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Abstract

Psychotherapy research is increasingly targeting both psychological and neurobiological
mechanisms of therapeutic change. This trend is evident in and applicable to post-traumatic stress
disorder (PTSD) treatment research given the high nonresponse rate of individuals with PTSD
who undergo cognitive-behavioral therapy (CBT). Functional connectivity analyses investigating
disrupted brain networks across mental disorders have been employed to understand both mental
disorder symptoms and therapeutic mechanisms. However, few studies have examined pre-post
CBT brain changes in PTSD using functional connectivity analyses. The current study investigated
a) whether brain networks commonly implicated in psychopathology (e.g., default mode network
[DMN], central executive network [CEN], and salience network [SN]) changed following
Cognitive Processing Therapy (CPT) for PTSD and b) whether change in these networks was
associated with PTSD and/or transdiagnostic symptom change. Independent components analysis
was implemented to investigate resting-state functional connectivity in DMN, CEN, and SN in 42
women with PTSD and 18 trauma-exposed controls (TEC). Results indicated decreased CEN-
cerebellum connectivity in PTSD participants versus TEC prior to CPT and decreased DMN
connectivity in PTSD participants after CPT. Additionally, DMN and SN connectivity was related
to change in positive and negative affectivity, while exploratory analyses at a cluster threshold of
PFDR < .10 indicated DMN and SN connectivity was also related to change in PTSD symptoms
and rumination. These findings provide evidence for normalization of CEN connectivity with
treatment and implicate the DMN and SN in clinical symptom change following CPT.
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Post-traumatic stress disorder (PTSD) has received significant clinical and research attention
given its lifetime prevalence rate of 6.1%, its detrimental impact on social and occupational
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functioning, and its high comorbidity with other mental disorders (Goldstein et al., 2016).
PTSD is characterized by four clusters of symptoms arising after an individual experiences a
traumatic event. Symptom clusters include intrusions (e.g., recurrent memories of the
trauma, flashbacks), avoidance of trauma stimuli, alterations in arousal and reactivity (e.g.,
sleep difficulty, hypervigilance), and negative alterations in cognition and mood (American
Psychiatric Association, 2013).

Despite the existence of empirically-supported treatments for PTSD, including several
cognitive-behavioral therapies (CBT), high rates of nonresponse in individuals who undergo
CBT for PTSD have prompted efforts to research mechanisms of therapeutic change
(Schottenbauer et al., 2008). Neuroscience approaches have increasingly been used to study
neural substrates of cognitive, affective, and behavioral variables in PTSD, as well as the
neural correlates of psychotherapy mechanisms, in an attempt to understand how
psychotherapy affects the PTSD brain.

1.1 Neurobiological Correlates of PTSD

The most commonly cited neuroanatomical model of PTSD focuses on altered threat
detection and fear learning systems and suggests that the disorder is a result of a
hyperresponsive amygdala, insula, and dorsal anterior cingulate cortex (ACC) to threat
stimuli, inadequate inhibition of the amygdala by the ventromedial prefrontal cortex
(VMPFC), and an inability, or resistance to, extinction and extinction recall (Shin &
Liberzon, 2010; Graham & Milad, 2011). Further, altered hippocampal activity, in
combination with medial prefrontal cortex (MPFC) hyporesponsivity, leads to problems with
contextualizing stimuli across numerous domains (e.g., cognitive, social, and internal),
which enables the individual to appropriately respond to the environment. For example,
failure to interpret trauma reminders within the current spatial and temporal context leads to
re-experiencing symptoms, while emotional numbing results from a failure to experience
emotions consistent with the context (Liberzon & Garfinkel, 2009; Liberzon & Sripada,
2008). Despite the wealth of evidence for the neuroanatomical model in describing PTSD
pathology, initial fMRI studies investigating CBT effects in the brain focusing on regions in
the model have found mixed results, with inconsistent evidence that CBT decreased
amygdala activation, increased prefrontal cortex activation, or affected hippocampal or
insula activity (Felmingham et al., 2007; Peres et al., 2007, 2011; Aupperle et al., 2013;
Fonzo et al., 2017).

Recent research has increasingly focused on network-based models of psychopathology
using functional connectivity analyses, with some stating that changes in functional
connectivity networks will serve as “key neurobiological outcomes” of psychotherapy
treatment research (Weingarten & Strauman, 2015, p. 201). In PTSD specifically,
investigating disrupted networks may serve as a better representation of the heterogeneous
clinical profiles of those with PTSD than studies examining activity in isolated brain regions
(Patel et al., 2012). Network-based models of psychopathology suggest that abnormal
connectivity within and between functional networks across neurodegenerative and
psychological disorders results in transdiagnostic symptom clusters and is a key factor in
pathology (Buckholtz & Meyer-Lindenberg, 2012; Menon, 2011). A tripartite model of
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psychopathology and aberrant cognitive and affective networks was first proposed by Menon
(2011). The first aberrant network implicated is the central executive network (CEN), a
frontoparietal system including the lateral prefrontal cortex, dorsal ACC, and posterior
parietal cortices which is activated during decision-making and working memory tasks and
is critical for attention allocation (Menon, 2011; Buckholtz & Meyer-Lindenberg, 2012).
The second aberrant network is the salience network (SN), a corticolimbic system including
lateral and medial PFC, ACC, amygdala, substantia nigra, and insula that is responsible for
processing salient environmental and internal information (including emotion) and is thus
prone to influencing negative affective states (Menon, 2011; Buckholtz & Meyer-
Lindenberg, 2012). The third aberrant network is the default mode network (DMN), which is
commonly activated during resting states or self-referential processes (Buckner et al., 2008;
Buckner & DiNicola, 2019; Andrews-Hanna et al., 2014) and comprises the lateral parietal
lobes, posterior cingulate, and MPFC (Menon, 2011; Buckholtz & Meyer-Lindenberg, 2012;
Fornito and Bullmore, 2012).

Currently, many researchers conceptualize PTSD network dysfunction in terms of emotion-
generating and modulating networks. Disrupted amygdala-frontal networks have been
demonstrated in PTSD in both task and resting states (Duval et al., 2015; MacNamara et al.,
2016). The authors suggest that these patterns reflect impaired emotion regulation and threat
processing (MacNamara et al., 2016) or are an interaction of threat processing and emotion
regulation circuits (Duval et al., 2015). Other research indicates that PTSD is associated with
altered large-scale network connectivity within the networks of Menon’s tripartite model
(2011), such that re-experiencing, dissociation, and avoidance symptoms result from
dysfunctional DMN connectivity, while altered CEN connectivity is implicated in reduced
prefrontal inhibition and attention/memory problems (Akiki et al., 2017). Finally, disrupted
SN connectivity leads to hyperarousal symptoms via increased sensitivity to threat detection.
Taken together, PTSD is conceptualized as consisting of a hyperactive SN and hypoactive
CEN and DMN (AKkiki et al., 2017). Further, there is evidence for aberrant between network
connectivity in PTSD. For example, network-based models of PTSD suggest that there is
impaired top-down regulation of the SN by the CEN (AKkiki et al., 2017) as well as increased
connectivity between the DMN and SN (MacNamara et al., 2016).

1.2 Mechanisms of CBT in PTSD Using Functional Connectivity Analyses

While these models speak to the etiology of PTSD, CBT’s effects on brain networks are less
clearly defined. If one hypothesizes that CBT ‘normalizes’ the etiological processes of
PTSD, the SN and CEN, which comprise oft-cited prefrontal-limbic regions, might be
implicated first (Weingarten & Strauman; 2015). However, CBT may also modulate
networks responsible for transdiagnostic symptoms inherent to anxiety and stress, such as
impaired concentration (Frewen et al., 2008). In this case, transdiagnostic symptoms of
anxiety and stress disorders would be affected by CBT (Buckholtz & Meyer-Lindenberg,
2012; Williams, 2017; MacNamara et al., 2016).

Few studies have examined brain network changes pre-post CBT in PTSD using functional
connectivity analyses. Studies examining changes following Prolonged Exposure (PE)
document increased frontopolar cortex connectivity with VMPFC during a reappraisal task
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after treatment (Fonzo et al., 2017) as well as increased rostral ACC connectivity with
VMPFC during an extinction recall task after treatment (Helpman et al., 2016). A third study
demonstrated increased resting-state connectivity between specific amygdala nuclei and
orbitofrontal cortex as well as between hippocampus and MPFC in PTSD participants after
PE (Zhu et al., 2018). The authors concluded that PE enhanced attention toward emotion
regulation processes (Fonzo et al., 2017) and enabled PTSD participants to better evaluate
threat and process emotional information (Zhu et al., 2018), providing evidence that PE
modified disrupted emotion- and threat-processing networks in PTSD.

Studies examining other CBT interventions found that combat veterans with PTSD exhibited
increased connectivity between the posterior cingulate in the DMN and prefrontal regions
(DLPFC, ACC) following group mindfulness-based exposure therapy. Furthermore,
posterior cingulate-DLPFC connectivity was associated with avoidance and hyperarousal
symptom improvement (King et al., 2016). The single study investigating functional
connectivity changes after Cognitive Processing Therapy (CPT) demonstrated that
participants showed increased executive network connectivity during a symptom provocation
task after CPT but no change in SN connectivity (Abdallah et al., 2019). Notably, the authors
found no evidence of change in network functional connectivity during their resting-state
scans.

1.3 Aims and Hypotheses

Network-based models of psychopathology using functional connectivity analyses may
generate new hypotheses about how therapeutic processes may engender their effects in
individuals with PTSD. Though this knowledge would be greatly beneficial to both
psychotherapy and PTSD literatures, there is a dearth of research analyzing brain changes
after CBT in PTSD using functional connectivity methods, with only one study to date
examining functional connectivity changes after CPT in a PTSD sample (Abdallah et al.,
2019). Further, no studies have investigated all three networks of the tri-partite model or
examined whether network changes with treatment are associated with transdiagnostic
symptoms of clinical disorders. The current study will address these gaps in the literature by
utilizing data-driven independent components analyses to examine resting-state functional
connectivity changes in the DMN, CEN, and SN following CPT. These networks were
selected based on their empirical support in healthy and psychiatric samples (Menon, 2011),
as well as in PTSD (Akiki et al., 2017; MacNamara et al., 2016).

Our study aims are twofold. First, we will investigate whether resting-state functional
connectivity in DMN, CEN, and SN is significantly different between PTSD participants
before and after CPT compared to trauma-exposed controls (TEC). We hypothesize that
PTSD participants will exhibit altered functional connectivity compared to TEC before CPT,
but will exhibit no differences in functional connectivity compared to TEC after CPT.
Second, we will investigate whether resting-state functional connectivity in DMN, CEN, and
SN changes following CPT in PTSD treatment completers, and whether change in resting-
state functional connectivity in DMN, CEN, and SN following CPT is related to change in
PTSD and/or transdiagnostic symptoms of clinical disorders (e.g., rumination, positive and
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negative affectivity). We hypothesize change in functional connectivity will be correlated
with change in PTSD symptoms, rumination, positive affectivity, and negative affectivity.

2. Method

2.1 Participants

Data collected for a larger study in women with PTSD as a result of interpersonal violence
were used in the present research. The intent-to-treat sample (ITT) included 42 women aged
18-55 with a DSM-IV-TR diagnosis of PTSD (American Psychiatric Association, 2000)
resulting from interpersonal violence and 18 TEC. DSM-IV-TR criteria for PTSD were used
as the study began recruitment prior to the publication of DSM-5 criteria; of note, research
has shown that a majority of individuals meeting DSM-IV-TR criteria for PTSD also meet
DSM-5 criteria (Kilpatrick et al., 2013). Sixteen women in the treatment group discontinued
treatment, leaving 26 women with pre- and post-CPT data (e.g., PTSD treatment
completers). Exclusion criteria included: diagnosed neurological disorders, current
substance abuse disorders, schizophrenia/psychotic disorder, bipolar, or obsessive-
compulsive disorder. Additionally, participants were excluded if they displayed active
suicidality as determined by the investigator, were taking psychotropic drugs (e.g., beta
blockers, antipsychotics, antidepressants), or had ever experienced a loss of consciousness
greater than five minutes. All participants provided written informed consent in accordance
with criteria established by the University’s Human Subjects Committee.

2.2 Clinical Measures

2.2.1 Life Events Checklist—This checklist is administered as part of the CAPS and is
used to determine whether Criterion A for a PTSD diagnosis has been met. It contains items
such as “physical assault,” “sexual assault,” and “other unwanted or uncomfortable sexual
experience.” Participants endorsed events that have happened to them personally, that they
have witnessed happening to someone else, or that they have learned happened to a close
other.

2.2.2 Clinician-Administered PTSD Scale (CAPS)—The CAPS is a 30-item
structured interview that corresponds to the DSM-IV criteria for PTSD (Blake et al., 1995).
The scoring criteria consider a PTSD symptom present if the frequency of the CAPS item is
rated as 1 or higher and the intensity is rated at a 2 or higher. Previous studies have reported
high test-retest reliability (= .90-.98) and internal consistency (a = .94) of the overall
severity score (Weathers & Litz, 1994). Additionally, severity scores for each symptom
cluster displayed test-retest coefficients between .77-.96 and alpha coefficients

between .85-.87 (Weathers & Litz, 1994). For the current analysis, PTSD diagnosis was
based on cutoff scores > 45 on the CAPS.

2.2.3 Ruminative Thought Style Questionnaire (RTS)—This is a 20-item
assessment measuring an individual’s tendency to ruminate (Brinker & Dozois, 2009).
Participants rate how well each statement describes them on a Likert scale from 1 to 7.
Examples of items include “I find my mind often goes over things again and again,” “If |
have an important event coming up, | can’t stop thinking about it,” and “I tend to replay past
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events as | would have liked them to happen” (Brinker & Dozois, 2009). The measure
exhibits high internal consistency (a = .87) and test-retest reliability (r=.80) (Brinker &
Dozois, 2009).

2.2.4 Positive and Negative Affect Schedule-Expanded (PANAS-X)—This 60-
item assessment measures positive and negative affect, which are factors that contribute
largely to mood states (Watson & Clark, 1999). Participants are provided a list of 60 words
or phrases that describe emational states and asked to rate on a Likert scale of 1 (“not at all”)
to 5 (“extremely”) how much they have felt that way in the last few weeks (Watson & Clark,
1999). Sample items include cheerful, lonely, nervous, ashamed, frightened, irritable, and
distressed (Watson & Clark, 1999). Both the Positive Affect and Negative Affect scales of
the PANAS-X display high internal consistency (ranging from .83 - .90) across student,
nonclinical adult, and psychiatric samples (Watson & Clark, 1999). Further, the Positive
Affect and Negative Affect scales are not highly correlated with each other, suggesting they
are measuring independent constructs. Finally, both scales exhibit moderate test-retest
reliability (.39 and .43 for Positive and Negative Affect, respectively) (Watson & Clark,
1999).

2.3 Procedure

All participants completed a baseline assessment in which they were administered the
CAPS, Life Events Checklist, RTS, and PANAS-X. On a second day, all participants
underwent structural and resting-state fMRI scans, which lasted approximately 1.5 hours.
Subsequently, participants diagnosed with PTSD received a standard course of CPT, a
“strongly recommended” therapy for PTSD according to the American Psychological
Association Clinical Practice Guideline for PTSD (American Psychological Association,
2017). CPT is a 12-session manualized treatment designed to target maladaptive beliefs and
emotions following a traumatic event (Resick & Schnicke, 1992). After completing
treatment, PTSD participants completed a follow-up assessment of the measures collected at
baseline and underwent a second resting-state fMRI scan which lasted approximately 1.5
hours. In sum, PTSD participants who completed CPT underwent two fMRI scans. TEC
completed one fMRI scan.

2.4 fMRI Data Acquisition

fMRI images at both Time 1 and Time 2 were collected on a Siemens 3T TrioTim MRI
scanner (Erlangen, Germany). The protocol included localizer images, a high-resolution,
magnetization prepared rapid gradient echo (MPRAGE) structural image, and a series of
functional images. The structural images were acquired with 1x1x1mm3 resolution using a
sagittal 3-D T1-weighted sequence with repetition time (TR) of 2.4 s, time-to-echo (TE) of
3.13 ms, flip angle=8 °, and inversion time (TI) of 1000 ms. Two 7 minute, 35 second
functional resting-state image acquisitions were collected using an asymmetric spin-echo
planar sequence TR=2.2 s, TE=27 ms, flip angle=90° and field of view (FOV) of 384 cm.
One acquisition consisted of 36 transverse slices, 4 mm thick (no gap), and with an in-plane
resolution of 4x4 mm.
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2.5 Functional Connectivity Analysis

Functional connectivity analyses were conducted using the group-ICA approach within the
CONN toolbox (release 18.a; Whitfield-Gabrieli & Nieto-Castanon, 2012). Imaging data
underwent spatial preprocessing using standard methods in the Statistical Parametric
Mapping software package (SPM12) (Friston et al., 2007), which included realignment,
slice-timing correction, coregistration, segmentation, normalization, and smoothing (using a
6-mm FWHM Gaussian kernel) (Whitfield-Gabrieli & Nieto-Castanon, 2012; \ergara et al.,
2017). Data then underwent denoising, which included regression of subject motion (e.g.,
realignment parameters) from the voxel-level time series, followed by linear detrending,
despiking, and band-pass filtering at .008-.09 Hz.

CONN implements spatial group-1CA analyses using methods previously described by
Calhoun (Calhoun et al., 2001; 2009). As such, CONN conducted variance normalization
preconditioning and concatenated the BOLD signal along the temporal dimension
(Whitfield-Gabrieli & Nieto-Castanon, 2017). All neuroimaging data (e.g., from both time
points and all groups) was entered simultaneously into the group-1CA to ensure comparisons
between the same components could be made. After preprocessing the fMRI data (as
described above), the number of independent components (e.g., functional connectivity
networks) to be estimated was determined by the minimum description length technique as
implemented in the GIFT toolbox (GIFT Documentation Team, 2017). This technique
resulted in an estimated 194 components in the data. However, review of previous papers
using ICA in PTSD samples indicated no other study had analyzed more than 44
components; therefore, 100 components were determined to be sufficient for this analysis
(St. Jacques et al., 2013; Shang et al., 2014; Rabellino et al., 2015; Tursich et al., 2015;
Zhang et al., 2015; Reuveni et al., 2016). Subsequently, CONN utilized the G1 fastICA
algorithm to identify 100 independent spatial components (e.g., functional connectivity
networks) whose z-scores were correlated in their time course. In this analysis, z-scores
indicate the correlation between activation in each voxel (e.g., the BOLD signal) and the
time course of the entire network. Finally, GICA3 back-projection was used to recreate
individual subject spatial maps to be used in the second-level analyses (Whitfield-Gabrieli &
Nieto-Castanon, 2017).

After these steps, the spatial maps for the 100 independent components were correlated with
template maps for the networks of interest for this study (DMN, CEN, and SN) within
CONN. A high correlation between a spatial map identified in the current dataset and a
template map within CONN indicated the presence of that network within the dataset. In this
dataset, the two components with the strongest correlation with the DMN, CEN, and SN
template maps were selected for further analysis (see Figure 1). Spatial maps that were
composed of regions within white matter or cerebrospinal fluid were identified as noise and
discarded from second-level analyses. This method for selecting functional networks for
second-level analysis has been utilized in Zhang et al. (2015), Liao et al. (2010), and
Hoekzema et al. (2014).
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2.6 Second-Level Analyses

All second-level analyses were conducted within the CONN toolbox (Whitfield-Gabrieli &
Nieto-Castanon, 2012) or in SPSS (IBM SPSS Statistics for Windows, Version 24.0). Two
components comprising each network were entered into second-level analyses at the same
time. We utilized voxel-level thresholds of p < .001 and cluster-level FDR-corrected
thresholds of p < .05 to detect significant differences in brain activation between groups and
across time. For our second aim, symptom change scores were calculated by subtracting the
score at Time 2 from the score at Time 1. Change scores were used as the dependent variable
while Time 1 scores were entered as a covariate of no interest. Given the smaller sample size
for our second aim, we also considered results that survived a more liberal cluster-level
FDR-corrected threshold of p<.10.

Finally, Pearson’s correlation coefficient was used to determine the relation between length
of time in treatment (in weeks) and change in PTSD and transdiagnostic symptoms (e.g.,
rumination, positive affectivity, negative affectivity) in the treatment completer sample.

3. Results

3.1 Demographic Characteristics

See Table 1 for a summary of the demographic characteristics of the whole sample and each
experimental group. Independent samples t-tests indicated that the ITT group did not
significantly differ from TEC on age (458) = —0.26, p=.79) or education level ({58) = 0.80,
p =.43). Similarly, the PTSD treatment completer group did not significantly differ from
TEC on age (442) = 0.53, p=.60) or education level (442) = 1.05, p=.31). An independent
samples t-test indicated that CAPS scores at Time 1 were not significantly different between
participants who completed treatment and those that dropped out of treatment (£40) =
-0.34, p=.74).

3.2 Preliminary Analyses of Treatment Effects—Preliminary analyses were
conducted to determine whether there were relationships between time in treatment and
symptom change scores. Time in treatment was not significantly correlated with change in
CAPS (n(22) = .11, p=.62), rumination (/(22) = -.15, p=.50), positive affectivity (1(22) =
-.36, p=.09), or negative affectivity (/(22) = .05, p=.81) scores. This indicates that change
in PTSD and transdiagnostic symptoms was not simply due to passage of time. Notably, a
paired-samples t-test found that CAPS scores at Time 1 were significantly different from
CAPS scores at Time 2 (423) = 12.18, p=.00), indicating that CPT resulted in a reduction
of PTSD symptoms.

3.3 Differences in Resting-State Network Connectivity in PTSD vs TEC

3.3.1 Time 1—At Time 1, the ITT sample of PTSD participants showed decreased
connectivity between CEN and a region in the cerebellum (MNI coordinates [X, y, z]: 4, =38,
-16; k=302) compared to TEC. Similarly, the PTSD treatment completer sample showed
decreased connectivity between CEN and a similar cerebellar region (MNI coordinates [X, Y,
z]: -4, —-48, —-16; k= 242). Neither the ITT nor the PTSD treatment completer samples
exhibited significant differences in DMN or SN functional connectivity compared to TEC.
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3.3.2 Time 2—At Time 2, the PTSD treatment completer sample showed decreased
connectivity compared to TEC between DMN and several regions in the temporal and
occipital lobes (see Table 2 and Figure 2). There were no significant differences in CEN or
SN functional connectivity between treatment completers at Time 2 and TEC.

3.4 Altered Resting-State Network Connectivity in PTSD Treatment Completers

3.4.1 Time 1 vs Time 2—PTSD treatment completers did not exhibit significant
differences in DMN, CEN, or SN functional connectivity between Time 1 and Time 2.

3.4.2 Association with Clinical Measures

3.4.2.1 PTSD Symptoms.: PTSD symptom change was not related to change in functional
connectivity in any network from Time 1 to Time 2 at a threshold of pFDR < .05. However,
when using a more liberal cluster threshold of pFDR < .10, connectivity between DMN and
two cerebellar regions was correlated with PTSD symptom change, such that individuals
with greater PTSD symptom reduction showed increased anticorrelations from Time 1 to
Time 2 (see Table 3 and Figure 3).

3.4.2.2 Rumination.: Change in rumination was not related to change in functional
connectivity in any network from Time 1 to Time 2 at a threshold of pFDR < .05. However,
at pFDR < .10, connectivity between SN and the brain stem was correlated with rumination
symptom change, such that individuals with greater reduction in rumination showed stronger
positive connectivity from Time 1 to Time 2 (see Table 3 and Figure 4).

3.4.2.3 Positive Affectivity.: Change in positive affectivity was related to connectivity
between DMN and left middle temporal gyrus and right lateral occipital cortex, such that
individuals with greater increase in positive affectivity showed a) stronger anticorrelations
between DMN-Ileft middle temporal gyrus and b) stronger positive connectivity between
DMN-right lateral occipital cortex from Time 1 to Time 2 (see Table 3 and Figure 3).
Additionally, at a cluster threshold of pFDR < .10, change in positive affectivity was related
to higher connectivity between SN and regions in the left and right frontal pole, such that
individuals with greater increase in positive affectivity showed stronger positive SN-frontal
pole connectivity (see Table 3 and Figure 4).

3.4.2.4 Negative Affectivity.: Change in negative affectivity was related to DMN-
cerebellum connectivity, such that individuals with greater reduction in negative affectivity
showed stronger DMN-cerebellar anticorrelation from Time 1 to Time 2. Additional
cerebellum clusters were found at pFDR <.10 (see Table 3 and Figure 3).

4. Discussion

4.1 PTSDvs TEC

Our results show that an ITT sample of individuals with PTSD exhibit decreased
connectivity between CEN and cerebellum compared to TEC that is not evident after a
course of CPT, suggesting this connectivity in PTSD ‘normalized’ to the level of TEC
following treatment. Abdallah et al. (2019) also found increased executive network
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connectivity during a symptom provocation task after CPT. These results align with research
indicating that PTSD is characterized by a hypoactive CEN and suggests that CPT may
normalize this hypoactivity. A normalized CEN may represent increased prefrontal
inhibition, a process suggested to be disrupted in PTSD specifically (Akiki et al., 2017,
Duval et al., 2015; MacNamara et al., 2016) as well as modified by CBT generally (Roffman
et al., 2005; Porto et al., 2009; Sheynin & Liberzon, 2017; Brooks & Stein, 2015; Straube,
2016; Lueken & Hahn, 2016). Our results also indicate that after CPT, PTSD treatment
completers exhibit decreased DMN connectivity with clusters in visual and somatomotor
networks compared to TEC that is not evident prior to treatment, suggesting this
connectivity is a ‘compensatory’ change with treatment. Though DMN connectivity is
typically described as hypoactive in PTSD, based on decreased connectivity of MPFC and
posterior cingulate cortex seeds (Bluhm et al., 2009; Shang et al., 2014; DiGangi et al.,
2016), Shang et al. (2014) have documented altered visual and somatomotor network
connectivity in PTSD compared to healthy controls and suggested that altered connectivity
in both networks was related to hyperarousal symptoms. More recently, Zhu et al. (2020)
reported that DMN-visual network connectivity was positively correlated with PTSD
symptoms and contributed significantly to correct classification of PTSD compared to TEC
using multivariate pattern analysis. Our results provide further evidence for the role of DMN
connectivity with these networks in PTSD.

4.2 PTSD Treatment Completers and Symptom Change

Though we did not find evidence of DMN, SN, or CEN change after CPT within the PTSD
treatment completer group, connectivity between these networks and other regions was
related to both PTSD and transdiagnostic symptom change. DMN connectivity was related
to change in positive and negative affectivity. Specifically, DMN connectivity with temporal
and occipital regions was associated with greater increases in positive affectivity, while
DMN-cerebellum connectivity was associated with greater reduction in negative affectivity.
When using liberal cluster thresholds at gFDR < 0.10, DMN-cerebellum connectivity was
also related to greater reduction in PTSD symptoms. DMN connectivity has been shown to
relate to improvement in PTSD symptoms in King et al. (2016) and Akiki et al. (2017)
posited that re-experiencing, dissociation, and avoidance symptoms are related to DMN
connectivity. We replicate and extend these findings by demonstrating a novel relation
between DMN connectivity and positive and negative affectivity. Finally, at liberal cluster
thresholds of pFDR < 0.10, SN-brain stem connectivity was related to greater reduction in
rumination and SN-frontal pole connectivity was related to greater increases in positive
affectivity. Fonzo et al. (2017) also demonstrated increased SN-frontopolar cortex
connectivity during cognitive reappraisal in individuals who had completed prolonged
exposure compared to a wait-list group, suggesting that SN-frontal pole connectivity in
PTSD treatment completers is affected by cognitive behavioral therapies and related to a
transdiagnostic symptom (positive affectivity) targeted by therapy.

4.3 Role of Cerebellum

Our results indicated that decreased cerebellar connectivity with CEN differentiated PTSD
participants from TEC pre-treatment, while cerebellar connectivity with DMN correlated
with several types of clinical symptom change. These findings are notable given that the
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cerebellum has been increasingly recognized in PTSD, potentially due to its role in
conditioning and extinction via its connections to limbic and prefrontal regions (Carletto &
Borsato, 2017). Previous research has found that PTSD groups show cerebellar
hypoactivation (Koch et al., 2016), weaker cerebellar connectivity (Holmes et al., 2018) and
differential connectivity of widespread cerebellar regions compared to healthy controls
(Rabellino et al., 2018). Additionally, several groups report that cerebellar connectivity is
related to PTSD symptom severity (Holmes et al., 2018; Rabellino et al., 2018). Abdallah et
al. (2019) also documented weaker cerebellar connectivity in PTSD participants compared
to TEC during a symptom provocation task, but not a resting-state scan, both before and
after CPT. Our results suggest that decreased resting-state cerebellar connectivity may be
normalized by CPT, and that cerebellar connectivity is related to reduction in PTSD
symptoms (at pFDR < 0.10) and negative affectivity (at pFDR < .05).

4.4 Synthesis of Results in the Literature

There is little research investigating brain changes related to CPT specifically. When
examining all studies investigating change in functional connectivity pre- and post-CBT for
PTSD (n=15), three studies showed changes following Prolonged Exposure (one during a
reappraisal task [Fonzo et al., 2017], one during an extinction recall task [Helpman et al.,
2016], and one in a resting-state scan [Zhu et al., 2018]); one study showed resting-state
changes following a mindfulness-based exposure intervention (King et al., 2016); and one
showed changes after both CPT and a control treatment during symptom provocation
(Abdallah et al., 2019). As such, there is some evidence for resting-state change after
exposure-based interventions and some evidence for change after CPT in a symptom
provocation scan, but no published evidence for resting-state change after CPT. This study is
the first to our knowledge to demonstrate changes in both CEN and DMN resting-state
connectivity after a course of CPT, as well as the first to document the relation between
change in transdiagnostic symptoms in PTSD and network connectivity changes following
treatment.

4.5 Limitations & Future Directions

This study had several limitations. First, we utilized a template-matching approach to
identify networks of interest within our data. Though this was a procedure used by several
other groups (Zhang et al., 2015; Liao et al., 2010; Hoekzema et al., 2014) and the
correlations between our networks and the templates were similar to those obtained in other
studies, our network-template correlations were moderate in size (versus large), indicating
that our identified DMN, SN, and CEN did not overlap entirely with all the brain regions
located within the template networks. For example, the DMN network components only
included posterior brain regions. Lack of precision in matching networks or regions of
interest used in other studies is not a problem unique to our study but is instead common
throughout neuroimaging research (Hong et al., 2019). Nonetheless, it could lead to
problems replicating effects. Second, given the lack of research investigating brain network
change after CPT for PTSD and the exploratory nature of the current study, we elected not to
perform multiple comparisons corrections for our between- and within-groups analyses, and
we reported certain results at a cluster threshold of pFDR < .10 (Althouse, 2016; Rothman,
1990). As such, these findings would require replication before determining their robustness.
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Future analyses may additionally examine whether there are changes between networks pre-
to post-CPT.

4.6 Conclusion

Funding:

This study implemented a data-driven functional connectivity analysis method to examine
large-scale brain networks implicated in PTSD pathology. Our results provide evidence for
both normalization and compensatory processes in PTSD participants who completed an
evidence-based treatment for PTSD. Additionally, our findings contribute to the growing
literature documenting the role of the cerebellum in PTSD and implicate the DMN and SN
in both PTSD and transdiagnostic symptom change with treatment. Notably, this is the first
study that implemented an ICA method in pursuit of this research question, and is only the
second study to examine neurobiological changes after a course of CPT. As such, our
findings provide a novel contribution to research literature related to both PTSD
neurobiology and psychotherapy process.

MIMH 1K23 MH090366-01. (Steven E. Bruce, PI)
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Figure 1. Spatial Pattern of Network Components
Note. Component maps illustrate the spatial distribution for the three networks of interest

from the independent component analysis. The two components with the highest
correlations with the DMN, CEN, and SN templates are shown. For visualization purposes,
component maps were thresholded at p-uncorrected < .001 and z> 1. All component maps
are displayed on the MNI-152 template. DMN = default mode network; CEN = central
executive network; SN = salience network.
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Figure 2. DMN Connectivity Differentiating PTSD Treatment Completers at Time 2 from TEC
Note. Results show significant differences in DMN connectivity between PTSD and TEC

participants at pFDR < .05. Findings are displayed on the MNI-152 template. DMN =
default mode network; TEC = trauma-exposed controls.
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Figure 3. Pre-Post DMN Connectivity Associated with Clinical Symptom Change
Note. Results reveal significant relationships between pre-post DMN connectivity and

change in PTSD symptoms (red), positive affectivity (blue), and negative affectivity (green)
at pFDR < .05 or pFDR < .10. Yellow represents overlap in PTSD symptom and negative
affectivity clusters. Results are displayed on the MNI-152 template. DMN = default mode
network.
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Figure 4. Pre-Post SN Connectivity Associated with Clinical Symptom Change
Note. Results show significant relationships between pre-post SN connectivity and change in

rumination (red) and positive affectivity (blue) at pFDR < .10. Results are displayed on the
MNI-152 template. SN = salience network.
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Table 1
Demographic Characteristics
PTSD
Variable Total Sample  Treatment Completers  ITT TEC
n 60 26 42 18
Age (SD) 31.38(9.67)  33.62 (11.09) 3117 (9.71)  31.89 (9.84)
Education (5D) 15.16 (2.57)  15.62 (1.63) 15.38 (1.89)  14.64 (3.73)
CAPS T1 66.92 (17.71) 67.64 (17.35)
CAPS T2 23.75 (20.89)
Ethnicity (%)
Caucasian 37 (61.70) 16 (61.50) 25 (59.50) 12 (66.70)
African American 14 (23.30) 6 (23.10) 11 (26.20) 3(16.70
Hispanic 2 (3.30) 1 (3.80) 2 (4.80) 0
Other 5 (8.30) 2(7.70) 2 (4.80) 3(16.70)
Not reported 2(3.30) 1(3.80) 2(4.80) 0

Note. ITT= Intent-to-treat sample of participants with PTSD. TEC= Trauma-exposed controls. CAPS= Clinician-Administered PTSD scale.
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Table 2
DMN Functional Connectivity at Time 2 in PTSD Treatment Completers vs TEC at Time 1

Cluster Region MNI Coordinates (x,y,z) k pFDR
L Posterior Superior and

Middle Temporal Gyrus -52, -26, -2 1011 <.05
R Posterior Superior and

Middle Temporal Gyrus 44, -26, -14 835 <.05
L and R Precentral Gyrus -10, =22, 54 572 <.05
L Lateral Occipital Cortex  -22, —86, 4 362 <.05

Note. TEC= trauma-exposed controls. DMN= default mode network. L= left. R=right. &= cluster size
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Table 3

Functional Connectivity Time 1 to Time 2 and Clinical Symptom Change

Clinical Variable Network Cluster Region MNI Coordinates (x,y,z) k pFDR
PTSD Symptoms  DMN Cerebellum -34, =56, =50 89 <.10
Cerebellum -20, —48, -46 82 <.10
Rumination SN Brain Stem 22,-36, -34 74 <.10

Positive L Middle Temporal Gyrus
Affectivity DMN inLatlerslc‘Ofmpltal Cortex & -58, -60, 00 170 <.05
gular Gyrus

SN L Frontal Pole -28, 50, -6 86 <.10
R Frontal Pole 20,52, -8 64 <.10
X??ei‘tii‘\’/eity DMN  Cerebellum ~20, -80, -34 120 <.05
24, -70, -56 88 <.10
-30, =52, =40 87 <.10
-12,-70, -36 83 <.10
R Putamen 22,22,04 73 <.10

Note. DMN= default mode network. SN= salience network. L= left. R= right. &= cluster size
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