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Topical Review

Denervation of carotid baro- and chemoreceptors in humans
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Experimental denervation in animals has shown that carotid baro- and chemoreceptors play an
eminent role in maintaining blood pressure and blood gas homeostasis. Denervation of carotid
sinus baro- and chemoreceptors in humans may occur as a complication of invasive interventions
on the neck or after experimental surgical treatment in asthma. In this topical review, the short- and
long-term effects of carotid baro- and chemoreceptor denervation on the control of circulation and
ventilation in humans are discussed. Carotid baroreceptor denervation in humans causes a
persistent decrease in vagal and sympathetic baroreflex sensitivity and an increase in blood pressure
variability; however, carotid denervation does not lead to chronic hypertension. Therefore,
although carotid baroreceptors contribute to short-term blood pressure control, other receptors
are able to maintain normal chronic blood pressure levels in the absence of carotid baroreceptors.
Conversely, carotid chemoreceptor denervation leads to permanent abolition of normocapnic
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ventilatory responses to hypoxia and reduced ventilatory responses to hypercapnia.
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Hering (1927) and Koch (1931) were the first to recognize
the reflex nature of changes in heart rate and blood
pressure evoked by external massage of the neck. The
afferents were tracked as nerve endings at the carotid
bifurcation. At about the same time, Heymans et al. (1930)
unequivocally demonstrated chemoreceptor activity of the
carotid bodies. With their experiments in the 1920s/1930s,
these investigators inaugurated the modern era of baro-
and chemoreflex research.

The arterial baroreflex buffers abrupt transients of blood
pressure and originates from stretch-sensitive receptors in
the arterial wall of the carotid sinus and the aortic arch and
the large vessels of the thorax (Fig. 1) (Persson &
Kirchheim, 1991; Eckberg & Sleight, 1992). Afferent fibres
from carotid sinus baroreceptors join the glosso-
pharyngeal nerve (ninth cranial nerve) and project to the
nucleus tractus solitarii in the dorsal medulla, which is
under cortical command and in turn projects to efferent
cardiovascular neurones in the medulla and spinal cord.
Extra-carotid baroreceptors consist of arterial baroreceptors
in the aortic arch as well as stretch-sensitive receptors in
the heart and pulmonary vessels, the latter two being
lumped together as ‘cardiopulmonary’ receptors despite
their distinctive properties (Hainsworth, 1991). The extra-
carotid baroreceptors transmit their afferent information
along with the vagus nerves to the same brainstem nuclei.
The efferent limbs of the baroreflex loop consist of

sympathetic and parasympathetic fibres to the heart as well
as to smooth muscles in the peripheral blood vessels.

Adjustment of respiration in response to alterations in levels
of oxygen, carbon dioxide and hydrogen ions in the body
fluids are mediated by a complex interplay between central
and peripheral chemoreceptors (O’Regan & Majcherczyk,
1982). The peripheral arterial chemoreceptors, located in the
carotid and aortic bodies, are responsible for the immediate
ventilatory and arterial pressure increments during acute
hypoxia (Heymans et al. 1930) (Fig.1). Carotid and aortic
bodies contain glomus (type I) cells, which release neuro-
transmitters in response to hypoxia, causing depolarization
of nearby afferent nerve endings (Prabhakar, 2000). Apart
from hypoxaemia, peripheral chemoreceptors play a minor
role in the sensing of changes in arterial carbon dioxide
tension (Pco,) and pH. Other glomus tissues (glomus
jugulare, trigeminale, pulmonare etc.) are not relevant to
chemoreflex function in humans. Carotid and aortic bodies
are supplied with sensory fibres, which course through
carotid sinus/glossopharyngeal and vagus nerve respectively
towards medullary centres, including the nucleus tractus
solitarii (Felder & Mifflin, 2003). Central chemoreceptive
areas located at the rostral ventrolateral medulla respond to
changes in the hydrogen ion concentration in the interstitial
fluid in the brain and are chiefly responsible for ventilatory
and circulatory adjustments during hypercapnia and chronic
disturbances of acid—base balance.
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The relative contribution of carotid receptors to baro- and
chemoreflex function as well as the compensation after
functional loss of these receptors has been investigated
extensively by well-controlled denervation studies in
experimental animals. For obvious reasons, no human
counterparts for the controlled prospective denervation
studies in animals are available. Information on the impact
of carotid sinus denervation in humans is limited and
largely relies on investigations following iatrogenic
damage to the carotid sinus as a complication of medical
interventions like carotid body tumour surgery, jugular
radiotherapy and carotid endarterectomy. Interpretation
of these human studies is hampered by uncertainty
regarding the completeness of denervation, differences in
acute (surgical) versus gradual (radiation) denervation,
additional changes in the mechanical properties of the
carotid artery wall or surrounding tissue due to the
interventions, and the lack of prospective studies. Most
studies consist of retrospective, post-intervention assess-
ment of reflex function in small numbers of patients and
matched (healthy) control subjects.

We review the short- and long-term effects of carotid
baro- and chemoreceptor denervation on the control of
circulation and ventilation respectively. Whereas findings
in animal studies are briefly mentioned, this review is
focused on data obtained from investigations in humans,
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including recent studies in this field by the authors.
Although the effects of carotid baroreceptor and chemo-
receptor denervation will be presented separately, the two
conditions arise in parallel in most instances, due to the
underlying anatomy.

Carotid baroreceptor denervation

Animal studies

Arterial baroreceptors provide a tonic inhibitory influence
on sympathetic tone, thus controlling peripheral vaso-
constriction and cardiac output (Persson & Kirchheim,
1991; Eckberg & Sleight, 1992). Therefore, baroreceptor
denervation would be expected to result in a sustained
increase in sympathetic tone and, as a consequence, a
sustained increase in blood pressure. The chronic effects of
carotid and extra-carotid baroreceptor denervation on
blood pressure control have been studied extensively in
animals and have been reviewed by others (Shade et al.
1991; Eckberg & Sleight, 1992; Persson, 1996). After
selective carotid baroreceptor denervation, both blood
pressure level and variability increased markedly but
returned to intact levels within 7 to 14 days in dogs and
baboons respectively (Ito & Scher, 1978; Shade et al. 1990).
Selective aortic baroreceptor denervation in baboons
causes a mild temporary increase in blood pressure,
whereas blood pressure variability was unchanged (Bishop
etal. 1986). Combined sino-aortic baroreceptor denervation

Figure 1. Arterial baro- and chemoreceptors

Arterial baroreflex loops: (1) carotid sinus
baroreceptors, nIX, medullary centres, sympathetic
and parasympathetic fibres to heart and blood
vessels; (2) aortic baroreceptors, nX, medullary
centres, sympathetic and parasympathetic fibres to
heartand blood vessels. Peripheral chemoreflex
loops: (1) carotid body chemoreceptors, nIX,
medullary respiratory centres, motor nerves to
respiratory muscles; (2) aortic body
chemoreceptors, nX, medullary respiratory
centres, motor nerves to respiratory muscles.

nIX = ninth cranial nerve (glossopharyngeal
nerve), nX = tenth cranial nerve (vagus nerve); the
arrows coming from the cortex signify the
modulation of brainstem nuclei by higher, cortical
centres. Adapted with permission from Timmers et
al. 2001b.
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in dogs produced an increase in blood pressure and heart
rate in the acute phase, whereas permanent elevation of
blood pressure was either present (Cowley et al. 1973; Ito &
Scher, 1981) or absent (Persson et al. 1988). Sino-aortic
denervation in baboons — the investigated species that is
closest to humans — resulted in a persistent increase in
blood pressure level and variability and a decrease in heart
rate variability (Shade et al. 1990). Combined sino-aortic,
cardiac and pulmonary baroreceptor denervation in dogs
produced a persistent increase in blood pressure level and
variability (Persson et al. 1988).

These animal studies show, that extra-carotid baroreceptor
areas have alarge ability to compensate for the loss of carotid
baroreceptors. In some species, chronic hypertension is
evoked by combined sino-aortic and cardiopulmonary
baroreceptor denervation and by sino-aortic denervation
but not by selective carotid denervation.

Human studies

Acute unilateral carotid baroreceptor denervation. The
first report on baroreceptor denervation in humans
appeared in the 1930s (Bucy, 1936). Unilateral section of
the glossopharyngeal nerve in five patients with glosso-
pharyngeal neuralgia produced a prompt and pronounced
rise in blood pressure in four out of five patients, which
lasted from 5 to 12 days. This phenomenon was recognized
as an effect of disruption of ‘nervous impulses from the
carotid sinus which have a reducing effect on blood
pressure’. In 1956 a patient died from a fatal hypertensive
crisis following unilateral carotid sinus denervation, which
had been performed for the relief of recurrent syncope due
to a hypersensitive carotid sinus syndrome (Ford, 1956).

Lability of blood pressure in the hours following unilateral
carotid endarterectomy for symptomatic carotid stenosis
has been attributed to carotid baroreflex dysfunction (Ille
et al. 1995; Ejaz & Meschia, 1999). However, in the acute
phase following carotid endarterectomy, baroreflex
sensitivity has been reported to be increased, decreased or
unaltered (Tyden et al. 1980; Hirschl et al 1991;
Landesberg ef al. 1998). Apart from trauma to the carotid
sinus, baroreceptors or to the carotid sinus nerve (Angell-
James & Lumley, 1974), removal of an atherosclerotic
plaque may have a beneficial effect on baroreflex function
by means of changes in the mechanical properties of the
carotid sinus arterial wall and re-integration of baro-
receptor areas into circulatory regulation (Angell-James &
Lumley, 1974). In addition, the effect of unilateral carotid
endarterectomy depends on the compensatory ability of
the contralateral baroreceptor integrity. This may be
limited by atherosclerotic changes in the non-operated
carotid artery, since in atherosclerosis distensibility of the
carotid sinus vessel wall and sensitivity of baroreceptors
are reduced (Sleight, 1976; Randall et al. 1976).

Carotid denervation in humans 5

Although evidence for lateralization of certain human
autonomic control functions has been published (Hilz et
al. 2001), a differential effect of left- versus right-sided
deafferentiation of carotid baroreceptors has not been
reported.

Acute Dbilateral carotid baroreceptor denervation.
Bilateral anaesthetic injections in the regions of the carotid
sinuses in patients with malignant hypertension were
shown to elevate blood pressures to even higher levels
(Lampen et al. 1949). Paroxysms of severe hypertension and
tachycardia were reported following bilateral carotid body
resection as an experimental treatment of asthma (Holton &
Wood, 1965), carotid paraganglioma resection (Robertson
etal. 1993; De Toma et al. 2000), carotid endartectomy (Ille
et al. 1995; Boyle et al. 1995) and trauma of the neck
(Robertson etal. 1993).

Long-term effects of unilateral carotid baroreceptor
denervation. In a prospective study, the effects of unilateral
carotid endartectomy on carotid sinus baroreflex function
were measured in 25 patients (Dehn & Angell-James, 1987).
Six months after surgery, no overall change in blood
pressure was found. Baroreflex sensitivity decreased in 2,
remained unchanged in 15 and increased in 8 patients.
Thus, similar to the findings in the acute phase following
surgery, the long-term effects on baroreflex function were
heterogeneous among individuals.

In a retrospective study on the effects of unilateral carotid
endarterectomy (Timmers et al. 2001a), at a median
interval of 4.3 years after surgery, baroreflex sensitivity was
significantly lower in endarterectomized patients than in
patients with an untreated uni-/bilateral carotid stenosis
and healthy controls. So in these patients an unfavourable
effect on baroreflex sensitivity prevailed. Despite this,
ambulatory blood pressure level and variability did not
differ between groups.

Long-term effects of bilateral carotid baroreceptor
denervation. In 1993, chronic failure of the baroreflex due
to bilateral carotid denervation was described as a separate
clinical syndrome, characterized by a limited blood pressure
buffering capacity against excessive rises or falls in response
to emotional and physical stimuli (Robertson et al. 1993)
(Fig. 2A). Symptoms and signs included headache,
palpitations, diaphoresis and pale flushing. They bear a
strong resemblance to those of a phaeochromocytoma. In
baroreflex failure, desinhibition of central activation of
efferent sympathetic pathways arises from the absence of
tonic inhibitory baroreceptor input to the vasomotor
centres of the brainstem (Robertson et al. 1993; Persson,
1996). Apart from volatile hypertension, which is most
common, baroreflex failure has a broad spectrum of other
clinical presentations including predominant hypotension,
orthostatic tachycardia and intolerance and malignant
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vagotonia with severe bradycardia, depending on the extent
of baroreceptor denervation and concomitant destruction
of autonomic structures (Kochar et al. 1984; Jordan et al.
1997; Ketch et al. 2002). Centrally acting sympatholytic
agents like clonidine may reduce the frequency and severity
of the attacks (Robertson et al. 1993; Biaggioni et al. 1994;
Ejaz & Meschia, 1999).

Long-term effects of bilateral baroreceptor denervation
have been investigated in patients who had suffered from
acute baroreflex failure following bilateral carotid body
tumour resection (Smit et al. 2002). Ambulatory blood
pressure level was found to remain slightly elevated as
compared to pre-operative values. Overt hypertension,
however, appears to be limited to the days and months
following surgical carotid baroreceptor denervation,
whereas episodic surges of hyper- as well as hypotension
may persist for a longer period (Holton & Wood, 1965;
Robertson et al. 1993; De Toma et al. 2000).

Retrospective studies were performed in patients who had
undergone similar surgery, with a mean interval between
the second (i.e. contralateral) operation and the study of
3.4 years (Timmers et al. 2003a). At the time of the study,
at least 1 year after surgery, ambulatory blood pressure
levels were normal in all patients. In the absence of chronic
clinically overt baroreflex failure, vagal baroreflex sensitivity,
calculated from the reflex changes in RR interval to
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phenylephrine injections (Smyth et al. 1969), was
approximately 50 % lower in these patients than in healthy
age-matched controls. The subnormal vagal baroreflex
gain also emerged from minimal reciprocal heart rate
changes during phase II blood pressure decrease and
phase IV blood pressure overshoot during Valsalva’s
manoeuvre (Goldstein et al. 1982; Wieling & Karemaker,
1999). In addition, microneurography recording in a
subgroup of five carotid body resected patients showed,
that the baroreflex modulation of muscle sympathetic
nerve activity (MSNA) was profoundly affected as well
(Timmers et al. 2003b). These studies indicate that
bilateral carotid sinus trauma causes permanent
impairment of vagal as well as sympathetic baroreflex
sensitivity. In these patients, the additional finding of an
increased ambulatory blood pressure variability was
explained by a lower baroreflex sensitivity (Fig. 2B). In
hypertensives, baroreflex sensitivity has been shown to be
negatively correlated with blood pressure variability
(Mancia et al. 1986).

Chronic baroreflex failure has been reported as a late
complication of radiotherapy of the neck (Robertson et al.
1983; Robertson et al. 1993; Timmers et al. 1999). Changes
in carotid sinus baroreceptor function may be induced by
irradiation damage to the carotid sinus and/or the
glossopharyngeal nerves, although cranial nerve palsies are
uncommon complications after radiotherapy to the neck

Figure 2. Blood pressure variability
following carotid sinus baroreceptor
denervation

A, 24 hambulatory blood pressure profile during
normal daily activities characterized by labile
hyper- and hypotension in a patient with
baroreflex failure due to radiotherapy of the neck
for nasopharyngeal carcinoma (Timmers et al.
1999). Dotted lines indicate upper levels for
diastolic (< 90 mmHg) and sytolic (< 140 mmHg)
normotension. B, individual frequency histograms
of blood pressure calculated from 5 h ambulatory
beat-by-beat recordings in 12 healthy controls
(bottom left) and 8 patients after bilateral carotid
body tumour resection (bottom right). x-axis:
MAP = mean arterial pressure, y-axis: frequency of
MAP level as percentage of total number of
frequencies. Carotid body resected patients exhibit
abroader distribution of MAP, indicating higher
blood pressure variability. ‘Modal MAP’ refers to
the MAP with the highest frequency during the
individual blood pressure tracing.

75
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(Cheng & Schultz, 1975). Alternatively, arterial baroreflex
function may have been altered by structural changes of
the internal carotid artery wall. Irradiation-induced
atherosclerosis (Cheng et al. 1999) and fibrosis (Zidar et al.
1997) may result in a decreased distensibility of the carotid
sinus and thereby may reduce stretch-induced afferent
carotid sinus nerve activity (Angell-James, 1974).

The impact of neck irradiation for laryngeal or pharyngeal
carcinoma on baroreflex function was retrospectively
studied in 12 patients who had undergone bilateral
radiation therapy for locally advanced laryngeal or
pharyngeal cancer (Timmers et al. 2002). Irradiation fields
included the carotid sinus area and the median interval
between completion of radiotherapy and time of
investigation was 3.3 years. Baroreflex sensitivity was 45 %
lower in patients than in matched healthy controls.
Ambulatory blood pressure variability was not different
from matched control subjects. Although baroreflex
sensitivity was decreased after neck irradiation, blood
pressure buffering was unaffected.

In summary, labile hypertension due to baroreflex failure
may arise from both uni- and bilateral carotid baro-
receptor denervation. The incidence of this syndrome
following carotid body tumour surgery, radiotherapy of
the neck and carotid endarterectomy is low. Baroreflex
dysfunction after unilateral denervation is usually mild
and transient. In the long term following bilateral carotid
denervation, the expression of baroreflex dysfunction is
heterogeneous. Bilateral carotid denervation in humans
does not elicit chronic hypertension, but in contrast to
other investigated species, it causes a long-term increase of
blood pressure variability. In humans, carotid baro-
receptors are more important for dynamic than static
blood pressure control. A chronic decrease in blood
pressure buffering following carotid denervation suggests
that humans have less potent compensatory mechanisms
for loss of carotid baroreflex function than other
investigated species. This may be due to our upright
position, whereby tonic sympathoinhibitory influences
from cardiac and pulmonary baroreceptors have become
less than in quadruped species (Shade et al. 1991). As a
consequence of a minor role for cardiac and pulmonary
baroreceptors, loss of arterial baroreceptor function in
humans may have a larger impact on blood pressure
homeostasis.

Previous studies on the relative importance of carotid
versus aortic baroreceptors in intact humans have yielded
contrasting results. Experiments on selective (un)loading
of aortic baroreceptors by simultaneous infusion of
vasoactive substances and application of neck
suction/pressure in order to maintain a stable carotid sinus
transmural pressure, indicated that aortic baroreceptors
are dominant in the baroreflex control of heart rate, with
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the carotid baroreceptors contributing only about 30 %
(Mancia et al. 1977; Ferguson et al. 1985). Inline with these
observations, baroreflex control of heart rate is more
importantly determined by the distensibility of the aortic
arch than of the carotid sinus (Lenard et al. 2001). In
contrast, combined neck suction/pressure with non-
pharmacological (de)loading of aortic baroreceptors,
indicate, that carotid baroreceptors are the principal
contributors to baroreflex control of heart rate (Fadel et al.
2003). Our review of studies on iatrogenic denervation is
in agreement with the latter study. These studies in intact
humans should be interpreted with caution, however,
since the baroreceptors respond to stretch and not
pressure. The stimulus to be measured should be the
diameter of the arteries and not blood pressure. Changes
of dimensions of the baroreceptive arteries during the
several interventions were not measured.

Denervation of carotid chemoreceptors

Animal studies

In general, acute effects of carotid body chemoreceptor
denervation in experimental animals include hypo-
ventilation, apnoea, a variable decrease in hypoxic
ventilatory responsiveness and attenuation of CO,
sensitivity. The occurrence of (partial) restoration of
chemoreflex function varies among species, but is more
likely in neonatal than in adult animals and effects are
more marked following bilateral than after unilateral
denervation (Forster et al. 2000). In carotid body
denervated rats, hypoxic responsiveness is first abolished,
but returns to about half of normal within weeks (Martin-
Body et al. 1986). Compensation was stated to result from
inputs from either aortic or abdominal chemoreceptors or
from central mechanisms. Superimposed aortic denervation
had no effect in these animals, suggesting that the aortic
body has little chemoreceptor function. In carotid body
denervated dogs, hypoventilation and CO, hyposensitivity
persisted through the three-week follow-up period
(Rodman et al. 2001), whereas in goats, there was a near
normalization of breathing and CO, sensitivity within
days to weeks (Pan et al. 1998). In carotid sinus denervated
ponies, arterial CO, levels did not normalize until two
years after denervation (Bisgard et al. 1980). In these
ponies, butalso in cats (Smith & Mills, 1980), partial regain
of hypoxic ventilatory responsiveness was attributed to
aortic body chemoreceptor function. Subsequent aortic
denervation resulted in loss of chemoreflex function.
However, this denervation was not necessarily aorta
specific and may have also affected cardiac chemo-
receptors (Forster et al. 2000).

These studies indicate, that most mammals show a
considerable ability to compensate for the loss of carotid
chemoreflex function. Compensatory mechanisms on a
peripheral and/or central level remain largely unclarified.
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Human studies

Studies on the effect of peripheral chemoreceptor removal
or denervation on human ventilatory control are limited.
Experimental anaesthetic blockade of the glosso-
pharyngeal and vagus nerves in healthy subjects was
shown to result in abolition of the ventilatory response to
hypoxia, without any depression of resting ventilation
(Guz et al. 1966a,b). Information on selective abolition of
carotid body chemoreflex function is mainly derived from
studies in small numbers of patients who underwent
bilateral resection of healthy carotid bodies as an
experimental treatment of bronchial asthma or chronic
obstructive pulmonary disease (Holton & Wood, 1965;
Luglianietal. 1971; Honda et al. 1979; Vermeire et al. 1987;
Whipp & Ward, 1992). Baroreflex function was presumed
to be unaffected by this procedure. These subjects exhibit
an on-average limited hypoxaemia and hypercapnia
response, with a large interindividual variability (Vermeire
et al. 1987; Whipp, 1994). They do not hyperventilate in
response to sustained or progressive hypoxaemia either at
rest or during exercise (Holton & Wood, 1965; Lugliani et
al. 1971). In addition, they do not show a decline in
ventilation following the abrupt and surreptitious
administration of 100% oxygen against a hypoxic
background (Lugliani et al. 1971). Abnormalities were
shown to persist in the long term after removal of carotid
bodies and were more severe after bilateral than unilateral
carotid body removal (Honda ef al. 1979). In response to
muscle exercise, there was a slower compensatory
hyperpnoea, resulting in more profound hypoxia and
metabolic acidosis (Wasserman et al. 1975). Sleep structure
and frequency of nocturnal haemoglobin desaturation
were found to be wunaltered as shown by poly-
somnographic studies (Vermeire ef al. 1987).

However, all of these observations are hampered by the
possible confounding chronic pulmonary disease, which
itself alters chemoreflex function (Godfrey et al. 1971).
Peripheral chemoreflex function was assessed in eight
patients who had undergone bilateral carotid body
tumour resection and were free of pulmonary disease
(Timmers et al. 2003a). The ventilatory response to
hypoxia was assessed by a rebreathing method. Peripheral
oxygen desaturation was reduced to a level of 80 % within
3—4 min while alveolar Pc,, was kept constant. The
ventilatory increase relative to the decrease in oxygen
saturation was taken as a measure of hypoxic
responsiveness. Hypoxic responsiveness was assessed at
two constant levels of clamped alveolar Pco,: normocapnia
and 1kPa above normocapnia. At baseline, oxygen
saturation and ventilation did not differ between patients
and controls. A slightly higher resting alveolar Pc, in
patients than in controls however, suggested mild chronic
hypoventilation. Whether this is due to the absence of
carotid bodies is uncertain. Subjects with severe chronic
obstructive pulmonary disease who have undergone
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bilateral carotid body resection show a further
hypoxaemia and hypercapnia that is consistent with the
removal of an ongoing hypoxic drive as result of the
surgery (Vermeire et al. 1987; Whipp & Ward, 1992).
Long-term hypoventilation with increased levels of
arterial Pco, were also demonstrated in patients with
inadvertent denervation of carotid chemoreceptors when
undergoing carotid endarterectomy (Wade et al. 1970).
On the other hand, normoventilation with no effect on
arterial blood gas was found by others (Lugliani et al. 1971;
Hondaetal. 1979).

Complete  abolition of normocapnic  hypoxive
responsiveness was observed in all carotid body tumour
resected patients. Two of eight patients exhibited a slight
ventilatory response to hypoxia under hypercapnic
conditions. An increased arterial Pco, enhances peripheral
hypoxic chemosensitivity. In line with our observations, a
small component of hypoxic ventilatory drive during
simultaneous hypercapnia in patients after carotid body
resection for chronic pulmonary disease was demonstrated
(Swanson et al. 1978; O’Regan & Majcherczyk, 1982).
Residual responsiveness to hypoxaemia in these patients
may originate from the aortic bodies, which have a minor
role in the modulation of spontaneous respiratory activity,
but generate a discernible response when their gain is
increased by hypercapnia (Whipp, 1994). Alternative
explanations for residual chemoreflex function include
incomplete carotid body resection and regeneration of
carotid chemosensitivity. The latter has been demonstrated
in cats (Mitchell et al. 1972), but not in humans.

Carotid body resection was also shown to decrease the
steady-state  ventilatory response to hypercapnia,
independently of the degree of concomitant hypoxaemia
(Lugliani et al. 1971; Bellville et al. 1979). In normoxia,
carotid chemoreceptors were estimated to modulate
20-30% of the ventilatory drive to hypercapnia. In our
study, a 1 kPa rise in P, induced an increase in ventilation
of 6.4+521min"" in patients versus 9.2+ 3.41min”" in
controls (means + $.D.; n.s.). Taking into account the large
standard deviation and small sample size, a blunted CO,
response due to loss of carotid body function may well be
present. Evaluation of chemoreflex function in patients who
had undergone radiation therapy for laryngeal or
pharyngeal cancer showed no abnormalities (Timmers et al.
2002).

In contrast to baroreceptors, stimulation of peripheral
chemoreceptors has a sympatho-excitatory effect in humans
(Wallin & Fagius, 1988). Activation of peripheral
chemoreceptors by hypoxaemia accounts for the strong
increase in blood pressure and MSNA that is observed
during prolonged voluntary apnoea in awake healthy
humans (Fagius & Sundlof, 1986; van den Aardweg &
Karemaker, 1992; Hardy et al. 1994). In patients lacking
carotid bodies, breath-hold time was appreciably longer than
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in either healthy subjects or asthmatic controls (Davidson et
al. 1974). Carotid bodies contribute to the sensation of
breathlessness that results in the resumption of breathing. In
these patients, hypoxia induced a decrease in blood pressure,
which was ascribed to lack of chemoreceptor-dependent
sympathetic activation (Wade et al. 1970; Lugliani et al.
1971). However, direct evidence from MSNA recordings
during apnoea was lacking. Our preliminary
microneurography studies in paraganglioma resected
patients show that increases in MSNA during apnoea occur
despite the absence of carotid bodies. Therefore, carotid
chemoreceptors do not seem to be the sole determinant of
sympatho-excitation during voluntary apnoea.

In summary, bilateral denervation or removal of carotid
body chemoreceptors causes a permanent abolition of
ventilatory responsiveness to hypoxia under normocapnic
conditions. A small residual hypoxic response may be
present during simultaneous hypercapnia. In addition, the
condition causes a 20-30% decrease in CO, sensitivity.
Long-term resting hypoventilation and hypercapnia may
occur. The impairment of chemoreflex function is less severe
following unilateral than after bilateral carotid body
resection. These observations emphasize the importance of
carotid relative to aortic chemoreceptor function in humans.
The aortic bodies have a minor role in the modulation of
spontaneous respiratory activity, but may generate a
discernible response when their gain is amplified by
hypercapnia. In comparison to other species, compensation
for the loss of carotid body chemoreceptor function is
limited in humans. The impact of this chronic loss of
chemoreflex function on the control of blood gas and
acid—base status in response to chemoreflex challenges like
sleep, exercise (Whipp & Wasserman, 1980) and chronic
hypoxia at high altitudes, needs further investigation in
subjects that lack the possible confounder of pulmonary
disease. Carotid paraganglioma resection offers a unique
opportunity for research in the field of chemoreceptor
physiology in humans.

Conclusions

Inadvertent denervation of carotid sinus baro- and
chemoreceptors in humans may occur as a complication
of invasive interventions on the neck like carotid body
tumour surgery, radiotherapy and endarterectomy.
Carotid baroreceptor denervation in humans causes a
persistent decrease in baroreflex sensitivity and an increase
in blood pressure variability; however, carotid denervation
does not lead to chronic hypertension. Therefore,
although carotid baroreceptors contribute to short-term
blood pressure control, other receptors can maintain
normal chronic blood pressure levels, in the absence of
carotid baroreceptors. Conversely, carotid chemoreceptor
denervation leads to permanent abolition of normocapnic
ventilatory responses to hypoxia and reduced ventilatory
responses to hypercapnia.
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