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Objective: Studies investigating resting-state functional 
connectivity of the amygdala and hippocampus have pro-
duced inconsistent findings. The authors’ objective was to 
conduct the largest systematic comparison of alterations in 
functional connectivity of the amygdala and hippocampus 
in individuals with posttraumatic stress disorder (PTSD) us-
ing a multicohort mega-analysis with uniform processing 
steps and parameters across all cohorts.

Methods: Resting-state functional MRI data from 1,017 PTSD 
patients and 1,702 control participants from 32 international 
sites were centrally preprocessed with HALFpipe and ana-
lyzed using the Image-Based Meta- and Mega-Analysis (IB-
MMA) package for neuroimaging processing. Group-level 
seed-based whole-brain analyses were completed for the 
right and left amygdala and hippocampus. Additional correla-
tion analyses were conducted between PTSD norm-severity 
scores and resting-state functional connectivity (rs-FC).

Results: Compared to control participants, individuals with 
PTSD showed stronger rs-FC between the left amygdala 
seed and right hippocampus and amygdala and the left and 
right lingual gyri. Greater PTSD total norm-severity scores 
were significantly associated with rs-FC between the left 
amygdala and right hippocampus/amygdala and rs-FC be-
tween the right amygdala and left hippocampus/amygdala.

Conclusions: Greater connectivity between subcortical 
threat centers involved in fear processing, memory, and 
extinction learning characterizes the resting state in PTSD. 
Future directions include investigating how different inter-
ventions, such as brain stimulation, neurofeedback, and 
psychotherapy, might modulate the aberrant neural net-
works in PTSD.
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PTSD is a debilitating disorder that affects about 5.6% of 
trauma-exposed individuals globally (1). PTSD symptoms 
include intrusive recollections of the traumatic event, 
avoidance of reminders of the event, alterations in cogni-
tion and mood, and increased arousal and hypervigilance 
(2). To gain insight into the neural underpinnings of these 
symptoms, many studies have explored seed-based resting- 
state functional connectivity (rs-FC) in participants with 
posttraumatic stress disorder (PTSD). rs-FC provides 
insights into the intrinsic functional connections in the 
brain and advances the neurobiological understanding of 
PTSD to guide development of new treatments. Howev-
er, many rs-FC studies have used small samples and pre-
sented inconsistent findings. The present study leverages 
a large international, multicohort dataset from the En-
hancing NeuroImaging Genetics Through Meta-Analysis  
(ENIGMA) Psychiatric Genomics Consortium (PGC) to 
uncover alterations in whole-brain connectivity of the 
amygdala and hippocampus in participants with PTSD 
compared to control participants using a mega-analysis 
of seed-based rs-FC.

Given the importance of altered threat reactivity and ex-
tinction in PTSD, studies examining neural alterations in 
PTSD samples have focused on brain regions involved in 
threat recognition, response, and extinction. Specifically, al-
tered context processing, generalization of fear reactions, and 
failure to acquire safety learning have been found in individ-
uals with PTSD (reviewed in 3). Brain regions implicated in 
these processes have been extensively evaluated for their role 
in the maintenance and development of PTSD symptoms. Key 
brain regions include the amygdala, central to fear acquisition 
and expression (4), and the hippocampus, important in learn-
ing and memory (5). The amygdala and hippocampus work in 
tandem to create contextual associations between threatening 
stimuli and the environment (6). The ventromedial prefrontal 
cortex (vmPFC) regulates fear-related responses to cues that 
no longer signal threat (7). Overall, studies comparing amyg-
dala and hippocampus activation between individuals with 
PTSD and control participants find that these regions exhib-
it greater reactivity in response to threatening and trauma- 
related stimuli. In contrast, lower vmPFC reactivity is typically  
observed in individuals with PTSD (reviewed in 8).

Over the past decade, methodological advances have been 
made in exploring functional connections between brain 
regions inferred from temporally correlated activity rath-
er than examining the activation of individual brain regions 
elicited by a behavioral task. rs-FC is a powerful approach 
for investigating the relationship of spontaneous activity of 
threat response regions, namely, the hippocampus and amyg-
dala, to activity of other threat-relevant brain regions. Nu-
merous studies comparing rs-FC between individuals with 
PTSD and control participants have employed various ana-
lytic techniques, including regional homogeneity, amplitude 
of low-frequency fluctuations, effect size signed differential 
mapping (9–11), and seed-based rs-FC (12). Seed-based rs-FC 
is a standard technique to assess the association between an 

a priori region of interest (seed) and voxels across the entire 
brain in the absence of a task. This approach allows research-
ers to ask unique questions regarding alterations in commu-
nication between regions of interest and the whole brain that 
may contribute to psychopathology. Exploring FC differenc-
es between individuals with PTSD and control participants 
provides an understanding of the relationship between the 
spontaneous brain activity of different regions, without task 
influences (13).

The first study to explore seed-based rs-FC in PTSD (14) 
focused on alterations of the default mode network, using 
the posterior cingulate cortex (PCC) as a seed. The au-
thors found greater positive FC of the PCC with precune-
us, with medial prefrontal cortex, and with bilateral lateral 
parietal cortex in healthy control participants compared 
to individuals with PTSD. Since then, additional studies 
have found differences between individuals with PTSD 
and control participants (reviewed in 9). When specifi-
cally using a seed-based approach, researchers found that 
individuals with PTSD had enhanced rs-FC between the 
amygdala seed and insula (15–17), hippocampus and par-
ahippocampus (18), anterior cingulate cortex (ACC) (18), 
and cortical regions, including the parietal occipital cortex 
and supplementary motor area (19). However, some stud-
ies have shown that PTSD is associated with weaker rs-FC 
between the right amygdala and hippocampus (20) and the 
left amygdala and insula (18). When the bilateral hippocam-
pus was used as a seed, results were mixed, with studies  
showing, in individuals with PTSD versus control partic-
ipants, both weaker and stronger connectivity patterns to 
cortical areas to the PCC, pregenual ACC, precuneus (21), 
and other regions, including the lentiform nucleus, insula, 
and thalamus (15). These studies are examples of the mixed 
findings in the literature where the amygdala and hippo-
campus are used as seed regions.

These foundational seed-based rs-FC studies have been 
limited in sample size (N<60 per group), likely contributing 
to the mixed findings and inability to generalize findings 
across different samples. To date, only one meta-analysis 
has synthesized the current literature on alterations in seed-
based rs-FC in PTSD (9). The authors found that individu-
als with PTSD showed greater rs-FC between seed regions 
belonging to the affective network (including the amygdala, 
hippocampus, nucleus accumbens, orbitofrontal cortex, right 
frontal lobe, left parahippocampus, and vestibular cortical re-
gions) and the dorsolateral prefrontal cortex and weaker rs-
FC between those seed regions and the medial temporal and 
superior frontal gyri.

Further investigation of rs-FC in PTSD using a much larg-
er, more diverse sample (with greater representation across 
sex, age, race, ancestry, and index trauma type) is needed 
to obtain more generalizable results about alterations in 
amygdala and hippocampal rs-FC and to advance our un-
derstanding of the threat neurocircuitry using seed-based 
rs-FC. Here, we leveraged mega-analysis techniques to in-
vestigate pooled data from 32 international study sites that 
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were centrally preprocessed on a single supercomputing  
platform and analyzed data from individuals with PTSD 
and trauma-exposed control participants. Contrary to a 
meta-analysis, using the mega-analytic approach, statis-
tical models were centralized and fitted to the aggregat-
ed data while adjusting for site effects, seed definitions 
were standardized across sites, and preprocessing was 
conducted using a single pipeline, reducing sources of 
variance in the analysis. Following previous findings in 
smaller samples (9) and given the importance of threat 
neurocircuitry in PTSD, we hypothesized that individuals 
with PTSD, compared to trauma-exposed control partic-
ipants, would exhibit 1) stronger rs-FC between bilater-
al amygdala seed regions and hippocampus, insula, and  
dorsal ACC subregion, and 2) stronger rs-FC between bi-
lateral hippocampus seed regions and PCC. We also hy-
pothesized 3) weaker rs-FC between bilateral amygdala 
seed regions and the vmPFC, specifically rostral and sub-
genual ACC subregions.

METHODS

Sample 
Table 1 presents clinical and demographic data from the 
ENIGMA-PGC PTSD working group included in the pres-
ent study (PTSD group, N=1,017, 53% female; trauma- 
exposed control group, N=1,702, 46% female). Sample  
characteristics by site for each seed region are summarized 
in Table S1 in the online supplement. Individuals were as-
signed to the PTSD group if they met the full criteria for 
the disorder based on the diagnostic tools used at the site. 
Twenty-three participants who did not meet the full criteria 
for PTSD (i.e., who had subthreshold or partial PTSD) were 
included in the control group (results of sensitivity analy-
ses with these participants excluded are presented in Table 
S6 in the online supplement). A complete list of inclusion 

and exclusion criteria by site is provided in Table S2 in the 
online supplement. All study procedures were approved by 
local institutional review boards, and participants provided 
written informed consent. The Duke University Health Sys-
tem Institutional Review Board granted exempt status to the 
present study.

Image Acquisition and Processing 
Whole-brain T2*-weighted (blood-oxygen-level-dependent) 
functional MRI (fMRI) images were shared with our consor-
tium working group. All preprocessing and quality control  
procedures were performed centrally at Duke University 
using HALFpipe (22), containerized software that en-
hances reproducibility. Preprocessing steps included 
spatial smoothing with a 6-mm full width at half maxi-
mum (FWHM) Gaussian kernel, grand mean scaling, reg-
istration to normalized space (MNI152Nlin2009cAsym 
template), temporal filtering with a Gaussian filter (128 
seconds FWHM), and anatomical component correction 
(aCompCor) (23). Amygdala and hippocampus seed re-
gions were defined using the most frequently cited coor-
dinates from Neurosynth, using 6-mm spherical regions 
of interest placed at the following Montreal Neurologi-
cal Institute (MNI) coordinates: right amygdala, x=26, 
y=−4, z=−22; left amygdala, x=−22, y=−4, z=−22; right hip-
pocampus, x=32, y=−22, z=−12; left hippocampus, x=−28, 
y=−18, z=−16. The hippocampus seeds correspond to the 
anterior hippocampus. Quality control included visual 
inspection of registration, segmentation, and brain ex-
traction for each participant’s MRI scan. Participants 
were excluded if they had >30% image volumes (time 
points) with framewise displacement over the threshold, 
if they had temporal signal-to-noise ratio values below 
Q1−1.5×interquartile range (thresholds determined per 
site using box-and-whisker plots), or if more than 85% of  
independent-component analysis components were 

TABLE 1.  Clinical and demographic characteristics of the full sample, the PTSD group, and the control groupa

Full sample (N=2,719) PTSD group (N=1,017) Control group (N=1,702)

Variable N % N % N % χ2 p

Biological sex 9.89 0.002
  Ma�le 1,412 51.9 488 48.0 924 54.3
  Fe�male 1,307 48.1 529 52.0 778 45.7

Mean SD Mean SD Mean SD t p

Age (years) 38.52 16.40 38.61 15.20 38.47 17.09 0.23 0.82
Symptom severityb

  PT�SD total norm-severity 0.26 0.23 0.48 0.17 0.10 0.11 61.20 <0.001
  Cl�uster B norm-severity 0.27 0.24 0.46 0.20 0.11 0.14 37.92 <0.001
  Cl�uster C norm-severity 0.32 0.31 0.54 0.25 0.11 0.18 33.82 <0.001
  Cl�uster D norm-severity 0.23 0.24 0.40 0.21 0.05 0.10 35.98 <0.001
  Cl�uster E norm-severity 0.30 0.24 0.49 0.18 0.14 0.16 37.74 <0.001
  De�pression norm-severity 0.24 0.21 0.38 0.19 0.17 0.18 22.66 <0.001
CTQ total 45.78 21.36 59.31 23.70 37.26 14.25 16.11 <0.001
a	

CTQ, Childhood Trauma Questionnaire; PTSD, posttraumatic stress disorder.
b	

Norm-severity refers to norm scores from 0 to 1, where 0 is equivalent to the minimum possible score and 1 is equivalent to the maximum possible score for 
the symptom assessment instrument in question. All scores between the minimum and maximum possible scores scale linearly to a rational number between 
0 and 1.

https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
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classified as noise. Table S3 in the online supplement lists 
resting-state parameters for each site.

Statistical Analysis 
Whole-brain voxel-wise statistical analyses were performed 
using the Image-Based Meta- and Mega-Analysis (IBMMA) 
software package. Statistical maps were corrected for mul-
tiple comparisons across the entire gray matter mask using 
probabilistic threshold-free cluster enhancement (24) with 
family-wise error correction (p<0.05, using a two one-tailed 
test approach) and a minimum cluster extent threshold of 20 
contiguous voxels to control for multiple comparisons. For 
each seed region, the main effect of group was assessed while 
controlling for an interaction term for group by biological 
sex, given previous studies that have highlighted sex differ-
ences in the prevalence of PTSD (25), age, age-squared, and 
sex, and site was treated as a random-effect variable in a lin-
ear mixed-effects model. Furthermore, whole-brain analyses  
were included to examine the effect of PTSD total norm- 
severity scores and each PTSD symptom cluster norm- 
severity score on rs-FC. Specifically, whole-brain analysis  
examined the effect of PTSD total norm-severity scores while 
controlling for an interaction term for PTSD total norm- 
severity scores by biological sex, age, age-squared, and site 
as a random effect variable. A separate whole-brain analy-
sis examined all four PTSD norm-severity symptom clusters 
simultaneously in a single model that controlled for an in-
teraction term for each norm-severity symptom cluster by 
biological sex, age, age-squared, and site as a random effect 
variable.

Sensitivity Analyses 
Follow-up sensitivity analyses were conducted to determine 
the strength of the findings while separately controlling for 
index trauma type (see Table S4 in the online supplement) 
and motion parameters (see Table S5 in the online supple-
ment) and determining whether the findings hold in an 
adult-only sample.

Associations With PTSD Total Norm-Severity Scores 
and Symptom Cluster Norm-Severity Scores 
Exploratory analyses were conducted to test additional models 
beyond the main effect of diagnosis (PTSD, trauma-exposed 
control) model that used a whole-brain voxel-wise approach. 
The exploratory linear mixed-effects regression analyses 

were conducted to test associations of rs-FC between seeds 
and voxel clusters that were identified from the whole-brain  
voxel-wise analysis. These voxel clusters were defined as a 
6-mm region-of-interest sphere centered at the peak vox-
el found with the whole-brain analysis. Exploratory linear 
mixed-effects regression analyses were conducted on PTSD to-
tal norm-severity scores, each symptom cluster norm-severity  
score (to determine the unique contribution of a particular 
symptom cluster), and extracted rs-FC values from significant 
voxel clusters obtained from the earlier whole-brain voxel- 
wise analyses, while controlling for the interaction between 
that model’s respective PTSD norm-severity score by sex, main 
effects of age, age-squared, and site as a random effect. To pre-
serve information and power while removing outliers, analy-
ses assessed for extreme outliers (z score >3.29); when outliers 
were present, scores were winsorized to match the score with 
a z score value <3.29 (26). An additional Bonferroni correc-
tion for multiple comparisons across the five PTSD symptom 
measures, PTSD total norm-severity scores, and clusters B–E 
norm-severity scores was applied at a corrected p<0.010.

RESULTS

Right Amygdala rs-FC 
Whole-brain correlational analyses showed that PTSD total 
norm-severity scores were associated with greater rs-FC for 
the right amygdala with the left hippocampus and amygdala, 
with the right hippocampus, and with the brainstem (see Table 
S9 in the online supplement). No significant differences were 
observed between diagnostic groups (Table 2). No significant 
whole-brain correlations were present for any symptom cluster.

Left Amygdala rs-FC 
Individuals with PTSD showed greater rs-FC between the 
left amygdala and two clusters compared to trauma-exposed 
control participants (Figure 1). The first cluster included the 
right hippocampus and amygdala (MNI coordinates: x=20, 
y=−9, z=−23, Ke=328). The second cluster consisted of the 
bilateral lingual gyrus and right occipital pole (MNI coordi-
nates: x=4, y=−91, z=−13; Ke=168 (Table 2). After correction, 
there were no regions in trauma-exposed control participants 
that showed greater rs-FC with the left amygdala seed com-
pared to individuals with PTSD. Values extracted from vox-
el clusters were subjected to correlation analyses. The first 
cluster was significantly positively associated with PTSD 

TABLE 2.  Significant findings of seed-based resting-state functional connectivity analysesa

Peak MNI coordinates

Seed Brain region x y z Volume (mm3) Cohen’s d

Right amygdala n.s. — — — — —
Left amygdala Right hippocampus and amygdala 20 −9 −23 328 0.16

Right and left lingual gyri 4 −91 −13 168 0.18
Right hippocampus n.s. — — — — —
Left hippocampus n.s. — — — — —
a	

MNI=Montreal Neurological Institute; n.s.=nonsignificant.

https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
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total norm-severity scores and the following norm-severity 
symptom clusters: intrusive, negative cognitions in mood, and 
arousal and reactivity. The second voxel cluster was signifi-
cantly positively associated with PTSD total norm-severity  
scores and the following norm-severity symptom clusters: 
intrusive and avoidance. Whole-brain correlational analyses 
with PTSD total norm-severity scores showed greater rs-FC 
of the left amygdala with bilateral amygdala/hippocampus 
and left parahippocampal gyrus (see Table S9 in the online 
supplement). No significant whole-brain correlations were 
present for any symptom cluster.

Hippocampus 
No significant group differences or correlations with 
norm-severity symptom scores were observed in the right or 
left hippocampus.

DISCUSSION

We conducted the largest mega-analysis to date of resting- 
state fMRI in individuals with PTSD. Our data were central-
ly analyzed with uniform hardware, software, quality control 
procedures, preprocessing pipeline, and postprocessing pipe-
line for all sites and all participants. Our results demonstrate 
greater rs-FC between key subcortical regions involved in 
threat neurocircuitry, as determined by unbiased whole-brain 
analyses, in participants with PTSD compared to trauma- 
exposed control participants. Specifically, we showed greater 
rs-FC of the left amygdala with the right hippocampus and 
amygdala and the bilateral lingual gyrus in individuals with 

PTSD as compared to control participants. Our analysis in-
cludes data from studies conducted worldwide, covering a 
fuller range of demographic characteristics and a broader 
range of types of trauma exposure, promoting the generaliz-
ability of the findings.

Our finding of stronger rs-FC between the left amygdala 
and the right hippocampus and the right amygdala is in line 
with previous rs-FC studies (18). Specifically, we observed 
rs-FC with the anterior portion of the right hippocampus, 
which, together with the amygdala, plays a key role in asso-
ciative learning and memory (5, 27). These results suggest a 
potential mechanism underlying alterations in emotional ep-
isodic memory processing in individuals with PTSD, where-
by there is a heightened binding of emotional response and 
environmental information related to the traumatic event, 
potentially contributing to the overgeneralization of trauma 
memories (28). Further, this exaggerated connectivity might 
promote heightened communication that hampers the suc-
cessful withdrawal of attention from a potential environmen-
tal threat and a failure to downregulate fear responses after 
the recognition that there is no immediate danger (29). Ul-
timately, these findings highlight a functional alteration in 
individuals with PTSD that may contribute to overly active 
memory processes and the inability to appropriately disen-
gage from potentially threatening stimuli in one’s environ-
ment. To better understand the findings discussed above, we 
conducted exploratory correlation analyses, which revealed 
significant positive associations between extracted rs-FC val-
ues and intrusive symptoms. These findings provide some ev-
idence that greater rs-FC between regions may contribute to 
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FIGURE 1.  Brain regions that exhibit stronger resting-state functional connectivity with the left amygdala seed region in PTSDa

a �Panel A depicts the left amygdala seed. Panel B shows the brain regions that were found to be significantly functionally connected with the 
left amygdala seed in the PTSD group versus the trauma-exposed control group. Connectivity strengths are depicted at the family-wise error  
cluster–corrected level. One-tailed statistical maps were thresholded at zpTFCE>4.9 (corresponding to pFWE<0.05) with a minimum cluster 
extent of 20 contiguous voxels to control for multiple comparisons. All visualizations display only voxels exceeding these thresholds. FWE, 
family-wise error; pTFCE, probabilistic threshold-free cluster enhancement; PTSD, posttraumatic stress disorder.

https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
https://psychiatryonline.org/doi/suppl/10.1176/appi.ajp.20250062/suppl_file/appi.ajp.20250062.ds001.pdf
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greater memory distortions. These findings were not replicat-
ed when we examined the effect of intrusive symptoms using 
whole-brain analyses, and therefore the correlations using 
the extracted values should be interpreted with caution.

We also demonstrated stronger rs-FC between the left 
amygdala and the bilateral lingual gyrus. The lingual gyrus 
is a part of the occipital lobe, which is important in vision 
processing. It has recently been highlighted as one of many 
important regions of the affective visual circuit in PTSD 
(30). The amygdala projects to the occipital cortex via the 
parahippocampal segment of the cingulum bundle (31), lend-
ing importance to the amygdala in visuosensory-emotional 
processing. Previous studies have found alterations in the 
lingual gyrus in PTSD (30). Of note, one small rs-FC explor-
atory study found lower connectivity between the superficial 
amygdala and the lingual gyrus (32). While these findings 
are opposite to those of the present study, they derive from 
a small sample size (N=10 for each group) in an examination 
of subregions of the amygdala. We also found significant pos-
itive partial correlations between the extracted values from 
this voxel cluster and PTSD total norm-severity scores. Par-
ticipants were asked to stay awake and let their mind wander, 
and our findings illustrate the potential difficulty in doing so 
for people with PTSD.

Our findings are inconsistent with some other reports.  
Previous studies highlighted stronger rs-FC between the amyg-
dala seed and other regions of the salience network, including 
the insula (16, 17), a finding that was not replicated here. Simi-
larly, previous rs-FC PTSD studies have found weaker connec-
tivity between our seed regions and prefrontal cortical areas 
(reviewed in 9), whereas we found no significant differences 
between groups. There are several possible reasons for the in-
consistency between our findings and prior studies. We had a 
large sample size and sufficient statistical power to detect an 
effect, unlike earlier studies (N<60). Furthermore, earlier stud-
ies employed less stringent multiple-comparison corrections, 
which may have increased the likelihood of type I error. Ad-
ditionally, our sample is more generalizable as it represents a 
greater diversity of important demographic and clinical char-
acteristics: age (8–86 years), race and ethnicity (18% Black, 8% 
Asian, 3.3% Hispanic), geographical region (nine countries), 
biological sex (48% female), and index trauma type (PTSD 
group breakdown: 23% military trauma, 45% civilian trauma, 
22% unknown). Therefore, our study is better powered to find 
a true effect with a more diverse sample, providing more gen-
eralizable findings.

While the size of the sample is a major strength, diversity 
can lower power if it is not adequately captured in statisti-
cal models. We explicitly modeled sources of heterogeneity 
in a large sample from multiple sites by including site as a 
random effect. A study with a large sample size is able to 
reliably detect smaller effect sizes than a study with a small 
sample size (33). As the sample size increases, the sample 
mean more closely approximates the true population mean, 
so that the sample variance is lower and the effect size is 
more stable (34). A large sample size guards against spurious  

overestimates of the effect size, which may occur with small 
samples (35). Furthermore, findings may be specific for 
subgroups, explaining the discrepancy between this study 
and other studies. For example, when including index trau-
ma type in the model, we see an interaction such that some 
group differences are greater in the military trauma sub-
group. This underscores the importance of modeling sourc-
es of heterogeneity (e.g., index trauma type, sex) to explain 
the associated variance and increase statistical power. How-
ever, inadequate modeling of variance in heterogeneous 
samples results in greater noise and lower statistical power.

The absence of group differences in rs-FC of amygdala 
and hippocampal seed regions with prefrontal, particular-
ly ventromedial prefrontal, cortical areas was unexpected. 
Neurocircuitry models of PTSD typically suggest that greater 
amygdala, lesser hippocampal, and lesser vmPFC activation 
contribute to symptomatology (reviewed in 8), and weaker 
connectivity was previously found between these regions in 
PTSD (9). Given our large sample size, the absence of this 
group difference is meaningful. Most studies of threat neu-
rocircuitry in PTSD presented threatening or fearful stimuli, 
which was the context when impaired FC was shown. Our 
findings suggest that during rest, a distinct pattern occurs, 
with no aberrant functional connections between the sub-
cortical seed regions and the prefrontal cortex. Instead, our 
findings suggest that the amygdala and hippocampus are hy-
perconnected and might contribute to an inability to down-
regulate fear responses even in the absence of threatening or 
fearful stimuli. When individuals are presented with a threat, 
prefrontal regulation may be hindered by the greater FC be-
tween the amygdala and hippocampus, which might result in 
the inability of the vmPFC to regulate amygdala threat reac-
tivity successfully. Indeed, studies do support alterations in 
dynamic FC during threat in individuals with PTSD com-
pared to control participants that might contribute to an in-
ability of brain networks to disengage effectively (8). Further 
investigation is warranted to explore FC in individuals with 
PTSD during change from a fear-related task to rest.

Although not a primary goal, an additional strength of this 
study is the analysis of hemispheric lateralization effects in 
rs-FC in PTSD. A review of lesion and neuroimaging studies 
suggested that the right amygdala may specifically play a role 
in sensory-mediated fear expression (36). The right amygdala 
has been implicated in PTSD more consistently than the left 
amygdala, which may have a more significant role in cognitive- 
mediated fear acquisition and extinction learning (36). The 
findings from the present study show greater functional con-
nections between the left and right amygdala in PTSD and 
stronger functional connections with the right hippocampus. 
More work is needed to understand the significance of the 
laterality of the hippocampus in PTSD.

This is the largest mega-analysis of rs-FC in PTSD to date, 
and it was implemented in a large multicohort consortium 
dataset. While this is a major strength, some limitations and 
considerations should be acknowledged. First, many sites 
did not provide item-level data for relevant covariates, so we 
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were unable to investigate the effects of relevant covariates 
such as medication status, more than two index trauma types, 
and traumatic brain injury exposure. However, we included 
the most pertinent covariates—age, biological sex, and study 
site. Second, rs-FC scans are inherently prone to scanner ar-
tifacts, motion-induced effects, and effects from physiological 
sources such as cardiac and respiratory cycles (37). To address 
this, we ensured that our data were centrally analyzed and un-
derwent strict quality assessment before we conducted anal-
yses. Third, this study is cross-sectional; future longitudinal 
research will be imperative to better understand whether al-
tered rs-FC confers risk for PTSD or changes as a function of 
the disorder (as expressed in 38). Fourth, a recent narrative re-
view explored altered FC of amygdala subnuclei in PTSD (39), 
and rs-FC of the anterior and posterior hippocampus has been 
previously explored in PTSD (40). In the present study, we 
focused not on subnuclei but rather on a 6-mm sphere of the 
most frequently cited coordinates from Neurosynth, which is 
a limitation and a direction for future study. Relatedly, we took 
a hypothesis-driven approach when selecting these seed re-
gions and conducted a whole-brain analysis of each seed for 
an unbiased analytic approach. Still, data-driven approaches 
are relevant and informative for discoveries that are beyond 
known systems and circuits. Fifth, the present study did not 
assess neural networks; however, it is important to highlight 
that the seed regions in this investigation are a part of larg-
er neural networks. Thus, the interpretations of our results 
highlight the potential role that the connectivity of our seed 
regions plays within these networks. Of course, it is important 
to use caution with these interpretations, given that we did not 
directly assess networks in this study. Lastly, we did not collect 
qualitative data on participants’ thoughts, such as intrusive 
memory recall, during the resting-state scan.

CONCLUSIONS

Greater functional connectivity between subcortical threat 
centers was discovered in PTSD patients compared to con-
trol participants, perhaps contributing to enhanced threat 
responses in the absence of stimuli. Examining large-scale 
brain networks, in contrast to single regions of interest relat-
ed to PTSD, provides a more holistic view of alterations that 
contribute to pathology. Following interesting developments 
in neuromodulation (41), our study offers cortical targets for 
neuromodulation and indirect stimulation of the hippocam-
pus and amygdala. Future studies could leverage rs-FC to in-
form treatments and investigate how different interventions, 
such as brain stimulation, neurofeedback, and psychotherapy, 
might modulate the aberrant neural networks in PTSD.
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Examination Questions for “Resting-State Functional Connectivity 
of the Amygdala and Hippocampus in PTSD: 

Results From the PGC-ENIGMA PTSD Working Group”

1. Which of the following is an advantage of using a mega-analytic approach 
compared to a meta-analytic approach?

A. Data are centrally analyzed and fi tted to the aggregated data while adjusting 
for covariates.

B. Increased sample size

C. Increased generalizability

D. Identifi cation of sample heterogeneity

2. In comparison to trauma-exposed control participants, individuals with PTSD 
exhibited:

A. Greater right amygdala resting-state functional connectivity to the insula.

B. Greater left amygdala resting-state functional connectivity to the right 
hippocampus/amygdala.

C. Lesser right amygdala resting-state functional connectivity to the left 
hippocampus.

D. Lesser left amygdala resting-state functional connectivity to the left 
hippocampus.

3. PTSD total norm-severity scores were associated with greater resting-state 
connectivity between the right amygdala and what other brain region?

A. Insula

B. Putamen

C. Rostral anterior cingulate

D. Hippocampus
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