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Summary

Electrical stimulation of primary sensory afferents is
known to have an antinociceptive effect. Animal and
functional imaging studies suggest a role for supraspinal
structures in this response. Eight patients with chronic
migraine (=15 days per month of attacks of migraine
without aura), who had shown a marked beneficial
response to implanted bilateral suboccipital stimulators,
were studied. Stimulation evoked local paraesthesia, the
presence of which was a criterion of pain relief. On
stimulation, the headache began to improve instantan-
eously and was completely suppressed within 30 min.
On switching off the stimulation, the headache recurred
instantly and peaked within 20 min. PET scans were
performed using regional cerebral blood flow (rCBF) as
a marker of neuronal activity. Each patient was
scanned in the following three states: (1) stimulator at
optimum settings: patient pain-free but with paraesthe-
sia; (2) stimulator off: patient in pain and no paraesthe-
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sia; (3) stimulator partially activated: patient with
intermediate levels of pain and paraesthesia. All scans
were processed and analysed using Statistical
Parametric Mapping (SPM) 99. There were significant
changes in rCBF in the dorsal rostral pons, anterior
cingulate cortex (ACC) and cuneus, correlated to pain
scores, and in the ACC and left pulvinar, correlated to
stimulation-induced paraesthesia scores. The activation
pattern in the dorsal rostral pons is highly suggestive of
a role for this structure in the pathophysiology
of chronic migraine. The localization and persistence of
activity during stimulation is exactly consistent with a
region activated in episodic migraine, and with the per-
sistence of activation of that area after successful treat-
ment. The dorsal rostral pons may be a locus of
neuromodulation by suboccipital stimulation. In add-
ition, suboccipital stimulation modulated activity in the
left pulvinar.
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Introduction

Chronic daily headache (CDH), defined as headache occur-
ring on 15 days or more a month, is a widespread problem in
neurological practice. Population-based studies in the USA
(Scher et al., 1998), Europe (Castillo et al., 1999; Lanteri-
Minet et al., 2003) and Asia (Wang et al., 2000) suggest that
4-5% of the general population have CDH. Chronic migraine
is a subset of CDH in which daily or near-daily headaches
occur, some of which are accompanied by migrainous
features (Welch and Goadsby, 2002). Diagnostic criteria
have been proposed (Silberstein e al., 1996), and chronic
migraine is now recognized as a distinct entity in the revised

International Headache Society (IHS) classification
(Headache Classification Committee of The International
Headache Society, 2004). In population-based surveys,
chronic migraine occurs in 1.3-2.4% of the population
(Scher et al., 1998; Castillo et al., 1999; Lanteri-Minet et al.,
2003).

Migraine is a form of primary neurovascular headache that
is likely to be based on dysfunction in the brain (Goadsby
et al., 2002). PET in primary headaches, such as migraine
(Weiller et al., 1995) and cluster headache (May et al., 1998a,
2000), has demonstrated activations in brain areas associated
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with pain, such as the cingulate cortex, insulae, frontal cortex,
thalamus, basal ganglia and the cerebellum. These areas are
similarly activated when head pain is induced by injection of
capsaicin into the forehead of volunteers (May et al., 1998b).
In addition to these generic pain areas, activations in specific
brain regions can be seen in episodic migraine that are not
observed when the first (ophthalmic) division pain pathways
are activated by the capsaicin injections. Specifically,
brainstem areas are activated in episodic migraine (Weiller
et al., 1995), one of which was recently refined in localization
to the dorsal pons (Bahra et al., 2001). The underlying
pathophysiology of chronic migraine is likely to be similar to
that of episodic migraine, with brainstem activation, perhaps
continuously.

Data on the prognosis of optimally managed chronic
migraine are limited. The literature on CDH managed in
headache centres, where the majority of CDH patients have
chronic migraine (Silberstein er al., 1996), shows that
49-91% of the patients do well (Silberstein and Lipton,
2001). Hence a significant minority of patients continue to
have intractable headaches despite optimum therapy; this is in
keeping with our experience.

We report eight patients with the IHS diagnosis of chronic
migraine who have shown a marked beneficial response to
implanted bilateral suboccipital stimulators. We sought to
understand the central mechanisms that underpin this
antinociceptive effect of implanted suboccipital stimulators
by performing a PET study. We sought to determine the brain
structures active in chronic migraine and how they are
modulated by suboccipital stimulation with regional cerebral
blood flow (rfCBF) PET as an index for neuronal activity
(Frackowiak and Friston, 1994). We hypothesized, based on
the literature, that suboccipital stimulation would involve the
periaqueductal grey (PAG), thalamic nuclei, particularly the
pulvinar, the anterior cingulate cortex (ACC) and the insula.
In addition, we hypothesized that the pain of chronic migraine
would involve the dorsal rostral pons, thalamus, ACC and
insula.

Methods

General methods and suboccipital stimulators
Eight right-handed patients (age 32-53 years, mean 44 years; seven
female, one male) with the IHS diagnosis of chronic migraine
(Headache Classification Committee of The International Headache
Society, 2004) as the underlying phenotype, who had implanted
bilateral suboccipital stimulators, were studied. In six patients the
onset of chronic migraine was associated with trauma; in the other
two it evolved from episodic migraine. We have classified the
patients based on their headache phenotype as having symptoms
consistent with chronic migraine in the new IHS diagnostic criteria
(Headache Classification Committee of The International Headache
Society, 2004). Individual cases are outlined below in summary,
detailed descriptions being available from the authors.

The stimulators (Medtronic Synergy®/Itrel®; Medtronic, MN,
USA) were implanted subcutaneously at the Department of
Neurosurgery, Presbyterian Hospital of Dallas, USA (Weiner and
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Reed, 1999; Weiner, 2002). The tips of the electrodes were
positioned superficial to the cervical muscular fascia and transverse
to the greater occipital nerve (GON) trunk at the level of the first
cervical spine. The stimulation settings were individually chosen by
the patients according to the pain relief; the pulse width ranged from
90 to 180 ps, the frequency ranged from 60 to 130 Hz and the
amplitude from 1.5 to 10.5 V. The area of paraesthesia during
stimulation was restricted to the area adjacent to the implanted
electrodes in the distribution of the GON.

Informed consent was obtained from all patients and the study was
approved by the Ethics Committee of the National Hospital for
Neurology and Neurosurgery, London, UK and the Presbyterian
Hospital of Dallas, TX, USA. Permission to administer radioactivity
was obtained (Administration of Radioactive Substances Advisory
Committee of the Department of Health, UK).

Case material
Case 1

A 53-year-old, right-handed woman presented with an 8-month
history of daily headaches in September 2000. For 25 years prior to
the onset of the daily headaches, she had had episodic headaches
which satisfied the IHS criteria for migraine without aura (Headache
Classification Committee of The International Headache Society,
2004). In January 2000, she slipped on ice and fell backwards, hitting
the back of her head on the floor. On regaining consciousness after
15 min, she had amnesia for the event, a severe headache, loss of
vision in the right visual field and mild left hemiparesis, manifesting
as poor left-hand fine-finger movements and left-sided clumsy gait.
An MRI scan of the head was normal. Vision recovered completely
over the next 2 months. The left hemiparesis has remained
unchanged.

She described a bilateral headache that started immediately after
the head injury and persisted. It was worse on the right than on the
left and centred on the occiput. The headache was constant, severe,
and had a pulsating quality. It was associated with nausea, vomiting,
photophobia, phonophobia, osmophobia and worsening with move-
ment. It was also associated with bilateral nasal blockage and
rhinorrhoea. She frequently had aura symptoms, which lasted 30-60
min, particularly when the intensity of the headache peaked. The
headache could be exacerbated by psychological stress and bright
lights. In the family history, her mother, son and daughter suffered
from migraine. Neurological examination revealed a hypoaesthetic
area in the GON dermatome. There were no cervical or occipital
trigger points and no tenderness. Cranial nerve examination was
normal except for a partial right Horner’s syndrome. Motor
examination revealed difficulty with fine finger movements in the
left hand, though power testing was otherwise normal in the upper
limbs. There was mild weakness of left knee flexion and ankle
dorsiflexion.

In September 2000, bilateral suboccipital stimulators were sited.
They have been highly effective, consistently rendering the patient
pain-free within 5-10 min. The patient has been able to stop all
headache abortive and preventive medications.

Case 2

A 43-year-old, right-handed woman developed daily headaches in
May 1995 following a road traffic accident. At presentation she
described a bilateral headache, which was worse on the right than on
the left. It was centred on the occiput with radiation to the parietal
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region, temple, retro-orbital and orbital region, and the neck. It was
very severe in intensity and had a throbbing or tightening quality. It
was associated with nausea, photophobia, phonophobia and
osmophobia, and worsened with movement and bilateral con-
junctival injection. She denied vomiting, any symptoms of a
migraine aura or any other cranial autonomic features. The headache
could be triggered by over sleeping, lack of sleep, over exertion,
changes in barometric pressure, emotional stress, driving in a motor
vehicle, and a noisy environment.

In 1999 she had bilateral GON blocks and bilateral supra-orbital
blocks, with which she received 6 h of pain relief. There was no
family history of headaches. Neurological examination was unre-
markable.

In August 2001 bilateral suboccipital stimulators were implanted
with which there was a moderate improvement in the headache. In
September 2001 temporary implants were placed over the supra-
orbital region, which further reduced the pain to mild intensity. In
October 2001, permanent supra-orbital stimulators were sited
bilaterally. She has managed to completely stop all analgesics and
headache preventive medications.

Case 3

A 44-year-old, right-handed man presented with a history of
headaches since his teenage years. He described bilateral headaches
centred on the forehead with radiation to the temples. They were
severe in intensity and had a throbbing quality. These headaches
were associated with worsening on movement and bilateral
lacrimation. He denied nausea, vomiting, photophobia, phono-
phobia, osmophobia and any symptoms suggestive of a migrainous
aura or any other cranial autonomic features. A typical episode
lasted 1-3 days. It occurred 1-2 times annually.

In 1991, his headaches began to increase in frequency and
duration such that by 1996 he had a daily, constant headache. At
presentation in July 2000, he described a bilateral headache, worse
on the right than on the left. It was centred on the occiput with
radiation to the vertex, parietal region and the forehead. On 5-15
days per month he had a background headache, which was moderate
in severity, had a throbbing quality and was associated with mild
nausea, photophobia and worsening with movement. On the
remaining 15-25 days he had an exacerbation which was very
severe in intensity and had a burning, stabbing or throbbing quality.
It was associated with nausea, vomiting, photophobia, osmophobia
and worsening with movement. He denied photophobia, any
symptoms suggestive of migrainous aura or any cranial autonomic
features. The exacerbations could be triggered by lack of sleep, over
sleeping, over exertion and bright lights. Infrequently and inconsist-
ently, neck movement could trigger a headache. C, blockade
provided relief for a few days, as did bilateral GON blocks.

Detailed neurological examination was entirely normal except for
hypoaesthesia over the GON distribution bilaterally.

In August 2000 a right-sided suboccipital stimulator was sited.
There was marked benefit: the headache improved on both sides. In
October 2000, a left suboccipital stimulator was sited. When the
stimulators are switched on, the patient is rendered pain-free within 5
min.

Case 4

A 45-year-old, right-handed female presented with a history of daily
headaches since May 1993, when she slipped on ice and fell

backwards, landing on her occiput and back. At presentation, on 10
days per month she had a mild background headache or was pain-
free, while on the remaining 20 days per month she had an
exacerbation. The background headache was holocranial, mild in
severity, with a tightening quality. The exacerbation was bilateral,
centred on the occipital region with radiation to the vertex, temple
and the forehead. It was severe in intensity and had a pulsating
quality. It was associated with nausea, vomiting, photophobia,
phonophobia, worsening with movement, nasal blockage and
lacrimation. The headache could be triggered by over exertion,
lack of sleep, over sleeping, bright lights and barometric pressure
changes. In the family history, her son and an aunt have migraine.

Neurological examination revealed a hypoaesthetic area confined
to the distribution of the GON. Bilateral suboccipital stimulators
were sited in 2000, and have been highly effective. On switching on
the stimulator, symptoms begin to improve immediately and the
patient is pain-free within 20 min.

Case 5

A 46-year-old, right-handed woman presented in early 2002 with a
history of daily headaches since 1999. She had migraine without
aura between the ages of 12 and 16 years. Since 1999 she has had
daily headaches. At presentation, on 5-10 days per month she had a
background headache, which was holocranial, mild to moderate, and
of tightening quality. On the remaining 20-25 days per month, she
had a severe bilateral headache, worse on the right than the left,
starting over the forehead and temple before becoming holocranial.
The headaches were throbbing, pressing or tightening in quality.
They were associated with photophobia, phonophobia, osmophobia,
worsening with movement and lightheadedness. She also reported
bilateral lacrimation, nasal blockage and facial sweating in
association with the headaches. She denied nausea, vomiting and
any other cranial autonomic features. On 10 days per month the
headache occurred in association with a sensory aura lasting 30 min.
The headaches could be triggered by dietary factors (chocolate,
cheese and monosodium glutamate), alcohol, over exertion and lack
of sleep. In the family history, her daughter suffers from migraine.
Neurological examination was unremarkable.

In April 2002, bilateral suboccipital stimulators were sited. The
procedure was complicated by the development of a self-limiting
abdominal haematoma. The stimulator is highly effective, rendering
the patient pain-free within 5 min.

Case 6

A 32-year-old, right-handed woman presented in early 2002 with a
history of daily headaches since mid-2000. She had infrequent
migraine with aura during her childhood and teenage years. Since
mid-2000 she had had daily, constant headaches, and two car
accidents in the late 1990s produced associated increases in
headache frequency. At presentation, she had a constant background
headache on 10-15 days per month and a superimposed exacerbation
on 15-20 days per month. The background headache was bilateral,
holocranial, mild to moderate in severity, and had a tightening
quality. It was featureless in that there were no associated
migrainous or cranial autonomic features. The exacerbation was
severe, bilateral and throbbing. It was associated with nausea,
vomiting, photophobia, phonophobia, worsening with movement
and nasal blockage. She had a visual aura in the form of flashing
lights in the whole of the visual field a few minutes prior to the



headache. The visual aura lasted 15-30 min. The typical
exacerbation lasted from 6 h to up to 2 days. Alcohol, hunger,
over exertion, menstruation and weather change could trigger the
exacerbation.

In early 2002 she had bilateral GON injections on three occasions,
with which there was benefit to the headache for 4-5 days after the
procedure. Her mother suffers from migraine. Neurological exam-
ination was unremarkable.

In May 2002, bilateral suboccipital stimulators were sited. The
stimulators have been highly effective, rendering the patient pain
free within 25 min.

Case 7
A 44-year-old, right-handed female presented in early 2001 with a
S-year history of daily headaches. She had had migraine with aura
since the age of 11 years. In 1987 the frequency and duration of the
headaches began to increase gradually, such that since August 1996
she has had daily headaches. On 10-15 days per month she had a
background headache, which was holocranial, moderately severe
and tightening or pressing in quality; she denied any migrainous or
cranial autonomic features in association with the background
headache. On the remaining 15-20 days per month she had a severe
exacerbation of the headache. The usual exacerbation lasted 2—4
days and occurred four or five times per month. The exacerbations
were bilateral, started over the occiput before becoming holocranial,
and had a throbbing quality. They were associated with nausea,
vomiting, photophobia and phonophobia, and worsened with
movement. She also reported bilateral ptosis, eyelid oedema,
lacrimation, nasal blockage and rhinorrhoea in association with the
exacerbations. She reported visual aura symptoms in the form of
flashing lights in the whole visual field; these occurred ~30 min prior
to the onset of the some exacerbations and lasted 5—10 min. Alcohol,
menstruation, over exertion and over sleeping could trigger an
exacerbation. In the family history, her father and brother suffer
from migraine. General and neurological examinations were normal.
In May 2001 bilateral GON injections were performed; she
developed an area of numbness over the GON distributions and there
was a marked reduction of pain which lasted ~24 h. Subsequently,
she had two further trials of GON injections, with which there was
no benefit to the headache. In August 2001, bilateral suboccipital
stimulators were sited. They were highly effective, markedly
reducing the severity of pain from severe [verbal rating scale
(VRS) 8-9/10] to mild (VRS 1-3/10) over 15 min.

Case 8

A 42-year-old, right-handed female presented in 1999 with a history
of daily headaches since 1993. Her headaches started about a week
after she fell and banged her head. For the first 3—-6 months the
headaches were episodic; thereafter, she has had daily headache. The
background headache was holocranial, mild to moderate in severity,
had a tightening quality and was completely featureless. The
exacerbation was bilateral, centred on the occiput and showed
holocranial radiation. It was associated with nausea, vomiting,
photophobia, phonophobia, worsening with movement, conjunctival
injection, lacrimation and rhinorrhoea. She denied osmophobia, any
symptoms suggestive of a migrainous aura or any other cranial
autonomic features. The exacerbation could be triggered by change
of weather, menstruation, alcohol, over sleeping and over exertion.
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In the family history her mother has migraine. Neurological
examination was unremarkable.

She had bilateral GON injections in 1999, with which there was a
marked reduction in the headache that was sustained for 6-8 weeks.
In December 1999 bilateral suboccipital stimulators were sited, with
which there has been a marked improvement. On switching the
stimulator on there is immediate benefit and the headache is
suppressed within 15 min.

PET study design

Each patient had 12 consecutive radioactive H,'O PET scans in the
following three states: (1) stimulator at optimum settings: patient
pain-free and with paraesthesia; (2) stimulator off: patient in pain
and no paraesthesia; (3) stimulator partially activated; patient with
intermediate levels of pain and paraesthesia. Four scans were
performed in each state. The order of the states in which the patients
were scanned was randomized and counterbalanced across subjects.
At the end of each scan, patients rated their headache intensity on a
VRS (0 = no pain, 10 = the most severe pain) and scored their
paraesthesia (0 = no paraesthesia, 5 = strongest paraesthesia). On the
day prior to scanning, the patients underwent a trial in which the time
course of the stimulator effect was assessed and the patients were
trained to rate their pain sensation and paraesthesia. Throughout the
scan, the patients experienced no pain or sensory symptoms apart
from those related to the headache and the suboccipital stimulators.
Participants had their eyes closed during all scans.

Data acquisition

The PET scans were obtained with an ECAT EXACT HR+ scanning
system (CTI, Knoxville, TN, USA) in 3D mode with collimating
septa retracted. An antecubital vein cannula was used to administer
the tracer. For each measurement of relative rCBF, 9 mCi of H,!°0
was given as an intravenous bolus over 20 s, followed by a 20 s
saline flush. Integrated radioactivity counts were accumulated over a
90 s acquisition period, beginning 5 s before the peak of radioactivity
registered in the head. The interval between scans was 830 min,
allowing adequate decay of radioactivity and acquisition of the
conditions of interest. A transmission scan was obtained prior to
collection of the emission data to correct for radiation attenuation by
tissues in the head. The corrected data were reconstructed into 63
transverse planes (separation 2.4 mm) and into a 128 X 128 pixel
image matrix (pixel size 2.1 X 2.1 mm?) by 3D filtered back-
projection.

Statistical analysis

The data were analysed with Statistical Parametric Mapping (SPM)
99 (Wellcome Department of Imaging Neuroscience, London, UK,
http://www fil.ion.ucl.ac.uk/spm) implemented in MATLAB
(Mathworks, USA) and run on a SPARC workstation (Sun
Microsystems). The images were initially realigned with reference
to the first image to correct for motion artefact and then spatially
normalized into a standard stereotactic space defined by the atlas of
Talairach and Tournoux (Talairach and Tournoux, 1988). The
normalized images were smoothed with a 10 mm isotropic full-width
half-maximum Gaussian kernel to account for intersubject differ-
ences in anatomy and to allow valid statistical inference according to
Gaussian random field theory.
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Statistical analysis was performed using a multisubject, single-
group fixed-effects model, in which the pain scores and paraesthesia
scores (as a marker of stimulation) were modelled as separate
covariates across the group. In addition, the effect of global
differences in cerebral blood flow between scans was modelled as
a covariate of no interest by subject-specific analysis of covariance
scaling of activity to a nominal mean global activity of 50 ml/100 g/
min. The resulting covariates were used in a general linear model.
The parameter estimates for each covariate resulting from the least
mean squares fit of the model to the data were calculated and
SPM{F} resulting from linear contrasts of covariates were generated
and stored as separate images (thresholded at P < 0.001, uncorrected
for multiple comparisons). F-tests were used because we had no a
priori hypothesis about the nature of the relationship between
covariate and rCBF for a number of regions. Small volume
corrections (sphere of radius10 mm) were applied across the regions
of interest defined in the a priori hypothesis. The coordinates for the
regions of interest were predefined on the basis of experimental data
in the literature (Weiller ef al., 1995; Hautvast et al., 1997, Bahra
et al., 2001) (Table 1). Significant voxels are reported at P < 0.05,
corrected for multiple comparisons. A separate model in which each
of the states (1), (2) and (3) were employed as covariates was used to
identify the parameter estimates (or average relative changes in
rCBF) in each condition across the group, in order to better describe
the data (Fig. 6) at voxels of interest.

The association between the pain score ratings and stimulator-
induced paraesthesia was determined using Pearson’s correlation
coefficient and standard linear regression.

Results
Suboccipital stimulators in chronic migraine

patients

Eight patients underwent 12 implant procedures for the
treatment of chronic migraine. The only immediate post-
operative complication reported was the development of an
abdominal haematoma at the implantation site of the receiver/
generator. Three patients have needed revisions after the
initial implantation because of lead migration; one of these
patients has needed two revisions. All patients reported that
switching on the stimulator rapidly suppressed the pain but it
recurred instantaneously when the stimulator was switched
off.

Four patients have had an excellent response; their
headaches are completely suppressed and they rarely have
breakthrough headaches. Two patients described their
response to stimulation as very good; the headaches are
completely suppressed most of the time, though they have
breakthrough headaches on about 10 days per month, for
which they either have to take analgesics or increase the
stimulation amplitude. The other two patients continued to
have constant headaches but both reported their response to
stimulation as good, with the severity of the headaches
reduced by 50-75%; one of these patients had derived further
benefit from implanted bilateral supraorbital stimulators. All
patients reported that they had managed to either completely
stop or considerably reduce the headache medications they
were taking.

Table 1 Talairach coordinates of regions of interest
defined in the a priori hypothesis

Region of interest Talairach coordinates (mm)

x y z

Pain
Pons -2 -28 =22
ACC 0 30 18
Right insula 28 -26 0
Left insula -34 =30 0
Right thalamus 12 -4 10
Left thalamus -12 —4 10

Paraesthesia
PAG 4 —26 -16
ACC 0 30 18
Right insula 28 —26 0
Left insula -34 =30 0
Right pulvinar 16 -32 8
Left pulvinar -16 -32 8

The eight patients have now been followed up for a period
ranging from 7 months to 3 years, averaging over 1.5 years. In
all patients the initial beneficial response has been maintained
throughout the follow-up period.

Psychophysical data

Figure 1 shows the results of the pain assessment session on
the day prior to scanning. On switching off the stimulator, the
headache recurred immediately and peaked within 20 min.
On switching on the stimulator, the headache began to
improve immediately and within 30 min rendered six patients
pain-free while the other two had only mild residual pain. All
patients reported that the effect of suboccipital stimulation on
the time course of pain recurrence and relief was highly
consistent.

Pain and paraesthesia scores obtained during the PET scans
were negatively correlated. Pearson’s correlation coefficient
was —0.61 (P < 0.001). Figure 2 shows the scatter plot of pain
and paraesthesia scores, and the plot of standard linear
regression. Figure 3 shows the mean pain and paraesthesia
score by the scanning state.

PET data

Pain analysis

The regions in which rCBF covaried with pain scores were
the dorsal rostral pons, right lentiform nucleus, head of the
right caudate nucleus, ACC, postcentral gyrus [Brodmann
area (BA) 1/2/3], left frontal cortex (BA 11), right frontal
cortex (BA 44), right temporal cortex (BA 22), cuneus,
precuneus, right occipital cortex (BA 18), left occipital cortex
(BA19) and cerebellum (P < 0.001 uncorrected for multiple
comparisons). The coordinates and the Z scores of these
regions are listed in Table 2.
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Fig. 1 Time course of the pain scores reported by chronic
migraine patients (n = 8) when the suboccipital stimulator is
(A) switched off and (B) switched on. The pain intensity is
expressed on the VRS (0 = no pain; 10 = most severe pain).

Small volume corrections applied to the regions identified
according to our prior hypothesis showed significant voxels
(P < 0.05, corrected for multiple comparisons) at the dorsal
rostral pons (x =0, y = -26, z = -24, Z score = 3.65) and the
ACC (x =-2,y =24, z=18, Z score = 4.09). In the dorsal
rostral pons, activity was increased in states 1 and 2 relative to
state 3; there was no significant difference in activity between
states 1 and 2. Activity in the ACC was decreased in state 1
and increased in state 2 relative to state 3 (Figs 4 and 6).

The volume summary generated by SPM99 for an analysis
lists both the whole-volume corrected and uncorrected
significance level at each voxel. An inspection of the
whole-volume corrected significance levels revealed that
the activation at the cuneus (x =2, y = -84, z = 34, Z score =
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Fig. 2 Graph of pain scores (VRS: 0 = no pain; 10 = most severe
pain) versus stimulator-induced paraesthesia (0 = no paraesthesia,
5 = strongest paraesthesia) in chronic migraine patients (n = 8).
Each symbol represents the results from an individual patient.
Dashed line is the plot of standard linear regression (intercept =
5.4 * 0.3; regression coefficient = —1.2 + 0.2; P < 0.05; 7> = 0.38).

4.90) was significant (P = 0.026). Parameter estimates
revealed that activity in the cuneus was decreased in state 2
and increased in state 3 relative to state 1 (Figs 4 and 5).

Paraesthesia analysis

The regions in which rCBF covaried with paraesthesia scores
were the dorsal rostral pons, left pulvinar, bilateral insulae,
ACC, left frontal cortex (BA 11), right frontal cortex (BA 11),
left temporal cortex (BA 11, 21, 41), right temporal cortex
(BA 20/37), parahippocampal gyrus (BA 35), cuneus,
precuneus and right occipital cortex (BA 19) (P < 0.001
uncorrected for multiple comparisons). The coordinates and
the Z scores of these regions are listed in Table 3.

Small volume corrections applied to the regions identified
according to our prior hypothesis showed significant voxels
(P < 0.05, corrected for multiple comparisons) at the left
pulvinar (x = -16, y =-32, z = 10) and the ACC (x =-2,y =
24,z =18, Z score = 4.23, Z score = 3.49). Activity in the left
pulvinar was increased in state 1 and decreased in state 2
relative to state 3. The ACC coordinates are the same as those
obtained in the pain analysis and, hence, the activation pattern
is the same (Figs 5 and 6).

Discussion

Suboccipital stimulation in chronic migraine

We have described eight cases of chronic migraine who have
responded very well to implanted bilateral suboccipital
stimulation. All patients report that stimulation rapidly
suppresses the pain and that it recurs instantaneously when
stimulation is ceased, necessitating continuous use of the
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Fig. 3 Graphs showing (A) mean pain scores and (B) mean scores
of stimulator-induced paraesthesia by scanning states. The
scanning states were: (1) stimulator at optimum settings: patient
pain-free or with mild pain and paraesthesia; (2) stimulator off:
patient in pain and no paraesthesia; (3) stimulator partially
activated; patient with intermediate levels of pain and
paraesthesia.

device. The patients have been able to either completely
discontinue or markedly reduce the intake of abortive and
preventative medications for headaches. This group of
patients have displayed sustained efficacy with this treatment
over an average follow-up period of 1.5 years. Besides
electrode migration, which occurred in three patients and
required re-implantation, and the development of a minor,
self-limiting abdominal haematoma in one patient, there have
been no other complications. Hence, implanted suboccipital
stimulation is a new and effective therapeutic option in the
management of medically intractable chronic migraine.

The ultimate confirmation of the utility of a new
therapeutic modality should come from randomized, dou-
ble-blind, placebo-controlled trials. In various pain condi-
tions, the placebo effect explains up to 35% of the pain
reduction during treatment (Hrobjartsson and Gotzsche,
2001). This poses a special problem in designing blinded
studies of treatment with stimulation since there is no placebo

Table 2 Talairach coordinates and Z scores of areas with
rCBF changes covariate with pain scores

Region Coordinates Z score
(P < 0.001)
X y z
Dorsal rostral pons? 0 26 -24 3.65
Lentiform nucleus 22 6 -2 3.70
Caudate nucleus (head of) 12 -2 16 3.57
ACC (BA 24%) -2 24 18  4.09
Left frontal cortex (BA11) 24 32 -18 3.82
Right frontal cortex (BA44) 40 18 12 4.12

Postcentral gyrus (BA 1/2/3) -36 22 52 418
Right temporal cortex (BA 22) 58 —44 20 3.81

Cuneus® 2 -84 34 490
Precuneus 8 46 62 4.17
Right occipital cortex (BA 18) 18 -92 0 4.11
Left occipital cortex BA19 -8 -66 4 385
Cerebellum 0 -58 -16 4.03
Right cerebellum 28 48 48 3.70
Right cerebellum 34 76 -28 3.69
Left cerebellum =52 60 -30 3.55

Z score P < 0.001 uncorrected for multiple comparisons. Each
location is a peak within a cluster (defined as the voxel with the
highest Z score). “Regions significant after small volume
corrections (P < 0.05, corrected for multiple comparisons).
PRegion significant with whole volume correction (P < 0.05).

Fig. 4 Statistical parametric map (SPM{F'}) showing brain regions
in which rCBF correlates (positively or negatively) with pain
scores, in particular the dorsal rostral pons, ACC and cuneus
(voxels significant at P < 0.001, uncorrected for display purposes).

equivalent for the paraesthesia that accompanies stimulation.
Any credible sham device would, therefore, be required to
produce a discernible stimulus, which could then be criticized
for providing neurostimulation. The results reported here are
very encouraging, given the very clearly intractable nature of
these cases.

PET study

Methodological considerations

Ideally, the design of the study would have included a fourth
state, namely stimulation off and the patient pain-free. This
would have allowed us to determine the effects of pain, by a
contrast with state 1 (stimulation off and the patient in pain),
and the effects of paraesthesia, by a contrast with state 2



Fig. 5 SPM{F} showing brain regions in which rCBF correlates
(positively or negatively) with paraesthesia scores. (A) ACC.
(B) Pulvinar nucleus of the thalamus. Voxels significant at

P < 0.001, uncorrected for display purposes.

(stimulation on and the patient pain-free). This would have
been possible if the patients had remained pain-free for a
period of time after stimulation was switched off.
Unfortunately, in our patient group the pain recurred
immediately and was already at a moderate intensity within
5 min, thus making it impossible to obtain scans in this state.
Consequently, we used a parametric approach in an attempt to
delineate the brain regions involved in pain and with
stimulation-induced paraesthesia. As pain and paraesthesia
scores in our patients were fairly well correlated, we expected
the covariate analysis of pain and paraesthesia to show
common foci of activation. This was borne out in the results
of the analysis with a threshold of P < 0.001 uncorrected.
Changes in rCBF covarying with both pain and paraesthesiae
were observed in the dorsal rostral pons, ACC, left frontal
cortex, cuneus, precuneus and cerebellum (Tables 2 and 3).
However, the key issue in the interpretation of the data is the
direction of change in rCBF, since pain and paraesthesia
scores are negatively correlated. This was ascertained by
determining the parameter estimates at the peak voxel of the
significant regions across the three states.

An inherent problem with PET studies of neurostimulation
is the timing of the conditions. Poststimulation analgesia has
been described in humans (Wall and Sweet, 1967) and has
been attributed to activation of central structures beyond the
stimulation period (Roberts and Rees, 1986; Linderoth and
Meyerson, 2002). One approach is to acquire pain scans at the
beginning of the experimental session and the pain-free scans
subsequently (Hautvast et al., 1997; Kupers et al., 2000).
However, it could then be argued that the observed rCBF
changes between the pain and pain-free states might reflect
monotonic state-independent time effects rather than pain or
paraesthesia-related changes. In our group of patients, we did
not observe poststimulation analgesia, and therefore it is
likely that central structures are not modulated by stimulation
beyond the stimulation period. For this reason we chose to
randomize the order of the states.

Pain and paraesthesia-related rCBF changes

We observed significant changes in rCBF correlated to the
pain of chronic migraine at the dorsal rostral pons, ACC and
cuneus and correlated to stimulation-induced paraesthesia at
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Table 3 Table showing the Talairach coordinates and Z
scores of areas with rCBF changes covariate with
paraesthesia scores

Region Coordinates Z score
(P < 0.001)
x y b4
Dorsal rostral pons -2 26 -24 341
Pulvinar* -16 -32 10 3.49
Right insula 38 4 -10 3.58
Left insula -36 -16 16 3.54
ACC? -2 24 18 423
Right frontal cortex (BA 11) 18 34 -18 3.81
Left frontal cortex (BA 11) =22 32 22 350
Left temporal cortex (BA 21) -52 46 2 3.99
Left temporal cortex (BA 41) 46 -28 6 3.90

Right temporal cortex (BA 20/37) 58 -34 -26 3.80
Parahippocampal gyrus (BA 35) -12 4 34 437

Cuneus 0 -84 36 4.07
Precuneus 8 46 64 344
Right occipital cortex (BA 19) 52 -62 -10 3.50
Cerebellum 2 -58 -18 3.79
Left cerebellum -52 -60 -26 4.51
Left cerebellum -28 -86 -28 4.16
Right cerebellum 30 44 -28 3.67

Z scores P < 0.001 uncorrected for multiple comparisons. Each
location is a peak within a cluster (defined as the voxel with the
highest Z score). “Regions significant after small volume
corrections (P < 0.05, corrected for multiple comparisons).

the ACC and left pulvinar. The relative activation of the ACC
is directly correlated to pain scores and inversely correlated to
paraesthesia scores. The relative activation of the left
pulvinar and the cuneus is directly correlated to paraesthesia
scores and inversely correlated to pain scores. The relative
activity of the dorsal rostral pons was increased in states 1 and
2 relative to state 3; there was no significant difference in the
activity between states 1 and 2. This activation pattern of the
dorsal rostral pons does not simply mirror either pain or
paraesthesia scores. So what is the explanation for this
activation pattern in the dorsal rostral pons?

Brainstem and migraine

It has been postulated that the brainstem plays a pivotal role
in migraine (Goadsby et al., 1982, 1991; Welch et al., 2001).
The first evidence in humans to indicate a potential role for
PAG dysfunction in migraine came from observations that
non-migraine patients with PAG electrode implantation for
chronic pain sometimes developed migraine-like headache
(Raskin et al., 1987). These observations were subsequently
confirmed in a larger number of patients (Veloso et al., 1998).
A multiple sclerosis plaque in the PAG (Haas et al., 1993), a
midbrain arteriovenous malformation (Goadsby, 2002) and a
brainstem cavernoma (Afridi and Goadsby, 2003) have been
reported to produce migraine-like headaches. Using func-
tional imaging methods, activation in brainstem regions,
notably the PAG (Weiller et al., 1995) and dorsolateral pons
(Bahra et al., 2001), has been reported. This activation pattern
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Fig. 6 Parameter estimates (or average relative changes in rCBF)
plotted against scanning conditions for the regions of interest:
(A) dorsal rostral pons (x = 0, y = =26, z = -24); (B) anterior
cingulate cortex (x = -2, y = 24, z = 18); (C) pulvinar (x = -16,
y=-32,z=10); (D) cuneus (x =2, y = -84, z = 34). The
scanning states were: (1) stimulator at optimum settings: patient
pain-free or with mild pain and paraesthesia; (2) stimulator off:
patient in pain and no paraesthesia; (3) stimulator partially
activated; patient with intermediate levels of pain and
paraesthesia.

seems specific for migraine, given that these areas have not
been observed in acute cluster headache (May et al., 1998a,
2000), SUNCT (short-lasting unilateral neuralgiform
headache attacks with conjunctival injection and tearing)
syndrome (May et al., 1999), atypical facial pain (Derbyshire
et al., 1994) and experimentally induced facial pain (May
et al., 1998Db).

A plausible explanation for the changes in the dorsal rostral
pons is that they reflect a constant dysfunctional activation of
this structure, as might be predicted in chronic migraine. This
would be consistent with the almost immediate re-emergence
of the pain when the stimulator is turned off, and is exactly
what would be predicted from the ongoing activation in the
brainstem seen after successful treatment of pain in both
reported episodic migraine studies (Weiller et al., 1995;
Bahra er al., 2001). This analysis suggests that the effect of
suboccipital stimulation may be at a site other than the dorsal
rostral pons. This is consistent with our observation of a
patient with hemicrania continua responding to suboccipital
stimulation (unpublished case, M. S. Matharu, T. Bartsch, R.
Weiner and P. J. Goadsby) and preliminary reports of patients
with chronic cluster headache responding (Dodick, Late-
Breaking Abstract, 14th Migraine Trust International
Symposium, London, September 2002; unpublished obser-
vations, P. J. Goadsby and Watkins).

Pulvinar

Some PET studies of chronic pain have demonstrated
pulvinar activation with pain relief. Hsieh and colleagues
studied a group of neuropathic pain patients, observing an
increase in rCBF in the pulvinar nucleus on alleviation of the
pain by anesthetic blocks (Hsieh et al., 1995). A patient with a
thalamic stimulator for chronic facial pain was reported to
have a relative increase in rCBF in the bilateral pulvinar
nuclei when the pain was abolished by stimulation (Kupers
et al., 2000). Left pulvinar activation with spinal cord
stimulation in patients with refractory angina pectoris has
been noted (Hautvast et al., 1997), although this effect is
secondary to stimulation rather than pain alleviation since the
patients were pain-free throughout the study. In keeping with
these reports, we observed an increase in rCBF in the left
pulvinar nucleus on alleviation of pain of chronic migraine by
suboccipital stimulation.

In cats, pulvinar neurons respond to noxious and non-
noxious peripheral stimuli, but only after relatively long
delays of up to several hundred milliseconds (Kudo et al.,
1968). In the primate, the pulvinar has been shown to receive
nociceptive input and to project to the sensory cortex and
posterior parietal cortex (Yeterian and Pandya, 1985;
Friedman and Murray, 1986; Gingold et al., 1991). The
pulvinar has been suggested to provide the information
necessary for the synthesis of somatosensory input and to
participate in affective association (Yeterian and Pandya,
1988; Schmahmann and Pandya, 1990). Furthermore, pulvi-
notomy and electrical stimulation of the pulvinar have been
used successfully in the treatment of chronic pain in humans
(Gybels and Sweet, 1989). With the available information, it
is difficult to determine whether the activation of the pulvinar
mediates pain relief or is just associated with it.

Cuneus

An unexpected finding was changes in rCBF in the cuneus
that were directly correlated to paraesthesia scores and
inversely correlated to pain scores. A functional MRI study
investigating the affective dimension of pain reported right
cuneus activation, which the authors attributed to the
anticipation and subjective experience of pain (Fulbright
et al., 2001). Perhaps there is a similar anticipatory role here.

Conclusions

We have reported eight patients with chronic migraine who
have shown a marked response with implantation of bilateral
suboccipital stimulators. The beneficial response has been
maintained for an average follow-up period of 1.5 years. A
PET study in this group of chronic migraineurs with
implanted suboccipital stimulators showed significant
changes in rCBF in the dorsal rostral pons, ACC and cuneus
correlated to pain scores and in the ACC and left pulvinar
correlated to stimulation-induced paraesthesia scores.



Suboccipital stimulation-modulated activity in the left
pulvinar, ACC and cuneus is probably involved in the
affective dimension of pain. The activation pattern at the
dorsal rostral pons is highly suggestive of a role for this
structure in the pathophysiology of chronic migraine and
supports the view that episodic and chronic migraine are on
the same neurobiological spectrum, representing disorders of
the brain.
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