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Chronic migraine is one of the most devastating headache disorders. The estimated prevalence is 1.4-2.2% in the
population. The factors which may predispose to the process of migraine progression include high frequency of
migraine attacks, medication overuse, comorbid pain syndromes, and obesity. Several studies showed that
chronic migraine results in the substantial anatomical and physiological changes in the brain. Despite no clear
explanation regarding the pathophysiologic process leading to the progression, certain features such as increased
sensory sensitivity, cutaneous allodynia, impaired habituation, identify the neuronal hyperexcitability as the
plausible mechanism. In this review, we describe two main mechanisms which can lead to this hyperexcitability.
The first is persistent sensitization caused by repetitive and prolonged trigeminal nociceptive activation. This
process results in changes in several brain networks related to both pain and non-pain behaviours. The second
mechanism is the decrease in endogenous brainstem inhibitory control, hence increasing the excitability of
neurons in the trigeminal noceptive system and cerebral cortex. The combination of increased pain matrix
connectivity, including hypothalamic hyperactivity and a weak serotonergic system, may contribute to migraine

chronification.

Introduction

Chronic migraine is one of the most devastating headache disorders.
According to the International Classification of Headache Disorders (3rd
edition) (ICHD-3), migraine is classified into two distinct categories
depending on the clinical course, namely episodic migraine (EM) which
is defined as having<15 headache days per month and chronic migraine
(CM) characterised by those having 15 or more headache days per
month for more than three months, with at least eight days having the
characteristic of migraine features (IHS, 2018). Although both cate-
gories of migraine share many features including: 1) at least five
recurrent migraine attacks without aura, 2) migraine duration of 4-72 h
if left untreated, 3) at least two of the following pain characteristics:
unilateral, pulsing, moderate or severe intensity, or exacerbated by
routine physical activity, and 4) at least one of the following symptoms:
nausea and/or vomiting or both photophobia and phonophobia. CM is
distinguished from EM by its substantially higher burden of disease,
higher number of comorbidities, especially psychiatric comorbidity, and
higher overall cost and healthcare consumption (Adams et al. 2015;
Negro et al. 2019).

The question remains as to whether chronic and episodic migraine
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are separate diseases or are a continuum of the same disease spectrum
(Aurora, 2009; Aurora and Brin, 2017). Until now, there has been no
evidence that supports the occurrence of CM without transformation
from EM. Therefore, the main focus of the treatment strategy is to pre-
vent progression. It is estimated that EM progresses to CM at a rate of
2.5% per year and may be underestimated due to the arbitrary 15-day
period according to the migraine criteria (Bigal et al., 2008; Ishii
et al.,, 2021). At the moment, migraines are diagnosed on clincal pre-
sentation; however, potential biomarkers are needed to help distinguish
migraines earlier. A recent multicenter, longitudinal study done by Ishii
et al. found that the use of 15 days/month does not capture the burden of
illness and/or treatment options to differentiate EM from CM (Ishii et al.,
2021). Understanding the neurobiological core of migraine progression
can lead to potential biomarker discovery and contribute future
migraine research. Here, we will be focusing on two main aspects:
clinical progression of migraines and pathophysiology of migraine
progression.
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Table 1
Summary of key epidemiologic studies in the progression of migraine.
Studies Study Type Study design Results of factors associated with the Ref
transformation of migraine
Caffeine intake Population-based Episodic Headache Chronic Daily High caffeine consumption OR = Scher et al.,
case control study (N = 507) Headache (N = 1.50, p = 0.05 2004

The American Migraine Prevalence and
Prevention Study (AMPP)
- Medication usage

The International Burden of Migraine Study
(IBMS)

The American Migraine Prevalence and
Prevention Study (AMPP)

Comorbid pain syndrome

The American Migraine Prevalence and
Prevention Study (AMPP)
- Headache factors and depression

The American Migraine Prevalence and
Prevention Study (AMPP)
- Headache factors

The American Migraine Prevalence and
Prevention Study (AMPP)
- Nausea

The Chronic Migraine Epidemiology and
Outcomes (CaMEO) Study

Chronic migraine and Obesity: Systematic
review and meta-analysis of observational
studies

Hospital Universitari Vall d’Hebron (HUVH),
Spain

The Chronic Migraine Epidemiology and
Outcomes (CaMEO) Study
- Sleep disorder

Longitudinal study
with cross-sectional
surveys

Prospective
multicenter cohort
study

Longitudinal study
with cross-sectional
surveys

Cross-sectional study

Longitudinal study
with cross-sectional
surveys

Longitudinal study
with cross-sectional
surveys

Longitudinal study
with cross-sectional
surveys

Longitudinal study
with cross-sectional
surveys

Systematic review
and meta-analysis

Prospective cohort
study

Longitudinal study
with cross-sectional
surveys

Episodic Migraine
(N = 6805)

Episodic Migraine
(N = 8227)

Episodic Migraine
(N =11,249)

Severe headache
(N =29,721)

Episodic Migraine
N = 6,657, year
2005

N = 6,852, year
2006

Episodic Migraine
(N =10,763)

Persistent frequent
headache-related
nausea group

(N =1389)
Episodic Migraine
(N =15,313)

209)
Transformed
Migraine (N = 209)

Chronic Migraine
(N = 499)

Chronic Migraine
(N = 655)

Non-severe
headache
(N =160,255)

Chronic Migraine
N =160, year 2005
N = 144, year 2006

Chronic Migraine
(N =795)

No or low
frequency
nausea group

(N =877)
Chronic Migraine
(N = 1476)

Outcome: Chronic migraine
Exposure: Pre-obesity/Obesity

Episodic Migraine
(N = 855)

Episodic Headache
(N =11,659)

Chronic Migraine
(N =254)

Chronic Migraine
(N =1111)

barbiturates (OR = 2.06, (1.3-3.1)
opiates OR = 1.98, (1.4-2.2)

Headache intensity, p < 0.001
Headache pain severity p < 0.001
moderate/severe pain, p < 0.001
MIDAS, p < 0.001

MSQ, p < 0.001

PHQ-4, p < 0.001

Obesity OR = 1.24 (1.03 to 1.50)
Anxiety OR = 1.80 (1.51 to 2.15)
PHQ-9 Depression OR = 2.00 (1.67 to
2.40)

High cholesterol OR = 1.46 (1.23 to
1.73)

Heart disease or angina OR = 1.43
(1.08 to 1.90)

Temporomandibular Joint and
Muscle Disorder OR = 7.0 (6.6-7.5)
Neck Pain OR = 5.0 (4.8-52.)

Low back pain OR = 3.6 (3.5-3.7)
Joint Pain OR = 2.3 (2.2-2.4)
Headache Frequency OR = 1.29
(1.21-1.36)

PHQ-9 OR = 1.65 (1.12-2.45)

Headache days OR = 7.31 (6.98,
7.66, P < 0.0001)

MIDAS score OR = 5.36 (4.88, 5.90,
P < 0.0001)

Allodynia score OR = 1.21 (1.11,
1.31, P < 0.0001)

PHQ-9 score OR = 1.52 (1.42, 1.63, P
< 0.0001)

risk of progression to CM OR = 2.24,
(1.07-4.70) P = 0.033

Female OR = 1.52 (1.33-1.75), p <
0.001

Obesity OR = 1.34 (1.21-1.50), p <
0.001

MIDAS score RR = 4.63 (4.31-4.98),
p < 0.001

Headache frequency RR = 6.49
(6.21-6.78), p < 0.001

PHQ-9 Depression OR = 3.05
(2.74-3.40), p < 0.001

Generalized anxiety disorder — 2.40
(2.16-2.67), p < 0.001

Pre-obesity 1.39; 95% CI, 1.13-1.71;
P = 0.002

Obesity 1.75; 95% CI, 1.33-2.29; P <
0.001

Insomnia 39.6% vs 56.7%, p < 0.001
Anxiety disorder 55.8% vs 68.5%, p
< 0.001

Depression 7% vs 12.2% 0.008, p <
0.001

High risk for sleep apnea 51.8% vs
35.6%; P < 0.001

Sleep disturbance 26.9% vs 24.3%;
P < 0.001

Snoring 33.9% vs 32.1%; P < 0.001
Shortness of breath 29.8% vs 20.6%;
P < 0.001

Somnolence 23.4% vs 21.2%;

P < 0.001

Bigal et al.
2008

Blumenfeld
et al. 2011

Buse et al.
2010,

Plesh et al.
2012

Ashina
et al.2012

Lipton et al.
2014

Reed et al.,
2015

Adams et al.,
2015

Ornello et al,
2015

Torres-Ferrts

et al., 2017

Buse et al,
2019

(continued on next page)
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Studies Study Type Study design Results of factors associated with the Ref
transformation of migraine
Sleep adequacy 24.2% vs 22.1%;
P < 0.001
Factors associated to chronic migraine with Cross-sectional study Episodic Headache Chronic Migraine Physical activity (OR 0.42, 95% CI Viana et al.
medication overuse: A cross-sectional study (N = 156) (N =162) 0.19-0.91, p = 0.029) 2018

Association between periodontitis and chronic
migraine: a case-control study

The migraine in America symptoms and
treatment (MAST) study

Predictors of episodic migraine transformation
to chronic migraine: A systematic review and

Case-control study

Prospective cohort
study

Systematic review
and meta-analysis

Chronic Migraine
(N =102)

Episodic Migraine
(N =91)

Prospective study of 15,133 people with
migraine and and 77,453 controls.
Assess increased migraine headache days
and associated comorbidities

Predictor of chronic migraine using the
fixed effect model

Age at onset of migraine (OR 0.94,
95% CI 0.89-0.98, p = 0.016)

At least one migraine preventive
medication (OR 2.36, 95% CI
1.18-4.71, p = 0.014)

Depression (OR 2.91, 95% CI
1.25-6.73, p = 0.012)

Insomnia associated with the use of
hypnotics (OR 5.59, 95% CI
1.65-18.93, p = 0.006)

Traumatic head injuries (OR 3.54,
95% CI 1.57-7.99, p = 0.002)
Snoring (OR 2.24, 95% CI 1.05-4.79,
p = 0.036)

Combined oral contraceptives (OR
3.38, 95% CI 1.10-10.3, p = 0.031
Chronic periodontitis OR = 2.4; 95%
CI1.2-4.7; p = 0.012

Significant outcome (P < 0.001)
includes

gastric ulcers/GI bleeding
diabetes

anxiety

depression

insomnia

asthma and allergies/hay fever
Depression RR = 1.58 [1.35, 1.85]
Monthly headache day frequency

Ameijeira et al.
2019

Buse et al.
2020

Xu et al. 2020

meta-analysis of observational cohort studies

The Chronic Migraine Epidemiology and
Outcomes (CaMEO) Study
- Psychiatric comorbidities

Longitudinal study
with cross-sectional
surveys

(N =15,312)

Searching for Predictors of Migraine
Chronification: a Pilot Study of 1911A > G
Polymorphism of TRPV1 Gene in Episodic
Versus Chronic Migraine

Cross-sectional study
(N =27)

Episodic Headache

Episodic Migraine

greater than 5 days/month RR = 3.18
[2.65, 3.82]

Monthly headache day frequency
greater than 10 days per month RR =
5.95 [4.75, 7.46]

Allodynia RR = 1.40 [1.23, 1.59]
Depression 56.6% vs 30.0%;

P <0.001

Anxiety 48.4% vs 28.1%; P < 0.001
Coexisting depression and anxiety
42.0% vs 20.8%; P < 0.001

TRPV1 SNP gene

Episodic migraine genotype (AA 33%,
AG 56%, GG 11% and AA 34%, AG
46%, GG 20%)

Vs

Chronic migraine genotype (AA 68%,
AG 32%, GG 0%)

P < 0.05

Chronic Migraine
(N = 1476)

Lipton et al.
2020

Yakubova et al.
2021

Chronic Migraine
(N =19)

Clinical progression of migraines
Migraine clinical courses

Migraine as a linear progressive pattern

Various observational studies have identified and classified migraine
patterns into 4 main courses: clinical remission, partial clinical remis-
sion, persistent and progressive (Bigal and Lipton, 2008a; Bigal and
Lipton, 2008b).

Clinical remission is a clinical course in which a patient with migraine
headache tends to remain symptom free for an extended period of time
or even have no headache at all after a certain time point. Although no
guideline has established the duration of the headache-free period,
many clinical studies have used a 1-year symptom-free period as the
duration of remission (Lipton et al.2007; Silberstein et al. 2007). In the
American Migraine Prevalence and Prevention (AMPP) study, the rate of
remission is around 10% (Lipton et al.2007). Factors related to migraine

remission have not been well studied, especially in EM; however, out of
the existing remission studies, most have focused on CM, demonstrating
that older age, male gender, fewer headache days and absence of allo-
dynia are key factors for headache remission (Scher et al.2003, Buse
et al.2010, Manack et al. 2011).

Partial clinical remission refers to the condition in which some fea-
tures of migraine attacks, such as frequency or severity, are diminished.
Partial remission patients will experience milder migraine features and
symptoms during a 1-year period. Epidemiologic data shows the prev-
alence of this migraine category to be around 3% of all cases studied
(Lipton et al.2007). Factors involved in partial remission are also related
to age, demonstrating that advanced age is associated with fewer attacks
and more atypical headache presentations (Bigal and Lipton, 2006).

Persistent migraine is defined as having constant but slightly fluctu-
ating frequency, intensity and accompanying symptoms (nausea, vom-
iting, etc.) of migraine headache on a regular basis for years. In addition,
persistent migraine does not show functional or anatomical changes
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(Bigal and Lipton, 2008a). It still remains unknown as to why this type of
migraine does not remit or progress. Further studies are warranted to
understand this phenomenon.

Progressive migraine is the most studied clinical course of migraine
type due to its morbidity. Key features include progressive increases in
the number and intensity of attacks, autonomic disturbance and allo-
dynia which over time, leads to chronic migraine (Bigal and Lipton,
2008a; Manack et al. 2011; Katsarava et al. 2012; Torres-Ferrts et al.,
2017). Apart from clinical changes, several studies have pointed out
functional and anatomical changes within the brain. It is believed that
alteration within the trigeminal nociceptive system, along with modu-
lation of the brainstem, are key physiological changes within the brain
circuitry. Furthermore, the occurrence of structural changes in pro-
gressive migraine makes for interesting markers in migraine chron-
ification (Su and Yu. 2018; Eikermann-Haerter and Huang.2021).

Migraine as a fluctuating pattern

The recent study by Serrano et al. questioned the 15 or more days per
month for 3 months chronic migraine diagnostic criteria and found that
the nature of migraine is more of a fluctuating course than constant. An
estimated random-effect variance model found that there are variabil-
ities in headache days within the EM and CM groups. In other words,
when using this criterion, patients could experience CM in one month
and EM in other months. Hence, the authors concluded that the nature of
chronic migraine may not be clearly represented with the 15-day criteria
due to the similar biology of the 2 specified groups (Serrano et al.2017).

Types of progression

Changes in migraine progression can be observed over time. The
most dramatic changes can be seen clinically while, subtle changes
occurring within brain processing or other physiological changes are
more difficult to detect. To confirm these alterations, investigations
including functional neuroimaging and the use of biomarkers, albeit still
undetermined, are needed.

Clinical progression

Different clinical features in CM and EM are mainly investigated in
epidemiologic studies. A summary of the main clinical outcomes is
presented in Table 1. As mentioned above, clinical features are observ-
able; however, some clinical features are subjective and might be over-
reported in migraine patients.

Clinical features

Headache frequency. Observational studies included in this review
have found that one of the most significant factors leading to CM is the
increase in headache frequency, measured by the number of headache
days per month. Two longitudinal analyses of the American Migraine
Prevalence and Prevention (AMPP) studies, done on separate occasions,
have also demonstrated these findings. Lipton et al. compared EM and
CM patients during 2005-2009 and reported that the number of head-
ache days for CM versus EM had an odds ratio of 7.31 (6.98, 7.66, p <
0.0001) (Lipton et al.2014). In the other AMPP study, Ashina et al. re-
ported an odds ratio of 1.29 (1.21-1.36, p 0.0001) (Ashina et al.2012).
The Chronic Migraine Epidemiology and Outcomes (CaMEO) Study also
showed a significant difference in headache frequency days with an odds
ratio of 6.49 (6.21-6.78, p 0.001) (Adams et al.2015). Therefore, there is
an association between headache frequency and chronification of
migraine. A recent systematic review and meta-analysis found that a
monthly headache day frequency of more than 10 days had a risk ratio of
5.95. While a monthly headache day frequency of more than 5 days had
a risk ratio of 3.18 in predicting the transformation of CM (Xu
et al.2020). It has also been suggested that migraine preventive medi-
cation should be started if patients have more than 2 headache days per
week to prevent CM and medication overuse headaches (MOH) (Sun-
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Edelstein et al.2021).

Cutaneous allodynia. Cutaneous allodynia is defined as an abnormal
perception of pain in response to non-noxious stimuli. This clinical
feature has been reported to occur in 63.2% of migraine patients (Lipton
et al. 2008). Patients with CM had higher allodynia scores than those
with EM (OR = 1.21, 95% CI 1.11-1.31, P.0001) (Lipton et al.2014). In
the Leiden University Migraine Neuro-Analysis (LUMINA) prospective, a
6-month longitudinal study showed that allodynia was an independent
predictor for an increased number of migraine days (Louter et al. 2013).
In a systematic review and meta-analysis using the fixed effect model to
predict the transformation of EM to CM, the authors reported only a
slight increase in risk (RR = 1.40, 95% CI 1.23-1.59), citing the study’s
inclusion criteria for their marginal results. (Xu et al.2020). Despite this,
cutaneous allodynia still remains a key feature in the progression of
migraine.

Nausea. Migraine diagnosis often includes other symptoms such as
nausea, which was once believed to vary with the frequency of head-
aches. However, findings suggest that headache frequency does not al-
ways correlate with nausea (Lipton et al., 2013). In a prospective cohort
study, migraine patients with persistent frequent nausea were more
prone to develop chronic migraine (OR 2.2, 95% CI 1.7-4.7). After
adjustment of the confounder, nausea was found to be affiliated with
chronic migraine progression and may also be part of the causal
pathway of chronification. (Reed et al., 2015).

Photophobia. Also called photic allodynia, photophobia is a common
characteristic of trigeminal hypersensitivity. In a longitudinal cohort
study, photophobia was associated with a poor outcome of migraine
(OR = 3.93, 95%CI 0.38-40.48); however, the results did not reach
statistical significance (Ashina et al. 2010). A cross-sectional study
conducted in women with chronic migraine and without migraine found
that those with CM have higher levels of photophobia and phonophobia
than non-migraine (p < 0.05) (Pinheiro et al.2021).

Migraine-like headaches or tension-type headaches. According to the
ICHD-3, mandatory diagnosis of chronic migraine requires at least 8
migraine days per month while, the remaining days may be other or less
severe types of headache such as tension-type or milder migraine-like
headaches; however, the debate has been made as to whether these
other headaches are actually mild migraine attacks or true tension-type
headaches (Chalmer et al.2020). To date, no solid evidence has yet
confirmed the type of headache but inclusion of these other headache
types in the study acknowledges lower severity of CM on certain days
(May and Schulte, 2016), which may present easier treatment
opportunities.

Physiological progression represented by functional neuroimaging

Functional neuroimaging plays a crucial role in the study of migraine
since migraine itself is a physiological dysregulation. An early study in
1995 measured cerebral blood flow during and after migraine attacks in
nine patients. The group was the first to report activation in the brain-
stem and cerebral cortex. Brainstem hyperperfusion persisted despite
sumatriptan injection (Weiller et al., 1995). In another study, eight re-
fractory CM patients who were implanted with occipital nerve stimu-
lator underwent PET scan. During headache periods, increased regional
blood flow was seen in the dorsal pons and the anterior cingulate cortex
(Matharu et al., 2004). These areas were identified as either the pain
processing pathway or the pain modulating system. More recent findings
have found distinct regions involving in CM, including the basal ganglia
and the limbic system (Maniyar and Goadsby, 2013). In a PET study in
CM, it was found that interictal glucose metabolism increased in the
pons and right temporal cortex but decreased bilaterally in the medial
frontal, parietal, somatosensory cortices, and the caudate nuclei. Au-
thors concluded that the brainstem inhibitory process is diminished in
CM (Aurora et al.2007).

The hypothalamus is involved in the pathogenesis of premonitory
symptoms of migraine and may serve as a migraine generator. Changes
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Fig. 1. Summary of voxel-based morphology studies, areas that increased in volume (blue) includes the basal ganglion (Neeb et al.), orbitofrontal cortex (Valfre’
et al., Lai et al.) and right hippocampus (Neeb et al.). Areas that decreased in volume (red) includes anterior cingulate cortex (Niddam et al., Valfre’ et al.), occipital
cortex (Coppola et al., Lai et al.), Cerebellum (Bilgic et al., Lai et al.), anterior hypothalamus (Chen et al.), and the brainstem (Bilgic et al.). Controversial areas (blue
and red) include the temporal lobe (Neeb et al.), amygdala (Neeb et al., Coppola et al., Valfre et al) and somatosensory cortex (Valfre et al., Neeb et al.). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in hypothalamic activity have also been found in patients with CM.
Compared with normal controls, patients with CM, but not EM, showed
a significant increase in activation of the anterior hypothalamus
(Schulte et al. 2017). The same area showed more activity in CM patients
with headaches at time scanning compared to patients with EM with
headaches during scanning. Lerebours et al demonstrated a significant
connectivity between anterior hypothalamus and spinal trigeminal nu-
cleus in patients with CM but these two regions were not connected in
the episodic group. Since the hypothalamus plays a role in the pre-
monitory phase, the authors suggest that the increased activation of the
anterior hypothalamus locks CM in the preictal phase (Lerebours
et al.2019).

In addition to its specific location within the pain pathway, con-
nectivity between these regions have also been mentioned in current
studies; two of which have shown that the periaqueductal grey (PAG) is
interconnected with multiple areas of the brain. As migraine frequency
increases, certain areas increased their signal strength, including the
anterior insular cortex, the supramarginal gyrus and the hypothalamus,
while some connectivity was decreased in the prefrontal cortex, anterior
cingulate gyrus and the amygdala (Kong et al.2010; Mainero et al.2011).

Anatomical progression

Although migraine is recognized as a disorder of physiologic dysre-
gulation, anatomical changes in the nervous system have been clearly
demonstrated. Significant anatomical changes in migraine include
changes in brain volume, metal deposition, and white matter changes.

Morphological changes within the brain are studied using voxel-
based morphometry (VBM) as a quantitative measurement technique
that detects the concentration of brain tissue within the specific loci in
comparison with control brain specimens (Ashburner and Friston,
2000). It enables the quantitative estimation of volume loss or thick-
ening or gain in specific areas of the brain. This method is not new and
has been established in other types of medical research including
migraine (Valfre et al., 2008). In CM, VBM findings suggest that volume
changes occur within the pain pathway and cognitive pathway. In this
regard, these changes may help explain ongoing pain and clinical
symptoms in patients. Current studies comparing CM with EM or control
were summarized (Fig. 1). Increased volumetric areas of the brain
include the basal ganglion, right hippocampus, right amygdala, and the

orbitofrontal cortex while, decreased volume of the brain includes the
brainstem, cerebellum, left amygdala, anterior hypothalamus, occipital
cortex, and anterior cingulate cortex. Controversial brain areas were the
somatosensory area and temporal lobes (Valfre et al., 2008; Bilgic et al.,
2016; Lai et al.2016; Neeb et al., 2017; Coppola et al., 2017; Niddam
et al., 2018; Chen et al., 2019). As some results were of controversy, an
argument was made about the timing of the studies. In a longitudinal
study, increased volume was reported in the early stages of CM; how-
ever, two years later, the volume was reported to decrease as the disease
becomes more chronic (Liu et al.2017). In addition, most of the findings
from our comparison showed a significant correlation between attack
frequency and volume alteration (Valfre et al., 2008; Coppola et al.,
2017; Liu et al., 2017). It is believed that the alteration of brain volume
is associated with the frequency of migraine attacks and duration of the
disease.

Apart from the changes found in VBM, the accumulation of iron
deposition in the PAG has been found in CM. PAG is involved in the
descending brainstem modulating systems; therefore, dysfunction of this
area could lead to the progression of migraine. In early studies, iron
deposition was found in both EM and CM but was not found in controls.
However, the difference in deposition between EM and CM was not
different (Welch et al. 2001). In a recent study, CM showed greater iron
deposition within the PAG compared with EM and control groups
(Dominguez et al., 2019). Therefore, iron deposition could possibly be a
marker of chronicity. It is suspected that iron deposition is a conse-
quence of repeated migraine attacks, causing free radical oxidative
stress and blood brain barrier leakage (Dominguez et al., 2019). Other
areas are also affected by the same process, including the red nucleus,
putamen, and the globus pallidus (Aurora and Brin, 2017).

Another interesting finding in CM is the presence of white matter
lesions (WML). Well-known as a consequence of vascular precipitating
risks and age, WML have predominantly been found up to 2-4 fold in
migraine compared with normal controls (Swartz and Kern, 2004). In
the Cerebral Abnormalities in Migraine, an Epidemiological Risk Anal-
ysis (CAMERA) population-based study, Kruit er al. found that the fre-
quency of migraine was associated with WML progression (odds
ratio, 2.6; 95% CI, 1.2-5.7) (Kruit et al., 2004). The study also adjusted
cardiovascular risks to control the confounding factors. In a follow-up
study, higher frequency and longer duration of migraine showed a
higher risk of WML (Kruit et al., 2010). On the contrary, in the CAMERA-
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2 study, WML was not associated with the frequency of migraine (Palm-
Meinders et al., 2012). It was argued that the CAMERA-2 study might
have had lower attack frequency and fewer cases. Another study found
that WML was associated with nausea and pain intensity during attacks
(Negm et al., 2018). The exact pathophysiology has not been well
established but is thought to be linked to the ischemic process and
neuroinflammation. The role of ischemia is believed to be due to a
decrease in cerebral blood perfusion during migraine attacks and
therefore, can cause focal white matter ischemia (Olesen et al., 1990). It
has also been studied that during migraine attacks, patients’ blood
vessels are more prone to vasoconstriction. To date, studies in neuro-
inflammation in CM have not been well established. Of the existing re-
ports, however, most have been based on findings in multiple sclerosis
where cytokines and neuropeptides were found to have played a role in
glial dysfunction and neurodegeneration (Datta et al., 2017).

Other associated factors

Depression

Depression is a common comorbidity for migraine sufferers. The
occurrence of depression could alter a patient’s clinical course and
prognosis. Therefore, early detection and optimal treatment strategy are
crucial to achieving better quality of life. Epidemiology studies have
pointed out the association between depression and CM (Buse et al.,
2020). In a population-based retrospective matched cohort study done
in Taiwan, it was found that the relative risk of depression was 1.88 (p <
0.0001) in CM than other migraines (Chen et al., 2012). After adjusting
for sociodemographic variables and headache characteristics, data from
the AMPP study found that depression was a significant predictor of CM
(OR = 1.65, 95% CI 1.12-2.45) (Ashina et al., 2012). In addition,
migraine sufferers with allodynia (as a marker of CM) were found to
have a higher association with depression (Kao et al., 2014). Interest-
ingly, depression also has bidirectional effects on migraine. Using two-
way hazard ratio analysis, Breslau et al showed that a sex-adjusted
hazard ratio of the first onset of major depression in persons with pre-
vious migraine was 2.35 (95% CI 1.84-3.01), while the hazard ratio for
the first occurrence of migraine in persons with prior major depression
was 2.75 (95% CI 2.17-3.48) (Breslau et al., 2000).

Previous studies have shown the relationship between migraine and
depression and how they share similar mechanisms. For example, via the
aminergic systems, which includes serotonin and dopamine. A study in a
rat model using inflammatory soup (IS) to induce CM found that the rats
demonstrated depression-like behavior. In addition, serotonin and
dopamine in the prefrontal cortex of the IS rat were significantly lower
compared with controls (Zhang et al., 2017). Real-world clinical settings
have shown that selective serotonin reuptake inhibitors could treat both
depression and CM. Another proposed mechanism is via psychiatric
model called the “learned helplessness” model. This model was initiated
to explain depression as a consequence of an unpredictable and un-
controllable event (Sheftell and Atlas, 2002). In this case, the frequency
of migraine attacks represented the helplessness event which required
attention in order to stop the ongoing process.

Chronic pain syndromes

Chronic migraine has been reported to coexist with a variety of
chronic pain syndromes. A US National Interview Survey conducted
between 2000 and 2005 discovered that among patients with severe
headache or migraine, temporomandibular joint and muscle disorder,
and neck pain had an OR of 7.0 (95% CI 6.6-7.5) and OR of 5.0 (95% CI
4.8-52), respectively (Plesh et al., 2012). The underlying mechanism is
believed to be due to the activation of the trigeminovascular pathway.
Furthermore, central sensitization may play a role in pain pathogenesis
(Calhoun et al. 2010; Anderson et al., 2011). As a comorbidity, it is
believed that chronic pain syndrome occurs due to shared physiology
with migraine. Currently, there is still insufficient data and evidence to
define a causal relationship.
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Obesity

Multiple epidemiologic studies have demonstrated a correlation be-
tween obesity and chronic migraine. In an AMPP study, it was found that
obesity was a factor associated with migraine chronification (OR = 1.24,
95%CI 1.03 to 1.50) (Buse et al., 2010). The CaMEO study showed
similar results (OR = 1.34, 95%CI 1.21-1.50) (Adams et al., 2015).
Later, a systematic review and meta-analysis of observational studies
focusing on obesity found an association between obesity and CM. There
is almost a 2-fold increase risk in developing chronic migraine for obese
patients (RR = 1.75; 95% CI, 1.33-2.29; P 0.001), while there isa 1.39
times association in pre-obesity conditions (RR = 1.39; 95% CI,
1.13-1.71; P = 0.002) (Ornello et al., 2015). Despite these findings, the
underlying pathophysiology has not been well established. Two of the
most studied mediators are leptin and adiponectin, both adipokines, (a
group of peptides involved in weight modulation, immunity, and insulin
resistance) that are found mainly in fat tissue (Peterlin et al., 2016). In a
cross-sectional study, serum levels of leptin and adiponectin signifi-
cantly increased compared to EM in CM (Dominguez et al., 2018).
Therefore, it is believed that adipokines are responsible for the inflam-
matory process leading to chronification.

Pathophysiology of migraine progression
Pathogenesis of migraine

To understand the possible pathogenesis of migraine progression, it
is necessary to understand the key elements of the mechanism under-
lying migraine (for review please see Burstein et al., 2015, Dodick
2018). Migraine attack consists of multiple phases including premoni-
tory, aura, headache and postdrome. Increased susceptibility in devel-
opment of these phases can lead to progression or deterioration. Each
phase has specific physiological mechanism which involves specific
brain area. The symptoms during the premonitory phase of migraine,
such as changes in appetite, altered sleep-wake rhythms, mood changes
or changes in liquid tolerance and others, indicate transient dysfunction
of the hypothalamus. Since the hypothalamus has wide connections to
cortical and subcortical structures as well as brainstem nuclei that
modulate nociceptive signaling, alteration of the hypothalamus can in-
crease the susceptibility of cortical spreading depression (CSD) devel-
opment as well as trigeminal nociception. CSD is thought to be a
transient slowly propagated wave of depolarization followed by sup-
pression of brain activity. This change in cortical activity is a mechanism
underlying the migraine aura.

The headache phase involves activation of the trigeminovascular
system. During the attacks of migraine, the trigeminal nociceptive sys-
tem is intermittently sensitized. Increased sensitivity of trigeminal
nociceptors that innervate the dural meninges, so called peripheral
sensitization, is responsible for the exacerbation of intracranial head-
ache pain due to physical activity and movement, as well as the pul-
sating nature of migraine head pain. Prolonged activity in trigeminal
afferents will induce the state of increased sensitivity of central tri-
geminal neurons, resulting in central sensitization. This process ac-
counts for scalp and forehead allodynia observed during a migraine
attack. Sensitization of trigeminothalamic neurons is likely to account
for the widespread cutaneous allodynia involving extracephalic regions.

The mechanism underlying fluctuation of the trigeminal nociceptive
threshold in migraine patients is still unclear. The trigeminal nociceptive
system is under the influence of brainstem modulation where several
brainstem nuclei have axons that either increase or decrease the sensi-
tivity of central trigeminal nociceptive pathways. An increase in
regional cerebral blood flow in the mesencephalon and pons has been
demonstrated during a migraine attack (Weiller et al., 1995). These
changes persist even after headache termination, indicating their roles
in either migraine generation or sustentation. The alteration of these
brainstem nuclei may play a role in this process. The observation of the
accumulation of iron in the PAG over the duration of illness reflects the
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Fig. 2. Possible mechansims leading to migaine progression. Hyperexcitabilty of neurons in trigeminal nociceptive pathway and other brian areas related to migraine
patogeneisis plays important roles in migraine progression. Two main plausible mechanisms which can lead to this hyperexcitability are sensitization caused by
repetitive and prolonged nociceptive activation, and the alteration in inhibitory control.

relationship between these brainstem areas and the chronicity of
migraine (Welch et al., 2001). Therefore, alteration of these brainstem
nuclei may play a role in this process. In addition to nociception, the
brainstem modulating system also influences cortical excitability and
can modify the threshold of elicitation of CSD.

Pathogenesis of migraine progression

Both clinical features such as increased sensory sensitivity, cuta-
neous (cranial and extracranial) allodynia, etc. and neurophysiological
findings such as impaired habituation, identify neuronal hyperexcit-
ability as the pathophysiologic mechanism underling migraine pro-
gression. There are two main plausible mechanisms which can lead to
this hyperexcitability. The first is an increase in the intrinsic excitability
of the neurons in brain areas responsible for migraine pathogenesis, the
process known as sensitization. This intrinsic neuronal change may be
the result of repeated nociceptive activation. The second mechanism is
the decrease in endogenous brainstem inhibitory control, hence
increasing the excitability of neurons in the trigeminal nociceptive
system and cerebral cortex (Fig. 2).

Repetitive nociceptive activation and sensitization

Increased sensitivity of neurons in the trigeminal nociceptive system
is important in the pathogenesis of headache in migraine patients. The
current concept is that neuropeptides released during migraine attack
sensitize neurons with cell bodies in trigeminal ganglia. Calcitonin gene-
related peptide (CGRP), the neurotransmitter released from nociceptive
terminals, plays a crucial role in this process. An increased level of CGRP
was demonstrated in the external jugular but not the cubital fossa blood
of patients during migraine attacks which indicates that CGRP is

regionally released in the cranial circulation (Goadsby et al., 1990). This
ictal released CGRP can facilitate trigeminal nociceptive transmission
and contributes to the development and maintenance of a sensitized,
hyperresponsive state of the trigeminal ganglionic neurons. This pe-
ripheral sensitization has been accepted as a possible mechanism
responsible for the pulsating nature of migraine head pain and the
aggravation of the headache by routine physical activity.

Binding of CGRP with its receptor complex activates multiple
signaling cascades in the postsynaptic cells, including the activation of
adenylate cyclase, with a subsequent increase in cAMP and activation of
protein kinase A (PKA). This process results in the phosphorylation of
multiple neuronal proteins. Phosphorylation of ion channels such as the
P2X3 channel, along with the TRP receptor altering their conductance
can lead to sensitization. Other targets include transcription factors,
such as cAMP response element-binding protein (CREB) which can
result in long-term change in neuronal function (Fig. 3). Interestingly,
although CGRP plays an important role in nociceptive transduction, its
receptors are not expressed on small nociceptive CGRP-releasing neu-
rons. Instead, medium-sized trigeminal ganglion neurons (A$ fibers) and
satellite glial cells, express CGRP receptor components, calcitonin
receptor-like receptor (CLR) and the receptor activity-modifying protein
1 (RAMP1) (Lennerz et al. 2008). The pattern of CGRP and CGRP re-
ceptor expression separates the ganglion neurons into CGRP-secreting
and CGRP-responding fractions. This anatomical localization implies
that CGRP might evoke activation of Ad fibers or satellite glial cells,
resulting in the increased expression of cytokines via activation of pro-
tein kinases. This potential crosstalk of signals between CGRP-secreting
and a CGRP-responding cells involves intracellular mechanisms,
including gene expression, leading to an increase in expression of
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Fig. 3. CGRP transduction cascade. Binding of CGRP with its receptor complex activates multiple signaling cascades in the postsynaptic cells, including the acti-
vation of adenylate cyclase, with a subsequent increase in cAMP and activation of protein kinase A (PKA). This process results in the phosphorylation of multiple
neuronal proteins. Phosphorylation of ion channels such as P2X3 channel, TRP receptor alters their conductance and can lead to sensitization. Sustained CGRP
release from central axons of trigeminal ganglionic neurons can trigger the activation of the mitogen-activated protein kinase (MAPK) signaling cascade. The
activated kinase promotes the phosphorylation of the NR1 subunit of the NMDA receptor, causing changes in the channel transduction and excitability of post-
synaptic neurons. Other targets include transcription factors, such as cAMP response element-binding protein (CREB) which can result in long-term change in

neuronal function.

inflammatory cytokines in dura mater, neuronal cell bodies and glial
cells in the trigeminal ganglion (Messlinger et al 2020). Enhanced
cytokine production and release, in or near neuronal cell bodies in the
trigeminal ganglion, could act as a neuronal signal enhancer, causing
neurogenic neuroinflammation and sensitization (Edvinsson et al 2019).
As mentioned above, high frequency of migraine attacks is a risk factor
of progression. An increase in migraine frequency can result in repeated
release of CGRP, causing frequent neurogenic inflammation, prolonged
activation and sensitization of trigeminal nociceptive terminals. -.

The role of CGRP in the process of migraine progression is supported
by the clinical observations of high CGRP in patients with CM. Female
patients with CM had higher blood CGRP levels compared with control
healthy women, women with EM, and patients with episodic cluster
headache. CGRP levels were more pronounced in those with a history of
migraine with aura, compared to those only experiencing migraine
without aura (Cernuda-Morollén et al., 2013). Interestingly, a follow-up
study by the same investigators showed that the probability of being a
responder to onabotulinumtoxin type A was 28 times higher in CM pa-
tients whose CGRP levels were above the threshold of 72 pg/mL (Cer-
nuda-Morollon et al., 2014). In addition to plasma, high levels of CGRP
have also been demonstrated in saliva and CSF (Jang et al., 2011; van
Dongen et al., 2017). It should be noted, however, that there was no
difference in interictal CGRP level between CM, EM, and controls, as
reported by Lee et al. (Lee et al., 2019). The role of CGRP in the path-
ogenesis of CM is further supported by the beneficial therapeutic effect
of monoclonal antibody against CGRP or its receptor (Han et al., 2019).
Reduction in the number of headache days in CM patients treated with
monoclonal antibodies to CGRP (galcanezumab, fremanezumab, and
eptinezumab) or the monoclonal antibody to the CGRP receptor (ere-
numab) was observed (Lipton et al., 2020; Lipton et al., 2021; Diener
et al., 2021; Dodick et al., 2021).

In addition to CGRP, other neuropeptides which possibly play a role

in the process of migraine progression include vasoactive intestinal
peptide (VIP) and pituitary adenylate cyclase-activating polypeptide
(PACAP). An animal CM model using repeated injection of nitroglycerin
showed a significant increase in CGRP, VIP, PACAP and secretogranin
(Anapindi et al., 2019). Clinical data also supported the involvement of
VIP and PACAP in the CM pathogenesis. CGRP and VIP levels were
significantly increased in CM population vs controls. Similar to CGRP,
VIP levels were significantly increased in those who responded to ona-
botulinumtoxin type A, compared to the nonresponders (Cernuda-
Morollén et al., 2014). A case-control study using multinomial modeling
showed that VIP and PACAP increased the risk for CM, but not for EM,
while CGRP did not predict CM or EM (Pérez-Pereda et al., 2020).

Lack of habituation and central sensitization
Lack of habituation

One proposed mechanism that leads to migraine progression is the
inability to accommodate to stress placed on the organism. Kandel and
Tauc found in their research on the physiological basis of memory
storage in neurons, their work in habituation and its principles are
defined as the decremental response to repeated stimuli (Kandel and
Tauc.1965). The basis of using habituation in the study is due to the fact
that the migraine habituation process is lacking when responding to
repetitive non-noxious stimuli (Coppola et al.2013a). In proving that the
migraine habituation process exists, multimodal physiologic studies
have been used including evoked potentials, transcranial magnetic
stimulation, and magnetoencephalography. A pioneer study in this field
found that contingent negative variation (CNV) amplitudes (a potential
that can be recorded on the brain cortical surface between two defined
and contingent external stimuli) were higher in migraine sufferers
compared to normal control during interictal migraine attacks (Kropp
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and Gerber, 1995). These findings suggest that the higher amplitude
represents a lack of habituation. Repetitive transcranial magnetic stim-
ulation studies have also shown similar results (Coppola, 2015).

In contrast to EM, CM shows higher cortical response in the form of
reduced amplitude in laser-thermal evoked potential and is interpreted
as a lower pain threshold than normal controls (de Tommaso et al.
2003). Another method used in CM is the blink reflex (BR). BR obtains
information from peripheral and central components of the nervous
system. It is a representative of the trigeminal nucleus caudalis activa-
tion pathway and lack of habituation (Unal et al.2016). In a comparative
study using nociceptive BR, CM showed a more prolonged latency and
smaller amplitudes, suggesting that this might be due to cortical hy-
perexcitability or lack of habituation (Sohn et al.2016). Another study
using the same method found that migraine patients during migraine-
free periods showed deficient BR habituation and an inverse relation
to attack frequency (Di Clemente et al.2007). This was not thought to be
due to sensitization. Interestingly, neurophysiological patterns of CM
have shown some similarity to the ictal phase of EM. A somatosensory
evoked potential study measuring high-frequency somatosensory oscil-
lations (HFOs) found that CM and ictal EM both showed higher ampli-
tudes after electrical stimuli followed by habituation, while interictal
EM showed low amplitude at the initial assessment of HFO (Coppola
et al.2013b). Sensory findings in this study are believed to be a result of
the interconnections between the thalamus and the cortex. Hence, from
these physiological studies, CM resembles an ongoing process of ictal EM
or in other words, a “never-ending migraine attack” described by
Schoenen (2011).

Central sensitization

In addition to its effect on peripheral trigeminal system, intense,
repeated, and sustained noxious stimulation in trigeminal afferents can
lead to the state of hyperexcitability of the central trigeminal neurons,
resulting in central sensitization. In this state, central neurons display an
increase in spontaneous activity, reduction in threshold for activation,
and enlargement of nociceptive neuron receptive fields (Latremoliere
and Woolf, 2009). Regarding episodic migraine, central sensitization
accounts for scalp and forehead allodynia observed during the attack.
Relationship between allodynia and chronic migraine is well estab-
lished. The prevalence of cutaneous allodynia among patients with CM
is higher than the estimates for episodic populations, ranging from 40 to
90% (Ashkenazi et al 2007, Mathew et al 2016). Allodynia is an inde-
pendent predictor for the increase in number of migraine days and a risk
factor for migraine chronification (Louter et al., 2013). This clinical
presentation clearly illustrates that central sensitization of the trigemi-
nal system is involved in the process of migraine chronification.

Activation of the glutamate N-methyl-D-aspartate (NMDA) receptors
plays a crucial role in the development and central sensitization main-
tenance, possibly through the process of phosphorylation. The proposed
pathway involves sustained CGRP release from central axons of tri-
geminal ganglionic neurons can trigger the activation of the mitogen-
activated protein kinase (MAPK) signaling cascade. The activated ki-
nase promotes the phosphorylation of the NR1 subunit of the NMDA
receptor, causing changes in channel transduction and excitability of
postsynaptic neurons. This CGRP-induced process facilitates nociceptive
transmission and contributes to the development and maintenance of a
sensitized, hyperresponsive state of the second-order pain transmission
neurons within the central nervous system, thus contributing to central
sensitization (Iyengar et al., 2017).

Activation of the MAPK signaling cascade also modifies the tran-
scription factor controlling the genetic transcription process in the
postsynaptic cells. This process leads to the shift of central sensitization
from being activity-dependent to activity-independent and may indicate
a mechanism driving the progression of EM to CM (Iyengar et al., 2019).
The sensitization of trigeminothalamic neurons is likely to account for
the widespread cutaneous allodynia involving extracephalic regions.
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Medication overuse, sensitization, and endogenous brainstem modulating
system

Overconsumption of acute medication is a common problem in pa-
tients with migraine. In addition to other adverse effects, it can lead to
the deterioration of headache, causing medication overuse headache
(MOH). Several epidemiologic studies have confirmed that medication
overuse is a strong risk factor for the progression of migraine. For
example, data from the AMPP study suggested that EM converts to CM at
a rate of 2.5% per year (Bigal et al., 2008).

Furthermore, animal studies have clearly demonstrated that over-
consumption of acute medication, either simple analgesic, opiates, or
migraine specific agents, such as triptans and ergots, can alter the
endogenous modulating process, resulting in trigeminal nociceptive
facilitation. Chronic morphine intake in rats significantly increased the
amplitude of monosynaptic excitatory postsynaptic current (EPSCs) in
dorsal horn neurons evoked from the dorsal root and the frequency of
spontaneous EPSCs in the spinal cord slice model. On the contrary,
morphine treatment decreased the EPSCs, and NMDA currents evoked
by direct puff NMDA application. These results indicate that chronic
opioid treatment potentiates presynaptic, but impairs postsynaptic,
NMDAR activity in the spinal cord (Zhao et al., 2012). Expansion of
cutaneous receptive fields and lower thresholds of dura-sensitive med-
ullary dorsal horn neurons were observed in rats receiving sustained
infusion of morphine, indicating the presence of sensitization (Okada-
Ogawa et al., 2009). Similar to the changes caused by morphine, chronic
exposure to triptans also leads to sensitization. In rats, sustained
administration of triptans elicited time-dependent and reversible cuta-
neous tactile allodynia along with increased expressions of CGRP in
trigeminal dural afferents. These responses were maintained throughout
and transiently after drug delivery. Interestingly, two weeks after triptan
exposure, rats with normal sensory thresholds still showed enhanced
cutaneous allodynia and increased CGRP in the blood following chal-
lenge with a nitric oxide donor, indicating the presence of latent sensi-
tization (De Felice et al., 2010). The mechanism underlying triptan-
induced nociceptor sensitization may include the deficit in PKA-
mediated inhibition of nitric oxide-Nav1.9 coupling, resulting in the
hyperactivity of meningeal nociceptors and inflammation in the
meninges (Bonnet et al., 2019).

The sensitivity of the trigeminal nociceptive system depends on
several factors including the descending control from the brainstem.
Several studies have shown that chronic medication exposure can alter
the endogenous serotonin (5-HT)-dependent brainstem modulating
system. For example, chronic sumatriptan exposure induced significant
increases in the 5-HT synthesis rate in many projection areas but had no
effect in the dorsal raphe nucleus. The authors hypothesized that the 5-
HT transporter upregulation might possibly result from a down-
regulation/desensitization of 5-HT; receptors and/or unmasking of
excitatory triptan-sensitive 5-HT receptors. (Dobson et al., 2004). An
increase of platelet 5-HT transporter activity was also demonstrated in
patients with analgesic and triptan induced MOH (Ayzenberg et al
2008). Animals with low 5-HT and those with chronic medication
exposure share physiological changes. Increased susceptibility to
developing CSD and trigeminal nociceptive facilitation were seen in
both conditions (Supornsilpchai et al., 2006, 2010). Diminished func-
tion of the nucleus raphe magnus, a major 5-HTergic neuronal cell group
in the medulla has been demonstrated in animals with chronic analge-
sics exposure. Inhibiting this brainstem nucleus in control animals
significantly increased the frequency of CSD-evoked direct current shift
and Fos-immunoreactive neurons in the TNC, reflecting its inhibitory
effect on cortical activity. This modulating effect was lost in animals
with chronic acetaminophen exposure. The absence of nucleus raphe
magnus effect was also evident in another animal model using intrave-
nous systemic infusion of nitroglycerin (Potewiratnanond et al., 2019).

It is known that medication overuse causes deterioration of headache
only in patients with preexisting primary headaches disorders,
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Fig. 4. Mechanisms of migraine progression. Frequent migaine attacks result in the repetitive and prolonged inflammatory (CGRP-induced) nociception and induce
peripheral and then central sensitization. The increase in trigeminal nociceptive sensitivity leads to adaptive changes in several brain networks related to both pain
and non-pain behaviours. Chronic medication can alter the endogenous brainstem modulating systems, especially 5-HT dependent and render sensitization process.
Combination between increased pain matrix connectivity including hypothalamic hyperactivity and weak 5-HTergic system may contribute to migraine

chronification.

especially migraine. This observation implies that baseline activation of
trigeminal nociceptive pathways is a necessary factor for medication-
induced headache transformation. It should be noted that not all types
of trigeminal nociception can lead to MOH. MOH usually develops in the
setting of headaches with an inflammatory component, such as
migraine. This clinical observation implies that inflammatory noci-
ception may be required in the process of transformation. In a rat model,
chemically induced meningeal nociception plus chronic rizatriptan
exposure induced nociception-related behaviors in rats and increased
Fos expression in the cerebral cortex and trigeminovascular pathway,
whereas chronic rizatriptan exposure alone did not show Fos expression.
In addition, compared with IS alone, IS plus rizatriptan showed a more
robust Fos expression (Su et al.2016). Nation et al showed that
morphine-primed and high-dose sumatriptan-primed rats demonstrated
a loss of diffuse noxious inhibitory control on day 21 only if they
received a capsaicin injection on day 7. These findings suggest that
migraine medications combined with repeated episodes of inflammatory
pain, are required to produce long-lasting alterations in descending pain
modulation (Nation et al 2019).

Evidence has shown that up-regulation of CGRP may be an important
factor contributing to the development of MOH. An in vitro experiment
demonstrated increased expression of CGRP and substance P in cultured
dorsal root ganglia after repetitive morphine exposure (Ma et al 2000).
Bright light stress and NO donor challenge produced a long-lasting
cutaneous allodynia and significantly increased plasma CGRP levels in
animals with chronic sumatriptan exposure. The evoked cutaneous
allodynia can be inhibited by fremanezumab, a fully humanized CGRP
antibody. The authors suggest that acute migraine medications may
promote MOH in susceptible individuals through CGRP-dependent
mechanisms and that anti-CGRP antibodies may be a useful clinical
strategy for MOH treatment (Kopruszinski et al 2017).

Taken together, chronic acute medication exposure with coexisting
inflammatory nociception, can alter the descending endogenous 5-HT
modulating system and upregulate CGRP, causing long-lasting sensiti-
zation in trigeminal nociceptive pathway. The dysregulation of
descending pain modulatory circuits results in a net descending facili-
tation and promotes pain chronification.

Role of the hypothalamus and cerebral cortex

As mentioned in the functional imaging section, change in hypo-
thalamic function has been demonstrated in patients with CM. A recent
resting-state functional MRI study showed that, in patients with CM, the
hypothalamus is more easily activated by external stimuli; additionally,
it is strongly connected to the pain matrix in patients with CM. Brain
connectivity between the pain matrix and serotonergic system in pa-
tients with CM is relatively weak. This imbalance may contribute to
migraine chronification (Lee et al 2019).

The association between changes in brain networks and migraine
chronification has been demonstrated in an animal model of CM.
Application of inflammatory soup in awake, fully conscious, rats,

10

enhanced thalamic, hypothalamic, hippocampal, and somatosensory
cortex responses to mechanical stimulation of the face. Resting state MRI
data revealed altered functional connectivity in the default mode,
sensorimotor, interoceptive (salience) and autonomic networks. These
findings suggest that activation and sensitization of meningeal noci-
ceptors results in several adaptive responses including modifying hy-
pothalamic regulation of autonomic outflow to the cranium (Becerra et
al 2017). Global network disruption has been identified in both EM and
CM, as indicated by the highly segregated network in migraine patients
compared to non-headache controls. Higher modularity but a lower
clustering coefficient in CM is suggestive of more segregation in this
group compared to EM. The presence of a segregated network could be a
sign of maladaptive reorganization of headache related brain circuits,
leading to migraine attacks or secondary alterations to pain (Michels et
al 2021). The wide range of changes in brain networks may also explain
the comorbidities, such as depression and various types of chronic
painful syndromes, frequently seen in patients with CM.

Migraine progression — Proposed hypothesis

The above information shows that on-going trigeminal nociception,
especially induced by CGRP-related neurogenic inflammation, is
required for migraine progression. As suggested by Edvinsson et al,
continued stimulation of C fibers during repeated migraine attacks, and
the ensuing activation of AS fibers and satellite ganglion cells, leads to
neurogenic neuroinflammation in the trigeminovascular system,
thereby promoting the chronification process (Edvinsson et al., 2019).
Repetitive and prolonged inflammatory nociception will lead to pe-
ripheral and then central sensitization, resulting in changes in several
brain networks related to both pain and non-pain behaviours. The pro-
cess of CGRP-dependent inflammatory nociception is further enhanced
when the endogenous brainstem modulating systems, especially the 5-
HT dependent ones, is impaired (Fig. 4). Chronic medication can alter
5-HT modulating system and upregulate CGRP, causing long-lasting
sensitization in trigeminal nociceptive pathway. The dysregulation of
descending pain modulatory circuits results in a net descending facili-
tation, lack of habituation and promotes pain chronification. Therefore,
combination of chronic repetitive inflammatory nociception and
diminished brainstem modulation is a possible mechanism contributing
to migraine progression.
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