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A B S T R A C T   

Background: Cluster headache is a rare, strictly unilateral, severe episodic primary headache disorder. Due to the 
unpredictable and episodic nature of the attacks, nitroglycerin has been used to trigger attacks for research 
purposes to further our understanding of cluster headache pathophysiology. 
Objectives: We aimed to identify regions of significant cerebral blood flow (CBF) changes during nitroglycerin 
triggered cluster headache attacks, using MRI with arterial spin labelling (ASL). 
Methods: Thirty-three subjects aged 18–60 years with episodic and chronic cluster headache were recruited and 
attended an open clinical screening visit without scanning to receive an intravenous nitroglycerin infusion (0.5 
μg/kg/min over 20 min). Those for whom nitroglycerin successfully triggered a cluster headache attack, were 
invited to attend two subsequent scanning visits. They received either single-blinded intravenous nitroglycerin 
(0.5 μg/kg/min) or an equivalent volume of single-blinded intravenous 0.9% sodium chloride over a 20-minute 
infusion. Whole-brain CBF maps were acquired using a 3 Tesla MRI scanner pre-infusion and post-infusion. As 
cluster headache is a rare condition and purely unilateral disorder, an analysis strategy to ensure all the image 
data corresponded to symptomatology in the same hemisphere, without losing coherence across the group, was 
adopted. This consisted of spatially normalising all CBF maps to a standard symmetric reference template before 
flipping the images about the anterior-posterior axis for those CBF maps of subjects who experienced their 
headache in the right hemisphere. This procedure has been employed in previous studies and generated a group 
data set with expected features on the left hemisphere only. 
Results: Twenty-two subjects successfully responded to the nitroglycerin infusion and experienced triggered 
cluster headache attacks. A total of 20 subjects completed the placebo scanning visit, 20 completed the nitro
glycerin scanning visit, and 18 subjects had completed both the nitroglycerin and placebo scanning visits. In a 
whole-brain analysis, we identified regions of significantly elevated CBF in the medial frontal gyrus, superior 
frontal gyrus, inferior frontal gyrus and cingulate gyrus, ipsilateral to attack side, in CBF maps acquired during 
cluster headache attack; compared with data from the placebo session. We also identified significantly reduced 
CBF in the precuneus, cuneus, superior parietal lobe and occipital lobe contralateral to the attack side. Of 
particular interest to this field of investigation, both the hypothalamus and ipsilateral ventral pons showed 
higher CBF in a separate region of interest analysis. 
Conclusion: Our data demonstrate that severe cluster headache leads to significant increases in regional cerebral 
perfusion, likely to reflect changes in neuronal activity in several regions of the brain, including the hypothal
amus and the ventral pons. These data contribute to our understanding of cluster headache pathophysiology; and 
suggest that non-invasive ASL technology may be valuable in future mechanistic studies of this debilitating 
condition.   
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1. Introduction 

Cluster headache occurs in approximately 0.1% of the population. It 
is a strictly unilateral primary headache; patients experience cluster 
headache attacks in a unilateral pattern in the trigeminal nerve distri
bution with ipsilateral cranial autonomic symptoms and restlessness 
(Headache Classification Committee of the International Headache So
ciety (IHS), 2018). These attacks are severe, its intensity often compared 
to gunshot wounds, renal stones and childbirth (Burish et al., 2021). 
Although patients report attacks with a circadian pattern, spontaneous 
cluster headache attacks are difficult to predict and capture. Cluster 
headache attacks can be triggered by nitroglycerin (NTG) (Peters, 1953) 
and are comparable to spontaneous cluster headache attacks (Ekbom, 
1968; Goadsby and Edvinsson, 1994; Fanciullacci et al., 1995), allowing 
researchers to study cluster headache attacks in a controlled and sys
tematic way. Another challenge to imaging cluster headache attacks is 
that the disorder is rare. To reflect the underlying pathophysiology with 
is strictly lateralised pain, imaging studies in the past have flipped the 
image data accordingly (May et al., 1998; Sprenger et al., 2007; Magis 
et al., 2011; May et al., 1999; Absinta et al., 2012; Naegel et al., 2014; 
Arkink et al., 2017a,b; Yang et al., 2015; Chou et al., 2017; Faragó et al., 
2017; Ferraro et al., 2018; Teepker et al., 2012; Szabó et al., 2013) in 
order to make the findings generalisable and compare all attack pre
sentations as superimposed on only one side. 

Hsieh and colleagues carried out the first study of cluster headache in 
humans using 15O labelled Positron Emission Tomography (PET) (Hsieh 
et al., 1996). They scanned acute cluster headache attacks after 
administration of 1 mg sublingual NTG in four episodic cluster headache 
patients, two patients with left-sided and two with right-sided attacks. In 
this small study where the images were not flipped, the authors found a 
significant increase in cerebral blood flow (CBF) in the right hemisphere 
in the caudal anterior cingulate caudate (ACC), and rostrocaudal ACC, 
tempororpolar region, supplementary motor area, bilateral primary 
motor area, premotor areas, opercular region, insula, putamen and 
lateral inferior frontal cortex. There were CBF reductions in the bilateral 
posterior parietal cortex, occipitotemporal region and prefrontal cortex. 
The subsequent H2

15O PET study with nine chronic cluster headache 
patients used inhalation of NTG (1.0–1.2 mg) to trigger cluster headache 
attacks. Acknowledging the laterality of the condition, the authors 
mirrored some of the cluster headache attack images so that data cor
responded to attacks on the left hemisphere. The authors found increases 
in CBF in several regions, including the bilateral ACC, contralateral 
posterior thalamus, ipsilateral basal ganglia, bilateral insulae and cere
bellar hemispheres. Furthermore, an increase in regional CBF was found 
in the region of the posterior hypothalamic grey matter (Talairach co
ordinates − 2, − 18, − 8) ipsilateral to attack side (May et al., 1998). Due 
to the episodic nature of cluster headache, only a handful of imaging 
studies have captured spontaneous cluster headache attacks (May et al., 
2000; Sprenger et al., 2004; Morelli et al., 2009; Qiu, 2012; Morelli 
et al., 2013) and have found increases in CBF in the ipsilateral hypo
thalamic region22-24, (Morelli et al., 2013). Cluster headache is clas
sified as a trigeminal autonomic cephalalgias (TAC) based on shared 
clinical characteristics with other primary unilateral headache disorders 
with ipsilateral cranial autonomic symptoms. It is believed that TACs 
share underlying pathophysiology and in particular the neuroimaging 
findings indicating the importance of the hypothalamic region. This has 
been found in short-lasting unilateral neuralgiform headache attacks 
with conjunctival injection and tearing (SUNCT) (May et al., 1999; 
Sprenger et al., 2005; Cohen, 2007) and in paroxysmal hemicrania 
(Matharu et al., 2006). 

NTG is a precursor of nitric oxide, and it is known to trigger cluster 
headache attacks when patients are ‘in bout’, indicating the period when 
patients have repeated spontaneous cluster headache attacks. However, 
when patients are ‘out of bout’, they do not experience spontaneous 
attacks, and NTG does not trigger attacks during this phase. NTG can 
bring on an immediate mild and generalised ‘NTG-induced headache’, a 

separate and distinctly different headache than the delayed cluster 
headache attacks in patients (Ekbom, 1968; Wei and Goadsby, 2021). 
The neuroimaging effects of NTG were demonstrated in a H2

15O PET 
study of eight episodic cluster headache patients, carried out in the out- 
of-bout phase, with 1–1.2 mg NTG inhalation. This group of patients did 
not have cluster headache attacks; however, they did develop a mild 
NTG headache. When comparing NTG headache with rest, there were 
increases in signal bilaterally in the anterior cingulate, right posterior 
thalamus, left basal ganglia, both frontal lobes, bilateral insulae and left 
temporal lobe (May et al., 2000). The same study compared nine chronic 
cluster headache subjects at rest and after the NTG spray, but before the 
onset of cluster headache attacks. This showed increased signal in the 
large intracranial vessels. Similarly, in a H2

15O PET study with 24 
migraine patients who received 0.5 μg/kg/minute over 20 min, they 
found that during the NTG headache, there was no signal increase in the 
dorsal pons, which was present in NTG triggered migraine attacks; 
however there were increases in signal in the anterior cingulate and 
corresponding regions to the internal carotid and basilar arteries (Afridi, 
2005). 

In the study of several pain conditions including cluster headache, 
ASL offers important benefits compared with H2

15O PET and blood- 
oxygen-level-dependent (BOLD) functional MRI. H2

15O PET has a low 
spatiotemporal resolution and the positron emitting nucleus (15O) has a 
half-life of approximately 2 min. PET is invasive, and requires the use of 
a radioactive tracer, exposing subjects to ionising radiation, limiting the 
number of its applications. ASL on the other hand uses magnetically 
labelled water within arterial blood as the endogenous tracer, (Detre 
et al., 1992; Alsop et al., 2015) to measure regional CBF; therefore, it is 
therefore entirely non-invasive. As subjects are not exposed to ionising 
radiation, subjects can safely have repeated scans and repeated visits, 
beneficial in the study of this type of repeated measures pain study de
signs. ASL also allows for quantitative measurements of CBF, whereby, 
as a result of neuro-vascular coupling, changes in the magnitude of CBF 
serve as an indirect but sensitive marker of neuronal activity changes. 
Neuronal activity requires increased energy demands; this energy de
mand is supplied from functional hyperaemia. Neurovascular coupling 
is the phenomenon that transiently links changes in neural activity with 
localised increases in CBF. 

Since cluster headache is a strictly unilateral condition, rotation of 
image data is performed to reflect the underlying pathophysiology. 
However, most human brains are not symmetric in morphology (Toga 
and Thompson, 2003; Watkins, 2001), reference brain templates 
commonly used in neuroimaging also reflect this asymmetry. Conse
quently, flipping of the image data after normalising the data to those 
templates about any given axis can lead to significant errors of spatial 
alignment of the images. To eliminate this limitation, studies performing 
interhemispheric comparisons normalise to a symmetrical template first. 
A symmetrical template can be generated in two ways. The first method 
is by flipping subject images left–right, once normalised to an asym
metric template, averaging all the images treating the reversed subjects 
as new additional subjects (Watkins, 2001; Beraha et al., 2012; Hou
gaard et al., 2015). The second method is to flip the asymmetric tem
plate and to average with the non-flipped atlas (Baciu et al., 2005; 
Hougaard et al., 2015). Some studies used a premade symmetric tem
plate (Lo et al., 2010; Vallesi et al., 2017; Kosztyla et al., 2016; Grabner, 
2006). In this study, we made use of a ‘Symmetric Brain Template’ from 
the Montreal Neurological Institute (Fonov et al., 2009; 2011). There
fore, before flipping our data about the anterior-posterior axis, our im
ages were normalised to this symmetric template, which allowed us to 
analyse the images as if they corresponded to unilateral presentation in 
the same hemisphere. This strategy also addressed the complications 
generated by the natural asymmetries of the human brain. 

This is the first study to use ASL to investigate cluster headache at
tacks, and the first study we are aware of, to exploit the availability of a 
symmetric reference template to normalise spatially the image data, to 
analyse the images as corresponding to unilateral cluster headache 
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attacks. A recent study used ASL to investigate the interictal effects of 
greater occipital nerve block in the treatment in cluster headache 
(Medina et al., 2021). 

2. Material and methods 

2.1. Subject selection and recruitment 

The study was advertised in the UK cluster headache patient website 
OUCH (UK) (Organisation for the Understanding of Cluster Headache; 
https://ouchuk.org/research/research-volunteers-needed and the ter
tiary Headache Centre in King’s College Hospital, London. Patients 
interested in participating contacted the investigating team via a dedi
cated research email address. Patients would then be screened for 
eligibility for the study via emails and a telephone call; those who met 
the criteria were invited to attend a screening visit. Data were collected 
between January 2017 until January 2019. 

Recruitment was limited to subjects between the ages of 18 and 60 
with cluster headache according to the ICHD-3 beta criteria (Headache 
Classification Committee of the International Headache Society IHS, 
2013), no previous syncope or history of autonomic dysfunction, reli
able response to high flow oxygen and/or subcutaneous sumatriptan 
during spontaneous attacks and previous normal structural neuro
imaging. Women of childbearing age were required to use reliable 
contraceptive methods during the study. Subjects were excluded if there 
were any contraindications to MRI scan, those who were pregnant or 
breastfeeding, any significant psychiatric disease, diagnosis of another 
primary headache type (other than migraine) or chronic pain syndrome, 
any medical history that would have contraindications to receiving 
NTG, preventive medication other than verapamil, if taking indometh
acin for any reason, if they had allergies to the medications used in the 
study or intolerance to high flow oxygen and if they used of illicit drugs 
for six months before and during the study. 

All subjects gave written informed consent to participate. The study 
received the National Research Ethics Service approval (16/LO/0693). 

2.2. Study protocol 

The study was comprised of three study visits, with each visit sepa
rated by a minimum of one week. Each subject underwent a full head
ache consultation during the first visit detailing their headache 
phenotype, medical history, general physical examination, and neuro
logical examination. Each subject had an electrocardiogram and supine 
and standing blood pressure measurement, oxygen saturation mea
surement, and recording of pulse and weight. All female subjects were 
required to have a negative urine pregnancy test before the start of the 
infusion. 

2.2.1. Open NTG infusion visit 
If deemed eligible, subjects received an NTG infusion intravenously 

and were not scanned in this visit. Subjects remained recumbent for 30 
min before the infusion and had their blood pressure and pulse checked 
before the infusion. The infusion rate was calculated based on a weight- 
adjusted dose of 0.5 μg/kg/min over 20 min. This session had the 
objective of establishing if a cluster headache could be triggered in each 
subject after the administration of NTG. 

Every five minutes, subjects were asked to rate their pain level, 
report the presence of cranial autonomic symptoms and non-headache 
symptoms (see supplementary material), and their blood pressure and 
pulse rate were also measured. After the NTG infusion, subjects received 
250 mL of 0.9% sodium chloride solution intravenously. Acute cluster 
headache treatment was administered at twenty minutes from the start 
of attack either with sumatriptan 6 mg subcutaneous injection or with 
15 L/min oxygen via a non-rebreather mask, as standard cluster head
ache attack treatment. The visit concluded only when the subject was 
pain-free. Subjects were asked to keep a headache diary and note if they 

developed a headache later that day, which was out of their regular 
pattern. 

2.2.2. Scanning visits 
After administration of NTG, subjects who were successfully trig

gered with a cluster headache attack were invited to return for the two 
scanning visits. All scans occurred at similar period of day, between 9 am 
and 1 pm, to minimise known circadian rhythm effects on regional ce
rebral blood flow (Hodkinson et al., 2014). Subjects were asked to have 
a light breakfast, remain fasting throughout the visit, and avoid caffeine 
12 h before the visit. Subjects had one scanning visit in which they 
received intravenous NTG at 0.5 μg/kg/min over 20 min and another 
one in which they received the equal volume of 0.9% sodium chloride, at 
the same rate of infusion of NTG, over 20 min. If there were significant 
movement artefacts on the images, subjects were invited to return for 
another scanning visit. 

2.3. Magnetic resonance imaging acquisition 

Subjects were scanned in the supine position on a 3 T General 
Electric Discovery MR750 MRI scanner using a 32-channel head coil. 
Subjects were scanned twice in each visit; the first pre-infusion scan was 
called the “baseline” scan, which included structural and functional 
images, and the second scan post-infusion was called the “triggered 
attack” scan in the NTG visit and “post-infusion” scan in the placebo 
visit, this included only the functional images. The NTG “triggered 
attack” scan was acquired from the start of the attack. The start of the 
attack is defined as unilateral pain in the trigeminal distribution with 
either CAS and or sense of agitation, and the subject felt this was com
parable to their spontaneous attacks. During the placebo visit, the “post- 
infusion” scan was performed at the time when an attack was experi
enced from the unblinded NTG non-scanning visit. 

High-resolution 3D T1-weighted sagittal MPRAGE (Magnetisation 
Prepared Rapid Acquisition Gradient Echo) images were acquired to 
facilitate the spatial normalisation of the CBF maps. The parameters of 
this scan were TR = 7.312 ms; TE = 3.016 ms; FOV = 270 mm; matrix =
256x256mm; slice thickness = 1.2 mm; 196 slice partitions. T2 images 
were acquired using a 2D Multi Slice Fast Spin Echo protocol, with the 
following parameters: TR = 4380 ms; TE = 54.84 ms; FOV = 240 mm; 
matrix = 320 × 256; slice thickness = 2 mm with 0 mm spacing; 72 slice 
partitions. Only the T1 weighted images were used in pre-processing and 
spatial normalisation of the data. 

Whole-brain CBF maps were generated using a 3D pseudo- 
continuous Arterial Spin Labelling (3D-pCASL) MRI sequence. This 
ASL modality is known to provide a higher signal-to-noise ratio 
compared with other methods (Dai et al., 2008). This ASL variant has the 
advantage of a highly efficient train of short (500 µs) pulses of radio
frequency and gradient fields, which are more compatible with clinical 
body coil transmission hardware and have become the method of choice 
for in vivo cerebral perfusion investigations (Alsop et al., 2015). 

Labelling of arterial blood was achieved with a 1825 ms train of 
Hanning shaped RF pulses of 500 µs duration in the presence of a net 
magnetic field gradient along the flow direction (the z-axis of the 
magnet). After a post-labelling delay of 2025 ms, a whole-brain volume 
was read using a 3D inter-leaved “stack-of-spirals” Fast Spin Echo 
readout, consisting of 8 interleaved spiral arms in the in-plane direction, 
with 512 points per spiral interleave. The images had 60 axial slice lo
cations (3 mm thickness) and an in-plane FOV of 240 × 240 mm after 
transformation to a rectangular matrix (TE/TR = 11.088/5180 ms, flip 
angle (FA) = 111◦). A proton density (PD) image volume with the same 
parameters was acquired within the same sequence parameters in the 
readout, to use as a reference to compute the CBF maps in conventional 
physiological units (mL blood/100 g tissue/minute). Four control- 
labelled pairs of images were acquired in each run. The total acquisi
tion time was 6:08 min. 

The sequence used four background suppression pulses to minimise 
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static tissue signal at the time of image acquisition. Two ASL scans of 
6:08 min duration were acquired during the “baseline”, the “triggered 
attack” and ”post-infusion” scan sessions. During the “triggered attack” 
scan, subjects had the option to stop the scan if their level of agitation 
during their attack was too severe to stay still in the scanner; therefore, 
in some cases, one CBF map was acquired. CBF maps were computed 
from the mean perfusion-weighted difference image derived from the 
two control-label pairs by scaling the difference image against a proton 
density image acquired at the end of the sequence, using identical 
readout parameters. 

2.4. Imaging pre-processing 

Pre-processing of pCASL images (spatial normalisation) was per
formed using Automated Software for ASL Processing (ASAP) toolbox 
(Mato Abad et al., 2016) which employs the Statistical Parametric 
Mapping software suite, version 12 (SPM 12; www.fil.ion.ucl.ac.uk/ 
spm/). Voxel-wise computation of CBF was performed by the scanner 
software, using the formula recommended by the ASL consensus article 
(Alsop et al., 2015): 

CBF = 6000
ew/T1a

2εT1a(1 − e− τ/T1a )

Pλ
R 

In which P is the signal in the averaged perfusion-weighted image 
(control–label), R is the signal in the reference (proton density) image, ε 
is the combined efficiency of labelling and background suppression 
(~65%), τ is the label duration (1825 ms), T1a is the T1 of arterial water, 
and w is the post labelling delay (2025 ms), and λ is the scale factor for 
brain/blood partition coefficient in mL/g. 

A multistep approach was used for spatial normalisation of the CBF 

maps to the Symmetric space of the Montreal Neurological Institute 
(MNI) within the ASAP framework. CBF maps were co-registered to the 
high-resolution T1-weighted structural ADNI images after coarse 
alignment of the origin of both images. Unified segmentation of the T1- 
weighted image normalised this image to the MNI space and was used to 
produce a ’brain-only’ binary mask which was multiplied by the co- 
registered rCBF map to produce an image free of extracerebral arte
facts (Mato Abad et al., 2016) (Fig. 1). Each CBF map was reviewed and 
checked for quality of spatial normalisation against the symmetric brain 
template in SPM. Any data with significant movement artefact was 
excluded from the study. Each pair of CBF maps acquired at baseline or 
during headache was averaged into a single image after spatial 
normalisation. 

2.5. Transformation of the normalised images to the symmetric MNI 
template 

Based on the hypothesis that unilateral headache would lead mainly 
to ipsilateral CBF changes, we decided to perform a mirror-inversion (i.e 
flip) of the images about the anterior–posterior direction (in our case, all 
right-sided attacks were flipped to the left). As explained earlier, since 
human brains are not symmetric, our first step was to transform the 
normalised maps to a symmetric template, which is also available from 
the MNI software suite. 

Once in a symmetric frame of reference, the images could be flipped’ 
from right to left without losing coherence across the group. The sym
metric template used was the ICBM 152 Nonlinear symmetric brain 
template (mni_icbm152_t1_tal_nlin_sym_09a.nii: http://www.bic.mni. 
mcgill.ca/ServicesAtlases/ICBM152NLin2009). 

The side of the provoked attack was identified in each subject; all 
subjects with right-sided attacks had their images flipped along the x- 

Fig. 1. Normalisation of ASL data to a symmetric template.  

D.Y. Wei et al.                                                                                                                                                                                                                                   

http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009
http://www.bic.mni.mcgill.ca/ServicesAtlases/ICBM152NLin2009


NeuroImage: Clinical 33 (2022) 102920

5

axis to reflect all attacks on the left. Images were reoriented, resized x =
-1 and then were smoothed using an 8x8x8mm Gaussian kernel. For 
those subjects who experienced headache on the left side, their data was 
normalised to the symmetric template but not flipped (Fig. 1). 

2.6. Analysis of ASL data 

The ASL data were analysed using a voxel-wise general linear model 
in SPM 12. Hypothesis-led region of interest (ROI) analysis was per
formed. Pre-determined masks were used to investigate the ROI signif
icance; the masks were generated by the Wake Forest University School 
of Medicine (WFU) PickAtlas. The masks included separate right and left 
hemispheric: amygdala, anterior cingulate cortex, insula, substantia 
nigra, thalamus, hypothalamus and bilateral pons. These are areas were 
chosen given their involvement in pain and more specifically in cluster 
headache from previously published findings. Furthermore, we inves
tigated the post hypothalamic region reported in the study by May and 
colleagues (May et al., 1998) at Talairach coordinates (-2, − 18, − 8). 
This location was converted to MNI coordinates using the WFU PickAtlas 
and found to be (-2,-18, − 10.5). 

Further, exploratory whole-brain voxel-wise flexible factorial, 2x2 
ANOVA analysis was performed to assess CBF related changes when 
comparing placebo “baseline”, placebo “post-infusion”, and NTG 
“baseline”, NTG “triggered attack” scans. Furthermore, a whole-brain 
voxel-wise paired T-test allowed analysis of within-session changes in 
CBF related to NTG “baseline” with NTG “triggered attack” and placebo 
“baseline” with placebo “post-infusion” scans. Clusters of significant 
change were determined using the cluster-extent criterion (PFWE < 0.05) 
using an uncorrected voxel-wise cluster-forming threshold of P < 0.005. 

Both whole-brain analyses included mean global CBF as a covariate in 
the design matrix using ANCOVA to account for inter-individual dif
ferences in global perfusion. All brain locations are reported as x, y, and 
z coordinates in Montreal Neurologic Institute (MNI) space. 

2.7. Statistical analysis of demographics 

Descriptive statistics and between-group differences were performed 
using SPSS Statistics version 26 for Mac and Excel for Mac v16.30, p < 
0.05 was considered significant. 

2.8. Sample size calculation 

The sample size was calculated from the ASL based studies (Murphy 
et al., 2011), where approximately 16 subjects are needed to observe a 
significant change of 5 mL blood/100 g tissue/minute. Based on 
normative CBF data sets collected in many ASL based studies, we have 
been able to ascertain that with a standard deviation of 10% (from a grey 
matter mean of 5 mL blood/100 g tissue/minute), a minimum of 16 
subjects are needed to observe a change of 5 mL blood/100 g tissue/ 
minute (effect size 0.8 using G*Power), for a two-tailed, independent 
sample T-Test comparison. 

3. Results 

3.1. Demographics 

A total of 229 subjects contacted us and were checked for eligibility, 
of which 33 were recruited into the study and attended the first visit. A 

Fig. 2. Subject numbers throughout the study.  
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cluster headache attack was successfully triggered in 22 subjects, and 
these individuals were included in the study. Ultimately, 20 participants 
completed the placebo visit and 20 completed the NTG visit, with the 
result that we had 18 subjects successfully scanned on both placebo and 
NTG visits (Fig. 2). There was an equal number of episodic compared 
with chronic cluster headache and an equal number of left-sided and 
right-sided attacks within the cohort. There were 15 male subjects (68%) 
and seven female subjects (32%). The mean average number of attacks 
per day was 2.6 (SD 1.8, range 0.3–7), and the median duration of un
treated attacks was 82.5 min (IQR 45–150). A total of seven subjects 
used verapamil for cluster headache prevention (Table 1). 

3.2. Experience of triggered attacks 

The triggered attacks were comparable to the spontaneous attacks 
experienced by the subjects (Table 2). Five subjects opted to have just 
one pCASL scan during their attack on the NTG scanning visit, one 
subject had a repeated visit due to movement and one subject had a 
repeated visit as they were unable to tolerate headache scan at the first 
visit. The following subjects had repeated visits as two subjects devel
oped migraine, one subject developed visual aura during their NTG- 
triggered cluster headache attack and three subjects developed sponta
neous cluster headache attacks during their placebo visits (Table 2). 

3.3. Flexible factorial analysis 

3.3.1. Whole-brain comparison 
Using a 2x2 factorial analysis to compare the four conditions of our 

study (placebo “baseline”, placebo “post-infusion” with NTG “baseline”, 
NTG “triggered attack” , n = 18), we identified two clusters of signifi
cantly increased in CBF in the NTG visit compared to placebo visit, the 
first cluster included the left medial frontal gyrus, left anterior cingulate 
gyrus, left superior frontal gyrus and right medial frontal gyrus. The 
second cluster included the left inferior frontal gyrus and the left pre
central gyrus (Fig. 3) with the corresponding coordinates (Table 3). 
Significant reduction in CBF was also observed in the right precuneus, 
right cuneus, right superior parietal lobule, right occipital gyrus, right 
superior occipital gyrus and right middle occipital gyrus (Table 4). 

3.3.2. Region of interest analysis 
Using a priori regions of interest, areas of significant increases in CBF 

were found in the left anterior cingulate cortex, bilateral hypothalamic 
regions, left thalamus and left pons (Table 5) with the changes in mean 
CBF values during each condition (Fig. 4). 

Table 1 
Demographics and characteristics of study subjects. MWA = migraine with aura, MWoA = migraine without aura, TAWH = typical aura without headache,  

Subject Age Handedness Gender Subtype Side 
of 
attack 

Years 
since 
first 
attack 

Average 
attack 
frequency 
(per day) 

Average 
duration 
of attacks 
when 
untreated 
(minutes) 

Average 
bout 
duration 
(weeks) 

Average 
bout 
frequency 
per year 

Verapamil 
(daily total 
dose in 
mg) 

Regular 
medications 

Migraine 
history 

1 55 Right M Chronic Right 5 2 45 – – 480 Omeprazole, 
simvastatin 

No 

2 28 Right F Chronic Right 12 7 150 – – – – MWoA 
3 40 Right M Episodic Right 20 3 150 8 1 – Ventolin 

inhaler 
No 

4 53 Right M Chronic Left 15 4 35 – – 960 Sertraline No 
5 43 Right M Chronic Right 9 1 40 – – – – No 
6 44 Right M Episodic Right 27 6 45 6 2 – Lansoprazole, 

nifedipine, 
salbutamol 
inhaler 

TAWH 

7 47 Left M Episodic Right 3 1 105 20 1 – – No 
8 35 Right M Episodic Left 7 2 150 6 1 240 – MWoA 
9 58 Right M Episodic Left 3 1 135 24 0.67 – Ramipril, 

omeprazole, 
Betahistine 

MWA 

10 43 Right M Chronic Left 4 2 60 – – – – MWA 
11 32 Right M Episodic Left 3 3 50 12 2 600 Atorvastatin, 

omeprazole, 
codeine 

MWoA 

12 49 Right F Episodic Right 8 5 50 9 2 – – MWoA 
13 49 Right M Chronic Right 35 2 90 – – – – MWoA 
14 23 Right F Episodic Right 9 2.5 90 6 1 – Low-oestrogen 

pill 
MWoA 

15 40 Right M Chronic Left 17 1.5 180 – – – Sertraline, 
lansoprazole, 
melatonin 

MWoA 

16 20 Right F Chronic Right 6 1.5 150 – – – – No 
17 31 Right F Episodic Right 14 2 75 11 1 – – MWoA 
18 35 Right M Episodic Left 9 2 90 3 0.5 – Vitamin D, 

Seretide, 
clenil and 
salbutamol 
inhaler 

No 

19 38 Right F Chronic Left 6 1.5 180 – – 240 – MWoA 
20 49 Right M Episodic Left 0.5 1.5 37.5 21 1 400 – MWA 
21 35 Right F Chronic Left 4 0.3 30 – – 600 Salbutamol, 

fostair 
inhalers 

No 

22 32 Left M Chronic Left 10 6 60 – – – Omeprazole MWoA  
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Table 2 
Overview of the attacks experienced by subjects, comparing their spontaneous attacks with their experience during the open NTG visit, NTG scanning visit and placebo 
scanning visit.  

(continued on next page) 
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3.4. Paired T-test comparing within session scans (“triggered attack” vs 
“baseline”) 

3.4.1. Whole-brain comparison NTG visits 
Using paired T-test to compare NTG “triggered attack” with NTG 

“baseline” (n = 20), we determined two clusters of increased regional 
CBF, the first cluster included the left medial frontal gyrus, left anterior 

cingulate, left cingulate gyrus and left superior frontal gyrus. The second 
cluster included the left medial frontal gyrus, superior frontal gyrus, 
right superior frontal gyrus and right medial frontal gyrus (Table 6). 
There were two clusters of decreased regional CBF of statistical signifi
cance; the first included the right cuneus, right precuneus, right middle 
occipital lobe, right superior parietal lobe and right inferior occipital 
gyrus. The second cluster of decreased regional CBF included the left 

Table 2 (continued ) 

The greyed-out boxes indicate scans that were not used in analysis, please refer to the comments column for explanation and detail. A = agitation, Au = aural fullness, 
CAS = cranial autonomic symptoms, C = conjunctival injection, E = eye grittiness, F = facial flushing, Fa = facial droop, Fs = facial swelling, L = lacrimation, M =
miosis, N = nasal congestion, O2 = 15 L/min oxygen via non-rebreather mask, P = ptosis, pCASL = pseudo-continuous Arterial Spin Labelling, Pe = periorbital oedema, 
R = rhinorrhoea, S = sialorrhea, Suma = sumatriptan, T = throat swelling, V = voice change. 
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lingual gyrus, left superior occipital gyrus and left middle occipital 
gyrus, left cuneus, left sub-gyral and left precuneus regions (Table 7). 

3.4.2. Region of interest comparison of within session scans 
Using a priori selected regions, we demonstrated an increase in CBF 

when comparing NTG “triggered attack” with NTG “baseline” in the left 
posterior hypothalamus, left anterior cingulate and left substantia nigra 
(Table 8). 

Fig. 3. Coronal views of increases and decreases in CBF during cluster headache attack compared to baseline following intravenous nitroglycerin infusion with 
placebo headache with placebo baseline, following region of interest and flexible factorial analysis. Bars represent T-values. 

Table 3 
Brain regions of rCBF increases from flexible factorial analysis (n = 18), shown 
in coordinates in MNI space with relative T scores and k values.  

Brain region 
Cluster 
description 

p Cluster 
size 

Hemisphere T Peak coordinates  

(k) x y z 

Medial 
frontal 
gyrus  

0.000 3659 Left  5.76 − 10 56 − 6    

Left  4.28 − 8 48 28    
Left  4.19 − 6 46 20    
Left  3.98 − 10 40 44    
Left  3.72 − 8 26 50    
Left  3.52 − 6 − 10 52    
Left  3.46 − 8 28 34 

Cingulate 
gyrus   

Left  4.57 − 4 − 16 28    

Left  3.97 − 4 − 14 36    
Left  3.92 − 12 6 44    
Left  3.64 − 6 20 38    
Left  3.63 − 12 20 36    
Left  3.51 − 12 18 30    
Left  3.46 − 12 10 34 

Superior 
frontal 
gyrus   

Left  3.63 − 10 26 54 

Medial 
frontal 
gyrus   

Right  3.79 18 66 − 2 

Inferior 
frontal 
gyrus  

0.021 1286 Left  6.47 − 44 18 − 10    

Left  3.73 − 54 28 16    
Left  3.05 − 56 30 4 

Precentral 
gyrus   

Left  3.35 − 60 10 12  

Table 4 
Brain regions of rCBF decreases with flexible factorial analysis (n = 18), shown 
in coordinates in MNI space with relative T scores and k values.  

Brain region 
Cluster 
description 

p Cluster 
size 

Hemisphere T Peak coordinates  

(k) x y z 

Precuneus  0.000 3320 Right  5.10 20 − 80 44    
Right  4.53 8 − 66 52    
Right  4.47 10 − 64 48    
Right  4.40 10 − 72 52    
Right  3.36 14 − 62 26    
Right  3.20 16 − 52 58 

Cuneus   Right  4.36 26 − 84 32    
Right  3.98 16 − 96 14    
Right  3.25 16 − 100 − 2 

Superior 
parietal 
lobule   

Right  3.85 30 − 58 58    

Right  3.84 22 − 70 58    
Right  2.85 32 − 66 48 

Occipital 
gyrus   

Right  3.77 22 − 90 14 

Superior 
occipital 
gyrus   

Right  3.40 40 − 80 26 

Middle 
occipital 
gyrus   

Right  2.75 36 − 86 8  
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3.4.3. Whole-brain comparison in images from the placebo visits 
Using paired T-test to compare “headache” and “baseline” scans 

during the placebo visits sessions (n = 20), there were no areas of 
significance. 

4. Discussion 

Our data show that cluster headache attacks triggered by NTG are 
associated with increased CBF in areas involved in pain perception on 
the ipsilateral side to the attack, with increased CBF in the hypothalamus 
during an acute attack that was not present during the placebo visit. Our 
results are consistent with previous imaging studies into acute cluster 
headache attacks. By utilising the innovative method of normalising to a 
symmetric template before rotating the images, we could reliably 
analyse the image data without the complications caused by conven
tional using non-symmetric templates and increase our statistical power 
of detection of changes. This method proved to be a useful strategy in 
investigating this rare primary headache disorder, with a challenging 
study protocol. 

The use of a symmetric template may be advantageous in other 

Table 5 
Regions of interest of increased rCBF with flexible factorial analysis (n = 18), 
with peak level PFWE shown with corresponding coordinates in MNI space.  

Brain region 
Region of interest 

Hemisphere Peak level PFWE Peak coordinates 
x y z 

ACC Left  0.014 − 6 44 16  
Left  0.018 − 12 50 − 4  
Left  0.018 − 10 52 2  
Left  0.020 − 14 18 26  
Left  0.022 − 6 40 20  
Left  0.030 − 6 56 2 

Hypothalamus Left  0.007 − 8 − 6 − 4  
Right  0.010 4 − 4 12 

Thalamus Left  0.007 − 6 − 18 18  
Left  0.027 − 8 − 22 16 

Pons Left  0.017 − 2 − 20 − 38  

Fig. 4. Boxplots depicting the change in mean cerebral blood flow (CBF) during each condition for regions found to show significant increases in CBF between the 
two visit days (placebo and NTG) in the left ACC (A), left thalamus (B), left pons (C), left hypothalamus (D) and right hypothalamus (E) with region of interest 
analysis using flexible factorial (n = 18). 
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conditions where there is a clear lateralised aspect, such as in other rare 
primary unilateral headache disorders in the TAC group. Our most 
striking result is the lateralised and ipsilateral CBF changes during 
cluster headache attacks compared with placebo. The clusters of 
increased CBF in our analysis involved discrete peaks in the left inferior 
frontal gyrus, left medial frontal gyrus and left cingulate gyrus, which 
extended into the insula. 

Neuroimaging studies in cluster headache have shown that the hy
pothalamus is likely to be involved during acute cluster headache at
tacks (May et al., 1998; Sprenger et al., 2004; Morelli et al., 2009; 
Morelli et al., 2013). Furthermore, there are structural and functional 
connectivity changes in the pain matrix, with a dynamically altered 
frontal top-down pain modulation between in bout and out of bout 
phases (Yang et al., 2018). 

A recent functional connectivity study identified reduced functional 
connectivity from the hypothalamus to the medial frontal cortex in 
episodic cluster headache patients both ‘in bout’ and ‘out of bout’ 
compared with healthy controls (Yang et al., 2015). The change in 
connectivity was observed in the hemisphere contralateral to the at
tacks. The medial frontal cortex is believed to involve pain anticipation 
(Ploghaus et al., 1999) and pain modulation through the anterior 
cingulate cortex. The same authors found reduced grey matter volume in 
the contralateral medial frontal gyri of episodic cluster headache pa
tients ‘in bout’ compared with healthy controls (Yang et al., 2013). 
These studies were not performed during cluster headache attacks but 

interictally during the ‘in bout’ phase; therefore, our observation during 
acute cluster headache attacks showed increased CBF in the ipsilateral 
medial frontal cortex, which may indicate pain anticipation and 
modulation. 

For over 100 years, the inferior frontal gyrus was thought to repre
sent motor speech production and was called “Broca’s area”. However, 
we now know the function of the inferior frontal gyrus is not limited to 

Table 6 
Brain regions of rCBF increase in headache compared with baseline with paired 
T-test (n = 20) using symmetric and flipped maps, shown in coordinates in MNI 
space with relative T scores and k values.  

Brain region 
Cluster 
description 

p Cluster 
size (k) 

Hemisphere T Peak coordinates   

x y z 

Medial 
frontal 
gyrus  

0.015 1072 Left  4.94 − 8 42 20    

Left  4.75 − 10 42 24    
Left  4.46 − 8 56 0    
Left  3.88 − 6 48 6    
Left  3.62 − 6 18 52    
Left  3.48 − 2 34 40 

Anterior 
cingulate   

Left  4.26 − 6 34 24 

Cingulate 
gyrus   

Left  3.84 − 6 20 42    

Left  3.61 − 2 18 40    
Left  3.39 − 10 6 44 

Superior 
frontal 
gyrus   

Left  3.57 − 4 26 56    

Left  3.50 − 4 28 52 
Medial 

frontal 
gyrus  

0.016 1052 Left  4.68 − 6 66 − 14 

Superior 
frontal 
gyrus   

Left  4.23 − 8 68 − 10    

Left  4.21 − 18 70 0    
Left  4.17 − 26 66 − 4    
Left  4.15 − 24 68 0    
Left  4.15 − 22 68 − 4    
Left  3.25 − 30 54 28    
Left  3.15 − 30 64 − 8    
Left  3.10 − 28 56 22 

Superior 
frontal 
gyrus   

Right  3.32 32 60 − 16    

Right  3.31 14 68 − 12    
Right  3.29 14 70 − 8 

Medial 
frontal 
gyrus   

Right  3.16 18 68 − 2  

Table 7 
Brain regions of rCBF decrease in headache compared with baseline using paired 
T-test (n = 20) with symmetric and flipped maps, shown in coordinates in MNI 
space with relative T scores and k values.  

Brain region 
Cluster 
description 

p Cluster 
size (k) 

Hemisphere T Peak coordinates   

x y z 

Cuneus  0.000 2638 Right  5.67 24 − 92 10    
Right  4.92 28 − 86 30    
Right  4.65 14 − 98 14    
Right  3.91 8 − 92 20 

Precuneus   Right  4.81 20 − 72 40    
Right  4.66 18 − 70 50    
Right  4.40 16 − 62 50    
Right  4.39 20 − 58 58    
Right  3.55 16 − 66 32 

Middle 
occipital 
lobe   

Right  4.60 26 − 88 14    

Right  4.29 42 − 84 2    
Right  3.95 40 − 82 10    
Right  3.92 38 − 86 6 

Superior 
parietal 
lobe   

Right  4.22 26 − 60 46    

Right  4.12 22 − 54 60 
Inferior 

occipital 
gyrus   

Right  4.87 40 − 86 − 6 

Lingual gyrus  0.001 1678 Left  5.07 − 14 − 94 − 4    
Left  5.01 − 18 98 0 

Superior 
occipital 
gyrus   

Left  4.64 − 34 − 84 26    

Left  4.54 − 34 − 82 30 
Middle 

occipital 
gyrus   

Left  4.49 − 36 − 88 4    

Left  4.38 − 36 − 86 10    
Left  3.95 − 32 − 84 16    
Left  2.99 − 48 − 76 4 

Cuneus   Left  4.29 − 16 − 92 26    
Left  4.17 − 20 − 88 32    
Left  4.12 − 16 − 88 34         

Sub-gyral   Left  3.65 − 26 − 70 24 
Precuneus   Left  3.16 − 30 − 70 34    

Left  3.16 − 28 − 64 36    
Left  3.05 − 26 − 68 40    
Left  3.02 − 26 − 72 38  

Table 8 
Regions of interest of increased rCBF in headache compared with baseline using 
symmetric and flipped maps with paired T-test (n = 20), shown in MNI space 
with relative peak level PFWE values.  

Brain region 
Region of interest 

Hemisphere Peak level 
PFWE 

Peak coordinates 
x y z 

Posterior hypothalamus Left  0.021 − 10 − 18 − 10 
8 mm sphere at − 2,-18,- 

10.5 
Left  0.024 − 6 − 18 − 12  

Left  0.027 − 2 − 16 − 16 
ACC Left  0.024 − 8 38 22  

Left  0.040 − 14 36 22 
Substantia nigra Left  0.006 − 10 − 20 − 10  

Left  0.017 − 14 − 20 − 6  
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semantic, phonological processing, but the left inferior frontal gyrus is 
also involved in working memory and processing of emotional behav
iour and empathy (Liakakis et al., 2011). The inferior frontal gyrus also 
plays a part in the central pain processing network (Tracey, 2008) and is 
likely to contribute to pain modulation and inhibition. Therefore, the 
inferior frontal gyrus change during acute cluster headache attack can 
reflect the lack of top-down pain modulation resulting in extreme pain 
and an effect on working memory and emotional empathy. Other cluster 
headache neuroimaging studies have also found changes involving the 
inferior frontal gyrus (Chou et al., 2017; Qiu et al., 2013; Giorgio et al., 
2020). Within this cluster, changes in regional perfusion extended into 
the insula cortex. The insula has several functional divisions involved in 
somatosensory, autonomic, interoceptive, salience and cognitive pro
cessing (Borsook et al., 2016). The anterior insula has connections to the 
anterior cingulate cortex, middle and inferior temporal cortices (Cauda 
et al., 2011). The insula plays a prominent role in pain processing 
(Brooks and Tracey, 2007) and is often compared to a brain hub (Bor
sook et al., 2016), where there is a convergence of multiple afferents. 
Relevant to cluster headache, the insula receives afferent inputs from the 
thalamus (Noseda et al., 2011) via the trigeminovascular system, an 
integral part of cluster headache pathophysiology and the pain experi
enced by cluster headache patients (Goadsby and Edvinsson, 1994; 
Hoffmann et al., 2019). 

The cingulate cortex is involved in the processing of the affective 
component of pain (Fuchs et al., 2014). Traditionally divided into the 
anterior cingulate cortex (ACC), midcingulate cortex (MCC) and poste
rior cingulate cortex; however, imaging studies have demonstrated far 
more subregions (Vogt, 2014). Negative affect, pain and cognitive 
control can cause activation in the overlapping regions of the ACC 
(Shackman et al., 2011). 

The clusters of decreased CBF with the highest T scores involved the 
right precuneus, cuneus and superior parietal gyrus, contralateral to the 
attack side. The precuneus is one of the areas in the default brain 
network, with high metabolic activity when subjects are at rest, lying 
quietly and eyes closed (Raichle et al., 2001). Furthermore, it has been 
suggested that when an individual is aware and alert; however, not 
engaged in a particular cognitive task; the precuneus is associated with 
continuously gathering information from the external world (Gusnard 
et al., 2001). In the case of cluster headache attacks, where the pain 
experienced by patients has been compared to the pain experienced in 
gunshot, childbirth and fractures (Burish et al., 2021), it is possible that 
the pain is so overwhelming that it overrides the default brain network. 
This may be the case as there is no physiological need to gather infor
mation from the surrounding during an attack. Indeed, in a study 
investigating this phenomenon, the authors found that the default brain 
network was deactivated when the subjects’ attention was maintained 
on pain (Kucyi et al., 2013). 

In the resting-state functional connectivity study previously 
mentioned, the authors investigated the functional connectivity from 
the hypothalamus in episodic cluster headache patients in-bout, 
compared with when they were out-of-bout and with healthy controls 
(Yang et al., 2015). In their study, images were flipped about the 
anterior-posterior axis; consequently, all attacks were on the right-side. 
The authors found that compared with healthy controls, there were 
functional connectivity changes from the right hypothalamus to the left 
medial frontal gyrus and right cuneus for episodic cluster headache 
patients both in- and out-of-bout. They postulated that this change in the 
ipsilateral cuneus was related to patients experiencing photophobia; 
however, only seven out of the 18 patients experienced photophobia in 
their study. Absinta and colleagues found increased grey matter volume 
in the right cuneus in their tract-based spatial statistics and voxel-based 
morphometry imaging study comparing 15 episodic cluster headache 
patients out-of-bout compared with 19 healthy controls (Absinta et al., 
2012). None of their cluster headache patients had visual aura; they 
postulated this reflected the visual system rewiring secondary to the 
repetition of retro-orbital pain and photophobia during the attacks. In 

our study, there was reduced CBF in the contralateral cuneus and oc
cipital region; within our cohort, there were four subjects who had 
migraine with aura, with only subjects 9 and 10 included in the flexible 
factorial analysis (Table 2) and nine subjects (45%) reported photo
phobia during their NTG triggered cluster headache attacks. This finding 
may be due to attention being maintained on the overwhelming pain 
subjects are experiencing rather than aura or photophobia. 

Thus far, the changes seen in CBF are involved in other headache 
disorders (Messina et al., 2018) and in chronic pain (Tracey and Mantyh, 
2007; Lee and Tracey, 2013), therefore from the region of interest 
analysis, the hypothalamus and ipsilateral ventral pons showed 
increased CBF during the headache phase are of particular interest. The 
role of the hypothalamus in cluster headache pathophysiology is 
strongly supported by the circannual pattern of cluster headache attacks 
(Kunkle et al., 1952; Kudrow, 1987; Gaul et al., 2012; Lin et al., 2004), 
neuro-endocrine changes found in cluster headache patients involving 
the hypothalamus (Leone and Bussone, 1993; Holland and Goadsby, 
2009) and previous neuroimaging findings (May et al., 1998; Arkink 
et al., 2017b; Yang et al., 2015; Ferraro et al., 2018; Sprenger et al., 
2004; Morelli et al., 2009; Morelli et al., 2013; Qiu et al., 2013; Sprenger 
et al., 2006; Qiu et al., 2015). The CBF changes seen within the ventral 
pons, could reflect changes associated with the trigeminal nerve, which 
is fundamental in cluster headache pathophysiology, with key roles in 
the trigeminovascular pathway, trigeminal autonomic reflex and trige
minohypothalamic tracts. Another significant structure involved in 
cluster headache pathophysiology is the superior salivatory nucleus 
(SSN), this nucleus is located in the dorsal pons and is vital in the 
development of the ipsilateral cranial autonomic symptoms cluster 
headache patients experience during their attacks via activation of the 
trigeminal autonomic reflex (May and Goadsby, 1999). 

The main limitation of the study was that while NTG administration 
was compared with placebo in cluster headache patients, we did not 
have an additional arm to compare the effects of NTG alone in healthy 
subjects or in cluster headache patients who did not develop a cluster 
headache attack. An investigation of this type would be a valuable way 
of determining the effects of NTG alone, separately from the effects of 
headache; however, a PET study demonstrated the areas of increased 
CBF in NTG spray are the large intracranial vessels, which decreased 
when subjects developed headache (May et al., 2000). Furthermore, in a 
7 Tesla MRI study with healthy volunteers, 0.4 mg sublingual NTG 
caused middle cerebral artery dilation; however, the overall blood flow 
did not change; therefore, the authors concluded that although NTG 
dilates large cerebral arteries, it does not affect the downstream vascular 
beds (Schulz et al., 2018). 

5. Conclusions 

In conclusion, using a symmetric template and flipping of images in 
the anterior-posterior axis allows us to superimpose and analyse cluster 
headache attacks as if they stemmed from symptoms in the same 
hemisphere with greater confidence in the validity of the inferences. By 
doing so, we demonstrated increases in CBF in key areas involved in pain 
anticipation and pain processing. In important regions of interest such as 
the hypothalamus and ipsilateral ventral pons, we demonstrated sig
nificant increases in CBF, reflecting that these structures are important 
in cluster headache pathophysiology. Lastly, we demonstrate a signifi
cant decrease in CBF in the essential areas of the default brain network 
as attention is shifted due to the severe painful cluster headache attacks 
that patients are experiencing. 
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Szabó, N., Kincses, Z.T., Párdutz, Á., Tóth, E., Szok, D., Csete, G., Vécsei, L., 2013. White 
matter disintegration in cluster headache. J Headache Pain 14 (1). https://doi.org/ 
10.1186/1129-2377-14-64. 

Hsieh, J.-C., Hannerz, J., Ingvar, M., 1996. Right-lateralised central processing for pain 
of nitroglycerin-induced cluster headache. Pain 67, 59–68. https://doi.org/10.1016/ 
0304-3959(96)03066-7. 

May, A., Bahra, A., Buchel, C., Frackowiak, R.S.J., Goadsby, P.J., 2000. PET and MRA 
findings in cluster headache and MRA in experimental pain. Neurology 55 (9), 
1328–1335. 

Sprenger, T., Boecker, H., Tolle, T.R., Bussone, G., May, A., Leone, M., 2004. Specific 
hypothalamic activation during a spontaneous cluster headache attack. Neurology 
62 (3), 516–517. 

Morelli, N., Pesaresi, I., Cafforio, G., Maluccio, M.R., Gori, S., Di Salle, F., Murri, L., 2009. 
Functional magnetic resonance imaging in episodic cluster headache. J Headache 
Pain 10 (1), 11–14. https://doi.org/10.1007/s10194-008-0085-z. 

Qiu, E.C., et al., 2012. Altered regional homogeneity in spontaneous cluster headache 
attacks: a resting-state functional magnetic resonance imaging study. Chinese 
Medical Journal 125, 705–709. 

Morelli, N., Rota, E., Gori, S., Guidetti, D., Michieletti, E., De Simone, R., Di Salle, F., 
2013. Brainstem activation in cluster headache: an adaptive behavioural response? 
Cephalalgia 33 (6), 416–420. https://doi.org/10.1177/0333102412474505. 

May, A., Bahra, A., Buchel, C., Turner, R., Goadsby, P.J., 1999. Functional magnetic 
resonance imaging in spontaneous attacks of SUNCT: short-lasting neuralgiform 
headache with conjunctival injection and tearing. Ann Neurol 46 (5), 791–794. 

Sprenger, T., Valet, M., Platzer, S., Pfaffenrath, V., Steude, U., Tolle, T.R., 2005. SUNCT: 
bilateral hypothalamic activation during headache attacks and resolving of 
symptoms after trigeminal decompression. Pain 113 (3), 422–426. https://doi.org/ 
10.1016/j.pain.2004.09.021. 

Cohen, A.S., 2007. Short-Lasting Unilateral Neuralgiform Headache Attacks with 
Conjunctival Injection and Tearing. Cephalalgia 27 (7), 824–832. https://doi.org/ 
10.1111/j.1468-2982.2007.01352.x. 

Matharu, M.S., Cohen, A.S., Frackowiak, R.S.J., Goadsby, P.J., 2006. Posterior 
hypothalamic activation in paroxysmal hemicrania. Ann Neurol 59 (3), 535–545. 
https://doi.org/10.1002/ana.20763. 

D.Y. Wei et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.nicl.2021.102920
https://doi.org/10.1016/j.nicl.2021.102920
https://doi.org/10.1111/head.14021
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0015
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0015
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0015
https://doi.org/10.1001/archneur.1968.00480050057005
https://doi.org/10.1093/brain/117.3.427
https://doi.org/10.1016/0304-3959(94)00097-X
https://doi.org/10.1016/0304-3959(94)00097-X
https://doi.org/10.1016/S0140-6736(98)02470-2
https://doi.org/10.1016/S0140-6736(98)02470-2
https://doi.org/10.1111/j.1468-2982.2007.01386.x
https://doi.org/10.1111/j.1468-2982.2007.01386.x
https://doi.org/10.1186/1471-2377-11-25
https://doi.org/10.1186/1471-2377-11-25
https://doi.org/10.1038/10561
https://doi.org/10.1038/10561
https://doi.org/10.1177/0333102411431334
https://doi.org/10.1016/j.nicl.2014.10.003
https://doi.org/10.1177/0333102416640513
https://doi.org/10.1177/0333102416660550
https://doi.org/10.1136/jnnp-2014-308122
https://doi.org/10.1177/0333102416668657
https://doi.org/10.1007/s10548-016-0535-x
https://doi.org/10.1007/s10548-016-0535-x
https://doi.org/10.1177/0333102418761048
https://doi.org/10.1177/0333102418761048
https://doi.org/10.1111/j.1526-4610.2011.02000.x
https://doi.org/10.1111/j.1526-4610.2011.02000.x
https://doi.org/10.1186/1129-2377-14-64
https://doi.org/10.1186/1129-2377-14-64
https://doi.org/10.1016/0304-3959(96)03066-7
https://doi.org/10.1016/0304-3959(96)03066-7
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0110
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0110
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0110
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0115
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0115
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0115
https://doi.org/10.1007/s10194-008-0085-z
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0125
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0125
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0125
https://doi.org/10.1177/0333102412474505
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0135
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0135
http://refhub.elsevier.com/S2213-1582(21)00364-8/h0135
https://doi.org/10.1016/j.pain.2004.09.021
https://doi.org/10.1016/j.pain.2004.09.021
https://doi.org/10.1111/j.1468-2982.2007.01352.x
https://doi.org/10.1111/j.1468-2982.2007.01352.x
https://doi.org/10.1002/ana.20763


NeuroImage: Clinical 33 (2022) 102920

14

Wei, D.Y., Goadsby, P.J., 2021. Comprehensive clinical phenotyping of nitroglycerin 
infusion induced cluster headache attacks. Cephalalgia 41 (8), 913–933. https://doi. 
org/10.1177/0333102421989617. 

Afridi, S.K., et al., 2005. A PET study exploring the laterality of brainstem activation in 
migraine using glyceryl trinitrate. Brain 128, 932–939. https://doi.org/10.1093/ 
brain/awh416. 

Detre, J.A., Leigh, J.S., Williams, D.S., Koretsky, A.P., 1992. Perfusion imaging. Magn 
Reson Med 23 (1), 37–45. https://doi.org/10.1002/mrm.1910230106. 

Alsop, D.C., Detre, J.A., Golay, X., Günther, M., Hendrikse, J., Hernandez-Garcia, L., 
Lu, H., MacIntosh, B.J., Parkes, L.M., Smits, M., van Osch, M.J.P., Wang, D.J.J., 
Wong, E.C., Zaharchuk, G., 2015. Recommended implementation of arterial spin- 
labeled perfusion MRI for clinical applications: A consensus of the ISMRM perfusion 
study group and the European consortium for ASL in dementia. Magn Reson Med 73 
(1), 102–116. https://doi.org/10.1002/mrm.25197. 

Toga, A.W., Thompson, P.M., 2003. Mapping brain asymmetry. Nat. Rev. Neurosci. 4 (1), 
37–48. https://doi.org/10.1038/nrn1009. 

Watkins, K.E., et al., 2001. Structural Asymmetries in the Human Brain: a Voxel-based 
Statistical Analysis of 142 MRI Scans. Cereb. Cortex 11, 868–877. https://doi.org/ 
10.1093/cercor/11.9.868. 

Beraha, E., Eggers, J., Hindi Attar, C., Gutwinski, S., Schlagenhauf, F., Stoy, M., 
Sterzer, P., Kienast, T., Heinz, A., Bermpohl, F., Aleman, A., 2012. Hemispheric 
asymmetry for affective stimulus processing in healthy subjects–a fMRI study. PLoS 
ONE 7 (10), e46931. https://doi.org/10.1371/journal.pone.0046931. 

Hougaard, A., Amin, F.M., Hoffmann, M.B., Larsson, H.BW., Magon, S., Sprenger, T., 
Ashina, M., 2015. Structural gray matter abnormalities in migraine relate to 
headache lateralization, but not aura. Cephalalgia 35 (1), 3–9. https://doi.org/ 
10.1177/0333102414532378. 

Baciu, M., Juphard, A., Cousin, E., Bas, J.F.L., 2005. Evaluating fMRI methods for 
assessing hemispheric language dominance in healthy subjects. Eur J Radiol 55 (2), 
209–218. https://doi.org/10.1016/j.ejrad.2004.11.004. 

Hougaard, A., Jensen, B.H., Amin, F.M., Rostrup, E., Hoffmann, M.B., Ashina, M., 
Stamatakis, E.A., 2015. Cerebral Asymmetry of fMRI-BOLD Responses to Visual 
Stimulation. PLoS ONE 10 (5), e0126477. https://doi.org/10.1371/journal. 
pone.0126477. 

Lo, R., Gitelman, D., Levy, R., Hulvershorn, J., Parrish, T., 2010. Identification of critical 
areas for motor function recovery in chronic stroke subjects using voxel-based lesion 
symptom mapping. Neuroimage 49 (1), 9–18. https://doi.org/10.1016/j. 
neuroimage.2009.08.044. 

Vallesi, A., Mazzonetto, I., Ambrosini, E., Babcock, L., Capizzi, M., Arbula, S., 
Tarantino, V., Semenza, C., Bertoldo, A., 2017. Structural hemispheric asymmetries 
underlie verbal Stroop performance. Behav Brain Res 335, 167–173. https://doi.org/ 
10.1016/j.bbr.2017.08.024. 

Kosztyla, R., Reinsberg, S. A., Moiseenko, V., Toyota, B. & Nichol, A. Interhemispheric 
Difference Images from Postoperative Diffusion Tensor Imaging of Gliomas. Cureus 
8, e817-e817, doi:10.7759/cureus.817 (2016). 

Grabner, G., et al., 2006. Symmetric atlasing and model based segmentation: an 
application to the hippocampus in older adults. Med Image Comput Comput Assist 
Interv 9, 58–66. https://doi.org/10.1007/11866763_8. 

Fonov, V., Evans, A.C., Botteron, K., Almli, C.R., McKinstry, R.C., Collins, D.L., 2011. 
Unbiased average age-appropriate atlases for pediatric studies. NeuroImage 54 (1), 
313–327. https://doi.org/10.1016/j.neuroimage.2010.07.033. 

Fonov, V.S., Evans, A.C., McKinstry, R.C., Almli, C.R., Collins, D.L., 2009. Unbiased 
nonlinear average age-appropriate brain templates from birth to adulthood. 
NeuroImage 47, S102. https://doi.org/10.1016/S1053-8119(09)70884-5. 

Medina, S., Bakar, N.A., O’Daly, O., Miller, S., Makovac, E., Renton, T., Williams, S.C.R., 
Matharu, M., Howard, M.A., 2021. Regional cerebral blood flow as predictor of 
response to occipital nerve block in cluster headache. J Headache Pain 22 (1). 
https://doi.org/10.1186/s10194-021-01304-9. 

Headache Classification Committee of the International Headache Society (IHS), 2013. 
The International Classification of Headache Disorders, 3rd edition (beta version). 
Cephalalgia 33 (9), 629–808. https://doi.org/10.1177/0333102413485658. 

Hodkinson, D.J., O’Daly, O., Zunszain, P.A., Pariante, C.M., Lazurenko, V., Zelaya, F.O., 
Howard, M.A., Williams, S.CR., 2014. Circadian and homeostatic modulation of 
functional connectivity and regional cerebral blood flow in humans under normal 
entrained conditions. Journal of cerebral blood flow and metabolism : official 
journal of the International Society of Cerebral Blood Flow and Metabolism 34 (9), 
1493–1499. https://doi.org/10.1038/jcbfm.2014.109. 

Dai, W., Garcia, D., de Bazelaire, C., Alsop, D.C., 2008. Continuous flow-driven inversion 
for arterial spin labeling using pulsed radio frequency and gradient fields. Magn 
Reson Med 60 (6), 1488–1497. https://doi.org/10.1002/mrm.21790. 

Mato Abad, V., García-Polo, P., O’Daly, O., Hernández-Tamames, J.A., Zelaya, F., 2016. 
ASAP (Automatic Software for ASL Processing): A toolbox for processing Arterial 
Spin Labeling images. Magn Reson Imaging 34 (3), 334–344. https://doi.org/ 
10.1016/j.mri.2015.11.002. 

Murphy, K., Harris, A.D., Diukova, A., Evans, C.J., Lythgoe, D.J., Zelaya, F., Wise, R.G., 
2011. Pulsed arterial spin labeling perfusion imaging at 3 T: estimating the number 
of subjects required in common designs of clinical trials. Magn. Reson. Imaging 29 
(10), 1382–1389. https://doi.org/10.1016/j.mri.2011.02.030. 

Yang, F.-C., Chou, K.-H., Kuo, C.-Y., Lin, Y.-Y., Lin, C.-P., Wang, S.-J., 2018. The 
pathophysiology of episodic cluster headache: Insights from recent neuroimaging 
research. Cephalalgia 38 (5), 970–983. https://doi.org/10.1177/ 
0333102417716932. 

Ploghaus, A., Tracey, I., Gati, J.S., Clare, S., Menon, R.S., Matthews, P.M., Rawlins, J.N. 
P., 1999. Dissociating pain from its anticipation in the human brain. Science (New 
York 284 (5422), 1979–1981. 

Yang, F.-C., Chou, K.-H., Fuh, J.-L., Huang, C.-C., Lirng, J.-F., Lin, Y.-Y., Lin, C.-P., 
Wang, S.-J., 2013. Altered gray matter volume in the frontal pain modulation 
network in patients with cluster headache. Pain 154 (6), 801–807. https://doi.org/ 
10.1016/j.pain.2013.02.005. 

Liakakis, G., Nickel, J., Seitz, R.J., 2011. Diversity of the inferior frontal gyrus—A meta- 
analysis of neuroimaging studies. Behav. Brain Res. 225 (1), 341–347. https://doi. 
org/10.1016/j.bbr.2011.06.022. 

Tracey, I., 2008. Imaging pain. Br. J. Anaesth. 101 (1), 32–39. https://doi.org/10.1093/ 
bja/aen102. 

Qiu, E., Wang, Y., Ma, L., Tian, L., Liu, R., Dong, Z., Xu, X., Zou, Z., Yu, S., Hou, B., 2013. 
Abnormal Brain Functional Connectivity of the Hypothalamus in Cluster Headaches. 
PLoS ONE 8 (2), e57896. https://doi.org/10.1371/journal.pone.0057896. 

Giorgio, A., Lupi, C., Zhang, J., De Cesaris, F., Alessandri, M., Mortilla, M., Federico, A., 
Geppetti, P., De Stefano, N., Benemei, S., 2020. Changes in grey matter volume and 
functional connectivity in cluster headache versus migraine. Brain Imaging Behav 14 
(2), 496–504. https://doi.org/10.1007/s11682-019-00046-2. 

Borsook, D., Veggeberg, R., Erpelding, N., Borra, R., Linnman, C., Burstein, R., 
Becerra, L., 2016. The Insula: A “Hub of Activity” in Migraine. Neuroscientist 22 (6), 
632–652. https://doi.org/10.1177/1073858415601369. 

Cauda, F., D’Agata, F., Sacco, K., Duca, S., Geminiani, G., Vercelli, A., 2011. Functional 
connectivity of the insula in the resting brain. Neuroimage 55 (1), 8–23. https://doi. 
org/10.1016/j.neuroimage.2010.11.049. 

Brooks, J.C., Tracey, I., 2007. The insula: a multidimensional integration site for pain. 
Pain 128, 1–2. https://doi.org/10.1016/j.pain.2006.12.025. 

Noseda, R., Jakubowski, M., Kainz, V., Borsook, D., Burstein, R., 2011. Cortical 
projections of functionally identified thalamic trigeminovascular neurons: 
implications for migraine headache and its associated symptoms. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 31 (40), 
14204–14217. 

Hoffmann, J., Baca, S.M., Akerman, S., 2019. Neurovascular mechanisms of migraine 
and cluster headache. Journal of cerebral blood flow and metabolism : official 
journal of the International Society of Cerebral Blood Flow and Metabolism 39 (4), 
573–594. 

Fuchs, P.N., Peng, Y.B., Boyette-Davis, J.A., Uhelski, M.L., 2014. The anterior cingulate 
cortex and pain processing. Front Integr Neurosci 8, 35. https://doi.org/10.3389/ 
fnint.2014.00035. 

Vogt, B.A., 2014. Submodalities of emotion in the context of cingulate subregions. Cortex 
59, 197–202. https://doi.org/10.1016/j.cortex.2014.04.002. 

Shackman, A.J., Salomons, T.V., Slagter, H.A., Fox, A.S., Winter, J.J., Davidson, R.J., 
2011. The integration of negative affect, pain and cognitive control in the cingulate 
cortex. Nat Rev Neurosci 12 (3), 154–167. https://doi.org/10.1038/nrn2994. 

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L., 
2001. A default mode of brain function. PNAS 98 (2), 676–682. https://doi.org/ 
10.1073/pnas.98.2.676. 

Gusnard, D.A., Raichle, M.E., Raichle, M.E., 2001. Searching for a baseline: functional 
imaging and the resting human brain. Nat Rev Neurosci 2, 685–694. https://doi.org/ 
10.1038/35094500. 

Kucyi, A., Salomons, T.V., Davis, K.D., 2013. Mind wandering away from pain 
dynamically engages antinociceptive and default mode brain networks. PNAS 110 
(46), 18692–18697. https://doi.org/10.1073/pnas.1312902110. 

Messina, R., Filippi, M., Goadsby, P.J., 2018. Recent advances in headache 
neuroimaging. Curr. Opin. Neurol. 31, 379–385. https://doi.org/10.1097/ 
wco.0000000000000573. 

Tracey, I., Mantyh, P.W., 2007. The cerebral signature for pain perception and its 
modulation. Neuron 55 (3), 377–391. https://doi.org/10.1016/j. 
neuron.2007.07.012. 

Lee, M.C., Tracey, I., 2013. Imaging pain: a potent means for investigating pain 
mechanisms in patients. BJA: British Journal of Anaesthesia 111 (1), 64–72. https:// 
doi.org/10.1093/bja/aet174. 

Kunkle, E.C., Pfieffer, J.J.B., Wilhoit, W.M., Hamrick, J.L.W., 1952. Recurrent brief 
headache in “cluster” pattern. Transactions of the American Neurological 
Association 27, 240–243. 

Kudrow, L., 1987. The cyclic relationship of natural illumination to cluster period 
frequency. Cephalalgia 7 (Suppl 6), 76–78. https://doi.org/10.1177/ 
03331024870070s623. 
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