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The link between carotid artery disease

and ischemic stroke may be partially
attributable to autonomic dysfunction and
failure of cerebrovascular autoregulation
triggered by Darwinian maladaptation of

the carotid baroreceptors and chemoreceptors
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Summary Carotid artery stenosis is generally thought to induce stroke by either compromising cerebral perfusion or
inciting embolic phenomena. Carotid baroreceptors and chemoreceptors are vital adaptations for cerebrovascular
autoregulation that can behave maladaptively in the setting of modern diseases such as atherosclerosis. We
hypothesize that acute cerebrovascular events may be partially attributable to autonomic dysfunction and
cerebrovascular autoregulatory failure secondary to carotid sensor maladaptations. Specifically, we propose that
atherosclerotic disease at the carotid bifurcation can interfere with baroreceptor and chemoreceptor function by
buffering against accurate detection of physical and chemical parameters. Misperceptions of hypoxia and hypotension
can trigger sympathetic bias and autonomic dysfunction which perturb cerebrovascular autoregulation and vasomotor
tone, thereby compromising cerebral perfusion. The preferential association of strokes with morning arousal, stress,
acute physical activity, winter months, illness, and older age may relate to this phenomenon. Sympathetic bias
promotes inflammation and coagulation, a link likely forged during prehistoric evolution when trauma represented a
more significant factor in natural selection. In the setting of carotid sensor dysfunction, the resulting inflammation and
coagulation can promote acute cardiovascular events. The ensuing cerebral ischemia can induce further derangement
of cerebrovascular autoregulation and upregulate adrenergia, inflammation, and coagulation in a feed-forward
manner. Inflammation and coagulation can also exacerbate carotid sensor dysfunction by iteratively worsening
atherosclerosis. Angioplasty, stenting, and endarterectomy may inadvertently cause acute and chronic carotid sensor
dysfunction through manipulation, material interposition, and balloon-induced baroreceptor injury. Acute strokes
during these procedures may result from carotid sensor dysfunction rather than embolization. Carotid body and sinus
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electromodulation and non-balloon atherectomy represent new methods to prevent or treat cerebrovascular events.
Pharmacologic modulation of autonomic balance, such as adrenergic blockade, long presumed contraindicated due to
risk of cerebral hypoperfusion, may counterintuitively offer benefit during acute strokes. Novel diagnostic paradigms
may include functional analysis of carotid sensors as well as measurement of the anatomic thickness of calcified and
non-calcified plaque near the carotid body. Carotid sensor dysfunction may be a source of systemic sympathetic bias
and autonomic dysfunction observed during aging and, by association, many of the ailments associated with
senescence. Modulation of carotid sensors may yield pervasive health benefits beyond those found by treating

cerebrovascular disease.
© 2005 Elsevier Ltd. All rights reserved.

Hypothesis

Carotid artery stenosis is generally thought to in-
duce stroke by either compromising cerebral perfu-
sion or inciting embolic phenomena. Baroreceptors
and chemoreceptors situated in structures at the
carotid bifurcation represent vital adaptations for
cerebrovascular autoregulation. These sensors can
behave maladaptively in the setting of modern dis-
eases such as atherosclerosis, which can create
sensor misregistration unanticipated by evolution.
We hypothesize that acute cerebrovascular events
associated with carotid artery stenosis may be par-
tially attributable to autonomic dysfunction and
cerebrovascular autoregulatory failure secondary
to carotid sensor maladaptation. Specifically, we
propose that atherosclerotic disease at the carotid
bifurcation can interfere with baroreceptor and
chemoreceptor function by imposing a barrier to
accurate detection of physical and chemical
parameters.

Evidence
Stroke and carotid stenosis

Stroke is the third leading cause of death in the
United States [1]. Each year, more than 700,000
strokes lead to 150,000 deaths [2]. Carotid artery
disease is a major cause of ischemic stroke [3].
Internal carotid artery stenosis is responsible for
approximately 30% of ischemic strokes [4]. The
most common site of stenosis is the proximal por-
tion of the internal carotid artery known as the car-
otid bulb [5].

In patients with carotid artery disease, the risk of
stroke is directly related to the severity of stenosis
and the presence of symptoms [6]. With asymptom-
atic stenosis, the annual risk of ipsilateral stroke
appears to range from 1% to 3%, depending on the
degree of stenosis [7—9]. Although most studies
have been unable to identify baseline clinical

characteristics that predict the risk of stroke in pa-
tients with asymptomatic disease, increasing de-
grees of stenosis appear to correlate with
increasing stroke risk in patients with symptomatic
disease. Severe carotid obstruction has been found
to impair dynamic cerebral autoregulation, and is
remedied by carotid recanalization [10].

The most common cause of carotid artery
stenosis is atherosclerosis [11]. Atherosclerosis of
the brachiocephalic trunk, including the carotid
arteries, causes more than half of all strokes
[12]. Traditional views on the significance of ath-
erosclerotic changes in carotid arteries typically
center on either reduced cerebral perfusion sec-
ondary to decreased flow [13] or the atheroscle-
rotic plaque as either the source or nidus of
thromboembolic phenomena [14].

The significance of baroreceptor and
chemoreceptor function

In 1923, Hering was the first to discover the carotid
sinus reflex, whereby compression of the common
carotid bifurcation produces hypotension and
deceleration of heart function, and showed that
the responsible nerve fibers are in the carotid sinus
and at the bifurcation. The carotid sinus consists of
an enlargement of the internal carotid artery at the
site of its origin from the common carotid artery.
The reflex is mediated through sensory efferent
structures termed baroreceptors. Baroreceptors
detect pressure changes through the mechanical
distortion and dilation of the vessel wall in which
they reside. An acute increase in sensed pressure
leads to reflex inhibition of sympathetic activity
and activation of the parasympathetic system. Im-
paired baroreceptor sensitivity has been shown to
associate with increased mortality in both myocar-
dial infarction and heart failure [15]. Aging, arte-
rial hypertension, obesity, myocardial infarction,
and heart failure all have been shown to reduce
baroreceptor sensitivity [15].

Chemoreceptors are situated in the carotid
body, a structure located adjacent to the carotid
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sinus. The carotid body is organized into functional
sensor units called glomeruli, comprising both spe-
cialized dopamine-laden cells called glomus cells,
and sustentacular cells, which appear to provide
metabolic support. Hypoxia causes the inhibition
of potassium channels in glomus cells [16—18], trig-
gering secretion of dopamine and stimulation of
afferent sensory fibers to the medullary vasomotor
centers. Sympathetic activity increases upon stim-
ulation of these sensors in response to decreased
oxygen concentration, a response first identified
by Heymans in 1930. Because of their mutual path-
way of action, baroreceptor and chemoreceptor
reflexes interact; decreased blood pressure in-
creases the sympathetic response to chemorecep-
tor stimulation, and conversely hypertension
results in inhibition of this response [19].

Normal baroreceptor function is particularly re-
quired for appropriate cerebrovascular function.
Impaired cardiac baroreceptor reflex sensitivity
is associated with increased long-term mortality
after acute ischemic stroke, irrespective of age,
sex, stroke type, and blood pressure [20]. Stroke
patients with impaired baroreceptor function have
a significantly worse prognosis than those with
normal function [20]. Numerous studies have
shown that baroreceptor function is critical. Hier-
archical multiple regression analyses have shown
that reduced baroreceptor sensitivity is associated
with greater intimal-medial thickness, a marker
for subclinical atherosclerosis in the carotid sinus
[21]. The presence of rigid atheroma at the caro-
tid sinus region is associated with decreased baro-
receptor sensitivity involving an impairment of
afferent baroreceptor activity [22]. Autonomic
balance and baroreceptor sensitivity has been
shown to be greater in patients with well-
preserved carotid artery distensibility than in
those with impaired carotid artery distensibility,
another proxy for the extent of atherosclerotic
disease [23].

The role of chemoreceptors in cerebral ischemia
and stroke has been notably less well studied . Low
ventilatory hypoxic sensitivity has been found prior
to carotid endarterectomy with occasional in-
crease following removal of the plaque [24]. Im-
paired cerebrovascular reactivity to carbon
dioxide inhalation consistently improves after end-
arterectomy [10], suggesting a link between che-
moreceptors at this site and cerebrovascular
regulation. However, unilateral surgical removal
of the carotid body in a rat stroke model does not
lead to exacerbation of behavioral compromise or
infarct volume [25].

We believe that baroreceptor and chemorecep-
tor function is not only essential in recovery from

stroke, but also in preventing the development of
stroke, and that the association of carotid stenosis
and atherosclerosis with stroke stems not from de-
creased perfusion or propensity for embolic phe-
nomena, but rather from compromise of
baroreceptor and chemoreceptor function.

Atherosclerosis alters autonomic balance

The location of baroreceptors at the bifurcation of
the common carotid does not occur by accident.
Since the total pressure measured at the bifurca-
tion of a parent vessel corresponds to the static
pressure found in an upstream daughter vessel,
positioning of sensors at bifurcations enables the
rapid determination of dynamic pressures using
Bernoulli’s principle [26] and the accurate mobili-
zation of appropriate responses.

Two scenarios involving carotid atherosclerosis
could produce deterioration of cerebral perfusion
and subsequent ischemia. First, the formation of
an atherosclerotic plaque at the carotid bifurcation
itself, as such lesions tend to favor [27], would lead
to reduced baroreceptor sensitivity due to imposi-
tion of a physical barrier to detection. The loss of
dynamic range would create a dampened response
to any change in pressure. Decreased pressure may
lead to inadequate reflex compensation, leading to
reduced perfusion and resultant ischemia.

In addition, plaque formation would lead to per-
ceived intravascular oxygen deficit through imposi-
tion of a physical and chemical barrier to
chemoreceptor function at the carotid bifurcation.
Impairment of diffusion of oxygen through the pla-
que and increased metabolic activity within the
atheroma would lead to an impression of hypoxia
with consequent upregulation of sympathetic
activity, further worsening any problems already
extant due to dysfunctional baroreceptor activity.
Loss of dynamic range in oxygen sensing may also
lead to downstream attenuation of response to
acute changes in true oxygen content, further
increasing the risk of an ischemic event.

Alternatively, the narrowing of the internal car-
otid artery by atherosclerosis could produce broad
downstream derangement. Since the narrowed car-
otid segment is located upstream from the cerebral
arteries, baroreceptors would fail to recognize any
decrease in dynamic pressure in the cerebral arter-
ies, since total pressures are equally affected in
both the carotid and the cerebral arteries. So the
difference remains preserved between the two
measurements, corresponding to the calculated
dynamic pressure in the cerebral artery, and the
system fails to perceive a change. Consequently,
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a dampened response to decreased pressure could
again lead to inadequate reflex compensation,
leading to reduced perfusion and resultant
ischemia.

Darwinian perspective

Reduced baroreceptor and chemoreceptor sensitiv-
ity would tend to shift autonomic balance towards
sympathetic dominance. Cardiovascular autonomic
neuropathy has been associated with carotid ath-
erosclerosis in type 2 diabetic patients [28]. Adren-
ergia has been shown to promote inflammation and
coagulation in addition to vasoconstriction, a likely
byproduct of a persistent prehistoric response to
the hypovolemia induced by trauma, now maladap-
tive [29]. These processes would lead to both
extension of atherosclerosis and further occlusive
phenomena within the lumen of the vessel so as
to further iterate these derangements.

Moreover, as the level of adrenergia increases,
chemoreceptor behavior may hasten its escalation.
Inflammation and thrombus formation would cause
local chemoreceptors, such as those in the carotid
body, to sense a hypoxic state generated by in-
creased metabolic activity. The resultant increase
in chemoreceptor activity would result in further
promotion of sympathetic bias. Although local aut-
oregulatory mechanisms may serve to counteract
some aspects of this cascade, the net overall ef-
fect is likely one of progressive vasoconstriction
and reduced blood flow so as to encourage
ischemia.

Implications

Autonomic dysfunction constitutes a recognized re-
sponse to decreased brain perfusion [30]. By inter-
preting existing clinical evidence within a new
paradigm of baroreceptor and chemoreceptor
function, we have reason to believe that it can also
be invoked as a cause of ischemic events.

Numerous therapeutic implications for stroke
are apparent from this model. The use of adrener-
gic antagonists in the setting of cerebral ischemia
is currently minimal due to the fear of inducing a
decrease in cerebral perfusion pressure [31]. Phar-
macologic modulation of autonomic balance, such
as adrenergic blockade, may counterintuitively of-
fer benefit during acute strokes. Electromodulation
of the carotid sinus or normalization of sensor
function by non-balloon atherectomy may repre-
sent new methods to prevent or treat cerebrovas-
cular events.

Current procedures such as carotid angioplasty,
stenting, and endarterectomy may actually exacer-
bate carotid sinus dysfunction through injury,
material interposition that dampens pressure sig-
nal, and balloon-induced baroreceptor trauma.
Carotid angioplasty has been shown to stimulate
baroreceptors so as to markedly reduce heart rate
and blood pressure during the procedure [32].
Acute hypotension in the setting of already extant
ischemia could prove catastrophic, and may ex-
plain the incidence of acute strokes that occur dur-
ing carotid angioplasty or stent placement, as
opposed to the oft-invoked rationale of mechanical
embolization. The physical presence of a stent may
itself interfere with baroreceptor function and lead
to altered regulation over time. In similar fashion,
disturbance of baroreceptors often occurs during
plague removal with endarterectomy, as deter-
mined by attempts at intraoperative stimulation
[33]. This disruption can lead to loss of function
that is not recovered [22], which produces not only
an increased risk of perioperative complications,
but an increased risk of subsequent stroke for sev-
eral years [22]. The development of interventional
or pharmacologic techniques that strive to remove
impeding atherosclerotic lesions in a controlled,
physically unobtrusive fashion, may lead to better
control of these intraoperative and postprocedural
sequelae.

Finally, if baroreceptor and chemoreceptor sen-
sitivity and sympathetic dominance both play sig-
nificant roles in determining both susceptibility
and prognosis, testing to determine susceptibility
to insult and tendency towards sympathetic bias
may prove valuable in identifying those patients
at highest risk for both onset of disease and compli-
cations from treatment. Novel diagnostic para-
digms may include functional analysis of carotid
sinus and body activity as well as measurement of
anatomic thickness of calcified and non-calcified
plaque at the carotid bifurcation by both physical
and imaging techniques. Furthermore, those pa-
tients identified at risk may benefit from prophy-
lactic measures to improve baroreceptor and
chemoreceptor function and compensate for any
deficiencies in autonomic regulation. It may be
possible to restore baroreceptor function and auto-
nomic balance long before more entrenched
changes in structure or function develop [34].

The key role played by autonomic dysfunction
would explain why stroke typically occurs more of-
ten during periods of increased adrenergic activity,
such as morning arousal, stress, acute physical
activity, winter months, illness, and older age
[35]. Moreover, dysfunction of sensors at the caro-
tid bifurcation may potentially constitute the
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source of systemic sympathetic bias observed dur-
ing aging. Atherosclerosis may represent a particu-
larly exaggerated form of dampening, but all
individuals develop thickening and rigidity of the
intima, or inner layer, of vessel walls over time.
Since baroreceptors and chemoreceptors are both
located in the adventitia, or the outer layer, of ves-
sel walls, accurate conveyance of luminal informa-
tion to sensors would consequently undergo
progressive derangement over time. This gradual
decay of signal would favor the development of
progressive sympathetic bias from the perspective
of both the baroreceptor reflex, in the form of de-
creased sensed pressures, and the chemoreceptor
reflex, in the form of decreased sensed blood oxy-
gen content. We have previously noted that pro-
gressive sympathetic bias is an emergent property
of aging that contributes to a myriad of systemic
dysfunctions associated with senescence [36]. The
mechanism of the progressive age-related sympa-
thetic bias is likely to involve numerous factors,
and the theory presented in this paper, the itera-
tive dysfunction of carotid sensors due to athero-
sclerosis, may constitute one of these factors.
Hypertension may represent but one example of a
disease of aging that occurs via this mechanism,
whereby systemic blood pressure gradually and
inexorably increases via a progressive induction of
autonomic dysfunction. Therefore interventions
to reduce the risk of cerebral ischemia and stroke
that take this intellectual framework into account
may ultimately yield more pervasive benefits in
the treatment of a wide variety of systemic dis-
eases related to autonomic dysfunction.
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