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Abstract

Introduction—The role of the anterior cingulate cortex (ACC) is still controversial. The ACC
has been implicated in such diverse functions as cognition, arousal and emotion in addition to
motor and autonomic control. Therefore the ACC is the ideal candidate to orchestrate
cardiovascular performance in anticipation of perceived skeletal activity. The aim of this
experiment was to investigate whether the ACC forms part of the neural network of central
command whereby cardiovascular performance is governed by a top-down mechanism.

Methods & Results—Direct local field potential (LFP) recordings were made using
intraparenchymal electrodes in six human ACC’s to measure changes in neuronal activity during
performance of a motor task in which anticipation of exercise was uncoupled from skeletal activity
itself. Parallel cardiovascular arousal was indexed by electrocardiographic changes in heart rate.
During anticipation of exercise, ACC LFP power within the 25-60Hz frequency band increased
significantly by 21% compared to rest (from 62.7uV2/Hz (+/-SE 4.94) to 76.00V2/Hz (+/-SE
7.24); p=0.004). This 25-60Hz activity increase correlated with a simultaneous heart rate increase
during anticipation (Pearson’s r=0.417, p=0.016).

Conclusions/Significance—We provide the first invasive electrophysiological evidence to
support the role of the ACC in both motor preparation and the top-down control of cardiovascular
function in exercise. This further implicates the ACC in the body’s response to the outside world
and its possible involvement in such extreme responses as emotional syncope and
hyperventilation. In addition we describe the frequency at which the neuronal ACC populations
perform these tasks in the human.
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Introduction

The dorsal anterior cingulate cortex located in the medial prefrontal cortex has been
associated with a broad range of functions collectively referred to as ‘cognitive control” (1).
However, clinically, dorsal anterior cingulate stimulation and cingulotomy is associated with
pain control arguing that this region of the cingulate cortex is involved in enteroceptive
function (2). Anatomically this region is densely interconnected to motor cortex, spinal cord
prefrontal cortex, thalamus and brain stem, suggesting this area may act as a nexus of
enteroceptive input and motor action. Evidence from human sources further argues that in
addition to cognitive functions, this part of the ACC more specifically is involved in
autonomic function, namely the ‘central command’ of autonomic function (3).

The term ‘central command’ first coined in 1913 by Krogh & Lindhard (4) refers to the ‘top
down’ mechanism by which higher brain areas influence cardiorespiratory variables
particularly during exercise and is thought to be the mechanism that mediates other
phenomena such as white coat hypertension and emotional syncope. Central command is
proposed to be a feed forward mechanism involving parallel activation of motor and
cardiovascular centres (5). Together with peripheral receptors such as baroceptors,
nociceptors, and chemoceptors, central command represents one of the chief short term
mechchanisms by which cardiovascular performance is influenced, particularly when
exercise is anticipated (6). The ability to plan and execute the necessary alteration in
cardiorespiratory function to facilitate sufficient local tissue perfusion, oxygen intake and
carbon dioxide venting in proportion to the anticipated task to be undertaken is crucial to
create and maintain optimal conditions for exercise.

The cardiovascular component of central command has been shown to be functionally-
independent of the motor task itself, supporting the conjecture that central command is a
feed forward mechanism not primarily driven by sensory input; hypnotised subjects
imagining the performance of exercise of different magnitudes produced changes in
cardiovascular variables such as heart rate and blood pressure correlating to the degree of
imagined exercise, for example increasing whilst ‘cycling’ uphill and decreasing downhill

().

Interrogation of the neurocircuitry of central command in the human has been limited, until
recently, to non-invasive neuro-imaging studies demonstrating changes in metabolic or
vascular activity in areas of the brain proposed to be involved in central command, rather
than directly evaluating neuronal activity electrophysiologically. The insula, ACC, other
medial prefrontal areas and the thalamus have been implicated by functional magnetic
resonance imaging (fMRI) and positron emission tomography (PET) studies (8-12). The
first invasive neurophysiological evidence supporting specific brain areas involved in central
command implicated two sites within its subcortical network: the subthalamic nucleus
(STN) of the diencephalon and the periaqueductal grey (PAG) of the midbrain. Recordings
from deep brain electrodes within the STN and PAG demonstrated changes in local field
potential power during exercise anticipation and exercise performance in awake humans in
parallel with increasing cardiorespiratory variables (13). In contrast, there was no such
change in the activity of the globus pallidus internus, used as a control in that study.
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We used the unique opportunity offered by DBS surgery to explore the electrophysiology of
the dorsal ACC in an exercise task where exercise was first anticipated after a rest period
then actually performed. We used a bipolar recording technique to study the ACC directly
without contamination of signal from volume conduction effects, in essence recording a
‘microEEG’ from the dACC which is spatially precise (14). We studied the (d)ACC because
this is a good candidate region to be involved in central command of autonomic variables
because of fMRI evidence alluded to above, and a pre-requisite property of the brain areas
within the central command network is the ability to influence the autonomic nervous
system; the ACC satisfies this as several lines of evidence has implicated it as part of a
network of structures involved in autonomic control. Firstly, pyramidal neurons of the ACC
project directly and indirectly to subcortical sites that confer autonomic control such as the
hypothalamus (15) and PAG (16). Secondly, increased signal in the ACC on functional
neuro-imaging is seen during activities known to stimulate the autonomic nervous system
such as exercise and mental stressor tasks producing increased heart rate and arterial blood
pressure (3, 9, 17, 18) Thirdly, changes in autonomic variables such as heart rate and blood
pressure have been demonstrated during ACC electrical stimulation in animal studies (19—
22) and humans (23, 24). Fourthly, cingulate lesion studies in humans have demonstrated
deranged autonomic, particularly sympathetic, drive (17, 25).

Methods & Materials

Patients with dorsal ACC deep brain stimulators in situ for chronic pain syndromes
participated. The study was approved by the local research ethics committee (Oxfordshire
REC C: 05/Q1605/47) and conformed to the Declaration of Helsinki. Informed written
consent was obtained from all patients.

Surgical Procedure

A Cosman-Roberts-Wells base ring was applied to the patient’s head under local
anaesthesia. A stereotactic computed tomography (CT) scan was performed and fused with
pre-operative magnetic resonance brain imaging using the Radionics Image Fusion® and
Stereoplan® software (Integra Radionics, Burlington, MA, USA). The coordinates for the
target in ACC were calculated as follows. The anteroposterior (x) coordinate was selected at
2cm posterior to the tip of the frontal horn of the ipsilateral lateral ventricle In the lateral
direction (y coordinate), the electrode was targeted at the interface between grey and white
matter and the tip of the electrode was just touching the corpus callosum, so that all four
contacts straddled the dorsal ACC. This area corresponds to Brodmann’s areas 24a’/b’ and
24c’ of the dorsal portion of the ACC. After a frontal skin incision, a 2.7mm twist-drill
craniostomy was performed. A Radionics™ electrode of 1.8 mm diameter and 2.0 mm
exposed tip was slowly passed transcortically to the target. The Radionics™ electrode was
withdrawn and the Medtronic 3387® electrode (Medtronic Inc., MN, USA) with 4 contacts
along a distance of 10.6mm was implanted. Once clinical efficacy, i.e. pain relief, had been
established, the electrode was fixed to the skull using a titanium bioplate™ and externalised
for clinical evaluation during the subsequent week. The wounds were then sutured.
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Experimental Measurements

Protocol

Heart rate (beats per minute (bpm)) was derived from a 3-lead electrocardiogram using
disposable adhesive Ag/AgCl electrodes (H207PT, Kendall-LTP, MA, USA) and amplified
1000x (CED 1902, Cambridge Electronic Design, Cambridge, UK). Systolic/diastolic blood
pressure (sBP/dBP) was recorded continuously, non-invasively by a Portapres (Finapres
Medical Systems, Amsterdam, Netherlands) portable blood pressure monitor. The finger
pressure and electrocardiogram were digitised at 4kHz with 16-bit resolution (CED 1401
Mark Il, Cambridge Electronic Design, Cambridge, UK) using Spike Il software (version
5.0, Cambridge Electronic Design). Local field potentials (LFPs) were simultaneously
recorded with bipolar configuration from the adjacent four circumferential 1.5mm contacts
of each deep brain macroelectrode. Signals were filtered at 0.5-500Hz and amplified
(10000x) using isolated CED 1902 amplifiers and digitised using CED 1401 Mark Il at a
rate of 2.5kHz (Cambridge Electronic Design). LFPs were displayed online and saved onto
hard disk using Spike Il and subsequently analysed off-line.

The experimental protocol was performed 2-5 days after the first surgical procedure whilst
the electrodes were externalised. Patients sat in an upright position at rest for 3 minutes. The
chair had two arm rests and in this way the right arm was supported during rest and
anticipation and the left arm with the Portapres cuff was supported with the pressure
transducer and finger cuff at heart level. In addition, a height correction unit was used to
optimise accuracy. Patients were given a ten-second countdown before beginning right upper
limb bicep flexesagainst a 2kg weight attached to the wrist at a rate of 30-60 per minute for
2 minutes. This was followed by a further three minutes of rest and the protocol repeated.
Each patient performed the trial protocol 6 times. LFPs were compared during the last ten
seconds of rest, the ten seconds of countdown to exercise (anticipation) and the first ten
seconds of exercise in each trial. The power spectra from each of the three electrode
channels were averaged for each trial.

Data Analysis

Transformation to identify the fundamental spectral frequencies of each of the 10-second
epochs for Rest, Anticipation and Exercise was performed from the time domain into the
frequency domain by applying a fast Fourier Transform (FFT) algorithm offline using a
digital spectrum analyser (Matlab, version 6.5 MathWorks Inc., Natick, MA, USA). Signals
were re-sampled at a rate of 1000Hz. A 50Hz notch filter was applied to avoid the inclusion
of mains artefact. A bandpass filter of 4Hz to 90Hz was also applied. A 4A Hann window of
2s in width was selected so that the signal could be carefully examined. The area under each
power spectrum for each condition was calculated for the following frequency bands: 4-8Hz
(8), 8-12Hz (a.), 12-25Hz (B), 25-60Hz (low y) and 60-90Hz (high y) (26, 27).

The R-peaks of ECG signals were automatically detected by using the Pan-Tompkins
algorithm (28). Incorrectly identified peaks were corrected, based on visual inspection. Heart
rate variability (HRV) can be evaluated by many measures. Here a time-domain
measurement, standard deviation of the NN interval (SDNN), was used. Due to the short
time period of Anticipation condition, HRV analysis was only performed in Rest and
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Exercise conditions using 2-min data. The relationship between autonomic measures (heart
rate, SDNN) and LFPs (power spectra in frequency bands) across the conditions was
quantified by linear correlation analysis. The correlation between changes in autonomic
measures and changes in power spectra of LFPs during conditions was also calculated.

Statistical Analysis

Statistical analyses were performed using SPSS version 16 (SPSS Inc.). Student’s paired
samples t-tests were used to compare the states of Rest to Anticipation, Rest to Exercise and
Anticipation to Exercise. Statistical significance within the LFP analysis was set at p<0.01
after adjustment was made for multiple comparisons between the five frequency bands.
Heart rate was used as the chief index of cardiovascular activity. The relationship between
LFP power spectral density change and heart rate change between Rest and Anticipation was
investigated using a two-tailed Pearson’s correlation with a confidence level of 95%.

Electrode Mapping

Results

Coordinates of each electrode from post-operative head computerized tomograms (CT) were
transformed onto the Montreal Neurological Institute (MNI) standard and structural brain
template of 152 averaged brains using the fMRIB Software Library (FSL) (29, 30).

Recordings were made from six dorsal ACCs, left and right, in four patients (Figure 1).
Three patients were male, one was female and mean age was 55.75 years (SD +13.5, range
42-74). Two patients suffered pain syndromes after post-stroke pain, one after cervical
myelopathy and a brachial plexus injury and the other after trauma to the conus medullaris.
Two patients had bilateral stimulators and two had unilateral left-sided electrodes. Local
field potentials were recorded from 4 left-sided and 2 right-sided electrodes with 4
monopolar channels yielding 18 bipolar channels during 34 trials (one trial was rejected due
to movement artefact in a patient with bilateral electrodes).

Cardiovascular Parameters

Cardiovascular variables across all four patients increased step-wise from Rest to
Anticipation and Exercise. Changes in heart rate between each state are shown in Figure 2.
Heart rate data was normally distributed and paired-samples t-tests were applied whereas
blood pressure data was not normally distributed and therefore the Wilcoxon signed rank test
was applied. Comparing Rest to Anticipation, mean HR increased from 67.1 bpm (range
62-76) to 69.8 bpm (range 65-80), t=-12.6, df=5, p<0.0005; mean sBP increased from
120.6mmHg (range 80-158) to 123.5mmHg (range 86-160), Z=-2.003, p=0.045; and mean
dBP increased from 89.5mmHg (range 55-137) to 91.6mmHg (range 59-138), Z=-2.003,
p=0.045. Comparing Rest to Exercise, mean HR increased from 67.1bpm (range 65-80) to
72.8bpm (range 66-86), t=-7.6, df=5, p=0.001; mean sBP increased from 120.6mmHg
(range 80-158) to 125.7mmHg (range 84-166), Z=-2.214, p=0.027; and mean dBP increased
from 89.5mmHg (range 55-137) to 93.9mmHg (range 59-143), Z=-2.214, p=0.027.
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Neurophysiological Variables

LFP power spectral densities (PSD) during Rest versus Anticipation are shown in Table 1
and Figures 3 & 5. The significant change occurred in the 25-60Hz band: mean PSD
increased by 21% from 62.66uV2/Hz (+/-SE 4.94) at Rest to 76.0uV2/Hz (+/-SE 7.24)
during Anticipation which was statistically significant (t=-3.145, df=33, p=0.004). There
was a 7% mean PSD fall in the 8-12Hz band from 146.21uV2/Hz (+/-SE 6.17) at Rest to
136.41uV2/Hz (+/-SE 6.87) during Anticipation. However, this did not reach statistical
significance (t=2.029, df=33, p=0.051).

LFP PSDs during Rest versus Exercise are shown in Table 2 and Figures 4 & 5. The
significant change occurred in the 8-12Hz band: mean PSD decreased by 10% from
146.21uV2/Hz (+/-SE 6.17) at Rest to 132.20u\VV2/Hz (+/-SE 6.24) during Exercise which
was statistically significant (t=2.916, df=33, p=0.006). There was a 10% mean PSD increase
in the 25-60Hz band from 62.66uV2/Hz (+/-SE 4.94) at Rest to 68.88uV2/Hz (+/-SE 6.52)
during Exercise. However this did not reach statistical significance (t=-1.962, df=33,
p=0.058). Comparing Anticipation to Exercise, the significant change occurred in the 4-8Hz
theta band, shown in Figure 5. Mean PSD increased by 7% from 188.59uV2/Hz (+/-SE
10.26) to 201.45uV2/Hz (+/-SE 10.90), t=-2.774, df=33, p=0.009.

Pearson’s correlation was applied to link the power changes in ACC LFPs with the heart rate
changes during conditions. There was no significant correlation between the power in 25-60
Hz or 8-12 Hz and heart rate in each condition (Figure 6A, B, D, E). However, there was a
significant positive correlation (Pearson’s r=0.417, p=0.016, n=33) between the power
change in 25-60 Hz and the change in HR during Anticipation relative to Rest (Figure 6C).
Furthermore, the relationship between the power changes in LFPs and the HRV, i.e. SDNN,
was analysed. There was no significant correlation between the power in 8-12 Hz and SDNN
or between the power change and the SDNN change during Exercise relative to Rest (Figure
7).

Discussion

In this study we invasively examined the electrophysiology of the human dorsal ACC whilst
simultaneously measuring heart rate with respect to a task to dissociate central command
from proprioceptive influences in order to investigate the role of the dorsal ACC in the
autonomic/enteroceptive nervous system in mediating the body’s response to its evaluation
of the outside world. In awake humans, we recorded dorsal ACC neural activity during
conditions in which participants rested and during conditions in which upcoming exercise
was anticipated. By comparing activity in these two periods prior to the commencement of
exercise we were able to examine the changes in neural activity associated with central
command that are separable from activity associated with cardiovascular and muscular
activity during exercise itself. It is significant that we recorded activity changes in the low
gamma (25-30 Hz) range in the anticipation phase as beta and gamma frequency activity is
associated with intrinsic ACC activity in rodent models of ACC activity albeit at a faster
frequency in rats (31). Changes in this spectral band correlated with changes in heart rate at
a phase in the task not associated with somatosensory input that would influence heart rate,
arguing that heart rate changes in this phase of the task were driven by top down central
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command. Our experimental design does not permit the unambiguous conclusion that the
dACC drives heart rate changes during the anticipation of exercise. We can postulate that
periods of increased dACC intrinsic activity are associated selectively with periods of
anticipatory tachycardia prior to exercise, but to unambiguously show a direct relationship
would require neural stimulation experimental designs. Given these caveats, our data is
unique as it provides awake human dACC recordings whilst subjects perform an
experimental task that dissociates central from peripheral influences on heart rate, thereby
providing evidence the dACC is active selectively during periods associated with central
command of cardiovascular activity. This serves the additional purpose of allowing
comparison with human fMRI data, which lacks the temporal resolution and power spectral
information of our technique, and allows cross species comparisons allowing experimental
data from for example non-human primates to be compared from other experimental designs
not feasible in humans. A major limitation of our study is that the mechanism by which the
dACC might influence heart rate during exercise anticipation is not discernible. ACC has
been found to be associated autonomic arousal (23), and baroceptor sensitivity suppression
(32) Whilst heart rate variability could be measured for rest and exercise periods, the
anticipatory period was too short (10 secs) to allow HRV to be calculated in this period.
Additionally we did not measure blood pressure in a manner that would allow calculation of
baroceptor sensitivity. We cannot say whether heart rate changes observed in anticipatory
periods were a result of alterations to the parasympathetic or sympathetic tone, baroceptor
sensitivity or indirect influences of the ACC on the pyramidal tract (33) or a combination of
these. There is nonetheless some evidence in humans that the ACC forms part of a central
neural network that drives sympathetic autonomic processing, both during anticipation and
experience of pain (34) suggesting ACC may be involved in the upregulation of sympathetic
tone in an anticipatory fashion. Anticipatory responses associated with ACC (inc subgenual
ACC) have been associated with sympathetic features (for example anxiety in anticipation of
pain, (35), reward anticipation (36), but anticipatory responses in general are not exclusively
associated with sympathetic activation (forewarned reaction time (37), threat (38)). The
evidence suggests ACC and autonomic nervous system have a demonstrable relationship
(18, 39-41). Our study found dorsal ACC activity that can be described as being anticipatory
for exercise. The ACC is known to participate in a diverse range of emotional, cognitive,
affective and motor pathways in addition to autonomic pathway. Using neuro-imaging, the
ACC has been indirectly implicated during the anticipatory phase of several cognitively-
demanding tasks. For example, Murtha et al. studied ten healthy human males undergoing
PET scanning after presentation of the task instructions during a 90 second anticipatory
period before the experimental stimuli were presented and then scanned again during the
task itself (42). The ACC CBF signal was increased during the anticipation phase compared
to baseline prior to any experimental stimulus or motor activity. Critchley et al.
demonstrated that the ACC generated cardiovascular arousal which was dissociated from
cognitive and motor activity (17). We have shown increased ACC neural activity at the time
of anticipation of exercise, coincident with escalation of cardiovascular activity, specifically
heart rate. Therefore we have linked ACC activation to the phase when cardiovascular
performance is augmenting in preparation for exercise. This suggests,in combination with
fMRI and anatomical studies, the dorsal ACC is not just involved in task preparation, but
forms part of the central command network. Significantly we found low gamma (25-30Hz)
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activity to be increased in the anticipatory phase. This frequency of neural activity has been
associated with “predictive coding theory’ such that cortical beta signals are associated with
top down predictive signals preceding action, gamma band activity conversely being
associated with prediction error signalling (43). Our low gamma activity (25-30Hz) is
germane to cortical beta activity reported in this paper (15-31Hz) suggesting dACC activity
reported here is anticipatory or feed forward rather than the result of peripheral feedback.
The task rule was known to the participant therefore anticipatory and predictive could be
argued to be synonymous in this context.

The ACC is known to be active in situations where the rapid activation of motor and
cardiorespiratory systems is crucial, specifically during ‘circa strike’, the reaction to an
imminent threat. This ecologically-important state results in active escape and avoidance
with activation of critical midbrain regions such as the dorsal PAG which facilitates the
“flight or fight” response, whilst forebrain circuits are simultaneously inhibited (44). Mobbs
et al. demonstrated increased dorsal ACC (dACC) and midbrain BOLD signal on fMRI in
humans during circa strike threat in the performance of a maze task incorporating a predator.
Conversely, when the threat was remote, the subgenual ACC, amygdala and hypothalamus
were active instead. Therefore it appears that the dACC is the cortical structure responsible
when activity must be performed imminently and is the direct cortical outflow to the
brainstem to facilitate this. This complements our results as, although there was no element
of threat in our protocol, there was the need to perform exercise imminently and during this
preparation period dACC activity increased in the 25-60Hz band. Further, increased skin
conductance level, a presumed autonomic sympathetic arousal state surrogate marker was
identified by Mobbs et al. during circa strike rather than simply the presence of a remote
threat which also parallels the autonomic augmentation of heart rate seen in our study during
anticipation of exercise. It makes biological sense that the brain centre which detects there is
a problem requiring imminent exercise based on cognitive and emotional information could
orchestrate the ensuing activity for the purposes of gain or self-preservation. As roles of the
ACC are recognised to include cognitive and affective regulation including conditional
emotional learning, pain perception, maternal behaviour and motor control it is therefore the
ideal candidate to coordinate the parallel modulation of the cardiovascular and motor
systems to facilitate this survival activity (42).

This study is also the first to directly record human ACC neural activity during exercise. We
found three different neural signatures within the ACC for the states of Rest, Anticipation
and Exercise. During anticipation, there was an increase in synchronised activity in the
25-60Hz band compared to rest, in contrast there was a reduction in synchrony within the
8-12Hz band which was not statistically-significant during anticipation but was significant
during exercise. Although during the anticipatory/preparatory period the dorsal ACC is
active, it is then subsequently less active in the 8-12Hz band during the particular upper limb
motor task used in our protocol. Activity in this frequency band may therefore be a marker
of awareness/attention/arousal. Electroencephalogram studies have shown cortical activity in
this band occurs during the transition between wakefulness and sleep (45-47). Further, an
observational study in humans attempting to characterise the neural signature of pain
implicated activity in this alpha band within the pain matrix, specifically in the sensory
thalamus and PAG (48). However, that study was not controlled for attention and a criticism
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of the finding was that the signal may have been a result of attention/arousal during pain.
The ACC is a recognised component of the pain neural circuitry (49). It would be congruous
that during the performance of a routine, repetitive motor task there was a decrease in
attention. Alternatively, the preparation and engagement in exercise may cause an electrical
uncoupling of the dorsal ACC from the pain matrix. In fact the act of exercise may be
distracting and the electrophysiological findings in this study may explain how distraction
reduces the perception of pain (50, 51). Future studies of pain neurophysiology and arousal
state are needed to further support these speculations.

An increase in theta oscillations in our study was evident when comparing the period of
Anticipation to Exercise. Electroencephalogaphy has identified neural activity in the theta
frequency band during attentional tasks recorded from frontal midline scalp electrodes
which have been attributed to the prefrontal and anterior cingulate cortices (43,44). From our
own work, we have identified an increase in theta activity in response to task error messages
in an intra- extra-dimensional set-shift task from a comparable area to electrophysiology
detailed here (Weiss, unpublished). Similarly, when Womelsdorf et al. recorded from area
24c of ACC, comparable to the location of our electrodes, in macaques performing a task
involving learning stimulus-response (SR) mapping rules, they found that theta-activity
predicted which of the two SR rules will be established in the period before visual target
information was presented (52). Thus it is apparent that different types of oscillatory activity
may be task dependent. It is also the case that oscillatory activity may vary according to sub-
regions of the ACC.

There was no significant PSD increase in the 25-60Hz band during exercise compared to
rest. Therefore it appears that the ACC activity peaked during the anticipation phase before
subsiding during the motor task itself. Laberge proposed that when a task was routine or had
become automatic with practice it required less attention and therefore less ACC cerebral
blood flowto perform (53). Notably, no increase in ACC activity was seen in tasks which
were routine, practiced or required attention to only a single factor (54, 55). The nature of
our motor task was a repetitive flexion/extension of the elbow against a constant weight and
was, therefore, not only highly repetitive and predictable, but also a very simple motor
algorithm. This may explain the lack of significant 25-60Hz ACC neural activity in our
study during exercise. Further studies should employ different motor tasks to test whether
the nature of the exercise has an effect on ACC neural activity.

We have recorded the activity of the human dorsal ACC from intraparenchymal electrodes
within an experimental paradigm whereby anticipation of exercise was uncoupled from
skeletal activity itself. This was a novel approach to the study of central command and the
ACC. During exercise anticipation, we demonstrated an increase in dorsal ACC activity
within the 25-60Hz band which also correlated with a simultaneous escalation in
cardiovascular performance prior to the onset of physical exertion. This is therefore the first
invasive electrophysiological evidence to support the role of the ACC in both motor
preparation and the top-down control of cardiovascular function in exercise and implicates
the ACC as the site linking cognition, arousal and emotion to cardiovascular drive.
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Figure 1.
Schematic of deep brain electrodes within the dorsal anterior cingulate cortex mapped onto a

midline sagittal Montreal Neurological Institute brain template. Electrodes are scaled to size
and electrode-neural interface contacts are shown in dark grey.

Auton Neurosci. Author manuscript; available in PMC 2020 January 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gillies et al. Page 14

75 4

Heart Rate
(Beats per Min) 70 -

60' T

Rest Anticipation Exercise

Figure 2.
Graph to show change in mean heart rate during Rest, Anticipation and Exercise (confidence
intervals represent standard error).
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Figure 3.
Local field potential power spectral density during Anticipation of exercise (pink lines)

versus Rest (black lines) from 102 electrode channel recordings: A) across all frequencies;
B) within the 25-60Hz band only, where increased synchronisation is seen during
Anticipation.
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Figure 4.

Local field potential power spectral density during Exercise (green lines) versus Rest (black
lines) from 102 electrode channel recordings: A) across all frequencies; B) within 6-14Hz
range only. A desynchronisation during Exercise is seen in the 8-12Hz band compared to
Rest.
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Figure 5.

Graph to show local field potential power spectral density changes between Rest,
Anticipation and Exercise divided into frequency bands (* p<0.01).
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Figure 6.

Sciltter plot to show the correlation: A) between heart rate and local field potential power in
25-60 Hz during Rest; B) between heart rate and local field potential power in 25-60 Hz
during Anticipation; C) between the changes in heart rate and changes in local field potential
power in 25-60 Hz during Anticipation relative to Rest (R=0.417, p=0.016); D) between
heart rate and local field potential power in 8-12 Hz during Rest; E) between heart rate and
local field potential power in 8-12 Hz during Exercise; F) between the changes in heart rate
and changes in local field potential power in 8-12 Hz during Exercise relative to Rest.
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Scatter plot to show the correlation: A) between SDNN and local field potential power in
8-12 Hz during Rest; B) between SDNN and local field potential power in 8-12 Hz during
Exercise; C) between the changes in SDNN and changes in local field potential power in
8-12 Hz during Exercise relative to Rest.
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Differences in power spectral density (PSD) within each frequency band during Rest and

Table 1
Anticipation.
Frequency Band (Hz) | Rest PSD (uVv4/Hz) | Anticipation PSD (uVZ/Hz)
p
Mean SE Mean SE
4-8 192.42 11.52 188.59 10.26 0.473
8-12 146.21 6.17 136.41 6.87 0.051
12-25 141.05 8.26 140.32 6.82 0.850
25-60 62.66 4.94 76.00 7.24 0.004*
60-90 6.31 0.71 7.11 0.81 0.051
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Differences in power spectral density within each frequency band during Rest and

Table 2
Exercise.
Frequency Band (Hz) | Rest PSD (UV?/Hz) | Exercise PSD (uV2/Hz)
p
Mean SE Mean SE
4-8 192.42 11.52 201.45 10.90 0.105
8-12 146.21 6.17 132.20 6.24 0.006*
12-25 141.05 8.26 131.35 7.55 0.019
25-60 62.66 4.94 68.88 6.52 0.058
60-90 6.31 0.71 6.88 0.86 0.276
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