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Abstract

Previous studies have investigated whether migraine is a circulatory disorder, as migraineurs are at heightened risk
of cerebrovascular disease. However, in most cases, systemic vascular function was evaluated, which may not
reflect abnormalities in the cerebral circulation. Therefore, we aimed to determine whether cerebrovascular function differs
between migraineurs and controls. A systematic literature search was conducted across three electronic databases to search
for studies that compared cerebrovascular function in migraineurs to controls. VWhere applicable, meta-analyses were used
to determine standardised mean differences (SMD) between migraineurs and controls. Seventy articles were identified, 40 of
which contained quantitative data. Meta-analyses showed pulsatility index (Pl) was higher (SMD = 0.23; 95%Cl = 0.05 to 0.42,
P=0.01) and cerebrovascular responsiveness (CVR) to hypercapnia was lower (SMD=-0.34; 95%Cl=—-0.67 to —0.01,
P=0.04) in the posterior circulation of migraineurs, particularly those without aura. The meta-analyses also indicated that
migraineurs have higher resting mean blood flow velocity in both anterior (SMD = 0.14; 95%CI = 0.05 to 0.23, P = 0.003) and
posterior circulations (SMD = 0.20; 95%CI =0.05 to 0.34, P=0.007). Compared to healthy controls, migraineurs have
altered cerebrovascular function, evidenced by elevated Pl (representing arterial stiffness) and impaired CVR to hypercapnia
(representing cerebral vasodilator function). Future studies should investigate whether improvement of cerebrovascular
function is able to alleviate migraine.
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Introduction : :
characterised by headaches occurring on 15 or more

Migraine is a primary headache disorder associated days per month, whereas episodic migraine is charac-
with significant physical, psychosocial and emotional terised by headaches that occur on 14 or fewer days per
disability." Estimated to affect one in 10 people world- month.’

wide, migraine is characterised by a severe, throbbing,
often unilateral headache that can last for up to three
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Migraine pathophysiology

Despite its high prevalence, the pathophysiology of
migraine is yet to be completely elucidated. A current
hypothesis of migraine involves activation of the trige-
minovascular system (TVS), comprising sensory neu-
rons that originate from the trigeminal ganglion and
innervate blood vessels of the meninges (such as the
middle meningeal artery) and cerebral arteries (such
as those that form the Circle of Willis).® Activation
of the TVS is believed to trigger the release of vasoac-
tive neuropeptides (namely substance P, neurokinin A,
pituitary adenylate-cyclase activating peptide and cal-
citonin gene-related peptide) from trigeminal nerve
fibres onto cerebral and meningeal blood vessels, sub-
sequently resulting in transient vasodilation, plasma
protein extravasation and acute neurogenic inflamma-
tion of the vessels. The neurogenic inflammation and
vasodilation of cerebral and meningeal blood vessels
may trigger mechanical and chemical stimulation of
neighbouring nociceptors, resulting in migraine pain
and the further release of vasodilatory and inflamma-
tory neuropeptides; thus, perpetuating the migraine
pain cycle.*” Activation of the TVS is central to the
current theory of migraine; however, what causes the
initial activation in migraine is unknown.

Endothelial dysfunction and migraine

There has been conflicting evidence as to whether
migraine is associated with endothelial dysfunction. A
crucial function of the endothelium is to regulate the
vasomotor tone; if compromised, both vasodilatation
and vasoconstriction may be impaired.® To see whether
endothelial dysfunction is associated with migraine,
Sacco et al.’ reviewed studies that examined systemic
endothelial function, as measured by flow-mediated
dilatation, endothelial progenitor cells and arterial
tonometry. The findings from these studies were incon-
sistent, with reports of lower, higher or no difference in
systemic endothelial function of migraineurs when
compared to that of controls.” However, systemic vas-
cular abnormalities may not necessarily reflect cerebro-
vascular pathology.'®'? Recently, Ornello et al.'’
investigated whether migraine was associated with
poor cerebrovascular function; however, findings
from their narrative review, which assessed cerebrovas-
cular reactivity to hypercapnia or hypocapnia, were
conflicting. As such, it is still not clear if migraineurs
have abnormalities of cerebrovascular function, which
could partially account for their heightened risk of
cerebrovascular diseases, such as stroke. Hence, the
aim of this systematic review and meta-analysis is to
determine whether migraine is associated with altered
cerebrovascular function by summarising the findings

of original studies that have compared cerebrovascular
function in migraineurs to that of controls.

Methods

Search strategy and inclusion/exclusion criteria

A systematic literature search was conducted using
three electronic databases (EMBASE, Medline and
Web of Science) to search for full text, original studies
that compared cerebrovascular function in migraineurs
to controls until July 2020. The following search terms
were used: “migraine” or “headache” AND “brain” or
“cerebral” AND “endothelial” or “blood flow”. Other
inclusion criteria were studies conducted in adult
humans, studies conducted in the migraine-free
period and studies published in English. Studies that
assessed cerebrovascular function in migraineurs and
controls as part of an intervention trial were included
if they provided baseline cerebrovascular function data.
Additionally, the reference lists of relevant studies were
scanned to identify any studies that may have been
missed during the initial search. Studies were excluded
if they assessed cerebrovascular function during a
migraine attack, if they did not compare cerebrovascu-
lar function in migraineurs to controls and/or if they
were not published in English. Abstracts, case reports,
letters, notes, reviews and surveys were also excluded.

Data extraction and analysis

Data extraction was performed by one investigator
using a standardised data extraction form. Data
extracted from the articles that met the eligibility crite-
ria for the qualitative analysis comprised the study
population and migraine subtype(s), the blood vessel
(s) or brain region(s) where cerebrovascular function
was assessed, whether cerebrovascular function was
assessed at rest or under dynamic conditions, the
metric used to assess cerebrovascular function and
key findings. Data extracted from the articles that
met the eligibility criteria for the quantitative analysis
included the mean and standard deviation for each rel-
evant measure of cerebrovascular function and the
sample size of the migraineur and control groups.

Quality assessment

A modified Newcastle-Ottawa scale (NOS) for cross-
sectional studies was used to assess and evaluate the
methodological quality of studies included in the
meta-analyses. The maximum score for the modified
NOS was nine where scores between 0 and 3, 4 and 6
and 7 and 9 were categorised as low, moderate and high
quality respectively.
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Data analysis and statistical methods

Meta-analyses of data were performed where applica-
ble using a random-effects model in Review Manager
(RevMan) for Windows, version 5.4.0 (The Cochrane
Collaboration, 2020) to determine standardised mean
differences (SMD) between migraineurs and controls.
To be included in the meta-analyses, studies had to
provide sufficient data in order for the SMD of the
cerebrovascular function metric between migraineurs
and controls to be calculated. As cerebrovascular func-
tion was assessed in many different cerebral blood ves-
sels and brain regions, relevant measures of
cerebrovascular function were grouped into the anteri-
or and/or posterior circulations or similar brain regions
for meta-analyses, where applicable. The I? statistic
was used to estimate the heterogeneity between studies,
where values of 25%, 50% and 75% represent low,
medium and high heterogeneity, respectively.'*
Publication bias was assessed through visual examina-
tion of the funnel plots and Egger’s regression test was
used for meta-analyses that included 10 or more stud-
ies. Duval and Tweedie’s trim-and-fill method was used
to estimate any additional studies for meta-analyses
that were found to have publication bias."
Comprehensive  meta-analysis (CMA  Software,
Version 3.3.070) was used for the Egger’s regression
test and Duval and Tweedie’s trim-and-fill. For all
analyses, a P value of <0.05 was considered statistically
significant.

Subgroup analysis

We performed subgroup analyses for the different sub-
types of migraine, which included migraine with aura,
migraine without aura, chronic migraine and episodic
migraine. Additionally, subgroup analysis was per-
formed for a mixed subgroup for studies that did not
perform separate analyses for migraineurs based on
their aura status or frequency of migraine.

Results

Study selection

The database search and other sources yielded 2307
articles (see Figure 1). After duplicates were removed,
2128 articles remained and were subsequently screened
for relevance by examining the article title and abstract.
In total, 2054 articles were excluded after screening for
relevancy leaving 74 full text articles to be assessed for
eligibility. Four articles did not meet the inclusion cri-
teria, as there was no control group. In total, 70 articles
met the eligibility criteria and were included in the
qualitative analysis and 40 articles were included in
the quantitative analysis.

Study characteristics

Characteristics of each study are summarised in
Table 1. Fifty-five studies identified from the literature
search used Transcranial Doppler (TCD) ultrasound to
measure cerebral blood flow velocity (CBFV) in resting
and/or dynamic conditions. Cerebral arteries that were
assessed using TCD ultrasound included those that
form the anterior circulation, viz. anterior cerebral
artery (ACA) and middle cerebral artery (MCA) and
those that form the posterior circulation, viz. basilar
artery (BA), posterior cerebral artery (PCA) and verte-
bral artery (VA). Three studies also assessed cerebro-
vascular function of the internal carotid artery (ICA).

Other methods that were used to assess cerebrovas-
cular function included the following: functional mag-
netic resonance imaging (fMRI) which was used by
eight studies; near infrared spectrometry (NIRS)
which was used by three studies and single-photon
emission computerized tomography (SPECT) which
was used by six studies. The main regions of the
brain where cerebrovascular function was assessed
included the frontal lobe, occipital lobe, parietal lobe,
temporal lobe, primary somatosensory cortex, primary
visual cortex, postcentral gyrus and the frontotemporal
region. Two studies assessed the cerebrovascular func-
tion in grey matter, white matter and globally.

Cerebrovascular function assessed using TCD
ultrasound

Mean blood flow velocity. Thirty-five studies were identi-
fied from the literature search that compared resting
mean blood flow velocity (MBFV) in migraineurs to
controls;'>'%* 30 studies assessed MBFV in the ante-
rior circulation.'®!9" 24267323449 A| but four studies
found no significant difference in MBFV in the anterior
circulation between migraineurs and controls;
Abernathy et al., Fiermonte et al., Karadas et al. and
Kastrup et al. found migraineurs to have higher MBFV
in the anterior circulation.?!=**3>4!

Figure 2 shows a forest plot of mean differences in
MBFYV in the anterior circulation between 67 migraine
subgroups (n=2357) and their respective controls
(n=2053). Heterogeneity between comparisons was
low (1?=47%) and MBFV (SMD =0.14; 95%CI 0.05
to 0.23; P=0.003) was significantly higher in
migraineurs.

Sixteen studies compared MBFV in the posterior
circulation of migraineurs and controls.'>!" 213
26.29.33.3541.454749 Apernathy et al., Chernyshev et al.
and Karadas et al. found migraineurs to have higher
MBFYV in the posterior circulation compared to con-
trols;>'**4! the remaining 13 studies were not able to
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Figure 1. PRISMA flow diagram of selection of studies for quantitative and qualitative analysis.

detect a significant difference in MBFV between
migraineurs and controls, '>!%-20-23726.29.35.45-47.49

Figure 3 shows a forest plot of mean differences in
MBFYV in the posterior circulation between 39 migraine
subgroups (n=1855) and their respective controls
(n=1290). Heterogeneity between comparisons was
moderate (I°=68%) and MBFV was significantly
higher in migraineurs (SMD =0.20; 95%CI 0.05 to
0.34; P=0.007).

Pulsatility index. The pulsatility index (PI) is used as a
measure of stiffness of a blood vessel; a higher PI corre-
lates with a stiffer blood vessel. PI is calculated as fol-
lows: PI = (maximum BFV-minimum BFV)/MBFV.

Twelve studies were identified from the literature
search that used TCD ultrasound to compare PI in
the anterior circulation of migraineurs and
controls,'6-17:23.28.30.32.33.39.40.44746 NJjne of these studies

found no significant difference in PI between

migraineurs and controls,'6-17-23:28.30.32,39.44.46

Chernyshev et al. and Totaro et al. found migraineurs
to have significantly higher PI in the anterior circula-
tion compared to controls;**** Fiermonte et al. were
the only study to find migraineurs to have lower PI
than controls.*’

Figure 4 shows a forest plot of mean differences in
PI in the anterior circulation between 21 migraine sub-
groups (n=656) and their respective controls (n = 750).
Heterogeneity between comparisons was low (1’=36%)
and there was no significant difference in PI between
migraineurs and controls (SMD=-0.02; 95%CI —0.16
to 0.13; P=0.83).

Five studies compared PI in the posterior circulation
of migraineurs to controls; no significant difference
in PI Dbetween migraineurs and controls was
reported,!7:23:33:45:46

Figure 5 shows a forest plot of mean differences in PI
in the posterior circulation between 13 migraine
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Table 1. Cerebrovascular function in migraineurs compared to controls during the migraine free period.
Population and
Study numbers Area of assessment Assessment Key findings NOS
TCD Studies
Altamura et al.>' Total = 129 Unilateral MCA (lefty  CVR to BHT MA had a higher BHI 8
MA =56 (46 F/10M) Unilateral PCA (right)  (30s breath hold) compared to controls
Stroke =20 (9F/11M) (and stroke patients).
Controls =53
(42F/11M)
Lee et al.*® Total =353 BA CVR to BHT (305 MX had a lower BHI 8
MX =248 (201 F/47M) Bilateral MCA breath hold) compared to controls.
Controls = 105 Bilateral PCA
(86 F/19M)
Altamura et al.¥’ Total =70 Unilateral MCA (left)  CVR to BHT (30s MA had a higher BHI 5
MA =39 (34F/5M) Unilateral PCA (right) breath hold) compared to controls
Stroke =I5 (8 F/7M) (and stroke patients).
Controls = 16 (8 F/8M)
Gollion et al.*? Total =44 Unilateral MCA (right) CVR to BHT No difference. 8
MA =22 (18 F/4M) (30s breath hold)
Controls =22 Cerebral autoregula- No difference.
(17 F/5M) tion (Dx, Mx, phase,
gain)
Karacay Ozkalayci  Total =75 Bilateral ACA Resting MBFV No difference. 7
etal.” MA =10 (MD) BA
MO =30 (MD) Bilateral MCA
TTH=10 (MD) Bilateral PCA
Controls =25 Bilateral VA
(17 F/8M) Bilateral MCA
Podgorac et al.'®  Total =273 CVR to BHT MA had a higher BHI 8
MA =100 (71 F/29M) (30s breath hold) compared to controls.
MO =70 (61 F/I9M) Resting MBFV No difference.
TTH=38 (21 F/I17M)
CH =35 (10F/25M)
Controls =30
(I3F/17M)
Choi et al.'® Total = 84 BA CVR to BHT MD. 8
EM =28 (24 F/4M) Bilateral MCA (30's breath hold)
RCVS =28 (24F/4M)  Bilateral PCA Resting MBFV MD.
Controls =28 (25F/
3M)
Gonzalez- Total=113 BA CVR to BHT CM and EM had a lower 7
Quintanilla CM=35 (31 F/4M) Bilateral MCA (breath hold time not BHI compared to
etal>? EM=37 (27F/10M) specified) controls.
Controls =41
(29F/12M)
Akgun et al." Total = 60 Bilateral MCA CVR to BHT (30s CM had a lower BHI 6
CM =31 (MD) Bilateral PCA breath hold) compared to controls.
Controls =29 (MD) Resting MBFV No difference.
Fabjan et al.? Total =52 Unilateral MCA (left)  Neurovascular cou- MD. 7
MX =29 (21 F/8M) Unilateral PCA (right) pling (photic
Controls =23 stimulation)
(I13F/10M) Resting MBFV No difference.
Rajan et al.'? Total =89 BA CVR to BHT (30s MX had a lower BHl in 7
MX =45 (36 F/9M) Bilateral MCA breath hold) BA, left PCA and right
Controls = 44 Bilateral PCA PCA compared to

GB1F/13M)

Resting MBFV

controls.
No difference.

(continued)
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Table I. Continued

Population and

Study numbers Area of assessment Assessment Key findings NOS
Karadas et al.' Total =40 Bilateral MCA CVR to BHT (100s MA had a higher BHI in 8
MA =20 (15F/5M) Bilateral PCA breath hold) the MCA and PCA
Controls =20 (16 F/ compared to controls.
4M) Resting MBFV MA had a higher MBFV in
the MCA and PCA
compared to controls.
Quirico et al.”? Total =30 Unilateral MCA (right) Resting MBFV No difference. N/A
MO =16 (MD)
Controls = 14 (MD)
Reinhard et al.? Total = 69 Unilateral MCA (left)  Resting MBFV, Pl No difference. 7
MA =17 (12F/5M) Unilateral PCA (right)  Cerebral autoregula- MA had higher Dx than
MO =17 (13 F/4M) tion (phase, gain, controls in the MCA.
Controls =35 (26 F/ Dx)
9M)
Min et al.® Total =36 Bilateral PCA Neurovascular cou- No difference. 6
MA =22 (14F/8M) pling (20's photic
Controls = 14 (9 F/5M) stimulus, then 20s
rest for 10 cycles)
Resting MBFV No difference.
Perko et al.** Total = 60 Unilateral MCA (right) CVR to L-arginine MX had a lower CVRin 8
MA =20 (16 F/4M) Unilateral PCA (left) infusion (assessed the PCA.
MO =20 (16 F/4M) 30 min after
Controls =20 (16 F/ infusion)
4M) Resting MBFV No difference.
Sousa et al.>® Total =284 Bilateral MCA CVR to BHT(30s MX had a higher BHI N/A
MX =228 (189 F/39) breath hold) compared to controls.
Controls =56 (31 F/
25M)
Wallasch et al.” Total = 120 Bilateral MCA Cerebral autoregula- MX had a higher CVR to  N/A
MX =60 (50 F/I0M) tion (CVR to the the Valsalva manoeuvre
Controls =60 (MD) Valsalva manoeuvre) compared to controls.
El-Khawas et al.% Total =41 Bilateral MCA CVR to hyperventila-  MX had a lower CRI. 9
MX =27 (23 F/4M) Bilateral PCA tion (3-min
Controls = 14 (9 F/5M) hyperventilation)
Resting MBFV No difference.
Wolf et al.®” Total=110 Bilateral PCA Neurovascular cou- MX had a higher VEFR 8
MA =70 (70 F/OM) pling (photic ((MBFV during stimula-
Controls =40 (30 F/ stimulation) tion — MBFV at rest)/
10M) MBFV at restx 100)
compared to controls.
Zaletel et al.®® Total =70 Unilateral MCA (left)  Neurovascular cou- MA and MO had a higher N/A
MA =14 (MD) Unilateral PCA (right) pling (photic VEFR compared to
MO =16 (MD) stimulation) controls.
Controls =40 (21 F/
19M)
Arjona et al.?® Total = 131 Bilateral MCA Resting MBFV, Pl No difference. 8
MO =36 (26 F/10M) CVR to BHT (15-45s  No difference.
TTH=51 32F/I9M) breath hold)
Controls =44 (25F/
19M)
Reinhard et al.?’ Total =94 Bilateral MCA Resting MBFV No difference. 7

MX =19 (I4F/5M)
Controls =75 (33 F/
42M)

Cerebral autoregula-
tion (Dx, Mx, phase,

gain)

No difference.

(continued)
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Table I. Continued
Population and
Study numbers Area of assessment Assessment Key findings NOS
MiiLler and Total N =55 Bilateral MCA Cerebral autoregula- MX had a lower gain N/A
Marziniak®’ MX =22 (I9F/3M) tion (gain) compared to controls.
Controls =33 (I5F/
18M)
Zaletel et al.*’ Total =60 Unilateral MCA (left) ~ Neurovascular cou- MX had a higher VEFR N/A
MX =30 (20F/10M) Unilateral PCA (right) pling (70's photic compared to controls.
Controls =30 (22 F/ stimulation stimulus,
8M) 30s rest)
Resting MBFV No difference.
Backer et al.** Total =20 Unilateral MCA (left)  Neurovascular cou- MX had an exaggerated N/A
MX =10 (MD) Unilateral PCA (right) pling (photic increase in CBFV at the
Controls =10 (MD) stimulation) beginning of the photic
stimulation and a
delayed decrease to
baseline following
photic stimulation
compared to controls.
Nedeltchev et al.?’  Total =38 Unilateral MCA (right) Neurovascular cou- MA had a higher AMBFV 7
MA =19 (I0F/9M) Unilateral PCA (left) pling (photic stimu- during photic stimula-
Controls=19 (8 F/ lation) tion compared to
11M) (10s stimulus, then controls.
10s rest for 10
cycles)
Resting MBFV No difference.
Silvestrini et al.”’ Total =45 BA CVR to BHT MA had a lower BHIin BA 8
MA =15 (I15F/0OM) Unilateral MCA (left (30s breath hold) compared to controls
MO =15 (I5F/0M) or right side chosen (and MO).
Controls= |5 (I5F/ at random)
0M)
Dora et al.*® Total =31 Bilateral MCA CVR to BHT (30s MO had a higher BHI 8
MO =20 (18F/2M) breath hold) compared to controls.
Controls= 11 (9 F12M) Resting MBFV, PI No difference.
Thomaides et al.3'  Total =60 Bilateral MCA Resting MBFV No difference. 7
MA =45 (36 F/9M)
Controls =15 (12F/
3M)
Dora et al.*? Total =33 Bilateral MCA CVR to BHT (30s MO had a higher BHI N/A
MO =23 (22F/IM) breath hold) compared to controls.
Controls =10 (9 F/IM) Resting MBFYV, PI No difference.
Backer et al.®® Total =38 Unilateral MCA (left)  Neurovascular cou- MX had a higher initial N/A
MX= 19 (MD) Unilateral PCA (right) pling (3 rounds of increase of CBFV fol-
Controls =19 (MD) 57 s photic stimula- lowing the onset than
tion, 57's rest) controls in MCA and
PCA.
Chernyshev et al3®  Total =69 BA Resting MBFV, Pl RSM had higher MBFV in 9
RSM =25 (23 F/12M) Bilateral MCA the BA and higher Pl in

LSM =25 (23 F/2M)
Controls =19 (9F/
10M)

the right MCA com-
pared to LSM and
controls.

(continued)
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Table I. Continued

Population and

Study numbers Area of assessment Assessment Key findings NOS
Fiermonte et al.>*  Total =42 Bilateral MCA CVR to BHT (breath MA had a higher CRIto 6
MA =9 (4F/5M) hold time not speci- hyperventilation com-
MO =12 (8 F/4M) fied) and hyperven- pared to controls.
Controls =21 (MD) tilation (3-min
hyperventilation)
Resting MBFV MA and MO had higher
MBFV compared to
controls.
Heckmann et al3¢  Total =45 MCA (unclear if uni- Cerebral autoregula- MA and MO had a lower 7
MA =15 (11 F/4M) lateral or bilateral) tion (CVR to physi- ARI to physical stress
MO =I5 (I1 F/4M) cal stress) compared to controls.
Controls = |5 (8 F/7M) Resting MBFV, RI No difference.
Kastrup A Total =50 Bilateral ACA CVR to inhalation of MX had higher CRI in the 8
etal® MX =20 (16 F/4M) Bilateral MCA 5%CO2 (duration left ACA, right MCA
Controls =30 (17 F/ Bilateral PCA not stated) and right PCA.
13M) Resting MBFV MX had higher MBFV in
the right ACA and
MCA compared to
controls.
Kastrup A et al.>®  Total =40 Bilateral MCA CVR to inhalation of No difference. N/A
MX =20 (I7F/3M) 5%CO2 (before
Controls =20 (MD) metoprolol treat-
ment initiated)
Totaro et al.*’ Total =90 Bilateral MCA CVR to inhalation of MO had a lower CRIto 7
MA =30 (26 F/4M) (unclear if unilateral or 5%CO2 (1-2 min CO2 inhalation com-
MO =30 (28 F/2M) bilateral) inhalation), and pared to controls.
Controls =30 (27 F/ hyperventilation
3M) (duration not
stated)
Resting MBFV No difference.
Silvestrini et al.’®  Total =45 Bilateral MCA CVR to BHT No difference. 8
MA =15 (11 F/4M) (30s breath hold)
MO =I5 (I13F/2M) Resting MBFV No difference.
Controls = |5 (MD)
Valikovics et al.®° Total =31 Bilateral MCA CVR to acetazolamide No difference 7
MX =12 (MD) infusion
Controls =19 (MD)
Fiermonte Total =45 Bilateral MCA CVR to hyperventila- ~ MA had a higher CRI than 7
et al.* MA =15 (9F/6M) tion (3-min controls.
MO =15 (I0F/5M) hyperventilation)
Controls = |15 (8 F/7M) Resting MBFV, PI MA and MO had lower PI
than controls.
Piccini et al.>’ Total =27 MCA (unclear if uni- Resting MBFV, PI No difference. 7
MO =10 (7F/3M) lateral or bilateral)
TTH=10 (8F/2M)
Controls =7 (5F/2M)
Thomsen et al.®? Total =50 Bilateral MCA CVR to hyperventila-  MA had a higher CRI, 7

MA =8 (MD)

MO = 12 (MD)

Controls =30 (25F/
5M)

tion (90s
hyperventilation)

whereas MO had lower
CRI compared to con-
trols difference.

(continued)
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Table I. Continued

Population and

Study numbers Area of assessment Assessment Key findings NOS
Abernathy et al.*' Total =220 BA Resting MBFV MX had higher MBFV 8
MX =182 (141 F/41M) Bilateral ACA compared to controls.
Controls =38 (29 F/ Bilateral ICA
9M) Bilateral MCA
Bilateral PCA
Bilateral VA
Anzola et al.*® Total =60 Bilateral MCA Resting MBFV No difference. 5
MX =30 (22 F/8M) CVR to hyperventila- ~ MX had higher CVR to
Controls =30 (18F/ tion (I-min hyper- hyperventilation and
12M) ventilation) and the lower CVR to hyper-
BHT (30s breath capnia compared to
hold) controls.
Rieke et al.** Total =50 Unilateral MCA (ipsi- CVR to inhalation of MX had lower CVR com- N/A
MX =30 (24 F/6M) lateral to migraine) CO2 (% of CO2 not pared to controls.
Controls =20 (I5F/ stated)
5M) Resting MBFV, PI MX had higher resting
MBFV compared to
controls.
Thomsen et al.*? Total =43 MCA Resting MBFV (before  No difference. 8
MO =17 (16 F/1M) (unclear if unilateral or nitric oxide infusion)
TTH=9 (8F/IM) bilateral)
Controls=17 (16 F/
IM)
Haring and Aichner Total =60 Bilateral ACA Resting MBFV No difference. 8
46 MA =17 (MD) Bilateral MCA
MO =23 (MD) Bilateral PCA
Controls =20 (14F/
6M)
Thie et al.®® Total =23 Unilateral MCA (left)  Neurovascular cou- MX had higher CVR to N/A
MX=11 (MD) Unilateral PCA (left) pling (cognitive and photic stimulation,
Controls =12 (MD) photic stimulation) observation of complex
images and cognitive
tasks compared to
controls.
Totaro et al.*® Total = 132 BA Resting MBFYV, PI Migraineurs had higher PI 7
MA =44 (39 F/5M) Bilateral ACA in the MCA compared
Controls =88 (MD) Bilateral MCA to controls.
Bilateral PCA
Harer et al.>* Total =82 MCA (ipsilateral and CVR to inhalation of MX had higher CRI com- N/A
IMX =32 (MD) contralateral to 5%CO, pared to controls.
CMX =18 (MD) migraine)
Controls =32 (MD)
Zwetsloot et al.**  Total =65 BA CVR to hyperventila-  No difference. 7
MO =48 (MD) Unilateral MCA tion (I-min
Controls= 17 (10F/ hyperventilation)
7™M)
Thomas et al.>’ Total =20 Bilateral MCA CVR to inhalation of =~ MX had higher CVR to N/A

MX = 10 (7 F/3M)

Controls =10 (3 F/7M)

5%CO; (3—6 min
inhalation) and
hyperventilation (3-
min
hyperventilation)

inhalation of 5%CO,
compared to controls.

(continued)



928

Journal of Cerebral Blood Flow & Metabolism 41(5)

Table I. Continued

Population and

Study numbers Area of assessment Assessment Key findings NOS
fMRI Studies
Hu et al.”? Total =48 Angular gyrus Neurovascular cou- CM had lower CVR in the N/A
CM =24 (I5F/9M) Parietal gyrus (inferior, pling (cognitive left inferior parietal
Controls =24 (I5F/ superior) stimuli) gyrus, superior marginal
9IM) Marginal gyrus (superi- gyrus and angular gyrus
or) but a higher CVR in the
Occipital gyrus right superior occipital
(superior) gyrus and superior
parietal gyrus.
Chen et al.”® Total = 30 Grey matter Resting CBF EM had higher CBF in the N/A
EM=15 (I F/4M) Superior temporal left superior temporal
Controls= 15 (11 F/ gyrus (left gyrus compared to
4M) hemisphere) controls.
Hodkinson et al.”>  Total = 34 Primary somatosenso-  Resting CBF MO had higher regional N/A
MO =17 (12F/5M) ry cortex CBF compared to
Controls =17 (MD) controls.
Loehrer et al.”* Total =2489 BA Resting CBF MX had higher CBF in the N/A
MX =456 (365F/91M) Bilateral ICA BA and a higher paren-
Controls =2033 chymal CBF compared
(100 F/1933M) to controls.
Zhang et al.”? Total = 170 Global Resting CBF No difference. N/A
MA =56 (45F) Grey matter
MO =60 (48F) White matter
Controls =54 (39 F)
Datta et al.”! Total =75 Primary visual cortex  Resting CBF No difference. N/A
MA =25 (21 F/4M)
MO =25 (21 F/4M)
Controls =25 (21 F/
4M)
Arkink et al.”® Total =45 Frontal gyrus Resting CBF MA had higher CBF in the N/A
MA =12 (12 F/0OM) Temporal gyrus frontal gyrus (medial)
MO =17 (17 F/OM) Postcentral gyrus but lower CBF in the
Controls =16 (16 F/ temporal gyrus (inferi-
0M) or) and postcentral
gyrus. MO had higher
CBF in the temporal
gyrus (inferior, middle)
and lower CBF in the
frontal gyrus (inferior).
Ances et al.”’ Total =10 Occipital lobe Neurovascular cou- MM had a greater increase  N/A
MM =5 (5F/OM) pling (photic stimu- in cerebral perfusion in
Controls =5 (5F/0M) lation) response to photic
Resting CBF stimulation compared
to controls during the
mid-follicular phase
No difference.
NIRS Studies
Schytz et al.®' Total =24 Frontal cortex Neurovascular cou- No difference. N/A
MO =12 (12 F/0M) pling (cognitive
Controls= 12 (12F/ stimuli): Stroop task
0M)
Akin et al 2 Total =12 Frontal cortex CVR to BHT MX had lower ID and R~ N/A
MX =6 (5F/IM) (20s to 30's breath amplitudes of Hb, tHb

Controls =6 (4 F/2M)

hold)

and oxygen concentra-
tions; therefore lower
CVR.

(continued)
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Table I. Continued
Population and
Study numbers Area of assessment Assessment Key findings NOS
Vernieri et al.* Total =37 Bilateral MCA CVR to inhalation of MA had higher CVR 5
MA =16 (13F/3M) Frontotemporal region 7%CO; (90s compared to controls.
Controls =21 (16 F/ inhalation)
5M) Resting MBFV No difference.
SPECT Studies
Cheng et al.®® Total = 34 Frontal lobe Resting CBF MX had lower parenchy-  N/A
MX =19 (I3F/6M) Occipital lobe mal CBF in the frontal,
Controls =15 (9 F/6M) Parietal lobe temporal, left parietal
Temporal lobe and right occipital
lobes.
Meyer et al.®? Total = 64 Global Resting CBF No difference. N/A
MX =37 (25F/12M) Grey matter (cortical, CVR to oral MX had higher CVR
Controls =27 (11 F/ subcortical) acetazolamide compared to controls.
16M) White matter
Mirza et al.® Total =61 Frontal lobe (inferior,  Resting CBF MX had lower CBF in the N/A
MX =44 (42F/2M) superior) superior frontal and
Controls= 17 (I5F/ Occipital lobe occipital lobes.
2M) Parietal lobe
Temporal lobe
Facco et al.®® Total =151 Homologous regions Resting CBF MA had lower posterior  N/A
MA =20 (15F/5M) of both the left and CBF and lower mean
MO =50 (41 F/9M) right cerebral CBF compared to con-
TTH=2I (17 F/4M) hemispheres trols.
Controls =60 (35 F/ MO had higher mean CBF
25M) compared to controls.
Levine et al.* Total =47 Homologous regions Resting CBF MA and MO had lower N/A
MA =15 (MD) of both the left and posterior CBF com-
MO =12 (MD) right cerebral hemi- pared to controls and
Controls =20 (MD) spheres (10 anterior lower mean CBF com-
probes, 6 posterior pared to controls.
probes).
Benedittis*’ Total =62 Bilateral ICA Resting CBF, MBFV No difference. N/A
MA =35 (27 F/8M) Bilateral MCA
MO =13 (7F/6M) Bilateral VA
Controls = 14 (8 F/6M) Frontal lobe
Occipital lobe
Parietal lobe

Temporal lobe

ACA: anterior cerebral artery; BA: basilar artery; BHT: breath hold task; CBFV: cerebral blood flow velocity; CRI: cerebral reactivity index; CVR:
cerebrovascular responsiveness; ICA: internal carotid artery; LSM: left-sided migraineurs; MA: migraineurs with aura; MBFV; mean blood flow velocity;
MCA: middle cerebral artery; MD: missing data; MM: menstrual migraineurs; MO: migraineurs without aura; MX: mix of migraineurs with and without
aura; NOS: Newcastle-Ottawa scale; PCA: posterior cerebral artery; Pl: pulsatility index;: RI: resistive index; RSM: right-sided migraineurs; TCD:
transcranial Doppler; TTH: tension type headache; VA: vertebral artery; VEFR: visually evoked cerebral blood flow response.

subgroups (n=336) and their respective controls
(n=522). Heterogeneity between comparisons was low
(I’=38%) and PI was significantly higher in migraineurs
(SMD =0.23; 95%CI 0.05 to 0.42; P=0.01).

Cerebrovascular responsiveness to hypercapnia

Twenty-six studies compared cerebrovascular respon-
siveness (CVR) to hypercapnia in the anterior and

posterior circulations of migraineurs with that of
controls, 12:16:18:19.21.24.28.30.32,34.35.37.38.43.44.50-60

Various methods were used to induce hypercapnia: the
breath-holding task (BHT), inhalation of carbogen gas,
infusion of acetazolamide and infusion of L-arginine.
Fourteen studies used the BHT to induce hypercapnia,
wherein participants hold their breath for a specified
duration, which results in an increase in arterial CO,
and subsequent vasodilation of cerebral blood vessels.
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Migraineurs Controls Std. Mean Difference Std. Mean Difference
Study or p Mean SD Total Mean SD Total Weight IV, 95% Cl IV, 95% Cl
1.1.1 Migraine with Aura
Altamura (MCA) 2018 68.7 12 39 663 12 16 1.4% 0.20 [-0.38, 0.78] e
Altamura (MCA) 2019 664 12 56 709 166 53 22% -017 [-0.55, 0.20] S [T
El-Khawas (MCA) 2010 76.27 13.34 13 7564 885 14 10% 0.05[-0.70, 0.81] WES==pe—
Fiermonte (MCA) 1995 58.6 92 15 558 106 15 11% 0.27 [-0.45 0.99] e e —
Fiermonte (MCA) 19393 66.03 826 9 586 939 21 0.9% 0.80 [0.01,1.61]
Haring (ACA) 1992 50 536 17 50 447 20 13% 0.00 [0.65, 0.65] —_—1
Haring (MCA) 1992 60 618 17 B0 537 20 1.3% 0.00 [-0.55, 0.65] ——
Heckmann (MCA) 1998 596 16.5 15 548 169 15 11% 0.27 [-0.45, 0.99] =
Karacay Ozkalayci (ACA) 2018 561 772 10 4871 85 25 10% 087 [011,1.64]
Karacay Ozkalayci (MCA) 2018 66.77 8.64 10 614 1197 25 1.0% 047 [0.27,1.21] |
Karadas (LS, MCA) 2014 61.32 358 20 5694 473 20 1.2% 1.02[0.36, 1.69]
Karadas (RE, MCA) 2014 6077 548 20 5589 465 20 1.2% 0.94 [0.28, 1.60]
Medeltchev (RS, MCA) 2004 384 94 19 439 186 19 13% -0.37 F1.01,0.29] T
Perko (MCA) 2011 741 157 0 63 108 20 13% 0.37 [0.26, 1.00] =
Podgorac (MCA) 2018 594 1082 100 5585 11.93 o 2.0% 0.32[-0.09,0.73] i T
Reinhard (MCA) 2012 60.8 94 17 607 a 35 1.4% 0.01 [0.57, 0.59] =g
Silvestrini (LS, MCA) 1996 66.3 83 15 64 8.2 15 11% 0.27 [-0.45,0.99] ==
Silvestrini (RS, MCA) 1996 B65.7 92 15 655 73 15 11% 002069 0.74] ——pe——
Totaro (LS, ACA) 1992 486 123 44 474 9.8 a8 2.2% 011 [0.25, 0.48] ——jre—
Totaro (LS, MCA) 1992 648 118 44 643 12 88 22% 0.04 [0.32, 0.40] | T
Totaro (MCA) 1997 645 104 30 663 93 30 1.7% -0.18 069, 0.33] S i
Totaro (RS, ACA) 1992 482 145 44 473 1.3 88 2.2% 0.07 [-0.29,0.43] =
Totaro (RS, MCA) 1992 66.5 12 44 637 106 88 22% 0.25 [-0.11, 0.67] e
Subtotal (95% CI) 633 780 33.5% 0.19 [0.06, 0.32] >

Heterogeneity: Tau® = 0,02, Chi*= 28.74, df= 22 (P = 0.19), F= 23%
Test for overall effect Z= 2.82 (P = 0.005)

1.1.2 Migraine without Aura
Akgun (MCA) 2015 5817 1414 38 61.05 1174 29 17% -0.22[-0.70,0.27] R
Arjona (MCA) 2007 80.65 1911 36 7343 13 44 19% 0.45 [-0.00, 0.89]
Chernyshev (LS, LSM, MCA) 2001 627 138 25 626 98 19 14% 0.01 [-0.58, 0.60] —
Chernyshev (LS, RSM, MCA) 2001 59 102 25 617 103 19 14% -0.26 -0.86, 0.34] —
Chernyshev (RS, LSM, MCA) 2001 577 133 25 626 98 19 14% -0.40 [-1.01, 0.20]
Chernyshev (RS, REM, MCA) 2001 567 125 25 617 103 19 14% -0.421.03,018] —
Choi (LS, MCA) 2017 642 112 28 625 1047 28 16% 015 [-0.37, 0.68] —

Chol (RS, MCA) 2017 659 14.04 28 661 1032 28 1.6% -0.02 054, 0.51] =
Dora (MCA) 2003 649 99 20 591 99 11 1.0% 057 [-0.18,1.32] o |
El-Khawas (MCA) 2010 7507 1145 14 7564 885 14 11% -0.05 [-0.80, 0.69] e
Fiermante (MCA) 1995 598 101 15 558 106 15 11% 0.38 F0.35,1.10]

Flermante (MCA) 1899 66.79 10.01 12 586 833 21 114% 0.83[0.08,1.57)

Haring (ACA) 1992 49 623 3 50 447 20 14% -0.02 062, 0.58] i T
Haring (MCA) 1892 59 575 23 B0 537 20 1.4% -0.02 [-0.62, 0.58) ————
Heckmann (MCA) 1998 501 128 15 549 169 15 11% =0.31 (1,03, 0.41] S i T
Karacay Ozkalayci (ACA) 2018 4788 738 30 4871 85 25 16% -0.10 (083, 0.43] P
Karacay Ozkalayci (MCA) 2018 6652 971 30 614 1197 25 16% 0.47 -0.07,1.01] i

Perko (MCA) 2011 673 113 20 63 108 20 13% -015F077, 0.47] S T
Piccini (MCA) 1995 661 101 10 722 64 7T 0% -0.66 [-1.66, 0.34] —_—
Podgorac (MCA) 2018 571 1098 70 5585 1193 30 2.0% 0.11 [-0.32, 0.54] e
Reinhard (MCA) 2012 575 73 17 607 g 35 1.4% -0.40 [-0.88, 0.18] =T
Silvestrini (LS, MCA) 1996 668 64 15 64 82 15 11% 0.37 [-0.35,1.09] —

Gilvestrini (RS, MCA) 1996 653 71 15 655 73 15 11% -0.03 074, 0.649] ——l =
Thomaides (MCA) 2003 554 186 15 546 229 15 11% 0.04 [-0.68, 0.75] =i i
Thomaides (S, MCA) 2003 563 167 15 546 229 158 11% 0.08 [-0.63, 0.80] ———
Thomaides (Z, MCA) 2003 558 16.7 15 546 229 15 11% 0.06 [-0.66, 0.77] "
Thomsen (MCA) 1993 72 9 17 75 14 17 1.2% -0.25 [-0.92, 0.43] it
Totaro (MCA) 1997 703 11 30 663 93 30 1.7% 039012, 0.90] b

Subtotal (95% CI) 651 585 37.3% 0.04 [-0.08, 0.15] L 2
Heterogeneity: Tau® = 0.01; Chi*= 28 55, di= 27 (P = 0.38), F= 5%

Test for overall effect Z= 0.60 (P = 0.55)

1.1.3 Mixed

Abernathy (LS, ACA) 1994 5334 1314 182 4405 124 38 23% 0.71[0.36,1.07] e
Abernathy (LS, MCA) 1984 6383 1211 182 5583 11.75 38 23% 068[0.32,1.03] i
Abernathy (RS, ACA) 1994 5296 1322 182 4557 1125 38 23% 0.57[0.22,0.92] ——
Abernathy (RS, MCA) 1994 6448 1267 182 5557 1333 38 23% 0.68[0.34, 1.05) T
Anzola (LS, MCA) 1993 68 14 30 67 15 o 1T% 0.07 [-0.44, 0.57] e
Anzola (RS, MCA) 1993 7 15 30 66 16 30 1.7% 0.32(-0.19,0.83] =

Fabjan (MCA) 2015 68 13 29 66 13 23 1.5% 015 [-0.40,0.70] =
Kastrup (LS, ACA) 1988 431 106 20 478 91 30 1.5% -0.48 [-1.06, 0.10] ——t=

Kastrup (LS, MCA) 1988 536 131 20 588 14 30 15% -0.39 [-0.86, 0.18] =

Kastrup (RS, ACA) 1098 427 101 20 493 85 o 14% -0.71 1.29,-0.12]

Kastrup (RS, MCA) 1398 535 128 20 596 129 30 1.5% -0.47 [1.04, 0.11] s

Rajan (LS, MCA) 2015 519 798 45 533 59 44 20% -0.20 -0.61, 0.22] e

Rajan (RS, MCA) 2015 514 812 45 517 6891 44 20% -0.04 [-0.45, 0.38) —_—
Reinhard (LS, MCA) 2007 54 9 16 50 9 70 1.5% 0.44 011,099 i |

Reinhard (RS, MCA) 2007 52 8 19 49 9 74 1.7% 0.34 017, 0.84] -1

Valikovics (MCA) 1996 713 51 65 12 101 23% 0.48(0.14, 0.82] —_—
Subtotal (95% CI) 1073 688 29.2% 0.17 [-0.05, 0.39] . 4
Heterogeneity: Tau®= 0.15; Chi= 57,67, df= 15 (P < 0.00001); F= 74%

Testfor overall effect Z=1.54 (P=0.12)

Total (95% CI) 2357 2053 100.0% 0.14 [0.05, 0.23] *
Heterogeneity: Tau® = 0.06; Chi®= 123,53, df = 66 (P < 0.0001); F= 47% _12 1 5 i i

Test for overall effect Z= 2.95 (P = 0.003)
Test for subgroup differences: Chi*=3.21.di=2 (P=020). F=377%

Figure 2. Forest plot of 67 quantitative comparisons of mean blood flow velocity in the anterior circulation in migraineurs versus
controls taken from 30 studies. ACA: anterior cerebral artery; LS: left side of cerebral artery; MCA: middle cerebral artery; RS: right
side of cerebral artery.
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Migraineurs Controls §td. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl
1.2.1 Migraine with Aura
Altamura (PCA) 2018 437 1 339 473 12 16 24% -0.31 [-0.90, 0.27]
Altamura (PCA) 2019 46.8 12 56 48 138 53 31% -0.09 [-0.47, 0.28] ===
El-Khawas (PCA) 2010 3818 507 13 349 578 14 1.8% 0.58 [0.19, 1.36] ]
Haring (PCA) 1992 32 33 17 36 447 20 22% -0.10 [-0.75, 0.55] ———
Karacay Ozkalayci (B&) 2018 468 406 10 4048 836 25 18% 0.83[0.07,1.59]
Karacay Ozkalayci (PCA) 2018  25.27 2.89 10 24.06 2.77 25 1.9% 0.42(-0.32,1.16] —
Karacay Ozkalayci (WA) 2018 3847 8.78 10 3433 6.93 25 1.9% 0.54 [-0.20,1.29] —
Karadas (LS, PCA) 2014 4422 133 20 4228 2.01 20 21% 1.12[0.44,1.79]
Karadas (RS, PCA) 2014 4256 255 20 40.89 16 20 221% 0.72[0.08, 1.36]
MNedeltcheyv (LS, PCA) 2004 38 8.9 19 3741 8.3 19  22% 0.10[0.53,0.74] S RS
Perko (PCA) 2011 I N2 20 39 6.2 20 22% -0.86 [-1.51,-0.20]
Reinhard (PCA) 2012 40 58 17 422 7 35 24% -0.33 [-0.91, 0.26] -
Totaro (BA) 1992 462 128 44 4386 1041 88 31% 0.23 [F0.13, 0.60] -
Totaro (LS, PCA) 1992 352 81 44 348 9.2 88 31% 0.03 [0.33, 0.40] —f =
Totaro (RS, PCA) 1892 371 8.2 44 361 92 a8 31% 011 [-0.25,0.47] S T
Subtotal (95% CI) 383 556 35.4% 0.16 [-0.06, 0.38] Ry
Heterogeneity: Tau®= 0.10; Chi*= 33.69, df=14 (P=0.002), F= 58%
Testfor overall effect: Z=1.43 (P=0.15)
1.2.2 Migraine without Aura
Akgun (PCA) 2015 3541 698 38 36.52 12.64 29 27% -0.11 [-0.60, 0.37] -1
Chernyshev (LSM, BA) 2001 347 82 25 382 8 13  23% -0.06 [-0.65, 0.54] —_—
Chernyshev (RSM, BA) 2001 395 56 25 382 g8 19 23% 0.19[-0.41,0.79] ———
Choi (BA) 2017 46.7 5098 28 465 1085 28 26% 0.02 [-0.50, 0.55] I
Chuoi (LS, PCA) 2017 365 B6.65 28 374 658 28 26% -0.13 [-0.686, 0.39] s
Choi (RS, PCA) 2017 368 6.36 28 388 7.4 28 25% -0.29 [-0.82, 0.24] —
El-Khawas (PCA) 2010 4321 6.73 14 349 578 14 1.7% 1.29 [0.46, 2.11]
Harting (PCA) 1992 36 528 23 36 447 20 23% 0.00 [-0.60, 0.60] -_1T
Karacay Ozkalayci (BA) 2018 4386 943 30 4048 B8.36 25 25% 0.38[-0.15,0.87] T
Karacay Ozkalayci (PCA) 2018 2545 3.04 30 2406 2.77 25 25% 0.47 [-0.07,1.01] 7
Karacay Ozkalayci (WA) 2018 37.85 6.2 30 3433 6.93 25  25% 0.55[0.00, 1.09]
Min (PCA) 2011 3812 7.73 22 3969 619 14 21% -0.21 [-0.89, 0.46] _—
Perko (PCA) 2011 403 7.2 20 29 6.2 20 1.9% 1.65[0.92, 2.38]
Reinhard (PCA) 2012 38 48 17 422 7 35 23% -0.49[-1.08, 0.10] r
Subtotal (95% CI) 358 329 32.9% 0.20 [-0.07, 0.46] g
Heterogeneity: Tau®=0.17; Chi*= 39.31, df=13 (P = 0.0002); F=67%
Test for overall effect. Z=1.42 (P=0.186)
1.2.3 Mixed
Abemnathy (BA) 1994 5069 102 182 4347 1037 33 31% 0.70 [0.35, 1.06] I
Abernathy (LS, PCA) 1994 4566 1296 182 3658 1248 38 31% 0.70[0.35, 1.06] R
Abernathy (LS, VA) 1994 48.72 1057 182 43.37 1153 38 3.2% 0.50 [0.14, 0.85] —_—
Abernathy (RS, PCA) 1994 5152 1152 182 4568 1083 38 32% 0.51 [0.16, 0.86] ——
Abernathy (RS, VA) 1934 4599 1271 182 3658 11.34 38 31% 0.75[0.39,1.11] I
Fabjan (FCA) 2015 39 8 29 38 7 23 25% 013 [0.42,0.68] —
Kastrup (LS, PCA) 1998 36.6 7.9 20 4041 9.2 30 24% -0.40 [-0.97, 0.16] T
Kastrup (RS, PCA) 1998 347 7.9 20 408 98 30 24% -0.64 [-1.22,-0.06]
Rajan (BA) 2015 36 7.1 45 361 4.51 44 29% -0.02 [-0.43, 0.40] i
Rajan (LS, PCA) 2015 4456 6.84 45 451 358 44 29% -0.09 [-0.51, 0.33] == ==
Rajan (RS, PCA) 2015 38 597 45 3B9 54 44 29% -0.02 [-0.43, 0.40] —r—
Subtotal (95% Cl) 1114 405 31.8% 0.23 [-0.02, 0.49] <
Heterogeneity: Tau®= 0.14; Chi*= 42.34, df= 10 (P < 0.00001); F= 76%
Test for overall effect: Z=1.78 (P=0.07)
Total (95% CI) 1855 1290 100.0% 0.20 [0.05, 0.34] .
Heterogeneity: Tau®= 0.13; Chi*= 121.00, df= 39 (P < 0.00001); F= 668% _*2 11 ) 1= ‘ﬁ
Test for overall effect: Z= 2.69 (P = 0.007)
Testfor subaroup differences: Chi*= 0.17, df= 2 (P =0.92), F=0%

Figure 3. Forest plot of 40 quantitative comparisons of mean blood flow velocity in the posterior circulation in migraineurs versus
controls taken from 18 studies. BA: basilar artery; LS: left side of cerebral artery; PCA: posterior cerebral artery; RS: right side of

cerebral artery; VA: vertebral artery.

The breath holding index (BHI) is a measure of CVR to
the BHT, which is calculated by dividing the percent-
age increase of CBFV by the duration of the BHT.
Some studies measured CVR by calculating a cerebral
reactivity index (CRI) in which the change in CBFV
from basal conditions is divided by the change in end
tidal CO,. Other studies calculated CVR by calculating

the percentage increase of CBFV during stimulation as
follows: CVR (%)= (peak BFV during stimulation —
resting CBFV)/resting CBFV) x 100.

Twenty-six studies compared CVR to hypercapnia in
the anterior circulation between migraineurs and controls
with mixed results; 10 studies found migraineurs to have
higher CVR to hypercapnia,'®-2!:30:32:35.50.51.54.38.59 iy
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Migraineurs Controls Std. Mean Difference S$td. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
2.1.1 Migraine with Aura
Totaro (RS, PCA) 1992 086 022 44 08 012 88 T.4% 0.37[(0.01,0.74) e
Totaro (LS, MCA) 1992 0.84 022 44 078 012 88 T4% 0.37[0.01,0.74) 1992 ——
Totaro (RS, ACA) 1992 092 019 44 087 018 88 T4% 0.27 [[0.09, 063] 1992 T
Totaro (LS, ACA) 1992 0839 0.2 44 085 0186 88 T4% 0.23[0.13,059) 1992 ==
Fiermonte (MCA) 1985 087 018 15 088 02 15  3.0% -0.561-1.28,017] 1985 ==
Reinhard (MCA) 2012 062 0.14 17 0.65 0.09 35  43% -0.27 [F0.85,0.31] 2012 —
Karacay Ozkalayci (ACA) 2018 083 014 10 1.02 018 25 29% -0.75[1.50,0.01] 2018
Karacay Ozkalayci (MCA) 2018 1.08 0.24 10 1.03 018 25 3.0% 0.25[-0.49, 0498 2018 —
Podgorac (MCA) 2018 073 018 100 072 016 30 6.6% 0.06 [[0.35,0.46] 2018 =
Subtotal (95% CI) 328 482 49.5% 0.10 [-0.11,0.31) k3
Heterogeneity: Tau®= 0.05; Chi*=14.79, df= 8 (P = 0.06), F= 46%
Test for overall efiect. Z=0.93 (P = 0.35)
2.1.2 Migraine without Aura
Piceini (MCA) 1995 076 0.01 10 075 005 7 1.9% 029068, 1.26) 1995 =
Fiermonte (MCA) 1995 0.83 0.11 15 098 02 15  29% -0.90 [-1.66,-0.15) 1995
Chernyshev (LS, LSM, MCA) 2001 086 01 25 08 02 19 41% -0.26 [-0.86,0.34] 2001 —
Chernyshev (LS, RSM, MCA) 2001 092 0.2 25 08 02 19 41% 0.10[050,0.70) 2001 ——
Chernyshev (RS, LSM, MCA) 2001 088 01 25 09 02 18 41% -013[0.73,0.47) 2001 i i
Chernyshev (RS, RSM, MCA) 2001 097 0.2 25 09 02 19  41% 0.34 [[0.26, 0.94] 2001 —
Dora (MCA) 2003 076 0.11 20 082 017 1 3.0% -0.44 [-1.18,0.31] 2003 —
Arjona (MCA) 2007 077 013 3 08 012 44  B1% -0.24 [-0.68, 0.20] 2007 T
Reinhard (MC#) 2012 064 01 17 0.65 0.09 35 43% -0.11 F0.69, 0.47] 2012 o
Karacay Ozkalayci (ACA) 2018 1.02 0.1 30 1.02 018 25 48% 0.00[0.53, 053] 2018 S
Karacay Ozkalaycl (MCA) 2018 1.03 019 30 1.03 018 25 438% 0.00[053, 053 2018 B —
Podgorac (MCA) 2018 068 012 70 072 0186 30 6.2% -0.30 F0.73,0.13] 2018 =
Subtotal (95% CI) 328 268 50.5% -0.14 [-0.31,0.03] L 2
Heterogeneity: Tau®= 0.00; Chi*= 8.80, df= 11 (P = 0.55); F= 0%
Test for overall effect Z=1.65 (P = 0.10)
Total (95% CI) 656 750 100.0% -0.02 [-0.16, 0.13] ?
Heterogeneity: Tau®= 0.04; Chi*= 31,36, df= 20 (P = 0.05); F= 36% 75 i} B 1i é
Test for overall effect. Z=0.22 (P = 0.83)
Test for subaroup differences: Chi*= 3.03, df=1 (P = 0.08), F= 67.0%

Figure 4. Forest plot of 2| quantitative comparisons of pulsatility index in the anterior circulation in migraineurs versus controls
taken from nine studies. ACA: anterior cerebral artery; LS: left side of cerebral artery; LSM: left-sided migraineur; MCA: middle
cerebral artery; RS: right side of cerebral artery; RSM, right-sided migraineur.

studies found migraineurs to have lower CVR to hyper-
capnia'?37434456 and nine studies found no difference in
CVR to hypercapnia in the anterior circulation between
migraineurs and controls.'>2%28:3%38:52.55.60 1y Gonzalez-
Quintanilla et al. and Choi et al., the comparison of CVR
to hypercapnia between migraineurs and controls was
unclear.'®>?

Figure 6 shows a forest plot of mean differences in
CVR to hypercapnia in the anterior circulation
between 32 migraine subgroups (n=1166) and their
respective controls (n=937). Heterogeneity between
comparisons was high (I’=85%) and there was no sig-
nificant  difference in CVR to hypercapnia
(SMD =0.11; 95%CI —0.13 to 0.35; P=0.37) between
migraineurs and controls.

Eleven studies compared CVR to hypercapnia in the
posterior circulation between migraineurs and
controls,!%18:19:21.24.35.50.51.53.56.57 po - studies found
migraineurs to have higher CVR to hypercapnia in
the posterior circulation®'>°%! and five studies
found migraineurs to have lower CVR to hypercapnia
in the posterior circulation.'>!?:2456-57

Figure 7 shows a forest plot of mean differences in
CVR to hypercapnia in the posterior circulation

between 19 migraine subgroups (n=991) and their
respective controls (n = 694). Once again, heterogeneity
between comparisons was high (I’=89%). The CVR to
hypercapnia in the posterior circulation was significant-
ly lower (SMD=-0.34; 95%CI -0.67 to —0.01;
P =0.04) in migraineurs.

Cerebrovascular responsiveness to hypocapnia

Hypocapnia is believed to measure the cerebral vaso-
constrictor response.®' Eight studies compared CVR to
hypocapnia in the anterior circulation in migraineurs to
controls with varying results. All eight studies used
hyperventilation to stimulate hypocap-
nia 26-34:37:40:43.39.62.63  piermonte et al.***  found
migraineurs with aura to have a higher CRI than con-
trols, while in migraineurs without aura it was similar
to controls. Thomsen et al.%* similarly found migrai-
neurs with aura to have a higher CRI to hypocapnia
but found migraineurs without aura to have a lower
CRI to hypocapnia than controls. El-Khawas et al.*
found migraineurs to have lower CRI than controls.
Anzola et al., Thomas et al., Totaro et al. and
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Migraineurs Controls Std. Mean Difference $td. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
2.2.1 Migraine with Aura
Totaro (RS, PCA) 1982 094 023 44 089 023 88 11.9% 0.22 [-0.15,0.58] i
Totaro (LS, PCA) 1892 094 029 44 089 02 88 11.9% 0.21 [-0.15,058] 1992 ] T
Totaro (BA) 1992 083 018 44 082 013 a8 11.9% 0.07 [0.29,0.43] 1992 ==
Reinhard (PCA) 2012 0.54 0.09 17 059 0.08 35 68% -0.59[1.18,0,00] 2012
Karacay Ozkalayci (BA) 2018 1.26 038 10 1.03 0.28 25 47% 0.72[-0.03,1.48] 2018
Karacay Ozkalaycl (PCA) 2018 1.56 0.84 10 1.37 0.48 25 49% 0.31 [-0.43,1.05] 2018 =
Karacay Ozkalayci (vA) 2018 1.11 018 10 086 016 25  46% 0.88[0.12,1.65] 2018
Subtotal (95% CI) 179 374 56.7% 0.20 [-0.08, 0.48] <=
Heterogeneity: Tau®= 0.07; Chi*=12.33, df= 6 (P = 0.05); F=51%
Testfor overall effect Z=1.42 (P=0.16)
2.2.2 Migraine without Aura
Chernyshey (RSM, BA) 2001 08 02 25 08 04 19  65% 0.60[0.01,1.21] 2001
Chermnyshev (LSM, BA) 2001 08 02 25 0g 01 19 65% 0.60 [-0.01,1.21] 2001
Reinhard (PCA) 2012 0.56 0.1 17 059 0.08 3/ 69% -0.33[-0.91,0.26] 2012 =
Karacay Ozkalayci (PCA) 2018 161 074 30 1.37 048 25 7.7% 0.37 [[0.16,0.91] 2018 —
Karacay Ozkalayci (V&) 2018 1.01 02 30 086 016 25 78% 0.27 [-0.26,0.80] 2018 e
Karacay Ozkalayci (BA) 2018 112 04 30 1.03 0.28 25 78% 0.25[0.28,0.79] 2018 B fe——t
Subtotal (95% CI) 157 148 43.3% 0.29 [0.03, 0.55] <
Heterogeneity: Tau®= 0.02, Ch®=6.33,df=5 (P=0.28), F=21%
Test for overall effect Z= 216 (P =0.03)
Total (95% CI) 336 522 100.0% 0.23[0.05,0.42] <
Heterogeneity: Tau®= 0.04;, Chi*=19.21, df=12 (P = 0.08), F= 38% 52 51 ) 14 é
Test for overall effect Z= 2.46 (P = 0.01)
Test for subaroup differences: Chi*= 0.20, df=1 (P = 0.66), F= 0%

Figure 5. Forest plot of |3 quantitative comparisons of pulsatility index in the posterior circulation in migraineurs versus controls
taken from four studies. BA: basilar artery; LSM; left-sided migraineur; MCA: middle cerebral artery; PCA: posterior cerebral artery;

RSM: right-sided migraineur; VA: vertebral artery.

Zwetsloot et al. all found migraineurs and controls to
have similar CVR to hypocapnia.’”#3-%-63

Figure 8 shows a forest plot of mean differences in
CVR to hypocapnia in the anterior circulation between
nine migraine subgroups (7= 157) and their respective
controls (n=195). Heterogeneity between comparisons
was high (I’=74%) and there was no significant differ-
ence in CVR to hypocapnia (SMD =0.01; 95%CI
—0.43 to 0.46; P=0.95) between migraineurs and
controls.

Neurovascular coupling

During neurovascular coupling, the MBFV in the cere-
bral artery or brain region of interest is measured while
participants are shown a stimulus that provokes
increases in neural activity, such as a cognitive task
(e.g. Stroop task) or photic stimulation task (e.g.
checkerboard pattern reversal). Changes in MBFV rel-
ative to basal conditions is used to calculate neurovas-
cular coupling.”®

Eight studies compared neurovascular coupling
during photic stimulation in the posterior circulation
between migraineurs and  controls,20:23:2%:47.64°68
Studies found migraineurs to have higher neurovascu-
lar coupling during photic stimulation compared to
controls: Thie et al.®® in migraineurs; Nedeltchev

et al.?? in migraineurs with aura; Zaletel et al.** in
migraineurs and migraineurs with aura; Wolf et al.®” in
migraineurs with aura. Min et al.>> was the only study
to find that neurovascular coupling was similar partic-
ipants with migraine and controls. Both studies by
Backer et al.**%* found migraineurs to have a higher
initial increase of CBFV than controls following the
onset of photic stimulation.

Figure 9 shows a forest plot of mean differences in
neurovascular coupling during photic stimulation in
the posterior circulation between six migraine sub-
groups (n=220) and their respective controls
(n=152). Heterogeneity between comparisons was
moderate (I’= 59%) and there was no significant dif-
ference in the neurovascular coupling (SMD =0.20;
95%CI —0.15 to 0.55) between migraineurs and con-
trols (P =0.26).

Cerebral autoregulation

During cerebral autoregulation, cerebral blood flow is
maintained constant despite fluctuations of cerebral
perfusion pressure. Six studies compared cerebral
autoregulation in the anterior circulation of migrai-
23,27,36,52,69,70 1+ C
neurs to controls. Different metrics and
indexes were used to assess cerebral autoregulation,
which included gain, phase, Mx and Dx. Gain
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Migraineurs Controls Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI

3.1.1 Migraine with Aura

Altamura (MCA) 2018 19 07 39 1.5 04 16 31% 0.63[0.03,1.22]

Altamura (MCA) 2019 1.84 047 56 153 047 53 35% D.65[0.27,1.04) T

Gollion (MCA) 2018 363 0.61 22 371 098 22 3.0% -0.96 [-1.58,-0.33]

Karadas (LS, MCA) 2014 153 041 20 1.38 0.2 20 2.9% 1.33[0.684, 2.02]

Karadas (RS, MCA) 2014 1.49 018 20 136 0.1 20 3.0% 0.85[0.20,1.50]

Perko (MCA) 2011 14 8.2 20 164 65 20 3.0% -0.32[-0.94,031] I

Podgorac (MCA) 2018 169 0.27 100 1.2 027 30 3.3% 1.80[1.34,2.27] T

Silvestrini (LS, MCA) 1996 111 0.2 15 1.25 03 15 2.8% -0.53[1.26,0.20] -

Silvestrini (MCA) 2004 141 04 15 141 04 15 2.9% 0.00 [-0.72,0.72) b= —

Silvestrini (RS, MCA) 1996 13 03 15 14 05 15 28% -0.24 [-0.95, 0.48) P

Totaro (MCA) 1997 157 14 30 174 08 30 33% -0.17 [-0.68, 0.33) A

Yernieri (MCA) 2008 60 16 16 47 17 21 29% 0.77[0.09,1.44)

Subtotal (95% CI) 368 277  36.5% 0.33 [-0.15, 0.81] e

Heterogeneity: Tau®= 0.61; Chi*= 85.52, df=11 (P < 0.00001); F= 87%

Test for overall effect Z=1.36 (P=0.17)

3.1.2 Migraine without Aura

Akgun (MCA) 2015 1.22 047 3N 145 0457 29 3.2% -0.44 [-0.95, 0.08) i

Arjona (MCA) 2007 16 072 36 156 065 44 3.4% 0.06 [-0.38, 0.50) I —

Choi (LS, MCA) 2017 11 0.34 28 1.2 0.24 28 3.2% -0.34 [-0.86,0.19) =ttt

Choi (RS, MCA) 2017 1.3 0.52 28 1.3 0.38 28 3.2% 0.00 [-0.52, 0.52]

Dora (MCA) 2003 166 0.3 20 1.25 0.36 11 2.7% 1.24 [0.43, 2.05)

Perko (MCA) 2011 145 6.8 20 164 65 20 3.0% -0.28 [-0.90, 0.34) e

Podgorac (MCA) 2018 1.41 0.36 70 1.2 0.27 30 3.4% 0.62[0.18, 1.06] E—

Silvestrini (LS, MCA) 1996 118 03 15 125 03 15 2.8% -0.23[-0.95, 0.49) —

Silvestrini (MCA) 2004 127 04 18 14 05 18 2.8% -0.28 [-1.00, 0.44] —

Silvestrini (RS, MCA) 1996 142 01 15 141 041 15 2.9% 0.10[-0.62,0.81] S

Totaro (MCA) 1997 1.09 05 30 174 08 30 3.2% -0.96 [-1.50,-0.43] e

Subtotal (95% Cl) 308 265 33.9% -0.06 [-0.39, 0.26] P

Heterogeneity. Tau®= 0.21, Chi*= 34.83, df=10 (P = 0.0001); F=71%

Test for averall effect Z=0.39 (P = 0.70)

3.1.3 Mixed

Gonzalez-Quintanilla (CM, MCA) 2016 063 048 35 143 0867 41 33% -1.34 [-1.64,-084)

Gonzalez-Quintanilla (EM, MCA) 2016 1.04 048 37 143 067 M4 33% -0.66 [-1.11,-0.20)

Kastrup (LS, ACA) 1998 525 08 20 418 15 30 31% 0.83[0.24,1.42)

Kastrup (LS, MCA) 1998 485 11 20 432 12 30 31% 0.45[-0.12,1.02) T

Kastrup (RS, ACA) 1898 528 08 20 437 15 30 31% 0.69[0.11,1.27)

Kastrup (RS, MCA) 1998 561 14 20 442 13 30 31% 0.87 [0.28, 1.47)

Lee (MCA) 2019 111 033 248 118 031 105 37% -0.25 [-0.48,-0.02) ——

Rajan (LS, MCA) 2015 108 047 45 115 04 44 34% -0.16[-0.58, 0.26] —

Rajan (RS, MCA) 2015 122 06 45 123 06 44 34% -0.02 [-0.43, 0.40) —t

Subtotal (95% CI) 490 395 29.6% 0.02 [-0.39, 0.44] ’

Heterogeneity: Tau®= 0.34; Chi*= 61.46, df =8 (P < 0.00001); P= 87%

Test for overall effect Z= 0.10 (P = 0.92)

Total (95% CI) 1166 937 100.0% 0.11 [0.13,0.35] ?

Heterogeneity: Tau®= 0.40, Chi®= 208.60, df= 31 (P < 0.00001); F=85% 12 _=1 ﬁ 1 é

Test for overall effect Z= 0.89 (P = 0.37)

Testfor subaroup differences: Chi*=1.83, df=2{(P =040, F= 0%

Figure 6. Forest plot of 32 quantitative comparisons of cerebrovascular responsiveness to hypercapnia in the anterior circulation in
migraineurs versus controls taken from |8 studies. ACA: anterior cerebral artery; CM: chronic migraineurs; EM: episodic migraineur;
LS: left side of cerebral artery; MCA; middle cerebral artery; RS: right side of cerebral artery.

measures the amount of mean arterial blood pressure
(MABP) variation that is transferred onto MBFV; a
lower gain is associated with a more efficient cerebral
autoregulation. Phase reflects the time delay between
MABP and MBFYV signals; a positive phase value indi-
cates that cerebral autoregulation is intact, whereas a
negative phase indicates impaired cerebral autoregula-
tion. Mx is used to measure the correlation between
MABP and MBFYV; cerebral autoregulation is
deemed as optimal when values of Mx are close to 0,
whereas Mx values close to 1 indicate impaired cerebral
autoregulation. Dx is used to measure the degree of
correlation between diastolic MABP and diastolic

MBFYV; the higher the Dx, the poorer the cerebral
autoregulation. Most studies found no difference in
phase, gain, Dx or Mx between migraineurs and con-
trols.?”> However, Wallasch et al.®” found migraineurs
to have a lower gain than controls.

Wallasch et al. used the Valsalva manoeuvre, a
breathing exercise that results in a rapid increase of
arterial blood pressure, to assess cerebral autoregula-
tion between migraineurs and controls. Wallasch
et al.”’ found migraineurs to have a higher cerebral
auto-regulatory response to the Valsalva manoeuvre,
compared to controls, indicating poorer cerebral
autoregulation.
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Migraineurs Controls Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
3.2.1 Migraine with Aura
Altamura (PCA) 2018 18 04 39 16 04 16 5.2% 0.49 }0.10,1.08] =
Altamura (PCA) 2019 1.87 0.65 56 1.47 0.44 53 57% 0.71[0.32,1.10] ——_m—
Karadas (LS, PCA) 2014 15 011 20 1.42 0.08 20 5.0% 0.82[0.17,1.46) —
Karadas (RS, PCA) 2014 154 015 20 1.41 0413 20 5.0% 0.91 [0.25, 1.56] E—
Perko (PCA) 2011 143 83 20 213 82 20 50% -0.83[F1.48,-0.18] —
Silvestrini (BA) 2004 083 03 15 139 01 15 4 0% -2.44 [3.41,-1.46]
Subtotal (95% CI) 170 144  29.8% 0.00 [-0.80, 0.81] -
Heterogeneity: Tau®=0.90; Chi*= 52 .44, df= 5 (P = 0.00001), F= 90%
Test for overall effect: Z=0.01 (P =1.00)
3.2.2 Migraine without Aura
Akgun (PCA) 2015 1.24 053 M 137 051 29 54% -0.25 |-0.75, 0.286] Rl B
Choi (BA) 2017 1 038 28 1.3 043 28 53% -0.731.27,-0.19] S—
Choi (LS, PCA) 2017 1.1 0.34 28 1.3 049 28 53% -0.47 [-1.00, 0.08] o
Choi (RS, PCA) 2017 1 042 28 11 0.3 28 53% -0.27 [-0.79, 0.26] T
Perko (PCA) 2011 144 76 20 1.3 812 20 5.0% -0.86 [-1.51,-0.20 ——
Silvestrini (B4) 2004 1.42 04 15 139 041 15 4.8% 0.29}0.43,1.01] SE_—
Subtotal (95% CI) 150 148 31.1% -0.40 [-0.68, -0.11] R 2
Heterogeneity; Tau®= 0.04; Chi*=7.50, df=5(P=0.19); P= 33%
Test for overall effect 2= 2.73 (P = 0.006)
3.2.3 Mixed
Kastrup (LS, PCA) 1998 505 1.4 20 494 18 30 52% 0.07 F0.50, 0.63] " a—
Kastrup (RS, PCA) 1998 572 1.7 20 443 1.7 30 52% 0.75[0.16,1.33] ——
Lee (BA) 2019 094 04 248 109 036 105 6.0% -0.39 0.62,-0.16] e
Lee (PCA) 2019 113 04 248 129 04 105 6.0% -0.40 FD.63,-0.17] =
Rajan (BA) 2015 061 D4 45 112 0.27 44 55% -1.48 [1.85,-1.01] T
Rajan (LS, PCA) 2015 08 047 45 143 04 44 55% -1.43 [-1.90,-0.96] —F—
Rajan (RS, PCA) 2015 077 047 45 131 04 44 55% -1.23-1.68,-0.77] —_—
Subtotal (95% CI) 671 402 39.0%  -0.60[-1.07,-0.14] -
Heterogeneity: Tau® = 0.34; Chi*= 63.97, df = 6 (P < 0.00001); F=91%
Test for overall effect Z=253 (P=0.01)
Total (95% CI) 991 694 100.0% -0.34 [-0.67, -0.01] R 4
Heterogeneity: Tau®= 0.45; Chi*= 163.25, df=18 (P = 0.00001); F=89% 52 _51 a 1= é
Test for overall effect. Z= 2.04 (P = 0.04)
Test for subaroup differences: Chi®=1.65, df= 2 (P = 0.44), F=0%

Figure 7. Forest plot of |9 quantitative comparisons of cerebrovascular responsiveness to hypercapnia in the posterior circulation in
migraineurs versus controls taken from 10 studies. BA: basilar artery; LS: left side of cerebral artery; PCA: posterior cerebral artery;

RS: right side of cerebral artery.

The meta-analyses revealed no significant difference

in phase (SMD =0.13; 95%CI —0.11 to 0.36; P =0.29),
gain (SMD=-0.21; 95%CI —0.43 to 0.01; P=0.06),
Mx (SMD =0.05; 95%CI —0.34 to 0.44; P=0.80)
and Dx (SMD=0.29; 95%CI -0.08 to 0.66;
P =0.12) between migraineurs and controls in the ante-
rior circulation (Supplemental Figures 1 to 4).
Reinhard et al. was the only study to compare the
cerebral autoregulation of migraineurs to controls in the
posterior circulation; no difference in phase, gain, Dx or
Mx between migraineurs and controls was found.”*

Cerebrovascular function assessed using
fMRI
Resting cerebral blood flow

Eight studies used fMRI to assess the resting CBF of
migraineurs to compare to controls.”"®

Hodkinson et al.”? compared CBF in the primary
somatosensory cortex of migraineurs to controls.
They found migraineurs without aura to have higher
resting CBF in the primary somatosensory cortex when
compared to controls.

Datta et al.”! compared CBF in the primary visual
cortex between migraineurs and controls and found no
difference in CBF. Additionally, Ances et al.”” found
no difference in resting CBF in the occipital lobe when
menstrual migraineurs were compared to controls.

Zhang et al.”> compared the grey, global and white
matter CBF of migraineurs to controls and found no
difference between the two groups. Similarly, Chen
et al.”® found there to be no difference in grey matter
CBF between migraineurs and controls.

Neurovascular coupling

Hu et al.”® used fMRI to assess cerebrovascular func-
tion; they found migraineurs to have lower
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Std. Mean Difference

IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

Migraineurs Controls
Study or Subgroup Mean SD Total Mean SD Total Weight
4.1.1 Migraine with Aura
El-Khawas (MCA) 2010  20.25 1055 13 3409 578 14 9.4%
Fiermonte (MCA) 1995 002 00 1 002 0.01 15 11.0%
Thomsen (MCA) 1985 031 023 8 015 0.1 30 100%
Totaro (MCA) 1997 241 1.1 30 285 17 30 127%
Subtotal (95% CI) 66 89 43.2%
Heterogeneity: Tau®= 0.78; Chi*= 20.68, df= 3 (P = 0.0001); F=85%
Test for overall effect Z= 0.44 (P = 0.66)
4.1.2 Migraine without Aura
El-kKhawas (MCA) 2010 3068 8.74 14 349 578 14 106%
Fiermonte (MCA) 1995 003 o001 15 002 0.01 15 106%
Thomsen (MCA) 1995 013 014 12 045 0.11 0 11.3%
Totaro (MCA) 1997 292 1.8 30 285 17 30 128%
Zwetsloot (MCA) 1991 021 008 20 0.2 0.08 17 116%
Subtotal (95% CI) 91 106 56.8%
Heterogeneity. Tau®= 0.12; Chi*= 8,25, df= 4 (P = 0.08); F=52%
Testfor overall effect Z=0.79 (P =0.43)
Total (95% ClI) 157 195 100.0%

Heterogeneity: Tau®= 0.34; Chi*= 31.24, df=8 (P = 0.0001), F=74%

Test for overall effect 2= 0.06 (P = 0.95)

Testfor subgroup differences: Chi*= 052, di=1 (P=0.47), F=0%

-1.69 [-2.59,-0.79]
0.00 [0.72, 0.72]
111 [0.28, 1.93]
-0.30 F0.81, 0.21]
0.21[1.15,0.73]

-0.55 11.31,0.20]

0.97 [0.21,1.74]
0.33 10.34, 1.00]
0.04 [-0.47, 0.54]
012 [0.52, 0.77]
0.17 [-0.25, 0.59]

0.01[-0.43, 0.46]

ot

_‘_-
e 5
[

Figure 8. Forest plot of nine quantitative comparisons of cerebrovascular responsiveness to hypocapnia in the anterior circulation in
migraineurs versus controls taken from five studies. MCA: middle cerebral artery.

Migraineurs Controls Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
5.1.1 Migraine with Aura
Nedeltchev (LS, PCA) 2004 188 62 13 142 48 19 143% 0.81[0.15,1.48]
Wolf (HIS, PCA) 2009 55.75 14.06 70 51.71 9.23 40 21.6% 0.32[-0.07,0.71] S i
Wolf (LOS, PCA) 2009 41.04 17.77 70 4587 9.87 40 21.6% -0.31 [-0.70, 0.08)
Subtotal (95% CI) 159 99 57.4% 0.23 [-0.37,0.83] ~eoai——
Heterogeneity: Tau®= 0.22; Chi*=9.86, df= 2 (P=0.007); F= 60%
Test for overall effect Z=0.75 (P = 0.45)
5.1.2 Migraine without Aura
Min (PCA) 2011 704 294 22 7.79 3.66 14 141% -0.23 [-0.90, 0.45] e
Zwetsloot (BA) 1991 026 0.09 10 0.22 0.07 16 11.5% 0.50 [-0.31, 1.30) —r—
Subtotal (95% CI) 32 30 25.6% 0.10 [-0.61, 0.80] ——oni——
Heterogeneity. Tau®==0.12; Chi*=1.83,df=1 (P=0.18); F= 45%
Test for overall effect Z= 028 (P=0.78)
5.1.3 Mixed
Fabjan (PCA) 2015 198 78 28 175 B4 23 17.0% 0.33[-0.22, 0.88] e
Subtotal (95% Cl) 29 23 17.0% 0.33 [-0.22, 0.88] i
Heterogeneity: Not applicable
Test for overall effect Z=1.16 (P =0.24)
Total (95% CI) 220 152 100.0% 0.20 [-0.15, 0.55] ?

Heterogeneity: Tau®= 0.11; Chi*=12.22, df= 5 (P = 0.03); F=59%
Test for overall effect Z=1.12 (P = 0.26)
Test for subaroup differences: Chi*=0.25, df=2 (P = 0.88). F=0%

Figure 9. Forest plot of six quantitative comparisons of neurovascular coupling during photic stimulation in the posterior circulation
in migraineurs versus controls taken from five studies. BA: basilar artery; HIS: higher side; LOS: lower side; LS: left side of cerebral
artery; PCA: posterior cerebral artery.

neurovascular coupling during cognitive stimulation
(Stroop task) than controls in the left inferior parietal

gyrus, left superior marginal gyrus and left angular

gyrus but higher neurovascular coupling in the
right superior occipital gyrus and right superior parie-

tal gyrus.

Cerebrovascular function assessed
by NIRS

Three studies were identified from the systematic search
that used NIRS to assess the cerebrovascular function

of migraineurs to compare to controls.
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Cerebrovascular responsiveness to hypercapnia

Akin et al. and Vernieri et al. assessed CVR to hyper-
capnia in the frontal cortex/frontotemporal region with
conflicting findings; Akin et al. found migraineurs to
have lower CVR to hypercapnia, whereas Vernieri
et al. found migraineurs to have higher CVR to
hypercapnia.*®”®

Neurovascular coupling

Schytz et al.*® used NIRS to assess neurovascular cou-
pling during the Stroop task in the frontal cortex and
found no difference between migraineurs without aura
and controls.

Cerebrovascular function assessed by SPECT

Six studies used SPECT to assess the resting CBF of
migraineurs and controls.**®"™ Cheng et al., De
Benedittis et al. and Mirza et al. compared the resting
CBF in the frontal, occipital, parietal and temporal
lobes of migraineurs to controls.*#+%° De Benedittis
et al. found no difference in resting CBF between
migraineurs and controls, whereas Cheng et al. and
Mirza et al. both found migraineurs to have lower
CBF in the frontal and occipital lobes.***%° Cheng
et al. additionally found migraineurs to have lower
CBF in the parietal and occipital lobes.®* Meyer et al.
compared the CBF of grey, white and global matter of
migraineurs to controls and found there to be no dif-
ference in CBF between the two groups.®' Facco et al.
and Levine et al. compared CBF in the posterior terri-
tory of migraineurs to controls and both found migrai-
neurs to have lower posterior CBF than controls.?**?

Subgroup analysis

For all outcomes, subgroup analyses revealed no sig-
nificant difference between migraine subgroups
(migraine with aura, migraine without aura and
mixed; chronic migraineurs and episodic migraineurs)
(Supplemental Table 1(a) and (b), Supplemental
Figures 5 to 8). However, the migraine with aura sub-
group was the only subgroup where MBFV in the ante-
rior circulation was found to be significantly higher
than controls (SMD=0.19; 95%CI 0.06 to 0.32,
P =0.005). Additionally, the PI in the posterior circu-
lation was found to be significantly higher than con-
trols in the migraine without aura subgroup only
(SMD =0.29; 95%CI 0.03 to 0.55, P =0.03); this find-
ing was not significant in the migraine with aura sub-
group (SMD =0.20; 95%CI —0.08 to 0.48, P=0.16).
The subgroup analyses also revealed that CVR to
hypercapnia in the posterior circulation was significant-
ly lower in migraineurs than controls for all subgroups

(migraine without aura, mixed and episodic migrai-
neurs) except the chronic migraine and migraine with
aura subgroups.

Risk of bias

All studies included in the meta-analyses were of mod-
erate or high methodological quality; scores for all
studies were between 5 and 9 points on the NOS (see
Table 1).

Publication bias

There was no evidence of publication bias upon visual
examination of funnel plots for the meta-analyses for
MBFYV and CVR to hypercapnia in the anterior and
posterior circulations (see Supplemental Figure 9).
However, the P value for the Egger’s regression test
for the meta-analysis for PI in the anterior circulation
suggested that there was publication bias
(Supplemental Table 2). Duval and Tweedie’s trim-
and-fill estimated an additional six studies to the right
of the mean and a revised point estimate of 0.22 (—0.04
to 0.24) for PI in the anterior circulation.

Discussion

Summary of findings

Our systematic search identified 70 articles that com-
pared the cerebrovascular function of migraineurs with
that of controls. This review and meta-analysis builds
on the findings of a recent narrative review by Ornello
et al. where the cerebrovascular function of migrai-
neurs, as measured by TCD ultrasound and NIRS,
was compared to controls. To the best of our knowl-
edge, this is the first meta-analysis to investigate wheth-
er migraineurs and controls have differing
cerebrovascular function. Similar to the review by
Ornello et al., the qualitative findings of fMRI,
NIRS, SPECT and TCD ultrasound studies included
in this present review were inconsistent and did not
provide a clear indication as to whether the cerebrovas-
cular function of migraineurs differed to controls."?
However, our meta-analyses of TCD ultrasound stud-
ies were able to provide a better indication as to wheth-
er migraineurs have differing cerebrovascular function
to controls as meta-analyses revealed migraineurs to
have higher resting MBFV, higher PI and lower CVR
to hypercapnia. Our findings of higher resting MBFV
in migraineurs were evident in both the anterior and
posterior cerebral circulations, whereas our findings of
higher PI and lower CVR to hypercapnia were restrict-
ed to the posterior circulation. The revised point esti-
mate after the trim-and-fill method revealed no
significant difference for PI in the anterior circulation
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between migraineurs and controls. Subgroup analysis
revealed higher resting MBFV in the anterior circula-
tion to be more evident in migraineurs with aura,
whereas higher PI and lower CVR to hypercapnia in
the posterior circulation were found to be more evident
in migraineurs without aura. Additionally, episodic
migraineurs were found to have significantly lower
CVR to hypercapnia in the posterior circulation.

Cerebrovascular responsiveness to hypercapnia

CVR assesses the ability of cerebral blood vessels to
dilate and constrict in response to metabolic stimuli
(i.e. arterial CO,). High concentrations of arterial
CO, (hypercapnia) stimulate increased production of
nitric oxide (a potent vasodilator) from endothelial
cells, whereas low arterial CO, concentrations (hypo-
capnia) result in decreased concentrations of
endothelial-derived nitric oxide.®®*” Therefore, CVR
to hypercapnia assesses endothelial dysfunction by
measuring the ability of cerebral endothelial cells to
produce nitric oxide to facilitate cerebral vasodilation.
Our finding of lower CVR to hypercapnia in migrai-
neurs reflects a lower cerebrovascular dilator capacity
in the posterior circulation of migraineurs. Lower cere-
bral vasodilator capacity has previously been associat-
ed with an increased risk of cerebrovascular disease (i.¢.
haemorrhagic and ischaemic stroke). King et al.®®
found lower CVR to hypercapnia in patients with
asymptomatic and symptomatic carotid artery stenosis
to be associated with a higher risk of both ischaemic
and haemorrhagic stroke. Interestingly, migraine has
also been associated with an increased risk of cerebro-
vascular disease.®” *> A meta-analysis by Mahmoud
et al.”® revealed migraineurs to have an increased risk
of ischaemic stroke, haemorrhagic stroke and myocar-
dial infarction compared to controls. Additionally,
meta-analyses by Sacco et al.*’ and Spector et al.”!
have also found migraineurs to have an increased risk
of haemorrhagic stroke and ischaemic stroke respec-
tively when compared to controls. Therefore, that
raises a question of whether the association between
migraine and stroke is partially attributable to altered
cerebrovascular function as represented by lower cere-
bral vasodilator capacity than controls. However, pre-
vious studies have predominantly found migraineurs
with aura to have a higher risk of cerebrovascular dis-
ease but have been unable to confirm this association in
migraineurs without aura. This is particularly interest-
ing as our subgroup analysis revealed a significant dif-
ference in lower CVR to hypercapnia in the posterior
circulation of migraineurs without aura but not migrai-
neurs with aura. However, findings in the migraine
with aura subgroup may have been limited by the
high statistical heterogeneity.

It is plausible that our finding of higher cerebral
arterial stiffness, as represented by higher PI in migrai-
neurs reflects pathological changes that may underlie
the lower CVR to hypercapnia in the posterior cerebral
arteries. Once again, our finding of higher PI in the
posterior circulation of migraineurs was significantly
higher in the migraineurs without aura subgroup but
not the migraineurs with aura subgroup; high statistical
heterogeneity in the migraineurs with aura subgroup
may have limited the findings. Additionally, our finding
of higher resting MBFV in migraineurs may also be
associated with the lower CVR to hypercapnia; the
higher resting MBFV may dampen the ability of cere-
bral blood vessels to dilate which may make the brain
more susceptible to ischemia in times where an increase
of cerebral blood flow is urgently required.”

Cerebral autoregulation

Cerebral autoregulation describes the process whereby
cerebral blood flow is maintained constant over a wide
range of cerebral perfusion pressure, often from 50 to
150 mmHg in healthy adults.®® Cerebral autoregulation
may be compromised in conditions such as postural
hypotension or essential hypertension, where cerebral
perfusion pressures exceed the limits of cerebral autor-
egulation, thereby increasing an individual’s risk of
ischemia or hyperemia.®®®” Thus, an impairment of
cerebral autoregulation in migraineurs may partially
explain their increased risk of ischaemic stroke.

This review identified only six studies that compared
cerebral autoregulation between migraineurs and con-
trols; qualitative and quantitative analyses of autoregu-
lation in the anterior and posterior circulations
revealed no clear difference between migraineurs and
controls. Interestingly, Reinhard et al. reported that
migraineurs with aura have poorer autoregulation in
the cerebellar circulation than controls.?® Further stud-
ies are needed to confirm whether autoregulation, par-
ticularly in posterior and cerebellar circulations, is
compromised in migraineurs and whether this is asso-
ciated with an increased risk of stroke.

Neurovascular coupling

Neurovascular coupling describes a process wherein
cerebral blood flow is increased in local brain regions
to meet the demands of higher neuronal activity.®’
Therefore, impaired or abnormal neurovascular cou-
pling may result in inadequate blood supply to areas
of the brain that need it. Qualitative findings in our
review indicate that neurovascular coupling during
photic stimuli is greater in migraineurs than controls,
in agreement with the narrative review by Ornello
et al.,'® yet our meta-analyses reveal no difference in
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neurovascular coupling during photic stimuli between
migraineurs and controls. However, statistical hetero-
geneity was high and due to the small number of stud-
ies included in the meta-analysis of neurovascular
coupling, we were unable to test for risk of publication
bias with Egger’s regression. Nonetheless, the lower
CVR to hypercapnia and higher PI in the posterior
circulation of migraineurs suggest that their neurovas-
cular coupling may also differ from controls. If future
studies confirm that migraine is associated with
impaired neurovascular coupling, interventions that
improve neurovascular coupling may help to improve
migraine symptomatology.

Localisation of altered cerebrovascular function to
the posterior circulation

The localisation of higher resting MBFV, higher PI and
lower CVR to hypercapnia in the posterior circulation
of migraineurs suggests that the posterior circulation is
more susceptible to variations in cerebrovascular func-
tion than the anterior circulation. This increased sus-
ceptibility to altered cerebrovascular function may be
attributable to differences in the anatomical structure
of the circle of Willis in migraineurs. Cucchiara et al.**
and Bugnicourt et al.”> found that migraineurs were
more likely to have an incomplete circle of Willis com-
pared to controls, particularly in the posterior circula-
tion.””> Additionally, Cucchiara et al.”* reported that
anatomical variants of the circle of Willis in the poste-
rior circulation were associated with more hemispheric
CBF asymmetries than the anterior circulation.
Therefore, it is plausible that differences in the anatom-
ical structure of cerebral arteries in the posterior circu-
lation may affect cerebral haemodynamics and
consequently affect factors such as shear stress in a
way that contributes to endothelial dysfunction; both
abnormally high and low shear stress has been associ-
ated with endothelial dysfunction.’® Further studies are
needed to confirm this association and to investigate
whether hemispheric asymmetries of CBF in migrai-
neurs with an incomplete circle of Willis are associated
with unilateral migraine.

Proposed migraine pathophysiology and altered
cerebrovascular function

It has been hypothesised that repeated episodes of
migraine may lead to altered cerebrovascular function
through repeated exposure to neurogenic inflamma-
tion, plasma protein extravasation and the release of
vasoactive neuropeptides during migraine; therefore,
abnormalities of cerebrovascular function may be
expected to be more evident in chronic migraineurs
than episodic migraineurs.'** However, our findings

of significantly lower CVR to hypercapnia in the pos-
terior circulation in episodic migraineurs but chronic
migraineurs do not support this theory. Nevertheless,
the number of comparisons and studies included in the
separate meta-analyses for chronic and episodic migrai-
neurs was small; there were only three comparisons
from one study by Choi et al.'® in the subgroup anal-
ysis of episodic migraineurs. Further studies are needed
to determine whether episodic migraineurs and chronic
migraineurs differ in their cerebrovascular function.
Additionally, some evidence suggests that altered cere-
bral vasodilator capacity may be involved in the path-
ophysiology of migraine through the initiation of
cortical spreading depression (CSD) and subsequent
pain pathways.”” CSD is a process that is believed to
be responsible for producing aura symptoms in some
migraineurs. During CSD, neurones spontancously
depolarise, resulting in excitation of neuronal and
glial activity that is shortly followed by suppression
of neuronal and glial activity.* Interestingly, the depo-
larisation of neurons during CSD originates in poste-
rior parts of the brain and spreads anteriorly; which
may suggest that alterations in the cerebrovascular
function of posterior brain regions may be involved
in initiating CSD. Additionally, animal studies have
shown that CSD can lead to neurogenic inflammation
and plasma protein extravasation of cerebral blood
vessels,”® possibly though activation of the TVS.
Therefore, alterations of cerebrovascular function
may trigger migraine via CSD, and CSD may in turn
further alter cerebrovascular function via neurogenic
inflammation. Future studies are needed to further
investigate the potential relationships between cerebro-
vascular function, CSD, activation of the TVS and neu-
rogenic inflammation.

Combined oral contraceptives and cerebrovascular
function

The use of combined oral contraceptives (COCs) (i.e.
contraceptives that contain both oestrogen and proges-
terone) in migraineurs may be associated with an
increased risk of ischaemic stroke.”'” Whilst endog-
enous oestrogens may lower blood pressure, exogenous
oral oestrogens tend to raise blood pressure in women,
albeit only marginally.'” ' There is currently a pau-
city of research on the effects of COCs on cerebrovas-
cular function, particularly cerebral autoregulation, in
migraineurs. If COCs are shown to affect alter or
impair cerebral autoregulation, this may render
female migraineurs more susceptible to ischaemic
stroke if their cerebral perfusion pressure falls below
their cerebral autoregulation limits. Further studies
are needed to investigate the effect of COCs on cere-
brovascular function in migraineurs.
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Migraine prophylactic medications and
cerebrovascular function

Beta-blockers (e.g. propranolol, atenolol), calcium
channel blockers (e.g. nimodipine) and angiotensin II
receptor blockers (e.g. candesartan) are vasoactive anti-
hypertensive medications'**'*® that have been shown
to reduce the risk of stroke in patients with hyperten-
sion compared to placebo.'”® They are also used for
migraine prophylaxis but there is limited evidence on
effects of these medications on cerebrovascular func-
tion in migraineurs. Beta-blockers are less effective
than calcium channel blockers and angiotensin II
receptor blockers for reducing the risk of cerebrovas-
cular disease in patients with hypertension.'” While
calcium channel blockers and angiotensin II receptor
blockers are direct-acting vasodilators, beta-blockers
lower blood pressure by reducing cardiac output; they
may in fact inhibit endothelium-dependent vasodilata-
tion. This difference in vasoactive properties may
explain why they are not as effective at reducing risk
of cerebrovascular disease. Additionally, in a recent
meta-analysis, Webb et al. found that vasodilators
such as calcium channel blockers were able to signifi-
cantly increase CVR to hypercapnia and reduce PI
when compared to non-vasodilator medications (such
as beta blockers) or placebo. This is particularly inter-
esting, given our findings of lower CVR to hypercapnia
and higher PI in migraineurs compared to controls.'®’
However, findings from the meta-analyses by Webb
et al. may have been limited by the heterogeneous pop-
ulations and heterogeneous drug classes. Nonetheless,
future studies should investigate whether the use of
vasodilator medications in migraine prophylaxis is
associated with improvements in cerebrovascular func-
tion and reduced risk of cerebrovascular disease, i.e.
stroke, in migraineurs.

Limitations

We acknowledge that this systematic review and meta-
analyses may have some limitations. Firstly, whilst
every effort was made to capture all articles of rele-
vance for this review and meta-analysis, some articles
may have inadvertently been missed. Secondly, 30 of
the 70 studies identified were not able to be included in
the meta-analyses due to incomplete or incomparable
data, which meant that the findings from the meta-
analysis for each measure of cerebrovascular function
might have been over- or under-estimated. Thirdly, all
the studies included in the meta-analyses used TCD
ultrasound to assess cerebrovascular function; howev-
er, TCD ultrasound is limited by its inability to assess
cerebrovascular function in specific brain regions due
to its low spatial resolution.'”® Therefore, we are

unable to identify specific brain regions associated
with the cerebrovascular abnormalities detected by
the meta-analyses. Fourthly, findings from this review
may be limited by the heterogeneity between studies.
All the meta-analyses, except PI in the posterior circu-
lation and the subgroup analyses for chronic and epi-
sodic migraineurs, had high statistical heterogeneity. It
is interesting to note that statistical heterogeneity was
often higher in the migraine with aura subgroup than
other subgroups; this high heterogeneity may have
been due to differences in aura status (rare aura vs.
frequent aura). Statistical heterogeneity remained
high after subgroup analysis, suggesting that there
may be additional contributors to heterogeneity such
as differences in the vascular risk profile (i.e. smoking,
type 2 diabetes mellitus and hypertension) of partici-
pants included in the studies. Smoking, diabetes and
hypertension have been shown to impair cerebrovascu-
lar function.'® Most studies excluded participants with
these vascular risk factors. However, the studies that
did not adjust analyses for the vascular risk profile of
migraineurs may have reported poorer cerebrovascular
function that was associated with their vascular risk
factors as opposed to purely migraine. Gender may
also be another source of heterogeneity between the
studies included in this review and meta-analysis.
Women are three times more likely to suffer from
migraine compared to men. This gender disparity
may be influenced by the fluctuation of female sex hor-
mones, particularly oestrogen, throughout a woman’s
reproductive life and especially during menstruation.
More than 50% of female migraineurs experience
migraine attacks without aura that occur when oestro-
gen concentrations rapidly decrease prior to menstrua-
tion or during ovulation. These migraines are classified
as menstrual migraines.''® Additionally, in a study by
Nevo et al.,''! cerebrovascular function, as assessed by
MBFV and cerebrovascular resistance, was found to
change between different phases of the menstrual
cycle. Therefore, the cerebrovascular function of
women included in this review may have been influ-
enced by their menstrual cycle phase (i.e. follicular,
ovulation or luteal phase). Additionally, the use of
COCs may also be a source of heterogeneity as COCs
may increase resting MBFV and therefore may have
affected the resting MBFV findings.

Laterality of cerebrovascular function assessment
may be another source of heterogeneity; some studies
assessed cerebrovascular function unilaterally, others
bilaterally. Approximately 15% of migraineurs report
migraine pain to occur on the same side for at least
90% of their migraine attacks.''? Therefore, migrai-
neurs who experience these ‘side-locked’ migraines
may have differences in cerebrovascular function
between the right and left hemispheres. Most studies
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did not report whether the migraineurs in their study
experienced lateralised migraine and therefore did not
compare the migraine pain side to the non-migraine
pain side. Additionally, we were not able to conduct
a separate analysis for studies that compared the cere-
brovascular function of the migraine pain side to the
non-migraine pain side and therefore we may have not
captured the complete picture of the cerebral haemo-
dynamics in migraineurs.

Conclusion

This systematic review and meta-analysis was con-
ducted to investigate whether migraine is associated
with altered cerebrovascular function. Despite high sta-
tistical heterogeneity, findings from the meta-analyses
indicate that migraineurs have altered cerebrovascular
function, as represented by a higher resting MBFV,
higher PI and lower CVR to hypercapnia in the poste-
rior circulation and higher resting MBFV in the ante-
rior circulation. The higher PI and lower CVR to
hypercapnia in the posterior circulation were particu-
larly evident in migraineurs without aura, whereas
higher resting MBFV in the anterior circulation was
particularly evident in migraineurs with aura. Our find-
ings of altered cerebrovascular function being predom-
inantly restricted to the posterior circulation suggest
that the posterior circulation of migraineurs may be
more susceptible to alterations in cerebrovascular func-
tion, possibly due to anatomical variations.
Additionally, a complex relationship may exist between
altered cerebrovascular function in the posterior cere-
bral circulation and CSD that partially underlies the
pathophysiology of migraine. Future studies should
investigate relationships between cerebrovascular func-
tion (particularly in the posterior circulation) and
migraine and investigate whether normalisation or
amelioration of cerebrovascular function is able to alle-
viate migraine. Additionally, future studies should also
investigate the effect of vasoactive migraine prophylac-
tic medications on cerebrovascular function in migrai-
neurs and whether these medications are able to reduce
vascular risk in migraineurs.
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