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Electrodermal activity reflects autonomic sympa-
thetic innervation of dermal sweat glands providing
an index of emotion-related bodily states of arousal.
Relaxation techniques, which are facilitated by exter-
nal (bio)feedback of electrodermal activity, can be
used by trained subjects to actively control bodily and
emotional arousal. Biofeedback relaxation provides
an experimental model to explore neural mechanisms
contributing to emotional representations and inten-
tional autonomic control. We used functional mag-
netic resonance imaging (fMRI) to explore neural
mechanisms contributing to integration of volitional
intent, self-representation, and autonomic states of
arousal, embodied within performance of a biofeed-
back relaxation exercise. Data were obtained from 17
subjects to assess brain activity during relaxation in
which a visual index of electrodermal arousal was
modulated by accuracy (addition of random “noise”)
or sensitivity (by scalar adjustments of feedback). A
central matrix of cortical, subcortical and brainstem
autonomic centres was activated during biofeedback
relaxation, as well as regions that mediate visual and
somatesthetic representations and executive control.
Anterior cingulate, amygdala, and insula activity was
modulated by task manipulations that increased de-
mand on processing interoceptive representations,
while variation in anterior insula activity reflected an
interaction between accuracy and sensitivity of feed-
back. These findings identify neural substrates that
support integration of perceptual processing, intero-
ception, and intentional modulation of bodily states of
arousal. © 2002 Elsevier Science (USA)
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INTRODUCTION

Bodily states of arousal, mediated by the autonomic
nervous system, are integral to emotional, cognitive
and physical behaviors. Peripheral physiological
changes reflect consequences of emotional processing
and prospective facilitation of behavior. Thus bodily
states of arousal, indexed by autonomic responses, ex-
ert feedback influence on subjective emotional experi-
ence (Damasio, 1994, 1999), decision-making and
memory (Bechara et al., 1997; Cahill, 1997). Given this
close interaction between peripheral arousal states
with emotion and cognition, a mechanistic understand-
ing of central autonomic control and representation is
necessary to fully account for patterns of regional brain
activity during emotional and cognitive processing.

Relaxation aimed at decreasing bodily arousal has a
recognised therapeutic role in the treatment of emo-
tional disorders as, for example, in exposure therapies
for phobic disorders (McGlynn et al., 1999). The ability
to control the level of bodily arousal is facilitated by
perceptual awareness of covert autonomic responses,
as exemplified by enhanced relaxation during biofeed-
back (e.g., visual or auditory display) of electrodermal
activity (EDA) or heart rate (Leahy et al., 1998). Indi-
vidual differences also influence the success of a relax-
ation exercise, such as physical build, gender and psy-
chological susceptibility to performance anxiety
(Davidson and Schwartz, 1979). Subjective difficulty of
a relaxation regimen, closely related to performance
anxiety, can be manipulated by degrading accuracy of
a feedback signal through the addition of “noise” or by
rescaling the feedback signal to emphasise transient
skin-conductance responses (SCRs), rather than the
basal skin conductance level (SCL). In this context,
biofeedback relaxation provides a powerful experimen-
tal model to examine brain mechanisms supporting
Received Nov
 ber 28, 2001
em
909 1053-8119/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.



central autonomic representation in the context of vo-
litional intent.

Previous neuroimaging studies suggest that brain
areas including anterior cingulate and insula provide
an interface between cognitive/motivational behaviour
and autonomic bodily responses (Critchley et al.,
2000a,b, 2001a,b,c; Harper et al., 2000). Activity in
these areas, together with striatal and medial tempo-
ral lobe structures have modulatory influences on au-
toregulatory processes within lower-level structures
such as hypothalamus and brainstem (Spyer, 1999;
Bennarroch, 1997; Harper et al., 2000). Thus, biofeed-
back relaxation exercises, in which volitional intent,
representations of self, and autonomic states of arousal
are dynamically integrated, provide a powerful exper-
imental model to examine emotion-related brain mech-
anisms.

In an earlier positron emission tomography (PET)
study of biofeedback relaxation, anterior cingulate cor-
tex was implicated as a critical structure in mediating
cognitive influences on the level of sympathetic bodily
arousal (Critchley et al., 2001c). The present study
examines the distributed network of brain areas sup-
porting the volitional regulation of autonomic states,
using the higher temporal (and spatial) resolution of
fMRI. Subjects were scanned performing variations of
a visual-EDA biofeedback relaxation task. We hypoth-
esized that performing an intentional manipulation of
sympathetic tone, compared to low-level baseline inter-
vals, would modulate regional brain activity relating to
processing of visual information and representations of
volitional intent. By contrast, brain regions involved in
the representation of internal bodily states and control
of autonomic responses would be modulated both by
biofeedback task performance and by fluctuations in
EDA throughout the experiment. Within the biofeed-
back relaxation task, crucial experimental variables
involved either a manipulation of feedback accuracy or
of feedback sensitivity (altering the degree to which the
feedback responded to physiological fluctuations in
EDA). These manipulations allowed further dissection
of component processes underlying biofeedback control
of autonomic arousal that have wider implications for
the understanding of self-regulation of emotional be-
haviour and neural structures supporting contextual
representations of self.

MATERIALS AND METHODS

Subjects and Functional Task Paradigms

Seventeen healthy subjects (7F, 10M; mean age �
SD 33 � 3 years, right-handed) were recruited. Each
subject was fully trained before scanning in the perfor-
mance of a biofeedback relaxation task in which the
height of a visually presented “thermometer” repre-
sented a logarithmic function of the subjects EDA level.

Subjects were trained to “relax” to decrease the height
of the thermometer column to the thermometer bulb.
Decreases in column height corresponded to a reduc-
tion in EDA, consistent with decrease sympathetic
tone. For each subject, at the start of each task, the
thermometer height was calibrated to initial electro-
dermal level and if necessary recalibrated to the max-
imal EDA level if the subject was not able to decrease
sympathetic tone immediately. Thus the thermometer
display remained unchanged (taking into account ori-
enting arousal responses to the start of each task) until
sympathetic tone decreased. When the subject relaxed
sufficiently to decrease the column height to the level of
the thermometer bulb, or if 2 min had elapsed, the
display was removed and replaced with a fixation
cross. This manner of presentation represented a sim-
ple goal-directed performance limited task that did not
require working-memory processes. Subjects were also
familiarized during training with variations in feed-
back display encountered during scanning, which en-
abled them to recognise rapidly the particular task
variant when encountered. Debriefing was integral to
the training session to facilitate optimal subject per-
formance. Subjects were also interviewed following the
scanning session. All subjects gave full, informed, writ-
ten consent to take part in a study approved by the
Joint Research Ethics Committee of the National Hos-
pital for Neurology and Neurosurgery and the Institute
of Neurology.

EDA was continuously monitored (SCL 200, Biofeed-
back Systems, mode 1) from the palmar surface of
index and third fingers of left hand. The analogue
output from the SCL200 apparatus, (�0.5 V) was am-
plified �30 before passing though RF filters to the
scanner control room and low-pass filtered at 10 Hz.
The signal was sampled at 100 Hz. During scanning,
each subject performed the biofeedback relaxation task
every 3 min, signalled by appearance of the thermom-
eter display on the screen. The display remained on the
screen until the subject completed the task (forcing the
column into the bowl) or until 2 min had elapsed.
During the rest periods of one minute or more between
the tasks, the subject was required only to watch a
fixation point on the screen, thereby remaining alert in
anticipation of the next biofeedback task. This low-
level “rest” condition provided a contrast in order to
examine the main effect of active biofeedback task
performance. There were four variations of the task
contained within a factorial experimental design that
examined the effects of accuracy in feedback (random
noise was added to two of the four task conditions) and
sensitivity (scaling) of feedback (two of the conditions
were rescaled such that a given change in column
height represented twice the change in electrodermal
(�random fluctuation)) activity in the unscaled task
conditions. Each variation was presented twice in a
pseudorandom order that was counterbalanced across
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subjects. The control of the biofeedback presentation
and continuous, synchronized physiological recording
was achieved via a program (developed by EF) written
within a Matlab5 platform.

Data Acquisition

Subjects were scanned during task performance us-
ing a Siemens VISION system at 2 Tesla to acquire
gradient-echo, echoplanar T2*-weighted images with
BOLD (blood oxygenation level dependent) contrast.
Each volume comprised 32 � 3-mm axial scans with
3-mm in-plane resolution and volumes were continu-
ously acquired (trapezoidal sequence) every 3.16 s.
Subjects were placed in light head restraint within the
scanner to limit head movement during data acquisi-
tion. Each run began with 6 “dummy” volumes to allow
for T1 equilibration effects, which were subsequently
discarded. Additionally a T1-weighted structural im-
age was acquired in each subject for registration with
the functional BOLD data. This scan was also used to
determine the extent of regional BOLD signal dropout
from each subject’s functional data set.

Image Coregistration, Realignment, and
Normalization

Data preprocessing to was carried out using SPM99
(Wellcome Department of Cognitive Neurology, Lon-
don, UK; http:/www.fil.ion.ucl.ac.uk/spm) (Friston et
al., (1995a) to correct for head movement and allow
functional data sets to be entered into group analyses.
All functional volumes, independent of session or par-
adigm, were realigned to the first volume acquired
using rigid-body registration and a mean realigned
volume created (Friston et al., 1995b). The subject’s
T1-weighted structural scan was co-registered to the
mean functional volume, and the mean volume used to
determine the parameters applied to all volumes dur-
ing spatial normalisation and re-sampling to a stan-

dard template (Friston et al., 1995b, Ashburner and
Friston, 1999). As the volume of brain sampled in each
study was affected by the position of the subject within
the scanner’s field of view, we found that the extreme
superior and inferior portions of the subject’s brain
were sparsely sampled. To address this, voxels not
sampled in every session were eliminated during nor-
malisation. All functional volumes were then smoothed
with an 8mm FWHM Gaussian kernel. Global changes
in fMRI response from scan to scan were removed by
proportionally scaling each scan to have a common
global mean voxel value.

Statistical Analysis

Data were analysed using Statistical Parametric
Mapping (SPM99) employing the general linear model,
where statistical inferences were based on the theory of
random Gaussian fields (Friston et al., 1995a). For
each subject, a design matrix was constructed to relate
the BOLD time course data to the different biofeedback
task conditions (modeled as epochs) and including a
parametric regressor of the continuous EDA level over
the whole of the experiment. Lag in BOLD signal
changes relative to task variable was approximated by
convolution of box-car epochs for the tasks, and the
EDA regressor, with a canonical haemodynamic re-
sponse function. This effectively implemented a least-
squares deconvolution of enduring components of the
haemodynamic response to individual events and ep-
ochs to allow examination of regional changes in neural
activity underlying these haemodynamic responses.
Using multiple regression analyses, statistical para-
metric maps (SPMs) were constructed representing the
association between the observed time series and one
or a linear combination of the regressors for each sub-
ject. Thus, we derived SPMs for activity relating to; (1)
main effect of performance of biofeedback relaxation
tasks; (2) changes in EDA over the whole experiment;

FIG. 1. Diagram of analytic design. During fMRI, subjects performed two repetitions of four variations of a biofeedback relaxation
exercise, interspersed with rest periods. Electrodermal activity, EDA, was monitored throughout the scanning period and a logarithmic
function of EDA represented the visual feedback given to the subject in the form of a “thermometer” which decreased in column height with
decreases in EDA. This relationship between feedback and EDA was either accurate (Tasks A and C) or degraded by the addition of a random
fluctuation in column height, adding “noise” to the feedback of physiological arousal level (Tasks B and D). Two different levels of scaling of
feedback were also included in the factorial design. Tasks C and D scaled to half that of tasks A and B, such that for an equivalent decrease
in column height the subject needed to decrease their electrodermal arousal (log EDA) by a factor of 2. Analyses tested for regional brain
activity (1) associated with performance of biofeedback relaxation (tasks vs rest); (2) covarying EDA throughout the experiment and, within
the factorial structure of the tasks for; (3) main effect of accuracy/noise of feedback (intended to highlight activity reflecting greater reliance
on intero- versus exteroceptive representations of bodily arousal; (4) main effect of scaling of feedback (intended to highlight activity
reflecting representation of perceptual characteristics of feedback) and; (5) interaction between accuracy and scaling of feedback, intended
to highlight activity directly underlying volitional and perceptual influences on the control of bodily arousal.

FIG. 2. Task performance data in one subject. The figure plots the BOLD signal changes for three brain regions (right anterior cingulate,
insula and thalamus), the continuous recording of EDA and the height of the biofeedback display (red thermometer) for one subject over the
course of the experiment. The x-axis represents timings of scan volume acquisitions (TR 3.16 s) relative to the tasks and rest periods.
Numbers within the lower plot indicate the task performed by the subject (see Fig. 1 and text). The feedback signal was scaled at the start
of the task to the subject’s concurrent EDA level and began to fall when EDA decreased. Fluctuations in feedback signal and scaling of the
feedback can be viewed in relation to the slope of the lower plots relative to the continuous EDA recording.
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FIG. 3. Group data for rates of relaxation during biofeedback task performance. The rate at which subjects relaxed, i.e., decreased EDA arousal
during biofeedback tasks, was derived from the change in EDA level over a 1-min period, 30 s into each task. The different tasks were associated
with different rates of relaxation, with significantly faster rates of relaxation achieved when more feedback was rendered less sensitive by resealing
the feedback to half. The addition of random noise into the feedback signal was associated with a strong trend in impairment of relaxation, and
resulted in no significant relaxation when subjects performed biofeedback relaxation at the more sensitive task-scaling.

FIG. 4. Regional brain activity associated with performance of biofeedback relaxation. The figure illustrates group data, plotted on a
normalized template brain, derived from random effects analysis and associated with performance of biofeedback relaxation tasks, relative to rest
periods. Data are presented on a normalized template brain scan, color-scaled according to the significance of the effect and thresholded for
presentation purposes at P � 0.001, uncorrected. Parasagittal sections (labelled according to distance from midline) and coronal sections (labelled
in mm from anterior commissure) have been chosen to illustrate (1) cingulate, (2) thalamic and hypothalamic activity, (3) pontine activity, (4) right
parietal, (5) bilateral somatosensory, (6) anterior insula, and (7) dorsolateral prefrontal cortical activity. The color bar reflects the t scores of
biofeedback task-related activity. The brain coverage of the 32 slice data acquisition is illustrated by a red box denoting field of view on sagittal
and coronal “glass brain” projections.
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(3) main effect of degraded feedback signal; (4) main
effect of changing sensitivity of feedback and; (5) inter-
action between feedback accuracy and sensitivity.
These SPMs, derived from individual subject data,
were then entered into a random-effects second-level
analysis wherein significance of regional contrast-re-
lated activity at the population level was tested with a
T statistic to give a SPM{T}. Activity at this second
level reaching statistical significance at P � 0.05, cor-
rected for whole brain or small volume of predicted
regions of interest (Worsley et al., 1996). The coordi-
nates of a priori regions of interest for the main effect
of task performance were derived from earlier indepen-
dent observations of regional activity associated with
modulation of autonomic responses and visceral repre-
sentation. These were anterior cingulate (Critchley et
al., 2000a, 2001a,b,c; Harper et al., 2000), amygdala
and basal ganglia (Critchley et al., 2001c), thalamus
and hypothalamus (Harper et al., 2000). Regional cor-
rections for small volumes were subsequently based on
activity observed as a main effect of task performance,
for a minimum volume of 100 mm3. Descriptions of
anatomical location were determined using average
structural MRIs normalized to standard space (Ta-
lairach and Tournoux, 1988), using the atlas of Duver-
noy (1991).

RESULTS

Subjects were interviewed after scanning to deter-
mine the strategies they employed for biofeedback re-
laxation and their subjective impressions of the indi-
vidual tasks. All subjects recognized the presence of
noise and sensitivity change in biofeedback, consistent
with their training experience. During scanning, sub-
jects reported using the same strategies for relaxation
as they had used during training, which consisted of
reducing skeletomotor tone/movement and intention-
ally “feeling calm” (other insights included “feeling
heavy” or “floppy”, “going blank”, “letting it happen”).
Episodic recall of experience with individual tasks was
poor following the scanning session, but evidence from
training sessions suggested that subjective perfor-
mance difficulty was closely related to task perfor-
mance. The (1 min) inactive periods between biofeed-
back relaxation tasks were viewed as “breaks.” Most
subjects also reported increasing anticipation of the
next experimental task during this period. Onset of
scanning produced increased subjective alertness/
arousal and a delay in achieving a decrease in ther-
mometer height due to corresponding EDA activity
increase. Order effects of this type were accounted for
by the counterbalanced study design.

Performance of biofeedback relaxation was deter-
mined as the rate at which subjects were able to de-
crease EDA over the course of the experiment. Relax-
ation rates were derived from a period of 1 min

beginning 30 s into the task, excluding initial arousal
effects engendered by task engagement. Subjects re-
laxed at a significantly slower rate when feedback was
scaled to be more sensitive (i.e., when the thermometer
height reflected half the decrement in log(EDA))
(T(62) � 3.07, P � 0.005). Similarly, there was a strong
trend for addition of random “noise” to the feedback
signal to impair relaxation rate (T(62) � 1.96; P �
0.054). The combination of decreased accuracy and in-
creased sensitivity was associated with an absence of
significant relaxation. We observed no significant in-
teraction between accuracy and sensitivity of feedback
in the rates at which subjects reduced EDA arousal
(F(1) � 0.08, n.s.) (Fig. 3).

To identify the neuroanatomical matrix supporting
biofeedback relaxation, we first tested for activity re-
lating to performance of biofeedback tasks (all) com-
pared to rest periods between the tasks. We observed
widespread activity, consistent with activation of a
distributed neural system, involving regions impli-
cated in visual movement processing (extrastriate cor-
tex (V5)), attention and response selection (dorsolat-
eral prefrontal cortex, anterior cingulate cortex,
inferior parietal lobule, thalamus), somatic/visceral
representations of bodily state (bilateral insula, pri-
mary and secondary somatosensory cortices, thala-
mus), representations of motivational goals (basal gan-
glia, medial temporal lobe, thalamus) as well as areas
implicated in autoregulatory control of sympathetic
autonomic responses (substantia nigra, hypothalamic
nuclei and pons) (Fig. 4, Table 1). We observed no
significant decreases in activity associated with per-
forming the biofeedback relaxation tasks.

We next tested for activity relating to increases and
decreases in sympathetic tone across the whole exper-
iment. In a previous study we described anatomical
overlap in brain activity associated with generation
and representation of EDA (Critchley et al., 2000b).
Therefore, we tested for regional activity associated
with this feedback “loop” that was synchronous with
the EDA (the EDA regressor was convolved with a
canonical haemodynamic response function). Activity
in anterior cingulate, dorsolateral prefrontal cortex,
basal ganglia, somatosensory cortex, thalamus and
pons covaried negatively with level of electrodermal
arousal. (Fig. 5; Table 1). In other words, these areas
became more active when level of sympathetic arousal
decreased over the course of the experiment. Activity
associated with increasing sympathetic arousal (EDA)
did not reach significance.

Within the factorial experimental design, we tested
for effects on regional brain activity of modulations in
noise and sensitivity of the biofeedback signal. We
reasoned that the noise manipulation, altering feed-
back veracity, may highlight processing of discrepan-
cies between “corrupted” exteroceptive and veridical
interoceptive representations of relaxation-state. By
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contrast, the sensitivity manipulation was aimed at
providing accurate feedback with altered perceptual
characteristics. However, it is acknowledged that this
manipulation also increased the susceptibility of the
biofeedback system to “self-generated noise” from tran-
sient SCRs. We also tested for an interaction between
these two manipulations. The addition of random noise

was associated with increased activity in right amyg-
dala, insula, anterior cingulate, a hypothalamic region
and extrastriate visual cortex (v5), (Fig. 6, Table 1).
There were no significant decreases in activity. Alter-
ing the sensitivity of feedback was not associated with
a significant main effect. Since both addition of noise
and increased feedback sensitivity impaired rates at

TABLE 1

Regional Brain Activity Associated with Performance of Biofeedback Tasks

Region Side Coordinates of peak activity T score

Extrastriate (v5) R 50,�68,�2 10.93*
Inferior occipital/fusiform gyrus L �46,�74,�12 8.11*
Fusiform gyrus R 42,�62,�16 8.01*
Middle frontal gyrus R 56,10,34 10.68*
Inferior frontal gyrus L �60,6,22 10.00*
Inferior frontal gyrus R 50,16,18 8.91*
Precentral gyrus L �52,�4,40 9.17*
Precentral gyrus R 44,�10,40 7.10*
Postcentral gyrus somatosensory cortex R 54,�16,22 8.36*
Inferior parietal lobule R 50,�40,40 7.83*
Insula R 32,16,8 9.08*
Insula R 48,8,6 8.34*
Anterior cingulate — 0,24,40 5.97†
Mid cingulate — 2,�14,48 5.91†
Amygdala R 26,�4,�26 4.79†
Putamen/claustrum R 28,0,8 5.88†
Putamen L �28,�8,4 5.01†
Thalamus (mediodorsal nucleus) R 6,�14,6 5.63†
Thalamus (ventrolateral) L �16,�10,�2 5.46†
Thalamus (ventrolateral) R 14,�12,0 5.17†
Hypothalamus L �6,�6,�6 5.13†
Sustantia nigra/red nucleus L �8,�18,�2 5.17†
Substantia nigra R 10,�20,�8 4.96†
Dorsal pons R 10,�22,�24 7.59*
Dorsal pons L �6,�28,�26 7.10*
Brain region covarying with electrodermal activity

Globus pallidus/putamen L �18,�4,2 5.34†
Post central gyrus somatosensory cortex R 52,�24,42 4.79†
Secondary somatosensory cortex �54,�12,6 4.22†
Anterior cingulate — 6,18,22 4.66†
Anterior cingulate R 6,30,28 4.56†
Mid cingulate L �6,�2,46 4.24†
Medial prefrontal cortex/anterior cingulate L �10,46,20 4.22†
Thalamus (mediodorsal nucleus) R 6,�10,16 3.99†
Lateral pons R 8,�18,�18 3.88†

Main effect of noisy, degraded feedback
Amygdala R 26,�4,�12 6.28†
Insula R 34,�2,16 6.26†
Insula L �42,4,8 4.74†
Hypothalamus/substantia nigra — 2,�12,�10 4.93
Extrastriate cortex v5 R 38,�64,2 5.11†
Extrastriate cortex v5 R 50,�68,16 4.88†
Postcentral gyrus somatosensory cortex R 66,�16,34 4.83†
Anterior cingulate — 2,18,30 4.52†
Anterior cingulate — 2,�12,�8 4.49†
Anterior cingulate — 0,12,38 4.33†
Anterior cingulate — 6,28,34 3.89†

Interaction between noise and sensitivity of biofeedback
Lingual gyrus L �28,�46,�4 4.88†
Anterior Insula L �44,20,0 4.50†

Note. Activity significant to P � 0.001, uncorrected; *Significant to P � 0.05, whole brain correction for multiple comparisons; †significant
to P � 0.05, small volume for region of interest.
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which subjects decreased EDA arousal during biofeed-
back relaxation, particularly when these conditions
were combined, we tested for activity reflecting the
interaction between feedback accuracy and sensitivity.
We observed significant activity reflecting this interac-
tion (i.e., [more versus less sensitive tasks with noise]
versus [more versus less sensitive tasks without noise])
in left anterior insula (Table 1).

DISCUSSION

Our study addresses the functional neuroanatomy
supporting integration of cognitive and perceptual pro-
cessing with intentional set in the control of peripheral
sympathetic arousal. We identify a matrix of cortical

and subcortical brain regions associated with biofeed-
back relaxation and note that these regions are also
implicated in processing of visual information (v5 cor-
tex), representation of bodily states (e.g., thalamus,
insula and somatosensory cortices) and autoregulatory
control of peripheral autonomic responses (hypotha-
lamic area and pons). Biofeedback relaxation was also
associated with increased activity in brain regions such
as dorsolateral prefrontal, anterior cingulate and pari-
etal cortices, amygdala and basal ganglia that may
support integration of volitional processing, expressed
in the intention to relax, with indices of bodily re-
sponses. Specifically these regions may mediate inter-
actions between external (biofeedback information)

FIG. 6. Brain regions reflecting the main effect of noise in the
biofeedback signal. The main effect of decreased accuracy of biofeed-
back, achieved by adding random fluctuation to the feedback signal,
was associated with increased activity in anterior cingulate, right
amygdala, and hypothalamus. The figure illustrates the localization
of significant group activity in these brain regions on coronal, axial
and parasagittal sections of a template brain.

FIG. 5. Brain regions covarying with decreases in sympathetic
(EDA) arousal. Group data is plotted on coronal, axial, and parasag-
ittal sections of a template brain, illustrating changes in regional
activity within somatosensory cortex, anterior cingulate cortex and
putamen, covarying negatively with electrodermal arousal over the
course of the experiment (random effects analysis, P � 0.001, uncor-
rected for illustrative purposes).
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and internal sensory feedback (interoceptive sensory
information) with attentional and motivational states.
Evidence for this latter proposal includes data impli-
cating dorsolateral prefrontal cortex in response-selec-
tion, on-line information processing and self-monitor-
ing (Rowe et al., 2000; Petrides et al., 1993; Henson et
al., 2000), while anterior cingulate is implicated in
error-detection, response inhibition, attentional selec-
tion, representation of subjective experience and, more
recently, in integrating bodily responses with behav-
ioural demands (Carter et al., 1998; Rubia et al., 2001;
Pardo et al., 1990; Lane et al., 1997; Critchley et al.,
2000a, 2001a,b,c). The distributed matrix we describe
provides a likely substrate for contextual control and
feedback representation of states of bodily arousal; pro-
cesses that are critical to theoretical models of emotion
(Damasio, 1994, 1999).

A discrete subgroup of these regions reflected mod-
ulation of EDA-indexed arousal across all tasks, imply-
ing an obligatory role in representation of electroder-
mal arousal. These regions include anterior cingulate,
right somatosensory cortex and basal ganglia (puta-
men).

Previous studies have observed increases in anterior
cingulate activity with cognitively-driven changes in
bodily states of arousal (Critchley et al., 2000a,
2001a,b,c). Anterior cingulate cortex is also implicated
in control of cardiovascular states of arousal during
effortful behaviour (Critchley et al., 2000a, 2001b). Ac-
tivity in this region is modulated by both level of elec-
trodermal arousal and risk during reward anticipation
(Critchley et al., 2001a). In an earlier PET study of
biofeedback relaxation, enhanced anterior cingulate
activity was associated with intention to relax and the
interaction between relaxation and presence of feed-
back. In the present experiment involving intentional
relaxation, the observation of enhanced anterior cingu-
late activity associated with both decreasing electro-
dermal arousal and manipulation of feedback, suggests
a tuning of cingulate arousal-related responses to con-
textual demands (Critchley et al., 2001c). Basal ganglia
activity was also observed in this earlier study of
biofeedback relaxation, where activity in globus palli-
dus was associated with intention to relax and inter-
preted as reflecting decreases in skeletomotor activity
during the relaxation process (Critchley et al., 2001c).
The present study extends this observation by observ-
ing selective putaminal activity in association with the
representation of bodily arousal. These findings indi-
cate that activity associated with decreases in EDA
across the experiment reflects modulatory influences of
bodily arousal on brain regions mediating intentional
and goal-directed aspects of behavior.

The manipulations of accuracy and sensitivity of
feedback were directed at highlighting distinct influ-
ences on the control of bodily states of arousal. The
hypothesized consequence of the addition of “noise”

(random fluctuation) to the feedback signal is that sub-
jects place greater reliance on internal bodily cues,
relative to external feedback, in order to achieve suc-
cessful relaxation. The reduced rate of relaxation
across subjects observed during noisy conditions sug-
gests that mismatch of externally driven and intero-
ceptive representations of bodily arousal impairs cog-
nitively driven modulation of EDA. The observation of
parallel increases in activity in insula, right amygdala,
anterior cingulate, and hypothalamus provides are
consistent with increased demand on contextual repre-
sentation of internal bodily states. An alternative, but
nevertheless complimentary, explanation is that activ-
ity in these regions reflects “stress” in response to the
degraded quality of feedback, a proposal consistent
with putative roles for the same regions in signalling
aversion or deviations in congruency (Buchel et al.,
1998; MacDonald et al., 2000). However, activity in
these areas was not associated with increased task
demands per se, as there was no main effect of chang-
ing the sensitivity of the feedback signal. Conse-
quently, a third account would suggest that enhanced
activity in insula, amygdala and cingulate activity dur-
ing “noisy” tasks reflects conflict-processing between
representations of internal state and external indices
of arousal. This is also supported by our finding that
insular cortex activity was associated with an interac-
tion between accuracy and sensitivity of the biofeed-
back task. More specifically, left insula activity was
greater in the comparison of more versus less sensitive
feedback when the feedback was degraded than when
feedback was accurate. This observation indicates a
role of insula in perceptual integration of external sen-
sory information with representation of internal bodily
states, a “cognitive” elaboration of its putative viscer-
osensory function suggested by earlier observations
(Critchley et al., 2001a).

Brain areas implicated in autoregulation of bodily
arousal (Critchley et al., 2001b) were not, in general,
influenced by manipulations in accuracy and sensitiv-
ity of the biofeedback signal. Thus, regions such as
pons were highlighted as components of the biofeed-
back matrix, whose activity correlated with changes in
EDA arousal but was not influenced by changes in
feedback. However, activity in a hypothalamic/sub-
stantia nigra area was influenced by noise in the
biofeedback signal suggesting, that this area may be
the lowest level through which autonomic regulation of
bodily states of arousal may be directly modulated by
descending cognitive influences. In contrast, cortical
areas implicated in the representation of bodily states,
such as somatosensory cortices and insula (Critchley et
al., 2001b) were modulated by diminished accuracy in
the biofeedback signal, suggesting that interoceptive
representations in these brain regions were modulated
by cognitive processing of external information, similar
perhaps to mechanisms mediating cognitive influences
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on pain thresholds (Petrovic et al., 2000). Areas such as
dorsolateral prefrontal and right parietal cortices,
which were activated by task performance, but not
influenced by level of autonomic arousal or manipula-
tion in biofeedback, are likely to reflect an attentional
engagement during biofeedback. While previous stud-
ies imply a more direct link between autonomic arousal
and activity in prefrontal and right parietal cortices,
the present study highlights our earlier proposal that
“intention to relax” is mediated by activity changes
within these regions (Critchley et al., 2001a,c). How-
ever, our findings especially highlight the role of areas
such as cingulate and insula in mediating the interface
between cognitive intent and changes in bodily
arousal, as well as supporting the interaction between
perceptual, cognitive and interoceptive representa-
tions that in turn influence autonomic responses.

In conclusion, our findings detail activity associated
with cognitively driven sympathetic relaxation facili-
tated by biofeedback of EDA, and implicate a matrix of
cortical and subcortical brain regions in mediating the
integration of bodily states of arousal with cognitive
and perceptual processing. Of crucial importance is the
observation that activity within anterior cingulate, in-
sula and somatosensory cortices reflects level of sym-
pathetic arousal. Anterior cingulate, cortex also in-
creases its activity during presentation of degraded
feedback but not manipulation of task-demand per se.
Thus, if the anterior cingulate is involved, as earlier
studies indicate (Critchley et al., 2000a,2001a,b,c), in
the contextual generation of bodily states of autonomic
arousal, its role is more pronounced when external
information conflicts with internal states. The identi-
fication of brain mechanisms involved in generation,
modulation and feedback representation of bodily
states of arousal has wider implications in so far as
they also crucial aspects of emotional experience or
so-called “feeling-states,” which provide important
guides to cognitive and motivational behaviours
(Damasio, 1999; Bechara et al., 1997; Cahill et al.,
1997).
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