. doi: 
10.1002/hbm.25356

https://doi.org/10.3389/fpsyg.2023.1123079
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1038/s41583-019-0260-z
https://doi.org/10.1038/s41583-019-0260-z
https://doi.org/10.1016/j.eurpsy.2019.01.016
https://doi.org/10.1001/jamapsychiatry.2017.4602
https://doi.org/10.1016/j.jpsychires.2017.09.007
https://doi.org/10.1016/j.neuroimage.2015.04.042
https://doi.org/10.1001/jama.289.23.3095
https://doi.org/10.1016/S2589-7500(22)00153-4
https://doi.org/10.3238/arztebl.2012.0569
https://doi.org/10.3238/arztebl.2012.0569
https://doi.org/10.1038/s41398-021-01356-0
https://doi.org/10.1016/j.biopsych.2017.09.006
https://doi.org/10.1007/s00127-012-0493-x
https://doi.org/10.1007/s00127-012-0493-x
https://doi.org/10.1080/20008198.2021.1929025
https://doi.org/10.1111/j.1749-6632.1997.tb48286.x
https://doi.org/10.1016/j.jpsychires.2022.10.052
https://doi.org/10.1016/j.jpsychires.2022.12.019
https://doi.org/10.1002/hbm.25978
https://doi.org/10.1016/j.pscychresns.2015.01.002
https://doi.org/10.1176/appi.ajp.2016.16010071
https://doi.org/10.1016/j.pscychresns.2011.01.007
https://doi.org/10.1503/jpn.190156
https://doi.org/10.1007/s40750-016-0050-z
https://doi.org/10.1016/j.ynstr.2021.100346
https://doi.org/10.1002/hbm.24443
https://doi.org/10.1016/j.biopsych.2018.08.021
https://doi.org/10.1016/j.biopsych.2018.08.021
https://doi.org/10.1002/jts.21814
https://doi.org/10.1002/hbm.25326
https://doi.org/10.1016/j.neubiorev.2021.07.002
https://doi.org/10.1016/j.nicl.2020.102424
https://doi.org/10.1080/15622975.2021.2014152
https://doi.org/10.1503/jpn.220086
https://doi.org/10.1016/S0006-3223(03)00634-6
https://doi.org/10.1001/archgenpsychiatry.2009.205
https://doi.org/10.1001/archgenpsychiatry.2009.205
https://doi.org/10.1016/j.neuroimage.2021.118076
https://doi.org/10.3238/arztebl.2012.0559
https://www.who.int/news-room/fact-sheets/detail/e-coli
https://www.who.int/news-room/fact-sheets/detail/e-coli
https://doi.org/10.1007/s11682-018-0003-1
https://doi.org/10.1002/hbm.25356


Knaust et al. 10.3389/fpsyg.2023.1123079

Frontiers in Psychology 13 frontiersin.org

Glossary

AdjD Adjustment Disorder

ANCOVA Analysis of Covariance

CA Cornu Ammonis; Ammon’s Horn

CAPS Clinician-Administered PTSD Scale

DG Dentate Gyrus

eTIV estimated Total Intracranial Volume

GC Granular Cell Layer

HATA Hippocampus-Amygdala Transition Area

HC Hippocampus

HF Hippocampal Fimbria

HT Hippocampal Tail

ICD International Classification of Diseases

ICV Intracranial Volume

M Mean

MDD Major Depressive Disorder

ML Molecular Layer

MPRAGE Magnetization Prepared Rapid Gradient Echo

ms Millisecond

MRI/cMRI Cranial Magnetic Resonance Imaging

OF Officer Military Rank in official NATO ranking

OR Other (non-officer) Military Rank in official NATO ranking: OR 1–4 = Enlisted ranks, OR 4–9 = Noncomissioned officers

Para Parasubiculum

Pre Presubiculum

PTSD Post-Traumatic Stress Disorder

SD Standard Deviation

SUB Subiculum

T Tesla

TE Time to Echo

TR Repetition Time
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