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Stratification of disease progression in a @
broad spectrum of degenerative cerebellar
ataxias with a clustering method using

MRI-based atrophy rates of brain structures
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Abstract

Background: The rate of disease progression differs among patients with degenerative cerebellar ataxia. The uncertain
natural course in individual patients hinders clinical trials of promising treatments. In this study, we analyzed atrophy
changes in brain structures with cluster analysis to find sub-groups of patients with homogenous symptom
progression in a broad spectrum of degenerative cerebellar ataxias.

Methods: We examined 48 patients including 21 cases of spinocerebellar ataxia (SCA), 17 cases of the cerebellar
type of multiple system atrophy (MSA-C), and 10 cases of cortical cerebellar ataxia (CCA). In all patients, at least
two sets of evaluations including magnetic resonance imaging (MRI) and the International Cooperative Ataxia Rating
Scale (ICARS) scoring were performed. The median number (min-max) of follow-up studies in each patient was three
(2-6), and the mean follow-up period was 3.1 + 1.6 years. The area of the corpus callosum on midsagittal images

and the cerebellar volume were measured using MRI, and these values were divided by the cranial antero-posterior
diameter of each patient to correct for individual head size differences as an area index (Adx) and a volume index
(Vdx), respectively. The annual changes in Adx, Vdx, and ICARS score were calculated in each patient, and atrophy
patterns in patients were categorized with cluster analysis.

Results: The annual atrophy rates for the corpus callosum (Adx) and cerebellum (Vdx) and symptom progression
differed significantly by subtype of cerebellar ataxia (p = 0.026, 0.019, and 0.021, respectively). However, neither
the annual atrophy rate of Adx nor Vdx was significantly correlated with the annual increase in the ICARS score.
When the patients were categorized into three clusters based on the annual changes in Adx and Vdx, the annual
increase in the ICARS score was significantly different among clusters (2.9 £+ 1.7/year in Cluster 1, 4.8 + 3.2/year in
Cluster 2, and 8.7 + 6.1/year in Cluster 3; p = 0.014).

Conclusions: The annual increase in the ICARS score can be stratified by cluster analysis based on the atrophy
rates of the corpus callosum and cerebellum. Further studies are warranted to explore whether these simple MRI
methods could be used for random allocation of a broad spectrum of patients with degenerative cerebellar
ataxia in clinical trials.
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Background

Degenerative cerebellar ataxia comprises heterogeneous
diseases that mainly affect the cerebellum with various
degrees of pathological changes in other brain struc-
tures. Many types of neurodegenerative ataxia are inher-
ited as autosomal dominant traits and have been named
spinocerebellar ataxia (SCA) [1]. The current molecular
classification of SCAs corresponds to the order in which
the responsible genes were described, and more than 30
types of SCAs have been identified [2—5]. Genetic testing
is available for several types of SCAs in routine clinical
practice, but 10-20% of cases of dominant SCA are due
to unknown mutations [6]. Moreover, the rate of pro-
gression may vary, even in patients with the same geno-
type [7]. Among subtypes of degenerative cerebellar
ataxia, the sporadic form is the most common form in
Japan (67.2%) and includes cortical cerebellar ataxia
(CCA) [7, 8] and the cerebellar type of multiple system
atrophy (MSA-C) [9]. A nationwide registry system of
‘intractable diseases’ in Japan demonstrated the preva-
lence of CCA in Japan has reached about 9000 [6, 7].
CCA is nearly synonymous with sporadic adult-onset
ataxia of unknown origin [10] and idiopathic cerebellar
ataxia [11] in Western countries. The concept of CCA
as a disease is somewhat ambiguous, because the diag-
nosis is made by ruling out acquired and genetic causes
of ataxia, as well as MSA. CCA may not be necessarily
sporadic, and the differential diagnosis from MSA-C in
the early stages is difficult [8].CCA may be a mixed disease
entity with recessive inheritance or dominant inheritance
with very low penetrance [8]. Differential diagnosis of de-
generative cerebellar ataxia in the early stage remains
challenging.

Since Sobue et al. reported that intravenous adminis-
tration of taltirelin hydrate, a synthetic thyrotropin-
releasing hormone analogue, improves ataxia in these
diseases in 1983 [12], taltirelin hydrate has been the
most widely used drug in Japan for the treatment of
neurodegenerative ataxia. Although several drugs have
been tested in randomized controlled trials, including
lithium [13] and varenicline [14] in patients with SCA3
and riluzole [15] in patients with a broad spectrum of
neurodegenerative ataxias, no new treatments have been
approved in over 40 years. The uncertainty of the natural
course in individual patients confounds determination of
the most appropriate study design to verify the efficacy of
promising drugs [16-18].

Cerebellar volume measurement using magnetic reson-
ance imaging (MRI) could be used as an imaging bio-
marker to predict progression rates in individual patients
with these diseases [1, 19-21]. We demonstrated that the
cerebellar volume obtained from MRI correlates well with
the International Cooperative Ataxia Rating Scale (ICARS)
score in a broad spectrum of degenerative cerebellar
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ataxias [22]. We also confirmed that the annual atrophy
rate of the cerebellar volume and the annual progression
of the ICARS score were significantly different among
subtypes of cerebellar degeneration [23]. However, cate-
gorizing individual symptom progression only by the at-
rophy rate of the cerebellum is not feasible. Atrophy of
the corpus callosum, the quantitative evaluation of
which is easy on midsagittal MR images, has been used
as an indirect but sensitive index of cortical neuronal
loss [24, 25]. Cluster analysis has been used to identify
phenotypes that exhibit differences in clinical response to
treatment algorithms [26—29]. The clustering method is a
multivariate statistical procedure used to create homo-
genous groups of subjects as suggested by the data, but
not defined prior to analysis. In this study, we investigated
whether categorization by cluster analysis using atrophy
rates of the corpus callosum and cerebellum could be used
as an imaging biomarker to predict gross neurological
deterioration as evaluated by ICARS.

Methods

Patients

We retrospectively analyzed a database of patients with
degenerative cerebellar ataxia who were treated in our
hospital from January 2004 to April 2013. A total of 111
patients were followed using a standardized follow-up
protocol including MRI and neurological examination
with ICARS. To determine the annual atrophy rates of
the cerebellum and corpus callosum, we chose 48 pa-
tients (24 males; mean age 60.5 + 11.3 years) from our
data set using the following inclusion criteria: 1) at least
two sets of evaluations including MRI and ICARS scoring
were performed, 2) at least one follow-up study was per-
formed after 18 months (allowance, +6 months), and 3)
ICARS scoring was performed on the same day of MRI
examination (allowance, +45 days).

Diagnosis of MSA-C was made in accordance with the
second consensus statement including MRI findings [9].
Patients with a family history suggestive of dominant
inheritance were diagnosed with SCA. After obtaining
informed consent for genetic testing, patients were
screened for SCA1, SCA2, SCA3, and SCA6. Further
screening for SCA7, SCAS8, SCA17, and SCA31 was per-
formed in patients in whom the first screening was
negative. When the other rare SCAs were suggested, fur-
ther studies were performed according to the flow chart
suggested by the Study Group on Ataxic Diseases and
supported by the Ministry of Health, Labour and Welfare
of Japan [6]. Patients with autosomal recessive cerebellar
ataxia, such as Friedreich ataxia, ataxia-telangiectasia,
ataxia with vitamin E deficiency, etc. were excluded. The
diagnosis of CCA was made based on the following cri-
teria: progressive ataxia; disease onset after 20 years of
age; no acute or subacute disease onset; informative and
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negative family history or no evidence of a causative gene
mutation, at least the negative results for screening test of
SCA1, SCA2, SCA3 and SCAG6; no established symptom-
atic cause; and no possible or probable MSA [8]. For the
subtype categorization of patients, we adopted their final
diagnosis.

This study was conducted in a single hospital. The study
protocol was approved by the St. Marianna University
Bioethics Committee, and written informed consent was
obtained from normal volunteers. Written informed con-
sent from patients was waived because of the retrospective
analysis of anonymized data.

Measurements of brain structures

Brain MRI was performed in all patients using a 1.5-T
scanner (EXCELART®, Toshiba Medical Systems Co., Ltd.,
Tokyo, Japan; Achieva Nova-Dual’, Philips Electronics,
Tokyo, Japan). Morphometric analyses of brain structures
were performed with an image analyzer (TRI/3D-VOL;
Ratoc System Engineering, Tokyo, Japan) using Digital
Imaging and Communications in Medicine data from T1-
weighted sagittal images (repetition time, 520 ms; echo
time, 15 ms; repetition time, 520 ms; slice thickness,
4 mm; matrix, 272 x 256 sagittal sections). The corpus
callosum on midsagittal images was extracted using the
automated segmentation tool in the imaging analyzer
(Fig. 1a), and we measured the total area (mm?).

Fig. 1 Segmentation of the corpus callosum and the cerebellum on
MR images. The corpus callosum on a midsagittal T1-weighted image
was extracted with the automated segmentation tool (@). The total area
of the corpus callosum (mm?) was divided by the individual cranial AP
diameter to correct for the individual head size differences as an area
index (Adx). The cerebellum was defined as the area lateral to the line
connecting the anterior lobe of the cerebellum (I segment) and
cerebellar flocculus (X segment) (b). On the central slice, the fourth
ventricle and surrounding cerebellar tissue were selected, and the
cerebellum was automatically extracted using the imaging analyzer (c)
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Cerebellar volume was measured as described else-
where [22, 23]. Briefly, the cerebellum was defined as
the area lateral to the line connecting the anterior lobe
of the cerebellum and cerebellar flocculus. On the cen-
tral slice, the fourth ventricle and surrounding cerebellar
tissue were selected, and the cerebellum was automatically
extracted using the imaging analyzer (Fig. 1b, c). The
ventricle around the cerebellum, with a pixel number dif-
ferent than the cerebellar tissue, was separated from the
cerebellum. Cerebellar volume was determined by linear
interpolation from the automatically extracted cerebellar
tissue area and slice thickness. In all patients, cranial
antero-posterior (AP) diameter, which was defined as the
distance between two points at which the skull and the
anterior commissure — posterior commissure (AC-PC)
line intersected, was measured. For statistical analysis, the
area of the corpus callosum and the volume of the cere-
bellum of all patients were divided by each cranial AP
diameter to correct for the individual head size differences
as an area index (Adx) and a volume index (Vdx), res-
pectively. Representative images of the cerebellum are
shown in Fig. 2.

The normal values for Adx and Vdx in 30 healthy
adults (mean age, 64.2 + 18.7 years, cranial AP diameter,
182 + 1.1 cm, body height, 163.5 + 6.7 cm) were
3.80 + 0.50 mm?*/mm and 0.65 + 0.06 cm®/mm, respect-
ively. Inter-rater variability and test-retest reliability for
the MRI-based morphometry were calculated using 12
randomly selected patients from our data set. Adx and
Vdx were measured three times by three experienced
neurologists who were blinded to the patient’s clinical
information. The intraclass correlation coefficients for
Vdx were 0.988 for inter-rater variability and 0.994 for
test-retest reliability. The annual atrophy volume and
the annual progression as measured with the ICARS
score were calculated using a linear regression model in
each patient.

Statistical analyses

Hierarchical cluster analysis was used to define three
homogeneous groups of individuals based on the annual
atrophy changes in the corpus callosum (Adx) and cere-
bellum (Vdx) irrespective of etiology. Ward’s minimum-
variance clustering method was used to create the best
set of clusters for each possible number of clusters.
Hierarchical clustering methods were first used to assign
each individual to his or her own cluster. Then, the most
similar pairs of clusters (in terms of the chosen distance
metric) were merged into a new cluster, resulting in one
less cluster.

Data are presented as the means and standard deviation
(SD), unless otherwise indicated. In each patient, Adx and
Vdx at the last follow-up visit were subtracted from the
initial values, and these subtracted values were divided by
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Vdx = 0.30 cm3/mm
Cerebellar Volume
=54.49 cm?3

Cerebellar Volume
=77.39 cm?

-

Cerebellar Volume
=95.26 cm?

Fig. 2 Representative images of cerebellar atrophy (T1-weighted image) and Vdx (a-d). Vdx is the cerebellar volume index (Vdx = cerebellar volume/
cranial AP diameter). The mean Vdx value in normal adults (mean age, 64.2 + 18.7 years; cranial AP diameter, 182 + 1.1 cm) is 0.65 £+ 0.06 cm*/mm.
Vdx can be used to quantify the decrease in volume due to cerebellar atrophy, which is difficult to evaluate with visual qualitative assessment alone

|
Vdx = 0.40 cm3/mm  Vdx = 0.50 cm3/mm

Vdx = 0.60 cm3/mm
Cerebellar Volume
=115.07 cm3

the follow-up periods between the first and the last evalu-
ation. Thus, the annual atrophy area in Adx and the an-
nual atrophy volume in Vdx were calculated for each
patient. The annual progression in the ICARS score was
calculated by using the initial and last ICARS scores.
Comparisons among three subgroups were made using
ANOVA and the post-hoc Dunnetts test. Values of
p < 0.05 were considered significant. All statistical analyses
were performed using SPSS version 22 (IBM SPSS Statis-
tics for Windows; IBM Corp, Armonk, NY).

Results

We examined 48 patients including 21 patients with SCA
(six with SCA6, four with SCA3, three with SCA2, three
with SCA1, one with SCA31, and four for whom the type
of SCA was unknown), 17 patients with MSA-C, and 10
patients with CCA. Patient characteristics and annual
changes in Adx, Vdx, and the ICARS score are shown in
Table 1. A total of 169 follow-up studies were performed in
these patients. The median number (min-max) of follow-
up studies was three (2—6). The mean follow-up period
(min-max) was 3.1 + 1.6 (1.25-7.58) years. The mean age
at symptom onset and the age at entry into the study were
younger for SCA than the other types (p = 0.005 and 0.046,
respectively). The mean interval between onset and study
entry for MSA-C was the shortest (p = 0.004). We found
no significant difference in the ICARS score at the first
evaluation among patients with SCA, MSA-C, and CCA.
Both the annual atrophy of the corpus callosum area (Adx)
and the cerebellar volume (Vdx) were highest in MSA-C

(p = 0.026 and 0.019, respectively). The annual increase in
the ICARS score was also highest in MSA-C (9.8 + 6.1
points/year, p = 0.021). Serial changes in the ICARS score
of individual patients were plotted against years after symp-
tom onset in Fig. 3. Neither the annual atrophy rate of Adx
nor Vdx was significantly correlated with the annual in-
crease in the ICARS score.

The annual callosal (Adx) atrophy was plotted against
the annual cerebellar volume (Vdx) atrophy as a scatter-
gram in Fig. 4. Based on these variables, 48 patients were
categorized into three clusters with cluster analysis. Patient
characteristics according to these clusters are shown in
Table 2. The mean age at entry was similar among clusters.
Frequencies of SCA, MSA-C, and CCA were significantly
different among clusters (p = 0.007). The percent of
patients with MSA-C was higher in Clusters 2 and 3. The
annual atrophy of the corpus callosum (Adx) and cerebel-
lum (Vdx) were significantly different among clusters
(p = 0.001 for both; Table 2). The annual increases in the
ICARS score were 2.9 + 1.7 in Cluster 1, 4.8 + 3.2 in
Cluster 2, and 8.7 + 6.1 in Cluster 3 (p = 0.014, Fig. 4).

Discussion

Designing clinical trials to treat degenerative cerebellar
ataxia has been challenging because differential diagnosis
is usually difficult in the early stage when treatment
would be most effective, and the rate of progression may
vary, even in patients with the same clinical subtype or
the same genotype [7]. Our study demonstrated that
symptom progression significantly differed by subtype of
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Table 1 Patient characteristics and annual atrophy changes in the corpus callosum and cerebellum

Total SCA MSA-C CCA p value
(n =48) (n=21) (n=17) (n=10)

Age at onset (years) 526+ 125 46.2 £ 13.1* 575+100 576 £92 0.005
Age at study entry (years) 605+ 113 56.6 £ 12.5% 614 +94 67.1 £9.0 0.046
Male (%) 50% 62% 47% 30% 0.241
Body height (cm) 1593+ 90 1603 + 9.2 1630+ 80 154.7 + 82 0.124
AP diameter of the cranium (mm) 1814 + 86 1806 + 84 1850 + 6.3 1772 £10.7 0.061
Follow-up period (years) 31+16 31+17 27 +1.1 36+18 0.522
Follow-up period (min-max) (1.25-7.58) (1.50-7.58) (1.25-4.67) (1.25-6.00)

Number of follow-up studies, median (min-max) 3 (2-6) 3 (2-6) 3 (2-6) 4 (2-6) 0.083
Interval between onset and the first evaluation (years) 80+ 64 104 +73 40 + 3.3% 94 +53 0.004
Interval between the first and last evaluation (years) 26+ 15 26+ 16 22+13 31+16 0.308
ICARS score at the first visit 355+ 165 367 €129 358 + 230 332+ 140 0.871
Initial corpus callosum area (mm?) 598.2 + 79.2 575.2 + 806 657.9 + 849 5870+ 478 0.042
Initial corpus callosum area index (Adx) 338 £ 045 333+ 050 346 +£ 047 332+026 0.622
Annual atrophy area in Adx -0.11 £ 0.08 —-0.09 £ 0.07 -0.15 £ 0.10 —-0.08 £ 0.05 0.026
Initial cerebellar volume (cm?) 849 + 13.7 88.1 £ 127 855+ 88 784 + 179 0276
Initial cerebellar volume index (Vdx) 047 £ 0.09 048 £ 0.08 045 £ 0.09 047 £0.11 0.725
Annual atrophy volume in Vdx -0.04 + 0.02 -0.02 £ 0.02 —-0.04 + 002" -0.01 £ 0.03 0.019
Annual increase in ICARS score 44 £ 45 35+29 98 + 6.1* 29+ 28 0.021

*p < 0.05 vs. the other two subtypes (post-hoc analysis), 'p < 0.05 vs. CCA (post-hoc analysis)

cerebellar ataxia, especially both the annual cerebellar/
corpus callosum atrophy rating and increase in ICARS
score were highest in MSA-C patients. However, the
standard deviations for these values were relatively large,
even in the same subtype. Schmitz-Hubsch et al. re-
ported that 250 patients per group were required to

detect a 50% reduction in disease progression as evalu-
ated with the Scale for Assessment and Rating of Ataxia
(SARA) in a two-arm trial with the outcome measured
within 1 year, implying that the sample size estimate was
still large, even in patients with genetically proven
etiology [30]. Detailed characterization of phenotypes of

SCA MSA-C CCA
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Fig. 3 Serial changes in the ICARS score of individual patients by subtype of degenerative cerebellar ataxia. The median number (min-max) of
follow-up studies was three (2-6). The mean follow-up period (min-max) was 3.1 + 1.6 (1.25-7.58) years
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( degenerative cerebellar ataxia is essential for identifica-
tion of responder populations to allow medical interven-
A o @, tion. Our study is the first to explore different subtypes

A Ay Mo ® of disease progression through cluster analysis in an at-

o tempt to overcome this sample size problem.

A MRI-based cerebellar volume measurement has been
A proposed as an imaging biomarker to predict differences
i in progression rates in these diseases [1, 19-21]. The re-
o lationship between MRI-based cerebellar volume mea-
-0.30 1 surements and the SARA score has been extensively
studied in several types of SCA [1]. However, MRI-based
-0.40 o cerebellar volume measurements have never been estab-
lished as a stratification tool to categorize disease pro-
gression. Recently, we demonstrated that the annual
atrophy rate of the cerebellar volume and the annual
progression of the ICARS score are significantly different

0.00

-0.15 4

-0.20 o m}

Annual callosal atrophy (Adx)

-0.50
T T T T T T T
-0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00

Annual cerebellar atrophy (Vdx) among subtypes of cerebellar degeneration, but categor-
Fig. 4 Categorization of patients by cluster analysis. Based on the izing individual symptom progression only with the atro-
annual atrophy rates of corpus callosum (Adx) and cerebellum (Vdx), phy rate of the cerebellum is not feasible [22, 23]. Our
patients were classified into three clusters (o: cluster 1, A: cluster 2, current study demonstrated that cluster analysis based

o: cluster 3)

on the annual atrophy rates of the corpus callosum and
cerebellum successfully categorized the difference in dis-
ease progression in a broad spectrum of degenerative
cerebellar ataxias. This simple MRI method may be use-
ful as a stratification tool during the run-in period of
clinical trials.

Table 2 Patient characteristics by clusters

Total Cluster 1 Cluster 2 Cluster 3 p value
(n=48) (n=12) (n=22) (n=14)
Age at the first MRI (years) 605+ 113 66.3 + 85 604 + 120 56.0 + 106 0.088
Sex (Male/Female) 24/24 7/5 8/14 9/5 0211
Diagnosis
SCA, n (%) 21 (43.8) 6 (50.0) 11 (50) 4 (28.6) 0.007
SCA1 3 0 3 0
SCA2 3 1 1 1
SCA3 4 0 1 3
SCA6 6 2 4 0
SCA31 1 1 0 0
SCA (unknown) 4 2 2 0
MSA-C, n (%) 17 (354) 0 (0.0) 9 (40.9) 8 (57.1)
CCA n (%) 10 (20.8) 6 (50.0) 2090 2(143)
ICARS score at the first visit 355+ 165 391 +74 352+ 222 300 £ 16.1 0464
Initial cerebellar volume index (Vdx) 047 + 0.09 045 + 0.08 045+ 0.10 0.50 + 0.07 0.275
Annual atrophy volume in Vdx -0.04 £ 0.02 0.02 £ 0.01* -0.04 £ 001 -0.07 £0.02 0.001
Initial callosal area index (Adx) 3.38 + 045 3.13 +0.39 353 + 037° 328 + 046 0.011
Annual atrophy area in Adx -0.11 +0.08 -004 + 003" -0.10 + 005" ~0.19 + 009" 0.001
Annual increase in ICARS score 44 £45 29+ 17 48 £32 8.7+ 6.1 0014

Vdx cerebellar volume index, ICARS International Cooperative Ataxia Rating Scale

*Cluster 1 vs. Cluster 2, p < 0.05, Cluster 1 vs. Cluster 3, p < 0.05

*Cluster 1 vs. Cluster 2, p < 0.05

Cluster 1 vs. Cluster 2, p < 0.05, Cluster 1 vs. Cluster 3, p < 0.05, Cluster 2 vs. Cluster 3, p < 0.05 (post-hoc Dunnett’s test)
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We adopted the ICARS scoring system, a validated,
100-point ordinal scale (higher scores indicate greater
ataxia). ICARS scoring is sensitive across a range of
ataxia severities, from very mild to severe, and the inter-
rater reliability is very high [31]. However, ceiling effects
have been reported in more advanced stages of disability
with an ICARS sum score above 60 [32]. As shown in
Fig. 3, the ICARS score was similarly increased in all pa-
tients, and an initial ICARS score above 60 was found
only in two patients. A strength of our study was the
long follow-up period. Because of the gradual progres-
sion of this disease, cluster analysis may not sensitive
enough to detect the difference in progression speed in a
short period. Our study suggests that follow-up of
around 18 months may be feasible for stratifying pa-
tients with different progression speeds.

Our study has some limitations. First, our study was a
retrospective analysis using longitudinal follow-up data.
Brain MRI and ICARS scores were assessed around the
same time, but the study period was not established be-
forehand, and no prospective data were collected. There-
fore, the follow-up periods and number of examinations
differed among patients. Second, we did not use the ini-
tial diagnosis but the final diagnosis, and the age of on-
set was based on the medical history given by each
patient. Third, we retrospectively analyzed 2D MRI data
with 4-mm slice thickness obtained by routine examin-
ation. Nowadays, high-resolution 3D MR imaging can be
easily performed, and several sophisticated MRI methods
have been developed for the measurement of cerebellar
volume [33-35]. In designing clinical trials, much more
sensitive MRI methods than used in this study could be
selected to detect changes in atrophy.

Conclusions

Our study is the first to demonstrate the utility of cluster
analysis based on the atrophy rates of the corpus callosum
and cerebellum to categorize gross neurological deterior-
ation as evaluated by ICARS. Further studies are war-
ranted to explore whether these simple MRI methods
could be used for random allocation of patients with a
broad spectrum of degenerative cerebellar ataxias in
clinical trials, for example, by setting up a run-in phase.
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