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FIGURE 4. Increased Resting Regional Brain Entropy After Prolonged Exposure of the Lateral Frontopolar Region Displaying TreatmentRelated Change During Cognitive Reappraisala
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Panel A depicts a brain map of the mean regional brain entropy distribution across the entire PTSD sample at baseline, with regions displaying
regional entropy values greater than the whole brain mean displayed in red and those displaying regional entropy values lower than
the whole brain mean displayed in blue. The image is overlaid on the Montreal Neurological Institute 152-person average T 1 structural
template. Panel B depicts the reappraisal frontopolar activation effect rendered on an average brain surface. The line graph depicts
the mean individual mixed model–derived predicted entropy values within each treatment arm at each time point. Pre=pretreatment;
Post=posttreatment.
**p,0.01. ***p,0.001.

humans (28, 30, 31), we hypothesized that their interactions
arise from a direct downstream inﬂuence of the frontopolar
cortex on the ventromedial prefrontal cortex/ventral
striatum. To test this hypothesis, we applied single TMS
pulses to the left lateral frontopolar cortex in a separate
sample of healthy participants undergoing concurrent
TMS-fMRI (N=14). Single TMS pulses to the right hand
knob of the primary motor cortex were used as an active
comparison stimulation control site. We then compared
average within-subject BOLD signal in the region deﬁned by
the ventromedial prefrontal/ventral striatal connectivity
change during reappraisal (see Table S7 in the data supplement) for each stimulation site. In healthy individuals,
TMS stimulation to the left frontopolar cortex induced
signiﬁcant deactivation in this ventromedial prefrontal
cortex/ventral striatal region (t=23.89, p=0.002), and this
was signiﬁcantly different relative to right motor cortex
stimulation (t=22.80, p=0.016) (Figure 2B), which itself did
not have an effect. This effect was replicated in a voxel-wise
analysis, and additional effects were seen in a whole brain
analysis (see the Supplemental Results section and Table S8
in the data supplement).
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DISCUSSION
We assessed brain function in individuals with PTSD during
emotional reactivity and regulation to better understand how
prolonged exposure therapy conveys therapeutic beneﬁt. No
treatment-related changes were observed in reactivity to
emotional cues or when regulating interference from emotional conﬂict. However, the left lateral frontopolar cortex
displayed increased activation and increased connectivity
with the ventromedial prefrontal cortex/ventral striatum
during cognitive reappraisal after treatment. Concurrent
TMS-fMRI in healthy participants demonstrated that frontopolar cortex stimulation modulates downstream activity in
this connectivity target. Increases in frontopolar activation
were related to improvement in hyperarousal symptoms and
psychological well-being. Finally, the lateral frontopolar region showing activation change during cognitive reappraisal
also demonstrated a wider variety of resting-state signal
ﬂuctuation patterns over time. Taken together, these ﬁndings
indicate that 1) the most prominent therapeutic brain change
following prolonged exposure is prefrontal rather than limbic
and manifests during deliberate emotion regulation; 2) this
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