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Abstract

Background.—Trauma exposure is associated with development of depression and anxiety; yet,
some individuals are resilient to these trauma-associated effects. Differentiating mechanisms
underlying development of negative affect and resilience following trauma is critical for
developing effective interventions. One pathway through which trauma could exert its effects on
negative affect is reward-learning networks. In this study, we examined relationships among
lifetime trauma, reward-learning network function, and emaotional states in young adults.

Methods.—One hundred eleven young adults self-reported trauma and emotional states and
underwent functional magnetic resonance imaging during a monetary reward task. Trauma-
associated neural activation and functional connectivity were analyzed during reward prediction
error (RPE). Relationships between trauma-associated neural functioning and affective and anxiety
symptoms were examined.

Results.—Number of traumatic events was associated with greater ventral anterior cingulate
cortex (VACC) activation, and lower vACC connectivity with the right insula, frontopolar, inferior
parietal, and temporoparietal regions, during RPE. Lower trauma-associated vVACC connectivity
with frontoparietal regions implicated in regulatory and decision-making processes was associated
with heightened affective and anxiety symptoms; lower vACC connectivity with insular regions
implicated in interoception was associated with lower affective and anxiety symptoms.

Conclusions.—In a young adult sample, two pathways linked the impact of trauma on reward-
learning networks with higher v. lower negative affective and anxiety symptoms. The
disconnection between VACC and regions implicated in decision-making and self-referential
processes may reflect aberrant regulatory but appropriate self-focused mechanisms, respectively,
conferring risk for v. resilience against negative affective and anxiety symptoms.
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Introduction

Exposure to trauma in childhood and adolescence is common and associated with
heightened risk for negative affective and anxiety symptoms (Chapman et al., 2004; Anda et
al., 2006; Nanni et al., 2012; Kristjansson et al., 2016; Li et al., 2016). Trauma exposure in
childhood is associated with 2.0 greater odds of developing depression, 2.7 greater odds of
developing anxiety (Li et al., 2016), and a more chronic, severe, and treatment resistant
course of psychiatric illness (Nanni et al., 2012). Despite this risk, not all individuals
exposed to trauma develop negative affective and anxiety symptoms and some adapt
positively following trauma exposure (Merikangas et al., 2009). Differentiating the neural
mechanisms underlying the development of negative affective and anxiety symptoms v.
resilience in response to trauma is critical for developing effective interventions and
treatment.

Aberrant reward processing is a critical mechanism underlying the development of
anhedonia and depression (Pizzagalli, 2014) in adolescence and young adulthood, and has
been implicated in anxiety (White et al., 2016). Youth with depressive symptoms
demonstrate abnormally low activation in the ventral striatum (VS), a key region in reward
learning, and blunted VS activation predicts future symptoms of depression and anhedonia
(Stringaris et al., 2015). Traumatic experiences may impair reward processing via altered VS
reactivity. Stress exacerbates dysfunctional reward processing, which may facilitate
development of negative affective symptoms (Pizzagalli, 2014). Individuals exposed to
childhood adversity exhibit blunted positive affect (Marusak et al., 2015) and diminished VS
response to reward in young adulthood (Guyer et al., 2006; Mehta et al., 2010; Goff et al.,
2013; Corral-Frias et al., 2015; Hanson et al., 2015), an already vulnerable time for the
development of affective psychopathology (Kessler et al., 2007). Higher VS reactivity may
be protective, as individuals with heightened VS reward reactivity are less likely to develop
negative affective symptoms following trauma exposure (Nikolova et al., 2012; Dennison et
al., 2016).

While the above studies suggest trauma-associated impairments in VS reactivity may
underlie development of negative affective symptoms, reward processing is complex.
Reward processing is influenced by regulatory/attentional and affective neural networks that
may be impacted by trauma. Disruption of these networks can impair reward learning, an
important component of reward processing guiding decision-making and behaviors to obtain
future rewards. Reward learning can be measured by the reward prediction error (RPE),
calculated as the difference between the predicted value of a forthcoming reward based on
prior experience and the actual amount of reward that is subsequently received (Schultz,
2016). RPE thus relies on the recognition and contextualization of potentially rewarding
stimuli, as well as the ability to experience reward, both of which may be disrupted by
traumatic experiences (Marusak et al., 2015). The inability to use rewards to regulate
behavior (e.g. failure to recognize or seek reward) has been associated with negative
affective symptoms (Vrieze et al., 2013). RPE is signaled through dopamine neurons
projecting from the midbrain to frontostriatal regions, including the VS, medial prefrontal
cortex (mPFC), and anterior cingulate cortex (ACC) (O’Doherty et al., 2003; Wang et al.,

Psychol Med. Author manuscript; available in PMC 2019 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eckstrand et al.

Page 3

2017). Combined with the inferior parietal lobule (IPL), the cingulo-frontal-parietal network
is critical in reward valuation and subsequent decision-making about reward pursuit, and its
disruption leads to erroneous value-based decisions (Polania et al., 2015). Heightened
engagement of salience/affective networks, including the ACC and anterior insula (alns), is
observed during reward anticipation and receipt (von Rhein et al., 2017). These two
dissociable networks integrate sensory, emotional, and reward-related information to
facilitate a goal-directed response to reward.

Little is known about the impact of trauma exposure on these broader networks during
reward processing in children and adolescents; however, trauma-associated disruptions of
these neural networks occur during emotion processing. Youth exposed to trauma
demonstrated altered involvement in frontolimbic fear and salience processing networks
during emotional regulation. Specifically, these youth exhibited heightened activation of
mPFC, ACC, and alns during stress (Elsey et al., 2015), error monitoring, and inhibitory
control (Lim et al., 2015), and lower ACC connectivity with affective regions during
emotion processing (Marusak et al., 2015) and during resting state (Herringa et al., 2013);
these alterations may also contribute to the risk for affective disorders (Herringa et al.,
2013). Interestingly, and perhaps indicative of resilience (i.e. lower vulnerability to the
impact of stress), youth exposed to trauma who engaged in effortful attempts to buffer
against negative stimuli showed greater activation in mPFC and ACC compared with peers
not exposed to trauma (McLaughlin et al., 2015). Combined, these data highlight that
exposure to trauma in childhood and adolescence alters functioning in emotional regulation
networks, with concomitant heightened involvement of emotion and salience processing
networks.

Despite progress in understanding the impact of trauma on reward-learning networks in
youth, the role of these neural networks in the affective sequelae of trauma remains unclear.
Furthermore, no studies have examined how reward-learning network function may buffer
against development of anhedonia, depressive, and anxiety symptoms. In the current study,
we examined the impact of trauma exposure on reward-learning network reactivity and
relationships with affective states in a large sample of young adults. We employed a
standardized monetary reward task to determine trauma-associated reward-learning network
reactivity to RPE. While previous research has focused specifically on depressive symptoms,
we focused on a range of affective symptoms, given the high correlations between trauma-
associated anhedonia, depressive, and anxiety symptoms (Price and van Stolk-Cooke, 2015).
The main objective of this study was to determine the impact of trauma exposure on reward-
learning networks, and whether trauma-associated disruption in these networks would be
associated with affective symptoms. We also wished to differentiate between pathways
linking trauma and reward-learning network functioning with low v. high severity negative
affect and anxiety, as a first stage toward identification of neural mechanisms underlying risk
for v. resilience against development of negative affective symptoms states after trauma
exposure.

We hypothesized that trauma exposure would be associated with dysregulated response to
RPE in reward-learning networks, including cingulo-fronto-parietal and alns-ACC networks,
and that these trauma-associated neural network changes would be associated with the
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severity of negative affective and anxiety symptoms. Additionally, we hypothesized that
there would be distinct relationships among trauma exposure and patterns of reward-learning
network activation and connectivity associated with lower v. higher negative affect.

Materials and methods

Participants

One hundred thirty-two individuals between the ages of 18 and 25 were recruited to
participate in a study examining the development of psychiatric symptoms and disorders in
young adults seeking treatment for psychological distress, i.e. emotions negatively impacting
level of functioning. The goal of the study was to recruit a young adult community sample,
given that young adulthood is the age during which the majority of psychiatric illnesses first
manifest (Kessler et al., 2007). Fifty-eight individuals considering or seeking mental
healthcare for psychological distress, irrespective of present psychiatric diagnosis, were
recruited through community advertisement and student counseling centers in the Pittsburgh
area. Seventy-four typically developing individuals without present psychologic distress or
previous personal history of psychiatric illness were recruited through a Pittsburgh
participant registry and community advertisement. All individuals were right-handed and
spoke fluent English. Twelve individuals were excluded due to incomplete data, two
individuals were excluded due to excessive motion (>5 mm), one participant was excluded
due to excessive task performance errors (20, other participants <12), and six participants
were excluded due to excessive signal loss (>30%; see online Supplementary Material for
full exclusion criteria). The final sample was comprised of 111 individuals, 50 experiencing
psychological distress, and 61 typically developing individuals (see Table 1).

Trauma exposure and affective measures

The Trauma History Questionnaire (THQ) (Hooper et al., 2011) assessed trauma exposure.
Participants reported lifetime traumatic experiences across three categories: crime-related
events (e.g. robbery), general disaster and trauma (e.g. serious car accident), and unwanted
physical/sexual experiences. Cumulative trauma exposure is associated with affective and
anxiety symptom severity (Myers et al., 2015) and previous research has demonstrated linear
relationships between trauma exposure and brain activity (Hanson et al., 2015). Thus,
trauma exposure was quantified as a continuous variable by summing the number of events
endorsed across categories, the most common way of quantifying trauma using the THQ
(Hooper et al., 2011).

To assess negative affective and anxiety symptoms, participants completed the following five
scales: the Mood and Anxiety Symptom Questionnaire-Anhedonic Depression (MASQ-AD)
and clinician-administered Hamilton Rating Scale for Depression (HRSD) (Hamilton, 1960)
assessed depressive symptom severity; the Snaith—-Hamilton Pleasure Scale (SHAPS)
(Snaith et al., 1995) measured anhedonia; and the MASQ-Anxious Arousal (MASQ-AA)
and clinician-administered Hamilton Anxiety Rating Scale (HAMA) (Hamilton, 1959)
assessed anxiety symptom severity.
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Monetary reward functional magnetic resonance imaging (fMRI) task

An adapted event-related card-guessing task was used to evaluate neural activation during
reward processing (Delgado et al., 2000; Forbes et al., 2009; Chase et al., 2017). There were
four trials: win, loss, mixed, and neutral (see online Supplementary Fig. S1). Win trials
included trials with the expectation of a win followed by a win outcome or no change; loss
trials included the expectation of a loss followed by a loss or no change; mixed trials
included the expectation of either win or loss, followed by win or loss; and neutral trials had
no expectation of either win or loss, followed by no change. For each trial, a visually
presented card was displayed and participants were asked to guess via button press for each
trial whether the value of a presented card was higher or lower than the number ‘5’ (4 s).
Participants were then shown an expectancy cue (jittered 2—6 s), where they awaited
feedback regarding their guess and whether monetary reward was received. The outcome
appeared for 1 s, followed by a second inter-trial interval of 0.5-1.5 s. The paradigm was
presented in two 8-min blocks comprised of 48 trials per block (12 per trial type). Trials
were randomized with predetermined outcomes. All participants practiced the task prior to
scanning and were informed their performance would result in a monetary reward after the
scan: $1 per win and $0.75 deduction per loss. The total possible reward received was $6.
Participants expected that monetary outcome was due to performance; however, a fixed
amount was given (Chase et al., 2017).

RPE was the regressor of interest for subsequent first-level imaging analyses (Chase et al.,
2017). RPE was calculated as the difference between the expected and outcome reward
values for each trial type: +$0.50 for a win (i.e. the positive difference between $0 and 1)
and —-$0.50 for no win (i.e. the negative difference between $0 and 1) in the possible win
condition; +$0.375 for a no loss (i.e. the positive difference between $0 and 0.75) and -
$0.375 for a loss in the possible loss condition (i.e. the negative difference between $0 and
0.75); +$0.875 for a win (i.e. the positive difference between $1 and 0.75) and —$0.875 for a
loss in the mixed condition (i.e. the negative difference between $1 and 0.75); and zero in
the neutral condition. Reward expectancy (RE) and outcome expectancy (OE) were also
calculated (see online Supplementary Material).

fMRI preprocessing

Imaging data were processed using SPM, FSL, and AFNI using Nipype (Gorgolewski et al.,
2011) as previously described (Chase et al., 2017). For each participant, BOLD images were
realigned to the first volume in the time series and co-registered with the participant’s
structural image. Field maps were used to correct for image distortion using FSL FUGUE.
Structural images were normalized using a non-linear transformation to the standard MNI/
ICBM 152 template and segmented into gray matter, white matter, and cerebrospinal fluid
(CSF). Using DARTEL, BOLD images were transformed into the same space using the
structural image and resampled at 2 mm3 isotropic voxel size. Activation spikes in the
BOLD images were corrected using AFNI 3dDespike. BOLD images were then normalized
for intensity and spatially smoothed [full-width at half-maximum (FWHM) 6 mm] using an
adaptive smoothing method implemented in FSL SUSAN.
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For each participant, Statistical Parametric Mapping (SPM8) software was used to build a
fixed-effect general linear model (GLM) using RPE, OE, and RE as regressors. RE was
included as a parametric modulator coupled to the arrow cards (anticipation phase; 2—6 s)
reflecting the expected value of the arrow; OE was included as a regressor coupled to the
arrow cards (anticipation phase; 2-6 s) reflecting the unsigned value range of possible future
outcomes; RPE was coupled to the outcome and defined as the difference between the
outcome and expected value. Another regressor modeled any omission errors. Gram-
Schmidt orthogonalization was applied to GLM regressors, as is standard in SPM. The GLM
was fit to each of the two blocks separately and the parameter estimates for a given effect
type were combined across each. In addition to field map correction and removal of high-
motion volumes with AFNI 3dDespike, noise was also reduced by adding determining
physiologic fluctuations with the mean signal in CSF, white matter, and high-deviation
voxels using CompCor (Behzadi et al., 2007; Fournier et al., 2014) and entered as a
covariate. Motion parameters during scanning were also entered as covariates to control for
head movement. A 60 s high-pass filter and autoregressive modeling were implemented
during fitting.

Based on the initial activation analyses (see Results section), functional connectivity maps
were generated using generalized psychophysiological interaction (gPPI) (O’Reilly et al.,
2012) with Brodmann area (BA) 32, the ACC, as the seed region. The BOLD signal in BA32
was deconvolved to estimate neuronal activity during each regressor condition. This
estimated activity was then multiplied by each column in the GLM, including each regressor
condition (e.g. RPE, RE, and OE), and convolved with a hemodynamic response function
(HRF). These three PPI regressors were then included in the GLM alongside the three task
regressors, motion parameters, and mean time course in the seed region. Whole-brain PPI
contrast images were generated by regressing the BOLD signal across brain regions onto (1)
the task main effect, (2) the BOLD signal from the seed region, and (3) each of the three
convolved PPI interaction regressors. Functional connectivity for each participant was thus
estimated as the magnitude difference between the S coefficient between the seed and each
PPI regressor.

Data analyses

To evaluate the impact of trauma on RPE-associated neural activity, two second-level
regression models were run in SPM: one model to examine individual activation and another
model to examine functional connectivity. For each model, the neural activation and
functional connectivity contrast images were respectively entered as the dependent variables
with the total THQ score as the independent regressor. Age, gender, race, intelligence
quotient (1Q), and presence/absence of distress were included as covariates in both activation
and connectivity models. Using a mask defined by the Wake Forest University (WFU)
PickAtlas, activation analyses were constrained to reward-learning regions critical for
reward learning: bilateral VS, insula, BAs 10/11/47 comprising pre- and orbito-frontal
cortices, and BAs 24/32 comprising dorsal and ventral ACC (VACC). To examine trauma-
associated reward-learning network connectivity (using regions from trauma-related
activation as seeds; see activation Results), gPPI analyses were performed across the whole
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brain. As recommended by Eklund et al., (2016) and Woo et al., (2014), a voxelwise
inference of pync < 0.001 was utilized (see online Supplementary Material).

After determining regions of trauma-associated neural activation and connectivity using
regression models in SPM, separate multivariate linear regression models were used to test
associations between these measures of trauma-associated neural activation and connectivity
and affective and anxiety symptoms. Individual parameter estimates of BOLD response for
significant group-level trauma-associated neural activation and connectivity clusters (during
RPE) in second-level analyses were extracted using Marsbar (http://
marsbar.sourceforge.net/). Two multivariate linear regression models were run: one for
neural activation and one for connectivity. For each model, the five negative affective and
anxiety symptom scores were entered as dependent variables, and all neural regions with
significant trauma-associated activation/connectivity were entered as independent variables.
Two participants were removed from the analyses due to residuals of >2 s.0. Because
trauma-associated neural activation and connectivity measures had already been corrected
for demographic variables and distress, these variables were excluded from the multivariate
regression models. Supplementary analyses were run to examine the effects of gender.

Trauma exposure

There were no differences in age, race, gender, and 1Q between distressed and non-distressed
participants (Table 1). Eighty participants (72.0%) reported traumatic events (M= 2.0 + 1.93
events; range 0-10 events). This is less than the general adult population (89.7%) (Kilpatrick
et al., 2013), which may reflect the younger adult sample. Of individuals experiencing
traumatic events, 38.8% (/7= 31; range 0-2 events) reported crime-related events, 91.3% (77
= 73; range 0-6 events) reported general disasters, and 32.5% (7= 26; range 0-5 events)
reported physical and/or sexual trauma.

Distressed participants (41/50; 82.0%) reported more traumatic events than non-distressed
participants (39/61, 63.9%) (XZ = 4.45, p=0.04) and had more severe affective symptoms
(Table 1). Female participants reported more traumatic experiences [{109) = 2.04, p= 0.04]
and higher negative affective symptoms with the exception of anhedonia [range: £109)
=2.48-3.91, p=<0.001-0.02] (online Supplementary Table S1). Race and 1Q were not
significantly associated with trauma exposure (race: A3 197 = 2.23, p=0.09; 1Q: Fy 199 =
1.81, p=0.18) or affective symptoms (race: F3 197 = 0.39-1.31, p=0.27-0.76; 1Q: Fq1 109 =
<0.01-0.30, p=0.58-0.98) with the exception of an association between 1Q and anxious
arousal (£ 109 = 3.88, p=0.05).

Trauma exposure associations with reward learning network functioning

Greater trauma was significantly associated with greater activation of the vVACC) (within
BA32) during RPE (Table 2, Fig. 1a).

Greater trauma exposure was associated with lower connectivity between vACC (BA32
anatomical mask) and nine regions during RPE: bilateral frontopolar cortex (FPC); left
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fusiform gyrus (FG) and superior temporal gyrus (STG); and right middle temporal gyrus
(MTG), supramarginal gyrus (SMG), IPL, alns, and lingual gyrus (Table 2, Fig. 1b).

Trauma exposure was not associated with neural activation during RE and OE conditions.
Trauma exposure was also not associated with changes in VS activation or connectivity.

Trauma-associated reward-learning network functioning associations with negative
affective and anxiety measures

Trauma-associated VACC activation was not associated with negative affect and anxiety
symptoms. After including all nine regions of significant vVACC connectivity in the multiple
linear regression model, several regions with significant trauma-associated vVACC
connectivity were associated with the severity of negative affective and anxiety symptom
measures (Table 3). Lower vACC-right IPL connectivity was associated with greater anxiety
symptom severity (HAMA: -0.58, t=-1.97, p=0.05), greater anxious arousal (MASQ-
AA: B=-0.04, t=-2.03, p=0.05), and greater anhedonia (SHAPS: g-0.60, = -2.06, p=
0.04; Fig. 2a). Lower vACC-left FPC connectivity was associated with greater anxious
arousal (8= -0.06, t=-1.98, p=0.05; Fig. 2a). Interestingly, lower vACC connectivity
with the right alns was associated with foweranxiety symptom severity (HAMA: g=1.21, ¢
=241, p=0.02), Jower depression symptom severity (HRSD: g=1.29, = 2.20, p=0.03),
and /ower anhedonic depression severity (MASQ-AD: = 0.11, = 2.07, p= 0.04) (Fig. 2b).

There was a significant interaction with gender in the multivariate model (/5 94 = 3.24, p=
0.01). The effects of gender on the relationships between trauma-associated vVACC
connectivity and negative affective and anxiety symptoms were examined by running
multiple linear regressions separately for males and females. The above associations
remained significant for females, although anxious arousal was associated only at trend
levels with vACC-left FPC (5= -0.08, = -1.92, p=0.06) and vACC-right IPL (8= —0.05,
t=-1.74, p=0.09) connectivity (online Supplementary Table S2). Additionally, among
females, lower vACC-right SMG connectivity was associated with lower anxious arousal (8
=0.07, t=1.97, p=0.05). The above associations were not significant for males. The slopes
of these associations differed between males and females for the vACC-alns association
with HAMA (A 109 = 3.29, p = 0.04) and the vACC-SMG association with anxious arousal
(F1,100 = 3.02, p=0.05). For the gender effects, it is important to note that this sample had
fewer males (/7= 33) than females (7= 78), and males exhibited a narrower range of
negative affective and anxiety symptoms (online Supplementary Table S2, Figs S2-S6).

Discussion

This study sought to examine the impact of trauma exposure on reward-learning networks,
and whether trauma-associated changes in reward learning were associated with negative
affective and anxiety symptoms. In a large sample of young adults with vaiying degrees of
negative affective symptoms, greater trauma exposure was associated with greater activation
of VACC and lower VACC connectivity with several regions in cingulo-fronto-parietal and
alns-vACC networks, during RPE. In multiple linear regression models, distinct patterns of
VACC connectivity were associated with higher and lower anhedonia, depression, and
anxiety symptom severity. Lower VACC connectivity with the left FPC and right IPL during
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RPE were associated with greateranxiety, anxious arousal, and anhedonia, whereas lower
connectivity between vACC and the right alns during RPE was associated with fower
depression and anxiety. These findings were specific to reward learning, as trauma was not
associated with RE and OE. Together, these results indicate that dissociable patterns of
reward-learning network connectivity may be associated with vulnerability to, v. resilience
against, development of negative affective and anxiety symptoms following trauma
exposure.

Heightened ACC activation during RPE with greater trauma occurred in a ventrally located
region, which is notable because the dorsal ACC is more frequently implicated in reward
valuation and learning (Niki and Watanabe, 1979; Williams and Goldman-Rakic, 1998;
Amiez et al., 2005; Walton et al., 2006; Rushworth and Behrens, 2008). The vACC is
anatomically connected with the amygdala, VS, and orbitofrontal cortex (Beckmann et al.,
2009; Peters et al., 2009; Etkin et al., 2011; Barker et al., 2014), however, and is implicated
in emotion regulation, experiencing negative affect, and encoding reward expectation
(Rushworth and Behrens, 2008; Beckmann et al., 2009). Neurons in this region are also
involved in decision-making during reward valuation, and may be associated with decision-
making influenced by negative emotion (e.g. anxious avoidance) (Amemori and Graybiel,
2012). Greater recruitment of vVACC with greater trauma exposure in the current study may
thus represent a greater need for emotion regulation and decision-making during unexpected
reward-related outcomes (i.e. greater prediction error). While speculative, this may be due to
a negative emotional bias that may blunt the perception of reward or alter it such that
rewards may be misperceived as aversive. VACC activation, unlike vACC connectivity, did
not explain trauma-associated affective and anxiety symptoms, however, suggesting that
disruption of distributed reward-learning networks, rather than altered activation in a given
neural region, may underlie the development of negative affective and anxiety symptoms
following trauma exposure. Indeed, one recent study found that RPE signals in VS were
intact in major depression and suggested that altered RPE in affective disorders may result
from downstream effects rather than striatal dopaminergic projections themselves (Rutledge
etal., 2017).

Our findings suggest two different patterns of vVACC connectivity underlying relationships
between trauma exposure and negative affective and anxiety symptoms. White matter
connections between VACC and FPC facilitate value calculations, motivation, and affect
regulation (Boschin et al., 2015), while connectivity between vACC and IPL is implicated in
sustained attention and future goal-directed planning (Vincent et al., 2008). Our findings of
trauma exposure-related reductions in vVACC-IPL and vACC-FPC connectivity thus suggest
that trauma disrupts cingulo-frontal-parietal network functioning, including attention to
reward and engaging in flexible feedback-based decisionmaking (Ptak, 2012). One study
found that youth exposed to trauma exhibited lower ACC-PFC during social rejection (Puetz
et al., 2014), indicating aberrant affective processing of negative emotional stimuli. This
latter finding suggests trauma-associated disruptions in vVACC-FPC and vVACC-IPL
connectivity during RPE may represent impaired ability to process reward value and/or
regulate affective responses to reward. Furthermore, trauma-associated patterns of lower
connectivity between the vACC and these regions in the cingulo-frontal-parietal network
were associated with more severe anxiety and anhedonia. Similar patterns of disconnection
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within cingulo-frontal-parietal networks have been associated with depressive and anxiety
symptoms (Sylvester et al., 2012; Demirtas et al., 2016). Together, these findings suggest
that without the active ability to focus attention and engage in flexible decision-making in
response to reward, trauma-exposed individuals may be more likely to remain in ruminative
and/or emotionally distractible states associated with depression and anxiety.

VACC connectivity with the alns, a region implicated in self-awareness (Pollatos et al.,
2007), was also inversely associated with greater trauma exposure. VACC-alns connectivity
is important for interoceptive processing and response to emotional stimuli (Cox et al.,
2011). Furthermore, greater vACC-alns connectivity has been associated with hopelessness
(Yao et al., 2009), and may facilitate translation of emotional stimuli into heightened arousal
processes (Pollatos et al., 2007). These findings suggest that greater connectivity between
these regions may facilitate negative affective and anxiety states, perhaps through
maladaptive, heightened self-awareness, and difficulty responding to the external
environment to guide behavior. Interestingly, in the current study, lower vACC connectivity
with alns was associated with /ower depressive symptom severity and anxious arousal. This
finding suggests that weaker connections between regions implicated in interoception-
related arousal and self-related processing may diminish arousal and depressogenic
processes and confer resilience against the development of negative affective and anxiety
symptoms following trauma exposure.

Few studies examined the neural underpinnings of resilience following trauma exposure;
examining such pathways is critical for developing effective interventions. Particular focus
on neural networks underlying negative affective states is important, as youth exposed to
trauma exhibit blunted positive affect (Marusak et al., 2015), and negative emotions predict
ongoing trauma-related symptoms (Sadeh et al., 2015). One study demonstrated that lower
ACC connectivity with the default mode network, including self-related processing regions,
was associated with lower depressive and anxiety symptom severity among youth exposed to
trauma, although only in individuals with greater behavioral activation system (BAS)
sensitivity (ladipaolo et al., 2017). Greater BAS sensitivity, which is implicated in reward
seeking and positive affect, is associated with decreased risk for negative affect following
stress, as it may enhance the ability to disengage from ruminative thought patterns
(Heponiemi et al., 2003). Future research should focus on neural factors underlying
resilience, and whether intervention strategies support positive adaptation in these neural
networks.

While our findings differed between males and females, where trauma-associated VACC
connectivity was associated with affective and anxiety outcomes only in females, this should
be interpreted with caution. In this sample, female participants experienced a greater number
of traumatic events and exhibited a greater range of negative affective and anxiety symptoms
compared with males, which may have led to the lack of association in males. Women are
more likely than men to develop trauma-related disorders (Tolin and Foa, 2006), however,
owing to effects of genetic, epigenetic, and neuroendocrine factors on stress circuitry (Tolin
and Foa, 2006), and gender differences in development of affective and anxiety symptoms
(Kaczkurkin et al., 2016). Further research, including among males sampled across a greater
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symptom range, will be necessary to elucidate gender differences in relationships between
trauma exposure, reward-learning networks, and affective and anxiety symptoms.

There were limitations to the current study. The study was cross-sectional and therefore was
not designed to identify neural predictors of future negative affective and anxiety symptom
severity. Similarly, participants retrospectively reported trauma exposure. Prospective studies
of trauma exposure in youth are challenging, but future studies should examine the impact of
current trauma exposure on future worsening of negative affective and anxiety symptoms,
and mechanisms underlying resilience to the development of these symptoms. Trauma
exposure was quantified as the cumulative experience with types of traumatic events and/or
neglect; trauma duration, age of trauma exposure, time since trauma exposure, and classes of
trauma (e.g. general disaster v. crime) are also important and may be influencing the current
results. Studies with larger samples, detailed trauma exposure histories, and ranges of
psychopathology severity alongside neuroimaging data will be helpful in differentiating the
effects of type and timing of exposure on reward-learning networks. While the study
included individuals with one or more psychiatric diagnoses, the transdiagnostic approach to
recruitment of healthy and distressed individuals allowed inclusion of individuals across a
wide range of trauma exposure and negative affective and anxiety symptom severity,
reflecting the fact that many individuals exposed to trauma exhibit negative affective features
that are common to multiple diagnostic categories. Finally, while the presented activation
and connectivity results do meet uncorrected statistical thresholds, the likelihood of false
positives is higher than more rigorous corrected statistical thresholds; however, the large
sample and strict control for potential confounding variables in the imaging analyses
combined with the control for multiple comparisons during multiple linear regression
analyses decrease the likelihood of type | error.

We identified specific patterns of connectivity in reward-learning networks associated with
greater v. lower severity negative affective and anxiety symptoms in young adults.
Specifically, the combined pattern of trauma-associated greater vACC activation and lower
VACC connectivity with FPC and IPL may reflect aberrant regulatory mechanisms in the
context of unexpected reward, where greater trauma results in abnormal recruitment of a
prefrontal cortical region, the vACC, implicated in emotion regulation, and lower
connectivity of this region with neural regions important for decision-making. Yet, the
relationship between lower trauma-associated connectivity between vACC and interoceptive
and self-related processing regions and lower depression and anxiety symptom severity
suggests a neural mechanism underlying a more adaptive, less self-focused response to
trauma exposure. These findings highlight dissociable neural mechanisms underlying
vulnerability to, v. resilience against, negative affective and anxiety states following trauma
exposure, and provide neural targets for future novel, e.g. neuromodulation, interventions.
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Fig. 1.
Trauma exposure is associated with (&) greater activation in the vACC and (6) lower vACC

connectivity with the right alns, left FPC, and right IPL during RPE in a standardized
monetary reward task.

Psychol Med. Author manuscript; available in PMC 2019 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Eckstrand et al.

L
-1500 -1000

VACC - Right PL Connectivity

Page 17
200 rRe=021 | (D) [Rre=o01s : | 200m{rRi=012
95% Cl-— 14007 95% Cl = — - 95% Cl-—
3‘ 180} ]
=
Z 15001
o :
i i
g 1.401
3 1204 g
§ o i
— — 20 20 — - wa - -
500 00 500 1000 T30 o0 2% % 2% 85 500 250 00 25 500 500 250

vACC - Left PFC Comectivity vACC - Right alns Connectivity

2001 R?=0.08 . R?=0.30 .
—— o 95% Cl-— '
=5 95% CI gm 3
% E:w
3 H
3 §275
<
] J
g 5250‘
-
; £
226
20!
<1500 -1000 -500 00 500 1000 A500 <1000 500 00 500 10,00 500 -250 00 250 5.00

vACC ~ Right PL Connectivity

vACC - Right IPL Connectivity VACC - Right alns Connectivity

Fig. 2.

Tr%uma-associated VACC connectivity is associated with negative affective and anxiety
symptom severity. (4) Lower trauma-associated connectivity with the right IPL and left FPC
is associated with greater severity of anxiety, anxious arousal, and anhedonia symptoms. (6)
Lower trauma-associated connectivity with the right alns is associated with lower severity of
anxiety, depression, and anhedonic depression symptoms.
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