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Abstract

Background: Exposure-based psychotherapy is a first-line treatment for posttraumatic stress
disorder (PTSD), but its mechanisms are poorly understood. Functional brain connectivity is a
promising metric for identifying treatment mechanisms and biosignatures of therapeutic response.
To this end, we assessed amygdala and insula treatment-related connectivity changes and their
relationship to PTSD symptom improvements.

Method: Individuals (N=66) with a primary PTSD diagnosis participated in a randomized clinical
trial of prolonged exposure therapy (N=36) vs. treatment waiting list (N=30). Task-free functional
magnetic resonance imaging (FMRI) was completed prior to randomization and 1 month following
cessation of treatment/waiting list. Whole-brain blood oxygenation level-dependent (BOLD)
responses were acquired. Intrinsic connectivity was assessed, by subregion, in the amygdala and
insula, limbic structures key to the disorder pathophysiology. Dynamic causal modeling (DCM)
assessed evidence for effective connectivity changes in select nodes informed by intrinsic
connectivity findings.

Results: The amygdala and insula displayed widespread patterns of primarily subregion-uniform
intrinsic connectivity change, including increased connectivity between amygdala and insula;
increased connectivity of both regions with the ventral prefrontal cortex, frontopolar, and sensory
cortices; and decreased connectivity of both regions with left fronto-parietal nodes of the executive
control network. Larger decreases in amygdala-frontal connectivity and insula-parietal
connectivity were associated with larger PTSD symptom reductions. DCM evidence suggested
treatment decreased left frontal inhibition of the left amygdala, and larger decreases were
associated with larger symptom reductions.

Conclusions: PTSD psychotherapy adaptively attenuates functional interactions between
frontoparietal and limbic brain circuitry at rest, which may reflect a potential mechanism or bio-
signature of recovery.

ClinicalTrials.gov Name: Brain Imaging of Psychotherapy for Posttraumatic Stress Disorder
(PTSD)

ClinicalTrials.gov ldentifier: NCT01507948
ClinicalTrials.gov url: https://clinicaltrials.gov/ct2/show/NCT01507948

Keywords
IMAGING; PSYCHOTHERAPY; PTSD; FMRI; CONNECTIVITY; RESTING

Introduction

Post-traumatic stress disorder (PTSD) is a prevalent (1, 2), persistent (3), and highly
impairing (4, 5) condition typically treated with a trauma-focused psychotherapy (6) such as
prolonged exposure (PE), which is an empirically supported, exposure-based treatment for
PTSD (7). Though efficacious (6, 8), a substantial number of individuals fail to respond (9).
We also lack validated metrics to predict how an individual will respond to treatment and
knowledge of how such treatments promote recovery.
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Recently, functional magnetic resonance imaging (fMRI) has been used to identify brain
function that changes with treatment and that predicts favorable treatment response (10).
Non-invasive brain measurements can provide bio-behaviorally informative metrics (11, 12)
and are therefore top contenders for biomarker development. Our work (13, 14) and that of
others (15-19) utilizing task-based imaging has provided key insights regarding potential
mechanisms by which psychotherapy promotes disorder recovery and the neural phenotypes
for which these treatments are effective. However, the imaging metric perhaps best suited to
biomarker development is resting state connectivity, as it is easy to acquire and can
distinguish individual brain activity (11).

PTSD displays altered resting state connectivity of the amygdala (20, 21) and insula (22,
23), which are tightly coupled both structurally (24) and functionally (25) due to their
common role in emotion processing (26) and defensive threat responses (27). Network-level
disturbances have also been reported, such as reduced default mode network connectivity
(28-30), enhanced salience network connectivity (including the amygdala and mid/posterior
insula) (21, 23, 28, 31), and altered connectivity between these networks (22, 28, 29, 32).
Studies assessing PTSD treatment-related resting state connectivity changes have primarily
assessed seeded connectivity in limbic (33-35), prefrontal, and posterior medial seeds (34).
Others have utilized mixed diagnostic samples to examine treatment-related changes in
amygdala connectivity (36) and how these relate to depressive symptom reductions (37).
Accumulated evidence suggests PTSD psychotherapy increases prefrontal-limbic
connectivity (33, 35, 36) and connectivity between default mode and executive control
networks (34, 35).

However, the existing evidence is characterized by several weaknesses, including use of
experimental or poorly disseminated treatments (34, 35), lack of a patient control arm (33,
36, 37), and examination of multiple psychotherapies targeting different diagnoses (36, 37).
Additionally, shared treatment-related connectivity changes of both the amygdala and insula
have also not yet been identified. Both structures display tight structural (24) and functional
interconnections (25), a common role in emotion processing (26) and threat detection (27),
and common disorder-related abnormalities (38, 39). This suggests the possibility of a
common pattern of treatment-related effects.

Here, we aimed to characterize intrinsic brain connectivity changes following PE for PTSD.
We focused on connectivity of the amygdala and insula, as these limbic brain structures are
heavily implicated in the pathophysiology of PTSD (40), display abnormal activation/
connectivity (30, 38, 39, 41, 42), and have demonstrated treatment-predictive effects and
treatment-related changes in PTSD imaging studies (13, 33, 36). To advance prior work, we
employ a randomized clinical trial design with a patient waiting list (WL) control condition
and maintained the intent-to-treat framework in our longitudinal mixed model analyses.

This report builds upon prior studies published on this same sample, including an
investigation of emotional reactivity and emotion-regulation task-based fMRI moderators of
PE vs. WL response (13) and pre/post changes (14), as well as identification of a treatment-
resistant biological PTSD subtype defined by ventral attention network resting state
connectivity and verbal memory (43). Task-based studies identified that, at baseline, greater
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prefrontal and lower amygdala emotional reactivity-related brain responses as well as greater
ventromedial prefrontal implicit emotion regulation-related brain responses predicted a more
favorable response to PE vs. WL. In contrast, only left lateral frontopolar cortex activation
during explicit emotion regulation, i.e. cognitive reappraisal showed a PE-specific increase
that was associated with therapeutic response. Of note here, the prior resting state
connectivity investigation of this sample did not at all examine amygdala and insula whole
brain resting state connectivity changes (43).

Thus, our goals here were as follows. First, we sought to identify treatment-specific changes
in subregional and region-uniform connectivity patterns of the amygdala and insula. Second,
we aimed to identify connectivity changes common to both limbic structures, consistent with
their shared functional roles (26, 27) and PTSD-related abnormalities (38, 39). Third, we
aimed to identify how connectivity changes related to symptom reductions, thereby
identifying potential limbic signatures of symptom remission. We also leveraged effective
connectivity, a model of directed influence of one region on another, to explore evidence for
treatment-related changes. For this purpose we utilized dynamic causal modeling (DCM)
(44) for resting state fMRI (45), also known as spectral DCM. This is a powerful Bayesian
modeling method for exploring directionality of influence in defined nodes. We reserved this
method for exploratory post hoc modeling of effects in select loci informed by results from
intrinsic connectivity analyses and did not undertake a comprehensive investigation.

We predicted that individuals randomized to PE vs. WL would display, at post-treatment,
increased amygdala resting state connectivity with the ventromedial prefrontal cortex
(vmPFC) (33); with the anterior insula/frontal operculum (33); and with the lateral
prefrontal cortex (36). Beyond our focused hypotheses, we predicted that: a) additional
treatment-related connectivity changes would be identified common to both the amygdala
and insula, reflecting their shared roles in emotion processing (26) and functional (25) and
structural connectivity (24); and b) additional analyses would identify shared connectivity
changes associated with magnitudes of symptom improvement.

The following is an abbreviated description. Please see the Supplement for complete details.

Participants and Assessments

The study protocol was reviewed and approved by the Stanford University Institutional
Review Board (IRB), and all study procedures were conducted in accordance with IRB and
protocol guidelines. Trauma survivors, ages 18-60, eligible to undergo MRI, with good
English comprehension, and meeting DSM-1V diagnostic criteria for PTSD were recruited
to participate in a psychotherapy treatment study. Individuals with comorbid major
depression and anxiety disorders were allowed to participate as long as PTSD was judged by
study clinicians to be the primary clinical disorder. After receiving an explanation of study
procedures and being given the opportunity to ask questions, participants provided written
informed consent. All study procedures were reviewed and approved by the Stanford
University Institutional Review Board. Trained PhD-level clinicians established DSM-1V
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diagnoses using the Clinician-Administered PTSD Scale for PTSD (CAPS) (46) and the
Structured Clinical Interview for DSM-IV Diagnosis (SCID-1V) (47).

Scan Acquisition

Eligible participants underwent fMRI on a separate day prior to randomization. Participants
completed an 8 minute eyes-open resting state scan (240 volumes acquired) in which they
were told to lie still, stay awake, focus on a fixation cross, and allow their mind to wander.

Randomization and Treatment

Participants were individually randomized via random number generator to either immediate
PE treatment (n=36) or treatment WL (n=30). Participants randomized to immediate PE
completed 9 to 12 sessions of prolonged exposure therapy (PE), which is an empirically
supported exposure-based PTSD treatment (48). Participants in WL had a 10-week waiting
period with minimal contact with study staff.

Post-Treatment Assessments

Approximately 4 weeks following the final PE session (or 10 weeks following the beginning
of treatment WL), participants completed a post-treatment/post-waiting list clinical
assessment and scan.

Image Processing Pipeline

Resting state BOLD sequences were pre-processed and analyzed using the CONN toolbox
version 15.h (49) with the SPM 12 software package in Matlab R2019b. The default pre-
processing pipeline was utilized, and images were smoothed with a 6.0 mm FWHM
Gaussian kernel. Quality control settings for artifact rejection tools (ART toolbox)
corresponded to the “Intermediate” setting (97! percentile), which flagged volumes with
global signal changes > 5 SD above the mean and framewise displacement > 0.9mm.
Additional quality control cutoffs instituted were: a) no more than 4mm root mean square
absolute displacement across the mean of the squared maximum displacements in each of
the 6 estimated translational and rotational motion parameters across the entire run; and b)
no more than 5% (12 volumes) of the entire run flagged to be censored from analysis.

Connectivity Seed Regions

Seed regions of interest (Figure S1) were defined utilizing established anatomical or
functionally-parcellated brain maps of the amygdala (basolateral, centromedial, and
superficial) (50) and insula (ventral anterior, dorsal anterior, and posterior) (51).

Seeded Connectivity Group Analysis

Connectivity maps for each structure’s subregions were subjected to a voxel wise linear
mixed model (52). Effects of interest were differences in connectivity change between PE
and WL that were uniform across subregions (time x treatment arm) and arm-differential
changes in connectivity from pre- to post-treatment specific to a subregion (time x treatment
arm x subregion). The Fstatistical maps for each effect were corrected for multiple
comparisons utilizing a whole brain voxel level false discovery rate (FDR) correction (g <
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0.025; Bonferroni-corrected for the two sets of seeded connectivity analyses). Baseline
major depressive disorder (MDD) diagnosis was explored post hoc as a potential moderator
of effects.

Relationship of Amygdala and Insula Connectivity Changes to Symptom Changes

To examine relationships between common amygdala and insula connectivity changes and
symptom changes, we tested in a linear mixed model framework whether the effect of
treatment on CAPS total score changes was moderated by amygdala and insula connectivity
changes with targets displaying significant and congruent treatment-related increases or
decreases, i.e. common effects identified via conjunction of amygdala and insula subregion-
general Type | error-corrected effects maps. For each overlapping effect, a linear mixed
model with a random intercept tested whether within-subject connectivity change (post vs.
pre-treatment) moderated the effect of treatment (PE vs. WL) on time-related changes in
CAPS (i.e. a treatment arm x time x connectivity change interaction effect). The effect of
interest was this three-way interaction, which specifies differences in magnitude of
treatment-related symptom change as a function of connectivity change. Bonferroni-
correction across all clusters from the conjunction analysis was utilized to control for Type |
error inflation due to multiple comparisons, yielding a posterior cutoff of p < 0.0016 (two-
sided p of 0.05 divided by 16, 8 tests each for the amygdala and insula).

DCM Analyses

Results

DCM was conducted according to previously published methods (53). Peaks of maximal
low-frequency resting BOLD fluctuations were identified in the left and right amygdala and
insula (Table S5), yielding four limbic foci of interest. Additional foci included the left
inferior frontal junction (IFJ) and the left intraparietal sulcus (IPS), which were identified
with linear mixed models to display treatment-related decreases in connectivity that were
associated with treatment-related changes in symptoms. Inverted fully-connected models
were then taken to second-level analyses with parametric empirical Bayes (PEB) (54) to
assess evidence for network connections at pre-treatment and treatment arm x time effects.
PEBs were then subjected to Bayesian model reduction (BMR) (55) and Bayesian model
averaging (BMA) (56) to assess the posterior free energies for the presence vs. absence of
each effect on each model parameter at the group level (57). An additional PEB with BMR
and BMA was also implemented to identify effective connectivity changes that scaled with
changes in PTSD symptoms.

See Supplement for a more detailed description of results.

Sample Characteristics

The randomized sample encompassed 66 individuals with PTSD, with 36 randomized to PE
and 30 randomized to WL (Figure S2). Arms were well matched on all clinical and
demographic variables (Table 1). At baseline, 18 in the PE group and 17 in WL met
diagnostic criteria for MDD. Of those randomized, 24 individuals in the immediate
treatment arm and 26 individuals in waiting list underwent post-treatment assessments and
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resting state scans. As expected, individuals randomized to PE displayed significantly larger
reductions in PTSD symptoms from pre- to post-treatment relative to WL (Table 1).

Motion Estimates and Imaging Quality Control

Head motion during the resting state fMRI scan was within the quality control cutoffs at all
time points and did not differ between groups. No participants were excluded from analyses
for poor data quality or mation artifacts.

Treatment Effects on Intrinsic Connectivity

Amygdala—Subregion-uniform connectivity changes were widespread (Table S1; Figure
S3), but there were no subregion-specific changes. As hypothesized, we observed significant
treatment-related increases in amygdala connectivity bilaterally with the ventral anterior
insula (Figure 1A), with the posterior vmPFC/orbitofrontal cortex (Figure 1B), and with the
right anterior DLPFC/frontopolar cortex. However, more posterior regions of the DLPFC
(bilateral middle frontal gyri and left inferior frontal junction; IFJ) showed treatment-related
decreases. Additional observed effects included increased amygdala connectivity with the
visual and sensory/motor cortices, and decreased connectivity with the cerebellum, posterior
cingulate, angular gyri, and inferior parietal cortex. MDD diagnosis did not moderate
treatment effects.

Insula—Subregion-uniform changes in insular connectivity patterns were widespread
(Table S2; Figure S4), and there were also significant subregion-specific effects (Table S3).
Convergent with amygdala findings, insular connectivity with the bilateral amygdalae was
increased in the PE arm at post-treatment. Increased insular connectivity was also observed
with a left posterior vmPFC/orbitofrontal region that appeared to overlap with an area
demonstrating increased amygdala connectivity (Figure 1B). Additional effects included
increased insula connectivity with visual and sensory-motor cortices, anterior DLPFC/
frontopolar cortex, and inferior temporal cortices. Decreased connectivity was observed with
the dorsal anterior cingulate, dorsomedial prefrontal cortex, the left more posterior DLPFC
(middle frontal gyrus and left IFJ), the left inferior parietal cortex, and cerebellum. MDD
diagnosis did not moderate treatment effects.

Common Amygdala and Insula Connectivity Changes—A conjunction analysis of
Type | error-corrected effects maps revealed overlapping amygdala and insula connectivity
changes (Table S4), including shared connectivity increases with the right dorsal frontopolar
cortex, right and left primary sensory cortices, visual cortex, and left posterior vmPFC/
orbitofrontal cortex. Shared connectivity decreases were observed with the left IFJ, left
intraparietal sulcus (IPS), and cerebellum (Figure 2A).

Relationship of Intrinsic Connectivity Changes to Symptom Changes

After correction for multiple comparisons, we observed two significant effects (Figure 2B).
First, greater decreases in connectivity between the amygdala and the left IFJ were
associated with larger reductions in symptoms from pre- to post-treatment for PE vs. WL (F
=10.99, p = 0.0014; Figure 2B). This effect was specific to PE (#=2.86, p= 0.005) and not
WL (= -1.25, p=0.22). Second, greater decreases in connectivity between the insula and
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the left IPS were associated with larger reductions in symptoms from pre- to post-treatment
for PE vs. WL (F=11.25, p=0.0013; Figure 2B). This effect was likewise specific to PE (¢
=3.50, p=0.001) and not WL (#=-1.19, p=0.24).

Treatment Effects on Effective Connectivity

DCM examined effective connectivity between left and right amygdala and insula foci of
maximal low-frequency BOLD fluctuations (Table S5) as well as left IFJ and IPS, identified
as showing common connectivity decreases that were related to symptom changes. At
baseline, the DCM network was characterized by excitatory connections between limbic
structures, and frontoparietal inhibitory connections to and from limbic structures
(Supplement, Table S6, and Figure 3A). Treatment arm x time effects with posterior
probabilities (Po) > 0.99 (i.e. very strong evidence) were observed for 4 connections (Table
S7), each described as follows for PE vs. WL at post- vs. pre-treatment (Figure 3B). First,
the left amygdala displayed a larger decrease in inhibitory effect on the left insula. Second,
the right amygdala displayed a larger decrease in inhibitory effect on the left IPS. Third, the
left IFJ displayed a larger decrease in inhibitory effect on the left amygdala. Fourth, the left
IPS displayed a greater increase in inhibitory effect on the left amygdala.

Relationship of Effective Connectivity Changes to Symptom Changes

Of connections displaying evidence of treatment-related effects, we observed very strong
evidence (Pp > 0.99) for a positive relationship between CAPS total score reductions and
reductions in the inhibitory effect of the left IFJ on the left amygdala, i.e. greater reductions
in CAPS total scores were associated with larger pre- to post-treatment decreases in left IFJ
inhibition of the left amygdala. Additionally, very strong evidence for relationships between
CAPS reductions and treatment-related changes were observed for other connections (Table
S8), but in both cases, greater reductions in CAPS were associated with connectivity
changes in the opposite direction of treatment effects.

Discussion

Here, we examined how exposure therapy impacts intrinsic functional connectivity of two
key limbic brain structures demonstrated to manifest disorder abnormalities (20, 23, 38, 39).
We replicate findings for psychotherapy-related changes in amygdala connectivity, i.e.
increased insula and vmPFC connectivity, and we strengthen these findings in the context of
a randomized clinical trial of PE vs. WL. We extend prior work by demonstrating
convergent treatment-related insula connectivity changes, including common decreased
connectivity with left frontoparietal executive control network nodes (58), the IFJ and IPS.
Finally, we show that treatment-related connectivity decreases between the amygdala and
left IFJ and between the insula and left IPS scaled with symptom improvement. In
aggregate, these findings provide strong evidence that trauma-focused psychotherapy
promotes widespread shifts in the intrinsic functional architecture of limbic circuitry. Of
these shifts, we identify reductions in limbic connectivity with frontoparietal regions in the
resting brain state as a candidate therapeutic process to be enhanced or promoted with
mechanistically-focused intervention approaches.
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These findings offer unique insights beyond those provided by other published studies of
this clinical trial (13, 14, 43), which have not at all investigated potential PE therapeutic
mechanisms as indexed by amygdala and insula whole brain resting state connectivity. Of
relevance here, we previously reported that more effective inhibition of the amygdala by the
right DLPFC (as inferred by concurrent transcranial magnetic stimulation pulses and fMRI,
as well as opposite patterns of predictive activation during an emotional reactivity task)
predicted a more favorable response to PE vs. WL (13), which may appear contradictory to
the current pattern of effects. However, relationships between neurobiological treatment-
moderating characteristics and treatment-related changes are largely unknown. In inferring
across these studies, we put forth the following model to be tested and refined in future
work. We speculate that DLPFC inhibition of the amygdala at baseline represents an
endogenous top-down compensatory process in some individuals to modulate bottom-up
limbic reactivity, which (in conjunction with greater degree of vmPFC-facilitated implicit
regulation of emotion) facilitates optimal engagement with PE (13). As therapeutic relief is
garnered with treatment engagement, we hypothesize this endogenous cortico-limbic
reactivity-related compensatory process is less generalized to non-emotional contexts (e.g.,
the resting state), which manifests as an observed connectivity reduction (as seen here). This
may be secondary to emergence of an intra-frontal emotion regulation enhancement
characterized by increased lateral frontopolar cortex deployment and enhanced connectivity
with vmPFC implicit regulatory circuitry during explicit emotion regulation, consistent with
our prior findings for therapy-related brain changes during cognitive reappraisal (14), or
perhaps it results from an enhancement of amygdala and insula resting state connectivity
with the vmPFC (as seen here). The current findings thus provide critical additional
evidence to contextualize our prior reports (13, 14) and thereby further our understanding of
how cortical-limbic interactions serve to facilitate benefit and display context-dependent
change following efficacious psychotherapy.

Consistent with prior work, we found psychotherapy increased amygdala and insula intrinsic
connectivity following PE (33). A hyper-connectivity abnormality has been previously
reported between these regions (21, 28, 31), though the location is generally reported to be
in the mid/posterior insula, not the anterior region where we and others (33) observed
treatment-related connectivity increases. We also replicate findings for increased
connectivity of the amygdala with the vmPFC following PE (33), though the effect we
detected was more posterior and sat at the intersection of the ventral striatum, olfactory
cortex, and subgenual cingulate (Brodmann area 25). The insula also displayed connectivity
increases with this same posterior vmPFC site. This novel finding suggests the posterior
vmPFC bordering the striatum and subgenual cingulate functions more coherently at rest
with these limbic structures following treatment. We speculate this change may accompany
or occur in response to the decreased connectivity observed with IFJ and IPS nodes,
potentially representing an adaptive shift in limbic regulation from a dorsal frontoparietal
stream to a ventral prefrontal stream, a balance previously found to be disturbed in PTSD
(59, 60).

We detected increased amygdala and insula connectivity with portions of the anterior
DLPFC/frontopolar cortex, which partially converges with prior findings for increased
connectivity with other portions of the inferior frontal gyrus (36). However, this frontopolar
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region falls into the default mode network (58), which is not consistent with prior work (36)
that observed changes in DLPFC portions of the executive control network. In
contradistinction (36), we noted treatment-related decreases of limbic connectivity with a
posterior DLPFC region on the left side, the IFJ, which aggregates with the executive control
network at rest (58). This area, located at the interface of the inferior frontal sulcus and
inferior precentral sulcus, is well known to play a key role in multiple forms of top-down
cognitive control (61). We interpret this change to be indicative of the aforementioned shift
in limbic-prefrontal dynamics from a treatment-facilitating, compensatory dorsal
frontoparietal top-down interaction towards one largely mediated by ventral prefrontal
structures that are typically highly connected at rest with limbic networks (62). A prior study
(36) noted a qualitatively different effect in a separate portion of the DLPFC, but that study
also differed in key ways (mixed diagnostic sample, two psychotherapy treatments targeting
different primary diagnoses, no patient control group, and a different analytic strategy).

We likewise observed evidence for treatment-related changes in effective connectivity
amongst limbic and frontoparietal nodes. These effective connectivity findings should be
considered preliminary and hypothesis-generating, as we did not undertake a comprehensive
modeling approach to assessing effective connectivity changes (63, 64). The choice of nodes
in a network can impact the directionality and magnitude of connections, and which nodes to
include is largely determined by the experiment, prior knowledge, and hypotheses (65). We
modeled the bilateral amygdalae, bilateral insulae, IFJ, and IPS to explore treatment effects
on effective connectivity informed by intrinsic connectivity treatment-related adaptive
changes as well as prior knowledge for functional relationships and interconnections
amongst these regions (66-71), and a larger network more inclusive of additional brain
structures may have yielded different insights. However, we feel the primary contribution of
this analysis is to generate hypotheses and motivate additional research into limbic-
prefrontal directional interactions utilizing experimental brain probes (e.g., transcranial
magnetic stimulation or focused ultrasound) concurrent with a brain readout in PTSD prior
to and following evidence-based treatment, which will provide more definitive evidence in
regards to directionality of change in limbic-prefrontal interactions. Worthy of note, here,
was strong evidence for a reduced inhibitory effect of the left IFJ on the left amygdala, with
additional strong evidence that greater reductions were associated with more favorable
treatment responses. This converges with the intrinsic connectivity reductions observed
between the left IFJ and amygdala that also scaled with treatment response, suggesting that
intrinsic connectivity may index a change in the degree to which the left IFJ is exerting an
inhibitory effect on the amygdala. This would be consistent with the hypothesized working
model for a treatment-related shift in prefrontal-limbic connectivity.

Limitations are as follows: first, we did not have a trauma-exposed healthy comparison
group that underwent repeated brain assessments, which would facilitate inference on
psychotherapy-related normalization of PTSD brain abnormalities and development of
compensatory adaptations. Second, we focused on treatment effects in a limited subset of the
total possible connectivity features able to be examined. Thus, additional treatment-related
changes may remain undetected in our more focused search, but we felt this would be the
most judicious approach to yield potentially important insights into treatment mechanisms.
Third, we investigated only one active treatment (PE), and as such these findings may not be
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specific to PE or psychotherapy and may reflect therapeutic mechanisms shared with other
treatment modalities. Future studies are needed to clarify the specificity or commonality of
these effects with other PTSD treatments.

In conclusion, successful PTSD psychotherapy results in a widespread reorganization of
limbic functional architecture, including an adaptive connectivity reduction with top-down
frontoparietal control regions. These findings serve to clarify the nature of limbic-prefrontal
interactions in PTSD that predict and change with treatment, and, when integrated with prior
findings, suggest a new conceptual model for how psychotherapy reorganizes brain function.
This work provides testable hypotheses which may yield novel mechanistic targets for future
intervention optimization.
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Treatment-related increases in intrinsic connectivity of the insula and amygdala with each
other and with the posterior ventromedial prefrontal cortex. Figure depicts regions of the
insula displaying treatment-related increases in intrinsic connectivity with the amygdala (A),
and regions of the posterior ventromedial prefrontal cortex displaying increased connectivity
with both the amygdala and insula (B). FDR-corrected Z values for the treatment arm x time
effect are rendered on an average brain surface with signs indicating the directionality of
change in the prolonged exposure arm. Positive Z values indicate greater connectivity in the
prolonged exposure arm at post-treatment vs. pre-treatment, whereas negative signs indicate
greater connectivity at pre-treatment vs. post-treatment. Seed regions are displayed on the
MNI average brain. Error bars indicate = 1 S.E. PE = prolonged exposure; PFC = prefrontal

cortex; Post = post-treatment; Pre = pre-treatment; WL = waiting list.
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Post

®PE
O wL

Treatment-related decreases in intrinsic connectivity of both the amygdala and insula with
fronto-parietal regions and associations with treatment response. Figure depicts regions of
the left IFJ and left IPS that displayed treatment-related decreases in connectivity with both
the amygdala and insula, identified via conjunction analysis (A). Solid lines are the
prolonged exposure arm and dotted lines represent the waiting list arm. Of these effects,
greater decreases in amygdala-left IFJ connectivity and greater decreases in insula-left IPS
connectivity were associated with larger reductions in CAPS Total scores from pre- to post-
treatment (B). Graphs in B display changes in CAPS total scores from pre- to post-treatment
with separate plots for individuals from each treatment arm above and below the grand mean
for the connectivity decreases. Note this median split is done for visual purposes only, and
the analysis treated connectivity change as a continuous variable. Scatter plots depicting the
relationships between change in connectivity (post-treatment vs. pre-treatment) and change
in Clinician-Administered PTSD Scale total scores (pre-treatment vs. post-treatment) are
also displayed for additional visualization of relationships. Note that these reflect data from
completers only and are thus not directly comparable to results from the mixed model
analyses. Areas from conjunction analysis are rendered on an average brain surface with
signs indicating the directionality of change in the prolonged exposure arm (blue denoting
less connectivity at post-treatment, yellow denoting greater connectivity at post-treatment).
Seed regions are displayed on the MNI average brain. Error bars indicate £ 1 S.E. CAPS =
Clinician-Administered PTSD Scale; IFJ = inferior frontal junction; IPS = intraparietal
sulcus; PE = prolonged exposure; Pre = pre-treatment; Post = post-treatment; WL = waiting

list.
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DCM Network at Baseline Post vs. Pre-Treatment for PE vs. WL
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Figure 3.
Baseline effective connectivity parameters of DCM network and differential modulation of

time-related changes by treatment arm. The picture in A depicts the baseline effective
connectivity parameters of the DCM network encompassing the left and right amygdala and
insula as well as the left IFJ and left IPS regions found to display uniform treatment-related
decreases in intrinsic connectivity that were associated with PTSD symptom changes. Only
connections with strong evidence (posterior probabilities > 0.95) are depicted. Blue lines
indicate inhibitory influences while red lines indicate excitatory influences. Shaded blue
circles indicate inhibitory self -connections with strong evidence. Lines are scaled by the
strength of the parameter from 0 to 0.5 Hz. Picture in B depicts the same network structure
overlaid with parameters that displayed strong evidence (posterior probabilities > 0.95) for
differential time-related modulation as a function of treatment arm, i.e. a treatment arm x
time effect. Connections overlaid with an additional red arrow indicate a greater time-related
shift from pre- to post-treatment towards more excitation/less inhibition for prolonged
exposure vs. waiting list, while connections overlaid with an additional blue arrow indicate a
greater time-related shift from pre- to post-treatment towards more inhibition/less excitation
for prolonged exposure vs. waiting list. Connections in black/grey indicate no strong
evidence for a differential time-related modulation of connection strength as a function of
treatment arm. Amyg = amygdala; DCM = dynamic causal modeling; Hz = hertz; IFJ =
inferior frontal junction; IPS = intraparietal sulcus; Ins = Insula; L = left; PE = prolonged
exposure; R = right; WL = waiting list.
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Table 1.

Participant demographics and treatment outcome.
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Measure Immediate Treatment Patient Waitlist (N=30) Fix? (p value) Cohen’s d (95%
(N=36) Cl)
Mean or N and % of Group  Mean or N and % of Group
(SD) (SD)
Age (yrs) 34.42 (10.23) 39.03 (10.35) - -
Education (yrs) 14.72 (2.17) 15.17 (2.78) -- --

Sex

Male (N=13; 36%)

Male (N=10; 33%) --

Female (N=23; 64%)

Female (N=20; 66%)

WASI Full Scale I1Q

109.03 (9.09)

112.81 (11.57) -

SSRI/SNRI Meds

Sertraline (N=1; 3%)

Duloxetine (N=1; 3%) --

Citalopram (N=2; 5%)

Sertraline (N=1; 3%)

MDD Diagnosis at Intake

Yes (N=18; 50%)

Yes (N=17; 57%) --

No (N=18; 50%)

No (N=13; 43%)

Dropout

Completed (N=25; 69%)

Completed (N=26; 87%) --

Did not complete (N=11;
31%)

Did not complete (N=4;
13%)

CAPS Index Trauma

Natural disaster (N=3; 8%)

Natural disaster (N=1; 3%) --

Physical Assault (N=9; 25%)

Assault w/ weapon (N=3;
8%)

Sexual assault (N=12; 33%)

Combat exposure (N=4;
11%)

Injury/illness/suffering (N=5;
14%)

Physical assault (N=7; 23%)

Assault w/ weapon (N=2;
7%)

Sexual assault (N=9; 30%)

Combat exposure (N=4;
13%)

Injury/illness/suffering (N=7;
23%)

Pre-Treatment Symptom/Quality of Life Measures

CAPS: Developmental Stage at
Time of Index Trauma

Adult (N=20; 56%)

Adult (N=14; 47%) --

Teen (N=8; 22%)
Child (N=8; 22%)

Teen (N=11; 37%)
Child (N=5; 17%)

CAPS: How Exposed to Index
Trauma

Experienced (N=27; 75%)

Experienced (N=17; 57%) --

Witnessed (N=9; 25%)

Witnessed (N=13; 43%)

CAPS: Index Trauma Repeated?

No (N=25; 69%)

No (N=20; 66%) -

Yes (N=11; 31%)

Yes (N=10; 33%)

CAPS: Multiple Criterion A

No (N=24; 66%)

No (N=20; 66%) -

Events? Yes (N=12: 33%) Yes (N=10: 33%)
CAPS Total 66.33 (15.17) 71.37 (14.99) - -
CAPS ReExp 17.53 (6.40) 18.73 (6.02) - -
CAPS Avd 26.94 (7.86) 28.77 (8.89) - -
CAPS Hyper 21.86 (6.28) 23.87 (4.91) - -
BDI-II Total 23.69 (8.68) 23.17 (8.60) - -
PCL-C Total 56.16 (10.61) 57.36 (12.04) - -
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Measure Immediate Treatment Patient Waitlist (N=30) Fix? (p value) Cohen’s d (95%

(N=36) Cl)

Mean or N and % of Group  Mean or N and % of Group
(SD) (SD)

PCL-C ReExp 16.47 (3.83) 16.29 (3.98) - -

PCL-C Avd 22.78 (5.05) 23.04 (6.02) - -

PCL-C Hyper 16.91 (4.22) 18.04 (4.19) - -

WHO-QoL Physical 12.46 (2.99) 12.43 (3.11) -- -

WHO-QoL Psych 10.04 (2.29) 10.83 (2.34) - -

WHO-QoL SocRx 9.71 (4.06) 9.29 (3.51) - -

WHO-QoL Envir 12.30 (3.48) 12.79 (3.37) - -

Post-Treatment Symptom/Quality of Life Measures

CAPS Total 29.60 (21.26) 64.23 (21.77) 32.99 (< 0.001) 7 1.61(1.14,2.08)
CAPS ReExp 6.20 (6.49) 16.92 (7.97) 27.62 (< 0.001)*** 148 (1.03,1.92)
CAPS Avd 10.60 (9.50) 24.50 (11.30) 22,51 (<0.001) 7 1.33(0.92, 1.74)
CAPS Hyper 12.80 (8.75) 22.81 (7.00) 20.43 (< 0.001) ***  1.26 (0.86, 1.66)
BDI-II Total 9.69 (7.77) 17.87 (9.27) 11.23(0.002)**  0.96 (0.60, 1.31)
MASQ Gen Dis 20.43 (9.39) 28.38 (8.89) 8.68 (0.004) ** 0.87 (0.51,1.23)
MASQ Anh Dep 33.21 (8.63) 35.95 (7.94) 2.93 (0.09) 0.33 (0.08, 0.58)
MASQ Anx Aro 16.52 (7.2) 22.09 (8.01) 6.29 (0.014) " 0.73 (0.40, 1.06)
PCL-C Total 26.13 (7.80) 49.00 (13.35) 45,55 (< 0.001) % 2.09 (1.45, 2.73)
PCL-C ReExp 7.41 (2.63) 14.38 (5.14) 31.76 (< 0.001) 7 1.71(1.16, 2.26)
PCL-C Avd 10.36 (3.36) 19.24 (6.32) 33.46 (< 0.001) ™ 1.75(1.19, 2.32)
PCL-C Hyper 8.41 (3.11) 15.38 (4.15) 39.05 (< 0.001) 7 1.90 (1.31, 2.49)
WHO-QoL Physical 14.63 (3.29) 12.65 (3.19) 4,09 (0.049) * 0.61 (0.30, 0.92)
WHO-QoL Psych 13.19 (2.59) 11.94 (2.52) 2.63(0.11) 0.49 (0.21, 0.77)
WHO-QoL SocRx 11.83 (3.20) 10.73 (3.20) 1.29 (0.26) 0.34 (0.09, 0.59)
WHO-QoL Envir 14.59 (2.42) 13.57 (2.99) 1.55 (0.22) 0.38 (0.12, 0.63)

Avd = avoidance/numbing subscale; BDI-11 = Beck Depression Inventory-Il; CAPS = Clinician-Administered PTSD Scale for DSM-IV; Hyper =
hyperarousal subscale; MASQ Anh Dep = Anhedonic Depression subscale of Mood and Anxiety Symptom Questionnaire; MASQ Anx Aro =
Anxious Arousal Subscale of Mood and Anxiety Symptom Questionnaire; MASQ Gen Dis = General Distress subscale of Mood and Anxiety
Symptom Questionnaire; MDD = major depressive disorder; PCL = PTSD Checkist for DSM-IV Civilian Version; ReExp = reexperiencing
subscale; SSRI = selective serotonin reuptake inhibitor; SNRI = serotonin/norepinephrine reuptake inhibitor; WASI = Wechsler Abbreviated Scale
of Intelligence; WHO-QoL = WHO Quality of Life BREF Scale; WHO-Qol Physical = physical health subscale; WHO-QoL Psych =
psychological health subscale; WHO-QoL SocRx = social relationships subscale; WHO-QoL Environ = environment subscale

*
p<0.05

Hok

p<0.01

Hok:

*
p <0.001.
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