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Recently, functional imaging data have underscored the crucial role the hypothalamus plays in cluster headache, one of the most severe
forms of primary headache. This prompted the application of hypothalamic deep brain stimulation. Yet, it is not apparent how stimula-
tion of an area that is thought to act as a pace-maker for acute headache attacks is able to prevent these attacks from occurring. We
addressed this issue by examining 10 operated chronic cluster headache patients, using H2

15O-positron emission tomography and
alternately switching the hypothalamic stimulator on and off. The stimulation induced activation in the ipsilateral hypothalamic gray
(the site of the stimulator tip), the ipsilateral thalamus, somatosensory cortex and praecuneus, the anterior cingulate cortex, and the
ipsilateral trigeminal nucleus and ganglion. We additionally observed deactivation in the middle temporal gyrus, posterior cingulate
cortex, and contralateral anterior insula. Both activation and deactivation are situated in cerebral structures belonging to neuronal
circuits usually activated in pain transmission and notably in acute cluster headache attacks. Our data argue against an unspecific
antinociceptive effect or pure inhibition of hypothalamic activity. Instead, the data suggest a hitherto unrecognized functional modula-
tion of the pain processing network as the mode of action of hypothalamic deep brain stimulation in cluster headache.
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Introduction
Neuroimaging with positron emission tomography (PET) shed
light on the genesis of two of the most important headache syn-
dromes, documenting activation in the midbrain and pons in
migraine (Afridi et al., 2005) and in the hypothalamic gray in
cluster headache (CH) (May et al., 1998; Sprenger et al., 2004).
These areas are not simply involved as a response to first division
nociceptive pain impulses but are inherent to each syndrome,
probably in some permissive or dysfunctional role (Goadsby,
2002; May, 2005). Furthermore, using high-resolution structural
three-dimensional (3D) magnetic resonance images and voxel-
based morphometry, a significant structural difference in gray
matter density of the hypothalamus was found in patients with
CH when compared with healthy volunteers (May et al., 1999).
The colocalization of morphometric and functional changes
demonstrate the precise anatomical location for a probable CNS
lesion in CH. Given that this area is involved in circadian
rhythms, sleep–wake cycling (Moore, 1997), and control of the

autonomic system (Overeem et al., 2002), these data suggest an
involvement of this hypothalamic area as a primum movens in the
acute cluster attack. These findings prompted the use of deep
brain stimulation (DBS) in the posterior hypothalamic gray mat-
ter in a patient with intractable CH headache and led to a com-
plete relief of attacks (Leone et al., 2001). To date, 20 operated
intractable CH patients have been reported (Franzini et al., 2003;
Leone et al., 2006), some with a follow up of �4 years (Leone et
al., 2004a; Schoenen et al., 2005).

Little is known about the circuits and mechanisms underlying
the analgesic effect of DBS; however, it probably involves activa-
tion of thalamocortical pathways and changes in cortical activity
(Kumar et al., 1997). The uniqueness of the DBS approach is that
it allows in vivo investigating of the functional role of the under-
lying neuronal circuits by switching the hypothalamic stimulator
on and off. It is unclear whether DBS causes (1) a local blockade
of the hypothalamic trigger activity, (2) a direct antinociceptive
effect by activation of the periaqueductal gray (PAG) and/or ros-
tral ventromedial medulla (RVM) or, (3) a modulation of neu-
ronal pain-processing pathways. To unravel the brain circuitry
mediating stimulation-induced effects, we applied PET, a rela-
tively noninvasive imaging technique that is sensitive to changes
in regional cerebral blood flow (rCBF) as an indirect measure of
neuronal activity in humans (Frackowiak and Friston, 1994).

Materials and Methods
Patients. Ten right-handed patients (nine men and one woman) aged
25– 63 years, with hypothalamic DBS electrodes (five left, five right), gave
written informed consent to participate in the PET study. The proce-
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Neuroscience, Universitäts-Krankenhaus Eppendorf, Martinistrasse 52, D-20246 Hamburg, Germany. E-mail:
a.may@uke.uni-hamburg.de.

DOI:10.1523/JNEUROSCI.4609-05.2006
Copyright © 2006 Society for Neuroscience 0270-6474/06/263589-05$15.00/0

The Journal of Neuroscience, March 29, 2006 • 26(13):3589 –3593 • 3589



dures were approved by the Ethics Committee of the Technische Univer-
sität of Munich and the Istituto Neurologico Carlo Besta. The DBS elec-
trodes had been implanted to treat the patients intractable chronic
cluster headache, following the guidelines for selecting eligible patients
(Leone et al., 2004b). Before the operation, all patients suffered from four
to eight attacks per day and were drug refractory to all medications used
to treat CH. All patients had undergone stereotactic functional surgery in
Milan (Franzini et al., 2003). The surgery had included microelectrode
mapping and implantation of hypothalamic electrodes (Medtronic,
Minneapolis, MN). The stimulator tip was situated in the posterior infe-
rior hypothalamic gray (May et al., 1998, 1999). Therapeutic stimulation
was continuous and unipolar. Eight patients were headache free after
stereotactic activation; none experienced any relevant side effects. On the
day of scanning, five patients were taking additional preventive medica-
tion. Two patients suffered occasionally from acute cluster attacks, one of
whom had only recently been operated (patient 5; operated end of
March; scanned beginning of May). Table 1 demonstrates demographic
data for the 10 patients.

Design. Using a block design and alternately switching the hypotha-
lamic stimulator on and off, each patient underwent 12 consecutive
H2

15O-water PET scans during two conditions: (1) baseline and (2)
during DBS. Artificial stimulation of brain structures may change brain
activation patterns over time. Considering the limited patient popula-
tion, it was not possible to use different timing strategies (i.e., stimulation
intervals). Because the present study focuses on acute effects of hypotha-
lamic stimulation and above all to guarantee comparable conditions, the
stimulator was turned on or off exactly 60 s before the start of each scan
and was kept in this position until 60 s before the consecutive scan (Fig.
1 A). Subjects had their eyes closed during all scans.

Data acquisition and analysis. PET scans were performed with an
ECAT EXACT HR� scanning system (Siemens, Knoxsville, TN) in 3D
mode with septa retracted. A neck shield (NeuroShield; Scanwell Sys-
tems, Lavigne, Montreal, Canada) was used to reduce random count
rates. An antecubital vein cannula was used to administer the tracer, 10
mCi of H2

15O per run. The activity was flushed into subjects as a semi-
bolus over 30 s at a rate of 14 ml/min. The data were acquired in one 90 s
frame beginning 5 s before the peak of the head curve. The interval
between scans was 10 min. Attenuation correction was performed with a
transmission scan acquired at the beginning of each study. Images were
reconstructed by filtered back projection into 63 image planes (separa-
tion, 2.4 mm) and into a 128 � 128 pixel image matrix (pixel size, 2.1 �
2.1 mm 2). Because cluster headache is a strictly lateralized syndrome
(Headache Classification Committee of the International Headache So-
ciety, 2004), we mirrored the PET scans in the patients with left-sided
headache in the axial plane to be able to analyze all subjects together.
SPM2 (Wellcome Department of Imaging Neuroscience, London, UK;
http://www.fil.ion.ucl.ac.uk/spm) was used for data analysis. Images
were realigned with the first image as the reference and then spatially
normalized into standard stereotactic space. The normalized images

were smoothed with a Gaussian filter of 10 mm full width at half maxi-
mum. Statistical parametric maps were derived with prespecified con-
trasts, comparing rCBF during stimulation and rest. Significance levels
for the one-tailed t statistics were set at p � 0.001 uncorrected, based on
our strong regional a priori hypothesis based on the clinical and experi-
mental data cited in the text. Based on this a priori hypothesis regarding
the involvement of pain transmitting structures, such as the hypothala-
mus, thalamus, anterior cingulate cortex, and the insular cortex, we ap-
plied small volume correction to these areas with a threshold of p � 0.05
for multiple comparisons.

Results
All the patients experienced rigorous improvement in headache
frequency after hypothalamic stimulation was initiated: eight of
the investigated 10 patients were completely pain free and the
remaining two suffered only from sporadic attacks. Notably, it
takes several days, or even weeks, between turning the unipolar
stimulator on or off and observing a change in the clinical picture
(Franzini et al., 2003). None of the patients experienced any ad-
verse side effects or headache symptoms during the scanning.

Categorical SPM analysis revealed stimulator-induced activa-
tions (on � off) in the ipsilateral posterior inferior hypothalamic
gray (the site of the stimulator tip), the ipsilateral thalamus, so-
matosensory cortex and praecuneus, the anterior cingulate cor-
tex, and the ipsilateral trigeminal nucleus and ganglion. Signifi-
cant deactivations (off � on) were found in the middle temporal
gyrus, posterior cingulate cortex, inferior temporal gyrus bilater-
ally, and contralateral anterior insula. Table 2 and Figure 1B
demonstrate activation and deactivation in hypothalamic DBS.

Discussion
Deep brain stimulation allows a highly focal and reversible stim-
ulation of neuronal target structures. Attempts to alleviate med-
ically intractable pain through continuous stimulation of deep
brain structures have been reported for nearly half a century
(Mazars et al., 1960; Raskin et al., 1987; Bittar et al., 2005). Over
the years, several brain regions have been targeted with varying
degrees of success. These include the ventroposterolateral nu-
cleus and several other thalamic nuclei, the periaqueductal and
periventricular gray matter, and motor cortex (Nandi et al.,
2002). Some authors recommend PAG/periventricular gray
stimulation for the treatment of peripheral pain (Kumar et al.,
1997), whereas stimulation of thalamic sensory relay nuclei ven-
troposterior lateral nucleus or ventroposterior medial nucleus or
the internal capsule has been suggested for the alleviation of cen-

Table 1. Demographic data of the 10 patients who underwent PET examination

Age at
scanning
(years) Sex CH since CH side Date operated Date scanned Pain free?

Stimulus characteristics
�amplitude (V)/pulse width
(�s)/frequency (Hz)� Preventative medication

Pat 1 41 M 1997 Left July 2000 May 2002 Yes 3.2 V/60 �s/180 Hz None
Pat 2 52 M 1997 Left November 2000 May 2002 Yes 1.1 V/60 �s/180 Hz Methysergide, 4 mg; Verapamil, 240 mg
Pat 3 64 F 1994 Left May 2001 May 2002 Yes 3.0 V/60 �s/180 Hz Verapamil, 80 mg/d
Pat 4 52 M 1997 Right October 2001 May 2002 Yes 3.1 V/60 �s/180 Hz Methysergide, 4 mg
Pat 5 30 M 2000 Left March 2002 May 2002 Occasional attacks 1.4 V/60 �s/180 Hz None
Pat 6 25 M 2002 Left October 2003 November 2004 Occasional attacks 3.3 V/60 �s/180 Hz Verapamil, 360 mga

Pat 7 51 M 2002 Right August 2003 November 2004 Yes 2.6 V/60 �s/180 Hz Verapamil, 360 mgb

Pat 8 51 M 2002 Right November 2003 November 2004 Yes 1.7 V/60 �s/180 Hz None
Pat 9 25 M 2002 Right July 2003 November 2004 Yes 2.1 V/60 �s/180 Hz None
Pat 10 58 M 2000 Right May 204 November 2004 Yes 2.5 V/ 60 �s/180 Hz None

All patients suffered from four to eight attacks before the operation. Only patients 5 and 6 still suffered from occasional attacks at the time of scanning. Patient 5 was operated on 1 month before PET (operated end of March, scanned beginning
of May) and became attack free 4 weeks later. Pat, Patient; M, male; F, female.
aTo prevent CH attacks contralateral to the stimulation side, which started well before the implantation.
bNot for CH but because of previous myocardial infarction.
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tral pain (Davis et al., 2000). Although animal experiments sug-
gest the lateral hypothalamus to be involved in pain modulation
(Dafny et al., 1996; Workman and Lumb, 1997), serving as a relay
station for nociceptive transmission and autonomic function
(Randich and Gebhart, 1992), electrical stimulation of the hypo-
thalamus to produce analgesia has only been used in experimen-
tal animals (Lopez et al., 1991). Conversely, electrical stimulation
of the superior sagittal sinus activates the supra-optic nucleus and
posterior hypothalamic area (Benjamin et al., 2004) [a monosyn-
aptic pathway connecting the hypothalamus and trigeminal nu-
cleus has been documented (Malick et al., 2000)]. The posterior
hypothalamus is able to both decrease and enhance nociceptive
responses in the trigeminal nucleus caudalis (Bartsch et al., 2004).
In humans, stereotactic thermocoagulation of the posteromedial
hypothalamus has been successfully used to treat otherwise in-
tractable cancer pain (Sano et al., 1975)

Using PET, we investigated 10 patients successfully treated
with hypothalamic DBS for intractable CH. Our data shed light
on mechanisms by which hypothalamic DBS interferes with
brain circuitries. The focus of the present study was to reach a
better understanding of the acute effects of hypothalamic stimu-
lation in humans, rather than the influence of deep brain stimu-
lation on alleviating cluster attacks; indeed, all of our patients
were headache free during the scanning.

After hypothalamic stimulation, we observed activation (thal-
amus, somatosensory cortex, praecuneus, anterior cingulate cor-
tex, and trigeminal nucleus and ganglion) and deactivations
(middle temporal gyrus, posterior cingulate cortex, and anterior
insula) in cerebral structures, which belong to neuronal circuits
usually activated in pain transmission and acute CH attacks.

Based on observations from previous PET studies (May,
2003), it may be hypothesized that the symptoms of CH are
caused by a low threshold “oscillator” that is generated by the
hypothalamus and subsequently activates cortical structures of
the pain-transmitting system leading to the characteristic short-
lived trigemino-autonomic pain. Nevertheless, it was so far ob-
scure how the (deep brain) stimulation of this precise triggering
area prevents cluster headache attacks from occurring. Our data,
for the first time, provide evidence that DBS of the hypothalamus
not only depolarizes this region (i.e., local depolarization and a
local flow response to neuronal firing), but also bidirectionally
modulates activity in fundamental structures of the ascending
pain pathway. The fact that key structures of the descending an-
tinociceptive system (PAG and RVM), although densely inter-
connected with the hypothalamus (Vertes and Crane, 1996),
were not influenced by hypothalamic DBS, essentially excludes a
purely antinociceptive mode of action.

It needs to be pointed out that a weakness in our study is that
the data can only be analyzed by pooling results from several
patients. From a clinical point of view, it is also important to
mention that although it may take weeks or even longer before
the hypothalamic deep brain stimulation is effective, we in-
vestigated hypothalamic deep brain stimulation immediately
after turning the stimulator on or off. The application of fluoro-
deoxyglucose-PET techniques before and after implantation
would offer an opportunity to study the long-lasting alterations
in metabolic brain activity. An alternative approach to under-
stand the modulatory effects of hypothalamic DBS would be to
use an experimental pain paradigm in the on condition or the off
condition. However, none of the patients who received hypotha-
lamic deep brain stimulation suffered from trigeminal hypoes-
thesia or anesthesia, and it is intriguing that hypothalamic stim-
ulation does not affect anesthesia dolorosa (Leone et al., 2004a).
Considering the complex pattern of activation in some and deac-
tivation in other pain processing areas distant from the hypothal-
amus, an exclusive focal block (e.g., depolarization effect of the
posterior hypothalamic area as the sole therapeutic effector) is
unlikely as well. This observation strengthens the hypothesis that
the pain of cluster headache does not arise from a primary dys-
function of the trigeminal nerve itself, but is generated directly
from the brain, involving a complex neuronal network.

It is an intriguing finding that turning the stimulator on
causes an ipsilateral activation of the trigeminal nucleus and gan-
glion (Fig. 1) in patients suffering from a syndrome concisely
ascribable to the trigeminovascular system and not to somatic or
chronic pain as such. Furthermore, the scanning was performed
in the absence of any facial or head pain, and none of the operated
patients has ever reported any trigeminal negative or positive

Figure 1. A, Design of the PET study in 10 cluster headache patients. Using a block design
and alternately switching the hypothalamic stimulator on and off, each patient had 12 consec-
utive H2

15O-water PET scans during two conditions: (1) baseline (stimulator off) and (2) during
DBS (stimulator on). To allow for comparable conditions, the stimulator was turned on or off
exactly 60 s before the start of each scan and was kept in this position until 60 s before the
consecutive scan. stim, Stimulation. B–E, Comparison of hypothalamic stimulator on and off
condition in 10 patients with chronic cluster headache. The activations during the condition
stimulator on are displayed as statistical parametric maps that show the areas of significant
rCBF increases ( p � 0.05) in yellow superimposed on a normalized T1-weighted image of a
healthy control subject. Significant activation was detected in the ipsilateral posterior inferior
hypothalamic gray (the site of the stimulator tip) and the ipsilateral insula (B) and the ipsilateral
trigeminal nucleus and ganglion (C). Additionally significant deactivations during the condition
stimulator on are displayed as statistical parametric maps that show the areas of significant
rCBF decreases ( p � 0.05) in blue superimposed on a normalized T1-weighted image of a
healthy control subject. Deactivations occurred in the contralateral insula and the primary so-
matosensory cortex (B) and in the inferior temporal cortex bilaterally (D). Both activations and
deactivations are situated in cerebral structures belonging to neuronal circuits usually activated
in pain transmission. E magnifies the same axial view as C, to better visualize the finding. The
right side of the picture is the right side of the brain.
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sensation in association with the stimulator activity. Although
this finding could represent a local inhibition of the trigeminal
ganglion and nucleus, the clinical impression as well as recent
results of sensory testing in CH patients with hypothalamic DBS
(Schoenen et al., 2005) argue for a more complex mechanism.

This work cannot explain why it takes several weeks after im-
plantation of the electrodes and stimulation to terminate cluster
attacks and why it takes again several weeks after tuning the stim-
ulator off until cluster attacks reappear. This time frame suggests
that the hypothalamus may be best described as a “clock-pulse
generator,” which must oscillate in a specific manner over time to
modulate distant autonomic and trigemino-vascular areas, re-
sulting in unilateral pain and autonomic symptoms (May, 2005).
Following this theory, the constant depolarization would discon-
tinue the biological clock-like impulses from the distant trigem-
inal and autonomic “executers” involving a certain time lag.

From a methodological perspective, one has to point out that
the 60 s pause between the conditions on and off may result in an
insufficient “washout” from previous effects and consequently
that the effects of DBS over the course of 10 min may not be
representative of the neuronal effects of DBS over weeks. Intu-
itively, it is very likely that delayed neuronal effects are as impor-
tant in mechanism of pain relief as the acute effects. The focus of
the present study was to better understand the acute effects of
hypothalamic stimulation in humans, knowledge important for
the future understanding of long-term stimulator effects (i.e.,
effects occurring after weeks or months of stimulation).
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