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Crossed cerebellar diaschisis (CCD) has been widely investigated in patients with supratentorial hypo-
metabolism, however, the available evidence about the metabolic feature of CCD in patients with contralateral
supratentorial hypermetabolism is lacking. This study aimed to assess the metabolic asymmetrical profile,
network pattern and predisposing factors for the hypermetabolism-associated CCD, by using voxel-based
asymmetry index (AI) and brain network analyses. Seventy CCD positive (CCD+) and 99 CCD negative (CCD-)
patients with unilateral supratentorial hypermetabolism were introduced. Among different brain regions with
Almax or Alpip, striatum & thalamus was accompanied by the highest positive rate of CCD (85.7% or 70.1%,
respectively). CCD+ group had significantly greater Alp.x (median [IQR], 0.62 [0.44-0.84] vs. 0.47
[0.35-0.611), supratentorial hypermetabolic volume (1183.5 [399.3-3026.8] vs. 386.0 [152.0-1193.0]) and
hypometabolic volume (37796.5 [24741.8-53278.0] vs. 3337.0 [1020.0-17193.0]), and lower Alni, (—0.85
[-1.05-—-0.73] vs. —0.49 [—0.68-—0.35]) compared with CCD- group (all P < 0.001). Logistic regression analysis
manifested that patients with Alpy;, located at striatum & thalamus were 16.4 times more likely to present CCD
than those at frontal lobe (OR = 16.393; 95% CI, 4.463-60.207; P < 0.001), and the occurrence of CCD was also
associated with Al,x (OR = 49.594; 95% CI, 5.519-445.653; P < 0.001) and Al (OR = 3.133 x 10’4, 95% CI,
1.693 x 107°-5.799 x 1073, P < 0.001). Brain network analysis indicated that the relative hypermetabolism in
the contralateral supplementary motor cortex (SMC) and precuneus gyrus were constant in the CCD related
patterns. These results demonstrated that the greater Alyay, lower Alyi, and Aly;, located at striatum & thalamus
should be predisposing factors for CCD in patients with unilateral supratentorial hypermetabolism. Relative
increased activities in the contralateral SMC and precuneus gyrus might be attributed to a compensatory
mechanism for the abnormal brain network related to CCD.

1. Introduction

Crossed cerebellar diaschisis (CCD), firstly reported in cerebral
infarction patients, was defined as coupled hypometabolism and hypo-
perfusion in the cerebellar hemisphere contralateral to the supra-
tentorial lesions (Baron et al., 1981; Sebok et al., 2021). In addition to
the ataxic hemiparesis, cerebellar dysfunction within CCD may be
involved in the abnormal posture, shoulder subluxation, and impair-
ment of non-motor functions as well (Chang et al., 2017; Hsieh et al.,
2020; Inatomi et al., 2021; Kwon et al., 2015; Nishida et al., 2019;
Yoshida et al., 2018). Consequently, more extensive investigations are
required for the better intervention of CCD and its associated

comorbidities.

At present, the determinant factors for the occurrence of CCD re-
mains inconclusive. A large number of studies related to CCD have
focused on the patients with supratentorial hypoperfusion or hypo-
metabolism. It was suggested that the presence of CCD was associated
with larger infarct volume and greater severity of symptoms (Kang et al.,
2017; Wang et al., 2020). Whereas, other studies showed that the
asymmetrical magnitude of cerebral perfusion and hypoperfusion vol-
ume were the determinants of CCD (Lee et al., 2017; Nocun et al., 2013).
The phenomenon of hyperperfusion/hypermetabolism-associated CCD
has been described in patients with epilepsy, glioma, lymphoma and
postoperative patients after bypass surgery for moyamoya disease
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(Hokari et al., 2012; Liu et al., 2018; Nelissen et al., 2006; Teoh et al.,
2014; Uchino et al., 2021). Due to the limited number of reported cases,
evidence of predisposing factors for hypermetabolism-associated CCD is
yet lacking. Besides, hypermetabolic foci were usually accompanied by
peripheral and/or remote hypometabolism. It has not been yet investi-
gated whether hypermetabolic or hypometabolic features in these pa-
tients are more relevant to the occurrence of CCD.

Asymmetry index (AI) was the most commonly used indicator for
evaluating the severity of CCD (Kang et al., 2015; Ma et al., 2022; Sebok
et al., 2021; Takahashi and Horiguchi, 2020; Wang et al., 2020). Region
or volume of interest (ROI or VOI) can be defined to calculate the Al
parameter of supratentorial lesions responsible for CCD (Hou et al.,
2021). Drawing the outline of VOI manually, however, has poor
repeatability, and is time-consuming and laborious. Although automatic
segmentation by using neuromorphometrics atlas is considered to be
more objective, no contour of the metabolic abnormality is exactly the
same as any standard brain region. Accordingly, Al calculation based on
VOI may give rise to controversial results, especially in specific standard
brain regions containing both hypermetabolic and hypometabolic le-
sions. These dilemmas underscore the need for more precise calculation
of Al at the voxel level, which has been utilized for the objective local-
ization of the metabolic abnormalities in epilepsy patients (Zhu et al.,
2017). To our knowledge, voxel-based analysis of Al has been used for
evaluating the asymmetrical profile only in the hypoperfusion-
associated CCD, but not in the hyperperfusion- or hypermetabolism-
associated CCD (Nocun et al., 2013).

Under neuropathological state, brain functional networks across the
whole brain might be altered in a characteristic pattern (Schindlbeck
et al., 2020). And disease related network patterns have been identified
in patients with neurodegenerative disorders (Eidelberg, 2009). The
determination of CCD related pattern (CCDRP) would be crucial to gain
more insight into the pathophysiological foundation for CCD and its
associated symptoms.

The study presented herein aimed to assess the metabolic asym-
metrical profile, specific CCDRP and predisposing factors for
hypermetabolism-associated CCD, by using voxel-based analysis
approach in a variety of diseases. In addition, the discrepancies in
metabolic asymmetrical pattern and CCDRP expression between CCD
positive (CCD+) and CCD negative (CCD-) patients with unilateral
supratentorial hypermetabolic lesions were also investigated.

2. Materials and methods
2.1. Subjects

Clinical and image data were retrospectively collected via electronic
medical record system and PET/CT database between Jan 2014 to Dec
2021. Patients with unilateral supratentorial hypermetabolic lesion
detected by *®F-fluorodeoxyglucose positron emission tomography (*8F-
FDG PET) imaging were included. Patients were excluded if they had
any contralateral brain structural abnormality (including cerebrum and
cerebellum) or contralateral supratentorial metabolic abnormality.
Another exclusion criterion was that PET image did not cover the entire
cerebrum or cerebellum. Finally, 169 patients (75 females; median
[IQR] age, 58 [50-67] years) were introduced in this study. In addition,
116 normal brain 8F-FDG PET images of healthy controls (39 females;
median [IQR] age, 50 [41-60] years) were extracted from the open
source image datasets (Wang et al., 2021).

2.2. Image acquisition and reconstruction

Static PET/CT images were acquired on a clinical PET/CT scanner
(Discovery 690 Elite, GE Medical Systems, USA), at 60 min after intra-
venous injection of ®F-FDG (3.7 MBg/kg). The algorithm of SharpIR +
VUE point HD was used for the PET data reconstruction. The matrix size
of reconstructed brain PET images was 192 x 192 x 47 with a voxel size
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of 1.56 x 1.56 x 3.27 mm°.

2.3. Image analysis

2.3.1. Al parameter images

All reconstructed brain PET images were flipped around the x-axis to
create the mirrored PET images. Both raw and flipped PET images were
spatially normalized into a homemade symmetric brain template of
tissue probability map (TPM) through statistical parametric mapping 12
(SPM12) software package (Welcome Trust Centre for Neuroimaging,
London, UK; https://www.fil.ion.ucl.ac.uk/spm), according to the so-
phisticated protocol (Kurth et al., 2015). These normalized PET data
with a voxel size of 1.5 x 1.5 x 1.5 mm?, were then smoothed using an 8
mm isotropic Gaussian kernel. For the subjects with left supratentorial
lesions, Al parameter images were calculated at the voxel level ac-
cording to the following formula (Didelot et al., 2010; Kurth et al.,
2015):

Al = (unflipped — —flipped) / |(unflipped + flipped) /2 |

For the subjects with right supratentorial lesions, the calculation was
according to the following formula:

Al = (flipped — —unflipped) / |(unflipped + flipped) /2]

By this means, all the Al parameters for hypermetabolic lesions were
confined to the left side, facilitating the subsequent comparison between
CCD+ and CCD- groups. After a second smoothing using an isotropic 4
mm Gaussian kernel, the brain Al parameter images of CCD+ group
were compared with those of CCD- group using voxel-wise SPM analysis
(AI-SPM) (Didelot et al., 2010; Zhu et al., 2017). Family-wise error
(FWE) corrected P value under 0.05 with cluster level above 50 voxels
was regarded as statistically significant.

Besides, Al parameter image of each patient was also compared with
those of control group using SPM software (Didelot et al., 2010; Zhu
et al.,, 2017). This procedure was conducted to further determine the
maximum of Al (Alay), minimum of Al (Aln;,) and the brain regions of
Alax and Aly;, for each individual patient. Since Al represents the
relative FDG uptake compared with that of mirrored brain region, the
Alpnax and Alyin located at different brain regions refer to the value of the
most asymmetric hypermetabolic and hypometabolic regions, respec-
tively. The higher the Al ., the more significant the extreme value of
asymmetric hypermetabolism. In contrast, the lower the Aly,, the more
significant the extreme value of asymmetric hypometabolism. Both
supratentorial hypermetabolic and hypometabolic volumes of all clus-
ters exceeding the threshold were obtained as well.

2.3.2. VOI-based AI

All reconstructed PET images were also spatially normalized to the
default TPM template embedded in SPM12 package. VOI for bilateral
cerebellum exterior, caudate, putamen, pallidum and thalamus proper,
were automatically segmented on both brain hemispheres by the neu-
romorphometrics atlas matching the default TPM template, and origi-
nating from the OASIS project (https://www.oasis-brains.org/). Based
on the lateralization of supratentorial lesions, AI for the ipsilateral
caudate, putamen, pallidum and thalamus proper was calculated ac-
cording to the following formula (Takahashi and Horiguchi, 2020):

Al = (ipsilateral — —contralateral) /|(ipsilateral + contralateral) /2 ]

But the calculation of Al for the contralateral cerebellum exterior
was according to the following formula:

Al = (contralateral — —ipsilateral) [ |(ipsilateral + contralateral) /2 |

The determination of CCD was based on the value of cerebellar Al
Patients with cerebellar AI < —0.1 were considered as CCD-+, and those
with cerebellar AI between — 0.1 and 0.1 as CCD-. None subjects had
cerebellar AI exceeding 0.1. Besides, the presence of supratentorial
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hypermetabolism were visually evaluated by two experienced nuclear
medicine physicians separately. Discordant results were adjudicated by
VOI-AI analysis taking 0.1 as the threshold.

2.3.3. Metabolic brain network analysis

Based on the location of supratentorial hypermetabolic lesions, both
CCD+ and CCD- patients were classified into 6 categories, i.e. frontal
lobe, parietal lobe, temporal lobe, occipital lobe, cingulate gyrus and
striatum & thalamus. As described above, brain PET images with right
supratentorial lesions were flipped around the x-axis to create the
mirrored PET images, thus the hypermetabolic lesions of all images were
confined to the left side. Voxel-based metabolic brain network analysis
was conducted by scan analysis and visualization processor (ScAnVP)
software package (Center for Neuroscience, Feinstein Institute for
Medical Research, NY; https://www.feinsteinneuroscience.org). Briefly,
CCDRP was determined from the combined control and CCD+ groups
for each category, by applying the scaled subprofile model of principal
component analysis (SSM-PCA) (Ma et al., 2007). Maximum separation
in the expression of CCDRP between the control and CCD+ subjects was
achieved, and the principal components expression in each individual
case was transformed into Z score. In addition, The CCDRP expressions
in the PET data from CCD- subjects calculated through the algorithm of
topographic profile rating, were represented by a Z-transformed score as
well.

2.4. Statistical analysis

Statistical analyses were conducted by using SPSS software (version
25.0; IBM SPSS Statistics). Group differences for continuous variables
were tested using the Mann—Whitney test or Kruskal-Wallis test followed
by post-hoc Bonferroni correction, while categorical variables using the
chi-square test or Fisher exact test as appropriate. Correlation analyses
were performed using Pearson or Spearman correlation coefficients
when appropriate. Multivariate logistic regression analysis was con-
ducted to determine the effects of multiple variables on
hypermetabolism-associated CCD. P values < 0.05 were considered
statistically significant.

3. Results
3.1. The demographics of CCD+ and CCD- groups

CCD was confirmed in 70(41.4%) patients with unilateral supra-
tentorial hypermetabolism. As shown in Table 1, no significant differ-
ences in age (P = 0.494), gender (X2 =1.530, P = 0.216) or lateralization
of hypermetabolic lesions (3% = 0.120, P = 0.729) were found between
CCD+ and CCD- groups. A significant difference in positive rate of
hypermetabolism-associated CCD was found among the 5 types of brain
disorders (Fisher exact test, Xz =12.341, P < 0.01). Without considering
the encephalitis with only 1 case, patients with glioma and epilepsy had
the highest (63.0%) and lowest (0%) positive rate of CCD, respectively.

3.2. Comparison of metabolic asymmetrical pattern between CCD+ and
CCD- groups

Compared with CCD- group, no significant increase of metabolic Al
was found in CCD+ group (PrwE-corrected] < 0.05, cluster size > 50).
Whereas, CCD+ group had significantly lower metabolic Al mainly in
ipsilateral thalamus, insula, inferior frontal gyrus and pons and
contralateral cerebellum than CCD- group (P[rwE-corrected] < 0.05, cluster
size > 50; Fig. 1 and Table 2). Only 3 local maxima >8 mm apart were
displayed for each cluster in Table 2. Besides, significant reduction of
metabolic Al was also found in ipsilateral frontal lobe (33740 voxels),
parietal lobe (7377 voxels), temporal lobe (5584 voxels), putamen
(2213 voxels), caudate (1051 voxels), pallidum (478 voxels) and
midbrain (723 voxels) including the red nucleus (75 voxels).
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Table 1
The demographics of patients with unilateral supratentorial hypermetabolism.
Clinical characteristics CCD+ group CCD- group P value x
(n = 70) (n=99)
Gender
Female/Male 35/35 40/59 0.216 1.530%
Age (years) 59 (50-68) 58 (49-67) 0.494 N/A
Lateralization (L/R) 37/33 55/44 0.729 0.120%
Disease category 0.008 12.341*
Epilepsy
Glioma 17 10
Lymphoma
Metastatic tumor 45 71
Encephalitis 0 1
Region with Alyax 0.016 13.564*
Frontal lobe 40 43
Parietal lobe 7 21
Temporal lobe 7 18
Occipital lobe 5 12
Insula & cingulate gyrus 5 4
Striatum & thalamus 6 1
Region with Al <0.001 38.634*
Frontal lobe 13 36
Parietal lobe 6 20
Temporal lobe 3 18
Occipital lobe 1 3
Insula & cingulate gyrus 0 2
Striatum & thalamus 47 20

AI = asymmetry index; CCD = crossed cerebellar diaschisis; L = left cerebral
hemisphere; R = right cerebral hemisphere; # Pearson chi-square test; * Fisher
exact test.

3.3. Analysis of the individual metabolic asymmetrical profile for
hypermetabolism-associated CCD

Compared with control group, individual metabolic asymmetrical
profile of each patient (both CCD+ and CCD- group) with unilateral
supratentorial hypermetabolism was analyzed, in order to obtain
asymmetrical parameters including Alyay, Alyin, brain region with Alpax
or Alpi,, and volume of supratentorial hypermetabolism or hypo-
metabolism. The metabolic asymmetrical profile of a single CCD+ pa-
tient with glioma was demonstrated as an example in Fig. 2 and Table 3
(PrrwE-corrected] < 0.05, cluster size > 50).

As shown in Table 1, significant difference in positive rate of CCD
was found among 6 brain regions with Al (Fisher exact test, % =
13.564, P < 0.05), as well as regions with Al;, (Fisher exact test, x2 =
38.634, P < 0.001). Among different brain regions with Al,x or Alpip,
striatum & thalamus was accompanied by the highest positive rate of
CCD (85.7% or 70.1%, respectively). In addition, CCD+ group had
significantly greater Alp.x (median [IQR], 0.62 [0.44-0.84] vs. 0.47
[0.35-0.61], P < 0.001), supratentorial hypermetabolic volume (me-
dian [IQR], 1183.5 [399.3-3026.8] vs. 386.0 [152.0-1193.0], P <
0.001) and hypometabolic volume (median [IQR], 37796.5
[24741.8-53278.0] vs. 3337.0 [1020.0-17193.0], P < 0.001) compared
with CCD- group (Fig. 3). Alpin of CCD+ group was significantly lower
than that of CCD- group (median [IQR], —0.85 [-1.05-—0.73] vs. —0.49
[-0.68-—0.35], P < 0.001).

Both the volume ratio of hypometabolism to hypermetabolism
(median [IQR], 35.36 [8.39-121.11] vs. 7.66 [2.08-35.57], P < 0.001)
and the total volume of metabolic abnormalities (median [IQR],
40318.5 [26090.0-55456.0] vs. 5177.0 [1545.0-19352.0], P < 0.001)
of CCD+ group were significantly greater than those of CCD- group.
Furthermore, significant difference in the volume ratio of hypo-
metabolism to hypermetabolism (P = 0.007), as well as in the total
volume of metabolic abnormalities (P = 0.001), were found among the 4
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Fig. 1. The decreased metabolic asymmetrical profile of CCD+ patients compared with CCD- patients. Raw PET images were flipped around the x-axis to create the
mirrored images, resulting all the hypermetabolic lesions confined to the left side. The brain metabolic Al parameter images of CCD+ group were compared with
those of CCD- group using voxel-wise SPM analysis. Family-wise error corrected P value under 0.05 with cluster level above 50 voxels was regarded as statistically

significant. See also Table 2.

Table 2
The decreased metabolic asymmetrical profile of CCD+ patients compared with CCD- patients.
Clusters Peak level Coordinates (mm) Regions
Kg P (pwe- P mwe- T X Y 7
corrected) corrected)
1 9519 0.000 0.000 12.87 21 -70 -30 Cerebellum (contralateral)
0.000 12.24 32 -75 -31 Cerebellum (contralateral)
0.000 8.05 8 —58 —45 Cerebellum (contralateral)
2 67,285 0.000 0.000 11.01 —11 -16 7 Thalamus (ipsilateral)
0.000 10.74 -33 2 7 Insula (ipsilateral)
0.000 9.05 —48 7 7 OPpIFG (ipsilateral)
3 62 0.020 0.019 4.54 -3 31 —24 Pons (ipsilateral)

Table showing 3 local maxima>8 mm apart in each cluster; CCD = crossed cerebellar diaschisis; Kg = cluster size; FWE = Family-wise error; FDR = False discovery

rate; OpIFG = opercular part of the inferior frontal gyrus. See also Fig. 1.

types of brain disorders (excluding the only one encephalitis patient).
The post hoc analysis indicated that the volume ratio of hypometabolism
to hypermetabolism in both glioma (median [IQR], 21.45 [6.80-56.42],
P = 0.023) and metastatic tumor (median [IQR], 20.49 [5.14-75.15], P
= 0.009) patients, was significantly greater than that in epilepsy patients
(median [IQR], 2.31 [0.14-4.71]), while the total volume of metabolic
abnormalities in both metastatic tumor (median [IQR], 18973.5
[2907.3-40697.0] P = 0.022) and epilepsy (median [IQR], 5450.0
[975.3-12849.0], P = 0.002) patients was significantly lower than that
in glioma patients (median [IQR], 34155.0 [18846.0-55756.0]).
Logistic regression analysis was performed with relevant factors,
including disease category, Alyax, Almin, region with Al .y, region with
Alpin, supratentorial hypermetabolic and hypometabolic volumes, vol-
ume ratio of hypometabolism to hypermetabolism and total volume of

metabolic abnormalities, which were significantly different between
CCD-+ and CCD- groups in the univariate analysis. Patients with Alp;,
located at striatum & thalamus were 16.4 times more likely to present
hypermetabolism-associated CCD than those at frontal lobe (odds ratio
[OR] = 16.393; 95% CI, 4.463-60.207; P < 0.001, Table 4). The
occurrence of CCD was also significantly associated with the values of
Alpax (OR = 49.594; 95% CI, 5.519-445.653; P < 0.001) and Alp, (OR
=3.133 x 104, 95% CL, 1.693 x 10 >-5.799 x 10 3, P < 0.001).

3.4. Correlation between metabolic Al of ipsilateral striatum & thalamus
and that of contralateral cerebellum

Among CCD+ group, metabolic Al of contralateral cerebellum was
significantly positively correlated with that of ipsilateral caudate,
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Fig. 2. The interhemispheric metabolic asymmetrical profile of a single CCD+ patient with left supratentorial glioma. Family-wise error corrected P value under 0.05
with cluster level above 50 voxels was regarded as statistically significant. Regions with increased metabolic Al were in yellow/red, reduced metabolic Al in blue/
green. See also Table 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 3
The metabolic asymmetrical profile of a glioma patient with hypermetabolism-associated CCD.
Clusters Cluster level Peak level Coordinates (mm) Regions
Kg P pwe- P (pwe- T X Y Z
corrected) corrected)
Increased
1 1715 0.000 0.000 22.87 —-21 2 31 Frontal lobe (ipsilateral)
Decreased
1 22,558 0.000 0.000 16.99 —41 -9 23 Frontal lobe (ipsilateral)
0.000 15.11 -27 4 8 Putamen (ipsilateral)
0.000 13.64 -30 -7 14 Insula (ipsilateral)
2 4077 0.000 0.000 8.08 11 —58 —-57 Cerebellum (contralateral)
0.000 8.08 27 —64 —28 Cerebellum (contralateral)
0.000 7.48 33 -81 -30 Cerebellum (contralateral)
3 51 0.004 0.000 6.86 —47 31 25 Frontal lobe (ipsilateral)
4 58 0.003 0.002 5.55 6 -73 —-25 Cerebellum (contralateral)

Table showing 3 local maxima>8 mm apart in each cluster; CCD = crossed cerebellar diaschisis; Kg = cluster size; FWE = Family-wise error; FDR = False discovery

rate. See also Fig. 2.

putamen, pallidum and thalamus proper (r = 0.317, 0.333, 0.345 and
0.373, respectively, all P < 0.01; Fig. 4). Whereas among CCD- group,
metabolic Al of contralateral cerebellum was significantly positively
correlated only with that of ipsilateral caudate (r = 0.252, P < 0.05) and
putamen (rs = 0.339, P < 0.01).

3.5. Metabolic brain network analysis for hypermetabolism-associated
CCD

Since hypermetabolic lesion located at insula lobe was found only in
1 CCD+ subject, this subject was not included in the establishment of
CCDRP. Hypermetabolism-associated CCDRP was determined for each
category based on the location of supratentorial hypermetabolic lesions

(Fig. 5).

The frontal lobe associated CCDRP accounting for 40.02% of the
subject x voxel variance, was characterized by relative increases in
contralateral supplementary motor cortex (SMC) and precuneus gyrus
(PrG) metabolism, associated with relative reductions in ipsilateral
frontal lobe, insula lobe, caudate, putamen, anterior cingulate gyrus and
contralateral cerebellum (Fig. 5a). The parietal lobe associated CCDRP
accounting for 20.57% of the subject x voxel variance, was character-
ized by relative increases in contralateral SMC, PrG, precentral gyrus
and postcentral gyrus metabolism, associated with relative reductions in
ipsilateral parietal lobe, frontal lobe, temporal lobe, occipital lobe,
cingulate gyrus, insula lobe, thalamus and contralateral cerebellum
(Fig. 5b). The temporal lobe associated CCDRP accounting for 23.82% of
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Fig. 3. Comparison of metabolic asymmetrical parameters between CCD+ and CCD- groups. These asymmetrical parameters were derived from the individual Al-
SPM analysis. (a) CCD+ group had significantly greater Al,,,, compared with CCD- group (median [IQR], 0.62 [0.44-0.84] vs. 0.47 [0.35-0.61], P < 0.001); (b) Alin
of CCD+ group was significantly lower than that of CCD- group (median [IQR], —0.85 [-1.05-—0.73] vs. —0.49 [—0.68-—0.35], P < 0.001). (c) CCD+ group had
significantly larger supratentorial hypermetabolic volume compared with CCD- group (median [IQR], 1183.5 [399.3-3026.8] vs. 386.0 [152.0-1193.0], P < 0.001);
(d) Supratentorial hypometabolic volume of CCD+ group was significantly larger than that of CCD- group (median [IQR], 37796.5 [24741.8-53278.0] vs. 3337.0

[1020.0-17193.0], P < 0.001).

Table 4

Logistic regression analysis of risk factors for hypermetabolism-associated CCD.
Variables P B SEM Exp(B) 95% CI
Alpax <0.001 3.904 1.120 49.594 5.519-445.653
Alpin <0.001 —8.068 1.489 3.133 x 10 1.693 x 107°-5.799 x 1073
Region with Alyin <0.001
Frontal lobe N/A N/A N/A 1.000 N/A
Parietal lobe 0.199 —1.072 0.834 0.342 0.067-1.756
Temporal lobe 0.542 0.747 1.225 2.112 0.191-23.309
Occipital lobe 0.191 —1.896 1.451 0.150 0.009-2.580
Insula & cingulate gyrus 1.000 —46.821 9.143 x 10'° 4.635 x 102! N/A
Striatum & thalamus <0.001 2.797 0.664 16.393 4.463 - 60.207
Constant <0.001 —9.525 1.655 7.299 x 1075 N/A

Al = asymmetry index; CCD = crossed cerebellar diaschisis.

the subject x voxel variance, was characterized by relative increases in
contralateral SMC and PrG metabolism, associated with relative re-
ductions in ipsilateral temporal lobe, occipital lobe, insula lobe, puta-
men, pallidum, thalamus and contralateral cerebellum (Fig. 5c¢). The
occipital lobe associated CCDRP accounting for 17.40% of the subject x
voxel variance, was characterized by relative increases in contralateral
SMC, PrG, precentral gyrus and postcentral gyrus metabolism, associ-
ated with relative reductions in ipsilateral occipital lobe, parietal lobe,
temporal lobe, insula lobe, putamen, pallidum, thalamus and contra-
lateral cerebellum (Fig. 5d). The cingulate gyrus associated CCDRP ac-
counting for 18.01% of the subject x voxel variance, was characterized
by relative increases in contralateral SMC and superior temporal gyrus
metabolism, associated with relative reductions in ipsilateral parietal
lobe, cingulate gyrus, frontal lobe, occipital lobe, temporal lobe and
contralateral cerebellum (Fig. 5e). And the striatum & thalamus asso-
ciated CCDRP accounting for 14.83% of the subject x voxel variance,
was characterized by relative increases in ipsilateral putamen, pallidum,
thalamus and contralateral frontoparietal lobes (including SMC and
PrG) metabolism, associated with relative reductions in ipsilateral

frontal lobe, parietal lobe, occipital lobe, insula lobe, temporal lobe and
contralateral cerebellum (Fig. 5f).

Significant differences in the CCDRP expressions represented by
subject Z scores were found among control, CCD+ and CCD- groups, for
each category based on the location of supratentorial hypermetabolic
lesions (all P < 0.01), and the Bonferroni multiple comparisons were
shown in Fig. 6. CCD+ group had significantly higher pattern expres-
sions than control group for each category (all P < 0.01). CCD- group
had significantly higher pattern expressions than control group, for the
frontal lobe (Fig. 6a), parietal lobe (Fig. 6b), temporal lobe (Fig. 6¢) or
occipital lobe (Fig. 6d) associated CCDRP (all P < 0.001). No significant
difference in the CCDRP expression was found between control and
CCD- groups for the cingulate gyrus associated CCDRP (Fig. 6e, P =
1.000). Besides, CCD- group had significantly lower pattern expressions
than CCD+ group only for the frontal lobe associated CCDRP (Fig. 6a, P
< 0.01). No significant difference in the CCDRP expression was found
between CCD+ and CCD- groups, for the parietal lobe (Fig. 6b, P =
0.539), temporal lobe (Fig. 6¢, P = 0.210), occipital lobe (Fig. 6d, P =
1.000) or cingulate gyrus associated CCDRP (Fig. 6e, P = 0.111).
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Fig. 4. Correlation between metabolic AI of contralateral cerebellum and that of ipsilateral striatum & thalamus. Metabolic AI of contralateral cerebellum was
significantly positively correlated with that of ipsilateral caudate (a), putamen (b), pallidum (c) and thalamus proper (d) among CCD+ patients (all P < 0.01), and
with that of ipsilateral caudate (e) and putamen (f) among CCD- patients (both P < 0.05). No significant correlation was found between metabolic Al of contralateral
cerebellum and that of ipsilateral pallidum (e) and thalamus proper (f) among CCD- patients (both P > 0.05).

4. Discussion

The current study demonstrated the involvement of both metabolic
Alpax and Alp, in the hypermetabolism-associated CCD by using voxel-
based AI analysis approach. Besides, Patients with Alp;, located at
striatum & thalamus were prone to present CCD. Functional connec-
tivities between ipsilateral striatum & thalamus and contralateral cere-
bellum in CCD+ patients were distinct from those in CCD- patients.
Brain network analysis indicated that the relative hypermetabolism in
the contralateral SMC and PrG were constant in all the identified
CCDRPs.

VOI-based AI was one of the most commonly used indicators for
evaluating the severity of CCD (Kang et al., 2015; Ma et al., 2022; Sebok
et al., 2021; Takahashi and Horiguchi, 2020; Wang et al., 2020). The
VOI can be drawn manually, but the precise definition of the boundary
for the metabolic abnormality in functional images is difficult. There-
fore, this time-consuming and laborious approach has poor repeatability
in the Al analysis for PET images. Although automatic segmentation by
using stereotype VOI is considered to be more objective, metabolic ab-
normality is in a nonuniform distribution and its contour cannot be
exactly overlapped with any recognized standard brain region. In
particular, the hypermetabolic lesion with small volume may not be
detected due to the dilution by peripheral hypometabolism. In order to
estimate the location, direction and magnitude of brain morphological
asymmetries more precisely, standard guideline for the voxel-based Al
analysis protocol was established (Kurth et al., 2015). Very little
research attempted to apply this approach for the localization of
epileptic foci using PET imaging (Didelot et al., 2010; Zhu et al., 2017).
To the best of our knowledge, not considering the conventional SPM
procedure, voxel-based Al analysis approach has been used for capturing
the asymmetrical profile of brain perfusion only in hypoperfusion-
associated CCD using single photon imaging, and it was utilized in the
assessment of hypermetabolism-associated CCD for the first time in our
study (Nocun et al., 2013). Above all, greatest advantage of this
approach lies in that relatively small volume of hypermetabolic lesions
surrounded by widespread hypometabolism (e.g., Fig. 2) would not be

detected through VOI-based Al approach.

Up to 70 of 169 (41.4%) patients presented hypermetabolism-
associated CCD in our retrospective study. Significant difference in
positive rate of CCD was found among different types of brain diseases,
which was in line with other studies (7.5% to 57.4%) focused on uni-
lateral supratentorial lesions with reduced metabolism/perfusion only
(Franceschi et al., 2021; Hertel et al., 2021; Hou et al., 2021; Ma et al.,
2022; Provost et al., 2021; Sebok et al., 2021; von Bieberstein et al.,
2021; Zhang et al., 2019). Hypermetabolism-associated CCD was
observed in 18.4% of moyamoya disease patients with postoperative
cerebral hyperperfusion, and in 26.3% of glioma patients (Sebok et al.,
2020; Uchino et al., 2021). Whereas, a majority of CCD studies on
supratentorial hypermetabolic lesions were merely exhibited in the form
of case report (Calabria and Schillaci, 2012; Goldwaser et al., 2020;
Hokari et al., 2012; Teoh et al., 2014). In the current study, it was
suggested that patients with unilateral supratentorial glioma were more
likely (63.0%) to suffer from hypermetabolism-associated CCD, and had
larger total volume of metabolic abnormalities compared with patients
with unilateral supratentorial metastatic tumor. The possible reason
may be that the Al of cerebellar perfusion/metabolism was related with
the total supratentorial lesion volume, including not only the tumor but
also the peritumoral edema (Liu et al., 2018). Apart from the peritu-
moral notable edema, remote inhibition induced by the interruption of
nervous pathways could further increase the volume of reduced perfu-
sion/metabolism (Lindegaard et al., 1986; Nelissen et al., 2006). Since
there was hardly any other available evidence for the discrepancy in the
susceptibility to CCD among multiple types of brain disorders, more
researches are needed to explore this disparity.

Surprisingly in this study, no hypermetabolism-associated CCD was
detected in any epilepsy patients. Among refractory epilepsy patients
caused by focal cortical dysplasia, 23.0% of them presented CCD with
unilateral supratentorial hypometabolic lesions (Hou et al., 2021). The
larger range of supratentorial hypometabolism, detectable structural
abnormalities and the Al,;, located at the posterior frontal & anterior
temporal lobes, were considered as predisposing factors for the occur-
rence of CCD in epilepsy patients (Hou et al., 2021; Savic et al., 1996). In
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Fig. 5. Metabolic brain network analysis for hypermetabolism-associated CCD. CCD-related patterns were identified in patients with unilateral supratentorial hy-
permetabolic lesions, located at frontal lobe (a), parietal lobe (b), temporal lobe (c), occipital lobe (d), cingulate gyrus (e) and striatum & thalamus (f), respectively.
In the render view, voxels with increased metabolism is displayed in red color, while those with decreased metabolism in green color. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

addition, hypometabolism-associated CCD was found in 22.2% epilepsy
patients with Sturge-Weber syndrome as well, and occurred more
frequently (81%) in the interventional test (Griffiths et al., 1997;
Kurthen et al., 1990). However, within our knowledge, canonical
contralateral cerebellar hypometabolism in epilepsy patients with uni-
lateral supratentorial hypermetabolic lesions has not been reported. Put
another way, contralateral cerebellar hyperperfusion/hypermetabolism
(CCH) may be the characteristic form of reverse CCD in certain epilepsy
patients (Graffeo et al., 2016; Park et al., 1992; Won et al., 2018; Yokota
and Ida, 2019). This interesting phenomenon was exclusively observed
in the ictal state or status epilepticus, and could convert into conven-
tional CCD or symmetrical pattern after seizure were controlled (Cui
et al., 2014; Goldwaser et al., 2020; Kawai et al., 2005; Umemura and
Suzuka, 2000). Accompanied by the vascular dilatation and increased
perfusion, neuronal hyperactivation may be attributed to the wide-
spread epileptiform discharges and prolonged excitatory synaptic ac-
tivities via cortico-ponto-cerebellar pathway (Koy et al., 2012; Vyas
et al., 2019).

CCD, a condition in opposition to CCH, was considered to arise from
the deafferentation of cortico-ponto-cerebellar pathway (Reesink et al.,

2018). Along this pathway, CCD+ group had significantly lower meta-
bolic AI within ipsilateral cerebral cortex (excluding occipital lobe),
cerebral white matter, pons and contralateral cerebellum compared
with CCD- group in our voxel-based Al analysis. It was suggested that
both the magnitude of declined metabolism and the total supratentorial
hypometabolic volume may be predisposing factors for CCD (Hou et al.,
2021; Lee et al., 2017; Sommer et al., 2016). Thus, we speculated that
the sufficiently low Aln;, and large volume of supratentorial hypo-
metabolism in CCD+ patients could allow the cortico-ponto-cerebellar
pathway to be suppressed. Furthermore, our results revealed that the
magnitude of elevated metabolism (Al,x) in brain lesions might also be
related to the presence of CCD in patients with supratentorial hyper-
metabolism. The excessive supratentorial dysfunction could further
inhibit the activity of ipsilateral pons, the relay station of this pathway,
through the intrahemispheric associative neurofibrillary tangles. Even-
tually, the apparent decline of metabolic activity in ipsilateral pons may
induce the presence of CCD, accompanied by the reduced neurological
activities in the downstream contralateral cerebellum.

Interestingly, apart from the hypometabolism of the entire cortico-
ponto-cerebellar pathway delineated in our AI-SPM analysis,
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Fig. 6. Comparison of CCD-related pattern (CCDRP) expressions among control, CCD+ and CCD- groups. Individual Z scores (pattern expressions of CCDRP) in CCD-
group with unilateral supratentorial hypermetabolic lesions located at frontal lobe (a), parietal lobe (b), temporal lobe (c), occipital lobe (d), cingulate gyrus (e) and
striatum & thalamus (f), respectively, were compared with those in control and CCD+ groups.

ipsilateral striatum, thalamus and red nucleus were also detected with
declined metabolism in hypermetabolism-associated CCD. These
subcortical nuclei are the key components of cortico-rubral pathway.
The inhibition of this pathway would further lead to the dysfunction of
successive rubro-spinal tract, resulting the symptom of hemiataxia. Lo-
gistic regression analysis also indicated that Aly;, located at striatum &
thalamus should be a pivotal predisposing factor for hypermetabolism-
associated CCD, which was in accordance with the researches on
hypometabolism-associated CCD (Chen et al., 2014; Lin et al., 2018;
Noguchi et al., 2015; Sin et al., 2018). The neighboring internal capsule
with compact fiber bundle may also be involved, inducing the inhibition
of the cortico-ponto-cerebellar pathway. Moreover, striatum and thal-
amus were also considered to be involved in the process of cognitive
function (Diehl-Schmid et al., 2019; Hirata et al., 2015; Leisman and
Melillo, 2013). These findings may provide a new insight into not only
the hemiataxia, but also the cognitive and behavior comorbidities of
CCD (Devita et al., 2021; Leisman and Melillo, 2013).

In our VOI-based Al analysis, the correlation between contralateral
cerebellar cortex and ipsilateral striatum and thalamus were appraised
in both CCD+ and CCD- patients. The metabolic activity of contralateral
cerebellum was positively correlated with that of ipsilateral striatum
and thalamus in CCD+ patients, but with that of only ipsilateral neo-
striatum in CCD- patients. The complex interactive functional network
with reciprocal communication between cerebellum and basal ganglia
has been verified (Bostan et al., 2013). It was also indicated that the
subthalamic nucleus was the key node of the efferent projection from the
basal ganglia to the cerebellum (Bostan et al., 2010). The cerebellum
influenced the striatal process by the dentate nucleus (Hoshi et al.,
2005). Besides, the efferent projections from the cerebellum to both
contralateral cerebral cortex and basal ganglia were relayed via thal-
amus, influencing multiple motor and cognitive functions (Hamaide
et al., 2018; Kawabata et al., 2020; Palesi et al., 2017). Therefore, we

speculated that the synchronously reduced activities of ipsilateral
striatum & thalamus and contralateral cerebellum could be related to
the hypermetabolism-associated CCD and its symptoms.

Distinct CCDRPs were determined based on the category for the
location of supratentorial hypermetabolic lesions in our study. However,
the relative metabolic increases in the contralateral SMC and PrG,
especially the SMC, were constant in all the established patterns. The
area of SMC was supposed to be critical for the learning, execution and
regulation of motor action (Bonini et al., 2014). Other non-motor
functions including auditory processing, cognitive control, apraxia,
and aphasia also involve the participation of SMC (Joswig et al., 2021;
McGettigan et al., 2013; Sjoberg et al., 2019; Yajima and Naruse, 2021).
In addition, neuroimaging evidences revealed that PrG along with its
cortical and subcortical connectivity could regulate not only the motor
function, but also the higher-order cognitive function, e.g., visuo-spatial
imagery, memory and conscious (Cavanna and Trimble, 2006; Thibes
et al.,, 2017). Considering the CCD associated motor and non-motor
symptoms, these increased activities in contralateral SMC and PrG
might be attributed to a compensatory mechanism for abnormal brain
function.

Though the network pattern expressions in CCD- subjects were
significantly higher than those in control group, both of them failed to
reach the expression level in CCD+ subjects, for those with hypermet-
abolic lesion located at frontal lobe. Therefore, the expression of the
established CCDRP, has the potential to distinguish the CCD- group from
both control and CCD+ groups. The unexpected finding was that no
significant difference in the CCDRP expression was found between
CCD+ and CCD- groups, for those with hypermetabolic lesion outside
the frontal area. Owing to the limited number of CCD+ subjects in these
categories, the network patterns were potentially unstable, which would
be a possible explanation. Further investigation with a larger sample size
could provide a more convincing CCDRP, in order to develop more
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effective therapies targeting the key brain regions or pathways respon-
sible for CCD.

Due to the limitation of the experimental design, numerous patients
with bilateral supratentorial hypermetabolic lesions, mostly brain met-
astatic tumor, and glioma patients without obvious hypermetabolic le-
sions were excluded from this study. This potential selection bias may
lead us unable to exactly compare the susceptibility of various brain
disorders to CCD. Another limitation was that the heterogeneity either
among subgroups of a specific disease or within brain metabolic asym-
metrical profile in each patient was not investigated. For the former, the
magnitude of cerebellar ATl would be higher in high-grade than in low-
grade gliomas (Liu et al., 2018; Otte et al., 1998). For the latter, appli-
cations of radiomics and artificial intelligence approaches could provide
further interpretation of metabolic asymmetrical profile by extracting
and analyzing the high dimensional data. Moreover, 8 epilepsy patients
in our study showed neither CCH nor conventional CCD. In addition to
the lowest total volume of supratentorial metabolic abnormalities, the
roughly symmetrical cerebellar metabolism may also be attributed to
the ®F-FDG PET imaging performed during subclinical seizure episode,
rather than ictal state or status epilepticus. Despite these limitations,
future research directions may be highlighted based on our preliminary
results.

5. Conclusion

Voxel-based Al analysis has the potential to be served as a standard
approach for assessing the asymmetrical profile of CCD in various brain
disorders. Greater Alyax, lower Alyin, and Alni, located at striatum &
thalamus might be predisposing factors for CCD in patients with uni-
lateral supratentorial hypermetabolic lesions. Relative increased activ-
ities in contralateral SMC and PrG could be a compensatory mechanism
for the CCD associated abnormal brain network.
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