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Neural correlates of anger expression in patients with PTSD

Neir Eshel

2 Adi Maron-Katz', Wei Wu'-®, Duna Abu-Amara®, Charles R. Marmar* and Amit Etkin'*

Anger is a common and debilitating symptom of post-traumatic stress disorder (PTSD). Although studies have identified brain
circuits underlying anger experience and expression in healthy individuals, how these circuits interact with trauma remains unclear.
Here, we performed the first study examining the neural correlates of anger in patients with PTSD. Using a data-driven approach
with resting-state fMRI, we identified two prefrontal regions whose overall functional connectivity was inversely associated with
anger: the left anterior middle frontal gyrus (aMFG) and the right orbitofrontal cortex (OFC). We then used concurrent TMS-EEG to
target the left aMFG parcel previously identified through fMRI, measuring its cortical excitability and causal connectivity to
downstream areas. We found that low-anger PTSD patients exhibited enhanced excitability in the left aMFG and enhanced causal
connectivity between this region and visual areas. Together, our results suggest that left aMFG activity may confer protection
against the development of anger, and therefore may be an intriguing target for circuit-based interventions for anger in PTSD.

Neuropsychopharmacology (2021) 46:1635-1642; https://doi.org/10.1038/s41386-020-00942-y

INTRODUCTION

Post-traumatic stress disorder (PTSD) is a common and disabling
disorder worldwide [1, 2]. Although the illness has a diverse array
of associated symptoms, perhaps the largest single predictor of
overall severity is anger [3]. People with PTSD report more anger
than the general population [4], an association that holds true
even when controlling for pre-trauma anger levels [5]. Perhaps
due to the type of trauma, the relationship between anger and
PTSD is particularly strong in military populations [6, 7], with
almost half of veterans with PTSD reporting that they engaged in
physical aggression after returning from deployment [8].

Besides the immediate emotional and interpersonal conse-
quences of anger [9], PTSD-related anger is associated with poor
physical health [10] and poor treatment response [11]. Indeed,
PTSD patients entering treatment often report anger as their
greatest clinical concern [12] and the symptom that most limits
their daily functioning [13]. Despite strong evidence for the critical
importance of anger in PTSD, it is understudied compared to other
aspects of the disorder [14] and little is known about its cognitive,
psychological, or neurobiological underpinnings.

To our knowledge, no studies have yet examined the neural
correlates of anger in patients with PTSD. When patients with
PTSD are presented with negative stimuli such as angry faces, they
generally show hyperactivation in the amygdala, insula, and the
anterior cingulate, and hypoactivation in medial prefrontal regions
[15-17]. However, these evoked responses have not been linked
to participants’ anger levels or aggressive behavior. Thus, it is
unclear whether the patterns of brain activity in response to
negative stimuli predispose to or protect from anger, or indeed
have any association with the patients’ symptoms.

Although the neurobiology of anger in PTSD remains unknown,
multiple studies have measured neural correlates of anger in

healthy participants or patients with other disorders. Some of the
first clues came from lesion studies, which revealed that people
with damage to the orbital and lateral prefrontal cortex (PFC) were
more likely to experience anger outbursts [18]. Similarly, epileptic
patients with reduced prefrontal gray matter were noted to
exhibit more impulsive aggression [19]. In contrast, people with
greater ventromedial PFC activity in response to angry faces [20]
or unfair offers in an ultimatum game [21] reported lower levels of
anger and aggression. Consistent with these findings, enhancing
either ventromedial [22] or dorsolateral [23, 24] PFC activity with
transcranial direct current stimulation may reduce provoked
anger. Taken together, it appears that at least in healthy
individuals, activity in specific prefrontal areas may mitigate anger
and aggression.

Conversely, anger and aggression appear to be enhanced by
the activity of certain subcortical regions, particularly the
amygdala [25, 26] and ventral striatum [27]. One recent paper,
for example, showed that patients with intermittent explosive
disorder had higher amygdala responses to angry faces than
healthy controls and that the amygdala response correlated with
the number of prior aggressive acts [28]. Furthermore, a series of
studies demonstrated that amygdala responses to an anger-
inducing game [25] or film [29] correlated with later subthreshold
traumatic stress symptoms after a year of combat training.
Combining these results with the PFC findings above, it has been
hypothesized that reduced prefrontal control of subcortical
regions may predispose individuals to angry and aggressive
behavior [21, 30]. Indeed, multiple resting-state fMRI connectivity
analyses have revealed that people with high trait anger or
aggression exhibit low connectivity between the amygdala and
either ventral [31] or dorsolateral [32] PFC, although at least one
paper found the opposite direction of effect [25]. Similarly, people
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with reduced functional connectivity between the nucleus
accumbens and the PFC tended to be more aggressive [27].
Here, we examine how patterns of brain connectivity and
excitability relate to anger levels in patients with PTSD. Why do so
many patients with PTSD develop anger problems, and how do
some patients avoid this fate? To tackle this question, we took
advantage of multimodal neuroimaging data in veterans with and
without PTSD, exploring which neural signatures distinguish
between PTSD participants with high anger levels and those with
low anger levels, and how these signatures compare with healthy,
trauma-exposed controls. We first took a data-driven, hypothesis-
generating approach, searching the entire brain for fMRI
connectivity correlates of anger in patients with PTSD. We then
used these findings as the basis for subsequent analysis of TMS-
EEG data, which allowed us to assess both cortical excitability and
causal connectivity from the areas of stimulation. We discovered
two prefrontal parcels whose connectivity to the rest of the brain
was inversely correlated with anger and verified that one of these
—Ilocated within the left anterior middle frontal gyrus (aMFG)—
exhibited both higher excitability and stronger causal connectivity
to downstream sensory areas in patients with PTSD who reported
low anger, compared to their high-anger peers. Thus, targeting
this region may hold promise for the treatment of anger in PTSD.

MATERIALS AND METHODS

Participants

The study included 162 Irag/Afghanistan-era combat veterans (97
trauma-exposed healthy participants and 65 with PTSD). PTSD
diagnoses were based on DSM-5 criteria using the Clinician-
Administered PTSD Scale (CAPS) [33]. Exclusion criteria included a
history of psychotic disorders, bipolar disorder, or substance use
disorder within 3 months for patients and lifetime for controls; a
history of a neurological disorder; greater than mild traumatic
brain injury (i.e, >30min loss of consciousness or >24 h post-
trauma amnesia); and claustrophobia. Controls were required to
have experienced a military service-related criterion A trauma, but
not meet lifetime criteria for any psychiatric disorder, including
PTSD. Participants were allowed to continue their current
medications as long as the dose was stable for at least 2 months.

Participants were recruited at either New York University or
Stanford University after signing an informed consent approved
by the relevant University's institutional review board, in
accordance with the ethical principles in the Declaration of
Helsinki. Data from some of the same participants have been
reported previously [34], although not any data related to anger.
The study was designed for the discovery and validation of PTSD-
related biomarkers; there were no pre-specified hypotheses or
primary analyses.

All 162 participants underwent resting-state fMRI scans, and 86
of them (49 controls, 37 with PTSD) also underwent TMS-EEG
recordings. See participant characteristics in Supplementary
Tables 1-2 and 4.

Clinical and behavioral assessments

Participants completed multiple clinical and behavioral assess-
ments and self-report scales (for more details, see ref. [34]). In
addition to the CAPS for PTSD symptoms and the Beck Depression
Inventory (BDI-ll) [35] for depressive symptoms, participants
reported on their quality of life using the World Health
Organization’s WHOQOL-BREF survey [36]. Intelligence quotient
(IQ) was estimated with the Wechsler Abbreviated Scale of
Intelligence (WASI) [37]. Participants also completed a computer-
ized neurocognitive test battery [38].

Our anger measure, the State and Trait Anger Expression
Inventory (STAXI-2) [39], is a self-report instrument that assesses
the experience, expression, and control of anger. For this study,
we used the 10-item trait anger scale score, which assesses
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perceptions of anger responses experienced over time, as well as
the frequency that angry feelings are experienced in situations
involving frustration and negative evaluation. All items are
measured on a 4-point Likert scale, for a total range of 10-40.

fMRI

Participants underwent an 8-min resting-state scan at either New
York University (Siemens Skyra 3T scanner; N=114) or Stanford
University (General Electric 750 3T scanner; N=48). To probe
functional connectivity, the mean time series was extracted for
100 cortical and 33 subcortical brain parcels, identical to what we
performed in a recent publication [40]. For interpretation
purposes, parcels were mapped to seven previously-identified
functional brain networks [41] based on the spatial overlap
between each parcel and each network. Specifically, each voxel in
a parcel was assigned to one of the seven networks, and the
parcel was mapped to whichever network covered the most
voxels. Notably, this mapping of parcel to network is identical to
that provided by Schaefer et al. [42]. Connectivity values between
each pair of parcels were estimated using Pearson’s correlation
coefficient. Fisher-transformed absolute connectivity values were
then averaged for each parcel to obtain a single measure of that
parcel’s global connectivity to all other parcels. We chose to
measure global connectivity because this approach is often used
to reduce whole-brain data dimensionality while maintaining
most of the signal and avoiding redundancy in the data [25, 43].
More details about fMRI acquisition, preprocessing, brain parcella-
tion, and time-series extraction can be found in the Supplementary
Information.

TMS-EEG

In a subsequent session at both the NYU and Stanford sites, a
subset of participants underwent EEG recordings concurrent with
single-pulse TMS stimulation of two parcels in the left dorsolateral
prefrontal cortex (DLPFC): the aMFG (in the ventral attention/
salience network) and the posterior middle frontal gyrus (pMFG, in
the frontoparietal control network). To determine the target
coordinates, we first identified these two resting-state networks
using an independent component analysis of fMRI data from a
separate group of individuals [44], then extracted the MNI
coordinates of the prefrontal component of those networks, and
finally transformed these coordinates back to individual subject
native space using non-linear spatial normalization with FSL
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki). The targets were placed on
each participant’s T1-weighted anatomical MRI for neuronaviga-
tion using the Visor2 LT 3D neuronavigation system (ANT Neuro,
The Netherlands). For further details about the TMS-EEG data
acquisition and preprocessing, please see the Supplementary
Information.

Statistics

All statistical analyses were conducted in SPSS (IBM Corporation).
Participants with PTSD were divided on the basis of their trait
anger scores on the STAXI-2. Cutoffs were established from the
STAXI-2 manual [39], which defines high anger as >75th percentile
(trait anger score > = 21) and low anger as <25th percentile (trait
anger score < = 14). This allowed us to divide our sample into
three groups: healthy trauma-exposed participants (n =97), low-
anger PTSD (n=19), and high-anger PTSD participants (n = 27).
The approach of splitting participants into high- and low-anger
groups is similar to that used in other papers examining anger
[45-47] and was useful since the distribution of anger scores was
positively skewed, with multiple subjects scoring the lowest
possible score, making it difficult to discriminate among
participants with low scores. When group differences were
detected, we examined the relationship between functional
connectivity of these brain parcels and STAXI-2 scores across all
members of the PTSD group, ensuring that data from all
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Global connectivity from the frontal cortex distinguishes anger levels in PTSD. Resting-state fMRI global connectivity values were

calculated for 133 brain regions in each participant and then entered into generalized linear models to discover regions that could distinguish
healthy controls, low-anger PTSD patients, and high-anger PTSD patients. Two regions survived FDR correction: the left aMFG (A) and the right
OFC (C). In both cases, the low-anger group had stronger connectivity than either high-anger patients or healthy controls. In a post hoc,
exploratory analysis, global connectivity levels from both the left aMFG (B) and the right OFC (D) inversely correlated with trait anger. *P <

0.05, ***P < 0.001, Sidak correction for multiple comparisons.

participants—not just those at the extremes of self-reported
anger—were incorporated into the study.

For our fMRI analyses, we constructed a generalized linear
model (GLM) for each brain parcel, using that parcel’s global
connectivity as the dependent variable; group (healthy, low-anger
PTSD, high-anger PTSD) as a categorical predictor; and age,
gender, education level, 1Q, CAPS total score, BDI total score, and
site of fMRI acquisition as covariates. The P values for the set of
133 GLMs were corrected for multiple comparisons using the false
discovery rate (FDR) procedure. Any surviving GLM results were
then subjected to post hoc pairwise tests of significant effects
using the Sidak correction for multiple comparisons. Similarly, for
our TMS-EEG analyses, we constructed a GLM for each of the four
time windows (P30, P60, N100, and P200), FDR-corrected the
resulting P values, and then ran post hoc tests with Sidak
correction. This approach resembles what we previously used to
study fMRlI and TMS-EEG data from PTSD patients split by
performance on a memory task [34]. We used a nonparametric
test (Kendall's tau) to examine correlations between brain
measures and STAXI, due to the non-normal distribution of the
STAXI data. For similar reasons, group mean differences in anger
were estimated with the nonparametric Wilcoxon rank-sum test.
Fisher's exact tests were used to compare proportions of controls
or PTSD participants with low or high anger.

RESULTS

Subjects and demographics

A total of 162 trauma-exposed combat veterans, 97 without any
current or prior psychiatric diagnosis and 65 with current PTSD,
filled out the STAXI-2 trait anger questionnaire, along with other
clinical surveys and behavioral paradigms. Compared to partici-
pants with PTSD, trauma-exposed veterans who did not meet
criteria for any psychiatric disorder reported fewer PTSD and
depressive symptoms, higher quality of life, and less medication
use (Supplementary Table 1).

We next examined how patients and controls rated their trait
anger on the STAXI-2. While patients with PTSD tiled the entire
range of scores, healthy controls clustered in the lower end
(Supplementary Fig. 1: controls, median 13; patients, median 19;
Wilcoxon rank-sum, Z=—-5.7, P<1.5E-8). To examine clinical,
behavioral, and neural markers of anger, we used established
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cutoffs for high anger (>=75th percentile) and low anger (<=25th
percentile) on the STAXI-2 [39]. Using these cutoffs, only 3/97
controls reported high anger, compared to 27/65 patients with
PTSD (Fisher’s exact test, P<0.001) Conversely, 65/97 controls
reported low anger, versus 19/65 patients with PTSD (Fisher’s
exact test, P<0.001). Comparing PTSD patients with high versus
low anger revealed that the high-anger group had higher
depression scores and lower quality of life, but no substantial
differences in other demographic or cognitive measures (Supple-
mentary Table 2).

Group differences in resting-state functional connectivity

As this is the first study to measure neural correlates of anger in
patients with PTSD, we began with a hypothesis-generating, data-
driven approach, searching the entire brain for parcels whose
overall (i.e, global) connectivity differed significantly between
healthy controls, low-anger PTSD patients, and high-anger PTSD
patients. After extracting BOLD signal from 100 previously
identified cortical parcels [42] and 33 subcortical parcels [48-51],
we calculated the global connectivity of each parcel (i.e, the
average pairwise connectivity from that parcel to every other
parcel in the brain) for each subject. After correcting for multiple
comparisons, two parcels showed significant differences between
the groups (Fig. 1): the left aMFG, which is part of the DLPFC and
mapped onto the salience network (MNI coordinates: x = —30,
y =44, z=30; Wald x* = 16.8, P < 0.0002, Prq, < 0.03); and the right
orbitofrontal cortex (OFC), mapped onto the limbic network
(MNI coordinates: x=13, y=37, z=—19; Wald x*=13.2, P<
0.001, Psy, < 0.05).

For the left aMFG (Fig. 1A), post hoc comparisons between the
groups revealed that the low-anger group had stronger global
connectivity than both the high-anger group (P < 0.0001) and the
healthy controls (P < 0.02). Furthermore, across all PTSD patients,
there was a significant negative correlation between the global
connectivity of this parcel and trait anger scores (Fig. 1B, Kendall's
T=-0.28, P=0.0033). For the right OFC (Fig. 1C), post hoc
pairwise comparisons showed that again, the low-anger group
exhibited stronger global connectivity than both the high-anger
group (P<0.001) and the healthy controls (P < 0.013). Across all
patients, we again found a significant negative correlation
between the global connectivity of this parcel and trait anger
scores (Fig. 1D, Kendall's T=—0.21, P < 0.029).
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Fig. 2 Pairwise connectivity and anger levels. In a post hoc, exploratory analysis, functional connectivity strengths were calculated from the
left aMFG (top) and the right OFC (bottom) to all other parcels in the brain. The corresponding significance levels are presented on the right
using —log(P value) plots, in which the vertical line indicates the —log(FDR adjusted P value threshold), which are 6.91 for left aMFG and 5.51
for right OFC. Numerous group differences are apparent. All regions surviving FDR correction are displayed in Fig. 3.

To explore what might be driving the global connectivity group
differences, we examined the pairwise connectivity strengths
between each of the two parcels above and all 132 other parcels.
This exploratory analysis revealed group differences in a variety of
functional connections, especially involving sensory areas (e.g.,
visual and somatosensory cortex) and subcortical parcels (Fig. 2).
In total, we identified 18 connections that significantly differed
between the groups after correction for multiple comparisons
(Supplementary Table 3). Five of these involved the left aMFG and
its connectivity to parcels in the visual cortex, cerebellum, and
striatum (Fig. 3A and Supplementary Fig. 2). The remaining 13
connections involved the right OFC and its connectivity to
multiple parcels, including the striatum and cortical parcels
involved in somatosensory processing, executive control, and
the default mode network (Fig. 3B and Supplementary Fig. 3). All
but one of the functional connections showed significant
correlations between STAXI-2 scores and connectivity in the full
PTSD group (all P<0.03, Supplementary Figs. 4-5).

Group differences in TMS response

Our exploratory fMRI analysis suggested that left aMFG and right
OFC may play a role in tempering anger expression in patients
with PTSD, since higher connectivity from these regions was
associated with lower anger levels. To test the consistency of
these findings across modalities, we recorded EEG from a subset
of the participants (49 healthy controls and 37 PTSD patients,
demographics in Supplementary Table 4) while they received
single pulses of TMS to the left aMFG, one of the regions identified
with fMRI. This hypothesis-driven approach allowed us to measure
both cortical excitability (i.e., the neural response to TMS directly
underneath the coil) and causal connectivity (i.e, the neural
response to TMS in downstream areas) [52, 53], complementing

SPRINGERNATURE

Right
OFC

Fig. 3 Regions whose pairwise connectivity strengths are asso-
ciated with anger. Positive (yellow) and negative (blue) connections
are shown from the left aMFG (A) and the right OFC (B).

the measures from fMRI. Given the fMRI findings, we predicted
that the left aMFG would be more excitable and more strongly
connected to specific downstream regions in patients with
low anger.

We first examined cortical excitability [52] by quantifying the
amplitudes of four time-locked evoked potentials (P30, P60, N100,
and P200) that were source-localized to the aMFG, the brain parcel
being stimulated. We entered the peaks of these TMS-evoked
potentials into a GLM with the same covariates as above and
found a significant effect of group for both the P30 and the P60
potentials (Fig. 4). In both cases, this was driven by high-anger
PTSD patients, who exhibited lower-amplitude potentials than the
other groups (P30, Sidak post hoc comparisons: high-anger vs

Neuropsychopharmacology (2021) 46:1635 - 1642



controls, P=0.001; high-anger vs low-anger, P = 0.039; P60: high-
anger vs controls, P <0.001).

To ensure the spatial specificity of these findings, we performed
two control analyses. First, we examined the TMS-evoked
potentials in the left aMFG during stimulation of the left posterior
middle frontal gyrus (oMFG), a neighboring part of the DLPFC that
maps onto the frontoparietal control network rather than the
salience network. This parcel was not found to be related to anger
in our fMRI analysis, so we predicted that the TMS-EEG results
would be similarly unrevealing. Indeed, the GLM results were
insignificant (Pgy,>0.05 for all four potentials, Supplementary
Fig. 6), implying that the results above were not solely due to
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Fig. 4 Cortical excitability correlates of anger. EEG signals were
recorded while single pulses of TMS were applied to the region of
the dorsolateral prefrontal cortex (DLPFC) associated with anger (left
aMFG, white sphere, which maps onto the salience network, shown
in red). Early but not late TMS-evoked potentials were significantly
associated with anger. P30: Wald x2= 16, P=3.35e-4, Py, < 6.7€-4.
P60: Wald x* = 28.8, P = 5.55e-7, Py, < 2.26-6. *P < 0.05, ***P < 0.001,
Sidak correction for multiple comparisons. For the color figure,
please refer to the online version.
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baseline differences in left aMFG excitability. Second, we
examined EEG responses in left pMFG to stimulation of left pMFG.
Again, the GLM was insignificant (P, >0.05 for all potentials,
Supplementary Fig. 6), implying that the results were not solely
due to differences in TMS-evoked activity under the coil,
regardless of the stimulation site. Instead, our results suggest
that in patients with PTSD, anger-related changes in excitability
and connectivity are specific to aMFG. Note, however, that the
negative results in these control analyses may be due to limited
sample size, as direct comparisons between the aMFG and pMFG
cortical excitability values did not reach statistical significance
(frontal parcel x group interaction, P = 0.06 for the P30 and P60
potentials).

Finally, we used TMS-EEG to examine causal connectivity
between the left aMFG and the two cortical parcels identified by
our fMRI analysis, both mapped to the visual network. Specifically,
we stimulated the left aMFG with single-pulse TMS, and then
measured the evoked EEG potentials in the two visual parcels
revealed by fMRI. Given our fMRI findings, our hypothesis was that
PTSD patients with low anger would have stronger causal
connectivity with these visual parcels than PTSD patients with
high anger. As EEG is limited to cortical regions, we could not test
connectivity to any of the subcortical regions identified by fMRI.
For both visual areas, consistent with our hypothesis, we found a
significant effect of group for the P30, P60, and N100 potentials,
with low-anger PTSD patients showing the strongest TMS-evoked
potentials (Fig. 5). As a control, we repeated the analysis for
stimulation of left pMFG, and there was no significant effect of
group (Pgg,>0.05 for all four potentials in both visual areas,
Supplementary Fig. 7). Again, however, direct comparisons of the
pMFG and aMFG findings did not reach significance (frontal parcel
X group interaction, P < 0.1 for the P30, P60, and N100 parcels).

DISCUSSION

We performed a two-site, cross-sectional, exploratory study of
combat veterans with and without PTSD, using self-report scales,
fMRI, and concurrent TMS-EEG to discover neural correlates of
anger in this patient population. We found that compared to
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Fig. 5 Causal connectivity correlates of anger. EEG signals in two areas of the visual cortex were recorded while single pulses of TMS were
applied to the region of the dorsolateral prefrontal cortex (DLPFC) associated with anger (left aMFG). For both visual areas, there was a

significant effect of group for the P30 (area 52, Wald

x*>=13.5, P=0.001, Py, = 0.004; area 53, Wald x*

=16.7, P=2.3e-4, Psy, < 9e-4), P60 (area

52, Wald y*> = 10.1, P = 0.006, P, = 0.012; area 53, Wald x* = 12.1, P = 0.002, P4, = 0.004), and N100 TMS-evoked potentials (area 52, Wald x> =
6.8, P =0.034, P, = 0.045; area 53, Wald x> = 10.7, P = 0.005, Pq, = 0.007). *P < 0.05, **P < 0.01, Sidak correction for multiple comparisons.
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trauma-exposed healthy controls, PTSD participants endorsed
substantially higher trait anger levels, with 42% reporting anger
that exceeded the clinical cutoff, versus just 3% of the controls.
Taking a data-driven, whole-brain approach to fMRI connectivity
data, we found that anger was associated with global connectivity
in two parcels: the left aMFG, a part of the DLPFC associated with
the salience network; and the right OFC, in the limbic network.
Both parcels had stronger global connectivity in the low-anger
group than in the high-anger group or controls. Finally, we used
concurrent TMS-EEG to complement our fMRI findings with an
approach that allows interrogation of the causal influence of the
stimulated region on downstream regions. The results suggested a
role for the left aMFG in anger expression, as PTSD patients with
low-anger scores showed higher cortical excitability than did
patients with high-anger scores, as well as higher connectivity to
visual areas. Together, our findings raise the hypothesis that
stronger connectivity and excitability in specific frontal parcels
may protect against anger in PTSD.

To our knowledge, this is the first study to examine the neural
substrates of anger in patients with PTSD. Our results, however, fit
well with prior experiments in other populations, which have
reported the involvement of cortical and limbic areas in the
experience and expression of anger [54]. Specifically, our OFC
findings are consistent with prior work showing that patients with
OFC lesions have higher aggression and violence scores than
patients with lesions in other regions [55] and that healthy people
with higher levels of aggression have reduced OFC reactivity [20].
Likewise, our aMFG findings dovetail with meta-analyses showing
impairments of DLPFC in antisocial behavior [56], although it is
important to note that some areas of the frontal cortex may in fact
be more reactive in healthy people with high anger levels [46, 57].
The laterality of our findings may also fit prior literature showing
left DLPFC and right OFC deficits in antisocial behavior [56].

In addition to global connectivity, we also explored specific
pairwise connections from these two cortical parcels. Our most
common finding was in the ventral and dorsomedial striatum,
consistent with prior work associating impulsive aggression with
increased responsiveness in these striatal regions, which may
increase sensitivity to frustration or rejection [27, 58, 59]. Speci-
fically, we found that the OFC (part of the cortico-limbic system)
showed increased positive connectivity with striatal regions in
high-anger patients, while the aMFG (part of the salience network)
showed increased positive connectivity with striatal regions in the
low-anger group. Thus, activation of specific striatal regions by the
limbic network, and not the salience network, may predispose
patients to higher levels of aggression. Future work using causal
tools in humans or animal models will be crucial to understand
how these networks compete to determine behavior.

Our data also suggested an association between anger and
frontal connections with primary sensory areas. In particular, both
the fMRI and TMS-EEG results revealed stronger (negative)
connectivity between the aMFG and the visual cortex in the
low-anger group than in the high-anger group. Although our
study could not test the functional role of these connections, one
possibility is that top-down control of primary visual areas helps to
minimize distorted imagery, which has been theorized to
contribute to anger in PTSD [14]. According to this theory, anger
in PTSD—unlike anger in other settings—also involves impair-
ments at the level of perception. Such impairments could make it
more likely for patients to perceive or experience threat when it
does not exist, exacerbating the so-called “survivor mode” in
which veterans carry home the threat-focused mindset they
honed on the battlefield [60]. Hypothetically, stronger frontal
regulation of visual areas may allow veterans to reverse this
mindset and set a higher threshold before perceiving environ-
mental cues as threatening and worthy of aggression.

The idea that anger in PTSD may differ from other types of
anger is also supported by the absence of the amygdala from our
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findings. Trauma is thought to affect amygdala functioning
[61, 62], but perhaps in a sample in which everyone is trauma-
exposed, amygdala activity plays a smaller role than sensory or
regulatory activity in the development of anger. Future studies
with non-trauma-exposed controls would be crucial to test this
hypothesis.

One intriguing finding was that the trauma-exposed controls,
who had low levels of anger, showed fMRI connectivity patterns
similar to those seen in PTSD patients with high anger. One
possible explanation may be that these controls, who are by
definition protected from developing PTSD despite trauma
exposure, have no need to upregulate cortical regions to prevent
anger. In other words, other brain circuits (likely involving the
amygdala [25, 29]) may determine a person’s predisposition
to developing PTSD. Once PTSD is established, aMFG and OFC
may then be important in determining the presence or extent of
anger. Such a two-step process explanation is consistent with
neural models of PTSD that posit a predisposing, pre-trauma
vulnerability followed by acquired factors that determine parti-
cular symptoms [63].

Although the trauma-exposed controls sometimes resembled
low-anger patients and sometimes resembled high-anger
patients, the difference between the low- and high-anger PTSD
patients was consistent: the low-anger group exhibiting stronger
functional connectivity and cortical excitability than the high-
anger group. This raises the possibility that among patients with
PTSD, enhanced capacity for specific cortical areas to engage in
top-down control may be protective, endowing this group with
resilience against anger. If this hypothesis is true, our results point
to potential anger-reduction strategies in PTSD. There are no FDA-
approved medications to treat anger or aggression in PTSD, and
evidence for the efficacy of psychotherapy remains limited [64].
There are hints that neurostimulation may be a new avenue for
treatment, with at least two small studies showing that
upregulating DLPFC through transcranial direct current stimula-
tion (tDCS) can reduce aggressive statements or behavior [23, 24],
while downregulating left DLPFC through TMS can increase
aggression [65]. Compared to the tDCS studies, here we had the
benefit of higher spatial resolution, and our results imply that
stimulation of the aMFG (but not pMFG) may be a worthwhile
target for future investigation.

This exploratory, hypothesis-generating study had several
limitations. First, self-report of trait anger may not correspond
well with actual day-to-day experience or expression of anger [66].
Future work should supplement self-report scales with objective
measures of aggression as well as collateral from others in the
participants’ lives. Second, we did not attempt to induce anger;
thus, our results speak only to more stable, dispositional
characteristics. Others have previously examined provoked
aggression in healthy participants, showing activation of a large
portion of the frontal cortex [67, 68]. It would be interesting to
examine the neural basis of acute anger in PTSD. Third, this was a
cross-sectional study, and thus we could not examine causal
relationships. For example, it is unclear if the PTSD group had
higher anger because PTSD caused the anger or because people
with high trait anger were more likely to develop PTSD, as
previously reported in a prospective study of police officers [5].
Additional prospective studies with pre-specified hypotheses will
be vital to track the development of anger after trauma exposure.
Fourth, some of the FDR-corrected P values were close to the
significance cutoff, and thus should be interpreted with caution,
especially given the inclusion of multiple covariates and the
potential confound of a two-site design. Fifth, the sample was
entirely trauma-exposed veterans, and primarily male, so our
results may not generalize to other populations with PTSD. Indeed,
the fact that our controls were trauma-exposed implies that we
cannot make any conclusions about the specific effect of trauma
on anger; rather, we can only speak to the development of anger
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in patients who have PTSD, compared to those who did not
develop PTSD despite trauma exposure. Furthermore, in most of
our results, the trauma-exposed controls resembled the high-
anger PTSD group, but when it came to cortical excitability, they
resembled the low-anger PTSD group. Future studies that include
a healthy, non-trauma-exposed group with varying levels of anger
would better enable an analysis of the effect of trauma on the
neural correlates of anger.

The uniquely high prevalence and morbidity of anger in PTSD
imply an urgent need to understand the neural mechanisms that
predispose to or protect from this symptom. Here, we uncover
specific cortical parcels and cortical-subcortical connections that
may be areas of vulnerability amenable to rTMS and other
neuromodulatory treatments.
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