Journal of Neurology (2025) 272:83
https://doi.org/10.1007/500415-024-12831-1

ORIGINAL COMMUNICATION q

Check for
updates

Subtypes of cognitive impairment in cerebellar disease identified
by cross-diagnostic cluster-analysis: results from a German
multicenter study

Qi Liu2 . Kerstin Rubarth? - Jennifer Faber*” . Patricia Sulzer®’ - Imis Dogan®° . Miriam Barkhoff* -

Martina Minnerop'®'"12. Adam M. Berlijn'%>'*. Saskia Elben'®"" . Heike Jacobi'? - Julia-Elisabeth Aktories'> -
Dana M. Huvermann'%'%. Friedrich Erdlenbruch’? - Raquel Van der Veen' - Johanna Miiller'? . Enzo Nio'2 -
Benedikt Frank'? - Martin K6hrmann'- . Elke Wondzinski'® - Mario Siebler'® - Kathrin Reetz®° - Jiirgen Konczak'® -
Frank Konietschke®'” . Thomas Klockgether® - Matthis Synofzik®” - Sandra Réske® - Dagmar Timmann'2.
Andreas Thieme'?

Received: 18 September 2024 / Revised: 22 November 2024 / Accepted: 23 November 2024
© The Author(s) 2024

Abstract

Background Cognitive and neuropsychiatric impairment, known as cerebellar cognitive affective syndrome (CCAS), may
be present in cerebellar disorders. This study identified distinct CCAS subtypes in cerebellar patients using cluster analysis.
Methods The German CCAS-Scale (G-CCAS-S), a brief screening test for CCAS, was assessed in 205 cerebellar patients
and 200 healthy controls. K-means cluster analysis was applied to G-CCAS-S data to identify cognitive clusters in patients.
Demographic and clinical variables were used to characterize the clusters. Multiple linear regression quantified their relative
contribution to cognitive performance. The ability of the G-CCAS-S to correctly distinguish between patients and controls
was compared across the clusters.

Results Two clusters explained the variance of cognitive performance in patients’ best. Cluster 1 (30%) exhibited severe
impairment. Cluster 2 (70%) displayed milder dysfunction and overlapped substantially with that of healthy controls. Clus-
ter 1 patients were on average older, less educated, showed more severe ataxia and more extracerebellar involvement than
cluster 2 patients. The cluster assignment predicted cognitive performance even after adjusting for all other covariates. The
G-CCAS-S demonstrated good discriminative ability for cluster 1, but not for cluster 2.

Conclusions The variance of cognitive impairment in cerebellar disorders is best explained by one severely affected and
one mildly affected cluster. Cognitive performance is not only predicted by demographic/clinical characteristics, but also
by cluster assignment itself. This indicates that factors that have not been captured in this study likely have effects on cogni-
tive cerebellar functions. Moreover, the CCAS-S appears to have a relative weakness in identifying patients with only mild
cognitive deficits.

Study registration The study has prospectively been registered at the German Clinical Study Register (https://www.drks.
de; DRKS-ID: DRKS00016854).

Keywords Cerebellar cognitive affective syndrome (CCAS) - Subgroups of CCAS - Cerebellar disorders - Cluster analysis -
German CCAS-Scale

Introduction

Traditionally cerebellar disorders are known to cause motor
impairments, known as cerebellar ataxia. In recent years,
increasing evidence has shown that patients with cerebellar
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disorders may also experience cognitive dysfunction [65].
The latter can range from mild difficulties to more severe
deficits that significantly impact daily life [13, 49, 56]. Com-
monly impaired cognitive domains in cerebellar patients
include executive, linguistic and visuospatial functions.
Moreover, behavioral abnormalities are observed which
include disturbances of emotional control and social skill
set as well as autism- or psychosis-like behaviors [55]. This
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complex of non-motor dysfunction is referred to as cerebel-
lar cognitive affective syndrome (CCAS) [54].

For many years, cognitive dysfunction in cerebellar
patients was assessed by the use of different neuropsycho-
logical test batteries, making a direct comparison between
studies difficult [1, 43]. Moreover, given the rareness of
primarily cerebellar disorders, most studies had quite small
sample sizes [1, 43, 81]. These drawbacks were overcome in
part after Hoche and colleagues introduced the CCAS-Scale
(CCAS-S) which is a brief bedside test to screen for CCAS
in patients with cerebellar disorders [20]. The CCAS-S is
now in widespread use and makes cognitive screening of
cerebellar patients easier, faster and more standardized—
allowing for multicenter studies with larger sample sizes
and enabling comparison of test results between sites and
studies [67].

Although the introduction of the CCAS-S has led to an
increase of research regarding the CCAS, no study has yet
addressed the exact cognitive profile of distinct subtypes of
CCAS. Such subtypes are likely to exist, given the different
nature of specific hereditary, sporadic and acquired (Sympto-
matic) ataxias [34]. To date, it is unclear why some patients
have more prominent cognitive dysfunction and if different
cognitive domains are more likely to be affected in patients
with mild or more prominent cognitive impairments. For the
overall concept of CCAS, research suggests that the sever-
ity of cognitive deficits depends on lesion localization in
cerebellar stroke or the pattern of atrophy in degenerative
disorders [28, 63] as well as the stage of the disease [15, 59].
Some studies have found a correlation between the sever-
ity of motor symptoms (i.e. ataxia) and cognitive deficits
[36, 42], while others have not or found mixed results [59,
66]. Further studies have identified factors that influence test
results of the now widely used CCAS-S itself, such as age
and level of education [51, 59, 68].

To date, the studies examining CCAS by use of the
CCAS-S have either included only patients without a healthy
control group for comparison [42, 62] or they have utilized
a group average approach to compare cerebellar patients
with healthy controls [20, 36, 66]. Given the existing age
and education effects on CCAS-S performance [51, 59, 68],
however, a healthy reference group is needed to correctly
interpret CCAS-S test results. The group average approach,
on the other hand, often overlooks individual variability
within groups and might miss (subtle) patterns present in a
dataset [51, 59, 68].

Cluster analysis is a method which overcomes the draw-
backs of the conventional group average approach. It is a
type of unsupervised machine learning technique which is
used to identify distinct clusters (subgroups) in a hetero-
geneous study sample. Cluster analysis enables to identify
submerged patterns within a dataset and the contribution of
covariates to these patterns [6, 83]. The method has already
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been used to analyze cognitive performance measured by
other psychometric tests, e.g., designed to assess cognition
in patients with schizophrenia or obsessive—compulsive dis-
orders [5, 26, 38]. Although numerous studies have exam-
ined cognitive impairments in cerebellar disorders, no study
has yet used cluster analysis for this purpose.

Hence, the aim of this study was to identify clusters of
patients which share a similar cognitive profile as assessed
with the German version of Cerebellar Cognitive Affective
Syndrome Scale (G-CCAS-S) [67]. Specifically, we were
interested both in the severity of CCAS shared within a
cluster of patients and the pattern of the affected cognitive
domains. Moreover, we aimed to determine the covariates
contributing to these distinct clusters. Finally, we aimed to
evaluate the differential ability of the G-CCAS-S to identify
patients in the found clusters and we intended to compare the
cognitive profiles present in the clusters with that of healthy
controls.

Methods
Participants

The patients diagnosed with hereditary or sporadic
ataxias [e.g., spinocerebellar ataxias (SCA), Friedreich’s
ataxia (FRDA), sporadic adult onset ataxia of unknown etiol-
ogy, multisystem atrophy—cerebellar type (MSA-C) etc.] or
acquired cerebellar disease (that is: cerebellar stroke) were
recruited at the University Hospitals of Aachen, Bonn, Diis-
seldorf, Essen, Heidelberg, and Tiibingen in Germany (see
supplementary material 1, Table S1 for details). The inclu-
sion and exclusion criteria are shown in Table 1, following
the same standards as in our previous studies [66—68]. All
patients were part of the validation study of the German
version of the CCAS-Scale [69].

The study has been registered prospectively at the Ger-
man Clinical Study Register (https://www.drks.de; DRKS-
ID: DRKS00016854). The study obtained approval from the
local ethics committees of all participating sites. All partici-
pants gave their written informed consent in accordance with
the declaration of Helsinki.

Demographic characteristics and clinical assessment

Demographics including sex, age, and educational level
(measured by number of educational years: primary + sec-
ondary + tertiary education) were recorded. The clinical
information obtained included the diagnosis and disease
duration (that is: time interval between onset of gait ataxia
and study inclusion).

Because many hereditary (e.g. SCA1, SCA2, SCA3, etc.)
and sporadic (e.g. MSA-C) ataxias also affect other parts
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Table 1 Inclusion and exclusion criteria for cerebellar patients and healthy controls

Group Inclusion criteria Exclusion criteria

General 18 years or older Alcohol or drug abuse
Fluent German-speaker Presence of severe systemic diseases (consuming diseases
Informed consent or poor general health condition)

Primary psychiatric disorders or neurological disorders
(exception: ataxia in patients)

Intake of medicines that can influence the central nervous
system (exception: patients on stable dose of antidepres-
sants)

Patients General inclusion criteria General exclusion criteria
Existence of a degenerative cerebellar disorder or an
acquired cerebellar lesion
Controls General inclusion criteria General exclusion criteria

of the central nervous (e.g. basal ganglia, cerebral cortex,
etc.) which are involved in cognition [30, 31], the degree of
extracerebellar involvement is likely to influence cognitive
functions [51, 59, 66]. To investigate the influence of extrac-
erebellar involvement on cluster classification, all patients
were divided into two subgroups—*“cerebellar pure disease”
and “cerebellar plus disease”. Subsequently, the distribution
of “cerebellar pure disease” and “cerebellar plus disease”
across the clusters was registered. The disorders that are
considered to have a relatively pure cerebellar pathology,
like SCA6, SCA27B, episodic ataxias, isolated cerebellar
stroke, etc. were classified as “cerebellar pure disease”. In
contrast, disorders with a more complex cerebro-cerebellar
pathology, such as SCA1, SCA2, SCA3, Friedreich’s ataxia
(FRDA), MSA-C, etc. were classified as “cerebellar plus
disease” (supplementary material 1, Table S1) [67, 80].

In 167 patients, the individual extracerebellar involve-
ment was quantified using the Inventory of Non-Ataxia
Signs (INAS). The presence of extracerebellar signs and
symptoms (such as hyperreflexia, rigidity, dystonia, etc.) is
registered by the INAS and adds up to the INAS count (with
an INAS count of 0 reflecting no extracerebellar involvement
and an INAS count of 16 reflecting a maximum of extracer-
ebellar involvement) [22].

In addition, we evaluated the severity of cerebellar ataxia
by use of the Scale for the Assessment and Rating of Ataxia
(SARA) in 202 patients. The rating elements within the
SARA include gait, stance, sitting, speech, finger chase,
nose-finger-test, fast alternating hand movements, and heel-
shin slide. The total SARA score varies from O to 40, with a
higher score reflecting more severe ataxia [57].

Cognitive assessment

The German version A (versions B-D exist as well) [67]
of the Cerebellar Cognitive Affective Syndrome Scale
(G-CCAS-S) [20] was used to evaluate cognitive function
in cerebellar patients. The G-CCAS-S contains ten test

items. Nine items capture deficits in at least one of the four
domains of the CCAS (executive, linguistic, visuospatial,
and neuropsychiatric functions), and one item assesses
episodic memory. Memory impairment is considered as
an indicator for extracerebellar involvement in cognitively
impaired patients since (as described above) some hereditary
and sporadic ataxias are not restricted to the cerebellum [20].

According to Hoche et al. [20] and Thieme et al. [67], for
each of the ten test items a raw score was given. Moreover,
each item was rated as passed or failed. An item was failed
if the item-specific raw score cut-off value was not reached.
According to the original US-American validation study by
Hoche et al., the patients were considered to have a possible
CCAS if one item was failed, a probable CCAS if two items
were failed, and a definite CCAS if three or more items were
failed [20].

However, these evaluation criteria have yielded a high
rate of false-positive results in healthy controls question-
ing the meaningfulness of these criteria [7, 12, 51, 66]. Our
group has found that CCAS-S test performance depends on
age and education and to a lesser degree on sex [68, 69].
Therefore, we have recently developed a correction for-
mula [69]. This formula controls for sex, age, and educa-
tion effects, and indicates whether or not a test result in a
patient of a given sex, age, and education is considered cog-
nitively impaired compared to a healthy control with the
same demographic characteristics (see supplementary mate-
rial 1, S1 for details). In this study, we have used both the
evaluation approach by Hoche et al. [20] and the approach
by Thieme et al. [69] to evaluate sensitivity and selectivity
of the CCAS-S in the found clusters.

For the cluster analysis, all G-CCAS-S test items were
assigned to the cognitive domains that they capture. Some
cognitive domains were captured by only one test item: visu-
ospatial function (corresponding item: cube draw/copy),
neuropsychiatric abnormalities (corresponding item: affect)
and episodic memory (corresponding item: verbal recall).
Other cognitive domains were assessed by more than one
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item: linguistic functions (corresponding items: semantic
fluency, phonematic fluency, category switching), executive
functions (corresponding items: semantic fluency, phone-
matic fluency, category switching, digit span forward, digit
span backward, similarities, go/no-go) [2, 77].

Statistical analysis
Cluster analysis and principal component analysis (PCA)

Cluster analysis was performed with R studio (version
2023.09.1 4+ 494, http://www.rstudio.com/) [64] using the
“Cluster package” [37]. The K-means algorithm was uti-
lized which is an iterative clustering method [17, 48]. The
z-score for each cognitive domain (executive, linguistic,
visuospatial, and neuropsychiatric functions as well as epi-
sodic memory) was entered into the cluster analysis. The
Hopkins index (range: O to 1) was used to measure the clus-
tering tendency within the dataset, with values close to 1
indicating a high clustering tendency and those close to 0
reflecting a random distribution [21]. If the database is suit-
able for cluster analysis, the optimal number of clusters is
determined using the elbow plot and the silhouette metric.
The silhouette metric (range: — 1 to+ 1) was used to assess
how similar a data point is to its own cluster (cohesion) and
how well it separates from other clusters (separation). A
value of + 1 indicates that a data point is perfectly clustered
and far away from neighboring clusters, and an index of 0
indicates that a data point is on or very close to the decision
boundary between two neighboring clusters. The negative
values indicate that data points might be in the wrong cluster
[52].

Principal component analysis (PCA), a linear method
utilized for data dimensionality reduction by transforming
it into a newly coordinated system [23], was implemented
based on the z-scores for the five cognitive/neuropsychiatric
domains. Both patients in clusters and the healthy control
subjects were analyzed separately using PCA to illustrate
the position of healthy individuals in comparison to the two
clusters identified within the cerebellar patients.

Cognitive profile within the clusters

Following cluster analysis, the affected domains were com-
pared across clusters to examine if some cognitive domains
were more likely to be impaired in one of the clusters. The
differences among the clusters and healthy controls in
impaired domains, demographic, and clinical characteristics
were analyzed using Mann—Whitney U tests and one-way
analysis of variance (ANOVA) with Bonferroni-corrected
post hoc t-tests for continuous variables, and Chi-squared
tests for nominal variables.
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An additional analysis of covariance (ANCOVA) was
conducted to investigate the difference of cognitive patterns
among clusters while accounting for the effects of potential
confounding variables (age and education) [41].

Discriminative ability of the G-CCAS-S within the clusters

Next, the sensitivity (that is the ability of the G-CCAS-S
to correctly identify patients in the two clusters as patients)
was assessed (1) using the classification criteria introduced
by Hoche et al. [20], (2) the correction formula by Thieme
et al. [69], and (3) the area under (AUC) the receiver operat-
ing curves (ROC) as well as the Youden Index (YI)—both
for the total sum raw score and for the number of failed test
items. For the ROC analysis, we divided the healthy control
group into two subgroups, ensuring that each subgroup was
matched for age and education within their respective com-
parison group of patients (cluster 1 or cluster 2). An AUC of
smaller than 0.5 indicates that a test does not exceed chance
level in discriminating patients from controls, while an AUC
of 1 indicates that a test has perfect discriminatory abilities
[71]. Consistent with previous studies, AUC scores from 0.5
to 0.7 indicate poor, 0.7 to 0.8 imply good, and AUC scores
above 0.8 reflect excellent discriminative abilities [11, 16].
Y1 was utilized to calculate the optimal cut-offs (that is the
optimal balance between true positives and false negatives)
for total failed items and total sum raw score (YI=sensitiv-
ity +selectivity—1 for a specific cut-off) [7, 82].

Regression analyses

A series of multiple linear regression models was conducted
to examine whether cluster assignment explained cognitive
performance beyond the other aforementioned covariates.
According to prior research, sex, age, education, disease
duration, diagnosis, and the performance of SARA and
INAS were selected as the covariates of interest [51, 59,
66, 68]. The categorical variables (sex and diagnosis) were
included in the regression model by using dummy coding.

In all statistical tests, p-values < 0.05 were considered to
be statistically significant (2-sided). The statistical analyses
were conducted using JASP (version 0.18.3) and R studio
(version 2023.09.1 +494), and the figures were created with
R studio by using the packages “ggplot2” [78], “factoextra”
[27] and “dplyr” [79].

Results

Demographic and clinical characteristics

A total of 205 patients with cerebellar disorders and 200
healthy controls was included in this study. Within the
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patient group, 87 individuals were classified into the “cer-
ebellar pure disease” subgroup, while 118 were assigned to
the “cerebellar plus disease” subgroup. A total of 30 forms
of ataxia was included in the study. The most common
types of ataxia were SCA3 (N=44), FRDA (N=22), SCA6
(N=19), SCA14 (N=12) and ataxia due to cerebellar stroke
within the territory of the posterior inferior cerebellar artery
(PICA stroke; N=17, whereof 15 unilateral, and 2 bilateral).

The mean age and educational level were not signifi-
cantly different between the group of all patients (age:
53.2+14.6 years; education: 14.9 +3.2 years) and healthy
controls (age: 51.4+18.1 years; education: 15.4 +2.8 years).
However, the sex distribution differed between patients
and controls (male patients: 56% vs. male controls: 46%,
p=0.042, Chi-squared test). Table S2 (in supplementary
material 1) provides a comparison of demographic charac-
teristics for the entire group of patients and healthy con-
trols while Tables 3 gives more clinical information for the
patients within each cluster.
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Fig.1 K-mean cluster elbow graph. The abscissa (x=2, red line) of
the inflection point in the K-means cluster elbow graph indicates the
most appropriate number (2) of clusters

Clusters of cognitive dysfunction in cerebellar
patients

The Hopkins index was 0.79 which indicated the strong clus-
tering tendency of the dataset. A Hopkins index close to+ 1
indicates both a good cohesion within each cluster and good
separation between the two clusters. As depicted in Fig. 1,
the maximal inflection point in the elbow graph supported
the choice of two clusters. In addition, the average silhou-
ette width for the two-cluster solution was 0.38, which was
the highest value, and therefore, also favors the two-cluster
solution (supplementary material 1, Table S3). In the cohort
of patients with cerebellar disorders, 62 individuals (30%)
were classified into cluster 1, while 143 (70%) were attrib-
uted to cluster 2. Following the cluster analysis, a PCA was
performed among patients in the two clusters and the healthy
control group to visualize the distribution of cognitive per-
formance of patients in cluster 1 and cluster 2 in relation to
healthy controls (Table 2, Figs. 2, 3 and Table S4 in supple-
mentary material 1). This demonstrated a substantial overlap
between patients in cluster 2 and healthy controls, whereas
there was only a minimal overlap observed between patients
in cluster 1 and healthy controls (Fig. 2).

Cognitive profile within clusters

Statistically significant differences were observed between
the two clusters of patients and healthy controls across all
G-CCAS-S test items and across all domains (all p <0.001,
ANOVA,; Table 2 and Table S4 in supplementary material
1). In particular, post-hoc analyses illustrated that cluster 1
had significantly lower mean z-scores in all domains com-
pared to cluster 2 and healthy controls (all p <0.001, Bon-
ferroni-corrected post hoc #-tests). Moreover, in compari-
son to healthy controls, cluster 2 demonstrated significantly
worse performance within the executive (p <0.001), linguis-
tic (p <0.001), and neuropsychiatric domain (p =0.023).

Table2 Cognitive/

> L. Healthy controls  Cluster 1 Cluster 2 Effect size* p value

neuropsychiatric domains in n=200 n=62 n=143

clusters
Executive function 0.00+0.51 —-1.38+0.73 —-0.27+0.50 043 <0.001%>¢<4
Linguistic function 0.00+0.74 —-1.86+0.75 -0.49+0.79 041 <0.00154
Visuospatial function 0.00+1.00 —-1.63+142 0.18+0.83 0.27 <0.001%¢
Neuropsychiatric function  0.00+1.00 —-3.87+3.19 -0.52+1.74 0.36 <0.001°<¢
Episodic memory 0.00+1.00 -091+1.61 0.17+0.92 0.10 <0.001°¢

Statistics: one-way analysis of variance (ANOVA) followed by Bonferroni-corrected post hoc 7-tests were

used for continuous variables

2w? was used to evaluate the effect size

®Significant difference between healthy controls and cluster 1 (p <0.05)

“Significant difference between cluster 1 and cluster 2 (p <0.05)

dSignificant difference between healthy controls and cluster 2 (p <0.05)
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Fig.2 Relation of clusters to
each other and to healthy con-
trols. a The two distinct clusters
of patients are shown in com- 2 -
parison to each other. Patients

(a)

with mild cognitive impairment A—TR%

are shown on the left (cluster
2, red), patients with severe 0 -

s . . A
cognitive impairment are shown A A b A

on the right (cluster 1, blue).
b The two clusters of patients "
are shown in comparison to -2 -

the cluster of healthy controls ol
(yellow). A substantial overlap
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and healthy controls is visible. -2

The results from the principal (b)
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Fig.3 Z-scores of cognitive/
neuropsychiatric domains
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across clusters. The figure
shows the mean z-score for each
cognitive and neuropsychiatric
function for the total group and
for the two clusters of cerebellar
patients

-3

4

Executive function
Linguistic function
Visuospatial function
Neuropsychiatric function
Episodic memory

Z-score of each domain across clusters

Total

However, no significant differences were observed in visu-
ospatial functions and episodic memory between patients in
cluster 2 and healthy controls. Considering the significant
differences in age and educational level among the clusters
and healthy controls (Table 3), we conducted an ANCOVA
analysis with these variables as covariates to adjust for their
effects. The outcomes were found to be in line with the unad-
justed results (Table S5 in supplementary material 1).
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Cluster 1 Cluster 2

Groups

The percentage of patients in each cluster experiencing
impairment on the single cognitive domains is shown in
Fig. 4 The most impaired domains were linguistic (cluster 1:
97% vs. cluster 2: 38%), executive (cluster 1: 94% vs. clus-
ter 2: 29%) and neuropsychiatric functions (cluster 1: 81%
vs. cluster 2: 28%). Visuospatial functions (cluster 1: 44%
vs. cluster 2: 8%) and episodic memory (cluster 1: 47% vs.
cluster 2: 11%) were less affected. Note, that the latter is not
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Ta.bl.e 3 Demograph.ic and All patients Cluster 1 Cluster 2 Effect size® p value
clinical characteristics of n=205 n=62 n=143
patients in clusters
Age (years) 53.2+14.6 574+13.4 51.4+14.7 0.24 0.006
Education (years) 149+3.2 13.2+2.7 15.6+3.1 0.43 <0.001
Male, n (%) 115 (56%) 33 (53%) 82 (57%) 0.04 0.585
Cerebellar plus disease, n (%) 118 (58%) 37 (60%) 81 (57%) 0.03¢ 0.686°
Cerebellar pure disease, n (%) 87 (42%) 25 (40%) 62 (43%)
Disease duration (yea.rs)b 134+11.3 14.5+12.6 12.9+10.7 0.08 0.377
SARA score® 124+7.8 149+7.7 11.3+£7.6 0.29 0.001
INAS count? 32424 3.7+2.1 29+24 0.27 0.005

Statistics: Mann—Whitney U tests were used for continuous variables and Chi-squared tests for classifica-

tion variables

SARA Scale for the Assessment and Rating of Ataxia, INAS Inventory of Non-Ataxia Signs

“The effect size was evaluated using the rank biserial correlation for continuous variables and Cramer’s V
index for categorical variables (sex and diagnoses)

®Missing data: one in cluster 2

“Missing data: one in cluster 1 and two in cluster 2

9Missing data: eight in cluster 1 and thirty in cluster 2

“Distribution of cerebellar pure disease and cerebellar plus disease across clusters

Fig.4 Percentage of patients
impaired in each cognitive
and the neuropsychiatric
domain across clusters.

The absolute number and the
percentage (in parentheses) of
patients with deficits in the four
core domains of CCAS as well
as the memory domain (which
is not part of CCAS, but rather
indicates cerebral involve-
ment) is shown. A patient

was considered impaired on a
certain domain if his/her z-score
was one standard deviation or
more below the healthy control
group’s average

Neuropsychiatric function

Episodic memory

Linguistic function

100% —+— Cluster 1

—* Cluster 2

50%

Executive function

Visuospatial function

Group Executive Linguistic | Visuospatial | Neuropsychiatric| Episodic
function function function function memory

Cluster 1 | 58 (94%) 60 (97%) 27 (44%) 50 (81%) 29 (47%)
Cluster 2 | 41 (29%) 54 (38%) 11 (8%) 40 (28%) 15 (11%)

part of the CCAS, but rather indicates cerebral involvement
which may be present in some hereditary or sporadic ataxias.

Diagnostic accuracy of the G-CCAS-S
within the clusters

To evaluate the discriminative ability of the G-CCAS-S, dif-
ferent methods were utilized. First, we used the classification
criteria for interpretation of CCAS-S results introduced by
Hoche et al. [20]. According to these, 21/19/47% met the
criteria for possible/probable/definite CCAS respectively in

the entire group of cerebellar patients. In comparison, the
percentages were 33/22/18% in the healthy control group.
Within the clusters, the distribution for CCAS possible/prob-
able/definite were 0/3/97% for cluster 1 and 26/26/30% for
cluster 2.

Next, we applied the correction formula developed by
Thieme et al. [69] controlling for sex, age and education
effects. According to this approach, 73% of the patients
showed cognitive impairment in the whole group of the
patients. In cluster 1, 97% and in cluster 2, 62% were classi-
fied as “cognitively impaired” (Figs. S1, S2).
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Finally, we used the area under the curve (AUC) and the
receiver operating curves (ROC) to evaluate the discrimi-
nate ability of the G-CCAS-S for each of the two identified
clusters of patients in comparison to an age- and education-
matched healthy control group respectively (Tables S6, S7
in supplementary material 1). For differentiation between
patients in cluster 1 and healthy controls, the AUC was 0.99
(95% confidence interval (CI): 0.98—1.00) for the G-CCAS-S
total sum raw score and 0.94 (CI 0.90-0.98) for the num-
ber of failed items (Fig. 5). For the differentiation between
patients in cluster 2 and healthy controls, the AUC for the
total sum raw score and the number of failed items were 0.67
(C10.60-0.73) and 0.60 (CI 0.54-0.66) respectively (Fig. 6).

Using the YI, the ideal cutoff value of the G-CCAS-S
total sum raw score was 82 points, yielding a sensitivity of
94% and a selectivity of 97% to differentiate patients in clus-
ter 1 from healthy controls. The same approach identified an
optimal cutoff for total sum raw score of 100 points with a
sensitivity of 74% and a selectivity of 54% for cluster 2. For
the number of failed test items, the ideal cutoff for cluster 1

Fig.5 Ability of the G-CCAS- (a) Total Sum Raw
S to differentiate patients

was 2 failed items (sensitivity: 77%, selectivity: 97%), and 1
failed item for cluster 2 (sensitivity: 64%, selectivity: 52%;
Fig. 5).

Demographic and clinical characteristic
of the clusters

The patients in cluster 1 were significantly older (p =0.006,
Mann—Whitney U test) and had a lower level of education
(p <0.001) than those in cluster 2. Both groups did not differ
regarding sex (p=0.585, Chi-squared test; Table 3).

In terms of clinical features, the patients in cluster 1 suf-
fered from more severe ataxia, as measured by the SARA
(p=0.001, Mann—Whitney U test) and they had a larger
burden of non-ataxia signs, as evaluated by the INAS
(p=0.005) than those in cluster 2. The average disease dura-
tion did not differ between the two clusters (Table 3).

To examine, if patients with a specific diagnosis were
more likely to fall into one of the two clusters, the distribu-
tion of diagnoses between the two clusters was compared.
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The categorization as “cerebellar pure disease” and “cer-
ebellar plus disease” was evenly distributed across the two
clusters (y*=0.2, p=0.686, Chi-squared test; Table 3). For
a detailed distribution of each disease across clusters, please
refer to Table S1 (supplementary material 1).

Linear regression

To validate if the cluster attribution explains performance on
the single cognitive domains even after adjusting for demo-
graphic (age, education and sex) and clinical (disease dura-
tion, SARA score, INAS count, diagnosis) characteristics, a
series of multiple linear regression analyses was conducted.
The models with these predictors accounted for a significant
amount of variance in all domains (see Table S8 in supple-
mentary material 1 for details).

As indicated in Table 4, cluster attribution contributed
to all the models for domains even after accounting for the
other variables [all 7 (8) >4.75, all p <0.001, linear regres-
sion]. Age was a significant predictor of performance in the
episodic memory [t (8)=—4.07, p<0.001] and the neu-
ropsychiatric domain [z (8) =2.47, p=0.014], while educa-
tion only significantly contributed to executive [# (8)=3.58,
p <0.001] and linguistic functions [z (8) =2.07, p=0.041].
The males performed better on visuospatial function [#
(8)=—-2.08, p=0.039] and females performed better on
linguistic function [# (8)=2.22, p=0.028]. Disease dura-
tion was a significant predictor for visuospatial functions [¢
(8)=—-2.40, p=0.017]. Diagnosis and the SARA score were
not significant predictors in any model.

Discussion

In this study, two cognitive clusters were identified within
a large, heterogeneous sample of patients with various cer-
ebellar disorders using data-driven cluster analysis. Clus-
ter 1 represented a group of patients with severe cognitive
deficits. Cluster 2 represented a group of patients with no
or only mild cognitive impairment. Cognitive performance
of patients in cluster 2 overlapped substantially with that of
healthy controls. Statistically significant differences between
patients in cluster 2 and healthy controls, however, were pre-
sent within the executive, linguistic, and neuropsychiatric
domain indicating that subtle deficits exist even in mildly
impaired patients. The finding of a cognitively severely and
a mildly impaired cluster of patients agrees with previous
findings. Other studies which have used the CCAS-S in dif-
ferent languages have shown that some patients are severely
impaired, failing three or more test items of the CCAS-S,
while other patients only are mildly impaired, failing one or
no item [7, 9, 12, 66, 70].

The patients in cluster 1 demonstrated considerably lower
z-scores on all cognitive and the neuropsychiatric domain
compared to the healthy control group. Statistically sig-
nificant differences were also present within the executive,
linguistic and neuropsychiatric domain, but not in the visu-
ospatial domain between patients in cluster 2 and healthy
controls. Regarding the percentage of patients that exhib-
ited impairments in a certain CCAS domain, over 90% of
patients in cluster 1 and 29% in cluster 2 exhibited impair-
ments in executive and/or linguistic functions, marking the
most affected cognitive domains, followed by the neuropsy-
chiatric domain (cluster 1: 81%, cluster 2: 28%). Visuospa-
tial functions were less frequently affected (cluster 1: 44%,
cluster 2: 8%).

The finding of more severe impairments in executive and
linguistic compared to visuospatial functions is in line with
a meta-analysis dealing with the assessment of the CCAS.
That meta-analysis revealed the largest effect sizes on tests of
executive and linguistic functions compared to tests of visu-
ospatial function. The test that differentiated best between
patients and controls was the Stroop test. The Stroop test is
designed to assess the inhibition of an overlearned response
as well as cognitive flexibility. Inhibition and cognitive
flexibility are subdomains of executive functions [1]. Like-
wise, the studies which have utilized the CCAS-S in dif-
ferent languages (including the German, Dutch, Spanish,
and Portuguese version of the CCAS-S) have found the
most prominent differences between cerebellar patients and
healthy controls on the test items that assess the executive
and linguistic domain [12, 36, 51, 66].

The finding of a high rate of abnormal test results within
the neuropsychiatric domain is also in line with the litera-
ture. Previous studies have reported high rates of neuropsy-
chiatric symptoms in cerebellar disorders ranging from 51
to 77% [33, 35] which is within the same range as the por-
tion of patients with neuropsychiatric deficits in our sam-
ple, especially for the severely impaired patients in cluster
1 (cluster 1: 81%, cluster 2: 28%). A recent study found
that nearly all patients with cerebellar disorders (95%) show
neuropsychiatric symptoms when considering subclinical
diagnostic criteria [32]. The latter indicates that the CCAS-
S might need further improvements regarding the neuropsy-
chiatric domain. As yet, evaluation is made semi-objectively
by the examiner based on a checklist for neuropsychiatric
Symptoms.

Other promising tests of neuropsychiatric functions, not
yet included in the CCAS-S are tests of social cognition, i.e.,
tests of mental processes required to understand, generate,
and regulate social behavior [4, 72]. It has been shown that
the cerebellum is critically involved in processes related to
social cognition [73—75]. One test that captures the domain
of social cognition would be the Reading the Mind in the
Eyes Test, which measures the ability to interpret emotions
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Table 4 Linear regression

coefficients
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b-value + SE t-value 95% CI (lower bound, p value
upper bound)
Executive function
Age (years) —0.01+0.00 -1.82 —0.01, 0.00 0.071
Education (years) 0.06+0.02 3.58 0.03, 0.09 <0.001
Sex 0.11+0.09 1.23 -0.07,0.29 0.220
Disease duration (years) —0.00+0.00 —0.10 —0.01, 0.01 0.923
SARA score —-0.01+0.01 -0.63 —-0.02,0.01 0.530
INAS count —0.02+0.03 -0.79 —0.07, 0.03 0.433
Diagnosis 0.06+0.11 0.56 —0.15,0.27 0.578
Cluster 0.88+0.10 8.54 0.67, 1.08 <0.001
Linguistic function
Age (years) —0.01+0.00 —-1.08 —0.01, 0.00 0.280
Education (years) 0.04+0.02 2.07 0.00, 0.08 0.041
Sex 0.26+0.12 2.22 0.03, 0.50 0.028
Disease duration (years) 0.00+0.01 0.02 —0.01, 0.01 0.988
SARA score —-0.02+0.01 —-1.53 —0.04, —0.01 0.128
INAS count —0.03+0.03 —-0.94 —0.09, 0.03 0.349
Diagnosis 0.16+0.14 1.18 —0.11,0.44 0.238
Cluster 1.12+0.13 8.39 0.86, 1.38 <0.001
Visuospatial function
Age (years) —0.01+0.01 -0.78 —0.02, 0.01 0.439
Education (years) 0.05+0.03 1.61 —-0.01, 0.10 0.110
Sex —-0.35+0.17 —-2.08 —0.69, —0.02 0.039
Disease duration (years) —-0.02+0.01 —-2.40 —0.04, —0.00 0.017
SARA score —-0.02+0.02 —-1.30 —0.05, 0.01 0.195
INAS count 0.08+0.05 1.73 -0.01, 0.17 0.087
Diagnosis 0.09+0.20 0.43 —0.31,048 0.670
Cluster 1.69+0.19 8.80 1.31, 2.06 <0.001
Neuropsychiatric function
Age (years) 0.03+0.01 2.47 0.01, 0.06 0.014
Education (years) —0.03+0.06 —0.49 —0.15, 0.09 0.627
Sex —-0.07+0.36 -0.21 —0.78, 0.63 0.837
Disease duration (years) —0.02+£0.02 —-0.92 —0.05,0.02 0.357
SARA score —0.01+0.03 -0.41 —0.08, 0.05 0.681
INAS count —0.06+0.10 —0.66 —0.25,0.13 0.509
Diagnosis —-0.72+0.42 -1.73 —1.54,0.10 0.085
Cluster 3.97+0.40 9.90 3.18,4.76 <0.001
Episodic memory
Age (years) —0.03+0.01 —-4.07 —0.04, —0.02 <0.001
Education (years) 0.03+0.03 1.02 —0.03, 0.09 0.312
Sex 0.34+0.18 1.89 —0.02, 0.70 0.061
Disease duration (years) 0.01+£0.01 1.56 —-0.00, 0.03 0.120
SARA score 0.02+0.02 1.14 —0.01, 0.05 0.255
INAS count —0.09+0.05 -1.76 —0.18, 0.01 0.081
Diagnosis —-0.13+0.21 -0.62 —0.54,0.29 0.537
Cluster 0.96+0.20 4.75 0.56, 1.36 <0.001

A total of 166 patients were included in the multiple linear regression analysis
SARA Scale for the Assessment and Rating of Ataxia, INAS Inventory of Non-Ataxia Signs, SE standard

error, CI confidence interval
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and thoughts from facial expressions, particularly focus-
ing on the eyes [3]. Another test of social cognition is the
Picture Sequencing Test, which requires the participant
to arrange cards depicting (social) actions of persons in a
meaningful sequential manner [76]. This computer-based
test is also less prone to rater-based biases compared to the
CCAS-S. Moreover, the Emotion Attribution Test [8] and
the Faux Pas Test [14], which assess the ability to interpret
emotions and to understand others’ mental states, could be
helpful to diagnose neuropsychiatric symptoms and deficits
within the domain of social cognition. Both tests have been
shown to sensitively detect such impairments in cerebellar
patients [25].

In addition to the exploration of the cognitive profile
within the clusters, demographic and clinical variables were
compared between the clusters. We found that patients in
cluster 1 were on average older and less educated than those
in cluster 2 supporting the previous finding that age and
education affect test results of the CCAS-S [51, 59, 66].
Likewise, the approach by Thieme et al. [69] using a cor-
rection formula (controlling for sex, age, and education
effects) matched the current results better than the approach
by Hoche et al. [20] (see Figs. Sla and S2a).

The SARA score showed no significant contribution
to cognitive/neuropsychiatric functions in the regression
models. This finding may be explained by the functional
topography of the cerebellum. The cerebellum is function-
ally divided into motor and non-motor areas. The two main
motor representations are located in the anterior cerebellar
lobe (lobules I-V), with some extension into lobule VI and
in lobule VIII in the posterior cerebellar lobe. Three non-
motor representations have been described in the cortex of
the posterolateral cerebellar hemispheres (lobules VI-Crus
I and ii; lobules Crus II-VIIB; lobules IX-X) [19]. Like-
wise, the dentate nucleus consists of a motor area in the
rostro-dorsal parts and a non-motor area in the ventro-caudal
parts of the nucleus [46, 61]. Lesions and degeneration may
affect cognitive and motor functions differently in individual
patients, potentially explaining our results of a dissociation
between motor and cognitive performance. However, the
patients in cluster 1 exhibited more severe ataxia symptoms
compared to those in cluster 2, suggesting that individu-
als with severe ataxia, likely at advanced stages of the dis-
ease, also tend to have significant degeneration in cognitive
areas. This aligns with previous MRI findings showing that
cerebellar degeneration affects both areas due to a shared
pathophysiology in patients with spinocerebellar ataxias
[24, 44, 45]. In contrast, former studies examining specific
hereditary ataxias (e.g., SCA2 or SCA3), have found a cor-
relation between the SARA score and CCAS-S performance
[36, 51]. One explanation for the discrepancy between our
findings and the previous findings could be that our sam-
ple was heterogeneous. The pattern of atrophy is known to

differ between disease entities [10, 53, 58]. In SCA2 and
SCAZ3, both cerebellar motor and cognitive areas are simi-
larly affected [50]. In other ataxias, cerebellar motor and
cognitive areas might be differently affected [18, 47]. For
example, in SCA48 an early involvement of cerebellar cog-
nitive areas is usual, and cognitive symptoms often precede
ataxia [18]. Another explanation for the discrepancy of our
results in comparison with the results of Rodriguez-Labrada
et al. [51] and Maas et al. [36] could be that the cognitive
deficits in SCA2 and SCA3 patients go beyond a CCAS.
Both SCA2 and SCA3 are known to involve extracerebellar
structures, such as the basal ganglia or the cerebral cortex
[30, 31, 45, 50]. Although, the CCAS-S is designed to detect
the cerebellar cognitive profile and the SARA is designed
to capture ataxia severity, it is likely that extracerebellar
pathologies contribute both to a poorer CCAS-S score and
a higher SARA score. Therefore, the ataxias which regularly
involve a substantial amount of extracerebellar structures
might be more prone to show correlations between ataxia
rating scores and the CCAS-S score.

The extent of extracerebellar involvement, as indicated
by the INAS count, influenced the classification of patients
into the clusters, with individuals in cluster 1 showing more
extracerebellar involvement compared to those in cluster 2.
However, the classification based on the specific (genetic)
entity (e.g. SCA3, SCA6, FRDA SAOA, MSA-C, etc.) did
not reveal this relationship, challenging previous research
where patients with the same entities were grouped and
compared with other entities [29, 60]. This indicates that
the individual degree of extracerebellar involvement might
be a better predictor of cognitive perfomance in cerebellar
patients than the overall classification based on entities.

Cluster assignment remained a significant predictor of
G-CCAS-S performance even after accounting for all other
demographic and clinical variables. The latter indicates that
factors which were not captured in this study likely contrib-
ute to cognitive performance in patients. The individual pat-
tern of atrophy/lesions within cerebellar motor and cognitive
areas or in other brain areas could be one of these factors.
We did not perform MRI-based lesion-symptom mapping
which could have answered this question and is a limitation
of this study. In the future, the identified clusters should be
further characterized using MRI and laboratory biomarkers.

The discriminative abilities of the G-CCAS-S as meas-
ured by the AUC were much better in cluster 1 compared
to cluster 2. In cluster 1, the AUC was 0.99 for the total
sum raw score and 0.94 for the number of failed items
compared to 0.67 and 0.60 respectively in cluster 2. Hence,
while the diagnostic accuracy was close to ideal (an AUC
of 1.0 would indicate an ideal diagnostic accuracy) in
cluster 1, the chance level (of an AUC =0.5) in discrimi-
nating patients from controls was only scarcely exceeded
in cluster 2. Also, the diagnostic criteria by Hoche et al.
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(CCAS possible/probable/definite: cluster 1: 0/3/97% vs.
cluster 2: 26/26/30%) and the method by Thieme and col-
leagues using a correction formula controlling for sex, age
and education effects (abnormal test: cluster 1: 97% vs.
cluster 2: 62%) showed a similar pattern. Sensitivity (that
is: the portion of patients correctly identified as patients/
all patients in the sample) was close to 100% in cluster 1
while a substantial portion of patients was not identified as
patients in cluster 2 (e.g. 18% false negative results accord-
ing to the method of Hoche et al. [20] and 38% according
to Thieme et al.[66]). Taken together, the current results
indicate that the diagnostic accuracy of the G-CCAS-S
is nearly perfect for severely affected patients, while it
has only limited utility for mildly affected individuals. A
recent study involving individuals with pre-symptomatic
SCA1 and SCA3 carriers found similar results. The pre-
symptomatic mutation carriers did not differ from con-
trols regarding the overall CCAS-S scores or in any of the
single test items [59]. Future research should focus more
on mildly affected patients and pre-symptomatic mutation
carriers since more sensitive and selective tests are needed
for this subgroup. As mentioned above tests of social cog-
nition or the Stroop test are promising candidates. Moreo-
ver, the addition of more test items that capture executive
and linguistic functions (like word fluency tests) might
help since these were also significantly affected even in
the mildly impaired cluster 2 patients.

Although, this study was able to identify and character-
ize two distinct cognitive clusters within a large population
of cerebellar patients, the study has some limitations. First,
the patient cohort tended towards older individuals with a
lower level of education. Therefore, the results might not be
fully transferable to younger patients and those with a higher
level of education. In addition, there is a significant hetero-
geneity within the patient group in terms of disease entity,
ataxia severity and the degree of extracerebellar involve-
ment, which also may limit the transferability to other popu-
lations. Also, we did not include pre-symptomatic mutation
carriers of hereditary ataxias which might be the focus of
future research considering upcoming treatment options
(e.g. antisense oligonucleotides). Moreover, this study only
considered the impact of some demographic and clinical
characteristics on CCAS-S performance, maybe overlooking
other variables. For example, fatigue and depression have
been shown to impact cognitive functions in cerebellar dis-
orders [39, 40]. Also, the inclusion of MRI and molecular/
biochemical biomarkers should be considered to examine
possible relationships between atrophy patterns or spe-
cific mutations and cognitive performance. Future research
should incorporate these variables. Additionally, upcoming
studies should focus on more homogeneous populations with
patients and pre-symptomatic mutation carriers of specific
ataxia subtypes.

@ Springer

Conclusions

This study investigated cognitive performance in a large
sample of cerebellar patients using cluster analysis. This
data-driven approach allowed us to identify two cognitive
clusters (subgroups). We found that executive, linguistic, and
neuropsychiatric functions are the most affected domains
and that these domains are even impaired in only mildly
affected individuals. The G-CCAS-S in its current form,
however, is of limited use in mildly affected patients because
of the high overlap with the test results of healthy individu-
als. Future research needs to focus on the development of
more sensitive and selective cognitive screening tests for
this subgroup of patients, e.g., by including tests of social
cognition and/or adding test items that capture executive and
linguistic functions.
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