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Ventromedial Prefrontal Cortex Lesions Alter Neural and
Physiological Correlates of Anticipation
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Madison, Madison, Wisconsin 53792

Uncertainty is a ubiquitous feature of our daily lives. Although previous studies have identified a number of neural and peripheral
physiological changes associated with uncertainty, there are limited data on the causal mechanisms underlying these responses in
humans. In this study, we address this empirical gap through a novel application of fMRI in neurosurgical patients with focal, bilateral
ventromedial prefrontal cortex (vmPFC) damage. The fMRI task involved cued anticipation of aversive and neutral picture stimuli;
“certain” cues unambiguously indicated the upcoming picture valence, whereas “ambiguous” cues could precede either picture type.
Healthy subjects exhibited robust bilateral insula responses to ambiguous cues, and this cue-related insula activity significantly corre-
lated with heart rate variability during the task. By contrast, the vmPFC lesion patients exhibited altered cue-related insula activity and
reduced heart rate variability. These findings suggest a role for vmPFC in coordinating neural and physiological responses during

anticipation.

Introduction

Acknowledging the uncertainty inherent in virtually all human
endeavors, Benjamin Franklin famously quipped, “in this world
nothing can be said to be certain, except death and taxes.” Howan
individual copes with the uncertainty that pervades daily life can
have a substantial impact on his or her psychological well being.
Excessive worry about potential future aversive events is a core
feature of anxiety disorders (APA, 1994). As recent clinical stud-
ies have highlighted the central role that intolerance of uncer-
tainty plays in anxiety disorders (Garfinkle and Behar, 2012;
McEvoy and Mahoney, 2012; Grupe and Nitschke, 2013), studies
in cognitive and affective neuroscience have begun to delineate
the neural circuitry involved in the anticipation of uncertain fu-
ture events. Research in healthy adult populations has revealed a
network of brain regions that become active during the anticipa-
tion of unpredictable or uncertain outcomes, including insula,
amygdala, ventromedial/orbital prefrontal cortex, and anterior
cingulate cortex (Critchley et al., 2001; Dunsmoor et al., 2007;
Sarinopoulos et al., 2010; Somerville et al., 2013). These same
brain areas have been widely implicated in the pathogenesis of
anxiety disorders (Lorberbaum et al., 2004; Rauch et al., 2006;
Simmons et al., 2006; Etkin and Wager, 2007; Nitschke et al.,
2009; Grupe and Nitschke, 2013). However, the mechanisms of
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interaction among these brain regions during uncertainty remain
unclear.

With respect to anticipatory affective processing, the ven-
tromedial prefrontal cortex (vmPFC) is a key node in this
network. Several previous neuroimaging studies in healthy
adult populations have observed vinPFC activation during the
anticipation of potentially aversive stimuli, including pain,
unpleasant pictures, and risky choices (Ploghaus et al., 1999;
Critchley et al., 2001; Nitschke et al., 2006), with the magni-
tude of vimPFC activity correlating with self-reported antici-
patory anxiety and negative affect (Sawamoto et al., 2000;
Simpson et al., 2001). Patients with vmPFC damage reliably
exhibit decision-making deficits in tasks involving uncertain
or risky outcomes (Bechara et al., 1994; Fellows and Farah,
2003; Tsuchida et al., 2010), as well as diminished anticipatory
arousal preceding risky, uncertain choices (Bechara et al,
1997). Anatomical connectivity data provide additional sup-
port for this view; vmPFC shares reciprocal connections with
subcortical, hypothalamic, and brainstem regions responsible
for somatic components of emotion, as well as with cortical
regions, such as lateral prefrontal and anterior cingulate cor-
tex, that mediate cognitive and behavioral control (Neafsey,
1990; Ongiir and Price, 2000; Barbas et al., 2003; Ghashghaei
et al., 2007). Together, these previous findings suggest that
vmPFC may play a pivotal role in coordinating neural and
peripheral physiological responses to uncertainty during the
anticipation of aversive stimuli. To test this hypothesis, we
used fMRI and a measure of heart rate variability (HRV) in a
sample of human neurosurgical patients with focal bilateral
vmPFC damage while they completed a task involving the
cued anticipation of aversive and neutral picture stimuli. We
predicted that vmPFC damage would significantly alter fMRI
and HRV correlates of uncertainty.
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Figure1.

corpus callosum, as well as subjacent white matter.

Table 1. Subject characteristics

Age  Sex Edu 1Q PosAff  NegAff  BDI-Il  STAI-T
vmPFC 58.5 3M 155 1038 36 17.0 7.0 343
(n=4) (62) 1F (41 (124 (@4 (87 32 (95
NC 507 1Mo 177 1109 378 13.0 4.0 31.6
(n=19) (999 8F (35 (72 (49 (24 (33) (6.0)
P(vmPFCvsNC) 016 0.63 051 025 056 073 0.1 0.44

Means are presented with SDs in parentheses. Edu, Years of education; 1Q, intelligence quotient estimated by the
Wide Range Achievement Test 4, Blue Reading subtest (Wilkinson and Robertson, 2006); Pos/Neg Aff, scores from
the Positive and Negative Affect Schedule (Watson et al., 1988); BDI-II, Beck Depression Inventory-Il (Beck et al.,
1996); STAI-T, trait version of the Spielberger State Trait Anxiety Inventory (Spielberger et al., 1983).

Materials and Methods

Participants. The target lesion group consisted of four adult neurosurgi-
cal patients (3 males, 1 female) with extensive bilateral parenchymal
damage, largely confined to the vimPFC, defined as the medial one-third
of the orbital surface and the ventral one-third of the medial surface of
prefrontal cortex, bilaterally (Fig. 1). Each of the four patients had un-
dergone surgical resection of a large anterior cranial fossa meningioma
via craniotomy. Initial clinical presentations included subtle or obvious
personality changes over several months preceding surgery. On postsur-
gical MRI, although vasogenic edema largely resolved, there were persis-
tent T,-weighted signal changes, consistent with gliosis, in the vmPFC
bilaterally. All experimental procedures were conducted >3 months af-
ter surgery, when the expected recovery was complete. At the time of
testing, all patients had focal, stable MRI signal changes and resection
cavities and were free of dementia and substance abuse. Nineteen healthy
adults (11 males, 8 females) with no history of brain injury, neurological
or psychiatric illness, or current use of psychoactive medication were
recruited as a normal comparison (NC) group. Demographic and neu-
ropsychological data for the vmPFC and NC groups are summarized in
Table 1.

Event-related fMRI task. During the fMRI task, which was adapted
from previous studies (Sarinopoulos et al., 2010; Grupe et al., 2013),
subjects viewed 64 unique images drawn from the International Affective
Picture System (IAPS; Lang et al., 2008), divided evenly among pictures
with aversive and neutral content. Aversive stimuli consisted of 32 neg-
ative/unpleasant and arousing images, based on published norms (Lang
etal., 2008; Ewbank et al., 2009; valence: 2.01 * 0.39, arousal: 6.25 = 0.7).
Neutral stimuli consisted of 32 images with neutral valence and low
arousal ratings (valence: 4.96 * 0.21, arousal: 2.95 = 0.77). A list of
individual stimuli is reported in a previous study (Motzkin et al., 2014).

@@ D

Lesion overlap of vmPFC patients. Color indicates the number of overlapping lesions at each voxel. AllvmPFC patients
had damage to the medial one-third of the orbitofrontal cortex and the ventral one-third of medial surface of prefrontal cortex,
bilaterally. This area includes Brodmann areas 11, 12, 24, 25, 32, and the medial portion of 10 below the level of the genu of the
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All images were preceded by one of three visual
cues (“X,” “O,” or “?”). The X and O cues in-
dicated that the subsequent image would be
aversive or neutral, respectively, whereas the ?
cue provided no information regarding the
emotional content of the image (equal likeli-
hood of aversive or neutral content). Thus,
aversive (X) and neutral (O) cues predicted
certain outcomes, whereas ambiguous (?) cues
indicated uncertainty about the impending
stimulus. Each experimental trial consisted of a
cue presented for 2 s, followed, after a jittered
interstimulus interval (ISI; range: 2—8 s), by a
1 s picture presentation. After a second jittered
ISI (range: 5-9 s), subjects had 4 s to rate their
emotional response to the image using a 4-item
scale ranging from 1 (“very positive”) to 4
(“very negative”). Before scanning, subjects
were informed of all cue-picture contingencies
and completed a practice task consisting of 16
unique trials (4 per cue-picture pair) to ensure
task comprehension.

MRI data acquisition. All structural and
functional MRI data were acquired using a 3.0
T GE Discovery MR750 scanner equipped with
an 8-channel radio-frequency head coil array
(General Electric Medical Systems). High-
resolution T,-weighted anatomical images were acquired using an
inversion-recovery spoiled GRASS (SPGR) sequence (TR = 8.2ms, TE =
3.2 ms, a = 12°, FOV = 256 X 256 mm, matrix = 256 X 256, in-plane
resolution = 1 X 1 mm?, slice thickness = 1 mm, 1024 axial slices). To
facilitate lesion segmentation, we collected a separate T,-weighted FLAIR
scan (TR = 8650 ms, TE = 136 ms, a = 0°, FOV = 220 X 220 mm?,
matrix = 512 X 512, in-plane resolution = 0.43 X 0.43 mm?, slice
thickness = 5 mm, gap 1 mm, 25 axial slices).

Baseline resting cerebral blood flow (CBF) was estimated using a 3D
fast spin echo spiral sequence with pseudocontinuous arterial spin label-
ing (pcASL; Dai et al., 2008; Xu et al., 2010; Okonkwo et al., 2014) and
background suppression for quantitative perfusion measurements
(TR = 4653 ms, TE = 10.5 ms, postlabeling delay = 1525 ms, labeling
duration = 1450 ms, 8 interleaved spiral arms with 512 samples at 62.5
kHz bandwidth and 38 4-mm-thick slices, number of excitations = 3,
scan duration = 4.5 min).

Whole-brain functional scans were acquired using a T,*-weighted
gradient-echo echoplanar imaging (EPI) sequence (TR = 2000 ms; TE =
22 ms; a = 79% FOV = 224 X 224 mm?; matrix = 64 X 64, in-plane
resolution = 3.5 X 3.5 mm?, slice thickness = 3 mm, gap = 0.5 mm, 38
interleaved axial oblique slices). Field maps were acquired using two
separate acquisitions (TR = 600 ms, TE, = 7 ms, TE, = 10 ms, & = 60°,
FOV = 240 X 240 mm?, matrix = 256 X 128, slice thickness = 4 mm, 33
axial oblique slices). Rest-state functional images were collected while
subjects lay still and awake, passively viewing a fixation cross for 5 min.
The two task runs lasted 12.4 min each. Scans were acquired in the
following order: pcASL, field map, rest, task, T1, and T2-FLAIR.

Heart rate data acquisition. Heart rate data were acquired at 100 Hz
with General Electric’s photoplethysmograph, affixed to the left index
finger throughout the scan session. Heart rate data were available for n =
10 NC subjects and all n = 4 vmPFC lesion patients during the task, and
n = 11 NC subjects and all # = 4 vmPFC lesion patients during the
resting scan.

Lesion segmentation and image normalization. Individual vmPFC le-
sions were visually identified and manually segmented on the T,-
weighted images. Lesion boundaries were drawn to include areas with
gross tissue damage or abnormal signal characteristicson T, or T, FLAIR
images. T,-weighted images were skull-stripped, rigidly coregistered
with a functional volume from each subject, then diffeomorphically
aligned to the Montreal Neurological Institute (MNI) coordinate system
using a Symmetric Normalization algorithm (Avants and Gee, 2004)
with constrained cost-function masking to prevent warping of tissue
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within the lesion mask (Brett et al., 2001). We created the lesion overlap
map (Fig. 1) by computing the sum of aligned binary lesion masks for all
four vmPFC patients. Alignment parameters computed during this step
were used in the subsequent normalization of all anatomical and func-
tional data to MNI space.

fMRI task preprocessing and analysis. Data analysis was conducted us-
ing AFNI (Cox, 1996) and FSL (http://www.fmrib.ox.ac.uk/fsl) software.
Individual task runs were slice time corrected, field map corrected (Jez-
zard and Clare, 1999), motion corrected, smoothed with a 6 mm full-
width half-maximum (FWHM) Gaussian kernel, and scaled to
percentage signal change. Preprocessed task data were concatenated and
analyzed as previously described to separately model phasic and sus-
tained components of anticipatory activity (Grupe et al., 2013). Phasic
activity was modeled using stick regressors at the onset of each cue and
sustained activity was modeled using a duration-modulated boxcar re-
gressor, beginning at cue offset and spanning the 2—8 s anticipatory ISIL.
All six cue regressors were included in a general linear model (GLM) with
additional regressors for each picture type, a single regressor for the
rating period, and several regressors of no interest, including six motion
covariates from rigid-body alignment (Johnstone et al., 2006) and a
fourth-order polynomial to model baseline and slow signal drift. Blood
oxygen level-dependent (BOLD) signal was modeled by convolving each
regressor with AFND’s default canonical hemodynamic response func-
tion (HRF; gamma function). To avoid potential confounds introduced
by subject motion, volumes in which >10% of voxels were time series
outliers were censored before conducting the GLM; there were no group
differences in the average proportion of censored volumes (x? = 2.09,
p = 0.15), or in mean framewise displacement (NC: 0.06 * 0.06 mm,
vmPFC: 0.04 = 0.02 mm; W = 28, p = 0.44). Resulting whole-brain
maps of voxelwise 3-values for phasic responses to each cue were aligned
to MNI space and resampled to 3 mm? isotropic resolution for second-
level analyses. BOLD responses to the aversive and neutral picture stimuli
were reported in a previous study (Motzkin et al., 2014). The present
study specifically examines BOLD responses to the certain or ambiguous
cues preceding the picture presentation.

To identify brain regions responsive to the manipulation of certainty
during the cue period, we performed a voxelwise linear mixed effects
(LME) analysis on phasic cue B-values from the first-level GLMs, using
only the n = 19 NC subjects (Chen et al., 2013). Cue identity (?,X, O) was
modeled as a within-subjects factor, with age (mean centered) and gen-
der included as between-subjects covariates. General linear tests for the
contrast of ambiguous (?) versus certain (X + O) cues were used to
identify brain regions sensitive to uncertainty in the NC group.

To identify brain regions in which cue-related activity differed be-
tween groups, we conducted a second LME analysis including data from
the four vmPFC lesion patients. This full LME model included cue (3, X,
0), group (NC vs vmPFC), and the group-by-cue interaction, as well as
between-subjects covariates for age (mean centered) and gender. The
group-by-cue interaction map was used to identify brain regions in
which the magnitude of the phasic cue response differed between NC and
vmPFC groups. All statistical maps were family wise error (FWE) cor-
rected for multiple comparisons across the whole brain at the cluster level
(Ppwg < 0.05), using a height threshold of p < 0.001 (Forman etal., 1995;
Carp, 2012). A corrected Py, < 0.05 was achieved using a cluster extent
threshold of 38 voxels (1026 mm ?), calculated using Monte Carlo simu-
lations with 3dClustSim in AFNL

To visualize the time course of BOLD responses to cues within signif-
icant clusters, we conducted a second GLM, replacing the canonical HRF
with a series of nine TENT functions to deconvolve the raw BOLD signal.
This model yielded 3-values for each of nine TRs from 0 to 16 s after cue
onset. Because significant clusters were derived using the canonical HRF,
estimated response data from the deconvolution model were used for
display only.

Cerebral perfusion analysis. Quantitative CBF images from pcASL were
rigidly coregistered with a T,*-weighted EPI volume from the task scan
and normalized to MNI space. Normalized CBF volumes were scaled to
whole-brain CBF (after masking out the lesion in vmPFC patients) and
smoothed with a 6 mm FWHM Gaussian kernel. To rule out differences
in baseline cerebral perfusion, we examined group differences in mean
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whole-brain CBF, as well as differences in scaled CBF for significant
clusters from the group-by-cue interaction using nonparametric Mann—
Whitney Wilcoxon tests.

Heart rate analysis. To assess HRV, we analyzed cardiac plethysmog-
raphy data to compute separate estimates of heart rate and variability for
the resting and task scans. Individual cardiac R-spikes were identified
using interactive beat detection software. Resulting interbeat interval
(IBI) series were visually inspected for outliers, which were hand-
corrected before analysis with CMETx software (Allen et al., 2007).
CMETx-derived estimates of mean heart rate and heart rate variability
(logHRV: the natural-log transformed variance of the unfiltered IBI se-
ries) were estimated for each scan. Task HRV estimates for each subject
were calculated by averaging estimates across both task scans.

To ascertain whether individual differences in HRV were related to
neural responses to the cue stimuli, we regressed task HRV estimates on
percentage signal change values extracted from clusters identified in the
group-by-cue interaction LME analysis. The dependent variables were
parameter estimates from the linear contrast of ambiguous vs certain
cues, which we conceptualized as an index of the modulation of neural
activity by cue certainty. This analysis was intended to assess whether
individual differences in the modulation of neural activity by cue cer-
tainty was related to overall HRV during the task. Two separate linear
regression models were conducted, one examining the strength of the
relationship in the NC group alone, and a second examining the relation-
ship across both the NC and vmPFC groups together. Group differences
in both task and resting HRV were assessed using nonparametric Mann—
Whitney Wilcoxon tests, considered significant at p < 0.05.

Results

First, we determined whether the expectancy manipulation in
our task (ambiguous versus certain cues) elicited the expected
pattern of neural activity in the NC subject group. Consistent
with previous studies, our whole-brain analysis revealed greater
bilateral insula activity for ambiguous relative to certain cues
(Fig. 2; Table 2). We also observed two clusters in bilateral lingual
gyrus in which responses were greater for certain relative to am-
biguous cues.

Next, we identified regions of the brain in which phasic cue
responses differed between the NC and vmPFC groups (a signif-
icant group-by-cue interaction). This analysis revealed three sig-
nificant clusters: bilateral insula and left dorsolateral prefrontal
cortex (dIPFC; Fig. 3; Table 3). Importantly, the bilateral insula
regions from the interaction analysis overlapped substantially
with the uncertainty-sensitive bilateral insula clusters identified
in the NC group (Fig. 4), indicating that vmPFC damage signifi-
cantly altered cue-related insula activity. Follow-up analyses re-
vealed that group-by-cue interactions were driven largely by
significant group differences in response to the certain aversive
cues in theleftinsula (W = 0, p < 0.001), and by significant group
differences in the right insula in response to both the certain
aversive cues (W = 7, p = 0.008) and ambiguous cues (W = 64,
p = 0.035; Fig. 3). On average, the NC group showed greater
activation to ambiguous cues, relative to certain-aversive and
certain-neutral cues, in bilateral insula clusters, whereas vmPFC
lesion patients exhibited the greatest difference between certain-
aversive and certain-neutral cues. Activity in the dIPFC cluster
followed a different pattern, with consistent deactivation in re-
sponse to all three cues in the NC group but cue-dependent dif-
ferences in activity in the vmPFC lesion group.

To ensure that group differences in insula or dIPFC activity
were not due to baseline differences in perfusion following
vmPFC damage, we estimated CBF using pcASL before func-
tional scans in all subjects. There were no significant differences
between the NC and vmPFC groups in whole brain CBF (NC =
36.30 = 8.73, vmPFC = 40.09 = 13.65, W = 31, p = 0.611), nor
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tain cues drawn from significant clusters
identified in the group-by-cue interaction
analysis. For both insula clusters, larger
differences between ambiguous and cer-
tain cues were associated with greater
HRYV during the task (both within the NC
group and across the entire sample), indi-
cating that greater sensitivity to cue cer-

T 5 y=-17 tainty in bilateral insula is accompanied
b 010 oo by greater variability in physiological re-
c ’ activity during the task (Fig. 5; left insula:

RightInsula ™" Leftinsula o= - '

o 9 o o PNConly = 0.63, p = 0.043, rpry = 0.64,
005 o p = 0.013; right insula: ryc_ oy = 0.80,

0.05

0.05

Percent Signal Change
s
5 o
; ;//
Percent Signal Change

p = 0.005, reur, = 0.75, p = 0.002). On
average, vimPFC lesion patients exhibited
patterns of neural and physiological activ-
ity consistent with the prediction line de-
rived in the NC group, with reduced
modulation of insula activity by cue cer-
tainty and lower HRV. No such relation-
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Figure 2.  Brain regions with greater activation to ambiguous, relative to certain, cues in n = 19 NC subjects. a, Significant

insula clusters from the ambiguous > certain contrast (Pg, << 0.05). Slice coordinates (in mm) are presented in MNI template
space. b, Mean timeseries of percentage signal change (PSC) in response in response to ambiguous (?, green), certain aversive (X,
red), and certain neutral (0, blue) cues within the right insula cluster (width of shaded area corresponds to +1 SEM). ¢,

Time (s)

100 12 14 18 ship was present for the left dIPFC cluster,

although uncertainty-related activity in
this region was significantly correlated
with task HRV within the NC group (left
dIPFC: Ty gnty = 0.69, p = 0.027, rpyyyy =
0.18, p = 0.549).

Mean time series of PSCin response to cues within the left insula cluster. Inset, The mean PSC response by cue (error bars

indicate =1 SEM).

Table 2. Brain regions sensitive to uncertainty in NC group

Cluster Peak voxel
Contrast Structure  BA Size  Prye T X y z
Ambiguous > certain  Linsula ~ 13/41 290 <<0.001 55 —51 =20 6
Rinsula  13/41 205 <<0.001 5.56 48 —19 10
Certain > ambiguous R Cuneus 18 135 <0001 —574 20 —94 7
L Cuneus 18 48 <005 —468 —15 —99 8

Clustersize in number of voxels (3 X 3 X 3 mm 3). Corrected P thresholds indicate minimum FWE-corrected p value
for each cluster. Peak voxel coordinates (mm) are presented in MNI space. BA, Brodmann area; FWE, familywise
error; L, left; R, right.

were there differences in relative CBF for the left insula (NC =
1.42 £ 0.19, vmPFC = 1.35 £ 0.15, W = 45, p = 0.611) and left
dIPFC clusters (NC = 0.99 = 0.21, vmPFC = 0.98 = 0.10,
W =43, p = 0.725), although the vmPFC group had significantly
lower CBF in the right insula cluster (NC = 1.50 * 0.21,
vmPFC = 1.29 = 0.12, W = 63, p = 0.044).

Finally, we investigated whether group differences in neural
responses to cue stimuli were accompanied by differences in pe-
ripheral physiology. Consistent with a proposed role for vmPFC
in the context-dependent modulation of peripheral physiological
activity, the vmPFC lesion group had significantly lower HRV
during the experimental task than the NC group (NC = 7.23 =
0.66, vmPFC = 6.08 = 0.71, W = 36, p = 0.024). However, a
similar group difference in HRV was also present during the rest-
ing scan (NC = 7.42 = 0.74, vmPFC = 6.14 = 0.55, W =41,p =
0.010), indicating a more general reduction in HRV in the
vmPFC lesion group. There were no significant differences in
mean heart rate between groups during either the resting or task
scans (resting: NC = 62.43 = 10.37, vmPFC = 74.70 = 14.49,
W =10, p = 0.138; task: NC = 64.52 = 9.16, vmPFC = 75.94 =
12.03, W =11, p = 0.240). To directly examine the relationship
between neural responses to cues and HRV, we regressed HRV
during the task on contrast estimates for ambiguous versus cer-

Discussion

In this study, we report four main find-

ings: (1) among NC subjects, ambiguous
cues elicited stronger bilateral insula activity than certain cues,
(2) vmPEC lesion patients exhibited an abnormal pattern of neu-
ral activity, particularly in bilateral insula, in response to the cues,
(3) vimPFC damage was associated with attenuated HRV, and (4)
across subjects, uncertainty-related insula activity was related to
individual differences in HRV. Here we discuss each of these
main findings in turn.

First, with respect to the finding of greater bilateral insula
activity for the ambiguous versus certain cue contrast in the NC
subjects, we note that this result is broadly consistent with several
previous fMRI studies (Dunsmoor et al., 2007; Sarinopoulos et
al., 2010; Somerville et al., 2013). Using virtually the same task,
Sarinopoulos et al. (2010) found that bilateral insula responses to
aversive pictures were larger following the ambiguous cue than
the certain cue. Our data show a similar bilateral insula finding in
response to the cues themselves. Another study using neutral and
aversive pictures, which were presented in conditions of either
certain/predictable temporal sequence or uncertain/unpredict-
able temporal sequence, found greater anterior insula activity for
the uncertain condition (Somerville et al., 2013). An analogous
study of Pavlovian conditioning manipulated the certainty of the
pairing of the conditioned stimuli (CS) with the unconditioned
stimuli (UCS) (Dunsmoor et al., 2007). Greater bilateral insula
activity was observed when the CS-UCS pairing was uncertain/
unpredictable compared to when the pairing was certain/predict-
able. Hence, our findings bolster an emerging literature that
implicates the insula in responding to the uncertain anticipation
of aversive stimuli.

Next we consider the major novel finding from our study; the
effect of vimPFC damage on cue-related neural activity. We ob-
served a significant interaction between group and cue type
within the same regions of mid-insular cortex that we found to be
sensitive to uncertainty in the NC group, indicating that vmPFC
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lesions affect the processing of certainty in
the insula. This finding supports theoret-
ical accounts that highlight the role of
vmPFC and insula in the anticipation of
ambiguous, potentially aversive outcomes
(Schoenbaum et al., 2009; Singer et al.,
2009; Thayer et al., 2012; Grupe and
Nitschke, 2013). Insula and vmPFC are
reciprocally interconnected and share
overlapping projections to subcortical
brain regions implicated in physiological
and somatic components of an emotional
response (Neafsey, 1990; Allen etal., 1991;
Shi and Cassell, 1998; Barbas et al., 2003).
Moreover, lesions to both insula and
vmPFC have been associated with abnor-
mal patterns of decision-making under
conditions of risk and uncertainty
(Bechara et al., 1994; Fellows and Farah,

b .
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2003; Clark et al., 2008; Tsuchida et al., x=-21
2010).

Although the present results offer gy
novel support for a role of vmPFC in
modulating the processing of uncertainty  figyre3,

in the insular cortex, a number of caveats
regarding the fMRI data should be noted.
First, the significant group-by-cue inter-
action in bilateral insula regions appears
to be driven primarily by group differ-
ences in responses to the two certain cues;
vmPFC patients exhibited abnormally el-
evated insula activity to the certain-aversive cues, but abnormally
depressed insula activity to the certain-neutral cues. This pattern
suggests that vmPFC damage yields dysregulation of anticipatory
processing that is not necessarily specific to uncertainty, per se.
Furthermore, the group differences in insula and dIPFC activity
were especially pronounced for two of the four vmPFC lesion
patients (Fig. 3). These two patients were comparable to the other
two patients in terms of age and gross lesion characteristics (size,
location, and chronicity), so the precise reason for this result is
unclear. One limitation of the present study is the inability to
determine whether vimPFC is engaged during the cue period of
this task in normal subjects. Unfortunately, the area of vmPFC
damage in our patient sample corresponds almost exactly to the
area of maximal fMRI signal dropout due to magnetic field inho-
mogeneities. Hence, we are unable to determine whether the
vmPFC damage disrupts local processing, or perhaps impairs
communication between insula and other cortical areas via dam-
age to underlying white matter. Finally, to account for the ab-
sence of a lesion control group, we assessed baseline cerebral
perfusion. Although the ASL data indicated no gross alterations
of perfusion in the vmPFC patients, there was significantly re-
duced perfusion in right (but not left) insula. Thus, deficient
cerebral perfusion cannot readily explain the observed group-by-
cue interactions, which include a mix of abnormally elevated and
abnormally depressed BOLD responses in the vmPFC lesion
group.

Our heart rate data provide complementary evidence of the
effect of vmPFC lesions on anticipatory processing. High levels of
HRYV are thought to subserve a greater capacity to adapt to evolv-
ing environmental demands (Thayer et al., 2012). Indeed, higher
resting HRV is associated with adaptive behavioral and physio-
logical responses and with greater emotion regulation ability
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Table 3. Significant clusters identified in the group-by-cue interaction analysis

Cluster Peak voxel
Structure BA Size Prwe F bt y z
LInsula 13 86 <<0.001 13.73 —44 =5 =5
Rlnsula 13/41 79 <0.001 13.26 46 -8 -2
LdIPFC 8/9 ] <0.05 12.56 -2 38 46

Clustersize in number of voxels (3 X 3 X 3 mm 3). Corrected P thresholds indicate minimum FWE-corrected p value
for each cluster. Peak voxel coordinates (mm) are presented in MNI space. BA, Brodmann area; FWE, familywise
error; L, left; R, right.

(Appelhans and Luecken, 2006; Melzig et al., 2009; Thayer et al.,
2012). Conversely, low HRYV is associated with delayed recovery
from psychological stressors, as well as an increased risk of de-
pression, anxiety, and all-cause mortality (Gorman and Sloan,
2000; Weber et al., 2010). Importantly, vmPFC activity is consis-
tently associated with heart rate changes during emotional and
cognitive tasks (Lane et al., 2009; Thayer et al., 2012). Our HRV
data provide unique lesion evidence for a role of vmPFC in con-
trolling HRV; patients with vmPFC damage exhibited signifi-
cantly lower HRV during both the resting scan and the
experimental task. To our knowledge, this is the first study show-
ing reduced HRV in patients with vmPFC lesions, although this
finding is consistent with several previous reports demonstrating
blunted physiological responses to aversive stimuli and their an-
ticipation following vmPFC damage (Damasio et al., 1990;
Bechara et al., 1997, 1999). Furthermore, the magnitude of
uncertainty-related insula activation was associated with task
HRYV both within the NC group and across all subjects, indicating
that increased sensitivity to cue certainty in the insula was related
to overall HRV during the task.

Although our results suggest a role for vimPFC in modulating
insula activity and peripheral physiological responses during an-
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clustersidentified in the group-by-cue interaction. Green triangles represent vmPFC lesion patients and black circles represent NC subjects. Solid lines indicate the regression line across all subjects
with HRV data (n = 4 vmPFClesion patients, n = 10 NCsubjects), whereas dotted lines indicate the regression line for the n = 10 NC subjects. Ambig, Ambiguous.

ticipation, the precise mechanisms underlying these effects re-
main unclear. One possibility is that vmPFC damage directly
impairs the modulation of physiological responses, and conse-
quently, alters somatic representations in the insular cortex. An-
other possibility is that vmPFC damage deprives insula of input
regarding relevant contextual cues, which in turn leads to altered
stimulus processing and downstream effects on physiology and
behavior. Future work including patients with insular cortex le-
sions will be necessary to disentangle the unique contributions of
each brain region to observed neural, physiological, and behav-
ioral responses to uncertainty. Further studies could also investi-
gate the effects of vmPFC damage on the uncertain anticipation
of potentially positive outcomes, such as monetary reward, to
determine whether the effects of vmPFC damage on anticipatory
processing reported here are specifically related to potentially
aversive stimuli, or whether they relate to uncertain anticipation
more generally. In addition, future studies could include a behav-
ioral component in the cue period to assess affective responses to
the cues themselves.

In addition to the hypothesized effects in insula, our analysis
also revealed a significant group-by-cue interaction in left dIPFC.
In this region, vmPFC lesion patients exhibited heightened re-
sponses to ambiguous cues, but depressed responses to certain-
neutral cues. Interestingly, this pattern of abnormal dIPFC
responses did not match the pattern of abnormal insula responses
(Fig. 3), nor did the left dIPFC activity in the vmPFC patients
follow the normal linear relationship with HRV, as was observed
for bilateral insula activity (Fig. 5). These results suggest that
dIPEC is likely not performing some simple compensatory func-
tion following vimPFC damage; instead, dIPFC may interact with
vmPFC and insula during anticipatory processing. Lateral pre-
frontal cortex has previously been shown to be active during the
anticipation of aversive stimuli (Nitschke et al., 2006; Aupperle et
al,, 2012), and given the dense reciprocal connections among
dIPFC, vmPFC, and insula (Yeterian et al., 2012), and the puta-
tive involvement of dIPFC in goal maintenance, response selec-
tion, and attentional allocation (Miller and Cohen, 2001), dIPFC
may be an important node of this circuit.
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One feature of this study that warrants consideration is the
limited sample size of vmPFC lesion patients (n = 4). For this
study, we used extremely stringent selection criteria for our target
group; lesions had to involve substantial portions of vmPFC bi-
laterally, but could not extend significantly outside vmPFC. Fur-
thermore, because the study involved fMRI, we could not include
patients with metallic implants, such as aneurysm clips. To meet
these criteria, we selected a group of patients who had all under-
gone surgical resection of large orbital meningiomas. So, al-
though our sample size may be small by conventional vmPFC
lesion patient standards (which typically feature n = 5ton = 12
vmPEC lesion patients), it is unique with respect to the homoge-
neity of etiology, uniformity and selectivity of bilateral vimPFC
lesions, and compatibility with fMRI.

In sum, these findings suggest a role for vmPFC in coordinat-
ing neural and physiological responses during anticipation. Our
results offer new insight into the functional interactions between
vmPFC and insula, two key components of the brain circuitry
underlying human affective function.
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