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to headache treatments: a systematic review
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Abstract

Background Neuroimaging studies have made an important contribution to our understanding of headache patho-
physiology. This systematic review aims to provide a comprehensive overview and critical appraisal of mechanisms of
actions of headache treatments and potential biomarkers of treatment response disclosed by imaging studies.

Main body We performed a systematic literature search on PubMed and Embase databases for imaging studies
investigating central and vascular effects of pharmacological and non-pharmacological treatments used to abort and
prevent headache attacks. Sixty-three studies were included in the final qualitative analysis. Of these, 54 investigated
migraine patients, 4 cluster headache patients and 5 patients with medication overuse headache. Most studies used
functional magnetic resonance imaging (MRI) (n=33) or molecular imaging (n= 14). Eleven studies employed struc-
tural MRl and a few used arterial spin labeling (n=3), magnetic resonance spectroscopy (n = 3) or magnetic resonance
angiography (n=2). Different imaging modalities were combined in eight studies.

Despite of the variety of imaging approaches and results, some findings were consistent. This systematic review
suggests that triptans may cross the blood-brain barrier to some extent, though perhaps not sufficiently to alter

the intracranial cerebral blood flow. Acupuncture in migraine, neuromodulation in migraine and cluster headache
patients, and medication withdrawal in patients with medication overuse headache could promote headache
improvement by reverting headache-affected pain processing brain areas. Yet, there is currently no clear evidence for
where each treatment acts, and no firm imaging predictors of efficacy. This is mainly due to a scarcity of studies and
heterogeneous treatment schemes, study designs, subjects, and imaging techniques. In addition, most studies used
small sample sizes and inadequate statistical approaches, which precludes generalizable conclusions.

Conclusion Several aspects of headache treatments remain to be elucidated using imaging approaches, such as
how pharmacological preventive therapies work, whether treatment-related brain changes may influence therapy
effectiveness, and imaging biomarkers of clinical response. In the future, well-designed studies with homogeneous
study populations, adequate sample sizes and statistical approaches are needed.
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Background

In the last decades, the field of headache research has
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involvement of the trigeminovascular system, brainstem,

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10194-023-01590-5&domain=pdf

Messina et al. The Journal of Headache and Pain (2023) 24:58

diencephalic, visual and pain processing cortical areas
during the different phases of migraine [1]. Studies
investigating patients suffering from trigeminal auto-
nomic cephalalgias have shown significant activation
of the hypothalamus and nociceptive brain areas dur-
ing and outside the headache attacks [2]. Functional and
structural alterations of cortical and subcortical areas
responsible for the perception of the pain have also been
revealed in patients with secondary headaches, like med-
ication overuse and post-traumatic headache [3, 4].

Along with revealing important insights on the neu-
robiology of headache, neuroimaging techniques have
deepened our comprehension of how acute and preven-
tive headache treatments work [5]. The use of imaging
techniques also has the potential to identify biomarkers
for treatment response. However, a comprehensive over-
view of the mechanisms of action of headache treatments
and possible predictors of clinical response disclosed
by imaging studies, is missing. Furthermore, there is a
need to identify gaps in the literature to develop robust
imaging biomarkers of treatment effect that might guide
future drug development.

This review provides a systematic and critical appraisal
of imaging studies investigating brain and vascular
changes associated with treatments used to abort and
prevent headache attacks and exploring imaging predic-
tors of patients” response.

Methods

In accordance with the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA) guide-
lines, we performed a systematic literature search using
the online PubMed and Embase databases. The used
search string is reported in Supplementary Table 1.

The search was performed from the inception date up
to 21 December 2022. Articles identified by this search
strategy and judged relevant for the topic of the review
were also selected.

Inclusion criteria for the search were as follows: original
human research; molecular imaging studies; MRI studies;
use of English language; studies including patients with
primary and secondary headache disorders (migraine,
trigeminal autonomic cephalalgias, tension-type head-
ache, post-traumatic headache, medication overuse head-
ache); studies investigating acute and preventive headache
treatments including adult and/or pediatric and/or
adolescents patients; cross-sectional studies exploring
imaging predictors of patients’ response; longitudinal
studies exploring central effects of treatments; studies
investigating the brain and/or cephalic vascular system;
studies including asymptomatic patients; studies per-
formed during spontaneous and/or provoked headache
attacks. Exclusion criteria for the search were as follows:
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conference abstracts; reviews; unpublished data; studies
investigating the extracephalic vascular system; studies
investigating central effects of acute and preventive head-
ache treatments in healthy controls.

After checking for duplicates, studies obtained from
the databases search were divided in three and two
investigators (RM and RHC, RM and IC, RHC and IC)
independently screened the title, abstract and full text of
papers according to the pre-defined criteria. Any possible
disagreements were resolved by discussion.

Results

The database search identified 2425 records (PubMed:
948; Embase:1477). Eleven additional studies related to
the topic were included. After duplicates were removed,
the title and abstract of 2169 studies was screened yield-
ing 84 articles for full-text screening. After full-text
screening, 63 studies were included in the final qualita-
tive analysis (Fig. 1).

Of the included studies, 54 (86%) investigated migraine
patients, 4 (6%) cluster headache (CH) patients and 5
(8%) patients with medication overuse headache (MOH).
No studies investigating central effects of acute and pre-
ventive treatments in patients with tension-type head-
ache, hemicrania continua, paroxysmal hemicrania and
post-traumatic headache were found.

Non-steroidal anti-inflammatory drugs (NSAIDs),
triptans and ergotamine were examined in the included
studies. While, no studies investigating steroids, indometha-
cin, oxygen, gepants or lasmitidan were found. Among pre-
ventive treatments, antiepileptics, calcium channel blocker,
beta blockers and monoclonal antibodies targeting the cal-
citonin gene-related peptide (CGRP) were investigated. No
studies examining gepants, antidepressants, anti-hyperten-
sive or anti serotoninergic as prevention were found.

Figure 2 summarizes imaging modalities employed by
the included studies. Fourteen studies applied molecular
imaging approaches, including single-photon emission
computerized tomography (SPECT) (n=3) and positron
emission tomography (PET) (n=11). Six studies com-
bined PET with MRI (#=4) or computed tomography
(n=2) to increase the spatial resolution of the technique
[6]. Distribution of MRI modalities used in the included
studies was: 33 studies using functional MRI (fMRI) (9
task-related and 25 resting state (RS) fMRI studies); three
studies using Arterial Spin Labeling (ASL); three stud-
ies using Magnetic Resonance Spectroscopy (MRS); two
studies using MR angiography; 10 studies using high reso-
lution T1-weighted (n=8) or T2-weighted MRI without
contrast (n=2); one study using enhanced structural MRI
during ultrasmall superparamagnetic iron oxide (USPIO)
administration. Different imaging modalities were com-
bined in eight studies.
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Records excluded: n = 2085
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Fig. 1 Flow chart of study selection

For each individual study, study population and main
results are presented in Tables 1, 2, 3 and 4 and Supple-
mentary Tables 2, 3 and 4. Figure 3 outlines the main
central structures targeted by treatments described in the
included studies.

Migraine
Acute treatments

Non-steroidal anti-inflammatory drugs Three fMRI
studies [16—18] have examined imaging predictors of
response to NSAIDs. The first of these used pre-treat-
ment RS fMRI to predict the response to NSAIDs [16].
In 70 patients without aura, they found that the visual
network in responders had decreased functional con-
nectivity (FC) with the somatosensory network and
increased FC with the auditory network, compared to
non-responders. In addition, a support vector machine
model based on pre-treatment FC reported a 93% accu-
racy in predicting responders. In another study [17]
based on the same cohort and focused on the FC of the
left amygdala, responders had increased FC with the left
calcarine, superior frontal, and parietal areas, as well
as a decreased FC with the ipsilateral caudate nucleus,
compared to non-responders. Pre-treatment RS FC of
the amygdala with the caudate, visual and frontopari-
etal areas predicted patients’ response with an accuracy
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of 89%. Finally, one study [18] examined whether white
matter hyperintensities (WMHs) could predict a con-
sistent response to ibuprofen, defined as pain freedom
within two hours in at least four of five treated attacks.
Using T2 weighted imaging, the study examined 500
patients with migraine who treated their attacks with
ibuprofen 200-400 mg. The study found that the 244
responders less frequently had WMHs, and that their
WMHs were of a smaller size and diameter, than the 256
non-responders.

Triptans and ergotamines Two early SPECT studies
with Tc-99 m-HMPAO or Xe-133 [21, 22] demonstrated
that treatment of the migraine attack with subcoutanoues
sumatriptan was not associated with regional cerebral
blood flow (CBF) changes. Similar findigs were found
by two later MR angiography studies demonstrating that
sumatriptan constricts extracerebral arteries such as the
superficial temporal and middle meningeal arteries, but
not intracerebral arteries [19, 20].

In one PET study using the 5-HT,; receptor radioli-
gand ["'C]AZ10419369, eight patients with migraine
without aura were examined during cilostazol-induced
migraine attacks before and after receiving subcutaneous
sumatriptan 6 mg [23]. Sumatriptan reduced serotonin
receptor binding in pain modulating regions, including
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Imaging modality Measured feature

1. Molecular imaging SPECT % o Brain metabolism,
techniques PET perfusion and function

Activation and functional
connectivity of brain regions
involved in a specific task

A) Task-related
functional MRI

B) Resting state Q Activity of brain areas
functional MRI during a rest condition

L ) [k Cerebral blood
C) Arterial spin labeling pee s | ﬂi:zs ar:d b;ci)n
T | activity

D) Magnetic resonance

spectroscopy 8 Brain metabolites

/' Signal intensity

Chemical shift (ppm)

i =
2. Magnetic resonance E) Magnetic resonance % Cerebral blood flow
imaging (MRI) b e and brain vasculature
techniques glography N architecture

F) Voxel-based
morphometry

G) Surface-based
morphometry

&)

White matter
hyperintensities

H) T2-weighted images
w/o contrast

1) T2* and T1-weighted
images w USPIO

Brain inflammation

Fig. 2 Imaging modalities employed by the included studies: 1) SPECT and PET are molecular imaging techniques that rely on the detection and
quantification of rays released indirectly by radiolabelled molecules (tracers) injected into the body, thus providing information on the metabolism,
perfusion and function of brain tissues [7]; 2A-B) Functional MRI (fMRI) techniques are based on the blood oxygenation level dependent
mechanism. When a brain area is activated, the neuronal metabolism and regional cerebral blood flow (CBF) increase. The blood flow change is
greater than the oxygen consumption, resulting in an increased ratio between the oxygenated and deoxygenated hemoglobin, which increase

the MRI'signal [8]. fMRI approaches included task-related fMRI, which provide important information about the degree of activation and functional
connectivity of brain regions that are involved in performing a specific task, and resting state (RS) fMRI that provide insight into the patterns of
activity of brain networks or single brain areas during a rest condition [9]; 2C) Arterial Spin Labeling is a perfusion MRI technique that employs the
arterial water to measure regional CBF changes associated with variations in regional neural activity [10]; 2D) Magnetic resonance spectroscopy is a
non-invasive method that allows to identify and quantify metabolites present within a volume of interest based on the magnetic properties of their
nuclei, mainly hydrogen and phosphorous. The main metabolites of interest are: N-acetylaspartate (NAA), a marker of neuronal integrity, choline
(Cho), a marker of cellular membrane turnover, creatine (Cr), a marker of energy stores and the glutamate-glutamine and gamma-aminobutyric acid
(GIx and GABA) neurotransmitters [11]; 2E) Magnetic resonance angiography is an approach that based on the magnetic properties of blood and
surrounding tissues highlight the vasculature from the background without the use of contrast [12]; 2F-G) High resolution T1-weighted MRI with
voxel-based (VBM) and surface-based morphometric (SBM)approaches provide information regarding the regional grey matter volume and cortical
thickness; [13, 14] 2H) T2-weighted images without contrast can provide information regarding the presence of white matter hyperintensities.

21) T2* and T1-weighted MRI with ultrasmall superparamagnetic iron oxide (USPIO), a cellular MR contrast agent, allows to investigate the
macrophage-mediated inflammation [15]. Created by R.M. with BioRender.com

frontal areas, sensorimotor cortex, insula, and amygdala, ~ PET with tracer a-[''C]MTrp, a surrogate marker of cer-
by 16.0%. Another study [25] examined the effects of elet-  ebral 5-HT synthesis. In patients with migraine, elet-
riptan on central serotonin synthesis in six participants riptan reduced the rate of 5-HT synthesis in the entire
with migraine without aura and six healthy controls using  brain, whereas no change occurred in healthy controls.
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There is also evidence showing that in 12 migraine
patients examined by USPIO-enhanced MRI sumatriptan
attenuated the uptake of USPIO in the anterior cerebral
artery perfusion territory after cilostazol induced attack.
USPIO uptake may reflect activated macrophages or
extravasation, but the finding should be interpreted with
caution due to its exploratory nature [24].

One study [27] also explored morphometric brain fea-
tures associated with a good triptan response, showing
a lower volume of the left hippocampus in sumatriptan
responders compared to non-responders. Even so,
sumatriptan response was defined retrospectively and
the between-group comparison was not adjusted for age,
gender, or total intracranial volume, which may all influ-
ence hippocampal volume. Likewise, the analysis was not
corrected for multiple comparisons.

Only one study explored whether dihydroergotamine
(DHE) has central effects. Six patients with migraine
without aura received ''C-DHE before and after admin-
istration of nitroglycerin (GTN) to provoke a migraine
attack. At PET-MRI before and 3 h after GTN infusion,
1C_DHE did not pass the BBB [26].

Preventive treatments
Pharmacological approaches

Beta-blockers:  Propranolol, nadolol and metopro-
lol  Two studies have examined whether beta-blockers
caused cerebral changes, when used for migraine preven-
tion. The first PET study [28] compared whole-brain ser-
otonin synthesis before and after 12 weeks of propranolol
or nadolol treatment in five migraine patients, using the
UC_AMT tracer. The study found that beta-blockers did
not change whole-brain serotonin synthesis. In another
study [29], Hebestreit et al. examined changes of task-
based fMRI in response to trigeminal painful stimula-
tion before and after at least 2 months of treatment with
metoprolol 75 mg in 19 patients with migraine. The study
found no significant functional brain changes after treat-
ment. When performing an uncorrected exploratory
analysis, metoprolol increased the hypothalamic BOLD
response after treatment. However, the hypothalamic
BOLD response correlated negatively with the reduction
in headache days at follow-up. This is difficult to recon-
cile with a treatment effect.

Antiepileptic medication: Topiramate and leveti-
racetamm Ahmed and colleagues [18] sought to predict
the efficacy of topiramate in migraine patients based on
WMHs. The study enrolled 500 patients who underwent
T2-weighted MRI prior to treatment with 2-200 mg
topiramate for at least 2 months. The same cohort
was investigated for patients’ response to Ibuprofen
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200-400 mg. Like acute treatments, compared to non-
responders, responders to topiramate less frequently had
WMHs, and the WMHs were fewer and of smaller diam-
eter. These findings should be replicated in a separate
cohort.

Although there is no strong evidence supporting the
superiority of levetiracetam over placebo and topira-
mate for migraine prevention [49], one study [30] exam-
ined changes in GABA concentration with MRS before
and after 12 weeks of treatment with levetiracetam.
This study found decrease GABA levels in the posterior
cingulate cortex (PCC) after treatment, whereas ante-
rior cingulate cortex (ACC) and prefrontal cortex levels
were unchanged. The PCC is activated during pain, but
whether the changes were associated with the treatment
response was not examined.

Calcium channel blocker: Flunarizine One study [31]
examined whether differences in D2 receptor occupancy
might affect the flunarizine response, using the D2 recep-
tor ligand '**I-Todobenzamide. The study found no dif-
ferences in receptor binding between six responders and
five non-responders. However, flunarizine still decreased
dopamine binding in treated migraine patients compared
to untreated healthy controls, suggesting that flunarizine
does bind central D2 receptors, but other receptors or
channels could mediate the migraine preventive effect.

Botulinum toxin Dominguez et al. [32] examined whether
iron deposition in subcortical structures could predict
botox treatment response in chronic migraine. This study
found a decreased T2-weighted signal in the periaqueductal
grey (PAG) in 47 responders compared to 15 non-respond-
ers, suggesting increased iron accumulation in responders.
However, it should be noted that the T2 weighted signal
is not specific for iron accumulation. Another study [33]
examined whether pre-treatment cortical structure and
RS EC patterns distinguished botox responders from non-
responders. The study found increased cortical thickness
in several pain relevant areas, including the right primary
somatosensory cortex, anterior insula and left inferior
frontal gyrus, in responders compared to non-responders.
Further examining the FC of these regions, compared to
non-responders, responders showed an altered functional
interaction between fronto-parietal pain processing areas
and occipital regions implicated in visual processing.

Anti-CGRP monoclonal antibodies So far, three MRI
studies [34—36] have examined brain functional changes
after treatment with anti-CGRP monoclonal antibodies
(mAbs). Two studies [34, 35] used task-based fMRI with
noxious trigeminal stimulation and ASL to investigate
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Fig. 3 A schematic illustration of the main central areas targeted by treatments described in the included studies. Created by R.C.H. and I.C. with

BioRender.com

brain functional changes after 2—3 weeks of galcane-
zumab, a mAb targeting the CGRP ligand, and erenumab,
a mAb targeting the CGRP receptor. In 27 patients, gal-
canezumab reduced the response to trigeminal stimula-
tion in the right hypothalamus and cerebellum, whereas
erenumab reduced the response in both cerebellar hem-
ispheres, the left operculum, right thalamus, middle
temporal, and lingual cortex in 26 patients. Comparing
galcanezumab to erenumab, it has been shown that the
two mAbs decreased the acitivity of different brain areas
involved in nociceptive activity [35]. Neither erenumab
nor galcanezumab changed the regional CBE. These
studies explored also imaging features associated with
patients’ response after 3 months of treatment. Galcan-
ezumab treatment decreased the activity of the cerebel-
lum, insula, and hypothalamus in responders compared
to non-responders, while treatment with erenumab
decreased the activity of many areas, including the para-
hippocampus, cerebellum, inferior parietal, and precen-
tral cortex. The absolute reduction in monthly headache
days correlated with higher pretreatment activity of the
spinal trigeminal nucleus for galcanezumab, and with
the decreased activity of the right putamen, hypothala-
mus, cerebellum, and thalamus observed after erenumab
treatment.

Another study [36] examined functional changes after
2-month treatment with erenumab in 32 patients with
migraine, using RS fMRI and fMRI during extracranial
nociceptive stimulation. At follow-up, when compared
to 14 non-responders, 18 responders had a greater pain-
induced response in the left cingulate cortex, PAG and

right putamen, as well as increased RS FC of the hypo-
thalamus, fronto-parietal and temporal brain regions. At
baseline, responders were distinguished by a decreased
activity in the frontal supplemental motor areas in
response to painful stimulation compared to non-
responders. Finally, one study [37] used MRS to examine
changes in ACC and PCC levels of GABA and glutamate.
The primary analysis used a mixed population of patients
receiving botox and erenumab, precluding firm findings
regarding either dug, but a post-hoc analysis reported
that the 18 patients who received erenumab had a greater
increase in the GABA levels of the ACC, compared to the
10 patients who received botox.

Sphenopalatine ganglion block with local anesthetics Two
studies [38, 39] examined morphometric and functional
brain changes after nasal-bupivicaine sphenopalatine
ganglion blockade in patients with chronic migraine and
MOH. Six weeks after twice weekly treatment, the studies
reported an increased volume of the left nucleus accum-
bens, a decreased volume of the right hippocampus and
pallidum, and decreased cortical thickness of the left tem-
poral pole and lateral occipital-temporal sulcus cortex,
as well as an altered FC of several regions of the salience
and executive networks. However, these studies did not
describe their statistical approach in detail, making the
findings difficult to interpret.

Non-pharmacological approaches
Acupuncture  Of the reviewed studies, 17 (27%) explored
functional and structural brain changes associated with
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acupuncture treatment. In the included studies, the acu-
points selected varied greatly. The duration of each ses-
sion ranged from 1 up to 30 min, the number of treat-
ments per weeks was inconstant and the treatment period
could range from 4 to 16 weeks. Sham acupuncture
including inactive acupoints was used as a placebo control
only in some studies.

Using RS fMRI, many studies [50—-57] demonstrated that,
compared to controls, migraine patients experienced
widespread functional alterations in brain areas impli-
cated in the processing of the sensory-discriminative,
cognitive, and emotional aspects of pain, which were
reverted after acupuncture treatment.

A few studies [52, 53, 57, 58] explored whether acupunc-
ture-related functional brain changes were associated
with patients” improvement after treatment, showing an
association between changes in brain activity and changes
in the severity and frequency of migraine attacks.

Tian and colleagues [50] explored FC patterns associ-
ated with a good response to acupuncture, defined as at
least 30% reduction in headache intensity or migraine
attack frequency, showing that, compared to 29 patients
who were non-responders, 19 responders had greater
increases of thalamic FC after 4 weeks of treatment.
Acupuncture-related thalamic changes have also been
described by Gu et al. [59], who, using MRS, showed
increased NAA/Cr ratio but unchanged Cho/Cr ratio in
the thalamus in patients treated with acupuncture for
nine weeks. An increase in the NAA/Cr ratio may reflect
higher thalamic neuronal activity and energy metabolism
as a result of acupuncture treatment. However, the study
did not provide information regarding pre-treatment tha-
lamic metabolism in migraine patients, thus precluding
firm conclusions. It should be noted that, these studies
did not include a sham group.

Recent studies [60—65] investigated neural changes asso-
ciated with acupuncture comparing the effect of verum
acupuncture to sham acupuncture, which included inac-
tive acupoints. RS fMRI studies [60—62] described more
extensive changes in the function of pain modulatory
brain areas in patients receiving verum acupuncture
compared to those treated with sham treatment. The
study conducted by Li and colleagues [65] showed that
only treatment with verum acupuncture could normal-
ize the lower activity of the rostral ventromedial medulla
revealed in migraine patients compared to controls
before acupuncture initiation. The rostral ventromedial
medulla is a pivotal area of the descending pain inhibi-
tory system [66].
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Two PET studies [63, 64] examined a small sample of
patients with migraine demonstrating that 30 min of
verum electro-acupuncture stimulation induced broad
modifications in brain metabolism compared to sham
stimulation.

Besides fMRI and molecular imaging, a recent study [67]
aimed to explore the value of grey matter (GM) volume in
predicting migraine patients” response to acupuncture.
Using a machine learning approach, the study showed
that a predictive model including the GM volume of the
calcarine cortex, precuneus, cuneus, temporal, frontal
and parietal brain areas could discriminate responders
from non-responders with an accuracy of 83%. This study
also showed that, compared to non-responders, respond-
ers to 4-week of acupuncture treatment developed an
increased GM volume of the left cuneus after treatment.
However, these results should be validated in a different
cohort.

Non-invasive and invasive neuromodulation Some
studies have explored whether central effects could occur
secondary to non-invasive neuromodulation approaches.
The study conducted by Russo and colleagues [68]
showed an increased activation of the right ACC dur-
ing trigeminal heat stimulation in 16 migraine patients
compared to 16 age and sex-matched healthy controls. In
migraine patients treated for two months with external
trigeminal stimulation (€TNS), the nociceptive-induced
activation of the ACC was reduced after treatment.
Similar findings were observed in 14 chronic migraine
patients treated with eTNS for three months [69]. Com-
paring 18-fluorodeoxyglucose (**FDG) uptake to con-
trols, migraine patients initially displayed hypometabo-
lism of the orbitofrontal cortex and ACC, which reverted
after treatment. The ACC is known to be involved in
the descending antinociceptive pathway and the orbito-
frontal cortex is implicated in cognitive aspects of pain
modulation. However, there was no difference between
responders and non-responders, possibly due to a small
sample size.

Using a single-blind, crossover fMRI study design, Luo
and colleagues [70] showed that, compared to sham stim-
ulation, eight minutes of verum electrical stimulation of
the auricular branch of the vagus nerve (aVNS) reduced
the FC between the amygdala and fronto-parietal brain
areas largely involved in pain processing and modula-
tion in 27 migraine patients. Central effects of aVNS have
also been investigated in a larger study [71] showing that
the increased activity of the thalamus, frontal and pari-
etal areas experienced by 60 migraine patients compared
to controls could be reversed after 4 weeks of aVNS
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treatment. It has also been demonstrated that abnormal
activity of the trigeminal cervical complex, insula, cin-
gulate cortex, frontal and temporal gyrus could predict
patients” treatment response to 4-week treatment with
aVNS [72].

The study conducted by Markin et al. [73] showed that
the application of repetitive Transcranial Magnetic Stim-
ulation (rTMS) for five days in 19 migraine patients was
associated with FC changes within the default mode, sali-
ence and visual networks, which have been implicated in
migraine pathophysiology.

Only one study [74] has explored structural brain changes
after transcranial direct current stimulation (tDCS),
examining 24 patients with migraine who received tDCS
or sham stimulation over the visual cortex for 28 days.
Compared to sham stimulation, in patients treated with
tDCS the frequency of monthly migraine days progres-
sively decreased during the four months after treatment
initiation and returned to baseline during the fifth month
[75]. Before starting tDCS treatment, migraine patients
had decreased GM volume of the left lingual gyrus com-
pared to controls. Five months after treatment, the GM
volume of the left lingual gyrus was normalized only in
patients who received tDCS but not in those treated with
sham treatment. Given the clinical worsening observed
after five months from treatment start, these morphomet-
ric results are difficult to reconcile with a treatment effect.

The only invasive neurostimulation approach that has
been studied using imaging techniques is the occipital
nerve stimulation (ONS). Using PET, Matharu and col-
leagues described an association between pain relief after
ONS and regional CBF changes at level of the dorsal ros-
tral pons, ACC, basal ganglia, cuneus, precuneus, cere-
bellum, frontal, temporal and occipital cortex in a small
group of patients with chronic migraine [76].

Behavioural approaches The study of 19 adolescents
with migraine using fMRI showed a greater activation of
frontal brain regions and an increased FC of the amygdala
with frontal and sensorimotor regions after 8-week treat-
ment with cognitive behavioural therapy (CBT), which
was significantly associated with headache improvement
in terms of reduction of headache days [77]. The amygdala
FC with frontal and sensorimotor regions at baseline could
predict headache days reduction after treatment [78].

Functional changes in brain areas implicated in the
emotional and cognitive aspects of pain have also been
demonstrated in 11 adult migraine patients treated for
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16 weeks with autogenic training, a behavioural approach
that includes desensitization-relaxation techniques [79].

Among CBT strategies, enhanced mindfulness-based
stress reduction (MBSR) is an approach based on mind-
fulness practice and self-compassion that trains the abil-
ity to respond to distress [80]. Seminowicz and colleagues
described distinct patterns of brain activation during
a challenging cognitive task and of RS FC of the insula
in 50 migraine patients treated with MBSR compared
to 48 patients receiving didactic sessions focused on the
role of stress and other triggers in headaches, supporting
increased cognitive efficiency after MBSR [81].

Cluster headache

Using H,'°O-PET, May and colleagues reported that 60 s
of hypothalamic deep brain stimulation was able to change
the activity of the hypothalamus, thalamus, trigeminal
nucleus and ganglion, and several cortical areas that are
usually active in pain perception and during CH attacks
[40]. However, the study examined only 10 patients and
results were uncorrected for multiple comparisons.

Another PET study [41] examined cerebral glucose
metabolism in 10 patients with drug-resistant and side-
locked chronic CH treated with ONS. Before treatment
initiation, CH patients had altered glucose metabolism
in pain processing cortical and brainstem areas com-
pared to healthy controls, which normalized after at least
6 months of treatment. No short-term changes were
observed, suggesting that ONS may work through slow
neuromodulatory processes in CH.

Using ASL, Medina and colleagues [42] examined
regional CBF changes before and after greater occipital
nerve blockade with methylprednisolone 80 mg and 2 ml
of lidocaine 2% in 17 interictal chronic CH patients. Seven
days after the blockade, the regional CBF increased in the
right secondary visual cortices and decreased in the left
medial temporal gyrus, cerebellum, caudate and putamen.
At baseline, responders had greater CBF in the right lat-
eral occipital cortex and left medial prefrontal cortex, and
lower CBF in the right PCC compared to non-responders.
The study underlines that a strictly peripheral treatment
can induce measurable central changes.

A recent study [43] examined clinical and brain mor-
phometric predictors of verapamil response, in 194
patients treated for at least three months. Compared to
responders, non-responders had an increased GM vol-
ume of the cerebellar vermis and of bilateral cerebellar
lobule VI, when using an uncorrected threshold. The
study showed also that a supervised machine learn-
ing algorithm can discriminate verapamil responders
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from non-responders with an accuracy of 66%, based
only on the clinical characteristics of the patients. The
inclusion of the cerebellar GM volume in the predictive
model increased slightly the accuracy of the verapamil
responsiveness prediction (from 66 to 68%). Both accu-
racies are considered “poor” (<0.7) according to general
guidelines [82].

Medication overuse headache

Comparing 16 patients with MOH to 68 healthy controls
using [26] FDG PET-MRI, Fumal and colleagues [44]
found reduced glucose metabolism in pain-related brain
areas of patients, including the cerebellum, right parietal
cortex, bilateral insula, orbitofrontal cortex, and thala-
mus. Except for the orbitofrontal cortex, the hypometab-
olism was reverted after withdrawal. However, the study
did not report any restrictions on analgesic intake prior
to the scan. It cannot therefore be possible to exclude
that metabolic changes observed could be attributed to
direct analgesic effects rather than to the overuse of the
medication [83].

Similar findings were observed in a later study [45]
that examined the BOLD response to a decision making
task in patients with MOH who discontinued or not the
overused medication. This study found that, compared
to controls and chronic migraine patients without MOH,
patients with MOH had an increased activity of the ven-
tral medial prefrontal and PCC, which reverted following
the medication withdrawal. While, a decreased activity of
the midbrain, including the substantia nigra and ventral
tegmental area, was specific for MOH and did not change
after withdrawal.

Mehnert and colleagues [46] examined changes in
GM volume and fMRI response to noxious trigeminal
stimuli in 18 patients with MOH before and after with-
drawal. After withdrawal, patients displayed an increased
responsiveness to nociceptive stimuli and a decreased
volume of the left cuneus, superior temporal gyrus, and
cerebellum. However, these results should be interpreted
with caution given the analgesic intake prior to the pre-
withdrawal and follow-up scans and the lack of signifi-
cant differences in longitudinal fMRI and volumetric
changes between patients and controls.

In the study performed by Ferraro et al. [47] nine
patients with MOH had a higher BOLD response to pain-
ful stimulation of the left hand in the primary somatosen-
sory, parietal, and supramarginal cortex, compared with
healthy controls. At rescan 3 weeks after withdrawal,
this difference disappeared. While this could suggest that
withdrawal ameliorated the central sensitization, the rel-
evance of this changed response to extra-cephalic pain in
MOH is unknown. However, it is possible that similar dif-
ferences might occur for cephalic pain.
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A few studies have also examined structural brain
predictors of withdrawal effect. After medication with-
drawal, Riederer et al. [48] reported a reduction in mid-
brain PAG volume specifically in 11 responders. Both
Mehnert [46] and Rieder [48] found that a greater volume
of the orbitofrontal cortex predicted a better response to
withdrawal.

Discussion
The reviewed studies applied many different imaging
approaches, treatment schemes and study designs, lead-
ing to results that are often incomparable or inconsistent.
Despite this, some coherent findings have been reported
for triptans as abortive treatments for migraine attacks,
non-pharmacological approaches employed in migraine
and cluster headache prevention and for central effects of
medication withdrawal in patients with MOH.

In the following, we will discuss evidence coming from
the included studies highlighting their strength and
weakness.

Migraine

Acute treatments

NSAIDs are the first line acute treatment for migraine
[84]. They are thought to act both peripherally and cen-
trally through effects on nociceptive pathways [85]. Their
site of action in migraine is unknown, but three stud-
ies [16—18] have examined imaging predictors of their
efficacy. The findings of these studies may suggest that
differences in the FC of the visual network and left amyg-
dala could have importance for the effects of NSAIDs in
migraine. While the right amygdala has been implicated
in pain-processing, the role of the left amygdala is less
clear [86]. Of note, results concerning the visual network
were reported at an uncorrected statistical threshold [16]
and the inclusion of RS FC metrics of the left amygdala
that have already been shown to differ between respond-
ers and non-responders might have skewed prediction
models [17]. Moreover, the direction of the amygdala
RS FC alterations found in patients who responded to
NSAID is difficult to interpret since different brain areas
were found when comparing healthy controls to the two
subgroups of patients.

Ahmed and colleagues [18] showed an association
between a poor response to ibuprofen and the presence
of WMHs in migraine patients. However, the percent-
age of consistent responders reported in the study was
remarkably high (48.8%) considering that pain freedom
at two hours is 20-26% for ibuprofen 200-400 mg [87].
In addition, the number of WMHs increased with age,
and age might also affect the efficacy. The findings should
be confirmed in a separate cohort and adjusted for age
before clinical inferences can be made.
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If NSAIDs are inefficient or not tolerated, triptans
are the second line acute treatment for migraine [84].
Triptans are 5-HT 5/, receptor agonists with both vascu-
lar and neural effects. An important question is whether
different triptans pass the blood-brain barrier (BBB) to
exert central effects and side-effects. Imaging studies
have provided important information in this regard. The
majority of these have used subcutaneous injections of
sumatriptan. Using angiography and SPECT, these studies
consistently found that sumatriptan constricts extracer-
ebral arteries but do not alter the intracerebral perfusion
[19-22]. This suggests that sumatriptan is unable to cross
the BBB to an extent where it can act upon the ablumi-
nal 5-HT 3, p receptors of cerebral arteries. Even so, some
imaging studies suggest triptans may cross the BBB to
some extent and bind centrally, though perhaps not suffi-
ciently to alter the CBE. Two PET studies [23, 25] demon-
strated that triptans reduce the rate of cerebral serotonin
synthesis and its activity. Deen and colleagues [23] found
a 16% reduction of central 5-HT; receptor binding across
pain-modulating brain areas in patients treated with
sumatriptan. Serotonin is an inhibitory neurotransmit-
ter, but whether this level of binding is sufficient to inhibit
nociceptive signaling is unknown. Importantly, this study
was not placebo controlled, so it cannot be completely
excluded that increased serotonin binding is part of the
untreated migraine attack or that the reduced binding
occurred indirectly.

The degree to which the triptans pass the BBB, likely
depends on their individual lipophilicity. Almotriptan is
the least lipophilic, eletriptan the most, and sumatriptan
is in between [88]. BBB passage could explain some dif-
ferences in efficacy and tolerability. In comparison, las-
miditan, which is lipophilic and designed as an agonist of
central 5-HTp receptors, is efficacious for the treatment
of migraine attacks but may possess more marked central
side effects than triptans [89]. However, neuroimaging
studies examining the central or neurovascular effects of
other triptans different from sumatriptan and eletriptan
are lacking, and none have examined those of lasmiditan.

Interestingly, findings with DHE, an effective migraine
treatment that also activates 5-HT  receptors, suggests
that high efficacy can be reached through peripheral
mechanisms of action alone [26]. Ergotamine use, how-
ever, is hampered by potentially serious side effects.

Preventive treatments

Pharmacological approaches Numerous treatments are
approved for migraine prevention. The response to these
treatments is generally heterogenous and there are few
clinical predictors of treatment response. Preventives
may work at different levels of the signaling pathways
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driving migraine pathogenesis, which may, in part,
explain variability between patients [90]. Neuroimaging
offers the possibility to identify these sites of action, and
how they differ between responders and non-responders.

The findings of the two studies [28, 29] investigating cen-
tral effects of beta-blockers could suggest that these treat-
ments primarily act peripherally in migraine. However, the
studies’ small sample sizes preclude firm conclusions. The
beta-blockers discussed are all lipophilic and capable of
passing the BBB. Future studies might further explore such
direct or indirect central effects of beta-blockers.

Flunarizine is a calcium antagonist which also blocks
H1, serotonin, and D2 receptors in addition to voltage
gated-sodium channels [91]. Because of the multifarious
effects, the exact mechanisms of action in migraine are
unknown. However, Wober et al. [31] speculated that the
anti-dopaminergic effects could be mainly involved in
migraine prevention.

Botulinum toxin is an effective treatment option for
chronic migraine. Botox is administered subcutaneously,
where it inhibits the release of vasodilatory neurotrans-
mitters involved in migraine [92]. Because of this, its
primary site of action is thought to be peripheral, with
secondary central effects. Due to the logistical and finan-
cial demands of the treatment, predictors of treatment
response are highly relevant. Hubbard and colleagues sug-
gested that functional and structural changes in pain and
visual processing areas could have a role in determining
botox efficacy [33]. However, their study compared only
11 responders to 12 non-responders, which is likely too
few for generalizable results.

Several randomized controlled trials (RCT) demon-
strated that mAbs targeting the CGRP are effective and
well-tolerated migraine preventive treatments [93]. Their
site of action is thought to be mainly in the periphery.
However, recent fMRI [34-36] and MRS [37] studies
demonstrated that anti-CGRP mAbs modulate the activ-
ity of pain related brain areas. Central effects may occur
secondary to peripheral modulation, or directly through
the negligible fraction of mAbs that crosses the BBB [94].

Imaging might help to identify responders to anti-
CGRP mAbs. This is highly warranted, since their high-
cost hampers widespread use. Distinct patterns of brain
functional activity have been found in patients treated
with erenumab and galcanezumab. Differences between
galcanezumab and erenumab in treatment-related func-
tional brain changes are interesting, since they could
explain why some patients have distinct responses to
mAbs targeting the CGRP ligand and those blocking the
receptor [95]. However, the major limitation of these
studies are the small sample size and the use of uncor-
rected statistical comparisons, which have a high risk of
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false positive findings [96]. As of date, no studies have
reported central changes with anti-CGRP mAbs using
an appropriately corrected approach, where false posi-
tives can be excluded with greater certainty.

Non-pharmacological approaches The poor compli-
ance of patients to some pharmacological treatments
due to adverse effects and contraindications linked to
pregnancy or lactation have encouraged the use of non-
pharmacological approaches for migraine prevention
[97]. Treatments that have been examined using imaging
techniques include acupuncture, behavioural and neuro-
modulation approaches.

Acupuncture involves the stimulation of specific
points on the body by the insertion and rotation of
filiform needles until a sensation of numbness and dis-
tention, called the de-qi sensation, is achieved [98].
Although acupuncture remains one of the most fre-
quently used approaches in Chinese medicine [98], the
use of acupuncture in migraine prophylaxis has yielded
to contradictory results. A large, multicentre, RCT did
not find acupuncture to be superior to sham [99]. This
corroborates a Cochrane meta-analysis that identified
several differences in methodology and outcome selec-
tion [100]. Imaging findings related to acupuncture
should therefore be interpreted in light of the uncertain
role of acupuncture in migraine prevention.

In recent years, a vast number of neuroimaging stud-
ies have explored the neural mechanisms of acupunc-
ture. Some studies [50-57] suggested that acupuncture
could promote migraine improvement by modulating
the activity of migraine-affected nociceptive regions
and enhancing the function of the descending pain
inhibitory system. One of the main limitations of these
studies was the lack of a sham group, thus not allow-
ing the exclusion of a placebo effect. However, similar
evidence were also found when the effects of verum
acupuncture was compared to sham acupuncture.
Widespread brain functional and metabolic changes
and a reinforced pain inhibitory activity of the brain-
stem was found in patients treated with verum
acupuncture compared to those receiving sham acu-
puncture. These findings may suggest that only verum
acupuncture could modulate the activity of pain-related
brain areas, thus improving migraine.

Although further larger RCTs on non-invasive neu-
romodulation techniques are needed, their potential as
therapeutic alternatives to standard pharmacological
treatments have recently emerged [101]. Many neuro-
modulation devices have been introduced in the man-
agement of migraine patients. They work by stimulating
the central or peripheral nervous system with electric or
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magnetic stimuli, thus modulating central mechanisms
involved in migraine [97].

Transcutaneous cranial nerve stimulation, such as the
€INS and aVNS, modulates the nerves activity at the
periphery by applying an electrical current [102]. The
aVNS stimulates the auricular branch of the vagus nerve
at the concha of the outer ear. This branch of the vagus
nerve contains less myelinated AP fibers compared to
the cervical branch [103, 104]. These anatomical differ-
ences may explain the different stimulation regimen used
for aVNS and cervical VNS [105]. During aVNS electrical
pulses at 25 Hz are applied to the skin of the concha for
1-4 hours [106]. While, cervical VNS stimulation lasts for
2 min, it can be performed 6—12 times a day and delivers
a maximum output current of 60 mA to the anterolateral
surface of the vagus nerve in the neck [105, 107].

Using fMRI and PET, a few studies [68—71] showed
that both €INS and aVNS could exert their beneficial
migraine preventive effect turning the activity of pain
modulatory brain areas, including the ACC, thalamus
and trigeminal cervical complex, to normal. Even so, this
evidence should be confirmed by further larger studies
with a sufficient sample of responders and non-respond-
ers. r'TMS uses a fluctuating magnetic field to produce an
electrical current that can change the excitability of brain
networks [102]. Another non-invasive neuromodulation
method is the tDCS, which modulates the cortical activ-
ity by applying an excitatory or inhibitory electric current
to the scalp [102]. Only two studies [73, 74] have inves-
tigated functional and structural brain changes related
to rTMS and tDCS treatments. The small sample size of
these studies, the lack of a control group and the use of
an uncorrected statistical threshold disallow solid con-
clusions regarding central modifications related to these
treatments.

The ONS involves an implantable device that deliv-
ers electrical stimulation to the greater occipital nerve.
One PET study [76] including chronic migraine patients
with implanted ONS showed that treatment-related pain
improvement correlated with CBF changes in regions
involved in the affective dimension of pain and migraine
pathophysiology. The study’s extremely small sample size
hinders drawing conclusions that can be applied broadly.
Morevoer, its shoud be noted that results from three
RCTs examining the efficacy of ONS in migraine preven-
tion have overall not been promising [102].

Behavioural approaches, including relaxation and CBT,
have been used in the management of migraine patients
with the aim of teaching patients how to cope with the
experience of pain and other migraine symptoms [108].
Despite the lack of high quality evidence supporting their
effectiveness in migraine prevention, behavioural treat-
ments remain an important choice for many patients
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[108]. fMRI studies [77-81] showed that behavioural
approaches may influence the cognitive and emotional
control of pain to aid migraine improvement.

Cluster headache

Imaging data investigating central effects of CH treat-
ments are scarce and with small samples, thus limit-
ing interpretation. Two PET studies [40, 41] examined
neural substrates of neurostimulation in CH, showing
treatment-related changes in the activity and metabo-
lism of brain areas implicated in pain transmission and
CH attacks. Interestingly, Tso and colleagues [43] showed
that clinical characteristics of CH have a rather low accu-
racy (66%) in discriminating patients who respond to
verapamil, a calcium channel blocker that is the first-line
preventive drug for CH, from non-responders. The accu-
racy of the verapamil responsiveness prediction was mar-
ginally increased (from 66 to 68%) when clinical features
were combined with the cerebellar GM volume. These
findings suggest that structural MRI has a minimal role
in predicting response to verapamil apart from what can
be clinically deduced. However, the study was limited by
inclusion of patients with probable and post-traumatic
CH, retrospective acquisition of data, and missing infor-
mation on whether patients were in or out of bout. Fur-
thermore, the study also used different scanners with
different field strengths. Though the statistical analysis
attempted to adjust for this, no harmonization efforts
were reported.

Medication overuse headache

MOH is a secondary headache disorder attributed to
overuse of acute headache treatments in patients with a
pre-existing headache disorder. Medication withdrawal is
crucial in the management of MOH, since it reverts the
condition in most patients. The exact mechanisms under-
lying MOH are unknown. Possible pathophysiological
mechanisms may involve the interaction between cen-
tral sensitization, altered descending pain modulation,
biopsychosocial and genetic factors, that affect a state of
vulnerability [109]. Imaging before and after withdrawal
is instrumental because it could provide information
regarding central mechanisms predisposing to the condi-
tion and those that are secondary to the frequent intake
of acute treatments.

Findings from MRI and PET studies [44—48] indi-
cate that the abnormal function and metabolism of pain
processing regions tend to normalize following the dis-
continuation of the overused treatment, suggesting that
these alterations may be secondary to the frequent intake
of acute therapies. Whereas, abnormalities of brain
regions implicated also in drug dependence, such as the
orbitofrontal cortex and ventral tegmental area, tend to
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persist despite the medication withdrawal, thus reflecting
an underlying liability to medication overuse. Curiously,
all studies [44, 46, 48] investigating MOH susceptibility
and predictors of withdrawal effect implicated the orbito-
frontal gyrus, possibly reflecting that the more suscepti-
ble patients are also less effective at withdrawing.

Conclusions

In recent years, an increasing number of imaging stud-
ies have sought to clarify central mechanisms of action
of pharmacological and nonpharmacological treatments
commonly used to treat headache patients. It is not unex-
pected that most of the studies were focused on migraine,
being the most frequently studied form of headache.
However, if we look at the individual type of acute and
preventive migraine treatment, there are only a few stud-
ies available, except for acupuncture.

The results of this systematic review suggest that
triptans may cross the BBB to some extent, though per-
haps not sufficiently to alter the intracranial CBF. An
interesting goal of future imaging studies would be to
examine how triptans with different efficacy and toler-
ability cross the BBB. Furthermore, central and vascular
mechanisms of action of novel migraine abortive medi-
cations, the gepants and lasmiditan, remain unexamined.

In migraine prevention, there is a great need for imag-
ing studies on established treatment, such as anti-hyper-
tensives and anti-epileptics, to further our understanding
of their mechanism of action. Whereas imaging studies
have provided important information about the anti-
CGRP monoclonal antibodies, large-scale studies with
robust statistical inferences are needed to consolidate
and verify prior findings. This may, in the future, facili-
tate development of clinically useful predictors of efficacy
that can personalize treatment of headache patients.

Acupuncture in migraine, neuromodulation in migraine
and cluster headache patients, and medication withdrawal
in patients with MOH could lead to headache improve-
ment by reverting headache-affected pain processing
brain areas. The way in which neuromodulation devices
acting at the periphery could exert their central effects
need to be clarified. Moreover, future studies should
explore the potential effects of combined pharmacological
and non-pharmacological approaches on the brain. Yet,
there are no clearly defined brain regions in which each
treatment acts, and there are no imaging patterns that
could firmly predict the effectiveness of medications.

It should be noted that the studies included in the pre-
sent review were extremely heterogeneous regarding
treatment schemes, study designs, included subjects, and
imaging techniques employed. Other limitations of the
currently available literature are the small sample size and
the frequent use of inadequate statistical approaches that
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introduce a considerable risk of false positive findings.
For many treatment approaches, this excludes robust
conclusions. Future studies with adequate sample size,
reproducible study paradigms and homogeneous study
populations are needed. Moreover, in the future more
efforts should be made to study patients with trigeminal
autonomic cephalalgias or post-traumatic headache.

A better understanding of how headache treatments
work along with the identification of biomarkers of
patients’ response could yield crucial insights into the
biological mechanisms underlying the pathophysiology
of headaches.
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ACC Anterior cingulate cortex
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