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Abstract

Objective—Interoception is the perception of one's internal physiological, sensory, and emotional
status. Extensive evidence supports a link between interoception and subjective experience. An
altered ability to monitor or modulate interoception as it relates to subjective experience may provide
a mechanistic explanation for the development of some forms of psychiatric illness.

Methods—We investigated which neural networks are activated when anticipating a change in
affective (and thus interoceptive) state, which we term “affective set-shifting”, in women with
posttraumatic stress disorder (PTSD) related to intimate partner violence, and in non-traumatized
healthy volunteers.

Results—Although both groups activated the dorsolateral prefrontal cortex during affective set-
shifting, the PTSD group showed significantly less activation in the right anterior insula than did the
controls.

Conclusions—These findings may suggest that although individuals with PTSD are cognitively
aware of the impending shift in interoceptive state, they fail to appropriately activate neural circuitry
involved in modulating interoceptive responses.
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INTRODUCTION

Interoception is the sense of the internal physiological and sensory status of the organism (1).
Many conceptualizations of emotion (2-4) posit a connection between subjective experience
and body state, suggesting that interoception is related fundamentally to emotion. An impaired
ability to effectively monitor and modulate interoceptive status may result in emotional distress
and contribute to the development of some forms of psychiatric illness (5,6). The ability to
regulate interoceptive state can be examined by analyzing brain responses to stimuli that predict
changes in the physiological-emotional state.

We have proposed previously that one of the core deficits of anxiety disorders is the erroneous
prediction of future interoceptive state, and an impaired capacity to adapt to this prediction
(7). This deficit may be due to individuals with anxiety disorders viewing interoceptive
sensation as dangerous or threatening (8).This suggests that individuals with anxiety disorders
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such as posttraumatic stress disorder (PTSD), which are characterized by avoidance and
hyperarousal, may exhibit an impaired, slowed, or inadequate ability to change their
interoceptive state in response to stimuli that signal an emotional set change. A network of
structures, which includes, but is not limited to, the dorsal lateral prefrontal cortex (DLPFC)
and insula is involved in emotion processing and may show altered activation in PTSD (9,
10). The current literature in PTSD often takes a regional focus which does not include the
insula (9), however this area stands out in meta-analysis (11). There is significant overlap
between this neural network and the structures involved in cognitive and interoceptive
processing (1). Numerous studies reveal that the dorsal lateral prefrontal cortex (DLPFC)
(12,13) is critically involved in set-shifting, whereas the anterior insula (Al), specifically the
right Al, is centrally involved in affecting changes in interoceptive state (5-7,14). Specifically,
the Al appears to represent the intensity of the predicted subjective state and not necessarily
the valence of the related affect (15). The ability to preemptively modify interoceptive state
during anticipation of a state change, such as a different emotional experience, may be
instantiated in this network. The DLPFC may provide cognitive recognition and impetus
whereas the Al may affect a change in physiology. A disconnect between the cognitive and
the interoceptive set-shifting networks could cause individuals to just react to the cue, thus
extending the negative interoceptive aspects of the stimulus into the anticipatory phase, rather
than initiate adaptive preparatory adjustments to the stimulus. This disconnection could be due
to excessive reaction to an intense affective cue, such that seen in PTSD subjects (10), that
obscures adaptive anticipatory processes. We posit that the ability to preemptively modify
interoceptive state is important for healthy adaptation to a changing environment, regardless
of the valence direction of this change.

In a prior paper, we found that during anticipation of aversive stimuli, women with PTSD and
non-traumatized controls showed increased activation of bilateral anterior insula and that
activation within right anterior/middle insula was significantly greater in the PTSD relative to
the control group (10). This suggested that women with PTSD were significantly more reactive
to aversive anticipation than non-traumatized women in the key interoceptive region, i.e., right
Al. Toinvestigate the link between PTSD and the capacity to preemptively adapt interoceptive
state to changes in the environment, we contrasted functional brain responses between a group
of individuals with PTSD and a matched group of non-traumatized control (NTC) subjects
during conditions when there was an anticipated change in an emotional experience brought
on by anticipated viewing of aversive or positive images. We hypothesized that PTSD relative
to NTC subjects would show: (1) no difference in DLPFC activation (indicating cognitive
awareness of the affective set-shifting), and (2) reduced anterior insula activation (indicating
a lack of adaptation of interoceptive state to the impending affective set-shifting).

METHODS

Participants

Fifteen women with Post Traumatic Stress Disorder (PTSD) (full or subthreshold; see below)
and 15 healthy female subjects (NTC) who had never experienced a PTSD “Criterion A” event
(i.e., significant trauma) completed a cued anticipation task during functional Magnetic
Resonance Imaging (fMRI). The psychiatric diagnosis was established based on diagnostic
criteria for PTSD according to a structured clinical interview for DSM IV, which was
administered by a licensed psychologist and reviewed by a board certified psychiatrist (MBS).
PTSD in these subjects was due to intimate partner violence. PTSD subjects were included if
they had other comorbid affective or mood disorders, such as major depressive disorder, as
long as PTSD was the primary diagnosis according to the psychiatric interview. Subjects were
excluded if they met criteria for alcohol or substance abuse and/or dependence in the past year,
a history of >2 years of alcohol abuse, use of psychotropic medication within the last 4 weeks
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(or fluoxetine within the last 6 weeks), irremovable ferromagnetic material, pregnancy,
claustrophobia, bipolar disorder, or schizophrenia. All participants gave informed written
consent to participate in this study, which was approved by the University of California San
Diego Human Research Protection Program.

The groups were significantly different in level of education (mean (SD): NTC=15.57 (1.72);
PTSD=13.13 (1.73); t=—3.87, p<0.001) but not age (NTC=37.13 (7.14); PTSD=34.33(7.83)).
Twelve of the 15 subjects met DSM-IV criteria for PTSD and 3 had subthreshold PTSD (i.e.,
fulfilled Criterion A and the impairment/distress criterion, and had subthreshold Criteria B, C,
and/or D symptoms). Excluding the 3 subjects with subthreshold PTSD did not change the
results in any meaningful way and used the same sample as in the previous related publication
(10). Therefore, we have reported results from the entire group of 15 subjects.

Stimulus and Apparatus

During fMRI, all subjects performed a previously published anxiety processing paradigm
(16) that combined a continuous performance task (CPT) with the interspersed presentation of
aversive affective stimuli (Figure 1). During the CPT, subjects were instructed to pressa LEFT
mouse button whenever they saw a blue circle and a RIGHT mouse button whenever they saw
a blue square on the screen. The CPT was included to monitor and maintain subjects’ attention
and to ensure similar cognitive engagement in both groups. Stimuli were presented at a visual
angle of 4 degrees at a rate of 0.5Hz. Simultaneously, a 250 msec long 500Hz tone was
presented at a rate of 2Hz. Subjects were instructed prior to the task that a switch to a green
shape accompanied by a switch to a 250Hz tone indicated that a positive image was going to
appear, and that a switch to a red shape accompanied by a switch to a 1000Hz tone indicated
that a negative image was going to appear. The picture stimuli were 17 positive and 17 negative
images from the International Affective Picture System (IAPS) (17). In 17 cases, the trial was
preceded with a condition of matched valence (e.g., positive then positive) and in 16 cases the
stimulus was in the opposite direction, i.e., affective set-shifting (e.g., positive then negative
or vice versa). The initial stimulus was added to the latter group as it also required a change of
interoceptive state (from the subjects’ pre-task condition). As positive to negative and negative
to positive set-shifting required the same theoretical distance of regulation in the interoceptive
state they were combined to maximize detection power. Negative images were selected to
reflect the types of traumatic events experienced frequently by women (18). The total duration
of the task was 580 seconds. Behavioral data related to performance of the CPT were collected
and scored for accuracy and latency of response. No response from subjects was required when
a picture stimulus was presented on the screen.

Response accuracy and reaction times (RT) were obtained during: (1) performance of the CPT,
(2) anticipation of a positive image, and (3) anticipation of a negative image. To examine the
behavioral effect of anticipation, we examined differences in accuracy and reaction time (RT)
between the non-shift and shift conditions in each of the groups.

Image Acquisition

During the task, an fMRI run sensitive to BOLD contrast was collected for each subject using
a Signa EXCITE (General Electric Healthcare, Milwaukee) 3.0T scanner (T2* weighted echo
planar imaging, repetition time=2000ms, echo time=32ms, field of view=250x250 mms3,
64x64 matrix, 30 2.6mm axial slices with a 1.4mm gap, 290 scans). fMRI acquisitions were
time-locked to the onset of functional run. During the same experimental session, a high
resolution T1-weighted image (interval time=450ms, repetition time=8ms, echo time=4ms,
flip angle=12°, matrix=250x250, ~1 mm?3 voxels) was obtained for anatomical reference thus
brains could be warped to a common space based the more accurate anatomical scans.
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Data were preprocessed and analyzed with the Analysis of Functional Neurolmages software
package. Preprocessed time series data for each individual were analyzed using a multiple
regression model. In this study we report only on one regressor of interest, i.e., affective set-
shifting (see Figure 1). Non-set-shifing trials were not regressed as the combination of shift
and non-shift would create co-linear matrices once the task regressors were included. The task
behaviors were modeled using four regressors: 1) anticipation of a positive image, 2)
anticipation of a negative image, 3) the positive image phase, and 4) the negative image phase.
The results of the contrasts between positive and negative anticipation and stimulus are beyond
the scope of the current study and are reported in a separate manuscript) (10). In addition, six
nuisance regressors were entered into the linear regression model: three movement-related
regressors used to account for residual motion (in the roll, pitch, and yaw direction), a white
matter mask to control for physiological noise (19), and regressors for baseline and linear trends
used to eliminate slow signal drifts. A Gaussian filter with full width- half maximum 6 mm
was applied to the voxel-wise percent signal change data to account for individual variations
in the anatomical landmarks. Data of each subject were normalized to Talairach coordinates
as defined by pre-existent atlases.

Voxel-wise percent signal change for the affective set-shifting regressor for the whole brain
was entered into three t-tests in order to examine activation during affective set-shifting
between PTSD and NTC subjects in a two-sample t-test, as well as for each group alone using
one-sample t-tests. A threshold adjustment method based on Monte-Carlo simulations was
used to guard against identifying false positive areas of activation. Based on the whole brain
analysis an a priori voxel-wise probability of p< 0.05 in a cluster of 1408 pL resulted in a
posteriori cluster probability of p<0.05 (determined by AlphaSim). Finally, the average percent
signal difference was extracted from regions of activation that were found to survive this whole
brain threshold/cluster method. All analyses for the behavioral data were carried out with SPSS
12.0.

Behavioral Effects

The overall accuracy during the CPT was 90%. The average response latency during
anticipation was 878ms. There were no significant differences in error rate or RT between
groups during affective set-shifting or non-shifting conditions.

BOLD Activation during Affective Set-Shifting Condition

One-sample t-tests in PTSD and NTC groups indicated that both groups showed significant
BOLD increases within right inferior frontal gyrus (IFG) and dorsal lateral prefrontal cortex
(DLPFC) during the affective set-shifting. However, the NTC group showed additional BOLD
increase within right anterior insula (Al). Between-group comparison using a two-sample t-
test showed that right Al, thalamus, right cerebellum, and right anterior cingulate showed
significantly less activation in the PTSD group than the NTC group (see Table 1 and Figure
2).

Brain Behavior Relationship

For the NTC group the IFG activation for the affective set-shifting condition had a significant
negative correlation with response latency differences between affective set-shifting versus
non-shifting trials (Spearman’s rho=—.609, p<.05), whereas no significant relationship between
IFG activation and RT was seen in the PTSD group (Spearman’s rho=—063, NS).
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DISCUSSION

In this study, we provide initial evidence that individuals with PTSD related to IPV relative to
NTC show a reduced right anterior insula and a similar right DLPFC response during affective
set-shifting, i.e., when a stimulus predicts affective valence shift. These results are consistent
with the idea that although individuals with PTSD are cognitively aware of the impending shift
in physiological/emotional state, they fail to appropriately activate neural circuitry involved in
generating preparatory interoceptive changes.

One advantage of the task used in this study is that it cues the subject to an upcoming shift in
the affective valence of a stimulus, and therefore a potential change in the individual’s
interoceptive, emotional and cognitive states. Studies examining cognitive set-shifting (e.g.,
Wisconsin Card Sorting Test) consistently show DLPFC activation (13,20). Consistent with
this evidence, both groups in the current study showed increased DLPFC activation when they
were cued for a shift in the upcoming affective image. This finding may suggest that previous
trauma does not disrupt the function of neural circuitry involved in the cognitive representation
of set-shifting.

Increased activation in Al during the anticipation of strong emotions has been observed in
several studies (21-23). Neuroanatomical and functional neuroimaging evidence shows that
the right Al plays a major role in detecting the mismatch between cognitive and interoceptive
states (1,24,25). Decreased activation in this region in the PTSD group may indicate the
inability to detect such a mismatch. This inability is probably not due to decreased interoceptive
awareness (26,27), but rather to an inability to preemptively modify interoceptive state. Recent
evidence shows that Al activation can be effectively modulated by placebo (28) or biofeedback
(29) in healthy control subjects. Further studies need to examine whether this process can be
learned in anxiety disorders.

Other regions that showed differences between the two groups include the thalamus, right
anterior cingulate, and right cerebellum. The thalamus is a key physiological center and relays
interoceptive information to the Al as well as the anterior cingulate via Lamina | homeostatic
pathway (1). Decreased activation within several nodes of the pathway that subserves feelings
and motivations associated with changes in the body’s physiological condition and with the
autonomic responses and behaviors that occur in order to restore an optimal balance (30)
suggests that PTSD may interfere with interoceptive adaptation induced by changes in the
affective value of the upcoming stimuli. These activation differences appear to be related to
the reduction in interoceptive adaptation seen in the PTSD group.

Inthe NTC group, right IFG/DLPFC activation was related to a shorter response latency during
affective set-shifting trials. This relationship was not observed in the PTSD group, suggesting
that behavioral responses may be less tightly linked to IFG/DLPFC activation in PTSD. Thus
in the NTC group greater IFG/DLPFC may suggest more effective preparation for emotional
set-shifting and the interoceptive repercussions. However no such relationship was observed
in the PTSD group which when taken in conjunction with significantly less right Al activation
may indicate that IFG activation did not limit the disruptive effects of the task in this group.
The activation of the cognitive (i.e., IFG/DLPFC) but not interoceptive (i.e., Al) set-shifting
regions in the PTSD group suggests that while cognitively attentive to the anticipated affective
shifts, PTSD may not be associated with an inability to appropriately activate brain regions
necessary for generating physiological responses during such shifts.

The current findings require replication both in other groups of individuals with PTSD related
to IPV as well as in groups of individuals with PTSD related to other types of trauma. In
addition, work in male and mixed gender groups, as well as other anxiety and/or different
psychiatric conditions could help in development of this model. In future work, it will be
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important to better understand the relationship between brain activation and physiological
arousal, as well as metabolic changes (i.e., adrenergic increases) during affective set-shifting
in individuals with PTSD, in order to describe a comprehensive model of interoceptive
processing in this common and debilitating disorder. While the focus of this paper was to
examine the capacity to preemptively modify interoceptive state, it is also important to
understand how stimulus valence impacts affective set-shifting (i.e., shifts from negative to
positive versus positive to negative). In the current study, we did not have sufficient trials to
appropriately explore this hypothesis. Additionally, future studies employing neurofeedback
and/or biofeedback as part of “interoceptive training” treatment program for PTSD might help
test this model.

In summary, affective set-shifting was regressed out of an affective set-shifting task and the
brain correlates where contrasted between PTSD and NTC individuals. The PTSD group was
notable by a marked lack of activation in the right Al/IFG. This activation pattern provides
initial evidence to back a previous conceptualization of interoceptive anxiety (5,7). While these
results provide compelling evidence of the neural underpinnings of interoceptive anxiety, they
require both replication and effective monitoring of physiological changes.
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Figure 1.

Task Switching Regressors: the immediate task demands are modeled by 4 primary regressors:
aversive Anticipation, Non-Aversive Anticipation, Aversive Stimulus, and Non-Aversive
Stimulus regressors. The set-shifting is modeled by a regressor that depends on the valence
prior trial such that a trial is modeled when the valence of the stimulus is reverse as depicted
in the top row.
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Figure 2.

Anticipatory switching in NTC (A), IPV-PTSD (B), and IPV-PTSD v. NTC (C). Both groups
show DLPFC activations (in red) as visible in the coronal slices (i.e., y=..). However, only the
NTC group shows anterior insula activation (as seen in the axial or x slice). This region showed
a significantly greater activation for the NTC group than for the IPV-PTSD group (in blue) as
depicted in the axial and coronal slices (C).
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