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Summary: Cluster headache (CH), paroxysmal hemicrania
(PH), and short-lasting unilateral neuralgiform headache at-
tacks with conjunctival injection and tearing (SUNCT syn-
drome) are primary headaches grouped together as trigemi-
nal autonomic cephalalgias (TACs). All are characterized by
short-lived unilateral head pain attacks associated with ocu-
lofacial autonomic phenomena. Neuroimaging studies have
demonstrated that the posterior hypothalamus is activated
during attacks, implicating hypothalamic hyperactivity in
TAC pathophysiology and suggesting stimulation of the ip-
silateral posterior hypothalamus as a means of preventing
intractable CH. After almost 10 years of experience, hypo-
thalamic stimulation has proved successful in preventing
pain attacks in approximately 60% of the 58 documented
chronic drug-resistant CH patients implanted at various cen-
ters. Positive results have also been reported in drug-resistant
SUNCT and PH. Microrecording studies on hypothalamic neu-
rons are increasingly being performed and promise to make it
possible to more precisely identify the target site. The implan-

tation procedure has generally proved safe, although it car-
ries a small risk of brain hemorrhage. Long-term stimulation
is proving to be safe: studies on patients under continuous
hypothalamic stimulation have identified nonsymptomatic
impairment of orthostatic adaptation as the only noteworthy
change. Studies on pain threshold in chronically stimulated
patients show increased threshold for cold pain in the dis-
tribution of the first trigeminal branch ipsilateral to stimu-
lation. When the stimulator is switched off, changes in sen-
sory and pain thresholds do not occur immediately,
indicating that long-term hypothalamic stimulation is nec-
essary to produce sensory and nociceptive changes, as also
indicated by clinical experience that CH attacks are brought
under control only after weeks of stimulation. Infection,
transient loss of consciousness, and micturition syncope
have been reported, but treatment interruption usually is not
required. Key Words: Cluster headache, paroxysmal hemicra-
nia, SUNCT syndrome, trigeminal autonomic cephalgias, hy-
pothalamus, deep brain stimulation.

INTRODUCTION

Deep brain stimulation (DBS) is a therapeutic modal-
ity widely used to relieve conditions that are intractable
to medications, including such conditions as movement
disorders, epilepsy, and chronic pain.1 For relieving pain,
the main targets are the periventricular and periaqueduc-
tal gray matter, sensory thalamus, and internal capsule,
although results are variable.2 Both opioid and nonopioid
mechanisms seem to be involved in DBS-induced anal-
gesia.3,4

Evidence of a physiological connection between head-
and-face sensitivity and specific brain areas involved in
pain processing accumulated slowly during the second

half of the 20th century. Sano et al.5 found that facial
stimulation could cause neuronal discharges in the pos-
teromedial hypothalamus (picked up by an electrode),
and Raskin et al.6 provided evidence of an efferent con-
nection: 9% of patients (15 of 175) who underwent DBS
for intractable low back pain developed new headache
syndromes. The headaches were severe, with migrainous
features, and were long-lasting (2 months to 10 years); in
11 cases, the electrode had been inserted into the peri-
aqueductal gray. Veloso et al.3 also reported the devel-
opment of de novo chronic headache in 15 of 64 patients
(23%) stimulated in the periaqueductal area, sensory
thalamus, or internal capsule; there was generally a lag of
approximately 2 months between implantation and head-
ache onset, suggesting that prolonged stimulation was
necessary to affect pain-related neural pathways or to
change thresholds. More recently, Bittar et al.7 described
a patient in whom stimulation of various parts of the
periventricular region evoked somatopically reported re-
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sponses to all body areas, including the face and scalp.
Taken together, findings from these studies raise the
possibility that stimulation of specific brain areas may
interfere with pain processing.8

RATIONALE FOR HYPOTHALAMIC
STIMULATION IN HEADACHE

Neuroimaging findings both during and apart from
headache attacks have provided the rationale for hypo-
thalamic stimulation in headache, as well as important
information on attack-related events and clues to patho-
physiological mechanisms.9 Headaches studied by neu-
roimaging include migraine with and without aura, clus-
ter headache, SUNCT syndrome (i.e., short-lasting
unilateral neuralgiform headache attacks with conjuncti-
val injection and tearing), hemicrania continua, and par-
oxysmal hemicrania (PH).9

Cluster headache, SUNCT, and PH are trigeminal au-
tonomic cephalalgias characterized by brief severe pain
attacks in the area of the first branch of the trigeminal
nerve (15–180 minutes in cluster headache; 5–240 sec-
onds in SUNCT; 2–30 minutes in PH), accompanied by
ipsilateral oculofacial autonomic symptoms.10 During
cluster headache attacks, PET imaging revealed activa-
tion of areas associated with pain modulation and per-
ception (anterior cingulate cortex, insulae, and contralat-
eral thalamus), but also activation of the posterior
inferior hypothalamic gray matter ipsilateral to the
pain.11 This latter area was initially thought to be acti-
vated only in cluster headache, and was proposed as the
cluster generator.11 It was subsequently shown, however,
that this hypothalamic area is also activated during
SUNCT,12 PH,13 and hemicrania continua.14 Hemicrania
continua is a strictly unilateral headache accompanied by
ipsilateral oculofacial autonomic symptoms not now
considered to be a trigeminal autonomic cephalalgia,
because of its long-lasting pain.10 Activation of the pos-
terior hypothalamus seems to be specific to trigeminal
autonomic cephalalgias and hemicrania continua; it does
not occur in migraine or experimentally induced trigem-
inal pain.9

In 1999, a voxel-based morphometry study demon-
strated increased neuronal density in the posterior infe-
rior hypothalamic gray matter in cluster headache pa-
tients in remission phase.15 This was the first
identification of a lesion apparently associated with a
primary headache.
These neuroimaging data therefore suggested that ste-

reotactic stimulation targeting the hypothalamus might
be a useful new therapeutic approach to chronic intrac-
table forms of cluster headache.16 New therapeutic ap-
proaches were needed, given that 15–20% of cluster
headache patients experience chronic cluster headache,
and some of these do not respond to drugs.17,18 Such

patients are a major clinical problem because of the severity
and frequency (several times a day) of their headache at-
tacks. Destructive surgery that interrupts the trigeminal sen-
sory or autonomic (cranial parasympathetic) pathway was
sometimes used to treat these patients, but lasting benefit
was reported in few cases,16,19–22 and complications could
be severe, including diplopia, hyperacusia, jaw deviation,
corneal ulcers, corneal anesthesia, and anesthesia dolo-
rosa.16,19–22

PATIENT SELECTION FOR DBS AND
METHODOLOGICAL QUESTIONS

Definition of chronicity for surgical purposes
The International Classification of Headache Disorders

defines cluster headache as chronic when attacks occur
for more than 1 year without remission or with remis-
sions of less than 1 month; however, the criteria allow a
diagnosis of chronic cluster headache when the patient
has only three to four attacks per month over the preced-
ing year.10 It is not prudent to select patients for an
invasive surgical procedure such as DBS if they experi-
ence only three to four attacks per month. The first
patients to undergo posterior hypothalamic implant had
experienced severe attacks occurring many times daily
without relief for periods of years.16 In subsequent stud-
ies using another experimental procedure (occipital
nerve stimulation, which is less invasive), the criteria
were not so strict,23 and some selected patients had only
a few attacks per month. One result of the lack of stan-
dardized selection criteria is that patients from different
series are not comparable in terms of illness severity.
This problem is particularly acute when seeking to assess
the efficacy of hypothalamic stimulation in comparison
with occipital nerve stimulation.
We recommend that posterior hypothalamic stimula-

tion be considered only for cluster headache patients who
have experienced daily or almost attacks for least 1–2
years.24

Definition of drug resistance for surgical purposes
Approximately 15–20% of cluster headache patients

have the chronic form and need continuous medical care
because of persistent pain.17,18 Clinical experience indi-
cates that drug treatments can control or prevent attacks
in approximately 80% of patients with chronic cluster
headache.17,18 In some cases, drugs lose efficacy over
time, often after years of successful pharmacologic con-
trol; less frequently, patients are unresponsive to medi-
cations from the outset.17,18

The term drug-resistant has been used to refer to pa-
tients who do not respond to one or more types of drug,25

as well as to those who do not respond to any of the
known medications.24,26 Patients unresponsive to one or
more types of drug may well respond to untried medi-

DBS IN TRIGEMINAL AUTONOMIC CEPHALALGIAS 221

Neurotherapeutics, Vol. 7, No. 2, 2010



cations, and should therefore be designated as partially
drug-resistant, with the term completely drug-resistant
confined to patients do not obtain pain prophylaxis with
any medication.26 The condition of complete drug resis-
tance is likely to be much more serious than that of
partial resistance. Completely drug-resistant patients of-
ten resort to numerous medications (e.g., analgesics,
triptans, nonsteroidal anti-inflammatory agents, opioids,
ergot-derivatives, steroids) in increasingly desperate at-
tempts to relieve their daily headaches. At our center,
daily steroids and daily triptans are the drugs most fre-
quently used by completely drug-resistant chronic cluster
headache patients to abort ongoing attacks. Sumatriptan
is the drug of choice, as it quickly blocks crises in most
patients;27 however, sumatriptan resistance has emerged
in some cases, with devastating effects when other drugs
do not work. Some patients have injected sumatriptan
(mean, 24 mg/d) for years without adverse effects or
electrocardiographic or other changes.28 It is recognized,
however, that frequent triptan use may facilitate onset of
myocardial ischemia in predisposed patients and may
increase blood pressure.
Steroids are often dramatically successful in cluster head-

ache; however, prolonged use of steroids (over years) may
have fearful consequences, including chronic intestinal
bleeding, bone demineralization leading to fractures and
aseptic necrosis of the femoral head, fluid retention leading
to heart failure, hypertension, bulimia, marked weight in-
crease, severe myopathy with loss of ability to walk, and
glaucoma. Agitation, insomnia, and even frank psychosis
may also be effects of chronic steroid use.29

For these reasons, we have proposed that patients be
designated as completely drug-resistant and considered for
DBS only when all indicated drugs in the guidelines29 or in
the wider literature have been tried (unless specifically con-
traindicated in a given case) at adequate dose and for a
sufficient period but have nonetheless proved to be ineffec-
tive or associated with intolerable adverse effects.24,26

Outcome measures for surgical purposes
The first aim of treatment should be pain reduction.

Clinical experience is that chronic cluster headache pa-
tients above all request a reduction in the number of
attacks (which typically occur daily). In line with this
experience, the International Headache Society (IHS)
guidelines propose that reduction in number of daily
attacks should by the main aim of prophylactic treat-
ment.30 Other important endpoints are pain intensity and
duration of attack.30 A patient’s expressed satisfaction
with the overall treatment should also be considered. In
a pilot study on occipital nerve stimulation for cluster
headache, attack frequency was unchanged in patients
who nevertheless said they were satisfied with the treat-
ment and would recommend it to other patients with
cluster headache.31 This finding suggests that factors

other than pain have a role in patient assessment of
treatment; it further suggests that patient satisfaction
should not be a primary endpoint for studies assessing
the efficacy of hypothalamic or occipital nerve stimula-
tion in cluster headache.32 The IHS guidelines recom-
mend that treatment efficacy should be monitored by
getting patients to report the number of attacks per day in
a headache diary.30 To this we add that patients should
also be asked to report pain intensity (on a visual analog
scale) and attack duration (in minutes), particularly when
patients undergoing hypothalamic stimulation are being
monitored. Monitoring all these indicators will reduce
the possibility of bias in assessing efficacy.

RESULTS OF HYPOTHALAMIC
STIMULATION

Acute pain
To evaluate a possible acute effect of hypothalamic

stimulation on cluster headache attacks, 136 attacks were
acutely treated in 16 patients who had received hypotha-
lamic implants to prevent chronic cluster headache.33 In
the immediate postoperative period, when the stimulator
was off and headache attacks were frequent, the stimu-
lator was turned on in bipolar mode as soon as an attack
began. Starting at 7–14 days after implantation, the stim-
ulator was on in monopolar mode and amplitude was
slowly increased to achieve prophylaxis. Patients were
still experiencing headache attacks, and these were
acutely treated in monopolar mode by abruptly increas-
ing the amplitude as soon as an attack occurred. Stimu-
lation frequency was 180 Hz and pulse width was 60 �s,
because these were the settings effective in preventing
chronic cluster headache. The maximum stimulation am-
plitude tolerated was usually 4–5 V. Patients could re-
quest acute stimulation termination at any moment, and
rescue medication was available. Pain intensity was re-
ported on a visual analog scale. Blood pressure, heart
rate, sweating, and other vital and neurological signs
were monitored. For the 108 attacks in 16 patients, 23%
of the pain attacks improved (i.e., intensity was reduced
by 	50%), but only 16% disappeared completely during
acute stimulation. From these data, it is evident that acute
hypothalamic stimulation is ineffective as a treatment for
cluster headache.33 This is consistent with experience in the
prevention of chronic cluster headache: typically, several
weeks of continuous stimulation are required before attacks
are markedly reduced or eliminated.16,34–45

Chronic pain
Long-term hypothalamic stimulation was first tried in

a patient in whom further lesional surgery was contrain-
dicated; exceptional benefit was achieved, with no major
adverse effects.16 The same group subsequently reported
on 16 drug-resistant chronic cluster headache patients
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who received hypothalamic implants after a mean fol-
low-up of more than 4 years (Table 1).38 After the first 2
years, pain abolition or major pain reduction was ob-
tained in 13 of the 16 patients (and in 15 of 18 implants,
or 83%). After 4 years, a persistent pain-free state was
still present in 10 patients (62%), although 4 of the
patients also required additional medical prophylaxis to
control the attacks.38 The hypothalamic stimulation sub-
sequently became ineffective in 3 of the 10 patients,
notwithstanding many changes in stimulation settings;
however the illness also changed from chronic to epi-
sodic in the same 3 patients, and they experienced
months of complete remission punctuated by periods of
brief but typical attacks.
Similar improvements have been reported from other

studies. Over 11 studies, 36 of 58 patients (62%) ob-
tained improvement, defined as pain free or almost pain
free (Table 1).
Fontaine et al.45 performed a double-blind prospective

crossover study on 11 patients recruited from centers
throughout France, to assess the efficacy and safety of
unilateral hypothalamic stimulation for severe chronic
drug-resistant cluster headache. The randomized phase
compared active with sham stimulation over 1-month
periods, and was followed by a 1-year open phase. The
primary outcome was weekly attack frequency. Other
outcomes were pain intensity, number of sumatriptan
injections, and changes in emotional impact and quality
of life, as assessed by the Hospital Anxiety and Depres-
sion Scale and the SF-12 Health Survey, respectively.
Tolerance was assessed by active surveillance of behav-
ior and hormone levels. During the randomized phase,
there was no significant difference in primary or second-
ary outcome measures between active and sham stimu-
lation. At the end of the open phase, chronic stimulation
had reduced weekly attack frequency by more than 50%

in 6 of the 11 patients, 3 of whom were pain-free. There
were three serious adverse events: subcutaneous infec-
tion, transient loss of consciousness, and micturition syn-
cope. There were no significant changes in hormonal
function or electrolytic balance. Although the random-
ized phase showed no efficacy of hypothalamic stimula-
tion, the open phase indicated long-term efficacy in more
than 50% of patients without high morbidity.
In a study in California, five of the eight cluster head-

ache patients with hypothalamic implants obtained
greater than 50% reduction in headache intensity or fre-
quency after at least 1 year, although none were com-
pletely pain free.40,46 In a multicenter study in Germany,
three of the six cluster headache patients with hypotha-
lamic implants achieved almost pain-free status, with
treatment failure in the other three.41 In a study from a
Belgian center, two of the four patients with hypotha-
lamic implants were pain free and one had improved
substantially.37 In a study from Oxford, UK, all three
patients with hypothalamic implants were reported as
pain free and with no adverse effects after a follow-up
of 6 months to 2 years.39,47 Other outcomes from
studies presented only in abstract form are included in
Table 1,42-44,48 along with data from one unpublished
study.

Tolerability and adverse events
As with any cerebral electrode implantation procedure,

implantation to the hypothalamus is associated with a
small risk of intracerebral hemorrhage and must be per-
formed by an expert neurosurgical team, and in patients
without specific risk factors for cerebral hemorrhage.38

Investigators at the center with the largest experience (16
patients were given 18 implants) reported a small tran-
sient nonsymptomatic hemorrhage into the third ventri-
cle in 1 case, identified on postoperative CT; follow-up

TABLE 1. Reported Improvement with Hypothalamic Stimulation for Drug-Resistant Chronic Cluster Headache Patients

References Patients Implanted, no. Mean Follow-Up, yr Patients Improved,* no. (%)

Schoenen et al.,37 2005 4 4 2 (50)
Benabid et al.,43 2006* 1 1 1 (100)
D’Andrea et al.,42 2006* 3 2.5 2 (66)
Leone et al.,38 2006† 16 4 10 (62)
Black et al.48 2007* 2 2.6 2 (100)
Mateos et al.,44 2007* 2 1 2 (100)
Owen et al.,39 2007; Brittain et al.,47 2009 3 1 3 (100)
Starr et al.,40 2007; Sillay et al.,46 2010 8 1 5 (62)
Bartsch et al.,41 2008 6 1.4 3 (50)
Fontaine et al.,45 2010 11 	1 6 (55)
Nikka et al.‡ 2 2 0 (0)
Total 58 — 36 (62)

Improvement was defined as pain free or almost pain free.
*Presented in abstract form only.
†See text for other findings midway through and after the overall 4-year follow-up.
‡Personal communication. Data reported with permission of the authors (Nikkhah G, personal communication, 2007).
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CT revealed complete resolution.38 No untoward intra-
operative modifications in EEG, blood pressure, temper-
ature, breathing, affective state, or state of consciousness
were observed.38

In one study, one of the six patients implanted died
soon after the operation, because of implantation-in-
duced intracerebral hemorrhage; in another patient, the
implantation was stopped because of panic attack.37 It is
possible that this patient had anxiety disorder; alterna-
tively, the electrode may have missed the target. Panic
attacks have been reported during periaqueductal stimu-
lation,3 but not during hypothalamic implantation or
stimulation.16,34–36,38–48

Visual disturbances, mainly diplopia, are the primary
limiting adverse effect induced by hypothalamic stimu-
lation.16,34–45 Diplopia occurs in most patients when the
amplitude is increased too rapidly; however, it subsides
within a few minutes, although a few days may be re-
quired for complete disappearance.16,34–45 No changes
in electrolyte balance, body temperature, blood pressure,
sleep–wake cycle, appetite or thirst, or EEG findings
have been observed on prolonged hypothalamic stimu-
lation.16,34–45 Levels of cortisol, prolactin, thyroid hor-
mones, thyroid-stimulating hormone, and testosterone
also remain unchanged.16,34–45 Weight loss of approxi-
mately 3 kg generally occurs in the first 3–6 postopera-
tive months, which may be due to steroid withdrawal,
although a central effect of neurostimulation cannot be
completely ruled out.38

One patient ceased menstruating 4 months before im-
plantation as a result of excessive drug use (both thera-
peutic and over the counter); her cycles returned to nor-
mal 1 month after implantation.38 Neither depressive or
dysphoric symptoms nor changes in character or behav-
ior have been observed.16,34–45 In the study of Fontaine
et al.,45 a double-blind multicenter study involving 11
patients, no significant changes in hormone levels or
electrolytic balance were observed, but subcutaneous in-
fection, transient loss of consciousness, and micturition
syncope were major adverse effects.

THE AUTONOMIC NERVOUS SYSTEM
DURING HYPOTHALAMIC STIMULATION

The human hypothalamus occupies approximately 4
cm3, or 0.3% of total brain volume,49 and yet contains
integrator systems that, via the autonomic and endocrine
effector systems, regulate fluid and electrolyte balance,
food ingestion and energy balance, reproductive func-
tions, thermoregulation, immune responses, and many
emotional responses, including pain. Many of the human
hypothalamic nuclei appear to have largely conserved
anatomy and function, compared with lower ani-
mals.49,50 Parasympathetic effects predominate when the
anterior hypothalamus is stimulated, and sympathetic ef-

fects tend to occur when the posterior hypothalamus is
stimulated.49 Lesions of the ventromedial nucleus cause
increased vagal and decreased sympathetic tone; the
paraventricular nucleus is an important autonomic inte-
grative center.51 This does not, however, imply the ex-
istence of discrete parasympathetic or sympathetic cen-
ters. Stimulation to disparate parts of the hypothalamus
can cause profound changes in heart rate, cardiac output,
vasomotor tone, peripheral resistance, differential blood
flow in organs and limbs, frequency and depth of respi-
ration, alimentary tract motility and secretion, and erec-
tion and ejaculation.49

With the development of hypothalamic stimulation,
the human hypothalamus has for the first time received
long-term stimulation,16 providing an opportunity to
study this brain area. Cortelli et al.52 investigated aspects
of autonomic nervous system function in eight patients
with chronic drug-resistant cluster headache, before and
after implantation of an electrode for unipolar stimula-
tion of the posterior hypothalamus. Systolic and diastolic
blood pressure, cardiac output, total peripheral resis-
tance, heart rate, and oronasal and abdominal breathing
were monitored continuously at supine rest, during the
head-up tilt test (HUTT), Valsalva maneuver, deep
breathing, the cold face test, isometric handgrip, and
baroreflex. The results before and after surgery were
compared. Continuous long-term unipolar stimulation
was associated with an enhanced sympatho-excitatory
effect on the cardiovascular system during HUTT,
whereas the Valsalva maneuver, deep breathing, cold
face test, isometric handgrip, and baroreflex sensitivity
were unaffected. These findings suggest that chronic
stimulation of the posterior hypothalamus can alter the
modulation of orthostatic adaptation without affecting
the baroreflex, cardiorespiratory interactions, or efferent
sympathetic and vagal functions.52 Thus, in the supine
resting position, the cardiovascular system is not influ-
enced by posterior hypothalamic stimulation, providing
important evidence for the safety of long-term stimula-
tion.52

Posterior hypothalamic stimulation in animals pro-
duces marked changes in autonomic functions.53 In hu-
mans, continuous long-term posterior hypothalamic
stimulation induces fewer and less marked changes than
in animals, probably because in humans the stimulation
is of lower amplitude and is increased more slowly than
in animals.

Sleep and circadian rhythm of body core
temperature during posterior hypothalamic
stimulation
The hypothalamus, especially its posterior part, is in-

volved in control of the sleep–wake cycle and regulation
of arousal.54 Body core temperature and the structure and
quality of sleep were investigated in three chronic drug-
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resistant cluster headache patients before and during
chronic lasting stimulation of the posterior hypothala-
mus.55 The patients underwent 48 hours of consecutive
polysomnography (PSG), using the Vitaport system (Te-
mec Instruments, Kerkrade, Netherlands; for details, see
Starr et al.40), with body core temperature monitored by
rectal probe. In these patients, nocturnal cluster head-
aches disappeared during hypothalamic stimulation, al-
though in two patients PSG revealed that occasional
daytime attacks were occurring 4 months after implan-
tation. Polysomnography during stimulation revealed
more continuous sleep, with increased total sleep time
and sleep efficiency, with slow-wave sleep stages be-
coming more prominent; indices of fragmented sleep
(arousals, periodic limb movements during sleep
[PLMS], and stage shift indices) were reduced. Thus,
posterior hypothalamic stimulation was associated with
improved sleep structure and quality, compared with the
preoperative condition.55 It is likely that the main cause
of sleep improvement was the disappearance of noctur-
nal headache attacks. Nevertheless, the reduction in
PLMS suggested a direct effect of stimulation. Because
PLMS were reduced in light sleep as well as in non-REM
sleep, the reduction cannot be attributed simply to the
reduced time spent in light sleep. No daytime sleepiness
or sleep-related breathing disorders were observed with
posterior hypothalamic stimulation, and body core tem-
perature rhythm was also normal, providing further evi-
dence of the safety of hypothalamic stimulation.55

Microrecordings
Hypothalamic stimulation has provided an opportunity

to use microrecording techniques to investigate the char-
acteristics of the neurons at that level. Microrecording
data from the stereotactic target site are discussed in
what follows. This area does not correspond to a specific
anatomical entity, and there is no consensus as to
whether it is part of the posterior hypothalamus or ante-
rior periventricular gray matter.56 Two sets of stereotac-
tic coordinates have been used to identify this target,
those published by Leone et al.16 in 2001 (x � 2 mm
lateral to the midline, y � 6 mm behind the midcommis-
sural point, z � 8 below the commissural plane) and the
revised coordinates published by Franzini et al.34 in 2003
(x � 2 mm lateral, y � 3 mm posterior, and 5 mm
inferior to the midcommissural point).
Several studies have obtained single-unit microrecordings

from this region in cluster headache patients.34,37,40,41,46,57,58

In all but one study,47 the microrecordings were obtained
from patients not experiencing an attack (i.e., under basal
conditions). Franzini et al.34 used a Medtronic (Minne-
apolis, MN) lead point system to investigate the target
area. They presented a figure illustrating electrical activ-
ity in a single unit, but provided no quantitative data.
Schoenen et al.37 obtained data from the area defined by

the stereotactic coordinates of Leone et al.16 in four
chronic cluster headache patients. They used a Medtronic
9013-SD-08411 microelectrode and Medtronic lead
point system, starting 10 mm above the target and con-
tinuing at 1-mm intervals down to the target.37 No addi-
tional procedural details were given, and no quantitative
data. No specific neuronal activity—similar to that found
in DBS of the subthalamic nucleus and globus pallidus—
was found, but in two patients bursts of action potentials
synchronous with heart beats were recorded.37

Cordella et al.57 reported quantitative microrecording
data obtained with the Medtronic lead point system from
one patient with cluster headache and one patient with
SUNCT. The target coordinates were those of Franzini et
al.34 Patients were studied fully awake. Recording began
as the microelectrode reached the hypothalamic target.
Signals from a single cell in each patient were collected
for sufficient time to permit offline analysis with the
CED Spike2 package (Cambridge Electronic Design,
Cambridge, UK). Average firing rate was 24 per second.
Most recordings showed isolated action potentials, and
most interstimulus intervals were in the range of 10–15
ms. Autocorrelograms of the two cells showed no peri-
odicity of discharge rate, but a 1 Hz oscillatory pattern
was identified in the SUNCT patient, possibly a pulse
artefact.57

A California group40,58 implanted an electrode in the
posterior hypothalamus of cluster headache patients, us-
ing the coordinates of Franzini et al.34 Single microelec-
trode penetration was performed beginning 10 mm above
the anatomic target, without systemic sedation. Six pa-
tients and 24 units were evaluated. Individual units were
discriminated offline by cluster cutting in principal-com-
ponent space. Discharge rates, interspike intervals, and
oscillatory activity were analyzed and compared with
activity in the ventromedial thalamic nucleus of the same
patient. The posterior hypothalamic neurons investigated
were characterized by slow, regular spontaneous dis-
charge with wide, low-amplitude action potentials. The
mean discharge rate of the posterior hypothalamic units
was significantly lower (mean, �13 Hz) than that from
thalamic units (mean, 28 Hz). Oscillatory activity was
not detected. There was no morbidity.40,58

Bartsch et al.41 reported on four patients who received
posterior hypothalamic implants for drug-resistant clus-
ter headache. Microrecordings were obtained at 1 mm
around the target (coordinates of Franzini et al.34). In
three patients, sensory stimulation of the trigeminal and
spinal dermatomes was performed and in two patients,
motor stimulation (passive movement of elbow), auto-
nomic testing (counting backwards under stress, cold
pack, and bladder filling), and affective stimulation (pic-
tures with emotional content) were also performed. Units
had a tonic, nonrhythmic firing pattern with an average
discharge rate of 17 Hz (range, 13–35). None of the
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applied stimuli produced an obvious response. Microre-
cordings were obtained using high-impedance micro-
electrodes, making it possible to pick up discharges from
a single neuron.41

It is evident from the literature that it is not easy to
obtain consistent microelectrode recordings from this
area of the brain. Both drugs and level of vigilance can
affect the data obtained. Sani et al.58 suggested that ab-
normal impedance or lack of activity indicates that the
exploring microelectrode may be in the interpeduncular
cistern,30 and pulsation artefact is frequent. A discharge
rate of approximately 20 Hz without specific rhythmic
pattern could be the neurophysiological hallmark of neu-
rons in this area in cluster headache patients, using both
the coordinates of Leone et al.16 and of Franzini et al.34

The possibility remains that neuronal activity in this
region differs in other conditions, and perhaps even in
cluster headache patients during an attack. Brittain et
al.47 recorded local field potentials during a cluster head-
ache attack that occurred during surgical implantation of
a hypothalamic electrode. Local field potentials were
characterized by a significant increase in power during
the attack.47 This appears to be the first report of neuro-
nal activity during a cluster headache and lends strong
support to data (mainly from use of indirect hemody-
namic neuroimaging techniques) implicating hypotha-
lamic activation in cluster headache generation.

Pain threshold
Although stimulation of the posterior hypothalamus is

now established as a clinically effective means of pre-
venting headache attacks in chronic cluster headache
patients, the underlying mechanisms are not well under-
stood. The hypothalamus is known to be connected
to the trigeminal system via the trigeminohypothalamic
tract.59,60 In an investigation of whether hypothalamic
stimulation affects heat and pain perception in the first
trigeminal branch, Jürgens et al.61 examined chronic
cluster headache patients with an electrode implanted
unilaterally in the posterior hypothalamus (n � 11),
chronic cluster headache patients with no implanted elec-
trode (n � 15), and healthy controls (n � 29). Perception
and pain thresholds for hot and cold stimuli were deter-
mined bilaterally at the forearm, at the lower leg, and
supraorbitally. Cold pain thresholds in the distribution of
the first trigeminal branch were significantly higher on
the stimulated side of implanted patients, compared with
healthy controls.59 Stimulated implanted patients also
had significantly higher cold detection thresholds than
did nonimplanted cluster headache patients. Short-term
interruption of stimulation did not change thresholds.59

These findings support the notion that neurostimulation
of the posterior hypothalamus in cluster headache affects
only certain aspects of pain sensation.59

SUNCT SYNDROME AND PAROXYSMAL
HEMICRANIA

The SUNCT syndrome is often refractory to medica-
tion,62 and severely affected patients may consent to
surgical ablation of the trigeminal nerve, even though
outcomes are generally poor.63 After a functional MRI
study had shown increased blood flow in the ipsilateral
posterior inferior hypothalamus during SUNCT attacks,12

the posterior inferior hypothalamus of a patient experienc-
ing severe intractable SUNCT was implanted.64 Prolonged
stimulation resulted in long-lasting pain relief without
continuous drug administration and with virtually no
adverse effects.64 When the stimulator was turned off,
without the patient’s knowledge, the crises reappeared
but gradually disappeared after it was turned back on.64

Another drug-resistant SUNCT patient received ipsilat-
eral hypothalamic implantation: the patient experienced
an immediate 63% decrease in the mean number of at-
tacks per day, and a progressive decline in attack fre-
quency; at 12 months after implantation, daily attack
frequency had stably reduced by 80%, relative to preop-
erative frequency.65

Paroxysmal hemicrania is a rare trigeminal autonomic
cephalalgia characterized by severe, unilateral, orbital–
supraorbital, or temporal pain attacks lasting 2–30 min-
utes and accompanied by ipsilateral craniofacial auto-
nomic manifestations.10 Attacks usually occur several
times daily, and are completely prevented by adequate
doses of indomethacin.10 Nonetheless, some patients
cannot tolerate the adverse effects of indomethacin and
may therefore be candidates for surgery. The therapeutic
effectiveness of ipsilateral-to-the-pain posterior hypotha-
lamic stimulation was assessed in a patient with PH
intolerant to medical management.66 The patient’s head-
ache improved markedly soon after stimulation was
started, and no complications were observed. On two
separate occasions, the stimulator was switched off and
the attacks reappeared within minutes.
It is noteworthy that a previous PET study found sig-

nificant activation of the contralateral posterior hypothal-
amus in untreated PH,13 whereas ipsilateral posterior
hypothalamic activation has been demonstrated during a
cluster headache attack.11 Nevertheless, ipsilateral hypo-
thalamic stimulation was effective in the patient with PH, as
already noted,64 just as it is in cluster headache.16,34–45 In
the patient with PH, stimulation was effective in control-
ling attacks within minutes,64 whereas several weeks of
stimulation are necessary to gradually bring cluster head-
ache attacks under control.16,34–45 Finally, note that be-
fore implantation the attacks in this PH patient lasted 2–3
minutes,64 which is at the short extreme of attack dura-
tion for this headache, but typical of the duration for
SUNCT.

LEONE ET AL.226

Neurotherapeutics, Vol. 7, No. 2, 2010



CONCLUSIONS

Ten years after its introduction,16 the efficacy of hy-
pothalamic stimulation as a treatment for chronic drug-
resistant cluster headache can be considered estab-
lished.34–45 Hypothalamic stimulation has generally
been performed safely, but in view of the invasiveness of
the procedure, should be offered only to patients with
chronic and completely drug-resistant cluster headache
(or other trigeminal autonomic cephalalgia) who experi-
ence multiple attacks a day.34–45 Hypothalamic stimula-
tion takes time to exert its therapeutic effect in cluster
headache, and frequent adjustment of stimulation vari-
ables is required to maintain optimal benefit.34–45 Neu-
roimaging investigations have shown that hypothalamic
stimulation activates a number of brain areas pertaining
to the pain matrix and deactivates others. Hypothalamic
stimulation activates the ipsilateral trigeminal com-
plex,67 but this does not cause the patient to perceive
disturbances within the trigeminal distribution. This find-
ing clearly indicates that simultaneous activation of the
hypothalamus and of the trigeminal system are both nec-
essary, but not sufficient, to generate cluster headache
attacks. In addition to the hypothalamus, therefore, other
as yet unknown brain areas are likely to play a primary
role in the pathophysiology of cluster headache and of
other trigeminal autonomic cephalalgias.68
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