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ABSTRACT

BACKGROUND AND PURPOSE: Patients diagnosed with migraine with aura have an increased lifetime risk of ischemic stroke. It is not yet
clear whether prolonged cortical hypoperfusion during an aura increases the immediate risk of cerebellar infarction because it may induce
crossed cerebellar diaschisis and subsequent tissue damage. To address this question, we retrospectively analyzed potential relationships
between cortical oligemia and cerebellar hypoperfusion in patients with migraine with aura and their potential relation to small infarct-like
cerebellar lesions.

MATERIALS AND METHODS: One hundred six migraineurs who underwent MR imaging, including DSC perfusion, were included in the
study. In patients with apparent perfusion asymmetry, we used ROl analysis encompassing 18 infra- and supratentorial ROls to account for
differences in regional cerebral blood flow and volume. The presence of cerebellar hypoperfusion was calculated using an asymmetry
index, with values of >10% being considered significant.

RESULTS: We observed perfusion asymmetries in 23/106 patients, 22 in patients with migraine with aura (20.8%). Cerebellar hypoperfusion
was observed in12/23 patients (52.2%), and crossed cerebellar diaschisis, in 9/23 patients (39.1%) with abnormal perfusion. In none of the 106
patients were DWI restrictions observed during migraine with aura.

CONCLUSIONS: Cerebellar hypoperfusion and crossed cerebellar diaschisis are common in patients with migraine with aura and cortical
perfusion abnormalities. Crossed cerebellar diaschisis in migraine with aura may be considered a benign phenomenon because we
observed no association with DWI restriction or manifest cerebellar infarctions, even in patients with prolonged symptom-related
perfusion abnormalities persisting for up to 24 hours.

ABBREVIATIONS: Al = asymmetry index; CCD = crossed cerebellar diaschisis; HCH = hypoperfused cerebellar hemisphere; MwA = migraine with aura;

rCBF = regional CBF; rCBV = regional CBV

Migraine is the most frequent primary headache and affects
up to 12% of the general population,' causing disabling
symptoms during attacks. Migraine without aura is defined as a
recurrent headache with attacks lasting between 4 and 72 hours,
typically unilateral, of pulsatile quality, with moderate severity
that is aggravated by routine physical activity and associated with
nausea and/or photo- and phonophobia.” In contrast, migraine
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with aura (MwA) presents with transient focal neurologic symp-
toms that may mimic acute ischemic stroke, particularly if not
immediately followed by a typical headache.' Patients who have
MwA have an increased lifetime risk of latent cerebellar infarc-
tions that is twice as high as that in the unaffected population.” In
patients with MwA, most WM lesions (80%) are observed in the
posterior cerebral artery territory, most pronounced along vascu-
lar borderzones. Spreading oligemia associated with neuronal de-
pression—a condition induced by a slowly propagating wave of
neuronal and glial depolarization within the cerebral cortex— has
been postulated as the most likely cause.* Hemodynamic re-
sponses because of spreading depression may, like ictal and pos-
tictal neuronal activation and deactivation, induce regional brain
perfusion changes that are sensitive to MR perfusion imaging.
Variant patterns of perfusion changes have been observed during
onset, spread, and termination of migraine attacks.>™®

Cortical hypoperfusion may also be associated with crossed
cerebellar diaschisis (CCD), a depression of CBF and metabolism
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FIG 1. ROI analysis for perfusion parameters: CER indicates cerebellum; Put, putamen; I, insula; T, thalamus; A, arterial territory of the anterior
cerebral artery; M, arterial territory of the middle cerebral artery; P, arterial territory of the posterior cerebral artery; PREC, precentral gyrus;

POSTC, postcentral gyrus.

in the cerebellar hemisphere contralateral to a supratentorial neu-
ronal deactivation. CCD is observed in several disorders that re-
sult in neuronal damage or depletion, such as acute ischemic

11,12

motor stroke,”'® hemorrhage,'"*'* and epilepsy with disturbance

of the motor network."” So far, CCD in migraine has only been

14,15

described anecdotally as posing a risk of subsequent brain
infarctions for patients with CCD. The aim of our study was to
investigate the association between cortical oligemia and cerebel-
lar hypoperfusion in patients with MwA and their potential rela-

tion to small infarct-like cerebellar lesions.

MATERIALS AND METHODS

Study Population

We retrospectively identified patients with a proved history of
migraine, admitted to our tertiary care stroke center between Oc-
tober 2010 and October 2013 who were referred for MR imaging
within 24 hours of onset of symptoms of suspected stroke. Pa-
tients were diagnosed with migraine if they fulfilled the criteria
specified in the International Classification of Headache Disor-
ders.” The diagnosis was confirmed by a board-certified neurolo-
gist either at discharge or, in cases of a first episode, after confir-
mation during follow-up visits. The demographic characteristics
and clinical history were obtained from the case records. The
study was approved by the local ethics committee. Inclusion cri-
teria were the following: 1) confirmed migraine according to the
International Headache Society'; 2) MR imaging within 24 hours
of the onset of symptoms according to the standardized stroke
protocol, which included perfusion imaging. Exclusion criteria
were any cause of secondary headache (eg, cerebral vascular isch-
emia, sinus venous thrombosis, tumor, hemorrhage, dissection,
or encephalitis). Due to the retrospective nature of this study, we
did not exclude patients who were taking medication.

Image Acquisition

The imaging studies were performed with either a 1.5T or 3T
scanner (Magnetom Avanto, Magnetom Aera, or Magnetom
Verio; Siemens, Erlangen, Germany) using a standard 12-channel
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head coil. Gadobutrol (Gadovist; Bayer Schering Pharma, Berlin,
Germany) at 0.1 mL/kg body weight was injected before the per-
fusion sequence. Perfusion parameters were as follows: 1.5T: TR,
1410 ms; TE, 30 ms; averages, 1; FOV read, 230 mm; FOV phase,
100%; voxel size, 1.8 X 1.8 X 5.0 mmy; flip angle, 90° 80 repeti-
tions; acquisition time, 1:59 minutes; 3T: TR, 1400 ms; TE, 29 ms;
averages, 1; FOV read, 230 mm; FOV phase, 100%; voxel size,
1.8 X 1.8 X 5.0 mm; flip angle, 90° 80 repetitions; acquisition
time, 1:59 minutes. Nineteen parallel images were acquired with a
slice thickness of 5.0 mm. Time-of-flight axial 3D MR angiogra-
phy was performed with the following parameters for 1.5T: TR, 23
ms; TE, 7 ms; flip angle, 25°% FOV read, 230 mm; FOV phase, 94%;
voxel size, 1.3 X 1.2 X 1.0 mm; number of slices, 78; number of
averages, 1; for 3T: TR, 22 ms; TE, 3.6 ms; flip angle, 18° FOV
read, 181 mm; FOV phase, 90%; voxel size, 1.2 X 1.2 X 0.5 mm;
number of slices, 78; number of averages, 1.

Image Analysis

Perfusion Analysis. Postprocessing for perfusion image analysis
was performed with an FDA-approved postprocessing software
package Olea Sphere 2.0 (Olea Medical, La Ciotat, France). The
arterial input function was selected automatically using a cluster
analysis algorithm,'® and the deconvoluted perfusion parameters
were calculated using the oscillation index-type extension of the
block-circulant singular value decomposition technique.'” Two
radiologists with >15 years of experience qualitatively analyzed
the perfusion data of all patients with the intention of depicting
perfusion disturbances in any supratentorial area of the brain
parenchyma on TTP, CBF, or CBV maps once consensus had
been reached. The window width was manually adjusted to
maximize visual contrast. The imaging data of patients with
perfusion asymmetries were further analyzed in a semiquanti-
tative fashion.

Semiquantitative Imaging Analysis. To account for focal
changes of perfusion, ROI positioning followed the ASPECTS



FIG2. CCDinal4-year-old girl presenting with MwA and CCD. Slices A and C show rCBF images of the
infra- and supratentorial brain, and slices B and D, rCBV images respectively. The patient presented
with HCH in the right cerebellum with overt hemispheric perfusion asymmetry. Fourteen of 17 supra-
tentorial ROIs in the left supratentorial hemisphere exceeded the Al threshold with lateralization of
hypoperfusion contralateral to the cerebellum. Bars indicate relative values for CBV and CBF.

score'®1?

with 1 additional slice covering the sensory and motor
cortex and frontal superior gyrus. ROIs were semiautomatically po-
sitioned on the postprocessed parameter maps, and the numeric val-
ues were extracted for TTP, MTT, regional CBF (rCBF), regional
CBV (rCBV), and time-to-maximum of the tissue residue function
time-to-maximum.'® For each hemisphere, 18 ROIs were placed as
in Fig 1.

Because DSC MR perfusion imaging must be considered a
semiquantitative method, we calculated an asymmetry index (AlI)
for the paired ROIs of the parameters rCBF and rCBV.”>**' The
apparently more severely hypoperfused hemisphere was identi-
fied by experts. The AI was calculated using the following
formula: AT = 200 X (ROL, a1 = ROL,ypoperfusea)/(ROI
ROI *> We heuristically set the cutoff at >10% for

asymmetric perfusion, in line with previous work on perfusion
23,24

normal +

contralateral) .

imaging in patients with epilepsy.
CCD was defined as involving 2 conditions: 1) an Al value of
>10% within 1 hypoperfused cerebellar hemisphere (HCH), and
2) an asymmetry in the contralateral hemisphere with an Al value
of >10% in a majority of any of the supratentorial ROIs.
A sample description is provided in Fig 2.

Vertebral Artery Configuration

The vertebral arteries were analyzed on
TOF angiograms to look for patency or
hypoplasia to exclude perfusion abnor-
malities in the PICA territory related to
an occluded or hypoplastic vessel. Ver-
tebral artery hypoplasia was defined as a
diameter of the vertebral artery of <1

mim.

Statistics

We used SPSS (Version 21; IBM, Ar-
monk, New York) for statistical analysis.
Descriptive data are presented as mean
and SD or median. We used the Student
t test for normally distributed supraten-
torial data and the Mann-Whitney U
test for not normally distributed in-
fratentorial data to compare numbers of
ROIs with AT > 10% and mean values of
AT (%) between groups. A P value < .05
was considered significant.

RESULTS
We identified 191 patients with mi-
graine from our data base. Of these, 106

patients underwent a dedicated stroke
protocol within 24 hours of onset of
symptoms and 98 were finally diagnosed
with MwA. In 23/106 patients (21.69%)
patients, we identified focal cortical hy-
poperfusion. None of the patients pre-
sented with a DWTI restriction. Fifteen of
the 23 were female. Mean age was 28.8
years (range, 13—77 years). The laterality
of the clinical symptoms was left-sided
in 8 patients and right-sided in 11. Alternating clinical patterns
were observed in 2, and nonspecific symptoms, in 2 patients.
MwA was the predominant final diagnosis in the patients with
perfusion asymmetry, 22/23 patients.

For 13 of these 23 patients, the time between onset of symp-
toms and imaging was precisely documented (mean, 212 minutes;
range, 95-429 minutes; median, 180 minutes). For the remaining
10 patients, the records documented MR imaging being per-
formed within 12 hours of symptom onset. Of the 83 patients who
had no perfusion alterations, the time between the onset of symp-
toms and MR imaging was precisely documented for 45 patients
(mean, 384 minutes; range 55—-1400 minutes; median, 315 min-
utes). For the remaining 38 patients, the onset of symptoms oc-
curred up to 24 hours before the MR imaging. See Table 1 for
clinical information on all patients and Table 2 for information on
the subgroup of patients with and without CCD. Patients with
cortical oligemia presented more often with aura symptoms than
patients with normal perfusion. In patients with cortical oligemia,
language and sensory symptoms were reported more fre-
quently than visual and motor symptoms. Patients with HCH
and the subgroup with CCD had a slightly lower frequency of
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sensory symptoms than the non-HCH group, but other aura
symptoms were equally distributed between the groups (Tables
1 and 2). Aura symptoms were not a predictor of HCH or CCD
(Table 2).

Semiquantitative Evaluation

Overall, we included 18 paired ROIs in the analysis. The size of

each ROI was kept uniform for all patients but varied among

regions to account for regional anatomy (mean, 291 = 100 mm?;

range, 132-471 mm?). All 23 patients presented with at least 1

supratentorial ROI with an Al value of >10% rCBF and rCBV.
Twelve patients had HCH. Nine of these patients presented

Table 1: Clinical characteristics

Abnormal Normal
Yl Perfusion Perfusion
Symptom n=23 % n=83 %
Headache 21 91.3 69 57.3
Aura symptoms 22 95.7 76 63.1
Visual 10 435 44 36.5
Sensory 17 739 37 30.7
Motor 8 34.8 22 18.3
Language il 47.8 16 133

Table 2: Predominant clinical symptoms in patients with abnormal cortical perfusion

with reduced rCBF contralateral to the ill-perfused cerebellar
hemisphere (CCD-positive); in 3 patients, we detected cortical
rCBF reduction ipsilateral to the cerebellum. All patients with
HCH presented with clinical symptoms attributable to a region of
cortical hypoperfusion in the contralateral hemisphere (Table 3).

When HCH was present, the number of ROIs with an AI >
10% found contralateral to the hypoperfused cerebellar hemi-
sphere (103 for rCBF and 101 for rCBV) was nearly twice the
number of ROIs which exceeded the threshold of 10% in the
ipsilateral hemisphere (51 for rCBF and 54 for rCBV).

We observed no significant differences between HCH and
non-HCH groups for mean Al values of rCBF and rCBV in the
supratentorial hemisphere (Table 4).

Vertebral Artery Configuration

In 22/23 patients, the vertebral artery appeared normal. One pa-
tient with CCD-positive MwA had a hypoplastic vertebral artery,
which tapered into the PICA on the side of the hypoperfused
cerebellum.

DISCUSSION

In this retrospective single-center study, we aimed to investigate

the association between oligemia and HCH in patients with
migraine and its potential relation to

small infarct-like cerebellar lesions.

Patie.nts vf'ith We observed cortical oligemia in 23/
Predominant lisemia HCH (CCD Subgroup) Non-HCH 106 (21.69%) patients who underwent
i 2 e DB o n=T a2 MR imaging to rule out ischemic
Headache 2 o13 10(7) 435(304) 1 47.8 stroke. Fifty-two percent of patients
Aura symptoms 22 957 12(9) 52.2(39.]) 10 435 . . . .
Visual 10 235 5(2) 217 (87) 5 17 with oligemia presented with abnor-
Sensory 17 73.9 7(5) 30.4 (21.7) 10 435 mal cerebellar perfusion, and 39.1%
Motor 8 34.8 4(4) 17.4 (17.4) 4 17.4 fulfilled the criteria for CCD, render-
Language n 47.8 6(6) 261(261) 5 217 ingit a frequent consequence of corti-

Table 3: The number of ROIs with an Al of > 10% in supratentorial oligemia (maximum, 17
per patient), in the group with hemispheric cerebellar hypoperfusion?‘lﬂ/ 204) and in the
group with symmetric cerebellar perfusion (145/187)

Abnormal ROIs (Al > 10%)

Patients with Hemispheric
Cerebellar Hypoperfusion

Patients with Symmetric
Cerebellar Perfusion

(n=12) (n=1)

rCBF (No.)

Total No. (%) 154 (75.5) 145 (77.5)

Contralateral 103

Ipsilateral 51
rCBV (No.)

Total No. (%) 155 (75.5) 139 (74.3)

Contralateral 101

Ipsilateral 54

Table 4: Mean Al for hypoperfused cerebellar hemisphere and non-HCH (rCBF and rCBV)*

Al Absolute Values (%)

Group HCH Group Non-HCH
(n=12) (n="1)
Mean SD Mean SD P Value
rCBF supratentorial 27.60 6.85 26.30 6.66 .51
rCBV supratentorial 26.75 6.66 24.64 6.27 48
rCBF infratentorial 30.56 16.77 4.24 323 <.001
rCBV infratentorial 25.69 16.00 4.02 253 <.001

2 Significant differences were noted only for infratentorial ROls.
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cal spreading depression unrelated to
vertebral artery hypoplasia.>
Cerebellar hypoperfusion in patients
with stroke is associated with a worse
clinical outcome than if it was not
present, related to deafferentation and
transneural metabolic depression.*® In
seizure-related CCD, the outcome is
variable, ranging from complete neuro-
logic recovery to permanent disability
depending on the duration of prolonged
excitatory synaptic activity affecting
cortico-ponto-cerebellar pathways.”” "
While diffusion restriction is a common
consequence of perfusion changes and
related metabolic depletion in patients
with stroke and epilepsy, this should be
considered an exceptional phenomenon
in migraine. In our cohort, none of the
106 patients had restricted diffusion
or preexisting cerebellar infarct-like
lesions. Although CCD was frequent,
none of our patients with migraine ex-
perienced permanent deficits. We con-
clude that unlike in stroke- and seizure-



related CCD, CCD in MwA may be considered a benign
phenomenon.

Cerebellar hypoperfusion has been addressed as a potential
cause of cerebellar infarct-like lesions in MwA in previous stud-
ies.” The findings of our retrospective study do not support the
hypothesis of an increased risk of episode-triggered and oligemia-
related hypoxic cerebellar infarctions. In our series, none of the
patients with oligemia reached the ischemic threshold. In patients
with MwaA, the severity of cortical oligemia, expressed as increas-
ing AL was not directly associated with HCH or CCD, in contrast
to observations in patients with ischemic stroke.”® The size of the
supratentorial oligemic area, expressed by the number of supra-
tentorial ROIs beyond the threshold AI of >10%, also did not
predict the likelihood of HCH or CCD. From a methodologic
point of view, we excluded the transition parameters (TTP and
MTT) from our perfusion analysis. Our findings were in line with

those of Forster et al,*?

who demonstrated that perfusion abnor-
malities in patients with MwA are predominantly substantiated
by CBF and CBV changes. TTP analysis of the cerebellar hemi-
spheres is hampered by variant vertebral artery configurations
that directly influence the TTP and MTT maps, while no such
detrimental effects have been reported for CBF analysis.**

Furthermore, it is not yet known whether the development of
infarct-like lesions is facilitated by multifactorial interactions of
severe oligemia with other impeding factors that are not detected
by perfusion MR imaging (eg, increased vulnerability to blood
flow reduction). An increased susceptibility to acute ischemic in-
jury has been demonstrated in patients with migraine, due to an
unstable penumbra, especially in those with MwA.*” Greater sus-
ceptibility to spreading depolarization in migraine-susceptible
brains may be another potential mechanism for increased cere-
bral vulnerability to ischemia and stroke. Similar findings have
been reported in an animal study.’* Thus, typical episodes with
regularly experienced aura symptoms may reflect benign oligemia
not related to tissue damage, while prolonged and severe hypoxic
episodes may ultimately induce parenchymal damage, which was
not observed in our cohort.

This study has some limitations. Due to its retrospective de-
sign, there was no healthy control group. Because expert analysis
was performed to select apparent perfusion deficits in patients
with migraine, a rater-dependent bias cannot be fully excluded.
However, in healthy volunteers, interhemispheric asymmetry is
minimal (1.01%-3.14%) and symmetric rCBF distribution can be
assumed between homologous regions, independent of age.””
Thus, our ROI-based semiquantitative analysis with the rather
strict threshold of >10%, as commonly used in stroke or epilepsy
studies, may be considered appropriate to balance measurements
of random asymmetry and spreading oligemia.”** Finally, all
patients were symptom-free during follow-up. However, we can-
not fully exclude the possibility that asymptomatic parenchymal
damage may have remained undetected. Further studies would be
required to answer this question.

CONCLUSIONS

HCH and CCD are frequently observed in patients presenting
with acute MwA. Cerebellar hypoperfusion in patients with mi-
graine appears, in contrast to stroke- and seizure-related CCD, to

be a benign phenomenon. Our study could not provide evidence
for a link between cerebellar hypoperfusion and cortical hypoper-
fusion in the pathogenesis of cerebellar infarctions but encourages
future investigations that pay special attention to factors other
than hypoperfusion alone to better understand the cause of in-
farct-like lesions in the cerebellum of patients who have MwA.

Disclosures: Roland Wiest—UNRELATED: Grants/Grants Pending: Swiss National
Foundation, Swiss Heart Foundation.
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