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Abstract: The effect of autonomic perturbation (AP) on the central nervous system functioning is still
largely unknown. Using an automated neck suction device to stimulate the carotid mechanoreceptors
in the carotid sinus (parasympathetic pathway), operated synchronously with functional magnetic
resonance imaging (fMRI) acquisition, we investigated the effects of AP on the activity of the brain
at rest and when engaged in a visuo-spatial attention task. ECG was always recorded to index
changes in autonomic function. At rest, AP induced increased activation in the insula and in
the amygdala, which have been previously associated with the autonomic control and emotion
processing, as well as in the caudate nucleus and in the medial temporal cortex, both implicated in
cognitive functions. Despite a preserved performance during visuo-spatial attention task, AP induced
increased reaction times and a positive modulation on the activation of the right posterior parietal
cortex, the occipital cortex, the periaquiductal gray, and nuclei of the brainstem. We speculate
that this modulation of brain activity represents, at different anatomical levels, a compensation
mechanism to maintain cognitive efficiency under parasympathetic stimulation, which is traditionally
considered as the system for energy regain and storage. In conclusion, this study provides
the first evidence of a dynamic interaction between AP and higher level functions in humans.
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INTRODUCTION

The autonomic nervous system (ANS) is the division of
the nervous system that subserves the maintenance of the
homeostatic needs (i.e., blood pressure, heart and breath-
ing rates, body temperature, digestion, metabolism, and
other processes), by continuously interacting with other
brain functions, including perception, cognition, and emo-
tion [Critchley, 2009]. According to the traditional view,
ANS operates through two subdivisions, one regulating
the ‘‘fight and flight’’ responses, in case of threat or stress-
ful situations (sympathetic system), and the other one con-
trolling our bodily processes during ordinary situations
(parasympathetic division), allowing energy regain and
storage. The ANS supplies each type of target organ via
separate pathways that consist of sets of pre- and postgan-
glionic neurones with distinct patterns of reflex activity
[Kandel et al., 2000]. Both conscious and unconscious
visceral sensations reach brain structures that are known
to be implicated or to modulate, different networks
involved in cognition and emotion processing [Critchley,
2009]. On the other hand, the final visceral output of the
ANS is strongly affected by individual cognitive and emo-
tional states [Craig, 2002; Damasio, 2003; Gray et al., 2010;
Porges, 2007]. Thus, human mental processes influence the
physiological state of the body and changes in the body’s
physiology influence thoughts, feelings, and motivational
behavior. However, in this complex picture, the mecha-
nisms underlying the mutual interaction between the ANS
and the higher level functions (cognition and emotion
processing) still remain largely unknown.

The aim of the current functional magnetic resonance
imaging (fMRI) study was to investigate the effect of the
autonomic perturbation (AP), through direct stimulation of
carotid baroreceptors (parasympathetic pathway) on the
central nervous system (CNS), both at rest and when
engaged in a cognitive task. For this purpose, we devel-
oped a magnetic resonance compatible neck suction (NS)
technique for the direct stimulation of the carotid barore-
ceptors located at the medial–adventitial border of blood
vessels in the carotid sinus bifurcation (Fig. 1). The NS
stimulation causes an increase in carotid sinus transmural
pressure, which in turn stretches the carotid baroreceptors,
thus mimicking the delivery of a hypertensive stimulus.
Stimulation of these receptors provokes AP through the
afferent parasympathetic pathway (glossopharyngeal nerve
and nucleus of the solitary tract) and causes an increase in
efferent parasympathetic activity and a decrease in efferent
sympathetic activity [Fadel et al., 2003]. These mechanore-
ceptors function as the sensors in a negative feedback con-
trol system that regulates the beat-to-beat changes in
arterial pressure and heart rate, thus modulating the auto-
nomic neural outflow. In a group of healthy young indi-
viduals, we perturbed the ANS using either efficacious or
nonefficacious stimuli (control condition), both at rest
(experiment 1) and while performing a high-level cogni-
tive task (experiment 2). ECG recording (to monitor the

RR interval series over time) was used to verify whether
the ANS stimulation was successful. For the purposes of
this exploratory study, we chose to investigate the visuo-
spatial attention function, which represents a basic cogni-
tive function likely to be modulated by ANS perturbation.

MATERIALS AND METHODS

Participants

This study involved a group of 15 right-handed healthy
volunteers (all men; mean age ¼ 23.0 years; SD ¼ 3.4;
range, 20–25) with no history of medical or psychiatric dis-
orders, autonomic dysfunction, or other major clinical
conditions.

They were all recruited from a pool of psychology and
engineering students. Local ethical committee approval
and written informed consent were obtained from all sub-
jects before study initiation.

MRI-Compliant NS Technique

Device description

The application of NS increases carotid sinus transmural
pressure, which in turn leads to the carotid baroreceptor
stretching, thus provoking an AP through the parasympa-
thetic pathway. Various neck chamber devices have been
proposed so far. The main difference is between collars
that enclose the entire neck [Eckberg and Sleight, 1992]
and smaller individual cuffs. A review on the historical
evolution and the state of the art of the neck suction (NS)
technique can be found in Cooper and Hainsworth [2009].
Our NS device uses individual cuffs (Fig. 1A), with appro-
priate modifications needed to comply with the MRI envi-
ronment. In this study, the size of the cuffs was chosen
according to the size of the neck of each subject. The pres-
sure was set by controlling the aspiration level of a vac-
uum source, by an analog output line of an acquisition
card (NI DaqCard NI USB 6212, National Instrument).
This signal served as reference input for a feedback control
circuit driving the vacuum source motor. Because the vac-
uum source can only generate subatmospheric pressure,
an air leakage was added to the line. The vacuum source
and its controlling unit were placed in the MRI control
room. A 5-m length silicon tube connected the pump with
the neck collar, passing through a waveguide of the Fara-
day cage. In addition, the actual pressure in the neck collar
was continuously monitored by a pressure transducer.
Because two cuffs were used, the pressure line was split in
two parallel arms, and the pressures were monitored inde-
pendently in both cuffs. All the digital circuitry as well as
the electromechanic components were placed in the con-
trol room. Pressure transducers were the only electronic
components of the NS device included in the cuffs.
Their analog conditioning amplifiers were placed in a
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RF-shielded box and connected to the electronics in the
control room using the patch panel RF filters.

NS stimulation delivery

In both experiments, NS was delivered by 8-s duration
pulses (pressure: �60 mm Hg for efficacious and �10 mm
Hg for nonefficacious stimuli), in order to reduce the risk
of response accommodation for the mechanoreceptors. It
was previously speculated that alteration afferent nerve
traffic from the carotid baroreceptors is not maintained
during sustained stimuli [Eckberg and Sleight, 1992].
Although Ogoh et al. [2003] have demonstrated that signif-
icant carotid baroreceptor adaptation to static NS does not
occur over 20-s intervals, this still remains a controversial
issue. In experiment 1, we used an event-related design
(see below), characterized by individual NS pulses (dura-

tion ¼ 8 s) followed by an average random interval of 4 s
(ranging from 3.0 to 5.2 s), in which the cuffs were main-
tained at atmospheric pressure. In experiment 2, where a
block-size design was adopted, each block included five
consecutive NS pulses separated from each other by 4-s
intervals at atmospheric pressure. This experimental pro-
cedure, together with the continuous ECG recording,
makes us confident about the appropriate delivery of NS
stimulation in both fMRI experiments. A preliminary
investigation run outside the scanner demonstrated that
subjects were unable to distinguish between efficacious
and nonefficacious NS stimulation.

Physiological signal acquisition and analysis

For the whole duration of fMRI experiments, acquisition
and analog conditioning of ECG, pulseoximetry, and

Figure 1.

Neck suction (NS) technique used for fMRI investigation. Sche-

matic illustration showing methods and devices used in the

study. (A) Representation of the NS technique based on an MR

compatible system (bottom); NS induces stimulation of the

mechanoreceptors located in the carotid sinus bilaterally, thus

producing an autonomic perturbation trough parasympathetic

afferents (as detectable by cardiac effects); (B) 3T magnetic res-

onance scanner equipped for functional MRI (fMRI) experiments;

(C) MR-compliant system for ECG recording; (D) heart-period

stimulus response curve (shown in blue) and NS pressure

(shown in green) for efficacious (�60 mm Hg) and noneffica-

cious (�10 mm Hg) stimuli. In this example, stimuli response

curves were collected for one volunteer during experiment 1.

Each curve is obtained as an average over 50 NS pulses at �60

mm Hg and 30 NS pulses at �10 mm Hg. Each stimulus has a

duration of 8 s. The left axis refers to the heart period values,

while the right axis reports the suction pressure applied to the

neck. See text for further details.
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respiration were obtained using an MRI-compliant system
(Biopac Systems Ins, CA). The pressure transducers and
the conditioning amplifiers of the NS device were housed
in a shielded box, located �2-m apart from the RF coil.
ECG, respiration, pulseoximetry, and pressures in the left
and right cuffs were monitored using the DaqCard NI
USB 6212, located in the MRI control room. Signal acquisi-
tion and pulse generation were synchronized to the imag-
ing acquisition, using a RS-232 trigger from the scanner.

RR interval series were obtained from the R-mode ECG
signal of the Biopac, using a threshold algorithm. Each
series was visually searched and manually corrected for
artefacts or detection errors. RR intervals from each
subject were arranged as a discrete event series (DES),
that is, each RR interval was plotted as a function of the
R-wave occurrence time. The DES was interpolated using
a piece-wise polynomial (cubic-spline) and uniformly
resampled at 10 Hz (resampled RR). A cardiac-response
curve was obtained by synchronous averaging of the indi-
vidual RR response to each stimulation resampled RR,
corresponding to each NS pulse. Curves were aligned to
the time of 5 mm Hg pressure drop and averaged
(Fig. 1D). No motion artefacts were detected when the
NS was applied using the two-cuff device. Physiological
monitoring (ECG, pulse oximetry and respiration) and NS
delivery did not induce an appreciable increase in radio
frequency noise.

Cardiac response was assessed by comparing the RR
interval 2 s before the application of each of the NS pulses,
to the RR interval during the NS pulse.

fMRI paradigms

Experiment 1. An event-related design including 80 mini-
blocks with a duration of 8 s each, randomly administered
over 16 min of fMRI acquisition (461 volumes), was used
in this experiment (Fig. 2A). Fifty miniblocks consisted of
NS pulses with a pressure of �60 mm Hg (efficacious
stimulation), and 30 miniblocks consisted of NS pulses
with a pressure of �10 mm Hg (nonefficacious stimula-
tion). During the whole experiment, the efficacy and non-
efficacy of each miniblock to induce or not AP were
monitored by continuous ECG recording. No visual stimu-
lation was delivered, and no active cooperation from stud-
ied subjects was required. Subjects were instructed to lie
in the scanner, to keep their eyes closed, not to think of
anything in particular, and not to fall asleep. Activity of
the brain was studied while randomly administering
50 efficacious (suction pressure: �60 mm Hg) and 30 non-
efficacious (suction pressure: �10 mm Hg) miniblocks of
NS. Cardiac response (i.e., the average increase of the RR
interval respect to baseline) was 49 ms (SD ¼ 60) for effica-
cious and 16 ms (SD ¼ 20) for nonefficacious NS stimuli
(P ¼ 0.01). Subjects were unable to distinguish between
the two types of stimulation, as assessed in a preliminary
study run outside the scanner.

Experiment 2. A block-size design was used for this sec-
ond experiment, including AP by NS stimulation overlaid
to performance of a visuo-spatial attention task (Fig. 2B).
NS stimulation was delivered in blocks of 60 s, alternating
efficacious (�60 mm Hg) and nonefficacious (�10 mm Hg)
conditions, as monitored by continuous ECG recording. As
mentioned earlier, to avoid the risk of accommodation for
the mechanoreceptors in the carotid sinus, each NS block
included 8-s duration pulses (n ¼ 5) of negative pressure
(�60 mm Hg for efficacious and �10 mm Hg for noneffi-
cacious stimulations), separated from each other by 4-s
intervals of release to atmospheric pressure. The visuo-
spatial attention task was administered in blocks with a
duration of 30 s each. In one half of them, subjects were
required to respond by key-press when presented with
items showing a symmetrical bisection of a colored hori-
zontal line by a shorter vertical line and not to press in
case of nonsymmetrical bisection (active condition). In the
other half, subjects were required to respond by key-press
to items presented in yellow and not to respond to items
presented in other colors (control condition). After a 2-s
presentation of written instructions (i.e., ‘‘press if centre’’
or ‘‘press if yellow,’’ according to the condition), each 30-s
block included 14 stimuli with an intertrial interval of 2 s.
The total number of trials was 896, with 224 repetitions for
each of four trial-types. The total duration of the fMRI
experiment was 16 min.

In both conditions (active and control), the length and
position of the horizontal line varied from trial to trial,
preventing subjects from using some frame of reference
other than the line (e.g., the borders of the screen or retinal
position) to perform the task. Active and control blocks
were pseudo-randomly administered in order to obtain
half of them under efficacious and half under noneffica-
cious NS stimulation. In summary, experiment 2 had a 2
� 2 factorial design including the following experimental
conditions: (1) active task under efficacious NS stimula-
tion; (2) active task under nonefficacious NS stimulation;
(3) control task under efficacious NS stimulation; (4) con-
trol task under nonefficacious NS stimulation.

fMRI Acquisition and Analysis

All imaging was obtained using a head-only 3.0T MR
scanner (Siemens Magnetom Allegra, Siemens Medical
Solutions, Erlangen, Germany), equipped with a circularly
polarized transmit-receive coil. The maximum gradient
strength is 40 mT m�1, with a maximum slew rate of
400 mT m�1 ms�1. Functional images were collected by
echo-planar T2* sequence using blood oxygenation level-
dependent (BOLD) contrast. In both experiments 1 and
2 (see below), each acquired volume consisted of 32 axial
slices with a 3-mm thickness and a 1.5-mm distance factor
in order to cover the entire brain, with an effective repeti-
tion time of 2.08 s. Administration of NS stimuli (in
both experiments) and visuo-spatial attention task timing
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(in experiment 2) was synchronized with fMRI data acqui-
sition. The ratio of interscan to interstimulus interval
ensured that slices were sampled at different phases rela-
tive to stimulus onset. In both experiments, the first four
volumes were discharged to allow for T1 equilibration
effects. Data were processed using MATLAB 7.0 (Math-
Work, Natick, MA) and SPM5 (Statistical Parametrical

Mapping, http://www.fil.ion.ucl.ac.uk). In both experi-
ments 1 and 2, the preprocessing included the following
steps: (1) realignment of acquired EPI images to the first
collected image using the ‘‘Realign’’ routine in SPM5;
(2) normalization of the EPI images to a standard echo-
planar image template; (3) smoothing of images with a
Gaussian kernel of 8-mm full-width half maximum; (4)

Figure 2.

fMRI paradigms. Schematic representation of the fMRI paradigms

used to investigate the effect of autonomic perturbation on the

brain in subjects at rest (experiment 1; panel A), and when

engaged in performing a visuo-spatial attention task (experiment

2; panel B). In experiment 1, subjects were required to lie still

in the scanner, without thinking of anything in particular. Fifty

efficacious (�60 mm Hg) and 30 nonefficacious (�10 mm Hg)

neck suction (NS) pulses with a duration of 8 s each were ran-

domly administered over 16 min of continuous fMRI data acqui-

sition. Each NS pulse was followed by a random interpulse

interval at atmospheric pressure ranging from 3.0 to 5.2 s. In

experiment 2 (total fMRI acquisition ¼ 16 min), the visuo-spatial

attention task included 32 blocks, with a duration of 30 s each,

half of them requiring the active task (A ¼ active), and half of

them requiring a control condition (C ¼ control). Each block

started with instructions (duration ¼ 3.2 s, followed by 0.8 s of

black screen) and included the presentation of 14 stimuli (dura-

tion ¼ 0.3 s each) separated from each other by intervals of

black screen (duration ¼ 1.7 s each). The effective intertrial

interval was 2 s. The total number of trials was 896, with 224

repetitions for each of four trial-types (active task under effica-

cious NS stimulation, active task under nonefficacious NS stimu-

lation, control task under efficacious NS stimulation, and control

task under nonefficacious NS stimulation). During the active

condition, subjects were requested to press (as soon as possi-

ble) a button with the right index for items presenting with a

symmetrical bisection of a colored horizontal line by a shorter

vertical line and not to press in case of asymmetrical bisection.

In the control condition, subjects were requested to press

(as soon as possible) the same button when the items were pre-

sented in yellow and not to press in any other case. During task

performance, NS was delivered in 60 s duration blocks, alternat-

ing half of them with a pressure of �60 mm Hg (efficacious

stimulation), and the other half with a pressure of �10 mm Hg

(nonefficacious stimulation). The active and control 30 s

duration blocks were pseudo-randomly administered in order to

obtain half of them under efficacious and half under noneffica-

cious NS stimulation. Each block of NS consisted of 8 s duration

pulses (either �60 or �10 mm Hg) interleaved with 4-s dura-

tion intervals of suction release (cuffs at atmospheric pressure)

to avoid the risk of accommodation for the mechanoreceptors.

This allowed us to obtain a continuous stimulation of the

mechanoreceptors over the entire block of efficacious NS stim-

ulation. See text for further details.
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global scaling of data and high-pass filtering to 1/128 Hz
to remove low-frequency noise.

In the single subject analysis of experiment 1, both effi-
cacious and nonefficacious NS stimuli were modeled using
the onsets of the NS pulses and convolved with the SPM5
hemodynamic response function (HRF). Realignment
parameters were entered as covariates of no interest. At
group level analysis, the two conditions (efficacious and
nonefficacious NS stimuli) were compared using a paired
t-test. Statistical threshold was set to P-FWE-corrected
<0.05 at cluster level (cluster size defined using an initial
voxel-level threshold P ¼ 0.005 uncorrected).

In experiment 2, single subject analysis considered each
of the 30-s block as onset. All of the four experimental
conditions, given by the combination of task (active/con-
trol) and NS stimulation (efficacious/nonefficacious), were
modeled and convolved with the SPM5 HRF. Again,
realignment parameters were entered as covariates of no
interest. At group level, the four conditions were modeled
using a 2 � 2 within-subject ANOVA design. We first
tested for the main effect of task (active minus control)
regardless of NS and then for the interactions between the
two factors. Statistical threshold was set to P-FWE-corr.
<0.05 at cluster level (cluster size defined using an initial
voxel-level threshold P < 0.005 unc.).

RESULTS

One subject was excluded from both analyses (experi-
ments 1 and 2) due to motion artifacts, while another one
only participated to the first experiment.

Experiment 1: AP Effect on the Brain at Rest

As shown in Table IA, analyses of the ECG recordings
during fMRI acquisition revealed a significant RR increase
for efficacious compared to nonefficacious NS stimuli.
When comparing the efficacious versus the nonefficacious
condition, fMRI analysis revealed a significant increase of
brain activation in the right insula, in the right superior
temporal gyrus and in the amygdala, in the putamen, in
the caudate nucleus, and in the parahippocampal gyrus of
the left hemisphere (Fig. 3). The inverse comparison, that
is, nonefficacious greater than efficacious NS stimulation,
did not reveal any significant change of brain activation.

Experiment 2: AP Effect on the Brain Engaged

in a Visuo-Spatial Attention Task

As shown in Table IB, analyses of the ECG recordings
revealed the expected increase in RR during efficacious
when compared with nonefficacious NS stimulation, with-
out any further modulation driven by task condition.
Thus, in experiment 2, any BOLD activation associated
with the interaction between task and AP cannot be
explained by AP-induced changes of heart rate.

As shown in Table II, the analyses of the behavioral
task performance revealed that experimental blocks under
efficacious compared to those under nonefficacious NS
stimulation induced longer reaction times (RTs), irrespec-
tive of trial type (active, i.e., visuo-spatial attention task,
or control, i.e., color discrimination). Conversely, the over-
all task accuracy was not significantly affected by NS
stimulation.

fMRI analysis revealed that the visuo-spatial attention
task activated the expected fronto-parietal network [Cor-
betta et al., 1998; Fink et al., 2001; Vannini et al., 2007] in
both conditions, efficacious and nonefficacious AP (Fig. 4,
yellow areas). Consistently, with a previous fMRI study
using a paradigm similar to that used here [Fink et al.,
2001], the activated network included prefrontal regions
(Brodmann areas; BA 8,10), the anterior cingulate cortex
(BA 32), the posterior parietal cortex (BA7), the angular
gyrus (BA 40), visual areas (BA17,18,19) and the fusiform
gyrus (BA 37), the thalamus, the insula, and the cerebel-
lum. As expected, there was an interhemispheric asymme-
try, with greater activation in the right hemisphere
[Corbetta et al., 1998; Fink et al., 2001; Vannini et al., 2007].
Most importantly, some of these regions showed a signifi-
cant task-by-NS-stimulation interaction (Fig. 4, red areas).
Significant increases of activation for the active condition
during efficacious NS were found in the right posterior
parietal cortex (BA 7) and in the occipital cortex (BA 17,18)

TABLE I. Peripheral recordings of ANS perturbation

Efficacious NS
stimulation

Nonefficacious
NS stimulation P value*

(A) Brain at rest
Mean delta RR (SD)
across miniblocks

49 (60) ms 16 (20) ms 0.001

(B) Brain engaged in a
visuo-spatial
attention task
Mean delta RR (SD)
across blocks

53(69) ms 11(28) ms 0.003

*Student’s T-test for paired data; ANS, autonomic nervous system;
NS, neck suction.
Assessment of RR interval changes (cardiac response due to NS
stimuli averaged over the population) to efficacious (NS ¼ �60 mm
Hg) and nonefficacious (NS ¼ �10 mm Hg) stimulation. A: Experi-
ment 1 (brain at rest): NS stimuli consisted of 80 miniblocks with an
8-s duration each (50 of them efficacious and 30 of them noneffica-
cious), randomly administered in 16 min of fMRI acquisition. B:

Experiment 2 (brain engaged in a visuo-spatial attention task): NS
stimuli were continuously delivered in blocks of 60-s duration,
alternating efficacious (NS ¼ �60 mm Hg) and nonefficacious
(NS ¼ �10 mm Hg) stimulation. As shown in Figure 2B, to avoid
the risk of accommodation for the mechanoreceptors, each 60-s
block consisted of 8-s pulses of NS separated by 1-s intervals of
release to atmospheric pressure. In both experiments, ECG monitor-
ing revealed a significant increase of RR for efficacious, but not for
nonefficacious NS stimulation. See text for further details.
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and in the fusiform gyrus (BA 37) bilaterally. All these
areas of positive modulation of activation by efficacious
NS stimulation are part of the main effect of task. Addi-
tionally other areas that are not included in the main effect
of task were also activated. These include the parahippo-
campal gyri, the brainstem (pons and mesencephalon),
and the periaqueductal gray. The opposite interaction (i.e.,
reduction of visuo-spatial related activity during effica-
cious NS) did not reveal any significant modulation of
brain activation.

DISCUSSION

In this study, we stimulated the baroreceptors in the
carotid sinus to increase the afferent parasympathetic activ-
ity synchronously with fMRI acquisition to investigate the
effects of AP on brain activity. In both experiments, at rest
and during cognitive task, efficacious and nonefficacious
NS stimuli were administered and controlled by continuous

Figure 3.

Brain activation due to autonomic perturbation at rest. Brain acti-

vation for the comparison of efficacious greater than noneffica-

cious neck suction (NS) stimulation. Significant activations were

observed in the amygdala, in the hippocampus, in the putamen, in

the caudate nucleus, in the insula, and in the superior temporal

gyrus. The inverse contrast (nonefficacious greater than efficacious

NS stimulation) did not reveal any significant activation. Statistical

threshold set to p-FWE-corr. <0.05 at cluster level. See text for

further details. The xyz coordinates refer to MNI standard space.

The xyz coordinates refer to MNI standard space. Abbreviations:

amy, amygdala; hipp, hippocampus; put, putamen; cau, caudate nu-

cleus; ins, insula; STG, superior temporal gyrus; R, right; L, left.

TABLE II. Behavioral performance during visuo-spatial

attention task

Efficacious
NS stimulation

Nonefficacious
NS stimulation *P value

Mean (SD) percentage of correct responsesa

Active task 93.1 (5.0) 92.4 (6.8) n.s.
Control task 99.7 (0.6) 99.0 (2.5) n.s.

Mean (SD) RTs (ms)b

Active task 600.5 (33.2) 524.9 (121.2) 0.01
Control task 455 (30) 399 (63.8) 0.01

*Student’s t-test for paired samples. NS, neck suction; RTs, reac-
tion times.
aNo significant difference in task performance was observed by
comparing blocks under efficacious (�60 mm Hg) and noneffica-
cious (�10 mm Hg) neck suction (NS) stimulation regardless of
the type of task (active or control).
bRTs were significantly longer during efficacious as compared to
nonefficacious NS simulation in both conditions, active and control
task.
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ECG recording. As expected, peripheral effects on the car-
diac rate (i.e., RR increase) were detected during efficacious,
but not during nonefficacious stimulation.

At rest, an increased activation was observed, during
AP, in brain structures such as the insula and the amyg-
dala, which are known to be involved in ANS regulation
[Critchley, 2009; Kimmerly et al., 2005]. These brain struc-
tures have been consistently associated to interceptive sen-
sitivity [Gray et al., 2007], with the insula being
particularly implicated in representations of cardiac physi-
ology. The activation in the insula showed a right-hemi-
sphere asymmetry, although the NS stimulation was
administered bilaterally. Despite a brain mapping of areas
involved in autonomic regulation is still largely unknown,
such an asymmetry is consistent with the clinical observa-
tion of an increased risk for developing complex arrhyth-
mias in stroke patients with a selective damage of the

right insula [Colivicchi et al., 2004]. In this view, we might
speculate that the lateralization effect found in our first
experiment could reflect the prominent control of the right
hemisphere on the vagal functions. The insula and amyg-
dala are also known to be implicated in emotion process-
ing [Gray et al., 2009], including disgust (regarded as
‘‘visceral emotion’’) [Phillips et al., 1997, 1998; Sprengel-
meyer et al., 1998], fear, and anger [Davidson and Irwin,
1999; Dolan, 2002].

Although an exhaustive explanation for the increase of
activation in the right superior temporal gyrus remains
difficult, this structure has been claimed to play a crucial
role in emotional processing and social cognition [Allison
et al., 2000; Gallagher and Frith, 2003]. However, further
studies are needed to address the specific role of this brain
area in the relationship between CNS and ANS. Neverthe-
less, taken altogether, our finding of a direct modulation

Figure 4.

Changes in brain activation in the brain engaged in a visuo-spatial

attention task. Here, we show the main effect of task (yellow

color) and the effect of task by neck suction (NS) stimulation inter-

action (red color). The main effect of task revealed the expected

pattern of brain activation (right more than left side), including pre-

frontal, parietal and occipital cortex, the thalamus, and the cerebel-

lum. The task by NS stimulation interaction revealed a positive

modulation of activation in regions included in the main effect of

task (posterior parietal cortex and occipital associative cortex) but

also in other areas, such as the medial temporal pole bilaterally, the

brainstem and the periaquiductal gray. Plots of signal changes

across experimental conditions are shown for the cluster including

the right posterior parietal cortex (plot 1) and for the cluster

including the brainstem and periaquiductal gray (plot 2). Statistical

threshold set to p-FWE-corr.< 0.05 at cluster level. The xyz coor-

dinates refer to MNI standard space. See text for further details.

Abbreviations: R, right; L, left; A¼ active task; C¼ control task.
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of activation in these brain structures provides, for the first
time, evidence for a strict relationship between autonomic
perception and the consequent mental processes for behav-
ioral responses. Additionally, during NS stimulation, we
also observed increased activation in other areas, such as
the putamen, the caudate nucleus, and the parahippocam-
pal gyrus, which are known to be involved in cognitive
functions [Eichenbaumand and Lipton, 2008; Grahn et al.,
2009]. These results suggest a possible integration between
autonomic regulation and cognitive processing, concomi-
tantly with ANS inputs. In a more general perspective, the
combination of autonomic, emotional, and cognitive
aspects might represent the neurobiological substrate for
the processing of ‘‘complex emotions’’ typical of humans,
as it was recently suggested by Basile et al. [2011].

In the second experiment, we explored whether ANS
perturbation can selectively affect the brain activity during
engagement of high-level cognitive functions. For this pur-
pose, we repeated the ANS perturbation (efficacious vs.
nonefficacious NS stimulation) while subjects were
engaged in a visuo-spatial attention task. Attention is a
higher level function that is likely to be immediately
modulated by ANS perturbation. The ANS regulates the
‘‘fight and flight’’ responses as well as our bodily proc-
esses during ordinary situations, for which different levels
of alert and attention are required. The analysis of behav-
ioral data revealed that AP did not affect task performance
(neither in the active nor in the control task), with subjects
maintaining the same level of correct responses during
both, efficacious and nonefficacious stimulation. By con-
trast, the analysis of behavioral data revealed a significant
increase of RTs during efficacious NS stimulation in both,
the active (i.e., visuo-spatial attention) and the control task
(i.e., color discrimination). This indicates that the AP
applied here can affect cognitive efficiency independently
from the cognitive demand, which was higher in the active
when compared with the control task. Consistent with the
high level of performance reported by all subjects, fMRI
analysis revealed the expected main effect of task, which
induced activation of the fronto-parietal attention network
[Corbetta et al., 1998; Fink et al., 2001; Vannini et al., 2007].
Remarkably, NS stimulation induced an additional posi-
tive modulation of activation in specific areas, including
the right parietal cortex, the occipital cortex, the medial
temporal poles, the brainstem, and the periaquiductal
gray. Taken together with the increase of RTs, these find-
ings suggest that a greater activation in these regions
might stand for a compensatory mechanism engaged to
contrast the reduced efficiency caused by parasympathetic
AP. These brain areas, positively responding to the
task-by-NS-stimulation interaction, might contribute to
compensate for the stronger effort required to correctly
accomplish the visuo-spatial attention task under parasym-
pathetic stimulation. Some of these areas, such as the asso-
ciative visual and the parietal cortices, are well known to
be part of the visuo-spatial attention network [Fink et al.,
2001]. In particular, the right posterior parietal cortex

(BA7) is considered as a crucial area for spatial-attention
functions [Corbetta et al., 1998]. On the other hand, posi-
tive task-by-NS-stimulation interaction was also observed
in brain structures that are not part of the visuo-spatial
attention network, such as the anterior temporal poles (BA
38), the brainstem, and the periaquiductal gray. The
medial temporal pole is a complex structure that receives
projections from several brain structures [Olson et al.,
2007]. Beyond its several cognitive functions, the temporal
pole has also been reported to produce changes in heart
rate, respiration, and blood pressure [Gloor et al., 1982].
Moreover, the medial temporal pole is connected to the
insula, which is believed to play a relevant role in aware-
ness of internal physiological state [Critchley, 2004]. We
may therefore speculate that the bilateral modulation of
activity found in the temporal pole might reflect a relevant
role of this structure in the integration/control of internal
autonomic inputs and cognitive functioning. A positive
task-by-NS-stimulation interaction was also found in the
brainstem and in the periaquiductal gray. In a recent fMRI
study, Gianaros et al. [2011] suggested (within a more
complex network) a critical role of these structures (brain-
stem and periaquiductal gray) for the central autonomic
and cardiovascular control in subjects when performing a
multisource interference task. Experiment 2 of this study
was based on the performance of a cognitive task under
direct manipulation of the baroreflex. Our finding further
support the hypothesis that nuclei in the pons and peria-
quiductal gray, together with the amygdala and the insula,
represent important levels for the central control of the
ANS and, presumably, for the continuous interfacing
between autonomic regulation, and cognition and emotion
processing.

In conclusion, this study proposes a novel approach to
investigate the effect of a direct stimulation of the ANS on
the brain functioning in vivo. This approach seems to be
promising for future neurophysiological investigations as
well as for potential clinical applications.
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