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Abstract
Background: Although remarkable progress has been achieved in understanding clus-
ter headache (CH) pathophysiology, there are still several gaps about the mechanisms 
through which independent subcortical and cortical brain structures interact with 
each other. These gaps could be partially elucidated by structural and functional ad-
vanced neuroimaging investigations.
Objective: Although we are aware that substantial achievements have come from preclin-
ical, neurophysiological, and biochemical experiments, the present narrative review aims 
to summarize the most significant findings from structural, microstructural, and functional 
neuroimaging investigations, as well as the consequent progresses in understanding CH 
pathophysiological mechanisms, to achieve a comprehensive and unifying model.
Results: Advanced neuroimaging techniques have contributed to overcoming the pe-
ripheral hypothesis that CH is of cavernous sinus pathology, in transitioning from the 
pure vascular hypothesis to a more comprehensive trigeminovascular model, and, above 
all, in clarifying the role of the hypothalamus and its connections in the genesis of CH.
Conclusion: Altogether, neuroimaging findings strongly suggest that, beyond the theo-
retical model of the “pain matrix,” the model of the “neurolimbic pain network” that is 
accepted in migraine research could also be extended to CH. Indeed, although the hy-
pothalamus’ role is undeniable, the genesis of CH attacks is complex and seems to not 
be just the result of a single “generator.” Cortical- hypothalamic- brainstem functional 
interconnections that can switch between out- of- bout and in- bout periods, igniting the 
trigeminovascular system (probably by means of top- down mechanisms) and the con-
sensual trigeminal autonomic reflexes, may represent the “neuronal background” of CH.
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INTRODUC TION

Cluster headache (CH) is a primary headache disorder representing 
the most prominent and prevalent subtype of trigeminal autonomic 
cephalalgias, with a lifetime incidence ranging from 56 to 381 per 
100,000 and affecting men about four times more than women.1 
CH is characterized by circadian and circannual episodes of excru-
ciating and strictly unilateral pain localized in the orbital/periorbital 
or temporal regions; the episodes are concomitant with ipsilateral 
cranial autonomic symptoms (e.g., conjunctival injection, tearing, 
nasal congestion, rhinorrhea, eyelid edema, miosis, and ptosis) and 
psychological- behavioral manifestations (e.g., sense of restlessness 
or agitation).2

CH attacks are extremely disabling3; they can last between 15 
and 180 min and can occur with a frequency from one every other 
day up to eight times daily (with such a severe pain that it can be 
described as worse than childbirth4). According to the International 
Classification of Headache Disorders, 3rd ed (ICHD-3) criteria,5 CH 
is subclassified as either episodic or chronic. Episodic CH requires 
at least two cluster periods, each lasting from 7 days to 1 year (the 
so- called cluster bouts), that are separated by remission periods (the 
so- called out-of-bout periods), which last longer than 3 months and 
are missing in chronic CH.5

Although we are aware that important and conspicuous achieve-
ment in the comprehension of CH’s underlying pathophysiological 
mechanisms came from preclinical, neurophysiological, and bio-
chemical experiments, the present work aimed to achieve a compre-
hensive and unifying model by summarizing (1) the available findings 
from structural, microstructural, and functional neuroimaging inves-
tigations and (2) the consequent progress in the knowledge of epi-
sodic CH’s subtending pathophysiological mechanisms.

METHODS

Two of the authors (M.S. and I.O.) performed a search on the 
PubMed.com website to identify all the original articles by enter-
ing the keywords “cluster headache” combined with “neuroimaging” 
and/or “MRI,” “SPECT,” and/or “PET.” The literature search was fi-
nalized on Pubmed.com May 5, 2021. The search was restricted to 
human studies published from 1970 up to May 5, 2021, that were 
written in the English language. Our search approach resulted in 244 
papers. Among these, 206 papers were excluded, including reviews, 
letters, case reports, and studies that tested treatment effects, were 
on the pediatric population, or were not focused on CH, as well as 
other articles in which (1) methods were not properly described or 
(2) data on the comparison to a non- headache control group were 
not available. However, papers exploring patients with CH between 
in- bout and out- of- bout phases were included.

We also assessed a reference list of all the considered articles 
to further identify additional relevant studies. Finally, all the se-
nior authors (A.R., A.T., and G.T.) checked the papers found in the 

preliminary phase to screen for inclusion and exclusion criteria. We 
ended with a total of 38 studies.

The peripheral hypothesis

The peripheral origin of CH has been strongly supported based on 
the clinical features of the attacks. Because the cavernous sinus is 
the only peripheral anatomic site where both trigeminal C fibers 
and sympathetic fibers can be simultaneously affected by a single 
process, a CH model as a disease of the cavernous sinus has been 
previously proposed.6 Starting from the seminal angiographic ob-
servations of focal narrowing of the internal carotid artery distal to 
the carotid canal in the course of CH attacks, different pathological 
abnormalities specifically involving the cavernous sinus have been 
hypothesized as primum movens of CH attacks.7

In particular, because neurogenic inflammation related to the 
plasma proteins’ extravasation in the surrounding tissues has been 
hypothesized during CH attacks, a sterile inflammation of the cav-
ernous sinus with irritation of autonomic fibers has been suggested.8 
Consistent with this hypothesis, an increased uptake of Gallium- 67 
in the region of the cavernous sinus during the in- bout periods was 
observed in a single photon emission computed tomography (SPECT) 
study, and its fading was noticed as the patients moved from in- bout 
periods.9 Data were observed also in patients with chronic CH and 
in about half of patients with episodic CH.10 However, because no 
differences were found in one- half of the patients with episodic CH 
between in- bout and out- of- bout periods and similar changes were 
observed in patients with migraine (in which there are no reasons 
to suggest parasellar inflammation), the hypothesis of inflammatory 
changes in the superior pericarotid plexus among the cavernous 
sinus appeared unlikely. Methodological and technical issues, such 
as qualitative evaluation of the isotope uptake and low spatial res-
olution power of the scan, made it difficult to clearly localize the 
observed abnormalities and to presume their nature.10

More recently, a study that used 99mTc human serum albumin 
and SPECT in six patients with episodic CH during and outside the 
attacks (triggered by intravenous nitroglycerin injection) did not 
support this causative mechanism.11 Therefore, a constitutionally 
narrow cavernous sinus has been hypothesized as a predisposing 
factor in patients with CH.12 However, a recent neuroimaging study 
conducted by means of high- resolution T2- weighted magnetic res-
onance imaging (MRI) failed in demonstrating differences in the 
dimensions of the cavernous sinus and surrounding structures in 
a cohort of 49 patients with CH (25 with episodic CH and 24 with 
chronic CH) compared with 22 healthy controls13 (although pa-
tients with CH exhibit wider skulls when compared with healthy 
controls14; see Table 1 for further information). Taken together, the 
data emerging from neuroimaging studies allow us to refute the 
peripheral hypothesis for which anatomic or inflammatory changes 
of the cavernous sinus may represent the primum movens of CH 
attacks.
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The transition from the vascular hypothesis to the 
trigeminovascular model

Another disease model, although obsolete, looks at CH as a vascular 
headache like migraine.15

Based on the efficacy of vasoconstricting symptomatic drugs 
(e.g., sumatriptan and ergot alkaloid derivatives) and the possibility 
to trigger CH attacks by administering exogenous vasodilators (e.g., 
alcohol, nitroglycerin, and 5- hydroxytryptamine2B agonists) during 
cluster- bout periods, changes in intracranial and extracranial blood 
vessels were hypothesized as a CH model.16,17

However, initial SPECT studies aimed to explore putative changes 
in cerebral blood flow (CBF) during spontaneous or triggered CH at-
tacks reported, owing to technical limitations, conflicting results in 
terms of increased, decreased, or unchanged CBF.18– 23

In this frame, the CBF has been studied by 133- Xenon inhalation 
both during CH attacks triggered by alcohol and/or nitroglycerine 
and outside the attacks. Although no significant global CBF changes 
occurred from baseline to the CH attacks, the mean regional CBF 
significantly increased in the central and the basal region, and in a 
small part of the right parietotemporal region. The modest magni-
tude of regional CBF changes led the authors to interpret them as a 
mere pain epiphenomenon.18

However, the study conducted by May and colleagues24 that 
used magnetic resonance (MR) angiography in patients with CH 
(during triggered or spontaneous attacks) as well as in healthy sub-
jects during experimental pain (capsaicin injection into the forehead) 
surely represents an elegant experiment to overcome the concept of 
a vascular origin of the CH attacks. Indeed, a significant vasodilata-
tion of the major basal arteries was observed during both triggered 
and spontaneous CH attacks like the findings observed in the healthy 
subjects after the capsaicin injection into the forehead. These data 
strongly suggest vasodilatation as a nonspecific pain- related epiphe-
nomenon related to the cranial neurovascular activation mediated 
by the trigemino- parasympathetic reflex. In other words, vasodila-
tion of cerebral arteries, although it probably represents a critical 
moment in the cascade of events toward pain generation, does not 
represent the primum movens of the CH attacks.

In the last decades, a more comprehensive model of CH invok-
ing the involvement of the trigeminal- vascular system has been 
suggested.25 More specifically, it has been hypothesized that the 
activation of the first branch of the trigeminal nerve may be able to: 
(1) induce the meningeal vessels vasodilation stimulating the menin-
geal nociceptors and the consequent ignition of pain; (2) stimulate 
the so- called trigeminal parasympathetic reflex through the superior 
salivatory nucleus (SSN) and the sphenopalatine ganglion, leading to 
autonomic symptoms, such as lacrimation, eyelid edema, and nasal 
congestion; (3) inhibit the cranial sympathetic system impelling a 
partial Bernard- Horner syndrome characterized by miosis and pseu-
doptosis, probably through a sustained neurapraxic injury due to 
the stretching of sympathetic fibers rising from the superior cervical 
ganglion and surrounding the carotid artery. Furthermore, increased 
plasma levels of markers of trigeminal (i.e., calcitonin gene- related 

peptide [CGRP]) and parasympathetic (i.e., vasoactive intestinal 
peptide [VIP]) activation found in the jugular vein ipsilateral to CH 
attacks and their normalization in the out-of-bout periods and after 
sumatriptan injection, as well as CGRP’s ability to induce attacks in 
patients with CH, strongly support the trigeminal- vascular model by 
means of the paramount involvement of CGRP (which occurs during 
the active phase of episodic CH and chronic CH), substance P, and 
VIP (see Table 2 for further information).26– 29

The hypothalamic role

Although the previously mentioned data suggest the relevant role of 
the trigeminovascular system in the pathogenesis of CH, the core clini-
cal features of CH attacks, such as circadian and circannual rhythmicity 
as well as behavioral features (e.g., agitation and restlessness), cannot 
be fully explained by this model.30 On the other hand, the mechanism’s 
ability to rhythmically ignite the trigeminal- vascular complex has rep-
resented, for a long time, a missing link between the CH pathophysi-
ological cascade and the influence of central brain structures on it.

Specifically, the involvement of the hypothalamus, the principal 
biological clock of the brain, in CH pathophysiology has been sug-
gested to explain the circadian rhythm and the circannual seasonal 
pattern of CH attacks. Furthermore, hormonal abnormalities in CH, 
such as abnormalities of melatonin or growth hormone, support the 
role of the hypothalamus.31

Although the hypothalamus has never been considered as a 
component of the classical central pain- processing network, emerg-
ing evidence has supported its involvement in pain control, exert-
ing predominant antinociceptive effects on the descending pain 
modulation.32,33

In particular, it is now noteworthy that the hypothalamus is char-
acterized by anatomic and functional connections with trigeminal 
brainstem nuclei.32 Indeed, a trigeminal- hypothalamic tract is able 
to guarantee a continuous crosstalk by which the hypothalamus re-
ceives sensory input from the face and cranium structures within the 
trigeminal field of innervation (including nociceptive information); in 
turn, it modulates trigeminal caudal nucleus activity.33

The activation and the inhibition of the trigeminal caudal nucleus 
neurons, induced respectively by the injection of orexin A and orexin 
B into the posterior hypothalamus of rats, further support not only 
the mutual association between the hypothalamus and the trigem-
inal system but also highlight the role played by the hypothalamic– 
orexin system in CH pathophysiology.34

However, the proof of the critical role played by the hypothal-
amus in CH surely comes from advanced structural and functional 
neuroimaging investigations conducted in the last decades.

Hypothalamic role during CH attacks

Evidence provided by May and colleagues35 represents a landmark 
in the knowledge of CH mechanisms, clearly showing for the first 
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time the hypothalamic involvement in these patients, which was pre-
viously only suspected based on clinical and biochemical findings. 
Indeed, by using a positron emission tomography (PET) technique, 
increased regional CBF within the hypothalamus was observed in 
patients with chronic CH (ipsilateral to the attacks) when compared 
with a control group of patients with episodic out- of- bout CH dur-
ing nitroglycerine- induced attacks. Subsequently, this finding has 
been replicated in a single patient experiencing a spontaneous CH 
attack and strengthened the idea of using a functional MRI (fMRI) 
approach.36 Specifically, a higher activation of the hypothalamus 
ipsilateral to the side of the pain was observed in patients with epi-
sodic CH in comparison with the same subjects outside the attacks 
during in- bout periods, and this activation also seemed to follow 
pain resolution after subcutaneous sumatriptan was administered as 
a rescue treatment of the attack.37 Similarly, an increased functional 
connectivity (FC) has been detected in patients with CH during 
spontaneous CH attacks compared with the same subjects outside 
the attacks during the in- bout period, between the right hypothala-
mus and ipsilateral cortical brain regions (i.e., in the angular gyrus, 
supramarginal gyrus, insula, superior temporal gyrus, and precu-
neus; see Figure 1).38

Based on the previously mentioned evidence, the hypothalamic 
connections with the trigeminovascular system as well as its role in 
CH attack pathophysiology are undeniable. However, the mecha-
nism by which hypothalamic activation can trigger the trigeminal- 
autonomic reflex during the CH attacks remains an only partially 
solved conundrum in the pathophysiology of this condition.

To date, the anterior hypothalamus seems to mediate the rising 
of autonomic symptoms more than the thalamus and the brainstem 
nuclei. However, that could happen only when the trigeminal system 

is activated. This hypothesis has been supported recently by an fMRI 
study in which a trigeminal stimulation by kinetic oscillation stimula-
tion was applied in the left nostril of 26 healthy controls to provoke 
autonomic symptoms (e.g., lacrimation) to explore the neuronal sub-
strates of the trigeminal- autonomic reflex.39 Whereas nonpainful 
stimuli induced the activation of specific brainstem (i.e., 2 different 
pontine nuclei located within the ventral portion of the pons) and 
cerebellar regions (i.e., lobule VIII) known to be involved in the tri-
geminal autonomic reflex (but not the hypothalamus), painful stimuli 
were able to induce the activation of anterior hypothalamus other 
than locus coeruleus, thalamus, and insula.

Hypothalamic role outside CH attacks— 
Spectroscopic and structural findings

Observations from proton MR spectroscopy demonstrated a de-
creased N- acetylaspartate- to- creatine (NAA/Cr) ratio (which is a 
neuronal marker of mitochondrial functioning that is known to be 
reduced when neuronal dysfunction or loss occurs) in the hypo-
thalamus of patients with CH compared with healthy controls.40,41 
Interestingly, NAA reduction persisted also when the sample of pa-
tients was divided into episodic (both in- bout and out- of- bout) and 
chronic CH, suggesting that a hypothalamic neuronal dysfunction 
could subtend and may represent a permanent CH fingerprint, even 
during the interictal period.40 Some years later, the reduced hypo-
thalamic NAA/Cr ratio was confirmed in 47 patients with episodic 
CH when compared with 21 healthy controls and 16 patients with 
chronic migraine, along with a decrease of choline- to- Cr ratios, al-
lowing the authors to hypothesize that both hypothalamus neuronal 

F I G U R E  1  Representation of FC changes demonstrated in patients with episodic CH during versus outside of attacks. ACC, anterior 
cingulate cortex; CH, cluster headache; FC, functional connectivity; PCC, posterior cingulate cortex [Color figure can be viewed at 
wileyonlinelibrary.com]
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dysfunction and changes in the membrane lipids may be a hallmark 
of patients with CH.41

Furthermore, hypothalamic abnormalities are not exclusively 
functional but also structural in nature. Specifically, an isolated in-
crease in the volume of gray matter (GM) has been demonstrated 
in the inferior- posterior hypothalamus in patients with CH in com-
parison with healthy controls by a voxel- based morphometry (VBM) 
study.42 Subsequently, thanks to the evolution of region- of- interest 
(ROI) and manual segmentation approaches, increased GM volume 
has also been observed in the anterior hypothalamus (mirrored to 
the headache side) in patients with either episodic or chronic CH 
compared with healthy controls as well as patients with migraine.43 
Interestingly, the structural abnormalities observed in the anterior 
hypothalamus were centered in the supraoptic nucleus (strictly re-
lated to the biological rhythms), giving support to the comprehen-
sion of the characteristic circadian and circannual periodicity in CH 
(see Figure 2).

However, hypothalamic structural abnormalities have never 
been replicated by subsequent studies, even those conducted 
with the same VBM approach, probably because of the use of 
different scanners or the development of more stringent algo-
rithms of analysis.44,45 Nevertheless, the inclusion of different 
CH phenotypes in individual studies, investigations performed in 
different phases of the CH cycle (in- bout vs. out- of- bout periods; 
see Figure 3), in order to make the samples inhomogeneous (e.g., 
group of patients with either chronic or episodic CH vs. group of 
patients with only episodic CH), may partially explain the pres-
ence of nonconverging conclusive results to date. Further stud-
ies are needed to overcome such a scarcity of findings to achieve 
convincing results able to shed light on this issue. Therefore, hy-
pothalamic volume abnormalities in patients with CH cannot be 
considered a solved question. On the other hand, it could be ar-
gued that the hypothalamus is not structurally compromised per 
se in CH, because it is indirectly affected via a loop of defective 
pain transmission signaling instead.46 The latter hypothesis has 
been sustained in an elegant VBM study showing a decreased 
GM volume in several brain structures involved in pain process-
ing (e.g., posterior cingulate cortex, caudate nucleus, thalamus, 
inferior parietal lobe, middle temporal gyrus, insula, precentral 
gyrus, and frontal gyrus) in patients with chronic CH.47 The re-
duced GM volume in the frontal areas has also been confirmed in 
a study conducted on a larger cohort of patients with CH, along 
with an increased GM volume of anterior cingulate cortex, insula, 
and fusiform gyrus. The authors interpreted the volumetric ab-
normalities observed in these areas as the correlates of dysfunc-
tional, descending, pain- modulatory systems in these patients.48 
Interestingly, VBM changes in brain areas— known to be involved 
in pain processing— have been subsequently upheld in the largest 
cohort of patients with CH and strengthened by a positive cor-
relation between the severity of structural abnormalities and the 
burden of disease experienced by the patients.45 Moreover, ex-
clusive alteration of anterior cingulate cortex, amygdala, and sec-
ondary somatosensory cortex in patients with chronic CH further 

underlined the role of these structures in chronification of CH 
(see Table 3 for further information).

Hypothalamic role outside CH attacks— FC findings

In the last decade, driven by the ascendancy of the novel methodo-
logical approach represented by fMRI, a plethora of studies have 
been conducted in patients with CH. The fMRI investigations typi-
cally include two main categories: event- related studies that inves-
tigate the brain activity in response to specific tasks or events, and 
resting- state investigations that explore the connectivity between 
functionally linked but anatomically separated brain regions during 
the brain’s resting state. In turn, resting state- fMRI (RS- fMRI) inves-
tigations may be conducted according to a whole- brain approach 
or by using an ROI analysis (the so- called seed- based approach). 
The whole- brain RS- fMRI studies identify neuro- anatomic, bio-
logically meaningful, spatial brain maps consisting of independent 
components, showing both spontaneous and simultaneous fluctua-
tions that are organized in distributed and reproducible functional 
networks, called resting- state networks, such as the default mode 
network, central executive network, salience networks, and so on. 
On the other hand, the seed- based approach is usually used when a 
strong a priori hypothesis on the involvement of a specific brain area 
is present, allowing the investigation of the reciprocal FC between 
that area and other brain regions. Indeed, several studies have con-
sistently explored the intrinsic and extrinsic FC of the hypothalamus 
in patients with CH.49,50

Among RS- fMRI studies using an ROI- based approach, Ferraro 
and colleagues51 demonstrated increased FC between the poste-
rior hypothalamus (ipsilateral to the side of pain) and diencephalic- 
mesencephalic structures (such as the ventral tegmental area, dorsal 
nuclei of raphe, bilateral substantia nigra, and bilateral subthalamic 
and red nuclei) outside the attacks during in- bout periods in patients 
with chronic CH when compared with healthy controls. Because the 
diencephalic- mesencephalic regions were part of (i.e., ventral teg-
mental area or substantia nigra) or modulate (e.g., dorsal nuclei of 
raphe or subthalamic nucleus) the midbrain dopaminergic system, 
the authors suggested that the latter could take part in CH patho-
physiology and, speculatively, in the chronification processes.

However, the discovery that abnormal FC is extended far beyond 
the connections between the hypothalamus and diencephalic struc-
tures in patients with CH surely represents a turning point.

Indeed, a significant higher FC between the right hypothalamus 
and several cortical areas (such as anterior and posterior cingulate 
cortices; superior frontal, middle frontal, inferior frontal, and supe-
rior temporal gyri; inferior parietal lobule; parahippocampal gyrus; 
and amygdala) known to be involved not only in pain- perception but 
also in more complex aspects of pain experience, has been observed 
in patients with episodic CH outside the attacks during in- bout pe-
riod and healthy controls (see Figure 4).38

In the attempt to clarify whether such FC abnormalities vary be-
tween the in- bout and out- of- bout periods, a longitudinal resting- state 
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study that used the seed- based approach on the hypothalamus has 
been conducted in patients with episodic CH outside the attacks 
during both in- bout and out- of- bout periods compared with healthy 
controls.52 These data showed a decreased hypothalamic FC with 
medial frontal gyrus, precuneus, and cerebellar areas during in- bout 
periods when compared with those performed during the out- of- bout 
periods (see Figure 5). Interestingly, the annual frequency of bouts 
correlated negatively with FC between hypothalamus and cerebellar 
culmen and declive. Interestingly, the same group showed regional 
changes in anatomic connections between the cerebellar areas and 
the hypothalamus in patients with CH during the in- bout periods 
compared with the out- of- bout periods. Based on these findings, the 
authors argued that cerebellohypothalamic circuits might play a role in 
CH pathophysiology.

It should be emphasized that although the cerebellum is widely 
known for its involvement in motor processing, its role in cognition 
and nociceptive modulation has been demonstrated in other types 
of primary headaches also.53 Furthermore, bidirectional functional 
connections between the cerebellum and hypothalamus have later 
been found to be involved in modulation of autonomic responses 
and pain modulation, as demonstrated in experimental and clin-
ical studies that have shown the participation of the cerebellum 
in the regulation not only in motor activities but even in visceral 
responses.54– 56

In line with these observations and supporting the involvement 
of hypothalamic- diencephalic- cortical circuitry in the pathophysiol-
ogy of CH, functional connections among the hypothalamus, thal-
amus, and cortical areas have been specifically investigated when 
evaluating the FC among these regions (identified by a seed- based 
approach) and the resting- state networks (identified by means of 
independent component analysis) in patients with episodic CH in 
the out- of- bout periods. Starting from hypothalamic and thalamic 
“seeds,” an increased FC with the sensorimotor and primary visual 
networks has been observed in patients with CH in comparison with 
healthy controls.57

With the same methodological paradigm, another study demon-
strated a decreased FC between the hypothalamus (both ipsilater-
ally and contralaterally to the side of pain) and the salience network 
in patients with episodic CH outside the attacks during in- bout 
periods when compared with healthy controls.58 Moreover, an 
increased frequency- specific activity (a different FC parameter/
measurement) between the hypothalamus and attention network 
ipsilateral to the headache side as well as the cerebellar network 
contralateral to the headache side were found in patients with ep-
isodic CH outside the attacks during in- bout periods when com-
pared with healthy controls.59

Because hypothalamic changes are not exclusive to CH and 
are detected in other primary headache disorders (primarily in 

FI G U R E 2 Representation of GM changes demonstrated in patients with episodic or chronic CH compared with healthy controls. ACC, anterior 
cingulate cortex; CH, cluster headache; GM, gray matter; PCC, posterior cingulate cortex [Color figure can be viewed at wileyonlinelibrary.com]
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migraine) as well as in very different pain conditions (such as angina 
pectoris and irritable bowel syndrome), it cannot be excluded that 
abnormal hypothalamic activity in CH is a nonspecific pain- related 
epiphenomenon rather than the “CH generator.”60– 62 On the other 
hand, the observed hypothalamic functional and structural/micro-
structural abnormalities failed in defining an exact and reproducible 
anatomic localization, probably owing to not only the known limita-
tions related to the spatial resolution of the advanced neuroimaging 
methods (PET vs. fMRI) but also to the poor homogeneity among 
the patients’ samples (e.g., episodic vs. chronic CH and patients in 
in- bout vs. out- of- bout periods) and the low samples sizes, as con-
firmed by data from deep brain stimulation (DBS) coordinates in 
patients with refractory CH.63 Indeed, the spatial resolution of PET 
is limited to 2 to 7 mm owing to the distance that positron travels 
through the tissue prior to the annihilation event; whereas fMRI, 
although characterized by better spatial resolution, is constrained 
to the order of 4 to 5 mm. Starting from these limitations, a re- 
examination of statistical parametric maps and coordinates of the di-
encephalic and mesencephalic activations in PET studies in patients 
with CH revealed that the diencephalic/mesencephalic activations 
are centered over the midbrain tegmentum, extending anteriorly to 
about the posterior hypothalamus.63 These quandaries are further 
fueled by investigations conducted in patients with drug- resistant 
CH undergoing DBS interventions. Indeed, although pioneering in-
terventions were believed to stimulate the posterior hypothalamus, 
some authors have suggested that the stimulated volume spreads 
to the periaqueductal GM or that active contacts are located in a 
bridging zone between the hypothalamus and the mesencephalic 

GM.64– 66 Fontaine and colleagues,67 using the Schaltenbrand atlas 
and a stereotactic 3- dimensional MRI atlas, accurately explored 
the exact anatomic location of the effective contacts in a cohort 
of 11 patients with chronic CH who underwent therapeutic DBS. 
Interestingly, the electrodes were observed in the posterior and 
ventral wall of the third ventricle, posterior to the mamillary body 
and the mammillothalamic tract, which mark the caudal border of 
the hypothalamus.68– 70 These observations led the way to several 
tractography investigations showing that, more than stimulating 
the posterior hypothalamus, the DBS acts on the dorsal longitudi-
nal fasciculus (DLF) and the mammillotegmental fasciculus (MTF),71 
two fascicles directly involved in autonomic response modulation.72 
Indeed, the DLF, after receiving afferent inputs from the posterior 
and lateral hypothalamic nuclei and the dorsal tegmental nucleus, 
ends at the parasympathetic centers of the brainstem, whereas the 
MTF is the main component responsible for autonomic information 
transfer between the posterior hypothalamus and nuclei of the cra-
nial nerves. In other words, the therapeutic activity of DBS seems 
to be caused by orthodromic and antidromic neuromodulation over 
both the MTF and the DLF. Once they are orthodromically modu-
lated, the MTF and the DLF attenuate the parasympathetic activity 
of the SSN and thus the efferent branch of the trigeminal autonomic 
reflex.73 On the other side, the lateral and posterior hypothalamic 
nuclei, where the MTF originates, are modulated antidromically by 
DBS, reinforcing the therapeutic effect. All in all, these findings 
suggest that, along with the hypothalamus, the hypothalamic- 
brainstem- cerebellar interconnections play a paramount role in CH 
attacks’ ignition and characterization.

F I G U R E  3  Representation of GM changes in patients with CH during in- bout period compared with out- of- bout period. ACC, anterior 
cingulate cortex; CH, cluster headache; GM, gray matter [Color figure can be viewed at wileyonlinelibrary.com]
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F I G U R E  4  Representation of FC changes demonstrated in patients with CH compared with healthy controls. ACC, anterior cingulate 
cortex; CH, cluster headache; FC, functional connectivity [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE  5 Representation of FC changes demonstrated in patients with episodic CH during the in- bout compared with out- of- bout 
periods. FC, functional connectivity; CH, cluster headache [Color figure can be viewed at wileyonlinelibrary.com]
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FC and structural abnormalities beyond the 
hypothalamus

Using a whole- brain approach, FC abnormalities in the default mode, 
temporal, frontal, salience, somatosensory, dorsal attention, and 
visual networks have been demonstrated in patients with episodic 
CH during in- bout periods.57 A higher short- range FC has recently 
been shown in patients with CH compared with healthy controls 
and patients with migraine within both the working memory net-
work (inferior and middle frontal gyrus) and the executive control 
network (superior frontal gyrus and frontal pole). Interestingly, all 
resting state (RS)- FC changes were mapped ipsilaterally to the side 
of experienced pain in almost all the patients with CH (e.g., the right 
hemisphere).74

Furthermore, the comparison between in- bout and out- of- bout 
scans showed an altered FC in the frontal and dorsal attention net-
works, suggesting that episodic CH with dynamic bout period shifts 
(e.g., periodic recurrence of in- bout and out- of- bout intervals) may 
involve bout- associated FC changes in multiple discrete cortical areas 
within cerebral networks involved not only in the pain experience but 
also in the cognitive and affective correlates. The structural substrates 
enabling the functional communications among the brain network or 
connectome, characterized by high stability and reproducibility, have 
been investigated in CH to overcome the variability and susceptibility 
of signal fluctuations across the course of RS- FC investigations. A sig-
nificant hub reorganization, characterized by increased strength and 
closeness centrality of the cingulate gyrus, has been demonstrated in 
patients with CH.75

Altogether, RS- FC findings strongly suggest that beyond the 
involvement of the so- called “pain matrix” in the mechanism un-
derlying CH, the hypothesis of CH as a “neurolimbic pain network” 
disorder, as recently considered for migraine, could be invoked also 
in CH pathophysiology76 (see Table 4 for further information).

Diffusion tensor imaging investigations showed microstruc-
tural abnormalities in white matter (WM) of patients with CH.77– 79 
Specifically, a significant increase of mean, axial, and radial diffu-
sivity have been demonstrated in widespread WM in the frontal, 
parietal, temporal, and occipital lobes. Interestingly, axial diffusiv-
ity abnormalities showed positive correlation with the frequency 
of the CH attacks. Furthermore, reduced fractional anisotropy 
was found in the corpus callosum and several frontal and parietal 
WM tracts, mainly in the contralateral side of the pain, in these 
patients. However, the meaning of the observed WM microstruc-
tural changes and its role in CH pathophysiology remain to be fur-
ther elucidated.

CONCLUSIONS

Although the role of the hypothalamus in the pathophysiological 
mechanisms subtending CH is undeniable, we believe that the gen-
esis of the attacks is remarkably complex and seems to not be just 

the result of a single CH “generator.” Indeed, changes in the activity 
of the hypothalamus and the brainstem nuclei seem to play a critical 
role in the previously mentioned CH genesis, via a continuous mu-
tual cross- talk along with abnormal connectivity between different 
higher cortical brain regions encompassing the so- called neurolimbic 
pain network.

In particular, it could be argued that higher cortical areas may play 
a permissive role on the abnormal activity of subcortical structures, 
suggesting a dysfunctional top- down mechanism that is able to switch 
between out- of- bout and in- bout periods. Particularly, hypothalamic- 
cerebellar changes and differences in hypothalamic FC (especially in 
the cerebellar areas with the loss of cerebellar inhibition and modu-
lation of the hypothalamus) between in- bout and out- of- bout periods 
may underlie the mechanism of bout period transitions.80 In this sce-
nario, the hypothalamus and the hypothalamic- brainstem- cerebellar 
interconnections might be involved in igniting the trigeminovascu-
lar system (on which cortical structures act) during CH attacks. The 
afferences from posterior and lateral hypothalamus, transported to 
parasympathetic centers by DLF and MTF, justify the consensual tri-
geminal autonomic reflexes during CH attacks.
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