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◗ Neurophysiology and Autonomic
Dysfunction in Cluster Headaches
Peter D. Drummond and Massimo Alessandri

NEUROPHYSIOLOGY OF CLUSTER
HEADACHE

Neurophysiologic tools have been used to explore the
function of central and peripheral neural pathways that
may be involved in cluster headache (CH). Techniques in-
clude electroencephalography, evoked potentials, studies
of threshold for nociceptive responses, and assessment
of pain perception. In general, the neurophysiologic ap-
proach has shown that CH is associated with altered pain
processing, not only in trigeminal circuits but also in other
parts of the body.

ELECTROENCEPHALOGRAPHY
AND EVOKED POTENTIALS

In an early electroencephalographic investigation, abnor-
mal activity, generally focal activity, was identified between
attacks in about 50% of cases with no further changes
during the attack (24). More recently, evoked potential
data have supported the notion of central nervous sys-
tem involvement in CH. For example, the asymmetry of
brainstem auditory-evoked potentials was greater in CH
patients both during attacks and between attacks than
in controls, presumably due to asymmetrical conduc-
tion in central acoustic pathways. In contrast, brainstem
auditory-evoked potentials did not differ between controls
and CH patients on lithium therapy (4). The amplitude of
visual-evoked potentials was found to be reduced in the
pain-involved hemisphere during the pain-free period (2),
although another study failed to replicate this result (44).
Somatosensory-evoked potentials to median nerve stimu-
lation were recorded in CH patients during and between
severe attacks induced by intravenous administration of
40 µg of histamine. During the attack, the amplitude of
the N1–P2 complex was lower than in patients outside the

attack and lower than in normal subjects (16), presumably
because powerful pain modulation mechanisms were trig-
gered during the attack.

Van Vliet et al. (63) recently investigated trigeminal
somatosensory-evoked potentials in patients with episodic
CH. Electrical stimuli were delivered to the corner of the
mouth at three times the sensory threshold. Evoked poten-
tials were delayed during bouts, particularly on the symp-
tomatic side, consistent with a deficit in processing trigem-
inal sensations.

Blink Reflexes

The blink reflex is a trigeminofacial reflex obtained by elec-
trical or mechanical stimulation of the supraorbital nerve.
The reflex consists of two responses: an early ipsilateral
response (R1) and a late bilateral response (R2). The R2
is a nociceptive reflex mediated by a polysynaptic circuit
through the pons and lateral medulla (26). The amplitude
of the R2 response to contralateral stimulation was found
to be significantly lower on the symptomatic than asymp-
tomatic side during bouts of CH (46).

The R2 component is modulated both by segmental and
heterosegmental influences and can be inhibited by prior
stimulation of the supraorbital nerve or a peripheral nerve
(47). The recovery of the inhibited R2 response can be in-
vestigated by increasing the delay between the condition-
ing stimulus responsible for the inhibition and the supraor-
bital stimulus producing the R2 response. The recovery
curve of R2 after paired supraorbital stimuli depends on
the excitability of trigeminofacial circuits (43), whereas
limb stimulation inhibits R2 by activating reticular path-
ways (62). In CH patients, the R2 recovered more rapidly
on the symptomatic side after paired supraorbital stimuli
(34), possibly reflecting sensitization in the spinal trigem-
inal complex. When index finger stimulation was used to
condition the supraorbital stimulus, R2 recovery was more
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rapid bilaterally in CH patients than controls. The bilateral
deficit in R2 inhibition may reflect hypoactivity of reticular
nuclei due to reduced central opioid activity (34).

Corneal Reflex

To elicit the corneal reflex, constant current stimuli are
delivered from a thin cotton thread soaked in saline so-
lution, which floats in tear fluid on the cornea. The re-
sponse is recorded from the orbicularis oculi muscles.
The latency, amplitude, and duration of the corneal reflex
were found to be normal in CH patients both during the
active phase and in remission (51). However, during the
active phase, the threshold of the corneal reflex was sig-
nificantly reduced, suggesting an increased excitability of
trigeminal nociceptive neurones or facial motor neurones.
These findings support the notion of a reversible impair-
ment in activity of the trigeminal pain control system dur-
ing the active phase of CH (51).

Infratrochlear Nerve Stimulation

High-intensity transcutaneous electrical stimulation ap-
plied to the emergence of the infratrochlear nerve induces
a constriction of the ipsilateral pupil that is slow in on-
set and long-lasting. Miosis, which is homatropine resis-
tant, has been attributed to an antidromic activation of
the iris sensory fibers (17). In CH sufferers during the ac-
tive period, transcutaneous electrical stimulation of the
infratrochlear nerve elicits normal pupillary constriction
in the asymptomatic eye, whereas the response in the
symptomatic eye is minimal (15). This observation sug-
gests that repeated attacks of CH deplete neuropeptide
stores in trigeminal nerve terminals. If so, miosis during
CH attacks is unlikely to be due solely to local release of
neuropeptides.

Nociceptive Flexion Reflex

The nociceptive flexion (RIII) reflex has been used to in-
vestigate the integrity of antinociceptive mechanisms in
several pain conditions, including primary headaches (53).
The RIII reflex is obtained by stimulating the sural nerve
at the retromalleolar level and recording the response
from the biceps femoris. The RIII reflex threshold was
found to be lower on the symptomatic than nonsymp-
tomatic side both during (52) and between bouts of CH
(40), implying a persistent impairment of the pain con-
trol system on the symptomatic side of the body. This im-
pairment was associated with a phase shift in the circa-
dian rhythm of the RIII threshold during episodic bouts
of CH and with an absence of circadian variation in pa-
tients with chronic CH (40). Thus, impairment of the pain
control system in CH may be associated with periodic

failure of the mechanisms involved in regulating biologic
rhythms (40).

Pain Perception

The pain threshold to electrical stimulation of the cornea
was found to be lower than normal during the active phase
of CH, particularly on the symptomatic side (51). Pain per-
ception is also altered in other parts of the body. For ex-
ample, Procacci et al. (45) detected cutaneous and deep
hyperalgesia to electrical and mechanical stimuli on the
symptomatic side of the body in patients with episodic CH.
Moreover, pain or paresthesiae during 10 minutes of limb
ischemia appeared earlier, was more intense, and lasted
longer on the symptomatic than nonsymptomatic side.
Pain perception thresholds at symmetrical points on each
side of the head and over the deltoid muscle were assessed
with a pressure algometer both in episodic and chronic
CH (3). Patients had lower pain pressure thresholds than
controls at all sites during bouts and in remission, consis-
tent with the hypothesis of altered pain processing in CH.
In addition, pressure pain thresholds were lower on the
symptomatic than nonsymptomatic side during bouts of
episodic CH, possibly due to inflammation in symptomatic
scalp tissues or to trigeminal sensitization.

AUTONOMIC DISTURBANCES
IN CLUSTER HEADACHE

CH is associated with a range of local and more general
autonomic disturbances. Local signs of parasympathetic
overactivity such as lacrimation and nasal discharge of-
ten develop during attacks. Signs of ocular sympathetic
paralysis (miosis and ptosis) also develop in some patients
during attacks and persist interictally together with vaso-
motor and sudomotor signs of sympathetic deficit. Para-
doxically, however, sweating increases on the painful side
of the face during attacks, particularly in areas of sympa-
thetic deficit. In patients with ocular and thermoregula-
tory signs of sympathetic deficit, the symptomatic parts of
the face are supersensitive to adrenergic and cholinergic
drugs. Furthermore, changes in blood pressure and heart
rate suggest that disturbances in cardiovascular control
may develop during attacks.

Opinions diverge over the source of these autonomic
disturbances. According to some, autonomic dysfunction
originates centrally in association with a hypothalamic
disturbance that compromises inhibitory pain control
mechanisms. Others hold that venous stasis or an inflam-
matory process in the cavernous sinus accounts for the
cyclical pain and associated autonomic disturbances. An-
other possibility is that many of the autonomic distur-
bances are secondary to trigeminal discharge during at-
tacks of CH.
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Disturbances in Blood Pressure
and Heart Rate

Blood pressure typically increases whereas heart rate de-
creases during CH attacks (6). In addition, the variability
of beat-to-beat changes in heart rate alters as the attack
progresses. Two recent studies present a similar picture of
the time course of these heart rate fluctuations. Tubani et
al. (61) monitored heart rate continuously over 24 hours
to capture one or more spontaneous attacks in seven pa-
tients. In each case, the high-frequency component of heart
rate variability (mediated by parasympathetic activity) in-
creased dramatically at the onset of the attack and re-
turned toward baseline as the attack subsided. Conversely,
the low-frequency component of heart rate variability (re-
lated to blood pressure and baroreflex control and medi-
ated both by sympathetic and parasympathetic activity)
dropped slightly at the onset of the attack, then rose to-
ward the end of the attack. De Marinis et al. (6) investi-
gated changes in heart rate variability during attacks in
eight CH patients. The low-frequency component of heart
rate fluctuations increased before the onset of headache (in
parallel with a mild tachycardia) but then fell during the
attack, whereas the high-frequency component increased
as the attack progressed.

The mechanism of these disturbances in cardiovascu-
lar control is uncertain. Perhaps an increase in parasym-
pathetic activity at the onset of the attack forms part of
a normal baroreflex mechanism that attempts to reduce
pain-evoked increases in blood pressure. Alternatively, ac-
tivation of trigeminal depressor or oculocardiac reflexes
might contribute to bradycardia. A sustained fall in arte-
rial oxygen saturation precedes attacks of CH (32). Since
heart rate increases in CH patients during oxygen depriva-
tion (56), hypoxia before attacks could contribute to tachy-
cardia before the onset of the headache.

To investigate whether a disturbance in sympathetic
vasoconstrictor outflow might contribute to cardiovascu-
lar instability, Nordin et al. (42) recorded sympathetic traf-
fic in the peroneal nerve during attacks of CH. Increases in
blood pressure that corresponded with pulse-synchronous
bursts of sympathetic activity indicated that an increase
in sympathetic vasoconstrictor outflow to muscles con-
tributed to the rise in blood pressure. This response is
almost certainly secondary to pain, because the same re-
lationship between bursts of sympathetic activity in the
peroneal nerve and blood pressure was observed during
eye pain induced by the instillation of soapy water (41).
Pain or the anticipation of pain might also trigger tran-
sient tachycardia at the onset of attacks.

Cardiac arrhythmias develop during CH attacks in some
patients (37), possibly in association with changes in au-
tonomic balance (48). Alternatively, a change in breath-
ing patterns during intense pain could evoke cardiac
arrhythmias and contribute to changes in heart rate vari-

ability. Respiratory sinus arrhythmia during deep breath-
ing, an index of vagal modulation of heart rate, does not
change consistently during attacks of CH (30).

Cardiovascular reflexes generally do not differ from nor-
mal in CH patients during the headache-free interval. For
instance, increases in heart rate, decreases in blood pres-
sure, and changes in heart rate variability were found to
be similar in patients and controls during head-up tilt
(6,31). However, immersing the hand in ice-cold water
for 5 minutes was found to provoke greater increases in
blood pressure in patients than in controls (60), possibly
due to pain or stress-induced sympathetic hyperactivity
in CH patients. Furthermore, local vascular reflexes may
be compromised in symptomatic tissues. For example, the
Valsalva maneuver provokes greater increases in intraoc-
ular pressure on the symptomatic than asymptomatic side
during bouts of CH, presumably due to a reduction in arte-
rial tone of the orbital vasculature or impairment of venous
drainage to the cavernous sinus (1).

Autonomic Innervation of the Face

The sympathetic supply of the face is regulated by activ-
ity in midbrain sites such as the hypothalamus and peri-
aqueductal gray matter. Projections descend from brain-
stem nuclei through the intermediolateral cell column of
the cervical and upper thoracic region of the spinal cord
to synapse with neurons that supply the superior cervical
ganglion. Postganglionic fibers that supply the periocular
region form a nerve plexus around the internal carotid
artery before following branches of the trigeminal nerve
to the periphery. The rest of the face is supplied by post-
ganglionic fibers that project from the caudal part of the
superior cervical ganglion along the external carotid artery,
hence bypassing potential intracranial sites of injury. Neu-
rons in the cervical sympathetic pathway regulate vaso-
constrictor tone in the facial skin (particularly the lips,
nose, and ears), exocrine glands, and probably the ma-
jor intracranial vessels. Cervical sympathetic activity also
triggers active cutaneous vasodilation and facial sweating
during heat stress and emotional reactions, and regulates
pupillary dilation and tonic separation of the eyelids.

Parasympathetic neurons control local blood flow and
glandular secretions around the eyes, nose, and mouth.
A major function of the lacrimal, nasal, and salivary se-
cretions is to wash away potentially harmful substances.
These substances are identified by trigeminal neurons
that form the afferent limb of trigeminal–parasympathetic
secretory and vasodilator reflexes (27). The trigeminal–
parasympathetic reflexes complement local neurogenic
vasodilation and inflammation induced by release of va-
soactive peptides from sensory nerves. Parasympathetic
vasodilator fibers in the facial nerve also supply the
proximal segments of large intracranial vessels (65).
Trigeminal–parasympathetic vasodilation in these large
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intracranial vessels may work cooperatively with local neu-
rogenic vasodilation to protect the brain from potentially
harmful substances.

Ocular Disturbances

A lesion compromising the peripheral part of the ocu-
lar sympathetic pathway appears to be responsible for
ocular sympathetic deficit in most CH patients. A cen-
tral or preganglionic sympathetic lesion does not disrupt
pupillary dilation to substances such as tyramine or hy-
droxyamphetamine, which release noradrenaline from the
terminal projections of postganglionic sympathetic fibers.
However, pupillary dilation is impaired in patients with a
postganglionic sympathetic lesion and in CH patients with
signs of ocular sympathetic deficit (13), presumably be-
cause the postganglionic sympathetic fibers are injured or
dead.

Micieli et al. (38) reported that pupillary dilation in re-
sponse to painful corneal stimulation was attenuated bi-
laterally in CH patients during the active phase of their
headache cycle, particularly on the symptomatic side. The
mydriatic response is mediated by sympathetic activation,
whereas the miosis that follows this brief mydriatic re-
sponse is mediated by parasympathetic activity or by the
peripheral release of neuropeptides from sensory nerve ter-
minals. Pupillary dilation in response to painful electrical
stimulation of the sural nerve was also attenuated on the
symptomatic side in CH patients during bouts (39), but
did not differ from control values during the remission pe-
riod between bouts. Presumably, a transient ocular sym-
pathetic deficit prevented normal pupillary dilation to the
sural nerve and corneal stimulation during bouts (38,39).
Surprisingly, in asymptomatic CH patients without signs
of ocular sympathetic deficit, bilateral pupillary dilation
induced by painful stimulation of the neck was found to
be greater than in controls (25). This fits with the idea of
pain or stress-induced sympathetic hyperactivity in CH pa-
tients.

Tassorelli et al. (60) investigated pupillary responses to
pain provoked by immersing the hand in ice-cold water. At
baseline, pupil diameter did not differ between the symp-
tomatic and asymptomatic sides or between patients and
controls. In controls, an early mydriatic response during
the first 30 seconds of the test was followed by pupillary
constriction several minutes later. The early mydriatic re-
sponse was similar in patients and controls, irrespective of
whether patients were in the active phase or in remission.
However, miosis did not develop in CH patients. Intramus-
cular injection of 0.4 mg of naloxone blocked miosis in con-
trols but induced miosis in CH patients, indicating that CH
is associated with altered opioid control of pupillary activ-
ity. Whether this opioid influence is of central or peripheral
origin is uncertain, but it is tempting to conclude that a dis-
turbance in central opioid release compromises inhibitory

pain modulation and disrupts autonomic activity in CH
patients.

The occasional presence of ocular sympathetic deficit
on the asymptomatic side (8) or bilaterally in patients with
CH (29) raises questions about the mechanism and site of
lesion in these unusual cases. However, in the vast major-
ity of CH patients, persistent signs of ocular sympathetic
deficit on the symptomatic side seem to be due to dysfunc-
tion of postganglionic fibers.

Facial Flushing and Sweating

Thermoregulatory flushing and sweating are impaired on
the symptomatic side of the forehead in CH patients with
persistent signs of ocular sympathetic deficit (13), but,
paradoxically, sweating and blood flow often increase in
this region during attacks (12,57). This paradoxical re-
sponse is probably due to cross-innervation of dener-
vated blood vessels and sweat glands by parasympathetic
lacrimal fibers. If so, the forehead should sweat when the
eye waters, both during painful ocular stimulation and
during attacks of CH. In accordance with this hypothesis,
painful stimulation of the eye induced sweating and flush-
ing on the sympathetically denervated side of the forehead
in patients with a postganglionic lesion, including patients
with CH (13). In contrast, sweating was symmetrical to eye
pain in most patients with a central or preganglionic sym-
pathetic lesion.

Like other patients with a postganglionic cervical sym-
pathetic lesion (50), the forehead sweat glands of CH pa-
tients are supersensitive to cholinergic substances (55).
Denervation may also induce vascular supersensitivity
to sympathetic neurotransmitters and neuromodulators,
which might contribute to vasodilation during attacks of
CH in patients with cervical sympathetic deficit (7).

A preganglionic cervical or central sympathetic lesion
usually interrupts sweating and releases sympathetic vaso-
constrictor tone in the symptomatic upper limb (11,33).
Thus, if a central lesion was responsible for cervical sym-
pathetic deficit in CH, the lesion should also block sweating
and vascular activity in the hand. However, sudomotor re-
sponses were symmetrical in the hands of patients with CH
(11); thus, a central origin of cervical sympathetic deficit
in CH seems unlikely.

Lacrimation, Nasal Secretion,
and Salivation

In most cases the lacrimation, nasal stuffiness and nasal
secretion that develop on the symptomatic side during
attacks are probably secondary to primary trigeminal
discharge, although release of sympathetic vasocontric-
tor tone during attacks might also contribute to nasal
stuffiness. Interruption of parasympathetic pathways in
the greater superficial petrosal nerve prevents lacrimation
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during attacks (18), indicating that the trigeminal–
parasympathetic lacrimal reflex (9,10) mediates this re-
sponse. Neuropeptides released peripherally from trigem-
inal nerve endings might also play a minor role in this
response (20). Unlike the sympathetic innervation of the
face, trigeminal–parasympathetic reflexes function nor-
mally without evidence of denervation supersensitivity in
CH patients (54).

Minor increases in sweating, lacrimation, and nasal
secretion on the painless side during attacks of CH has
prompted speculation that these responses are mediated
by a central disturbance (58). When one side of the
nose is pinched, corneal moisture increases substantially
on the stimulated side (10); however, corneal moisture
also increases slightly in the other eye, indicating minor
crossover of the trigeminal–parasympathetic lacrimal re-
flex in the brainstem. This crossover probably accounts
for the presence of minor lacrimation and other parasym-
pathetic disturbances on the painless side during attacks
of CH.

Salivation decreases on both sides of the mouth dur-
ing attacks of CH (54), presumably because sympathetic
activation in response to pain overrides reflex trigeminal–
parasympathetic salivation due to trigeminal discharge.
The sympathetic innervation of salivary glands follows
branches of the external carotid artery and trigeminal
nerve to the periphery, thus bypassing possible intracra-
nial sites of injury.

Possible Mechanism of Autonomic
Disturbances in Cluster Headache

As outlined above, CH is associated with cervical sym-
pathetic deficit and with signs of central sympathetic
and parasympathetic discharge during attacks. Most evi-
dence points to a peripheral source of cervical sympathetic
deficit in CH. Vasodilation of the internal carotid artery or
swelling of the arterial wall in the carotid canal during at-
tacks might injure the plexus of sympathetic fibers that
follow the artery to the periphery (14). Alternatively, an in-
flammatory process in the cavernous sinus may compro-
mise sympathetic fibers en route to the eye and forehead
(21). Pain or anticipation of pain probably alters central
sympathetic discharge and cardiovascular activity before
and during attacks. Thus, discharge of a primary neural
generator during attacks of CH could provoke central and
local sympathetic disturbances.

Surgical treatments that target the trigeminal ganglion
and nerve root usually block recurrent attacks of CH and
associated parasympathetic activity (22), indicating that
trigeminal–parasympathetic reflexes mediate these distur-
bances. It has generally been assumed that a peripheral
source of pain (e.g., inflammation in the cavernous sinus)
triggers parasympathetic activity. However, the persistence
of parasympathetic disturbances with or without cycli-

cal headaches in the occasional patient after trigeminal
surgery (28,35,36) suggests that links between trigeminal
and parasympathetic nuclei in the brainstem might also
contribute to parasympathetic disturbances during attacks
of CH. The occasional report of cyclical headaches without
autonomic symptoms (64) and cyclical autonomic symp-
toms without headache (49) implies that the pain and auto-
nomic disturbances of CH can be generated independently.
Positron emission tomography studies have identified spe-
cific ipsilateral activation of the posterior hypothalamic
gray matter during attacks of CH (5,59), suggesting that
the hypothalamus is the primary generator of CH attacks.
In particular, a hypothalamic disturbance may be respon-
sible for the periodicity of attacks and cluster periods, for
triggering pain, and for disturbances in autonomic and
vascular control. Thus, a combination of direct hypotha-
lamic discharge and secondary recruitment of trigeminal–
parasympathetic reflexes could mediate parasympathetic
disturbances during attacks of CH and related trigeminal–
autonomic cephalalgias. As noted above, pain modulation
is disrupted in CH patients, particularly during bouts. Pre-
sumably, this increases the likelihood of pain and trigem-
inal sensitization during hypothalamic discharge.

Although most autonomic disturbances are probably
secondary to trigeminal nerve activity in CH, vascular in-
stability might aggravate pain. For example, vasodilation
or swelling of the internal carotid artery in the carotid
canal could cause pain because of entrapment of sensory
fibers that supply the arterial wall (23); alternatively, the
swollen artery might compress the trigeminal ganglion di-
rectly (21,22). Head-down tilting increases the diameter
of the common carotid artery and can induce headache
and ocular sympathetic deficit during bouts of CH (19).
These findings support the idea that dilation of the com-
mon carotid artery or distension of the arterial wall in the
carotid canal is a source of pain and sympathetic distur-
bances during attacks.

The rapid escalation of pain from a niggling sensa-
tion to intense pain during attacks suggests that the pain-
producing mechanism quickly builds upon itself, perhaps
in a positive loop. For example, trigeminal activation might
provoke local swelling of intracranial vessels and aggravate
an inflammatory process that, in turn, intensifies trigemi-
nal discharge and boosts vascular swelling and inflamma-
tion. This cycle may continue until the trigeminovascular
response fatigues and pain subsides.
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