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Neuroimaging studies show a correlation between activity of the ventromedial prefrontal cortex (vmPFC) and skin conductance measurements. However,
little is known whether this brain region plays a causal role in regulating physiological arousal. To address this question, we employed Granger causality
analysis (GCA) to establish causality between cerebral blood oxygenation level-dependent and skin conductance signals in 24 healthy adults performing
a cognitive task during functional magnetic resonance imaging. The results showed that activity of the vmPFC not only negatively correlated with skin
conductance level (SCL) but also Granger caused SCL, thus establishing the direction of influence. Importantly, across participants, the strength of
Granger causality was negatively correlated to phasic skin conductance responses elicited by external events during the behavioral task. In contrast,
activity of the dorsal anterior cingulate cortex positively correlated with SCL but did not show a causal relationship in GCA. These new findings indicate
that the vmPFC plays a causal role in regulating physiological arousal. Increased vmPFC activity leads to a decrease in skin conductance. The findings
may also advance our understanding of dysfunctions of the vmPFC in mood and anxiety disorders that involve altered control of physiological arousal.
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INTRODUCTION

Changes in physiological arousal accompany attention, decision-

making, affective regulation and other motivated behaviors (Frith

and Allen, 1983; Damasio, 1994; Bechara et al., 1997; Critchley,

2002, 2009; Dolan, 2002). Skin conductance, which increases via sym-

pathetic innervations of the sweat glands, is often used as a physio-

logical index of arousal (Critchley, 2002; Naqvi and Bechara, 2006).

Skin conductance comprises a tonic and phasic component. Tonic skin

conductance, or skin conductance level (SCL), reflects the overall con-

ductivity of the skin over a long period of time; in contrast, the phasic

component�skin conductance response (SCR)�refers to a discrete and

short fluctuation in skin conductance, as elicited by a cognitive event.

Numerous imaging studies have investigated the neural correlates of

SCL and SCR.

The medial prefrontal cortex, including anterior cingulate cortex

(ACC) and ventromedial prefrontal cortex (vmPFC), is consistently

involved in cerebral responses to physiological arousal (Table 1). For

instance, in a decision-making task, activity of the dorsal ACC (dACC)

was positively modulated by the SCR during a delay period between

reward-related decisions and their outcomes (Critchley et al., 2001). In

contrast, the vmPFC showed task independent negative correlations

with the SCL. When participants controlled their arousal via biofeed-

back by increasing SCL during an arousal condition while decreasing

SCL during a relaxation condition, vmPFC activity was negatively

correlated with SCL in both conditions (Nagai et al., 2004). A recent

study demonstrated that the negative correlation between the vmPFC

activity and SCL also occurs during resting sate (Fan et al., 2012). It has

been postulated that while the dACC responds to changes in skin

conductance, the vmPFC may play a role in regulating physiological

arousal (Damasio, 1994; Critchley et al., 2000, 2001).

However, the results of these earlier studies were based on correl-

ation and it is not clear whether the vmPFC plays a direct role in

regulating physiological arousal. Elucidation of this relationship is crit-

ical to our understanding of the functions and dysfunctions of vmPFC

and the etiologies of mood and anxiety disorders that implicate altered

emotional regulation. We sought to address this issue by examining the

causal relationship between cerebral activities and skin conductance

with Granger causality analysis (GCA; Granger, 1969). In functional

magnetic resonance imaging (fMRI), GCA has been widely used to

investigate the causal relationship between regional activities during

cognitive performance (Ding et al., 2006; Stilla et al., 2007; Deshpande

et al., 2008, 2009; Duann et al., 2009). For instance, a recent study

employed GCA to elucidate the flow of information between ventral

and dorsal attention networks during a trial-by-trial cued visual spatial

attention task (Wen et al., 2012). Here, GCA would be a useful tool to

explore the casual relationship between cerebral activity and skin con-

ductance, two time series recorded continuously throughout a cogni-

tive task. We hypothesized that blood oxygenation level-dependent

(BOLD) signals of the vmPFC would not only correlate negatively

with but also Granger cause SCL. Furthermore, the strength of caus-

ality or regulatory influence of the vmPFC would negatively correlate

with events-evoked SCR across subjects.

MATERIALS AND METHODS

Subjects and behavioral tasks

Twenty-four adult healthy subjects (10 males, 30� 11 years of age, all

right-handed and using their right hand to respond) participated in

this study. All participants denied medical including neurological ill-

nesses, history of head injuries, current use of any medications or use

of any psychotropic medications in the past year. They were also free of

any psychiatric diagnoses as assessed with the Structured Clinical

Interview for Diagnostic and Statistical Manual Disorders (First
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et al., 1995), denied use of illicit substances and showed a negative

urine toxicology test on the day of fMRI. All subjects were paid to

participate and signed a written consent after details of the study were

explained, in accordance to institute guidelines and procedures

approved by the Yale Human Investigation Committee.

We employed a simple reaction time (RT) task in this stop-signal

paradigm, as described in details in our previous studies (Chao et al.,

2009; Li et al., 2009; Zhang and Li, 2012a). Briefly, there were two trial

types: ‘go’ (�75%) and ‘stop’ (�25%), randomly intermixed. A small

dot appeared on the screen to engage attention at the beginning of a go

trial. After a randomized time interval (fore-period) between 1 and 5 s,

the dot turned into a circle, prompting the subjects to quickly press a

button. The circle vanished at button press or after 1 s had elapsed,

whichever came first, and the trial terminated. A premature button

press prior to the appearance of the circle also terminated the trial. In a

stop trial, an additional ‘X’, the ‘stop’ signal, appeared after the go

signal and instructed the subjects to withhold button press. Likewise, a

trial terminated at button press or after 1 s had elapsed. There was an

inter-trial-interval of 8 s to allow adequate spacing between events of

interest and identification of SCR associated with these events. The

time interval between go and stop signals or stop signal delay (SSD)

started at 200 ms and varied from one stop trial to the next according

to a staircase procedure, increasing and decreasing by 64 ms, each after

a successful and failed stop trial (Levitt, 1971; De Jong et al., 1990).

With the staircase procedure, a ‘critical’ SSD could be computed that

represents the time delay required for the subject to succeed in half of

the stop trials (Levitt, 1971). Subjects were instructed to respond to the

go signal quickly while keeping in mind that a stop signal could come

up in a small number of trials. With the staircase procedure, we antici-

pated that the subjects would succeed in withholding their response

in approximately half of the stop trials. Prior to the fMRI study,

each subject had a practice session outside the scanner. Each subject

completed six 10 min runs of the task. Across 24 subjects, we had an

average of 205� 14 go and 69� 7 stop including 38� 4 stop success

and 31� 4 stop error trials.

Skin conductance acquisition and analysis

With a Biopac MP150 system, skin conductance was continuously

recorded during fMRI from the palmer surfaces of the index and

middle fingers of the left hand. The biopac system used a

AcqKnowledge 4.1 software (Biopac Systems, USA) and the Biopac

electrodermal activity amplifier module (Galvanic Skin Response

100c) set at a channel sampling rate of 31 Hz and a gain of

5 mSiemens (mS) per volt (resulting in a resolution of 0.0015 mS).

Recording of skin conductance is synchronized with behavioral task

and image acquisition. A smoothing function with a moving average of

500 ms was applied in order to eliminate high-frequency noise (Figner

and Murphy, 2011). The SCL was computed by resampling the skin

conductance waveform to match the TR (2 s) used in the functional

imaging data acquisition and analysis (Critchley et al., 2000; Patterson

et al., 2002). Because all trials were longer than 10 s, we used a 10 s

window aligned with go signal onset to compute the SCR associated

with each trial. Thus, the SCR of each trial was computed as the onset-

to-peak amplitude difference in skin conductance in this 10 s window

as in a previous study (Zhang et al., 2012).

Imaging protocol

Conventional T1-weighted spin echo sagittal anatomical images were

acquired for slice localization using a 3T scanner (Siemens Trio).

Anatomical images of the functional slice locations were next obtained

with spin echo imaging in the axial plane parallel to the AC–PC line

with TR¼ 300 ms, TE¼ 2.5 ms, bandwidth¼ 300 Hz/pixel, flip

angle¼ 608, field of view¼ 220� 220 mm, matrix¼ 256� 256,

32 slices with slice thickness¼ 4 mm and no gap. Functional, BOLD

signals were then acquired with a single-shot gradient echo echoplanar

imaging (EPI) sequence. Thirty-two axial slices parallel to the AC–PC

line covering the whole brain were acquired with TR¼ 2000 ms,

TE¼ 25 ms, bandwidth¼ 2004 Hz/pixel, flip angle¼ 858, field of

view¼ 220� 220 mm, matrix¼ 64� 64, 32 slices with slice thick-

ness¼ 4 mm and no gap.

Imaging data preprocessing

Brain imaging data were preprocessed using Statistical Parametric

Mapping version 8 (Wellcome Department of Imaging Neuroscience,

University College London, UK). Images from the first five TRs at the

beginning of each session/run were discarded to enable the signal to

achieve steady-state equilibrium between RF pulsing and relaxation.

Images of each individual subject were first corrected for slice timing

and realigned (motion corrected). A mean functional image volume

was constructed for each subject for each run from the realigned image

Table 1 A summary of brain regions within the medial prefrontal cortex that respond to skin conductance signals

Study MNI coordinate (mm) Identified region and approximate
Brodmann area (BA)

x y z

Decision making task (Critchley et al., 2000)
Activity preceding SCR �12 50 10 Rostral ACC; BA 10
Activity subsequent to SCR 10 52 �10 vmPFC; BA 10

Decision making task (Critchley et al., 2001)
Positive correlation with SCR 4 32 24 Dorsal ACC; BA 32

Biofeedback relaxation task (Nagai et al., 2004)
Positive correlation with SCL �12 32 36 Dorsal ACC; BA 32
Negative correlation with SCL �2 58 �10 vmFPC; BA 11

Emotional faces viewing task (Williams et al., 2005)
Activation for fear and SCR 14 42 7 Rostral ACC; BA 32
Activation for anger and SCR 7 31 28 Dorsal ACC; BA 32

7 28 �7 vmPFC; BA 11
Activation for disgust and SCR 11 20 21 Dorsal ACC; BA 32

Resting state (Fan et al., 2012)
Positive correlation with SCL 6 6 44 Dorsal ACC; BA 24
Negative correlation with SCL 2 28 �18 vmPFC; BA 11
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volumes. These mean images were normalized to an Montreal

Neurological Institute (MNI) EPI template with affine registration fol-

lowed by non-linear transformation (Ashburner and Friston, 1999).

The normalization parameters determined for the mean functional

volume were then applied to the corresponding functional image vol-

umes for each subject. Finally, images were smoothed with a Gaussian

kernel of 8 mm at full width at half maximum.

Additional preprocessing was applied to reduce spurious BOLD

variances that were unlikely to reflect neuronal activity (Fox et al.,

2005; Zhang and Li, 2012b). The sources of spurious variance were

removed through linear regression by including the signal from the

ventricular system, the white matter and the whole brain, in addition

to the six parameters obtained by rigid body head motion correction.

First-order derivatives of the whole brain, ventricular and white matter

signals were also included in the regression.

Linear correlation with skin conductance

We computed for individual subjects the correlation coefficient be-

tween the SCL and the time courses of each voxel for the whole

brain. Note that the skin conductance impulse response function is

very close in shape and latency to that of the canonical hemodynamic

response function (HRF) (Patterson et al., 2002; Nagai et al., 2004).

Thus, SCL could be cross correlated with BOLD signals without add-

itional processing. We then converted these individual correlation

maps, which were not normally distributed, to z score maps by

Fisher’s z transform (Charles F. Bond and Richardson, 2004):

z ¼ 0:5 loge½ð1þ rÞ=ð1� rÞ�. The z maps were used in the second-

level random effects analysis (Penny et al., 2004). A one-sample

t-test was applied to the ‘z maps’ across 24 subjects to identify regional

activities correlated to skin conductance.

In region of interest (ROI) analysis, we used MarsBar (http://mars-

bar.sourceforge.net/) to derive for each individual subject the effect

size of activity change for the ROIs. Functional ROIs were defined

based on activated clusters from whole-brain analysis. All voxel acti-

vations were presented in MNI coordinates.

Granger causality analysis

BOLD and skin conductance signals were examined with GCA

(Granger, 1969), which has been widely used to describe ‘causal’ in-

fluence between sets of EEG or fMRI time series (Ding et al., 2000;

Roebroeck et al., 2005; Abler et al., 2006; Stilla et al., 2007; Deshpande

et al., 2008; Sato et al., 2009; Wen et al., 2012), as described in details in

our previous studies (Duann et al., 2009; Ide and Li, 2011a, 2011b).

Briefly, we used multivariate autoregressive (MAR) modeling

(Harrison et al., 2003; Sato et al., 2009) to perform GCA. In an unre-

stricted model of the BOLD time series

Y ðtÞ ¼
Xp

i¼1

AiY ðt � iÞ þ "ðtÞ, t ¼ 1,2, . . . ,T , ð1Þ
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yjðtÞ,j ¼ 1,2, . . . ,n, is the average time series of a ROI at time point t; T

is the number of time points; n is the number of ROIs and "ðtÞ is a

column vector ½"1ðtÞ,"2ðtÞ, . . . ,"nðtÞ� of residuals at time point t. The

model order is represented by p and Ai is a n-by-n matrix given by
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estimated by ordinary least squares (Seth, 2010). To determine the

model order, we employed the Bayesian Information Criterion

(Schwarz, 1978; Gentle et al., 2004). The application of MAR modeling

required that each ROI or SCL was covariance stationary, which we

examined with the Augmented Dickey Fuller (ADF) test (Hamilton,

1994). The ADF test verified that there was no unit root in the modeled

time series. To test whether variable x Granger causes y, where

x,y 2 Y ðtÞ,x 6¼ y, we computed the regression equation (1) without

variable x (the restricted model) and obtained the residual sum of

squares RSSr of variable y. The residual sum of squares of y is given

by RSS ¼
PT

t¼1 ðyðtÞ � ŷðtÞÞ2 ¼
PT

t¼1 "ðtÞ
2, where ŷ represents the

predicted value of y. These residuals were used to compute the

Granger causality strength measures (F-values) of each possible con-

nection between ROIs and skin conductance (Hamilton, 1994):

F ¼

ðRSSr �RSSurÞ
�

p

RSSur
�
ðT � 2p � 1Þ

, ð3Þ

where RSSur is the residual sum of squares of variable y in the unre-

stricted model. We tested the significance of the Granger causality

between time series by an F test and used binomial test to assess stat-

istical significance in group analysis as described in details earlier

(Duann et al., 2009; Ide and Li, 2011a, 2011b). For each connection,

we counted the number of subjects that had significant connections

and estimated its significance using a binomial distribution with par-

ameters n¼ 24 trials, and P¼ q¼ 0.5 (same probability to observe a

connection or not). For each subject, we had a total of 1770 (295� 6)

time points for GCA.

To assess how the strength of Granger causality relate to event-

evoked arousal, we examined the correlation across subjects between

the causality strength measures (F-values) and stimulus-evoked SCR

with a linear regression.

RESULTS

Behavioral performance and SCRs

Behavioral results of the SST are listed in Table 2(a). Participants

succeeded in about half of the stop trials, indicating the success of

the staircase procedure in tracking their performance.

SCRs during the SST are shown in Table 2(b). As described in the

‘Materials and Methods’ section, we quantified the change of skin

conductance or SCR by subtracting the amplitude at the baseline

from the amplitude at the peak in a 10 s window after stimulus

onset for each trial. Across all 24 subjects, go (G), stop success (SS)

and stop error (SE) trials showed significant differences in SCR

(P¼ 0.003, one-way ANOVA), as did planned comparisons: G vs SS

(P¼ 0.01), G vs SE (P¼ 0.0002) and SS vs SE (P¼ 0.0003), with two-

sample t-tests.

Arousal related brain activation

We computed for individual subjects the correlation coefficient be-

tween the SCL and the time courses of each voxel for the whole

brain, and normalized these correlation maps with Fisher’s z trans-

formation for a one-sample t-test (see ‘Materials and Methods’ sec-

tion). The ACC as well as right superior frontal gyrus showed

significant (cluster level P < 0.05, corrected for family-wise error or

FWE of multiple comparisons) positive correlation, whereas the

vmPFC showed significant (cluster level P < 0.05, FWE corrected)

negative correlation, with skin conductance (Figure 1 and Table 3).

This activity of the ACC and vmPFC did not correlate across subjects

(P > 0.1).
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Fig. 1 Brain regions showed positive (top of A) and negative (top of B) correlations with the SCL across 24 subjects at voxel P < 0.0001 uncorrected and cluster P < 0.05 corrected for FWE of multiple
comparisons. (Bottom of A and B) Data from a typical participant show that the time series of the ACC and vmPFC are each correlated and anti-correlated with SCL in a 10 min session.

Table 2 Behavioral performance and trial-specific SCR

a. General performance in the stop signal task

Go RT (ms) Coefficient of variation in go RT % go % stop SSRT (ms) Critical SSD (ms) Post-error slowing (effect size)

641� 74 0.21� 0.04 94.3� 6.5 55.3� 3.5 235� 42 411� 77 1.78� 1.29

b. SCR of go, stop, stop success and stop error trials

Go Stop Stop success Stop error

SCR (mSiemens) 0.16� 0.18 0.33� 0.34 0.22� 0.22 0.49� 0.51

Note: %go and %stop, percentage of successful go and stop trials; RT, reaction time; SSRT, stop-signal reaction time; SSD, stop signal delay; all numbers are mean� s.d.

vmPFC and physiological arousal SCAN (2014) 903



Granger causality analysis

The results of GCA showed that BOLD signals of the vmPFC Granger

caused the SCL (P < 0.05 for individual GCA and P¼ 0.03, binomial

test for group analysis), but the SCL did not Granger cause vmPFC

activity (P¼ 0.08). In contrast, there was no significant Granger caus-

ality between dACC and SCL in either direction (P¼ 0.85 and 0.27).

Moreover, individuals varied in the strength of Granger causality as

indexed by the F-value (mean� s.d.¼ 5.0� 4.5; range 1.5–18.6).

Across the 24 participants, Spearman regressions showed that higher

Granger causality strength (F-values) of the vmPFC was associated with

less SCRs elicited by go (P¼ 0.003, �¼�0.58), stop (P¼ 0.0004,

�¼�0.66), stop success (P¼ 0.0004, �¼�0.67) and stop error

(P¼ 0.0004, �¼�0.66) trials during the stop signal task (Figure 2).

Because previous studies used a smaller window (0.5–4.5 s) follow-

ing stimulus onset to compute the event-related SCR (Delgado et al.,

2008; Schiller et al., 2008; Nili et al., 2010), we recomputed the SCR by

the onset-to-peak amplitude within a 5 s window and reran the regres-

sion analysis. The results were similar: significant negative correlations

were observed between the Granger causality strength and the SCR

elicited by go (P¼ 0.0004, �¼�0.66), stop (P¼ 0.0003, �¼�0.68),

stop success (P¼ 0.0001, �¼�0.70) and stop error (P¼ 0.0004,

�¼�0.67) trials. Furthermore, to eliminate the confound of individ-

ual variability in mean SCL, we removed the mean value of the skin

conductance time series before computing the SCR, and reran the

regression analysis. The results were similar: significant negative cor-

relations were observed between the Granger causality strength and

the SCR elicited by go (P¼ 0.0002, �¼�0.69), stop (P¼ 0.0002,

�¼�0.69), stop success (P¼ 0.01, �¼�0.50) and stop error

(P¼ 0.0001, �¼�0.73) trials.

DISCUSSION

vmPFC and the regulation of physiological arousal

We showed that activation of a distinct region in the vmPFC is

negatively correlated with moment to moment changes in SCL.

Importantly, Granger causality analyses demonstrated that activity of

the vmPFC Granger causes skin conductance signals, thus establishing

Fig. 2 The strength of Granger causality (F-value) of the vmPFC in regulating skin conductance is negatively correlated with SCR elicited by go (P¼ 0.003, �¼�0.58; Spearman regression), stop (P¼ 0.0004,
�¼�0.66), as well stop success (P¼ 0.0004, �¼�0.67) and stop error (P¼ 0.0004, �¼�0.66) trials. That is, the stronger the regulatory influence of vmPFC, the less the SCR is elicited. Assuming
linearity between the F-value and SCR, Pearson regressions also showed significant correlation between the two variables: go (P¼ 0.01, r¼�0.50); stop (P¼ 0.01, r¼�0.50); stop success (P¼ 0.0098,
r¼�0.52) and stop error (P¼ 0.016, r¼�0.49) trials.

Table 3 Brain regions showing significant correlations with skin conductance time series (voxel P < 0.0001 uncorrected and cluster-level threshold of P < 0.05, FWE corrected)

Cluster size (mm3) Voxel z value MNI coordinate (mm) Identified region and approximate Brodmann area (BA)

X y z

Positive correlation
21 222 5.07 �6 29 22 Anterior cingulated cortex; BA 24/32

4.72 24 59 13 Right superior frontal gyrus; BA 10
Negative correlation
6372 4.68 3 32 �17 Ventromedial prefrontal cortex; BA 11

4.49 �12 8 �17 Left olfactory cortex; BA 25

904 SCAN (2014) S. Zhang et al.



the direction of influence. Furthermore, across the 24 participants,

higher Granger causality strength is associated with less SCRs elicited

by cognitive events during the stop signal task. These findings con-

firmed our hypotheses and are important on two fronts. First, extend-

ing previous findings of a negative correlation between the vmPFC

and SCL, we demonstrated a direct, causal relationship between the

activity of the vmPFC and the changes in physiological arousal.

Second, the stronger the regulatory influence of the vmPFC, the less

the SCRs to cognitive events. Together, these results support a critical

role of this ventromedial prefrontal structure in the control of arousal

during cognitive performance.

The finding of a significant negative association between vmPFC

activity and SCL replicates the results of biofeedback relaxation

(Nagai et al., 2004) and resting state (Fan et al., 2012). Studies

using paradigms of fear conditioning similarly demonstrated less

activity of the vmPFC when participants anticipated an electric

shock and exhibited higher SCR than when they did not expect to

receive the shock (Milad et al., 2007; Delgado et al., 2008; Schiller

et al., 2008). In another study, the vmPFC increased activity when

subjects tried to overcome a real-life fear (Nili et al., 2010); the

vmPFC activity was enhanced, whereas the SCR was attenuated, as

the level of subjective fear increased during the ‘overcome’ period.

The investigators posited that activity of the vmPFC may be related

to the inhibition of fear-related arousal, an interpretation supported

by our current findings. Together, it appears that the negative asso-

ciation between the vmPFC and skin conductance activity is task

independent.

Posterior vs anterior vmPFC: responses to SCR and the effects
of a lesion

Another consideration is the anatomical location of the vmPFC as

implicated in the regulation of arousal. In addition to a negative

correlation with SCL, a few studies have shown a positive correlation

between activity of the vmPFC and SCR (Critchley et al., 2000;

Patterson et al., 2002; Williams et al., 2005). To address this issue,

we delineated the anatomical boundary of the vmPFC cluster identified

here and those of other studies (Figure 3). Our vmPFC cluster clearly

overlapped the regions where activities were negatively associated

with SCL (Nagai et al., 2004; Fan et al., 2012). In contrast, activities

that showed positive correlations with the SCR were located in the

anterior part of the vmPFC (Critchley et al., 2000; Patterson et al.,

2002; Williams et al., 2005). Notably, a recent review suggested a func-

tional differentiation between anterior and posterior vmPFC in rela-

tion to mood and anxiety disorders (Myers-Schulz and Koenigs, 2012).

The posterior vmPFC was thought to be associated with negative affect

and mood (Simpson et al., 2001; Zald et al., 2002; Paradiso et al., 2003;

Masten et al., 2009), whereas the anterior vmPFC was associated with

positive affect and related emotional states (Somerville et al., 2006,

2010; Gianaros et al., 2007; Glascher et al., 2009; Kim et al., 2010).

Patients with major depression exhibit increased posterior vmPFC

activity but decreased anterior vmPFC activity (Drevets et al., 1997;

Mayberg et al., 2005; Greicius et al., 2007), a pattern of response that

reversed after successful treatment (Mayberg et al., 2000, 2005;

Kennedy et al., 2007). Thus, it is important to distinguish the exact

locales of activity when associating vmPFC with the regulation of

arousal and emotion.

The current findings also need to be considered along with lesion

studies that implicated the vmPFC in the generation of arousal

(Damasio et al., 1990, 1991; Damasio, 1994; Tranel and Damasio,

1994; Zahn et al., 1999). Patients with lesions in the vmPFC have

deficits in generating electrodermal responses and showed a reduction

in anticipatory arousal, which is the opposite of what would be ex-

pected if the vmPFC down-regulates arousal. A possible explanation is

that the lesions examined in these studies encompass a much larger

Fig. 3 The anatomical relationship between the vmPFC identified in the current study and brain regions identified in earlier studies that negatively correlated with SCL or positively correlated with SCR
(Table 1). Only regions with MNI coordinate z < 0 were included. (A) Our vmPFC (red) overlaps brain regions negatively correlated with SCL during biofeedback (Nagai et al., 2004) and resting state (Fan et al.,
2012). Blue color represents an area that overlapped across all studies. (B) Our vmPFC (red) show little overlap (yellow) with brain regions (green, combined from all studies) positively correlated with SCR.
Anatomical boundary of the brain regions identified from the other studies was manually drawn according to the figures, coordinates and number of voxels reported.

vmPFC and physiological arousal SCAN (2014) 905



area of the medial prefrontal cortex that involves both the anterior and

posterior parts of the vmPFC and rostral/dACC. Given that activity

of the rostral/dACC correlates positively with the SCR and plays a

potential role in the generation of skin conductance (Critchley et al.,

2000), lesioning of this and adjacent structures could lead to impaired

arousal. As selective lesions of these neighboring brain regions are rare,

experimental lesioning of these specific areas in non-human primates

may be required to pursue this issue.

Potential implications for clinical neuroscience

An increasing number of neuroimaging studies that sought to identify

the brain anomalies associated with mood and anxiety disorders have

implicated the vmPFC and neural circuits involving vmPFC (Savitz

and Drevets, 2009; Hamani et al., 2011; Myers-Schulz and Koenigs,

2012). Increased blood flow or metabolism of the subgenual ACC

(sgACC)�a part of the posterior vmPFC�together with gray matter

volume loss in this region, is a well-replicated finding in major depres-

sion (Savitz and Drevets, 2009). Deep brain stimulation of the sgACC

ameliorates depressive symptoms in treatment-resistant patients

(Drevets et al., 2008; Holtzheimer et al., 2012). FMRI studies presented

a more diverse picture of vmPFC activity, depending on behavioral

tasks, models and contrasts, as well as genotypes, patient populations

and medication status (Keedwell et al., 2005; Johnstone et al., 2007;

O’Nions et al., 2011; Holsen et al., 2012; Tao et al., 2012). For instance,

during evaluation of emotional words, depression patients showed a

decreased response to negative compared with positive stimuli in the

anterior vmPFC (Brassen et al., 2008). Moreover, this altered pattern

was positively correlated with symptom severity and ‘normalized’,

accompanied by a significant improvement in symptoms, after treat-

ment. It is posited that vmPFC participates in an extended

‘visceromotor network’ of structures that modulates autonomic/

neuroendocrine responses during the neural processing of reward,

fear and stress (Drevets et al., 2008). Thus, the current finding of

vmPFC regulation of physiological arousal adds an important dimen-

sion to this empirical literature.

Regulation of arousal: other brain regions and vmPFC
connectivity

Amygdala is another key region involved in regulating electrodermal

response (Phelps et al., 2001; Williams et al., 2001, 2005; Spoormaker

et al., 2011). Sweat responses failed to be evoked in a female patient

with bilateral amygdala lesions caused by idiopathic encephalitis

(Asahina et al., 2003). Numerous non-human and human studies

indicated that the vmPFC is both functionally and anatomically con-

nected with the amygdala (Milad and Quirk, 2002; Ghashghaei et al.,

2007; Hare et al., 2008; Myers-Schulz and Koenigs, 2012). A recent

study of diffusion tensor imaging showed that the structural integrity

of the pathway between the amygdala and vmPFC was inversely cor-

related with trait anxiety levels across subjects (Kim and Whalen,

2009). Although vmPFC control of amygdala activity is posited as a

pathway to regulate physiological arousal and affect, the pattern of

activations and functional connectivities seems to show a more com-

plicated pattern of interaction between the two areas (Ochsner and

Gross, 2005; Li et al., 2009; Burghy et al., 2012). Furthermore, mid-

brain and limbic structures other than the amygdala respond to salient

stimuli and interact with the vmPFC to sustain an optimal level of

physiological arousal for cognitive control (Brooks et al., 2012; Sara

and Bouret, 2012; Szabadi, 2012). It remains a challenge to understand

the complexity of this interaction.

Methodological considerations

One potential issue concerns whether the SCR function (SCRF) and

HRF are close enough, particularly in their latency, as suggested by

previous studies (Patterson et al., 2002; Nagai et al., 2004), so that one

can apply time series analyses such as correlation as well as GCA to

these signals. More work clearly needs to be done to address this issue.

On the other hand, previous studies have correlated BOLD and skin

conductance time series with similar results, on the basis of this

assumption (Patterson et al., 2002; Nagai et al., 2004). Furthermore,

the latencies of SCRF derived in previous studies (Lim et al., 1997;

Alexander et al., 2005; Bach et al., 2010; Boucsein, 2011) were all close

to and minimally faster than HRF. If the current finding of Granger

causality were determined by the latency difference, we would have

observed an opposite direction of causality.

It has also been questioned whether skin conductance could be used

to quantify changes in sympathetic nerve activity since the relationship

between skin conductance and sudomotor activity is non-linear (Kirno

et al., 1991). Direct recordings of skin sympathetic nerve activity

(SSNA) with participants exposed to arousing visual images showed

that, while the increases in SSNA were often coupled with sweat release

and cutaneous vasoconstriction, these markers were not always con-

sistent with the SSNA increases (Brown et al., 2012). Concurrent brain

imaging demonstrated that, during increases in SSNA, BOLD signals

intensified in the central and lateral amygdala, dorsolateral pons, thal-

amus, nucleus accumbens and cerebellar cortex and decreased in the

left orbitofrontal, frontal and right precuneus cortices (Henderson

et al., 2012). The pattern of brain activations overlapped but was not

identical in association with SSNA and electrodermal response. Thus,

it would be important to examine the role of the vmPFC in regulating

physiological arousal by directly recording SSNA in future work.

Conclusions

To conclude, we reported a direct regulatory relationship between the

activity of the vmPFC and skin conductance as a physiological index

of arousal. Future work is warranted to investigate how this regulatory

process may be compromised in patients with anxiety and mood

disorders.
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