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Background.—Cluster headache (CH) is a rare headache disorder with severe unilateral headache bouts and autonomic
symptoms. The pathophysiology of CH is not completely understood. Using a voxel-based morphometric paradigm or func-
tional imaging, a key role of the hypothalamus and the pain matrix could be demonstrated during CH episodes. However, there
are no diffusion tensor imaging (DTI) data investigating the white matter microstructure of the brain in patients with CH.
Therefore, we used DTI to delineate microstructural changes in patients with CH in a headache-free state.

Methods.—Seven male patients with episodic CH and 7 healthy subjects were included and examined with a routine 1.5 T
magnetic resonance imaging scanner. Whole-head DTI scans measuring fractional anisotropy were analyzed without a priori
hypotheses using track-based spatial statistics.

Results.—We found significant microstructural brain tissue changes bilaterally in the white matter of the brainstem, the
frontal lobe, the temporal lobe, the occipital lobe, the internal capsule, and on the right side of thalamus and cerebellum. There
were further lesions in the basal frontal lobe that were part of the olfactory system. Alterations of fractional anisotropy in the
brainstem might indicate changes of the medial lemniscus and central sympathetic pathways.

Conclusions.—Patients with episodic CH have microstructural brain changes in regions that belong to the pain matrix.
Furthermore, we were able to detect structural changes suggesting an involvement of the olfactory system as well as lesions in
the brainstem indicating an involvement of trigeminal and sympathetic systems.
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Cluster headache (CH) is a rare primary headache
disease clinically impressing with severe unilateral
headache attacks and ipsilateral parasympathetic (eg,
lacrimation or rhinorrhea) or sympathetic (eg, miosis
or ptosis) symptoms that occur in periodical bouts and
mainly affect men.1 Episodic CH, the most common

form, is defined as cluster periods with complete
remission for at least 1 month.1-3 The circadian and
clock-like appearing clinical features suggest that the
hypothalamus as the“biological clock”plays a key role
in the pathophysiology of CH. In fact, neuroimag-
ing techniques using positron emission tomography
(PET)4,5 or functional magnetic resonance imaging
(fMRI)6 could demonstrate an activation of the hypo-
thalamus during attacks of CH.Using those functional
imaging techniques, areas of the pain matrix, such as
the anterior cingulate cortex (ACC), the contralateral
posterior thalamus, the ipsilateral basal ganglia, the
bilateral insulae, and the cerebellar hemispheres, were
activated, too.5,7 In spite of these findings, the patho-
physiology of CH is still not completely understood.
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One study analyzed gray matter changes in
patients with CH using a voxel-based morphometric
(VBM) analysis.The authors found differences in gray
matter density bilaterally in the diencephalon. The
authors suggested a structural correlate of CH.5 Dif-
fusion tensor imaging (DTI) is a novel MRI technique
that enables the visualization of microstructural alter-
ation of white matter brain structure non-invasively.
Using DTI, microstructural brain changes of several
other neurologic disorders8-11 have been shown.

We used whole head DTI in patients with epi-
sodic CH to delineate microstructural brain changes
and to further investigate the underlying pathophysi-
ology of CH.

METHODS
Subjects.—Seven male patients suffering from

episodic CH at the age of 29-68 years (mean
age = 43.14 � 13.42 years) were included. Three sub-
jects described right-sided attacks, 4 had left-sided
ones. The duration of the CH disease ranged from 2
years to 20 years.At study time only 1 patient suffered
from active CH bouts since 5 days. Further detailed
characteristics such accompanying diseases are
demonstrated in Table 1. Seven healthy male controls
(mean age = 50.43 � 7.89 years) were included and
matched for age (ANOVA for age differences
between groups: F(1/12) = 1.53; P = .24).

Subjects were recruited from the outpatient clinic
of the Neurological Department, University of
Marburg.For inclusion,subjects had to suffer from CH
according to the guidelines of the International Head-
ache Society.2 Exclusion criteria for all participants
were: contraindication for an MRI and a history of
other psychiatric or neurological diseases, especially
no history of headache or pain diseases occurring
regularly or chronically. Before inclusion, patients
were examined by a headache-specialized neurologist.

The study protocol was reviewed and approved
by the local internal review board. All enrolled sub-
jects provided written informed consent to partici-
pate in this study.

MRI Acquisition.—Microstructural brain tissue
integrity was assessed using DTI measures of frac-
tional anisotropy (FA). The DTI scans were collected
on a Siemens 1.5 T Sonata MRI scanner (Siemens

Medical Solutions, Erlangen, Germany), using a cp
head array coil. A single-shot echo planar sequence
with a twice-refocused spin echo pulse, optimized to
minimize eddy current-induced image distortions
was performed with the following parameters:
TR/TE = 10600/104 ms, TI = -1 ms, Flip Angle = 90°,
b = 1000 s/mm2, 256 ¥ 256 mm FOW, 128 ¥ 128 ¥ 60
matrix, voxel size 2 ¥ 2 ¥ 2.4 mm. Five T2 b0 images
with a b value of 0 and otherwise with exactly the same
parameters as the diffusion weighted images, and 30
diffusion weighted imaging (DWI) b1000 images were
collected during 1 scan.The 5 b0 images were collected
first, followed by the 30 DWI images. A mean low-b
image was calculated using all 5 b0 weighted scans.

To minimize motion artifacts the head of the
subject was firmly fixed in the head coil. All images
were investigated to be free of motion or ghosting,
high frequency and/or wrap-around artifacts at the
time of image acquisition. The T2 b0 images were
analyzed to determine whether changes other than
those in tissue microstructure contributed to the
observed effects, such as technical artifacts or indi-
vidual large-scale signal changes such as white matter
signal abnormalities (eg, hyperintensities).

DTI Preprocessing and Analysis.—Image prepro-
cessing was performed as described previously:2,10

diffusion volumes were motion-corrected and averaged
using FLIRT (Oxford Centre for Functional MRI of the
Brain [FMRIB’s] Linear Image Registration Tool;
http://www.fmrib.ox.ac.uk/analysis/research/flirt/)12

with mutual information cost function to register each
direction to the minimally eddy current distorted
T2-weighted b0 DTI volume that had no diffusion
weighting.

Eigenvalues (l1, l2, l3) and eigenvectors of the
diffusion tensor matrix for each voxel were computed
from the DTI volumes for each subject on a voxel-
by-voxel basis using conventional reconstruction
methods.13,14 The tools are included in the FreeSurfer
package (FreeSurfer version 4.2.0; http://surfer.
nmr.mgh.harvard.edu/).

FA Map Calculation.—The primary measure
acquired from the DTI data was the FA, a scalar
metric unit describing the white matter microstruc-
ture. FA was calculated using the standard formula
defined previously.10,13
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Nonlinear Registration and Tract-Based Spatial
Statistics.—Voxelwise statistical analysis of the FA
data was carried out using Tract-Based Spatial Statis-
tics (TBSS),15 which is part of the FSL data analysis
suite (FSL 4.1.2; http://www.fmrib.ox.ac.uk/fsl/).16

First, the T2 b0 images were brain-extracted using the
BET-tool of the FSL stream. Those extracted brains
were used to mask the FA images.The common space
was given by the automatically selected subject, which
was most representative for the whole group. All sub-
jects’ masked FA data were then aligned into this
common space using the nonlinear registration tool
FNIRT,17 which uses a b-spline representation of the
registration warp field.18 Last, all subjects were finely
registered to voxel spaces of the MNI152 brain. Next,
a mean FA image was created and thinned to create a
mean FA skeleton, which represents the centers of all
tracts the group has in common. A threshold of
FA > 0.2 was applied to the skeleton to include only
major fiber bundles. Each subject’s aligned FA data
was then projected onto this skeleton. Data along the
skeleton were smoothed utilizing an anatomical con-
straint to limit the smoothing to neighboring data
within adjacent voxels along the skeleton. For
smoothing, the neighboring voxels within a cube of
6 mm edge length were used to calculate the mean.
The smoothing step was performed using Matlab
(Matlab 7.6.0.324, MathWorks, Aachen, Germany).
All analyses were masked to only display regions with
FA values of >0.2 as an additional procedure to avoid
examination of regions that are likely composed of
multiple tissue types or fiber orientations.

Brain Flipping.—To virtually create a population
having the symptoms on the same side, the brains of
patients with complaints on the right side were
flipped in the x-axis. After this step, all patients had
the symptomatic side left side and an asymptomatic
side on the right side. We used the tool fslswapdim of
the FSL package to calculate this step. Afterwards
these flipped images were analyzed in exactly the
same way as described before.

Group Analysis.—The skeletonized images were
used for voxelwise cross-subject statistics. The group
analysis was calculated with the mriglmfit tool of
the FreeSurfer stream fitting data into a generalized
linear model and performing an unpaired t-test. The

resulting data were corrected for multiple compari-
sons by a permutation-based approach:19 12,000 simu-
lations were performed under the null hypothesis; this
approach was based on the AFNI null-z simulator
(AlphaSim; http://afni.nimh.nih.gov/afni/doc/manual/
AlphaSim). Last, the data were clustered; in this step
several connected voxels were searched and merged
into 1 cluster. For the clustering we only considered
voxels with a minimum significance of P < .01. To
display the results, all figures were made with exactly
the same parameters, showing clusters with a signifi-
cance of P < .01, all regions were dilated for better
visualization, using the dilM function of the FSL tool
fslmaths. The correction for multiple testing was per-
formed for the clusters with the mri_glmfit-sim tool of
the FreeSurfer package. Results were summarized in
Table 2 showing the localization of the clusters and
their significances.

RESULTS
We found significant regional changes of FA (cor-

rected P < .0001) in the brain stem, the thalamus, the
internal capsule, the superior and inferior temporal
region, the frontal lobe, the occipital lobe and the
cerebellum. The results are demonstrated in Table 2
and in the Figure.

DISCUSSION
We report regional microstructural brain changes

in patients with CH. Using DTI, we found morpho-
logical changes in different white matter brain regions
such as the brainstem, frontal, temporal, and occipital
areas as well as the internal capsule and in the right
cerebellum and thalamus.

Up to now, only limited data exist on structural,
functional, and metabolic changes during the cluster
episodes, suggesting neural correlates of the disease
in the ipsilateral hypothalamus, the contralateral
ventroposterior thalamus, the ACC, the insula bilat-
erally, the cerebellar hemispheres bilaterally, as well
as the vermis.4 Whereas the hypothalamic involve-
ment is thought to be specific for CH and might
explain its circadian rhythmicity, the other regions
are generally activated in pain processing and con-
tribute to a pain regulating network (“pain matrix”).
Because of methodological constraints, the hypo-
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thalamus was not included in our analysis. Using
TBSS to control for method-inherent shortcomings,
such as registration and spatial smoothing errors, we
excluded smaller brain regions with high interindi-
vidual anatomical variability like the hypothalamus
from the analysis. However, in the light of the
current literature,4,5 there is no doubt about the key
role of the hypothalamus in the pathophysiology of
CH. In fact, treatment of CH is possible by high-
frequency stimulation of the hypothalamus (for
review see Leone and Bussone20).

A recent study could demonstrate an altered
glucose metabolism in frontal brain circuits in CH
using 18F-fluoro-2-deoxy-D-glucose-positron emis-
sion tomography (FDG-PET).21 An increase of
metabolism during cluster attacks could be observed
in the perigenual ACC, posterior cingulate cortex,
prefrontal cortex, insulae, thalamus and temporal
cortex. In contrast to healthy volunteers, CH patients

revealed hypometabolism in the perigenual ACC,
prefrontal and orbito-frontal cortex. Regarding the
activation of frontal brain regions during CH attacks,
the authors claimed a role in supraspinal pain pro-
cessing by modulating descending pain inhibitory cir-
cuits.22,23 The impairment of frontal pain modulating
systems is considered to make patients more suscep-
tible to the generation of pain. In this study, we could
observe distinct FA alterations in the frontal lobe, the
right thalamus and in the anterior limb of the internal
capsule bilaterally containing thalamo-frontal pro-
jections. These findings underline the theory of dis-
turbances of thalamo-frontal circuits in CH making
patients more susceptible to pain.21 Interestingly,
lesions were found in orbito-frontal regions that
might contribute to the olfactory system.

Others hypothesize that structures of the pain
matrix are active during cluster attacks including sub-
cortical structures such as amygdala for emotional or

Table 2.—Regions With Clusters of Significant Fractional Anisotropy Changes

Region Size (mm3) Maximum P (10-x) Corrected Overall P X Y Z

Brain stem
Right 144 3.11 <0.0001 80 100 53
Left 186 3.47 <0.0001 99 104 61
Middle 26 2.21 <0.0001 89 93 48

Temporal region (superior)
Right 149 3.81 <0.0001 31 105 79
Left 154 5.39 <0.0001 148 109 61

Cerebellum
Right 362 3.19 <0.0001 49 67 30
Vermis 27 2.04 <0.0001 89 62 35

Frontal region
Right 282 2.93 <0.0001 68 157 69
Left 193 4.63 <0.0001 110 159 68
Olfactory 256 2.66 <0.0001 77 173 48

Temporal region (inferior)
Right 170 4.43 <0.0001 35 127 38
Left 448 4.2 <0.0001 135 120 40

Thalamus
Right 53 2.62 <0.0001 86 118 82

Internal capsule
Right anterior 54 2.76 <0.0001 70 138 78
Right posterior 77 2.13 <0.0001 76 121 71
Left anterior 88 3.19 <0.0001 107 136 65

Occipital
Right 122 5.04 <0.0001 49 47 73
Left 298 3.3 <0.0001 126 49 70

Precuneus 201 3.8 <0.0001 102 60 111

X, Y, Z are the corresponding voxel spaces of the MNI152 brain. Cluster size is given in mm3. The z values represent the axial
position of the MNI coordinates.
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affective actions,24 hippocampus for memory and
learning,25 thalamus for arousal and attention,26

as well as basal ganglia and cerebellum for motor
function.27 Whereas these parts of the motor systems
respond asymmetrically, structures responsible for
affective processes are activated symmetrically.28

All those areas showed microstructural changes in
our study, supporting the hypothesis that the pain
matrix is structurally altered in patients with CH.

Further structural changes occurred in the posterior
limb of the right internal capsule. These structures
are part of the motor system and do not modulate
nociceptive input but generate motor response to
pain in terms of avoiding or defensive reactions.28

The FA changes in the brainstem might indicate an
involvement of the right medial lemniscus and the
nucleus tractus trigemini affecting the trigemino-
sensory system. The pain of CH is mediated via an

Figure.—Changes of fractional anisotropy in patients suffering from episodic cluster headache suggesting altered white matter
microstructure. The yellow spots indicate significance (P < .0001) when compared with healthy volunteers. (A) Microstructural
brain changes in the corresponding areas of the right cerebellar hemisphere, vermis and bitemporally. (B) Structural changes in the
brainstem, in the left parahippocampal and in the fronto-polar region bilaterally (right > left). (C) Microstructural white matter
changes in frontal as well as temporal brain regions. The lesions in the upper brainstem might indicate an involvement of the nucleus
tractus spinalis n. trigemini and the central sympathetic pathway. (D) White matter lesions in the anterior limb of the left internal
capsule and bifrontally. (E) White matter lesions in the anterior limb of the right internal capsule. (F) White matter lesions in the
right thalamus. The z values represent the axial position of the MNI coordinates.
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activation of the first trigeminal branch.29 Lesions of
the trigemino-sensory system are known to be associ-
ated with neuropathic facial pain.30-32 Additionally, the
left-sided FA changes of the upper brainstem might
correspond to lesions of the central sympathetic
pathway.The central sympathetic pathway projects to
the hypothalamus. By this, we might have demon-
strated lesions in the sympathetic and trigeminal
systems in the brainstem that are crucially involved in
the pathophysiology of CH.1

Metabolic changes in the temporal lobe in CH
were shown by Sprenger et al21 and parahippocampal
regions are claimed to mediate antinociception or
anxiolysis.33 We found FA changes in temporal brain
regions that occurred bilaterally and included para-
hippocampal structures on the left side. Further FA
changes were evident bilaterally in posterior areas and
in the left precuneus that responsible for episodic
memory as described by Sprenger et al by PET.21 FA
may assess microstructural brain tissue integrity. FA
reflects the anisotropy or directionality of the diffusion
and is an unspecific indicator of alterations in white
matter microstructure,34 which can be associated with
changes in myelination or glial cell morphology35-40 or
with changes in extra-axonal/extracellular space.39,40

However, a histopathological correlation is highly
speculative.

One study using VBM found regional changes in
gray matter density in the diencephalon bilaterally in
a large cohort of CH patients.5 In contrast to this
study, we were studying the integrity of large white
matter bundles using DTI. Despite methodological
differences and a much smaller study sample, our
study confirmed microstructural differences in the
upper brainstem of CH patients and revealed further
microstructural lesion in brain regions that belong to
the pain matrix. However, it is still unclear whether
the observed structural changes are the primary eti-
ology or a secondary phenomenon of the functionally
altered pain matrix and to our knowledge no study
has been able to answer this question so far. Interest-
ingly, Schmitz et al41 could demonstrate in a cross-
sectional study that brain abnormalities of the white
matter (computing FA by DTI) and gray matter
(using VBM) increase with attack frequency and
disease duration in migraineurs. They concluded a

relationship between clinical features and microstruc-
tural abnormalities. Therefore, one can speculate
that our findings in terms of white matter lesions
might be—at least in some extent—caused by cluster
attacks. In contrast to studies using functional and
metabolic neuroimaging techniques such PET or
fMRI, we could not demonstrate changes in the
insula, ACC or dorsolateral, prefrontal cortex repre-
senting important parts of the pain matrix, which
might be due to methodological differences.

There are some limitations to our study. As CH is
a rare disorder mainly affecting men we were unfor-
tunately only able to recruit 7 male patients. All
patients included in our study suffered from episodic
CH. Further, all participants differed clinically, eg,
with respect to actual bouts, side of bouts, further
diseases or actual medication. Because of these limi-
tations, a correlation of clinical parameters with DTI
findings was not possible.

We used TBSS, a novel registration approach that
has advantages over conventional VBM-like analysis
of DTI data are restricted to the analysis of the main
white matter tracts all subjects have in common;
changes of structures with high interindividual vari-
ability and gray matter changes associated with CH
are not detected by this technique.

In conclusion, we were able to detect multiple
brain areas with altered white matter microstructure
in patients with episodic CH. These lesions were
mainly evident in cortical and subcortical regions that
are involved in nociceptive processes in CH. Addi-
tionally, we found structural changes in regions con-
tributing to the olfactory, central sympathetic and
trigemino-sensory system. Further studies with larger
patient populations are necessary to confirm these
results and to determine the role of our observed
changes in the pathophysiology of CH.
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