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A B S T R A C T

Background: Previous studies reported an increased risk of ischemic stroke in younger migraineurs. We aimed to
investigate the association between age and cerebrovascular reactivity (CVR) to vasodilatory stimuli in cerebral
arteries in patients with migraine and normal controls.
Methods: In this cross-sectional study, we recruited 248 patients with migraine and 105 normal controls at
Samsung Medical Center between October 2015 and July 2018. CVR was measured interictally by using the
transcranial Doppler breath-holding test. For the arteries which showed a correlation between age and CVR, we
conducted univariable and multivariable linear regression analysis to assess the independent effect of age on
CVR. The path analysis was performed to assess mediating effects of the age of onset and disease duration on the
age-CVR association.
Results: Patients had reduced CVR in all tested arteries compared to normal controls. A correlation between age
and CVR was present in the posterior cerebral artery (PCA) only in patients (Pearson's correlation coeffi-
cient= 0.160, p=0.012). In patients, younger age was independently associated with lower CVR in the PCA
(multivariable B=0.003, 95% CI= 0.0002–0.005, p=0.033 adjusted for sex, migraine subtype, and headache
frequencies). The path analysis showed that the age of onset fully mediated the effect of age on PCA CVR, while
longer disease duration negatively modified the effect of age of onset (p for interaction=0.018).
Conclusions: In migraineurs, younger age was associated with CVR reduction in the PCA. Younger age of onset
may be a hidden risk factor mediating the paradoxical association between age and CVR. This association might
explain an increased risk of stroke in younger migraineurs.

1. Introduction

Migraine is the most common neurological disorder, affecting 10%
to 15% of the adult population. Migraineurs are at increased risk for
cardiovascular events, including ischemic stroke, hemorrhagic stroke,
myocardial infarction, and cardiovascular mortality [1–6]. Several
studies indicate that the risk of stroke is greater in younger migraineurs
than in older ones [4,7,8]. However, it is still unknown why younger
migraineurs are susceptible to stroke [9].

Cerebral endothelial dysfunction has been reported in patients with
migraine in several studies [10–13]. Endothelium-dependent vasodila-
tion measured by using cerebrovascular reactivity (CVR) to hy-
percapnic stimuli is impaired in the posterior circulation of mi-
graineurs, where ischemic stroke occurs more frequently in migraineurs
[11,14,15] [16]. Thus, reduced CVR might be a key link between

migraine and ischemic stroke. Furthermore, reduced CVR precedes the
development of white matter hyperintensity, which is also prevalent in
patients with migraine [17]. Taken together, the increased risk of stroke
in young patients with migraine may be associated with reduced CVR.
In addition, there can be a hidden mediator which explains the para-
doxical association between younger age and CVR.

In this study, we aimed to investigate the association between age
and CVR in patients with migraine in comparison with normal controls
(NCs). We also sought the biological explanation of this association. To
test if age affects CVR directly or indirectly (i.e. fully or in part medi-
ated by confounders), we established path models to investigate the
mediating effects of age-related variables (i.e. age of onset and disease
duration) on the association between age and CVR.
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2. Materials and methods

2.1. Subjects

We recruited consecutive first-visit Korean patients with migraine at
the Samsung Medical Center headache clinic between October 2015
and March 2017.

Inclusion criteria were as follows: 1) adults aged 21–60 years; 2)
diagnosis of 1.1 migraine without aura (MO) or 1.2 migraine with aura
(MA), based on the International Classification of Headache Disorders
(ICHD)-3 beta [18]; 3) absence of diagnosed vascular risk factors such
as hypertension, diabetes, dyslipidemia, cardiac disease, stroke, and
current or past history of smoking; and 4) no current use of any regular
medications including migraine preventive agents. Patients with med-
ication overuse were excluded.

Healthy subjects aged 21–60 years, who 1) had no history of mi-
graine or any memorable headache in life, 2) were not diagnosed with
hypertension, diabetes, dyslipidemia, cardiac disease, or stroke, and
had no history of current or past smoking, and 3) were not on any
regular medications, were recruited as NCs via posters and personal
referrals between October 2015 and July 2018. The Samsung Medical
Center Institutional Review Board approved this study. All patients and
controls completed the informed consent form.

2.2. Clinical evaluation

Patients were evaluated using the structured headache ques-
tionnaire and a clinical interview. Age of onset, disease duration,
monthly headache days, migraine subtype (MO vs MA), and chronicity
(episodic vs chronic migraine) based on the ICHD-3 beta [18] were
determined by two headache neurologists (M.J.L. and C-S.C.).

2.3. Evaluation of cerebral endothelium function

CVR was measured interictally using transcranial Doppler (TCD)
with breath holding maneuver. Before the TCD examination, all pa-
tients and controls completed a screening questionnaire to evaluate
their most recent headache attack. Patients were considered interictal if
they did not have migraine headache or take acute abortive medication
during the previous 48 h.

We used the Pioneer TC 8080 ultrasound device (Nicolet Vascular,
Madison, WI, USA) for the TCD study. Two experienced neurophysiol-
ogists blinded to the patient information performed the TCD studies.
The TCD examination included bilateral middle cerebral arteries
(MCAs: measured at four different depths of 46–64mm), bilateral
posterior cerebral arteries (PCAs: measured at one depth of 64–70mm),
and the basilar artery (BA: measured at four different depths of
80–104mm at the suboccipital window). The cerebral blood flow ve-
locities (CBFVs) of each vessel represented the maximal mean flow
velocities.

After identifying the depth and angle of the maximal flow velocities,
patients underwent a breath-holding maneuver. Patients were in-
structed to breath normally before holding their breath and avoid a
Valsalva maneuver during the examination. The CBFVs monitored
during and after 30 s of breath holding confirmed that the depth and
angle were unchanged. We recorded the flow velocity at the end of the
breath holding (CBFV-BH). To determine the CVR, the breath-holding
index was calculated as the percentage increase in the CBFV divided by
the duration of breath holding (30 s) using the following equation:
breath-holding index= [(CBFV-BH – baseline CBFV)/(baseline CBFV
× 30 s)]× 100. Breath-holding tests were repeated up to three times
according to patients' compliance.

2.4. Statistical analysis

For the bilateral arteries (MCAs and PCAs), the mean breath-holding

index of both sides was calculated and used for the entire analyses.
Breath-holding indices were square root-transformed to fit the normal
distribution when used in the linear regression model.

We compared CVR between patients and NCs using the Student's t-
test (univariable analysis) and the analysis of covariance (ANCOVA) to
adjust covariates such as age and sex. Then, we performed the Pearson's
correlation analysis to assess the relationship between age and CVR in
patients and NCs, respectively. We conducted univariable and multi-
variable linear regression analyses adjusted for sex, monthly headache
days, migraine subtype, and baseline mean flow velocities. Effects of
age, age of onset and disease duration on CVR were determined through
path analysis. We calculated effect sizes (i.e. standardized beta coeffi-
cients) and p-values of each variable and direct, indirect, and mediating
effects between variables in each path model. We assessed the model
fits using Chi-square (degree of freedom [DF]), goodness of fit (GFI),
comparative fit index (CFI), and root mean square error of approx-
imation (RMSEA). The interaction analysis was also performed to test
synergistic effects between significant variables.

Statistical analyses were conducted by using commercially available
SPSS version 18.0 software (SPSS Inc., Chicago, IL, USA). The Amos
version 18.0 software (SPSS, Chicago, IL) was used for all path analyses
using the maximum likelihood estimation. Differences with a two-tailed
p-value<0.05 were considered statistically significant. Data were
presented as mean (SD), beta (95% confidence interval), or number
(%).

3. Results

3.1. Study participants

During the study period, 248 patients with migraine (206 with MO
and 42 with MA; 228 episodic and 20 chronic migraine) and 105 NCs
were included in the study. The mean age was 42.4 ± 10.21 (range,
21–60) and 37.7 ± 11.23 (range, 21–60) years in patients and NCs,
respectively (Table 1). Total 168 (81.6%), 33 (78.6%), and 61 (85.9%)
subjects were females in MO, MA, and NC subjects, respectively. The
mean numbers of headache days and moderate/severe headache days
were 8.3 ± 7.46 and 4.6 ± 4.76 per month respectively in the patient
group. The mean age of onset was 31.6 ± 12.37 years with a mean
disease duration of 11.2 ± 9.29 years.

3.2. CVR comparison between patients and controls

Patients with migraine showed lower CVR in the examined arteries
(Table 1; p=0.038, 0.001, and 0.001 for MCAs, PCAs, and BA, re-
spectively). These associations were significant after the Bonferroni
correction for multiple comparisons.

Table 1
Demographics and CVR of patients and controls.

Patients
(n=248)

Controls
(n=105)

P value Adjusted P
valuea

Age 42.4 (10.21) 37.7 (11.23) <0.001
Female sex 201 (81.0%) 86 (81.9%) 0.850
MCA BHI,

mean
1.11 (0.328) 1.19 (0.311) 0.038 0.042

PCA BHI, mean 1.13 (0.397) 1.29 (0.403) 0.001 <0.001
BA BHI 0.94 (0.403) 1.09 (0.358) 0.001 <0.001

Cerebrovascular reactivity was measured with breath-holding index (BHI) in
each artery. In bilateral arteries, BHIs were averaged.
Abbreviations: MCA=middle cerebral artery, BHI= breath-holding index,
PCA=posterior cerebral artery, BA=basilar artery.

a Adjusted for age and sex.
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3.3. Correlation between age and CVR

The correlations between age and CVRs are summarized in Table 2.
In patients, the mean PCA CVRs positively correlated with age, showing
lower CVR in younger patients (p=0.012). CVRs in the MCA and BA
did not correlate with age in patients. In NCs, no correlation existed
between age and CVR in all tested vessels.

3.4. Determinants of impairments in the CVR of the posterior cerebral artery

Univariate and multivariate linear regression analysis for the PCA
CVR were tested in patients and NCs (Table 3). In patients with mi-
graine, only the age (B=0.003, 95% CI 0.0002 to 0.005, p=0.033)
showed an independent association with the PCA CVR. Sex, migraine
subtype, monthly headache days, and baseline CBFV were not asso-
ciated with the PCA CVR. When stratified by sex, the association be-
tween age and the PCA CVR remained significant in 201 female mi-
graineurs (B=0.003, 95% CI= 0.0001–0.005, p=0.043 adjusted for
MWA and headache days) but it was insignificant in 47 male mi-
graineurs (B=0.001, 95% CI=−0.003–0.005, p=0.747 adjusted for
MWA and headache days). In NCs, there was no significant predictor of
the PCA CVR.

3.5. Path analysis

In patients with migraine, we tested the effects of age and age-re-
lated variables (i.e. age of onset and disease duration) on PCA CVR
using the path analysis (Fig. 1). In Model 1, age had a direct effect on
the PCA CVR (standardized beta coefficient= 0.197; Fig. 1A). Model 2
showed that age of onset had a greater effect size on the PCA CVR than
age (standardized beta coefficient= 0.243; Fig. 1B). Disease duration
was not independently associated with the PCA CVR when the effect of
age was not taken into consideration (Model 3; Fig. 1C). When the age
of onset was considered as a mediator between age and the PCA CVR
(Model 4; Fig. 1D), it fully explained the effect of age on PCA CVR.

Specifically, the total effect of age (standardized beta coeffi-
cient= 0.194) was smaller than the direct effect of age of onset
(standardized beta coefficient= 0.204), suggesting that the indirect
effect via age of onset (standardized beta coefficient= 0.133) was only
significant to account for the effect of age (Table 4). When disease
duration was regarded as a mediator (Model 5; Fig. 1E), it partially
mediated the effect of age via inverse correlation (standardized beta
coefficient=−0.169). Subsequently, the total effect of age (standar-
dized beta= 0.194) was reduced compared with the direct effect
(standardized beta= 0.235; Table 4). All the five models showed good
fits (Fig. 1F). Estimated effect sizes of each path model are summarized
in Table 4.

3.6. Interaction analysis

The interaction analysis showed that the disease duration modified
the effect of age of onset on the PCA CVR with a negative coefficient
(Beta=−0.0003, SE= 0.0003, p for interaction=0.018).

4. Discussion

The major findings of this study are that 1) migraine is associated
with reduced CVR compared to normal controls, 2) younger age is as-
sociated with reduced CVR of the PCA only in patients with migraine,
3) the association between age and the PCA CVR is fully mediated by
the age of onset (i.e. younger age of onset fully explains reduced PCA
CVR in younger migraineurs), and 4) longer disease duration negatively
modified the effect of age of onset on the PCA CVR (i.e. when the age of
onset is same, migraineurs who has longer disease duration will be
currently old age and have less reduced PCA CVR than expected in
younger migraineurs with shorter disease duration). Younger age of
onset might be a hidden active risk factor of cerebral endothelial dys-
function in migraineurs and possibly contribute to increased risk of
stroke in younger migraineurs. Disease duration might modify the effect
of onset age, additionally explaining a lower stroke risk in older

Table 2
Correlations between age and cerebrovascular reactivity of the posterior cerebral artery.

Patients (n=248) Normal control (n=105)

Pearson's correlation Coefficient P value Pearson's correlation coefficient P value

MCA BHI, mean 0.026 0.689 −0.029 0.772
PCA BHI, mean 0.160 0.012⁎ 0.017 0.867
BA BHI 0.076 0.233 0.038 0.677

Cerebrovascular reactivity was measured as breath-holding index (BHI) in each artery. In bilateral arteries, BHIs were averaged.
Abbreviations: MCA=middle cerebral artery, BHI= breath-holding index, PCA=posterior cerebral artery, BA=basilar artery.

⁎ p < 0.05.

Table 3
Factors associated with cerebrovascular reactivity in the posterior cerebral artery.

Normal control (n=105) Univariate

B 95% CI P value

Age (y) 0.000 −0.003–0.003 0.961
Female sex −0.061 −0.148–0.026 0.170

Migraine (n= 248) Univariate Multivariate

B 95% CI P value B 95% CI P value

Age (y) 0.002 0.001–0.004 0.036 0.002 0.00001–0.004 0.038
Female sex −0.018 −0.072–0.035 0.504 0.015 −0.039–0.070 0.582
Migraine with aura 0.012 −0.045–0.069 0.673 0.016 −0.042–0.075 0.580
Monthly headache days −0.003 −0.006–0.000 0.051 −0.002 −0.006–0.001 0.104

The dependent variable was the square root-transformed mean breath-holding index of the bilateral posterior cerebral arteries.
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Fig. 1. Path analysis.
Significant associations (p < 0.05) are indicated with bold arrows and standardized beta coefficients highlighted with asterisks. The dependent variable was the
square root-transformed breath-holding index of the posterior cerebral artery of the more impaired side. (A) Age showed a significant effect on the PCA CVR. (B) Age
of onset showed a greater effect on the PCA CVR. (C) Disease duration was not a significant factor when considered alone. (D) Age of onset fully mediated the effect of
age on the PCA CVR. In this model, the direct effect of age became insignificant. (E) Disease duration negatively mediated the effect of age on the PCA CVR. (F) Model
fits were excellent for each model.

Table 4
Summary of effect sizes.

Independent variable Dependent variable Estimate S.E. Beta P value Direct effect Indirect effect Total effect

Model 1 Age PCA CVR 0.003 0.001 0.197 0.003 0.197 NA 0.197
Model 2 Age of onset PCA CVR 0.004 0.001 0.243 < 0.001 0.243 NA 0.243
Model 3 Disease duration PCA CVR −0.002 0.001 −0.118 0.078 −0.118 NA −0.118
Model 4 Age PCA CVR 0.001 0.001 0.061 0.48 0.061 0.133 0.194

Age Age of onset 0.773 0.060 0.652 < 0.001
Age of onset PCA CVR 0.003 0.001 0.204 0.017

Model 5 Age PCA CVR 0.004 0.001 0.235 < 0.001 0.235 −0.001 0.194
Age Disease duration 0.222 0.059 0.241 < 0.001
Disease duration PCA CVR −0.003 0.001 −0.169 0.011

The dependent variable was the square root-transformed breath-holding index of the posterior cerebral artery of the more impaired side.
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migraineurs.

4.1. CVR, endothelial dysfunction and risk of stroke

This is the first study to evaluate the contribution of age-related
factors on CVR in young migraineurs. Evidences suggested the presence
of endothelial dysfunction and increased arterial stiffness in patients
with migraine [10–13,19–21]. While there have been controversial
reports on systemic endothelial dysfunction, cerebral endothelial dys-
function has been reported to be impaired in migraineurs even in the
absence of the systemic endothelial dysfunction [11,22–24]. CVR to
hypercapnic stimuli is commonly used to assess dynamic cerebral en-
dothelial function because the endothelium is a major structure re-
sponsible for CO2-induced vasodilatory response [25].

Endothelium is a key regulator of vascular homeostasis, playing a
direct role in the balance of tissue oxygen supply and metabolic demand
via regulation of vessel tone and diameter [26]. Although endothelial
dysfunction may not directly cause stroke, it can impair the detection
and rapid vasodilatory response to hypoxia or hypercapnia [26,27].
Endothelial dysfunction can also impair the development of collateral
channels in response to ischemia [28,29]. Therefore, endothelial dys-
function may increase the risk of ischemic stroke of any cause [30].

Heterogenous mechanisms may contribute to the increased risk of
stroke in migraineurs. Genetic associations, cortical spreading depres-
sion, which leads to subclinical ischemia, coagulation abnormalities,
and comorbidities such as active patent foramen ovale and arterial
dissection have been proposed as mechanisms of stroke in migraineurs
[3,7,31]. In addition, cardioembolic stroke is increased among elderly
with a history of MA [32]. Although not a single cause explains the
increased risk of stroke in migraineurs, endothelial dysfunction can
predispose migraineurs to diverse types of ischemic stroke [25,33].
Reduced CVR may explain the lower ischemic threshold reported in
experimental models of migraine, additively or synergistically with
cortical excitability and spreading depolarization [34]. Our findings are
in line with a recent study result that ischemic stroke in migraineurs has
more “no-mismatch” patterns (i.e. smaller size of salvageable pe-
numbra), suggesting a vulnerability to incorporate the penumbra into
the ischemic core [35].

4.2. Age of onset: implications for the pathogenesis of migraine

Previous studies demonstrated that the risk of ischemic stroke is
greater in young migraineurs [1,4,8,36]. However, recent studies
showed conflicting results [6,37]. In this study, we assumed that age
itself might not be a real risk factor. Rather, we determined the effects
of age-related variables, i.e. the age of onset and disease duration,
which were unmeasured in previous population-based studies.

In our study, younger age of onset was directly associated with a
lower PCA CVR. It fully mediated the effect of age on PCA CVR. Two
possible hypotheses may explain this association. First, endothelial
dysfunction may increase the susceptibility to the development of mi-
graine in earlier life. Second, endothelial dysfunction can also result
from early-onset migraine, which leads to longer disease suffering and
repeated aura attacks. In our study, however, MA subtype or headache
frequency around the time of CVR measurement was not independently
associated with PCA CVR, supporting the first hypothesis. However, our
observational study is only hypothesis-generating. Yet it has not been
documented whether endothelial dysfunction is involved in the pa-
thogenesis of migraine [38]. The role of cerebral endothelial dysfunc-
tion in migraine pathogenesis should be investigated in future studies.
In addition, our data did not explain the effect of MA, which increases
the risk of stroke in migraine. Mechanisms other than CVR, such as
coagulation abnormality, cortical spreading depression, and genetic
susceptibility, should be considered in future studies on MA.

4.3. Impact of disease duration: implications for migraine progression

Our study showed that longer disease duration has a synergistic
effect with age of onset on the PCA CVR. This finding might not be an
aging phenomenon alone but a migraine-specific mechanism, con-
sidering that aging did not significantly impair CVR in NCs in our study.
Our results suggest that endothelial dysfunction may progress in pre-
disposed patients as migraine persists over a long time-period. Repeated
migraine attacks, the use of acute migraine medication, and ex-
aggerated vascular aging are possible hypotheses that explain the as-
sociation between longer disease duration and worse CVR. Although
controversial, deep white matter hyperintensity, which is associated
with lower CVR, also progresses over time in migraineurs [17,39].
Longitudinal studies are needed to identify the progression of en-
dothelial dysfunction and its consequences in patients with migraine.

4.4. Strengths and limitations

Our study has several strengths. This is the first study to suggest a
possible hypothesis of age-specific risk of stroke patients with migraine,
providing new insights into age of onset and disease duration. We in-
cluded a relatively large number of unselected consecutive patients.
The path analysis showed a good fit of the models.

Our study also has limitations. First, the study subjects were re-
cruited from a single university hospital, which might not represent the
general migraine population. Second, NCs were not recruited by the
age- and sex-matching to patients. We statistically adjusted age and sex
in group comparison to overcome this limitation. Third, our cross-sec-
tional analysis does not reveal a cause-and-effect relationship. We did
not provide separate information for migraine with vs. without aura
and female vs. male migraineurs, which are well-known risk factors of
increased risk of stroke in migraineurs. In addition, we only estimated
headache frequency around the time of CVR measurement, which does
not reflect a lifetime severity of migraine. Fourth, we excluded patients
with vascular risk factors. Although it reduced the effect of possible
confounders, our study participants may not be representative of
overall population of patients with migraine. In addition, we did not
perform screening tests of vascular risk factors to select patients and
NCs. Fifth, we did not measure markers of systemic endothelial func-
tion. Thus, our findings cannot explain the overall vascular events (e.g.
cardiac ischemic events) in migraineurs. Finally, we did not conduct
end-tidal CO2 monitoring after the breath-holding maneuver. Although
breath holding is a widely accepted non-invasive method to study hy-
percapnia-induced vasodilation, a more sophisticated approach to de-
liver quantitative stimuli, such as prospective end-tidal CO2 targeting, is
desirable in confirmatory studies.

5. Conclusion

In this study, younger migraineurs had a greater CVR impairment in
the PCA, mediated by younger age of onset. Longer disease duration
negatively modified the effect of age of onset on the PCA CVR. Reduced
CVR, an indirect measure of cerebral endothelial dysfunction, may
predispose younger migraineurs to increased risk of stroke.
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