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Key Points

• The successful adaptation to muscular exercise is marked by
an immediate increase in heart rate caused, largely, by a
rapid reduction in cardiovagal impact at the sinoatrial node.
However, the mechanisms mediating this rapid neural re-
sponse remain poorly understood.

• We have tested the hypothesis that a forebrain network modu-
lates autonomic function during exercise in humans. Using func-
tional neuroimaging methods with short-term handgrip exercise
models and isolatedmuscle sensorynerve stimulation,we exposed
neural activation patterns that correlate to heart rate patterns in
the absence of sympathetic activation at the exercise onset.

• Key regions in this network are marked by reduced activity in
the hippocampus, medial prefrontal cortex, dorsal insula cortex
alongwith elevated activity in the anterior insula cortex. These
patterns do not relate to muscle sensory representation. These
novel data support the hypothesis of a cortical network that en-
ables rapid cardiovascular adjustments at the exercise onset.

INTRODUCTION
Successful adaptation to muscular work requires cardiovascu-

lar adjustments that include elevated cardiac output and redi-
rection of blood flow to active tissues. These adjustments are
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caused by targeted changes in autonomic nervous system out-
flow to various organs. Inappropriate autonomic adjustments
to exercise can lead to inadequate hemodynamic responses,
the failure to match the metabolic demands of working skeletal
muscle with oxygen delivery, and impaired exercise tolerance.

A critical period of this adjustment phase is the first 10–30 swhen
heart rate (HR) increases rapidly, whereas sympathetic-mediated
changes in vascular contractile state are delayed (1,2). Figure 1
provides an illustration of sympathetic nerve activity and car-
diovascular adjustments to each of three 30-s bouts of isometric
handgrip exercise in a representative young, healthy individual.
The magnitude of the HR response during this onset period re-
lates directly to the exercise intensity (1,3) and can be miti-
gated severely by vagal blockade but not sympathetic cardiac
blockade (4,5). Therefore, this rapid HR response to exercise is
mediated by a rapid reduction in cardiovagal dominance. This
response also represents clinical interests. Specifically, the re-
sponse is blunted severely in aging individuals (1) and in those
with heart disease (6). As the cardiovascular adjustments during
this period exert critical influence on oxygen usage in the active
muscle (7), and slow oxygen uptake kinetics are associated with
poor exercise intolerance (8), understanding the regulation of
cardiac function at the exercise onset has important implications
not only for general knowledge of neural control of the circula-
tion but also of how this concept affects, or relates to, health
and disease. This article illustrates our efforts to understand the
cortical pathway(s) associated with this response.

Typically, changes in sympathetic-vagal balance early in ex-
ercise are thought to occur through brainstem neural pathways
that engage the nucleus tractus solitarius, dorsal motor nucleus/
nucleus ambiguous, caudal ventro-lateral medulla, and rostral
ventro-lateral medulla that are involved in the negative feed-
back baroreflex (9) set point (10). However, the brainstem re-
flex model does not explain fully many observations such as
the following: 1) the anticipatory rise in HR and respiration be-
fore the exercise onset, reported first by Krogh and Lindhard
(11), who speculated the concept of “irradiating” neural control,
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Figure 1. Time course of changes in heart rate (HR) and mean arterial pressure (MAP) during repeated 30-s bouts of handgrip exercise performed at 35% of
maximal voluntary contraction (MVC) strength in a representative individual. Notice the reproducible changes in HR and MAP with minimal changes in efferent
sympathetic nerve activity.
whereby region(s) of the cerebral cortex provided coordinated
parallel and concurrent adjustments in respiratory and auto-
nomic neural systems to support the volitional muscular activ-
ity; 2) the cardiovascular response during real, imagined, or
inhibited muscular function (12–14); and 3) clinical observa-
tions of cardiac arrhythmias and sudden cardiac death in epi-
lepsy, after stroke, or under severe emotional stress (see (15)
for review). These observations provide strong rationale for
studying the cerebral cortex as a modulator or determinant of
cardiovascular control. This concept is supported by experi-
mental data from decerebrate feline preparations (16) and a
growing base of data from nonhuman experimental animal
models performed in the last half of the 20th century (17–19)
that indicate the presence of a cortical, or central, autonomic
network (CAN) (20).
Although the specific regions within the CAN vary depend-

ing on the study model, each of the following have been impli-
cated in this network: insula cortex (IC), medial prefrontal
cortex (MPFC), amygdala, hippocampus (HC), anterior cingu-
late cortex (ACC), hypothalamic nuclei, periacqueductal gray,
and the better known brainstem nuclei (see (15,21,22) for
review). Based on these observations, we have tested the hy-
pothesis that the rapid HR response to volitional exercise is
supported by a forebrain neural network.
176 Exercise and Sport Sciences Reviews
CORTICAL AUTONOMIC NETWORK AND EXERCISE

Functional Forebrain Neurocircuitry Associated With
HR at the Exercise Onset

Our studies have used Blood Oxygenation Level-Dependent
(BOLD) functional magnetic resonance imaging methods to ob-
serve regional changes in cortical activation patterns that can be
correlated to a stimulus or a cardiovascular outcome such as HR.

Our first observations are provided in Figure 2 (3). This
model explored the cortical activation patterns to repeated bouts
of both 5% and 35% maximal voluntary contraction handgrip
exercise. The 5% handgrip strength trial provided a minimal
effort control to account for sensory and cognitive aspects of
performing the handgrip exercise. This figure highlights four
major sites of activation change that correlate with HR, namely,
the left motor cortex (MC) (increased activity in accordance with
right-handed exercise), the left IC, the ventral MPFC (vMPFC),
and posterior cingulate cortex (PCC) (not shown are the right
IC and thalamus). Two important observations can be made
from these findings. First, some regions of the brain increase
their state of activation, such as the MC and anterior IC. How-
ever, regions such as the MPFC and PCC are characterized by a
reduction in activation relative to the prestimulus baseline pe-
riod. Second, only the MPFC produced patterns of activation
www.acsm-essr.org
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Figure 2. Averaged time course of the heart rate (HR) (top panel) and cortical responses during repeated 30-s trials of 5% and 35% exercise. The imaging
panels show the averaged activity at the left motor cortex (M1), right insula (IC), ventral medial prefrontal cortex (vMPFC) and posterior cingulate cortex
(PCC). Activity within the vMPFC and PCC were reduced during the exercise. Differences between the 5% and 35% trials were observed in the HR response
and vMPFC activity but not PCC activity. The bars representing standard errors are only shown at the end of the exercise for clarity. The red-orange and
blue-white brain highlights represent the activation and deactivation clusters, respectively. (Reprinted from (3). Copyright © 2007 Elsevier. Usedwith permission.)
(reduced activation) that scaled with the intensity of exercise
and HR. Other regions that are observed frequently include re-
duced activity in the dorsal anterior cingulate (dACC), HC,
and dorsal bilateral IC (21), as well as increased activity in
the bilateral anterior IC. The reproducibility of these findings
is presented in Figure 3, which provides a meta-analysis of
124 distinct individuals across nine studies performed in our
laboratory (23). This figure provides a general overview of the
regions considered to be the humanCAN, at least in cardiovas-
cular control studies. Using the same meta-analysis approach,
we have illustrated the reproducibility of these regions and their
association with HR and HR variability across many laborato-
ries who studied cognitive, emotive, and physical stimuli (24).
Based on limited data, these reported changes occur similarly in
men and women, albeit to a smaller extent in women (3,25).
Volume 50 • Number 4 • October 2022
Therefore, there seems to be a group of cortical regions whose
generalized activation patterns correlate with HR fluctuations,
including the bilateral IC, MPFC, dACC, and HC. Other re-
gions related to cardiac function during specific tasks that include
emotive arousal (but not exercise per se) include the amygdala
and dorsolateral prefrontal cortex (21).

The regions identified as a CAN for exercise generally are
part of the “default mode network” (26). This default mode net-
work is characterized by its high level of activity during vegeta-
tive periods, with regions that oscillate in synchrony. This cor-
responds to the understanding that the vegetative state involves
high vagal outflow to the heart and low levels of sympathetic
outflow. In a sample (n = 29) of apparently healthy individuals
ranging in age from 18 to 80 years, we observed that the corre-
lations of HR with activity patterns in the MPFC, HC, and
Forebrain and Exercise Heart Rate 177



anterior IC during brief handgrips shared the same temporal
pattern and were, therefore, functionally connected (27).
These functional outcomes are supported by structural neuro-
imaging findings that indicate neural connections exist be-
tween the MPFC, HC, and PCC (28). Importantly, an analysis
of effective connectivity, which provides a metric of temporal
order to the patterns in the two regions, suggests that theMPFC
changes occur before the HC, suggesting the direction of infor-
mation in this context is from MPFC to HC. This observation
suggests a dominant role for the MPFC in cardiovascular con-
trol. This interpretation is consistent with available experimen-
tal research in rodents. For example, electrical stimulation of
the CA1 region of the HC in anesthetized rats elicited a variety
of visceral or autonomic modifications, such as decreases in HR
and increases in pulse pressure (29,30), but this effect only is ob-
served in the presence of an intact MPFC (31). However, bilat-
eral excitotoxin lesions of the rat MPFC (32) or surgical unilat-
eral MPFC lesions in human patients (33) did not alter baseline
HR or blood pressure. Therefore, theMPFC region seems to ex-
ert little direct impact on baseline cardiovascular stability but,
rather, exerts obligatory influence on the ability of the CAN
to exert its cardiovascular effects.
The depressor response to MPFC stimulation is enabled by

cortico-brainstem projections that activate the intramedullary
baroreflex pathway. Pharmacological lesion models (32), anter-
ograde tracing methods (17), and electrophysiological record-
ings in rat models (34) illustrate that the vMPFC is involved
in baroreflex control through excitatory pathways that elevate
parasympathetic baroreflex function (35). Therefore, one may
speculate that theMPFCmay not be responsible for exerting di-
rect tonic influence on cardiovascular control, but instead, acts
as a critical relay center that modulates in real time the baroreflex
set point in conjunctionwith, or because of, alterations in commu-
nications from theHC and IC regions. In this manner, high base-
line MPFC activation (as part of the default mode network)
would keep brainstem parasympathetic outflow at high levels.
In contrast, reduced MPFC activation with volitional exercise
would, logically, lead to reduced parasympathetic outflow.
But what of the HC? The direct role of this region in cardio-

vascular responses to stress remain speculative. The aforemen-
tioned description suggests that elevating HC neuronal activity
through electrical stimulation will also elevate MPFC activity
thereby causing a depressor cardiovascular outcome. In con-
trast, at the exercise onset, HC activity is reduced, which may
be caused by reduced MPFC activity. The HC also may exert
more direct effects. For example, neural tracing studies in ro-
dents indicate neural connections exist between the HC and
brainstem autonomic nuclei (36,37). However, the lack of in-
formation regarding the mechanisms mediating the need for
an intact MPFC for physiologically relevant outcomes from
HC stimulation, or more direct hippocampal effects on cardio-
vascular control, remain critical gaps in our knowledge.
Must theMPFC andHC act in synchrony to achieve a robust

tachycardiac at the exercise onset? In limited studies, we have
observed diminished HR responses to 35%–40% maximal
strength handgrip contractions in older compared with younger
individuals (1), a response that was diminished further in older
adults with ischemic heart disease (6). In these older groups, the
changes in MPFC and HC activity often were heterogenous
such that a pattern of reduced activity was observed in only
178 Exercise and Sport Sciences Reviews
one of the two sites. Therefore, the smaller (or absent) HR re-
sponses to handgrip exercise in these groups may represent corti-
cal “decoupling”, similar to reports that suggest altered compen-
satory cortical activation patterns are needed in older adults to
achieve similar behavioral outcomes in psychological tests (38).
Notably, older individuals and those with ischemic heart disease
also are characterized by low levels of baseline cardiovagal influ-
ence (39), suggesting an age and disease effect on baseline
MPFC activity, which remains a possible explanation for a lack
of reduced activation to handgrip in these groups; that is, there is
little activity left to inhibit or withdraw. Much remains to be
understood regarding the basic functioning of brain-heart inter-
actions that could contribute to mechanistic knowledge regard-
ing disease-related aberrations that include conditions of the
heart (cardiac arrhythmias and ischemia) as well as brain and
mind (e.g., cognition and mental health disorders) (22).

The IC seems to hold a key role in integrating viscerosensory
inputs with autonomic responses to exercise. Using anterograde
tracing methods in a mouse model, Shipley (40) reported IC
projections to the medullary solitary nucleus tract that contain
preganglionic parasympathetic neurons. As well, the IC ex-
presses a great deal of bidirectional neural connections with
many limbic brain regions including the MPFC (41). Early
structural studies using white matter degeneration in response
to insula ablations suggest neural projections link the insula,
frontal, parietal, temporal, cingular, and olfactory, as well as
subcortical brain areas such as the HC and amygdala (42). Re-
cent magnetic resonance tractography approaches suggest ro-
bust connections between the HC with the anterior and poste-
rior IC (43) in nonhuman primates, findings that correspond
with imaging-based measures of functional connectivity in
humans (27). Nonetheless, reports using direct neural tracing
methods have not supported the concept of direct neural pro-
jections between the IC and HC subregions (although they
seem to exist for parahippocampal regions) (44).

Functionally, clinical lesion models and direct electrical
stimulation models in both rodents and humans point to an im-
portant role for the IC in cardiac function (45). However, some
results are contradictory. For example, using electrical stimula-
tion of more than 100 sites in the IC of patients with epilepsy,
Chouchou (46) reported that elevated activity (via electrical
stimulation) of the anterior and median IC regions primarily
caused bradycardia, with posterior IC stimulation primarily
causing tachycardia. In contrast, as illustrated in Figure 3, voli-
tional handgrip exercise that elevatesHR also is associated with
anterior IC activation. Reconciling the conflicting data of sim-
ilar anterior IC activation patterns but disparate HR responses
outlined herein remains speculative. The answer may lie in
the complex attributes of the IC such as its many subdivisions
(51), its highly viscerotopic organization for sensory inputs from
muscle, gut, and vagus nerve (i.e., cardiac inputs) (52,53), and its
role in processing viscerosensory with motor/behavioral outcomes.
In addition, the integrated contributions of IC may vary when en-
gaged during volitionalmechanisms that engage an entire network
versus local stimulation of a single site within the network.

ROLE OF SENSORY AFFERENTS IN CORTICAL
ACTIVATION PATTERNS DURING EXERCISE

The cortical activation patterns during volitional exercise are
expected to represent two fundamental functions. First, they
www.acsm-essr.org
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Figure 3. Summary of common regions associated with the handgrip exercise task. Data represent nine groups (n = 124) from four published articles
(3,25,27,47) and two unpublished studies from our laboratory. These participants each performed repeated bouts (27,47–50) of moderate intensity (35%–

40% maximal strength) handgrip tasks, each lasting 30s. Right panels: Cortical areas of decreased activation relative to baseline in response to short-
duration, moderate intensity isometric handgrip exercise. Left panels: Cortical areas of increased activation relative to baseline in response to short-duration,
moderate intensity isometric handgrip exercise. False Discovery Rate pN = 0.01; minimum volume (mm3) = 200. Analysis performed using GingerALE (Version
2.3.2; BrainMap) andMango (Version 3.1.2; Research Imaging Institute, University of Texas Health Science Center, San Antonio, TX) (48–50). dACC, dorsal an-
terior cingulate cortex; HC, hippocampus; IC, insula cortex; MC, motor cortex; MPFC, medial prefrontal cortex; PCC, posterior cingulate cortex; SC, sensory cor-
tex; TH, thalamus. Images are in radiological presentation with right side of the brain (R) on left, and left side of the brain (L) on the right. A, anterior; P, posterior.
(Reprinted from (23). Copyright © 2015 Elsevier. Used with permission.)
could represent top-down “central” processes of a feed-forward
control system that anticipates or modifies brainstem neural
control of the circulation in the absence of visceral inputs. Second,
they could represent bottom-up or feedback sensory inputs related
to cardiac function, muscle contraction, and blood pressure
(baroreceptors). Each of these sensory inputs must be ac-
counted for in the testing of the Brain-Heart hypothesis for
exercise-based HR responses.

Heart Rate
A major concern with interpretations based on correlations

between changes in HR and cortical activation patterns is the
lack of directional knowledge. Although the hypothesis being
tested refers to cortical regions that determine HR changes, un-
certainty remains regarding how changes in HR alter cortical
activation patterns. Statistical approaches to assess the influence
of HR on the BOLD signal under baseline conditions have been
provided (54,55) with the conclusions that the low-frequency
cardiac rate regressors displayed significant but not total shared
variance with the global signal.

Direct electrical stimulation of theMPFC or IC is one approach
to study the direct impact of these regions on cardiac outcomes.
Thismodel also provides an opportunity to address the ensuing hy-
pothesis that preventing the reduction in chronic activity in those
regions of the brain that demonstrated reduced activity during
handgrip contractions should minimize the HR response. Using
Volume 50 • Number 4 • October 2022
surgical implantation of depth electrodes, as applied for clinical
reasons in patients with intractable epilepsy, we provided a case
study whereby direct stimulation of the posterior IC region dimin-
ished HR responses to handgrip contractions and had a modest
bradycardic effect at baseline when isolated to the posterior infe-
rior, but not posterior superior IC (56). More studies of this na-
ture will complement BOLD imaging studies with direct neural
recordings as well as provide experimental evidence regarding
the direct role of these regions in HR regulation.

Muscle Sensory Afferents
The neural signals arising from contracting skeletal muscle

exert powerful influence on cardiovascular adjustments. In con-
trast to the sympathoexcitatory influence of the Type III and IV
afferents that reflect muscle tension and fatigue (57), those
Type I and II afferents emanating frommuscle spindles produce
a vegetative influence on cardiovascular function (58). As both
Type I and II muscle afferents are activated simultaneously with
muscle contractions that elicit rapid HR changes, it is impor-
tant to determine whether these muscle afferents are confound-
ing the cortical activation patterns that also correlate with HR.
We assume that the 30-s duration and moderate intensity work-
loads used in our studies (3,24,27,47) produce minimal involve-
ment of fatigue-representing afferents (i.e., Type III and IV af-
ferents) or sympathetic activation in young, healthy individuals.
The Brain-Heart hypothesis regarding rapid HR responses to
Forebrain and Exercise Heart Rate 179



exercise predicts that the depressor effects of isolated Type I and
II afferent stimulation (58) should produce cortical activation
patterns that oppose (or are opposite to) those observed during
volitional contractions.
To isolate these sensory afferents in humans and establish

their cortical representation, as well as their associations with
cardiovascular arousal during exercise, Goswami et al. (47)
Figure 4. BOLD responses in the insula (Top Panel) as well as cingulate and vent
(SUB), motor threshold stimulation (MOT), 5%MVC volitional wrist flexion (VOL5%
sular cortex; ACC, anterior cingulate cortex; PCC, posterior cingulate cortex; MCC
cutaneous Electrical Stimulation (TENS). Volitional handgrip assessed by amagnetic
Figure 2). (Adapted from [47]. Copyright © 2011 Elsevier. Used with permission.)
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compared the cortical and cardiac patterns observed during
submotor electrical stimulation of the forearm muscle with
those observed during motor-level electrical stimulation and
moderate intensity volitional handgrip (Fig. 4). In this study, bi-
lateral posterior IC activity was increased in graded fashion from
submotor to motor-level electrical stimulation (that matched
5% maximal volitional strength) of the forearm, suggesting a
ral medial prefrontal cortex (vMPFC) during sub-motor threshold stimulation
), and 35%MVC volitional handgrip exercise (VOL35%) versus rest. IC, in-

, middle cingulate cortex. SUB and Motor conditions were induced by Trans-
resonance imaging-compatible bladder (inset) or force transducer device (see
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somatosensory role of this region for Type I and II afferent stim-
ulation. Of note, in addition to the insula, activity in the
vMPFC and subgenual ACC also was increased relative to base-
line during submotor stimulation. Moreover, these activation
patterns, which are opposite to those observed during volitional
exercise, elicited a tendency toward lower HR and elevated HR
variability indicative of elevated parasympathetic (or vagal) in-
fluence at the heart. Furthermore, differences between electri-
cally stimulated muscle and centrally driven tasks were noted
in insular and cingulate subregions. The results suggest that
Type I and II afferents frommuscle are functionally represented
in the forebrain regions associated with HR regulation, but in a
way that directly opposes the exercise patterns so that they de-
press cardiovascular arousal through elevation of parasympa-
thetic drive to the heart. Two interesting possibilities emerge
from this study. First, during volitional activity that engages
top-down influences as well as the bottom-up somatosensory re-
sponse, the net outcome in young, healthy individuals reflects a
potential modulatory or fine tuning effect of somatosensory
inputs to the cortical network. Second, and conversely, the
network-wide patterns during volitional contractions may be
caused by a pathway emanating from sites related to volitional
effort that cancel the influence of somatosensory stimulation
that occurs concurrently with muscle activation. These path-
ways are not known, and a lack of known neural projections
from the MC to IC, HC, or MPFC regions suggests this switch
occurs elsewhere. In either case, the somatosensory inputs do
not replicate those cortical activation patterns observed during
volitional exercise and may, if anything, diminish the magni-
tude of the observed patterns.

Baroreceptors
Increased blood pressure represents a key and appropriate re-

sponse to fatiguing exercise. This rise in blood pressure may be
Figure 5. Illustration of an approach to conduct simulated orthostatic stress usin
duringmagnetic resonance imaging studies. Medical antishock trousers are fitted to
the trousers either to atmospheric or intrachamber pressures, they can be filled or e
the cardiovascular stress of the simulated orthostatic stress can be applied in box-ca
suction.
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represented in the cortical circuitry through afferent barorecep-
tor pathways that project beyond the brainstem synapses and,
thereby, confounding interpretations regarding the role of an
IC-MPFC-HC axis in HR regulation. Therefore, it is necessary
to consider how blood pressure is represented in the brain inde-
pendent of concurrent changes in HR or volitional effort.

Baroreceptor cardiovascular control represents a key negative
feedback mechanism that retains mean arterial blood pressure
around amodifiable set point (10,60,61). As previously mentioned,
a primary mechanism by which changes in MPFC activity affect
HR seems to involve its influence on the parasympathetic (vagal)
arm of the baroreflex (62). Therefore, we expect some interweaving
of baroreceptor afferent input to the forebrain CAN structures. Yet,
few studies have explored forebrain neurocircuitry that represents a
pure baroreceptor input.

Baroreceptor inputs to CAN sites can be studied by reducing
pulsatile pressure in the baroreceptive regions and through studying
cortical activation periods under conditions of elevations in
blood pressure. Only the latter pertains to the pressor response
observed during exercise in healthy individuals but, as part of
the overall baroreflex regulatory mechanism, tests of both ele-
vated and reduced baroreceptor activation will be instructive.
Importantly, the challenge is to study baroreceptor activation
changes under conditions of minimal confounds from concurrent
sensory alterations (such as pain-induced hypertensive episodes)
or pharmacological vasoactive stimuli (e.g., α-adrenergic recep-
tor activation) that could also affect regional cerebral perfusion
that independently modify the BOLD outcome. To avoid these
complications, we have used graded levels of lower body negative
pressure to study cortical activation patterns associated with car-
diovascular arousal during baroreceptor unloading (59) as a pre-
liminary approach. Specifically, this model produces titratable
reductions in cardiac and then cardiac plus vascular barorecep-
tor activity with corresponding graded increases in sympathetic
g lower body negative pressure while removing body movement when used
the participant inside the lower body negative pressure chamber. By venting

mptied against a background of constant lower body suction. In this manner,
r experimental models with minimal body movement at the onset or offset of
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TABLE. Patterns of regional cortical autonomic network change during handgrip and
baroreceptor unloading reflexes that elevate heart rate

R Post IC R Ant IC HC MPFC dACC Amyg

Isometric handgrip ↓ ↑ ↓ ↓ ↓ NC
Lower body negative pressure ↑ ↑ NC ↓ ↑ ↓

Amyg, amygdala; dACC, dorsal anterior cingulate; HC, hippocampus; IC, insula cortex;
MPFC, medial prefrontal cortex; NC, no change; R, right. Direction of arrows indicates in-
crease or decrease in regional activity relative to baseline.
outflow. In this model, HR changes are minimal at low levels of
suction, and it is difficult to isolate baroreflex-medicated changes
to vagal excitation with this model. (Fig. 5 provides a basic illus-
tration of our approach to apply cyclic and graded baroreceptor
unloading with limited head movements by inflating or deflating
military antishock trousers against a constant background of
lower body suction). Nonetheless, the Table contrasts the major
findings in CAN patterns between the nonfatiguing isometric
handgrip model and the lower body negative pressure model.
The primary similarities include reduced MPFC activity and in-
creased right anterior IC activation. Conspicuous differences in
activation patterns are observed in the HC, right posterior IC,
and dACC. Thus, these data support the overall idea thatMPFC
and anterior IC are part of a generalized cardiovascular arousal
network and that baroreflex unloading per se does not wholly
replicate patterns elicited by short-duration volitional handgrip.
This model of CAN assessment is challenged by difficulties in
separating HR and efferent sympathetic responses to the simulated
Figure 6. Schematic of proposed neurocircuitry associated with the rapid heart r
somatosensory information from the Type I and II afferents from the contractingmu
anterior cingulate cortex; DMN, dorsal motor nucleus; HC, hippocampus; MC, mot
cleus tractus solitarius; pIC, posterior IC; RVLM, rostral ventrolateral medulla; repres
the exercise onset.
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orthostatic stress and the changes in cerebral blood volume (63)
that may affect the blood oxygenation signal.

The simulated orthostatic challenge discussed earlier creates
a baroreceptor unloading scenario through reductions in stroke
volume and pulse pressure. In contrast, baroreceptor activation
requires an elevation in pulsatile or steady state blood pressure.
Direct IC neural recordings in anesthetized cats illustrated im-
portant findings that many IC neurons reflect cardiac rhythms,
illustrating either cardiopulmonary or arterial baroreceptor in-
puts (64). Althoughmost of these neurons did not respond dur-
ing phenylephrine-induced increases in blood pressure, others
increased in activity, probably reflecting baroreceptor inputs.
Of note, in this study, none of the afferents that reflected
changes in blood pressure overlapped with those that were acti-
vated by electrically induced muscle contraction. These find-
ings are consistent with the role of the IC in viscerosensory pro-
cessing of blood pressure. In 2003, Williamson et al. (12) used
single-photon emission computed tomography (SPECT) mag-
netic resonance imaging to study regional cerebral blood flow
patterns across the brain during a handgrip protocol that was ti-
trated carefully to achieve a sustained blood pressure elevation
during volitional isometric handgrip that could be sustained
by a period of postexercise circulatory occlusion. In this ap-
proach, they were able to observe blood flow patterns in re-
sponse to a change in blood pressure independent of concurrent
changes in HR or volitional effort. This study indicated the el-
evations in action within the right inferior anterior IC and right
inferior thalamus were related to the blood pressure response to
ate response at the exercise onset that includes the integration of ascending
scle. See text for description. aIC, anterior IC; Amyg, amygdala; dACC, dorsal
or cortex; MPFC, medial prefrontal cortex; NA, nucleus ambiguous; NTS, nu-
ent key regions in this pathway in the context of rapid heart rate changes at
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exercise. Using a different approach but with the same experi-
mental aim, we have presented preliminary data that relate to
the specific rise in blood pressure that occurs after a strong
(70% maximal strength) 2-s handgrip contraction when the
HR response generated during the handgrip is returning to base-
line (i.e., a period when vagal dominance of the heart is being
reestablished) (21). In this model, the rise in blood pressure
was represented as increased activity within the mid-IC, a pat-
tern that supports the observations of Williamson et al. (12),
as well as those previously mentioned, whereby electrical stim-
ulation of this region under baseline conditions produced bra-
dycardia (46). Therefore, the available data do not negate the
idea that the MPFC-HC-IC cortical patterns during volitional
handgrip are specific to cardiac acceleration. These observations
do not address the additional hypothesis that MPFC-HC-IC
patterns in exercise elicit tachycardia through a rightward and
upward resetting of baroreflex set point for HR, which leads
to a reduction in vagal outflow. The role that central command
exerts on baroreflex resetting during exercise has been reviewed
in detail previously (10).

SUMMARY
The evidence to date regarding the hypothesis that a cortical

network links volitional exercise and tachycardiac at the exercise
onset because of reduced cardiovagal dominance is portrayed in
Figure 6. Functional neuroimaging approaches have revealed
patterns of change in the IC, HC, and MPFC that predictably
correlate with rapid changes in HR at the exercise onset. Based
on available information, these cortical patterns do not seem to
be replicated by somatosensory or baroreceptor inputs. Reduc-
tion in MPFC activity at the exercise onset seems to be key to
theHR response. At present, the overarching hypothesis suggests
the following narrative and subhypotheses: baseline activity is
high in the HC and MPFC affecting a level of baroreflex set
point that favors high vagal outflow to the heart. With activa-
tion of volitional skeletal muscle motor pathways (or probably
even anticipation of MC activation), this high activity in MPFC
is reduced in concert with decreased activity in the HC and in-
creased anterior IC activity. In turn, reduced MPFC activation
affects a reduction in activity within the brainstem parasympa-
thetic nuclei or a shift in the activity needed in these regions to
achieve a desired blood pressure (also linked in some unknown
way to the perceptual concept called “central command”). Sub-
sequently, HR increases. Although many details remain to be
established, the current information indicates that this network
synthesizes the integration of central as well as peripheral sen-
sory afferent signals from muscle during exercise that oppose
the patterns induced by volitional muscle contractions. Clearly,
the net effect of the somatosensory and baroreceptor inputs
does not dominate those related to muscle contractions. The
mechanisms that link and initiate the neural network into a
functional unit that can adapt instantly to motor activity re-
main to be discovered.
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