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Abstract
Cerebral hyperperfusion (HP) complicates the postoperative course of patients with moyamoya disease (MMD) after direct
revascularization surgery. Crossed cerebellar diaschisis (CCD) has been considered to be rarely associated with HP after revas-
cularization surgery. This study aimed to describe the clinical features and factors associated with CCD secondary to cerebral HP
after revascularization surgery for MMD. We analyzed 150 consecutive hemispheres including 101 in adults and 49 in pediatric
patients who underwent combined direct and indirect bypass for MMD. Using single-photon emission computed tomography
(SPECT), serial cerebral blood flow (CBF) was measured immediately after the surgery and on postoperative days 2 and 7. Pre-
and postoperative voxel-based analysis of SPECT findings was performed to compare the changes in regional CBF. Multivariate
logistic regression analysis was performed to test the effect of multiple variables on CCD. Asymptomatic and symptomatic HP
was observed in 41.3% (62/150) and 16.7% (25/150) of the operated hemispheres, respectively. CCDwas observed in 18.4% (16/
87) of these hemispheres with radiological HP. Multivariate analysis revealed that the occurrence of CCD was significantly
associated with symptomatic HP (p = 0.0015). Voxel-based analysis showed that the CBF increase in the operated frontal cortex,
and the CBF reduction in the contralateral cerebellar hemisphere on day 7 were significantly larger in symptomatic HP than in
asymptomatic HP (median 11.3% vs 7.5%; − 6.0% vs − 1.7%, respectively). CCD secondary to postoperative HP is more
common than anticipated in MMD. CCD could potentially be used as an indicator of severe postoperative HP in patients with
MMD.
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Introduction

Moyamoya disease (MMD) is a steno-occlusive cerebrovas-
cular disorder characterized by progressive occlusion of the
supraclinoid segment of the internal carotid artery that results
in the formation of an abnormal vascular network [33]. Direct
bypass procedures effectively improve cerebral hemodynam-
ics immediately after surgery in patients with MMD [1].
However, cerebral hyperperfusion (HP) complicates the post-
operative course after direct revascularization surgery [10, 22,
37, 39]. Among such cases, HP-related transient neurological

deficits (TNDs) occur in approximately 30% of adult and 5%
of pediatric MMD patients who underwent direct bypass pro-
cedures [10, 11, 37].

A phenomenon that was termed crossed cerebellar
diaschisis (CCD) was first described in the 1980s [3]. CCD
is defined as a matched reduction in metabolism and blood
flow in the cerebellar hemisphere contralateral to the
supratentorial lesions. It is frequently observed after ischemic
or hemorrhagic stroke affecting the cortico-ponto-cerebellar
pathway [8, 17, 31]. Such interruption is usually secondary
to decreased cerebral perfusion; however, it may also be asso-
ciated with supratentorial HP after revascularization proce-
dures [15, 28]. Several studies have shown that CCD corre-
lates with stroke severity and infarct hypoperfusion volume,
although very few have reported that CCD is associated with
HP after revascularization surgery in MMD [15, 16, 19, 25].
We hypothesized that CCD is indicative of the severity of
postoperative HP. Through serial single-photon emission
computed tomography (SPECT), this study aimed to
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investigate the overall prevalence of HP-related CCD after
bypass surgery for MMD and to determine the factors associ-
ated with the occurrence of HP-related CCD.

Methods

Patients and surgical procedures

This study was approved by the Research Ethics Committee
of Hokkaido University Hospital (#015-0086). One hundred
fifty consecutive revascularization surgeries were performed
in 67 adult and 32 pediatric patients (< 18 years) who
underwent combined direct and indirect revascularization for
MMD at our hospital between 2006 and 2016. Surgical revas-
cularization was considered for patients with hemodynamic
compromise in the presence or absence of ischemic symptoms
including headache. It was also considered for patients with
hemorrhagic presentation. The surgical procedure has been
described previously [16, 25]. Direct bypass procedures in-
cluding superficial temporal artery–middle cerebral artery
(MCA) anastomosis were performed in all hemispheres. In
addition, indirect bypass procedures were performed, such
as an encephalo-duro-arterio-myo-synangiosis procedure.

Perioperative management and radiological
examinations

Presurgical regional cerebral blood flow (CBF) was quantita-
tively measured using 123I N-isopropyl-p-iodoamphetamine
SPECT. Postoperative CBF measurements were performed
immediately after surgery and at postsurgical days 2 and 7.
Postoperative HP was defined as a focal and intense increase
in CBF followed by its normalization in subsequent SPECT
studies [37, 39]. A CBF value in the operated MCA territory
that was greater than 150% of that in the ipsilateral cerebellum
was considered as a reference when radiological HP was eval-
uated [36–38]. HP-related CCD was qualitatively evaluated
when the CBF was reduced in the cerebellar hemisphere con-
tralateral to the operated cerebral hemisphere associated with
HP compared with the ipsilateral cerebellar hemisphere or
preoperative images. The reduction of CBF in the cerebellar
hemisphere was confirmed in multiple slices of cerebellum on
the SPECT study. The resolution of CCD was confirmed by
the subsequent SPECT studies. The evaluation of SPECTwas
performed by two authors (HU and KK), and a consensus was
reached. Postsurgical systolic blood pressure was maintained
at 100 to 140mmHgwith strict blood pressure monitoring and
control using intravenous antihypertensive drug, if necessary.
When TND was observed, MRI and MRAwere performed to
check the patency of direct bypass and the existence of any
fresh ischemic lesions. Then, when SPECT showed HP in the

area that corresponded to TND without new ischemic lesions,
it was considered as symptomatic HP.

Voxel-based perfusion analysis

Voxel-based analyses were performed to visualize changes in
regional CBF after surgery with the use of SPECT on preop-
erative day and postoperative day 7. The analysis included all
105 hemispheres from which raw quantitative SPECT data
could be extracted. These included 63 of 87 hemispheres with
radiological HP (symptomatic, 17; asymptomatic, 46), which
involved 12 of 16 hemispheres with CCD (Table 1). The de-
tails of image acquisition and processing of image data are
described elsewhere [19, 21]. Briefly, the SPECT images were
spatially normalized to the standard SPECT template in
Statistical Parametric Mapping version 8 (SPM8; Wellcome
Department of Cognitive Neurology, University College
London, London, UK; http://www.fil.ion.ucl.ac.uk/spm/).
Alterations in regional CBF were compared voxel by voxel
with each patient’s corresponding preoperative images using
the paired t test model in SPM8. To explore the differences,
statistical significance was set at p < 0.001 without correction
for family-wise error. Clusters showing statistical significance
and containing more than 50 voxels were considered as areas
with significant changes. Images obtained in patients with left
revascularization were flipped to the right side, and the hemi-
sphere with revascularization was treated as the right hemi-
sphere. Thus, the perfusion mapping image was produced by
raw quantitative SPECT data. A region of interest (ROI)-
based analysis was also conducted to compare the changes
in regional CBF of the operated frontal hemisphere and con-
tralateral cerebellar hemisphere. Spherical ROIs (15 mm di-
ameter) were defined using MarsBaR available as an SPM
plug-in, which encircles the center of the largest cluster

Table 1 Summary of clinical data and incidence of postoperative
hyperperfusion

Pediatric Adult

Hemispheres, n 49 101

Mean age ± SD, years 8.7 ± 4.2 42.3 ± 11.4

Male/female 20/29 25/76

Left-sided surgery 23 47

Disease onset type

Ischemia 36 89

Hemorrhage 2 17

Others 1 5

Symptomatic HP 1 24

Asymptomatic HP 12 50

HP-related CCD 2 14

HP, hyperperfusion; CCD, crossed cerebellar diaschisis

600 Neurosurg Rev (2021) 44:599–605

http://www.fil.ion.ucl.ac.uk/spm/


showing significant changes in the voxel-based analysis
(http://marsbar.sourceforge.net).

Data analyses

The relationships between the occurrence of CCD and several
clinical factors, including age, sex, operated side, disease on-
set type, and HP-related TNDs were evaluated. We compared
the data between the groups using the χ2 test, the unpaired t
test, or the Mann-Whitney test, as appropriate. A multivariate
logistic regression analysis was conducted to determine the
effects of the multiple variables on HP-related CCD. The mul-
tivariate analysis was performed using the parameters that
achieved significance levels of p < 0.05 in the univariate anal-
ysis. The level of significance was set at p < 0.05 for the rest of
the analyses described above.

Results

Demographic data

In the present study, 101 hemispheres in 67 adults and 49
hemispheres in 32 children were revascularized. The mean
ages of the children and adults were 8.7 and 42.3 years, re-
spectively, and the patients’ ages ranged from 1 to 71 years.
The patients’ clinical diagnoses were associated with ischemic

symptoms, including headaches, transient ischemic attacks
and infarctions in 125 hemispheres, intracranial bleeding in
19 hemispheres, and other symptoms in six hemispheres
(Table 1).

Incidence of HP-related CCD

Postoperative HP, including symptomatic and asymptomatic
occurrences, was detected in 13 (26.5%) of 49 pediatric hemi-
spheres and 74 (73.3%) of 101 adult hemispheres (Table 1).
Of these, HP-related CCD was detected in 16 of 150 (10.7%)
total hemispheres and 16/87 (18.4%) of hemispheres present-
ed with HP (Table 2). HP-related CCD was observed most
often on postoperative day 7 among the three timepoints after
surgery (Fig. 1). In two of the cases (3 and 8; Table 2), the
detection of CCD preceded the onset of HP-related TNDs.
Voxel-based perfusion mapping visualized a significant in-
crease of CBF in the operated frontal cortex and a reduction
in the contralateral cerebellar hemisphere on postoperative
day 7 (Fig. 2).

Correlations between HP-related CCD and TNDs

HP-related TNDs were observed in one of 49 (2.0%) pediatric
and 24 of 101 (23.8%) adult hemispheres (Table 1). CCD was
more frequently observed in symptomatic HP than in asymp-
tomatic HP (9/25 (36.0%) vs 7/62 (11.3%), p = 0.017; Fig. 3).

Table 2 Clinical data in patients
with HP-related CCD Case Age,

year
Sex Disease

onset type
Side HP/CCD on SPECT Symptoms Onset and

duration
POD 0 POD 2 POD 7

1 52 F TIA L No No Yes/yes Aphasia,
facial
palsy

POD 6

2 52 F Headache L No Yes/yes Aphasia POD 2

3 52 F Headache L No Yes/yes Yes/yes Aphasia POD 3

4 40 F Headache L Yes Yes/yes Aphasia POD 0

5 40 F Hemorrhage R Yes Yes/yes Yes/yes Aphasia,
dysarthria

POD 0–2

6 39 F TIA L No No Yes/yes Aphasia POD 4

7 34 F TIA L No Yes/yes Hemiparesis POD 3

8 22 F TIA L No No Yes/yes Aphasia POD 7

9 16 F TIA R Yes No Yes/yes Dysarthria POD 5

10 71 F TIA L No Yes Yes/yes No NA

11 61 F TIA R No No Yes/yes No NA

12 49 F TIA L No Yes/yes No No NA

13 37 M TIA L Yes/yes No No NA

14 37 M Hemorrhage R No Yes/yes No NA

15 29 F Hemorrhage L Yes Yes Yes/yes No NA

16 8 M TIA L Yes Yes/yes No No NA

HP, hyperperfusion; CCD, crossed cerebellar diaschisis; SPECT, single-photon emission tomography; POD,
postoperative day; TIA, transient ischemic attack
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The effects of various factors on HP-related CCD are shown
in Table 3. Logistic regression analysis demonstrated a corre-
lation between the occurrence of HP-related CCD and TNDs
(OR, 6.6; 95% CI, 2.1–21.2; p = 0.0015). Univariate analysis

showed that HP-related CCDwas observed more significantly
in left-sided surgery. Gender and disease onset type were not
correlated with HP-related CCD. Voxel-based ROI analysis
showed that CBF changes in the operated frontal lobe and
the contralateral cerebellum were significantly larger in symp-
tomatic HP than in asymptomatic HP (median 11.3% vs 7.5%,
p = 0.035; − 6.0% vs − 1.7%, p = 0.020, respectively; Fig. 4).

Discussion

While postoperative HP is now a well-recognized phenome-
non, especially in adult patients with MMD [10, 13, 29, 30,
36, 37, 39, 40], HP-related CCD has not been recognized as
frequently and it has been investigated in only a few studies.

Fig. 1 Perioperative serial single-photon emission computed tomography
of a 52-year-old woman who underwent left-sided surgery (case 1;
Table 2). She had developed the neurological deficits motor aphasia and
facial palsy on postoperative day (POD) 2. The images demonstrate a
focal increase in cerebral blood flow in the left frontal lobe and a reduc-
tion in the right cerebellar hemisphere (arrow head) on POD 7. Two
months after surgery, the reduction in cerebral blood flow observed in
the right cerebellar hemisphere had resolved. PreOp, preoperative

Fig. 2 Voxel-based perfusion
mapping demonstrating a
significant increase in cerebral
blood flow (CBF) in the operated
frontal cortex and a reduction in
CBF in the contralateral cerebel-
lar hemisphere on postoperative
day 7 compared with the preop-
erative state. The revascularized
hemisphere is set to the right side.
Voxels with significant increases
in CBF are shown in red, whereas
voxels with decreases in CBF are
shown in blue. Color bars repre-
sent T values. Lower-threshold T
values correspond to a statistical
significance of p < 0.001 with
uncorrected family-wise error

Fig. 3 Bar graph illustrating the incidence of crossed cerebellar diaschisis
(CCD) in hemispheres with symptomatic and asymptomatic hyperperfu-
sion (HP). *p < 0.05
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There are case reports on HP-related CCD after bypass sur-
gery for MMD [15] and after carotid endarterectomy [28].
This study reports that the incidence of CCD among MMD
patients presenting with HP was 18.4%, which is more fre-
quent than anticipated and within the published range of CCD
after supratentorial strokes (15.6–46.2%) [6, 7, 23, 24, 26, 27,
32].

This study showed that CCD was more commonly ob-
served in symptomatic HP than in asymptomatic HP. The
degree of the postoperative CBF increase is considered as
one of the major factors associated with the occurrence of
HP-related TNDs. We have previously reported the critical
threshold by which a CBF increase is associated with HP-
related TNDs [21]. Thus, symptomatic HP is considered a

more severe form of HP compared with asymptomatic HP in
terms of the degree of CBF increase. In fact, in the present
study, the voxel-based ROI analysis demonstrated that the
CBF increase within the operated frontal cortex was larger
in symptomatic HP than in asymptomatic HP.

Previous SPECTstudies have demonstrated that the degree
of supratentorial hypoperfusion is correlated with the occur-
rence of CCD in stroke patients. Sommer et al. reported that
the occurrence of CCD was significantly influenced by the
degree of the supratentorial CBF reduction in patients with
acute MCA infarction [32]. Nocun et al. reported that the
degree of cerebral hypoperfusion, in the chronic stage of
stroke, was a determinant of CCD and correlated with the
degree of cerebellar hypoperfusion [27]. These are respective-
ly representing the number of impaired neurons in the cortico-
ponto-cerebellar pathway and so the severity of the functional
damage. Similarly, the degree of HP was associated with the
occurrence as well as the degree of CCD among cases with
symptomatic and asymptomatic HP in the present study. Thus,
conversely, the occurrence of contralesional cerebellar CBF
reduction can be considered as an indicator of symptomatic
HP in MMD. CCD would be an additional radiological mark-
er of severe neuronal damage due to HP besides the focal
intense CBF increase in the anastomosed hemisphere. Of the
16 hemispheres with HP-related CCD, seven (43.8%) were
still asymptomatic. These cases may potentially be at risk of
becoming symptomatic, which implies that meticulous post-
operative management with regard to blood pressure control
and radiological follow-up may be necessary [9, 12, 35, 37,
39]. In contrast, the detection of CCD did not always precede
the onset of HP-related TNDs. This may limit the value of
CCD as a predictor of symptomatic HP.

In our study, a significantly higher proportion of CCD oc-
curred following the presentation of left-sided HP. The higher
incidence of CCD after left-sided MCA infarctions has also
been reported in a large cohort [32]. Previous voxel-based
diffusion tensor imaging analysis demonstrated a number of
fractional anisotropy asymmetries including leftward

Table 3 Correlations between
clinical factors and CCD HP-related CCD Univariate Multivariate OR (95% CI)

Yes (n = 16) No (n = 134)

Mean age, year 39.9 30.3 0.049 0.19 1.0 (1.0–1.1)

Men 3 (18.7%) 42 (31.3%) 0.29

Left-sided surgery 12 (75.0%) 58 (43.2%) 0.01 0.098 2.9 (0.8–10.1)

Disease onset type

Ischemic 13 (81.2%) 112 (83.6%) 0.73

Hemorrhagic 3 (18.7%) 16 (11.9%) 0.43

HP-related TNDs 9 (56.3%) 16 (11.9%) < 0.0001 0.0015 6.6 (2.1–21.2)

HP, hyperperfusion; CCD, crossed cerebellar diaschisis; OR, odds ratio; CI, confidence interval; TND, transient
neurologic deficit

Fig. 4 Bar graph from region of interest–based analysis illustrating the
cerebral blood flow (CBF) changes in the operated frontal cortex and
contralateral cerebellar hemisphere on postoperative day (POD) 7 in cases
with symptomatic and asymptomatic hyperperfusion (HP). The columns
and bars indicate the median and interquartile range, respectively.
*p < 0.05
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asymmetry of corticospinal tract and the cerebellum in healthy
individuals [34]. This data suggests that the amount of inter-
connection between the frontal cortex and the cerebellar hemi-
sphere is more intense on the left. Furthermore, the left side is
said to be associated with speech, complex language process-
ing, and verbal working memory [2, 4, 5, 20, 32].
Symptomatic HP is also reported to occur more frequently
after left-sided surgery in MMD [37]. The higher incidences
of CCD and symptomatic HP may be attributed to the vulner-
ability of left side of the cerebral hemisphere.

This study had some limitations. First, the small number of
CCD cases was retrospectively investigated in a single insti-
tute. Second, the incidence of HP-related CCD was evaluated
by CBF on SPECT. CCD can be detected by other
hemodynamic/metabolic parameters, such as by cerebral
blood volume, mean transit time, and fluorodeoxyglucose me-
tabolism [18, 31, 32]. Therefore, the incidence may vary de-
pending on the parameters analyzed or imaging modalities.
Furthermore, it is hard in some cases to conclude that CCD
is exclusively secondary to HP because HP can be associated
with simultaneous ischemia at surrounding areas [14]. Finally
the long-term effect of HP-related CCD on the clinical out-
come such as cognitive function is unclear.

Conclusions

This perioperative serial SPECTstudy demonstrated that tran-
sient CCD secondary to postoperative HP is not a rare phe-
nomenon in MMD. This finding has clinical applications, as
CCD could potentially be a radiological indicator associated
with symptomatic HP or severe neuronal damage due to HP in
MMD. Although postoperative HP and CCD are considered a
temporal phenomenon in MMD, the long-term effects of in-
tense HP as well as CCD should be investigated in the future.
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