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involved in verbal performance and the left one engaged in visuospatial processes, has
strong empirical support. However, the clinical observation and single research results
show that the damage to the right cerebellar hemisphere may cause extralinguistic and
more global cognitive decline. The aim of our research was to assess the pattern of
cognitive functioning, depending on the cerebellar lesion side, with particular emphasis
on the damage to the right cerebellar hemisphere.

Method: The study sample consisted of 31 patients with focal cerebellar lesions and 31
controls, free of organic brain damage. The Addenbrooke’s Cognitive Examination ACE
Il and the Trail Making Test TMT were used to assess patients’ cognitive functioning.

Results: Left-sided cerebellar lesion patients scored lower than controls in attention and
visuospatial domain, but not in language, fluency, and memory functions. Participants
with right-sided cerebellar lesion demonstrated a general deficit of cognitive functioning,
with impairments not only in language and verbal fluency subscales but also in all
ACE Il domains, including memory, attention, and visuospatial functions. The TMT
results proved that cerebellar damage is associated with executive function impairment,
regardless of the lesion side.

Conclusion: The cognitive profiles of patients with cerebellum lesions differ with regard
to the lesion side. Left-sided cerebellar lesions are associated with selective visuospatial
and attention impairments, whereas the right-sided ones may result in a more global
cognitive decline, which is likely secondary to language deficiencies, associated with
this lateral cerebellar injury.
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INTRODUCTION

Since the influential and significant Schmahmann and Sherman’s
(1998) on cerebellar cognitive affective syndrome (CCAS) in
patients with cerebellar lesions appeared, the role of the
cerebellum in cognitive functioning has been widely explored.

Cerebellar cognitive affective syndrome was proposed to
reflect a constellation of deficits in: (a) executive function
(deficient set-shifting, verbal fluency, multitasking, planning,
sequencing, and organizing activities); (b) visuospatial
cognition (visuospatial disintegration, deficit in copying,
and conceptualizing drawn figures); (c) language (agrammatism,
dysnomia, and dysprosodia); and (d) emotion (flattening
of affect or disinhibition, impulsive actions, overfamiliarity,
regressive, and childlike behavior in some patients)
(Schmahmann and Sherman, 1998).

A further research confirmed that damage limited to the
cerebellum may cause deficits in several cognitive processes,
such as working memory (Ziemus et al., 2007; Hautzel et al,
2009; Marvel and Desmond, 2010; Misciagna et al., 2010; Marvel
et al., 2012; Baier et al.,, 2014), phonological short-term memory
(Ph-STM) (Timmann and Daum, 2007), episodic memory
(Andreasen et al., 1999; Exner et al., 2004; Fliessbach et al., 2007),
attention and processing speed (Steinlin et al., 2003; Beebe et al,,
2005), executive functions including planning and sequencing
(Levisohn et al., 2000), visuospatial functions (Starowicz-Filip
etal., 2017), and word fluency (Arasanz et al., 2012).

The cerebellar involvement in the regulation of cognitive
processes is strongly supported by the neuroanatomy and
neuroimage date, which provide evidence of the existence
of pathways between the cerebellum and associative cortex
areas, especially prefrontal and posterior parietal cortex,
involved in higher cognitive functions (Schmahmann, 1996).
One part of the cerebellar cortex (lobules IV, V, VI, parts of
HVIIB and HVIII) received projections from the primary
motor cortex, responsible for skilled motor control, and
another part of the cerebellar cortex (Crus I and Crus II)
received afferents from the prefrontal area, associated with
higher cognitive functions (Kelly and Strick, 2003; Ramnani,
2006). In general, several neuroimaging studies show the
activation of the posterior cerebellar lobe (lobule VI, lobule
VII A, including Crus I and Crus II, lobule VIIB) while
performing cognitive tasks (Bucker, 2013; Stoodley et al,
2016). Studies also emphasize particularly the significant role
of dentate nuclei in cognition (Clower et al., 2001; Grimaldi
and Manto, 2011). The mechanism of cerebellar involvement
in cognitive functions is explained in different ways but the
most popular is Schmahmann’s (1991) dysmetria of thought
theory. According to this, there is a hypothesis that in the same
way as the cerebellum regulates the rate, rhythm, and accuracy
of movements, so it may influence the speed, capacity, and
appropriateness of mental processes. Hypo- and hypermetria
in the motor activation, observed in the cerebellar damage,
can be extended to the non-motor domain and manifests as
the cerebellar cognitive affective syndrome Cerebellar cognitive
affective syndrome with visuospatial impairments, linguistic
deficits, executive dysfunction, and affective disturbances
(Schmahmann and Sherman, 1998).

Substantial studies on the role of the cerebellum in the
regulation of cognitive functions focused on searching for
cognitive profile patterns in individuals with right-sided and
left-sided cerebellum damage. In the early 1990s, Botez-
Marquard et al. (1994) described functional lateralization of
cerebellum showing that a left cerebellar hemisphere lesion
results predominantly in attention and visuospatial deficits.
About 2 years later, Marién et al. (1996) introduced the concept
of a “lateralized linguistic cerebellum,” presenting a follow-
up study of a patient with aphasia being a result of a right
cerebellar infarct. The above research initiated a series of studies
on functional lateralization of the cerebellum. These studies
indicated that lateralized cerebellar damage leads to cognitive
deficits considered as typical for contralateral cerebral lesions;
that is, right cerebellar hemisphere is predominantly involved
in verbal performance, whereas the left one is engaged in
visuospatial processes (Fiez et al, 1992; Schmahmann and
Pandya, 1997; Riva and Giorgi, 2000; Schmahmann, 2001; Scott
et al., 2001; Molinari et al., 2004; Hokkanen et al., 2006; Tavano
etal,, 2007; Leggio et al., 2008; Baillieux et al., 2010; Stoodley et al.,
2010).

This cerebellar functional laterality has a strong support
in neuroanatomic and neuroimaging data. Functional
neuroimaging studies by means of a single-photon emission
computerized tomography (SPECT) (Baillieux et al, 2006;
Marian et al., 2007) and functional magnetic resonance imaging
(fMRI) (Fink et al., 2000; Jansen et al., 2005) have convincingly
shown the importance of the contralateral cerebello-cerebral
network in cognitive modulation, opposite to motor deficits
which are ipsilateral to cerebellar hemisphere lesions (Riva and
Giorgi, 2000). The majority of streamlines passing through the
superior cerebellar peduncle connect the cerebellar hemispheres
with contralateral cortical associative areas through the
ventrolateral thalamus (Bernard et al., 2012).

Although most of the studies support functional lateralization
hypothesis, many of them are based on the very small study
samples (Scott et al., 2001; Baillieux et al., 2010). There is also
a growing body of research which did not confirm the cerebellar
crossed laterality effect (Levisohn et al., 2000; Beebe et al., 2005).
Moreover, although single scientific reports confirmed the clear
effect of cerebellar functional lateralization of left cerebellar
hemisphere, and its connection with attention and visuospatial
dysfunctions, the cognitive functioning of patients with cerebellar
right-sided lesions shows the tendency to more global decline,
going beyond the selective damage to linguistic functions
(Baillieux et al., 2009; Daszkiewicz et al., 2009; Starowicz-Filip
et al., 2020).

According to the above-mentioned research, the main goal of
our study was to determine the pattern of cognitive functioning
of the patients with cerebellar damage in dependence on the
lesion side. Based on the available studies and neuroanatomical
data (Hiberling and Corballis, 2016; Kavaklioglu et al., 2017;
Guell et al., 2018), we hypothesized that patients with left-sided
cerebellar lesions may be characterized predominantly by weaker
visuospatial and attention functions according to control group.
Regarding patients with right-sided cerebellar lesion, we intended
to explore whether they are characterized by selective language
deficits or by more global cognitive decline.
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MATERIALS AND METHODS

Participants

The Cerebellar Lesion Group

The cerebellar lesion group was composed of 31 participants (17
women, 14 men; 55 and 45%, respectively) with mean age of
51.51 years (SD = 16.93, age range: 20-76).

Patients were recruited prospectively from the neurosurgery
ward, rehabilitation clinic, and the outpatient care. The inclusion
criteria for the cerebellar lesion group were focal cerebellar
damage (tumor, stroke or vascular malformation, information
based on MRI results, histopathology results, and neurosurgeon
or neurologist qualification and opinion), whereas the exclusion
criteria were the presence of extracerebellar brain damage and/or
psychiatric illness. The cerebellar lesion location was determined
by the radiologist, based on MRI results. Participants were
diagnosed with left-sided cerebellar lesions (13 participants),
right-sided cerebellar lesions (15 participants), and isolated
vermis damage (three participants). Out of 31 patients, 18
were diagnosed with cerebellar tumor, seven with cerebellar
stroke, two with posttraumatic hematoma, and four with
cerebellar arteriovenous malformation (AVM). Patients with
extracerebellar pathology seen in an MRI examination were not
included in the study. Among patients with cerebellar tumors,
there were seven patients with metastatic tumors, five patients
with astrocytoma WHO 1, two patients with meningioma WHO
2, two patients with medulloblastoma WHO 4, one patient
with glioblastoma multiforme WHO 4, and one patient with
ependymoma WHO 1. None of the cerebellar patients had
cerebellar atrophy.

The neuropsychological examination was performed after the
resection of the tumor. The mean time from cerebellar tumor
resection or stroke was 4.27 months. Among the cerebellar lesion,
three patients had hydrocephalus and needed shunting. None
of the patients had hearing difficulties. Only two patients had
visual problems.

The Control Group
The control group was composed of 31 subjects (11 women, 20
men; 35 and 65%, respectively) with mean age of 57.67 years

(SD = 13.26, age range: 24-83) diagnosed with a spine
degenerative disease. The exclusion criteria were history of
neurological and/or psychiatric illness. These participants were
recruited from the Rehabilitation Center and Neurosurgery
Department of University Hospital. The control subjects were
matched with patients with cerebellar damage with regard to age,
sex, and education level. They were also exposed to stress related
to treatment, the need to visit a doctor, and hospitalization,
in some ways similar to stress accompanying the experimental
group of cerebellar patients. This selection procedure allows us to
control the possible distorting influence of external stress on the
results of cognitive tests.

The same study participants were included in our publication
on the usefulness of the ACE III test in assessing cognitive
processes of patients with cerebellar damage (Starowicz-Filip
etal., 2021).

All participants signed an informed written consent to the
assessment in line with the Declaration of Helsinki. The study
was approved by the local Ethics Committee. No financial
remuneration was offered as an incentive to participate.

The detailed sociodemographic characteristics of the sample
are presented in Table 1.

Instruments

The Addenbrooke’s Cognitive Examination IlI

The Addenbrooke’s Cognitive Examination ACE III (Hodges
and Larner, 2017) is a screening instrument used to establish
cognitive impairments in five cognitive domains: attention,
memory, language, verbal fluency, and visuospatial abilities. (1)
Attention domain (18 points) is tested by asking the patient about
the date and current location, repeating back three words and
serial subtraction (Bruno and Schurmann Vignaga, 2019). (2)
Memory domain (26 points) is assessed by asking the patient
to recall three previously repeated words, coding and recalling
the name and address of a person and recalling widely known
surnames from the historical facts or from the politics. (3)
Fluency domain (14 points) is tested by asking the patient to
list as many words as he or she can think of, starting with a
specific letter, within 1 min (phonemic fluency), or naming as
many animals, as he or she can in 1 min (semantic fluency).

TABLE 1 | Sociodemographic characteristics of the sample.

Variable Statistic Left-sided cerebellar lesion (N = 13)  Right-sided cerebellar lesion (N =15) Controls (N = 31) x2 (df) p
Age Mean (SD) 50.089 (18.464) 53.200 (16.917) 57.670 (13.262) 1.466 (2) 0.481
Time since lesion (days)  Mean (SD) 122.769 (175.061) 128.800 (92.139) - 2.127 (1) 0.145
Sex N (%) 3.762(2) 0.152
Women 8 (61.538) 9 (60.000) 11 (35.484)
Men 5 (38.462) 6 (40.000) 20 (64.516)
Education N (%) 4127 (2) 0.660
Primary school 1(7.692) 1(6.667) 2 (6.452)
Secondary school 3(28.077) 5 (33.333) 10 (32.258)
High school 6 (46.154) 2(13.333) 9(29.032)
University 3(23.077) 7 (46.667) 10 (32.258)

Three participants with vermis damage were excluded from the analyses; to check whether there are significant differences between groups on “age” and “time since

lesion” variables, Kruskal-Wallis and Mann-Whitney tests were used; to check whether there is significant association between “sex,

chi-squared tests were utilized.

» o«

‘education,” and “group” variables,
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(4) Language domain (26 points) is examined by assessing
speech comprehension: the patient is asked to complete a set of
commands, such as “place the paper on the pencil,” graphomotor
abilities (by writing two grammatically complete sentences),
repetition and articulation (by repeating several polysyllabic
words; confrontational naming is tested by naming objects shown
in 12 drawings and by answering contextual questions about
some of the objects), and lexia (by reading words with irregular
sound-spelling correspondence). (5) Visuospatial functions (16
points) are tested by asking the patient to copy two diagrams
(cubes), to draw a clock face with the hands set at a specified time,
to count a set of dots and to recognize four fragmented letters
(visual gnosis) (Bruno and Schurmann Vignaga, 2019).

The total ACE III score is based on the maximum score of
100, with higher scores indicating better cognitive functioning.
Although the ACE III is a brief screening tool originally designed
to assess dementia in a population of elderly people (Mathuranath
et al, 2000), its applicability in the detection of cognitive
impairments has already been proved in the population of
younger people, with other health conditions, such as stroke (Lees
et al., 2017), multiple sclerosis (Figlus et al., 2018), and brain
tumors (Kerrigan et al., 2011; Cherkil et al., 2017). Recent study
has proved its good sensitivity and diagnostic specificity in the
assessment of cognitive dysfunctions of patients with cerebellar
lesions (Starowicz-Filip et al., 2021).

The Trail Making Test

The TMT (Reitan and Wolfson, 1993) is a useful assessment
tool to evaluate a wide range of cognitive processes including
attention, visual search and scanning, sequencing and shifting,
psychomotor speed, abstraction, flexibility, and ability to modify
a plan of action. It is perceived as a good screening tool for
assessing executive functions (Lezak et al., 2004). The TMT is
divided into trials A and B: in condition A, the participant’s task is
to connect the given numbers in a numerical sequence (i.e., 1-2-
3, etc.) as rapidly as possible by drawing a line linking subsequent
numbers; in condition B, the participant’s task is to draw lines
to connect numbers and letters in an alternating numeric and

alphabetic sequence (i.e., 1-A-2-B, etc.) as rapidly as possible.
Both parts of TMT, Trail A and Trail B, are thought to assess
attention capacity, psychomotor speed, and sequencing abilities.
However, Trail B is thought to assess set-shifting which requires
individuals to switch their attention between two rules or tasks
(Miyake et al., 2000).

Procedure

All participants were tested individually by a clinical
neuropsychologist during a single session lasting about 40 min.
Before attending, the study participants were informed about the
possibility of stopping the testing or taking a break at any time
during the research.

Statistical Analysis
Empirical distribution of continuous variables was described
using median and quartiles. The comparison of groups was made
using the Kruskal-Wallis test and post hoc Dunn’s test with the
Bonferroni-Holm correction. We decided not to use the overly
conservative Bonferroni method because this kind of correction
may increase the probability of false negatives (not detecting the
difference between lesion patients and controls where there is
one) which should be avoided in a clinical setting. Therefore,
we used the Bonferroni-Holm correction which seems more
appropriate in this context.

All statistical analyses were performed using SPSS version 26.

RESULTS

To show the difference in cognitive functioning between patients
with right-sided cerebellar lesions, patients with left-sided
cerebellar lesions, and controls, we performed the Kruskal-Wallis
test and post hoc comparisons between these three groups. The
results are shown in Table 2.

A detailed analysis revealed the presence of significant
differences between left-sided cerebellar lesion group, right-sided
cerebellar lesion group, and control group in the ACE III total

TABLE 2 | Comparison in screening test scores between patients with left-sided cerebellar lesions, patients with right-sided cerebellar lesions and controls

(Kruskal-Wallis test).

Screening test Left-sided cerebellar lesion

Right-sided cerebellar lesion

Controls X P €

Median

(1st quartile; 3rd quartile)

Median

(1st quartile; 3rd quartile)

Median

(1st quartile; 3rd quartile)

ACE Il total score 81.50 (74.00; 91.00) 84.00 (74.00; 86.00) 94.00 (86.00; 98.00) 13.63 0.001 0.215
ACE Il attention 16.50 (14.50; 17.00) 16.00 (16.00; 17.00) 17.00 (17.00; 18.00) 9.23 0.010 0.134
ACE Il memory 19.00 (14.00; 24.50) 23.00 (16.00; 24.00) 23.00 (20.00; 25.00) 3.97 0.137 0.036
ACE Il fluency 8.00 (5.50; 11.00) 9.00 (5.00; 10.00) 12.00 (9.00; 14.00) 11.44 0.003 0.175
ACE Il language 26.00 (22.00; 26.00) 25.00 (23.00; 25.00) 26.00 (26.00; 26.00) 10.63 0.005 0.160
ACE Il visuospatial functions 16.00 (10.50; 16.00) 14.50 (11.00; 16.00) 16.00 (16.00; 16.00) 13.59 0.001 0.215
TMT A time 57.00 (52.50; 84.50) 84.50 (50.00; 106.00) 46.00 (36.00; 58.00) 12.78 0.002 0.200
TMT A mistakes 0.00 (0.00; 0.50) 0.00 (0.00; 1.00) 0.00 (0.00; 0.00) 3.14 0.208 0.021
TMT B time 154.00 (100.50; 225.00) 164.00 (113.00; 308.00) 89.00 (65.00; 110.00) 16.28 0.000 0.264
TMT B mistakes 1.00 (1.00; 5.50) 1.00 (0.00; 2.00) 0.00 (0.00; 0.00) 16.61 0.000 0.252
df = 2. Statistically significant results are bolded.
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scores and in most of the ACE I1I single cognitive domains, except
the memory domain.

According to the TMT results, these three groups differed
significantly in time of performing part A and part B of the test,
and also in the number of mistakes made on the TMT part B.
There was no significant difference in the number of mistakes
in the TMT part A between the three groups. The pairwise
comparisons between scores of patients with left-sided cerebellar
lesions, patients with right-sided cerebellar lesions, and controls
are shown in Table 3.

The pairwise comparison indicated that patients with right-
sided cerebellar lesion scored significantly lower than controls
on the ACE III (total score); they also obtained lower scores on
nearly all the ACE III subscales measuring individual cognitive
domains, except for the memory domain. The ACE III cognitive
profile of patients with left-sided cerebellar lesion appeared to
be more selective with significantly lower results in the ACE III
(total score) and the ACE III attention and visuospatial domain,
compared with the results of the control group.

Both the right-sided and the left-sided cerebellar lesion groups
made more errors on the TMT part B and needed more time to
accomplish this part of the TMT test than controls. Moreover,

patients with right-sided lesion needed more time than controls
to accomplish part A of the TMT. The right-sided and left-
sided cerebellar lesion groups did not differ in any of the ACE
III and TMT scores.

The results obtained by participants in the memory (memory
retrieval and memory recognition) and fluency (perseverations
and intrusions) domains have been analyzed in more detail to
establish whether the cognitive profile of patients with cerebellar
lesions can be characterized as frontal-like, as it has been
demonstrated in the previous research (Starowicz-Filip et al.,
2020). Moreover, because right cerebellar lesions are linked
with language impairments, we also checked which components
of the ACE III language domain are mostly attenuated due
to cerebellar damage. Hence, we performed the comparisons
between the right-sided cerebellar lesion group, the left-sided
cerebellar lesion group, and controls regarding the ACE III
memory, fluency, and language subscales. The results are shown
in Table 4.

Regarding the ACE III memory domain, the detailed analysis
revealed a significant difference among the left-sided cerebellar
lesion group, the right-sided cerebellar lesion group, and
the control group only in the memory retrieval subscale.

TABLE 3 | Pairwise comparisons between scores of patients with left-sided cerebellar lesions, patients with right-sided cerebellar lesions, and controls.

Screening test Left-sided cerebellar lesion vs.

Left-sided cerebellar lesion vs.

Right-sided cerebellar lesion vs.

right cerebellar lesion controls controls

Standardized test statistic p Standardized test statistic P Standardized test statistic p
ACE Il total score 0.122 0.903 —2.810 0.010 -3.117 0.006
ACE Il attention 0.067 0.946 —2.335 0.040 —2.548 0.033
ACE Il fluency 0.549 0.583 —2.719 0.060 —3.066 0.006
ACE Ill language 1.592 0.222 —1.306 0.222 —3.244 0.003
ACE Ill visuospatial functions 0.639 0.523 —2.442 0.030 3.359 0.003
TMT A time —0.954 0.340 2.101 0.072 3.384 0.003
TMT B time —0.704 0,481 2.710 0.014 3.642 0.003
TMT B mistakes 1.180 0.238 3.704 0.003 2.382 0.034

Dunn’s multiple comparison tests with the Bonferroni—-Holm correction were carried out. Statistically significant results are bolded.

TABLE 4 | Comparison in the ACE Il subscale scores of memory, fluency, and language domains between patients with left-sided cerebellar lesions, patients with

right-sided cerebellar lesions, and controls (Kruskal-Wallis test).

ACE Il subscales Left-sided cerebellar lesion
median

(1st quartile; 3rd quartile)

Right-sided cerebellar lesion
median
(1st quartile; 3rd quartile)

Controls X p €
median
(1st quartile; 3rd quartile)

Memory retrieval 4.00 (1.50; 6.00) 4.00 (1.00; 6.00) 6.00 (5.00; 7.00) 9.10 0.011 0.131
Memory recognition 5.00 (3.50; 5.00) 5.00 (5.00; 5.00) 5.00 (4.00; 5.00) 0.91 0.632 0.020
Fluency perseveration 0.00 (0.00; 0.50) 0.00 (0.00; 1.00) 0.00 (0.00; 0.00) 0.76 0.684 0.023
Fluency intrusions 1.00 (0.00; 1.00) 0.00 (0.00; 1.00) 0.00 (0.00; 0.00) 1428 0.001 0.227
Language comprehension 3.00 (3.00; 3.00) 3.00 (3.00; 3.00) 3.00 (3.00; 3.00) 1.370 0.504 0.012
Language articulation 2.00 (2.00; 2.00) 2.00 (1.00; 2.00) 2.00 (2.00; 2.00) 6.064 0.048 0.075
Language-confrontational naming 12.00 (10.00; 12.00) 8.50 (8.00; 11.25) 12.00 (12.00; 12.00) 19.794 0.000 0.330
Language graphia 2.00 (2.00; 2.00) 2.00 (2.00; 2.25) 2.00 (2.00; 2.00) 1.003 0.606 0.018
Language lexia 1.00 (1.00; 1.00) 1.00 (1.00; 1.00) 1.00 (1.00; 1.00) 4.864 0.088 0.053
Language repetition 2.00 (2.00; 2.00) 2.00 (2.00; 2.00) 2.00 (2.00; 2.00) 1169 0.557 0.015

df = 2. Statistically significant results are bolded.
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There were no between-group differences in the memory
recognition subscale.

According to the ACE III fluency domain, the analysis showed
that the three groups differed significantly only in the number of
intrusions during the fluency trials. There was no difference in
the number of perseverations.

As for the ACE III language subscales, significant between-
group differences were observed in the scores of articulation
and confrontational naming, however, not in comprehension,
graphia, lexia, and repetition scores. The pairwise comparisons
of scores provided by the three groups of participants are shown
in Table 5.

The pairwise comparison indicated that patients with
right-sided cerebellar lesion scored significantly lower than
controls on the ACE III memory retrieval, language-articulation,
and language-confrontational naming subscales. The left-sided
cerebellar lesion group made significantly more intrusion
mistakes during the fluency trial compared with controls.
Patients with left-sided lesion did not differ from the controls
regarding language and memory subscales. Both groups with
cerebellar lesion differed from each other only in the ACE III
confrontational naming; the right-sided cerebellar lesion group
obtained significantly lower results in this subtest than the left-
sided cerebellar lesion group.

DISCUSSION

In this study, we examined the cognitive functioning of
patients with cerebellar damage based on their performance in
neuropsychological tasks. In particular, we examined whether the
cerebellum lesion localization influences the pattern of cognitive
impairments demonstrated by patients.

The results of our study revealed that individuals with
focal cerebellar lesions after tumor surgery or stroke scored
significantly lower than healthy controls in all investigated
cognitive domains. They revealed the CCAS, which is considered
as constellation of mild deficits in cognitive domains of
executive function, language, spatial cognition, and emotions
(Schmahmann and Sherman, 1998; Levisohn et al, 2000;
Schmahmann, 2001, 2010).

Our study proved the previously described functional
lateralization of the cerebellum (Riva and Giorgi, 2000;
Scott et al, 2001; Hubrich-Ungureanu et al, 2002

Gottwald et al., 2004; Hokkanen et al., 2006; Krienen and
Buckner, 2009; Habas et al., 2011; Starowicz-Filip et al., 2017),
but only in the left-sided cerebellar lesion group. As we
predicted, patients with left-sided cerebellar lesions scored lower
than controls in the attention and visuospatial domains of the
ACE 1II, and they did not differ from the control group in
terms of language, fluency, and memory functioning. Regarding
the right-sided cerebellar lesion group, the laterality effect did
not fully reveal in its pure form. Admittedly, participants with
right-sided cerebellar lesion scored significantly lower than
controls in language and verbal fluency subscales of the ACE III;
however, they also obtained lower scores in almost every other
ACE IIT domain, including memory, attention, and visuospatial
functions; the last one was previously assigned to left-sided
cerebellar impairments. Hence, it may be assumed that they
demonstrated a general deficit of cognitive functioning rather
than impairment in particular cognitive domains. Moreover,
in our study individuals with lesions localized in the right
cerebellum hemisphere needed more time to complete both A
and B parts of the TMT which probably reflects slowness of
searching the visual field in this group of patients. It should
be noted, however, that performing the TMT appeared to be
demanding for both cerebellar lesion groups, all patients with
cerebellar lesions committed more errors in the TMT part B
than controls and needed significantly more time to accomplish
this part of the TMT. This finding may suggest that cerebellar
damage is associated with executive functions impairment
regardless of lesion side.

In our study, the patients with lesions localized in the
left cerebellar hemisphere showed difficulties in copying
geometric shapes, Mobius band, and cube or in the clock
task. Previous research on adults (Riva and Giorgi, 2000;
Molinari et al., 2004; Baillieux et al, 2010; Starowicz-
Filip et al, 2020) and pediatric samples (Starowicz-Filip
et al, 2017) have also yielded such selective attention
and visuospatial impairments against the background of
preserved language functions. These visuospatial impairments
appeared particularly evident in the tasks of processing
complex figures mentally, such as the mental rotation task
and manipulation of tridimensional stimuli (Molinari et al.,
2004) which are more demanding than straightforward
redrawing of visually presented objects. Contrarily, our research
patients with left-sided cerebellum lesions revealed difficulties
in completing relatively effortless tasks involving simple

TABLE 5 | Pairwise comparisons in memory, fluency, and language subscale scores between patients with left-sided cerebellar lesions, patients with right-sided

cerebellar lesions, and controls.

ACE Il subscales Left-sided cerebellar lesion vs.

Left-sided cerebellar lesion vs.

Right-sided cerebellar lesion vs.

right-sided cerebellar lesion controls controls
Standardized test statistic P Standardized test statistic p Standardized test statistic p
Memory retrieval 0.245 0.807 —2.199 0.056 —2.621 0.027
Fluency intrusions 2.180 0.058 3,773 0.003 1.321 0.187
Articulation 0.964 0.482 —1.172 0.482 —2.415 0.048
Confrontational naming 2.287 0.044 —1.607 0.132 —4.446 0.003

Dunn’s multiple comparison tests with the Bonferroni-Holm correction were carried out. Statistically significant results are bolded.
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visuospatial processes, such as copying geometric shapes and
drawing a clock face.

Although the disturbances of the visuospatial functions in
the cerebellar left-sided lesion group clearly stood out against
the background of other preserved cognitive functions, especially
linguistic ones, our study did not reaffirm the previously observed
cerebellar intergroup difference in visuospatial functioning. The
visuospatial domain scores of patients with the left-sided lesion
were not significantly lower than the scores of the right-sided
lesion group; the latter one was also characterized by impairments
in the spatial task when compared to controls.

Our research confirmed the well-documented effect of the
right-sided cerebellar injuries on language functions and the
absence of such impact in case of left-sided damage (Riva
and Giorgi, 2000; Molinari et al., 2004; Baillieux et al., 2010;
Lesage et al., 2017). However, it is worth mentioning that this
effect was not selective, and patients with damage in the right
cerebellar hemisphere were accompanied by disturbances in
the extralinguistic, cognitive domains, measured with the ACE
III and TMT. The more detailed analysis of patients’ language
abilities, measured with the ACE III, revealed deterioration of
the confrontational naming in the group with the right-sided
cerebellar hemisphere damage (compared with controls and left-
sided cerebellar lesion group). Moreover, right-sided patients
obtained the worst results in the verbal fluency subscale of the
ACE III; however, the impaired verbal fluency domain may
be considered as caused by slowed down access to words in
the lexical memory storage. Considerably, lower speed of name
retrieval in response to specific visual stimuli was also observed
by Stoodley and Schmahmann (2009) in a group of patients
with neurodegenerative cerebellum damage. Petersen et al. (1989)
provided a systematic account of the hemodynamic correlates of
single-word processing, showing that the lexical access yielded
a response of lateral parts of the right cerebellar hemisphere.
Although in none of our right-hemispheric cerebellar patients,
the language problems were severe enough to be described
as aphasic, the literature provides examples of the so-called
cerebellar aphasia after damage of the right cerebellum (Fiez et al.,
1992; Marién et al., 1996). Verbal problems in the described
patients, such as impaired spontaneous speech, problems with
its initiation, the presence of fragmentary sentences, severe
difficulties in word generativity, and deficits in reading and
writing, were analogous to those observed in transcortical motor
aphasia (TCMA) (Marién et al., 1996) or amnestic aphasia (Fiez
et al., 1992). Cerebellar aphasia has also been reported by other
authors (Cook et al., 2004; Baillieux et al., 2010; Bartczak et al.,
2011; Blancart et al., 2011; De Smet et al., 2011), who studied not
only individual cases but also groups of patients (Karaci et al.,
2008). Our results that show lower fluency scores (measured
as the sum of responses in the examination of semantic and
phonological fluency) in the right-sided cerebellar lesion group
are also in line with the previous research (Leggio et al., 1995;
Hubrich-Ungureanu et al., 2002; Richter et al., 2007; O’Hare et al.,
2008), emphasizing the role of the right cerebellar hemisphere
in the regulation of fluency function. Hubrich-Ungureanu et al.
(2002), using fMRI during a silent verbal fluency task in healthy
volunteers, showed brain activation in the left frontoparietal

region and simultaneously in the contralateral right cerebellar
hemisphere among the right-handed subjects. Furthermore, a
reverse activation pattern that engaged the right cerebral cortex
and the left cerebellar hemisphere was observed in left-handed
subjects with atypical right hemisphere dominance for language.

With regard to executive functions, our research
roughly confirmed the hypothesis of the bilateral cerebellar
representation of these cognitive processes (Klein et al., 2016). In
our study, both the right-sided and the left-sided cerebellar lesion
groups committed more mistakes in part B of the TMT than
controls; moreover, they also needed more time to accomplish
this part of the test. This suggests that cerebellar lesions might
in general influence the effectiveness of spatial working memory
and mental abilities to shift attention in the TMT. Therefore,
our results are in line with previous research emphasizing the
executive function impairments as an effect of cerebellar lesions
(Grafman et al., 1992; Karatekin et al., 2000; Levisohn et al., 2000;
Riva and Giorgi, 2000; Steinlin et al., 2003; Beebe et al., 2005;
Bauer et al., 2009; Riva et al., 2013; Mak et al., 2016; Salman and
Tsai, 2016). However, in this study, only the right-sided cerebellar
lesion group needed significantly more time than controls to
accomplish part A of the TMT, which suggests a more global
slowdown in information processing and visual field searching
than just a selective executive deficit, present in this group.
However, the observation that reduced speed of information
processing yielded only in the case of patients with right-sided
cerebellar injuries, whereas not in those with left-sided lesions, is
contrary to the findings of other studies which emphasized higher
response times in the Stroop Color and Word Test (SCWT)
and the TMT parts A and B in both the right and left cerebellar
hemispheric groups (Mak et al., 2016). Notwithstanding, more
detailed examination indicated that in our study, a subtle effect
of cerebellar lateralization in the scope of executive functions was
also visible in the case of patients with damage localized in the
left cerebellar hemisphere. Whereas quantitatively this group did
not differ from controls in terms of verbal fluency, these patients
made significantly more intrusion mistakes. This difference
was not present in the right-sided group and controls. The
intrusion mistakes may be considered as an expression of a less
effective access strategy to lexical and semantic memory stores to
make correct selections, and also reduced ability to inhibit the
incorrect verbal associations (Troster et al., 1998). Both these
executive processes required keeping a constant level of focused
attention. It is the weakened attention processes, visible in our
research in patients with left-sided cerebellar damage that could
explain the increased number of intrusion errors in the fluency
examination. A greater severity of intrusion errors in cognitive
tasks including verbal fluency has so far been reported among
patients with frontotemporal dementia (Rouleau et al., 2001) or
subcortical degenerations (Perez et al., 2020) but not in patients
with cerebellar damage. However, from the functional point
of view, it can be anticipated that the cerebellum, through its
connections with the subcortical nuclei, could participate in the
regulation of the inhibition networks in the brain and is involved
in the detection and correction of errors (Falkenstein et al.,
2001; Ullsperger and von Cramon, 2006; Ito, 2008; Brunamonti
et al., 2014). This hypothesis has already been confirmed in the
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functional neuroimaging studies on healthy individuals during
the SCWT (Egner and Hirsch, 2005; Stoodley et al., 2010).

Regarding the memory domain, this study revealed a pattern
characterized with difficulties in recalling previously encoded
information from the long-term memory storage and relatively
well-preserved recognition. The recalling difficulties are also
characterized by cerebellar laterality, as in our research, they
concern only patients with right-sided cerebellar hemispheric
lesions. In general, our research confirms the conclusions reached
in previous single studies about the frontal-like nature of memory
disorders accompanying patients with cerebellar damage (Koziol
et al., 2014; Starowicz-Filip et al., 2020). However, contrarily to
present findings, the frontal-like profile of cerebellar memory
impairments obtained for pediatric patients in Starowicz-Filip
et al’s (2020) was irrespective of the cerebellar lesion side. What
is more, the pattern of cognitive dysfunction yielded in the
current research for patients with cerebellar damage suggests that
their memory problems may be mostly secondary to executive
dysfunctions, such as invalid planning and organization. The
difficulty in retrieval from long-term memory storage might be
due to primary acquisition organization insufficiency. It is worth
mentioning that executive function impairments (significant
planning and organization problems) as an effect of cerebellar
lesions have been described in many previous studies (Grafman
et al,, 1992; Karatekin et al., 2000; Levisohn et al., 2000; Riva and
Giorgi, 20005 Steinlin et al., 2003; Beebe et al., 2005; Bauer et al.,
2009; Riva et al., 2013; Mak et al., 2016; Salman and Tsai, 2016).

Our findings show that the cognitive profile of patients with
right-sided cerebellar lesions is characterized by a generally
lower level of cognitive performance with weaker language,
visuospatial, attention and memory functions, and slowness
of information processing which is quite novel, and we
could not find similar effects regarding functional cerebellar
lateralization in any other research on adult populations with
cerebellar damage. However, when analyzing the research on
children with damage to the cerebellum, a similar imbalance
in intellectual functioning and lower intelligence of children
with right-sided cerebellar lesion was observed in Daszkiewicz
et al’s (2009). Also, Baillieux et al. (2009) demonstrated that
cerebellar right-sided lesions are accompanied with greater
impairment not only in linguistic processing, but also in logical
reasoning, whereas left-sided damage is related to deficits in
attention, visuospatial functioning, non-verbal problem-solving,
and mimicking typical right hemisphere dysfunctions. Steinlin
et al. (2003), however, obtained opposite findings showing that
children with left-sided cerebellar tumors are more behaviorally
and neuropsychologically affected than those with tumor
localized on the right side of the cerebellum; this effect, however,
could be explained by a more pronounced vermis involvement in
the former group (Steinlin et al., 2003).

The selective visuospatial and attention impairments related
to the left cerebellar hemisphere lesions can be explained
by the crossconnections of this cerebellar hemisphere with
the opposite cortical associative areas of the right cerebral
hemisphere, especially the parietal lobe (Fink et al., 2000),
whereas the more global, extralinguistic deficits revealed by
patients with the right cerebellar hemisphere damage may

underlie a possible deterioration of the extralinguistic cognitive
domains, which is secondary to language abnormalities. These
language abnormalities present in the patients with right-sided
cerebellar lesions are based on neuroanatomical connections
between the right cerebellar hemisphere (their lateral part)
and contralateral Brodmann’s areas 6, 44, and 45 via the
nucleus ventralis intermedius and nucleus ventralis anterior of
the thalamus (Engelborghs et al, 1998) crucial for language
modulation. A large body of evidence yielded that the posterior
lateral right hemisphere (lobules VI, Crus I, and II) of
the cerebellum is associated with phonological and semantic
processing (Frings et al., 2006; Stoodley and Schmahmann, 2009).

It is likely that impairment of verbal skills caused by the
damage of the right cerebellum hemisphere may in turn affect
the scores of non-verbal tasks through dysregulation of the
so-called inner speech which organizes and controls a given
activity. The strong involvement of the cerebellum in the inner
speech mechanism was proved in the research of Marvel and
Desmond (2012). “Internal” covert speech of word strings
(silent, prearticulatory, but fully parsed representation of the
sound structure of verbal utterances) elicits a right cerebellar
hemisphere response, concomitant with a hemodynamic reaction
of the contralateral lower precentral gyrus (Ackermann et al,
2007). The computational power of the cerebellum subserves the
temporal organization of the sound structure of utterances even
at a prearticulatory level in terms of the adjustment of syllable
lengths, including the “speaking rate” of the internal verbal code
and the implementation of anticipatory coarticulation effects
(Ackermann et al., 2004; Ben-Yehudah et al., 2007). Thus, the
cerebellar impairments may compromise cognitive operations
dependent upon inner speech such as the subvocal rehearsal
system of verbal working memory or may disturb the linguistic
support of executive functions (Ackermann et al., 2007). In
consequence, the “internal speech” mechanisms may be involved
in a variety of executive functions such as working memory,
solving mathematical equations or strategical planning, and
frontal lobe-dependent learning tasks (Ackermann et al., 2007).
The fMRI studies strongly support the role of the right cerebellar
hemisphere in verbal working memory. The superior cerebellum,
lobules V1, and Crus I may initiate an internal motor sequence of
phonological content during information encoding, whereas the
inferior cerebellar, lobules VIIB/VIII, may support phonological
storage during the maintenance of verbal information (Marién
et al., 2014). The subvocal rehearsal mechanism of VWM
appears to involve the right cerebellum, apart from the left
inferior frontal gyrus, supplementary motor area, and insula
(Paulesu et al., 1993).

Ben-Yehudah et al. (2007) listed three theoretical mechanisms
that may explain the role of the cerebellum in verbal
working memory. First, the cerebellum takes part in an
articulatory rehearsal mechanism in phonological loop. The
second explanation is error-driven adjustment model. According
to this model, the cerebellum is the one important component
of this monitoring process that detects errors and adjusts the
planned articulation prior to its execution (Ben-Yehudah et al.,
2007), and therefore is involved in both the fluency and the
absence of errors in speech. The last model concluded that

Frontiers in Psychology | www.frontiersin.org

December 2021 | Volume 12 | Article 775308


https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Starowicz-Filip et al.

The Neuropsychological Cerebellar Lateralization

the cerebellum is important for the temporal organization of
internal speech (Ackermann et al., 2004, in Ben-Yehudah et al,,
2007). Recently, the results of Ailion et al.’s (2020) have provided
empirical support that the cerebellum and its frontal white matter
connections are implicated not only in the phonological loop of
the verbal working memory, but more specifically correlated with
auditory attention span.

Limitations

Although our study provided new data concerning cerebellum
lateralization, it also has some limitations that warrant
mentioning. First, the findings should be interpreted carefully
due to by heterogeneity of the patients’ group. The cerebellar
lesion group included not only patients with tumors of the
cerebellum, but also patients after a stroke of this brain structure
or with vascular malformations. Moreover, cerebellar tumors that
patients were diagnosed with differed significantly in terms of
histology and WHO grade classification; therefore, they may vary
in the risk of cognitive functioning impairment. Additionally, it is
well established that emotional states affect cognitive functioning
not only in individuals who undergo brain surgery, but also in
controls who are treated for a spine degenerative disease.

A serious limitation of our research is the use of screening
tests to assess cognitive functions, and although they are short,
“patient-friendly” and have sufficient sensitivity, it is advisable
to exercise great caution when formulating final and radical
conclusions about the presence of cognitive disorders in a studied
group of patients.

Future studies would benefit from including assessment
of participants’ emotional state and analysis of their impact
on cognitive processes in the study sample. Further research
should also deal with more detailed examination of linguistic
functions and their relationship with the right hemisphere,
and also their possible associations with the disturbance of
other cognitive processes to confirm the more global and more
serious cognitive impairments related to the damage of the right
cerebellum hemisphere.

CONCLUSION

To sum up, our study tentatively confirmed that individuals
with focal cerebellar lesions after tumor surgery or stroke differ
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