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Introduction

A still growing number of brain-imaging and human
lesion studies suggests an involvement of the cere-

Cognitive functions in patients with
MR-defined chronic focal cerebellar lesions

Abstract The aim of the present
study was to examine cognitive
functions in a group of chronic
patients with focal cerebellar
lesions. Both effects of localization
(anterior vs. posterior lobe) and
side (left vs. right cerebellar
hemisphere) were of interest.
Fourteen patients with infarctions
within the territory of the poster-
ior inferior cerebellar artery
(PICA) and seven patients with
infarctions within the territory of
the superior cerebellar artery
(SCA) participated. The affected
lobules and nuclei were assessed
based on 3D MR imaging. The
right cerebellar hemisphere was
affected in eight PICA and two
SCA patients, the left hemisphere
in six PICA and four SCA patients.
One SCA patient revealed a bilat-
eral lesion. In order to study
possible lateralization of func-
tions, subjects performed a
language task as well as standard
neglect and extinction tests.
Moreover, two tests of executive
functions were applied. There
were no significant group
differences apart from a verbal
fluency task, in which all cerebel-

lar patients — but especially those
with right-sided lesions - were
impaired. Voxel-based lesion-
symptom mapping (VLSM) re-
vealed that a lesion of the right
hemispheric lobule Crus II was
associated with impaired perfor-
mance in the verbal fluency task.
In sum, the results showed pre-
served cognitive abilities in
chronic cerebellar patients apart
from impairments of verbal flu-
ency in patients with right-cere-
bellar lesions. The latter findings
are in line with the assumption
that the right posterolateral cere-
bellar hemisphere supports func-
tions associated with verbal
fluency.

Key words cerebellum -
language - visuo-spatial neglect -
localization - lateralization

bellum in various cognitive functions [7, 44]. Many
studies supply evidence for a role of the cerebellum in
language functions such as verb generation [13, 17,

35], verbal working memory [46], and verbal fluency
[31, 50]. Likewise cerebellar involvement has been
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described in visuospatial tasks. Cerebellar activation
was found in brain-imaging studies examining line
bisection [14, 15]. Patient studies revealed deficits in
mental imagery [32], block design [26, 33], and figure
drawing/copying [44]. Furthermore, deficits in tests of
executive functions, such as the stroop test, Wiscon-
sin card sorting test or reverse digit span (working
memory) have been described in cerebellar patients
[21, 26, 33, 44, 50]. The verbal fluency task is also
often considered a test of executive functions and has
been found to be impaired in cerebellar patients
[44, 50].

There are, however, contradictory findings. Four
studies searched for, but did not observe deficits in
verb generation in cerebellar patients [16, 22, 37,
38]. Other studies failed to find effects of cerebellar
lesions on visuospatial functions [9, 19, 20, 38].
Executive functions were preserved in cerebellar
patients in the study of Globas and co-workers
[19].

Differences in cerebellar lesion localization and
extent may explain at least in part these contradictory
findings in human lesion studies. Anatomical data
suggest that the posterolateral parts of the cerebellar
hemispheres and dentate nuclei, but not the anterior
lobe and the more anterior parts of the dentate, may
be involved in cognitive functions [30]. Studies in
patients with focal cerebellar lesions, e.g., in patients
with ischemic lesions of the superior and posterior
inferior cerebellar artery (SCA and PICA), appear to
be of particular interest.

Exner and co-workers [11] administered a set of
standard neuropsychological tests to six patients
with PICA infarctions, five patients with SCA
infarctions and eleven matched control subjects.
While SCA patients were virtually unimpaired, PICA
patients revealed impairments mainly in the area of
visuospatial working memory and episodic memory.
In a study of Neau and others [33], however, no
obvious differences in cognitive functions between
patients with an infarction of the posterior inferior
or superior cerebellar artery were found. Because the
common SCA territory includes the anterior lobe
(that is vermal and hemispheric lobules I-V) and
lobules VI and Crus I of the posterior lobe as well as
most parts of the cerebellar nuclei [5], cognitive
dysfunctions in SCA patients with extended lesions
may not be unexpected.

Because of the known cerebral lateralization of
language and visuospatial functions and cerebellar
projections to the contralateral cerebral hemispheres,
it has been suggested that the right cerebellar hemi-
sphere is involved in language functions whereas the
left cerebellar hemisphere may be involved in
visuospatial functions [15, 27, 43, 45]. According to
this hypothesis both hemispheres may take part in

executive functions, which may involve both verbal or
visuospatial stimuli.

The aim of the present study was to examine lan-
guage, visuospatial and executive functions in
patients with SCA and PICA infarctions involving the
posterior lobe to a differing degree. The affected
lobules and nuclei were assessed based on 3D MR
imaging. Behavioral data and individual MRI findings
were analyzed using voxel-based lesion-symptom
mapping (VLSM) [6, 10]. Both effects of cerebellar
lesion localization and side were of interest.

Methods

Subjects

Twenty-one adults with a history of cerebellar stroke participated
in the study (five female, 16 male; mean age 55.1 years + 11.1 years,
range 34-71 years). Two patients were left-handed, two ambidex-
trous, and all other patients right-handed based on the Edinburgh
handedness inventory [34]. Educational level was distributed as
follows: elementary school n = 13, junior high school n = 5, uni-
versity entrance diploma n = 3.

Only subjects with lesions restricted to the cerebellum were
included. Fourteen patients presented infarctions within the terri-
tory of the PICA, and seven infarctions within the territory of the
SCA. The stroke dated back on average 46.7 £ 17.9 months, rang-
ing from 17-96 months. Subjects underwent a standard neurolog-
ical examination including the International Cooperative Ataxia
Rating Scale (ICARS) [49]. One patient (Cb11) was taking antide-
pressants at the time of testing. None of the remaining patients was
taking centrally acting medication when tested. Basic characteris-
tics of patients with cerebellar lesions are summarized in Table 1.

Extent of surgical lesions was defined based on individual 3D
MRI data sets. The procedure is described in detail in Gerwig and
co-workers [18] and will not be reported here. The cerebellar lesion
sites according to MRI analysis are summarized in Table 2 and
illustrated in Fig. 1.

Twenty-five healthy subjects, seven women and 18 men, served
as controls. Mean age was 54.4 + 10.8 years (range 34-71 years).
Two controls were left-handed, all others right-handed. Educational
level was distributed as follows: elementary school n = 9, junior
high school n = 5, vocational baccalaureat diploma n = 2, univer-
sity entrance diploma n = 9. Healthy controls revealed no neuro-
logical or psychiatric diseases according to clinical history and
neurological examination.

Written informed consent was obtained from all participants,
who were recompensed for their travel expenses. The local com-
mittee of research ethics approved the study.

Experimental procedure
Language

The language testing involved a verb generation task with a naming
and verb generation condition. The design was separated in two
naming (1% and 6™ block) and four verb generation blocks (2™ to
5™ block) presenting always the same photographs of objects in
random order.

In the naming condition, subjects were asked to name the
pictured object (e.g., “car”). In the verb generation condition,
subjects were instructed to say what one can do with the object, i.e.,
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D Side of lesion Age (years) Sex EHI-score Edu Onset of disease (m) ICARS-score

Posture Gait Upper limbs Lower limbs Speech Oculo-motor Total

PICA group
Cb1 Right 60 M 100 ued 48
(b2 Right 40 F 100 es 33
(b3 Right 64 M 30 es 58
Ch4 Right 67 M 100 jhs 54
Cb5 Right 70 M 90 es 50
Ch6 Right 48 M -10 jhs 53
Cb7 Right 42 M 100 es 23
(h8 Right 71 M 100 es 9%
b9 Left 42 F 100 jhs 54
Cb10 Left 55 F 100 es 48
Cb11 Left 54 M 100 es 47
Cb12 Left 65 M 100 jhs 74
Cb13 Left 51 M 100 ued 50
Cb14 Left 45 M 100 es 24
SCA group
Cb15 Right 70 M 100 es 52
Cb16 Right 59 M 100 es 43
Cb17 Left 54 F 100 jhs 48
Cb18 Left 34 M 100 es 17
Cb19 Left 49 M 100 ued 54
(h20 Left 50 M 100 es 27
Cb21 Both 68 M 100 es 28

0 0 0 0 0 0
2 0 1 0 0 3
1 0 0 0 0 1
1 0 0 0 0 1
2 0 0 0 0 2
0 0 0 0 0 0
0 0 0 0 0 0
1 0 2 0 1 4
0 0 0 0 0 0
2 0 1 0 0 3
1 0 0 0 0 1
1 0 1 0 0 2
0 0 0 0 0 0
0 0 0 0 0 0
5 1 4 0 1 1
5 1 3 0 0 9
0 0 1 0 0 1
0 0 0 0 0 0
0 0 0 0 0 0
1 3 7 3 3 24
3 3 3 0 0 9

M = male; F = female; EHI = Edinburgh Handedness Inventory, a score of 100 represents complete right-handedness, a score of 0 indicates an ambidextrous person
and a score of —100 stands for complete left-handedness [34]; Edu = education; es = elementary school; jhs = junior high school; ued = university entrance
diploma; ICARS-score = International cooperative ataxia rating scale [49], total score: maximum = 100, subscores: posture and gait (maximum = 34), upper limb
(maximum = 36), lower limb (maximum = 16), speech (maximum = 8), oculomotor (maximum = 6)

to produce the corresponding verb (“drive”). There was a training
block of five trials before the first naming block and a training
block of nine trials before the first verb generation block using
different objects than in the actual experiment.

The onsets of verbal responses (i.e., vocal reaction times) were
measured. To this end, the responses were segmented with the help
of a MATLAB-routine based on loudness functions [28, 37].
Moreover, we analyzed for each presented object the answers given
by the subjects based on a thesaurus of the German language
(http://www.wortschatz.uni-leipzig.de) [see also 37].

Visuospatial functions

Two standard neglect tests (letter cancellation, line bisection), a test
of visual extinction, and subtest 9 (counting of surfaces) of the LPS
(“Leistungspriifserie”), were performed.

In the letter cancellation test by Weintraub and Mesulam [51],
30 target letters ‘A’ are distributed amid distractors on each side of
a sheet of paper. Subjects were asked to cancel all of the targets. The
test was finished when subjects approved twice that they had
cancelled all target stimuli.

In the line bisection task, six sheets of paper with one line each
were presented one after the other and the subject was asked to
mark with a pen the middle of each line. For each trial the signed
difference between the subject’s estimation and the actual central
point was calculated. Deviations to the right had a positive, those to
the left a negative sign. Differences were averaged across the six
trials and expressed as percentage of half the length of the line.

The extinction test was performed with the help of a custom-
made computer program based on Flash-MX (FlashMXPro, Ger-
many, Berlin). Geometrical figures were presented in random order
either unilaterally in one half field (10 trials left, 10 trials right) or
bilaterally in both half fields (10 trials). Stimuli were about 0.7° in
size and presented for 180 ms about 4° left and/or right of a central
fixation point. Subjects had to indicate if one stimulus or two
stimuli were present.

In subtest 9 of the LPS (counting of surfaces), drawings of
geometrical figures were shown from the side and above. Subjects
were asked to mark the correct number of surfaces out of a mul-
tiple-choice list of answers within a presentation time of 3 minutes.
Correct performance of this task necessitates correct mental
imagery and mental processing of spatial structures and objects.

Executive functions

In subtest 6 of the LPS (verbal fluency) subjects were asked to write
down as many terms with the same initial letter as possible over a
time span of 60 seconds for each of three letters.

The identification of rules subtest (LPS 3) involved configura-
tions of geometrical objects constructed according to a certain rule.
The subject was asked to find out the rule by identifying the object
that did not fit into the pattern given by the rest of the configu-
ration. The presentation time was 5 minutes. In all three LPS
subtests, number of correct answers during the presentation time
was transformed into t-values on the basis of normative data given
in the test manual [23].
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Table 2 Cerebellar lesion site

Hemisphere
Subject Vermis Paravermal x = = 10-24 mm Lateral Hemispheres x > +24 mm, x < =24 mm  Nuclei
PICA group
Right
(b1 r: VIIB, VIIIA/B r: Crus II, VIIB, VIIIA/B r: Crus I, VIIB n.a.
Ch2 r: IX, VIIIA/B, VIIB, VIIAt r: Crus II, VIIB, VIIIA/B n.a.
(b3 r: Crus I, VIIB, VIIIA/B, IX r: Crus I, VIIB, VIIIA/B n.a.
(b4 r: VIIB, VIIIA/B, IX r: VIIB, VIIIA/B, IX r: VIIA n.a.
Cb5 [: IX r: Crus I/Il, VIIB, VIIIA/B, IX r: Crus I/Il, VIIB, VIIIA/B r: dentate
r: VIIAt, VIIAS, VIIB, VIIIA/B, IX
Ch6 I: VIIA/B, IX r: Crus II, VIIB, VIIIA/B r: dentate
r: VIIAt, VIIB, VIIIA/B,IX
Cb7 I: VIIB, VIIIA/B, IX r: Crus I/II, VIIB, VIIIA/B, IX r: Crus I/II, VIIB,VIIIA/B r: dentate
r: VIIAt, VIIAS, VIIB, VIIIA/B, IX
(b8 I: VIIA/B, IX r: Crus II, VIIB, VIIIA/B, IX r: Crus II, VIIB, VIIIA/B r: dentate
r: VIIA/B, IX
Left
Ch9 r: VIIAt, VIIB I: Crus II, VIIB, VIIIA I: Crus II, VIIB, VIIIA n.a.
I: VIIAt, VIIB
Cbh10 I: Crus I/II n.a.
Cb11 I: VIIAt , VIIB, VIIIA/B, IX I: Crus I/11, VIIB, VIIIA/B I: Crus 1/1I, VIIB, VIIIA n.a.
Cb12  r: VIIAt, VIIB, VIIIA/B, IX I: Crus II, VIIB, VIIIA/B, IX I: VIIB, VIIIA/B I dentate
I: VIIAt, VIIAf, VIIB, VIIIA/B, IX
Cb13  I: VIIAt, VIIB, VIIIA/B I: Crus II, VIIB, VIIIA/B I dentate
Cb14 . VIIB, IX I: Crus II, VIIB, VIIIA/B, IX I: Crus II, VIIB, VIIIA/B | dentate
I: VIIB, VIIIA/B, IX
SCA group
Right
Cb15 r:V, Vi r:V, VI n.a.
Cb16 r: IV, V, VI Crus | r: I, IV, V, VI, Crus | r: IV, V, VI, Crus | r: interposed r: dentate
Left
Cb17 I: IV, V, VI, Crus | I: VI, Crus | n.a.
b18 LIV, V, VI l: V, VI n.a.
Cb19 LN LIV, V, VI I: VI I: interposed
Ch20 LIV, V LV, VI l: VI I: interposed I: dentate
Bilateral
Ch21 rV, Vi r: VI, Crus | I: Crus | r: interposed r: dentate
r = right side, | = left side; interposed = interposed nucleus, dentate = dentate nucleus; n.a. = not affeced
but no significant LocaLizaTion effect (F, 435 p = 0.348)
Results or Brock by Locarization interaction (Fs jo0;
p = 0.770).
Language Figure 2B shows the reaction times of the patients

Reaction time in the verb generation blocks

Figure 2A shows the means and standard deviations
of the reaction times of each of the 16 trials in the six
subsequent blocks for the PICA and SCA patients as
well as the controls. The first and the last block are
naming blocks, the second to fifth block are verb
generation blocks.

In all groups reaction times decreased with a
similar gradient over the four blocks of the verb
generation task. Analysis of variance with Locariza-
TIoN (PICA vs. SCA vs. controls) as between-subjects
factor and Brock as within-subject factor revealed a
significant effect of Brock (F, ;oo with Greenhouse
Geisser correction of degrees of freedom; p < 0.0001),

with right-sided lesions, left-sided lesions and con-
trols. In all groups, reaction time was reduced across
blocks. Analysis of variance with SipE (right vs. left vs.
controls) as between-subjects factor and Brock as
within-subject factor revealed a significant effect of
Brock (F06; p < 0.0001), but no significant sipe effect
(F2,425 p = 0.312) or Brock by Sk interaction (Fs g¢;
p = 0.440).

Visuospatial functions

Cancellation and extinction tasks

None of the subjects showed spatial neglect, i.e., had
more than five omissions on the left side in the letter



Fig. 1 Individual lesions in patients with
PICA infarction (A), SCA infarction (B),
right-sided (C) and left-sided lesions (D)
superimposed on horizontal MR sections
of a healthy adult brain. The color scale
indicates number of overlaying ROIs from
purple (n = 1) to red (n = 14 in PICA
infarction, n = 7 in SCA infarction, and
n = 10 in left- and right-sided lesions).
Ri = right, Le = left
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Fig. 2 (A) Means and standard deviations of the a - ol b
N . N N . controls

reaction times [s] across the 16 trials in the six 164 ®  SCApatients ] : ;‘;’;]tt"::ze dpatients
subsequent blocks for the cerebellar subgroups with A PICA patients A leftsided patients
PICA infarctions, SCA infarctions and controls. (B) 14l
Means and standard deviations of the reaction times ’
[s] for the cerebellar subgroups with right- and left-
sided infarctions and controls. The first and the last = 21 |
block are naming blocks (nam1, nam2), the second to g
fifth block are verb generation blocks (vg1-vg4) s 104 ]

=]

g

& 0.8 4 T q

0.6 - .
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nam1 vgl vg2 vg3 vg4 nam2 nam1 vgl vg2 vg3 vg4 nam2

cancellation task [51]. Two patients with a right-sided
(Cb4) and a left-sided PICA-infarction (Cb10) made
one error on the critical left side as did one control
(Cb20). The left-sided PICA patient (Cb10) made two
more errors on the right.

Visual extinction is diagnosed if a subject fails to
perceive the left stimulus during bilateral stimulation
in more than 50% of the trials while the same stimuli
are reported at least 90% correctly with unilateral
stimulus presentation [25]. In the present study, each
subject perceived 90% or more of the stimuli correctly
in unilateral trials. Moreover, no relevant detection
errors were made in bilateral trials in patients and
controls (percentage correct 280%) except from one

patient with a right-sided SCA infarction (Cb15), who
made five errors on the right and two on the left.

Results of the cancellation and extinction tasks are
presented in Table 3. No statistics were computed for
these tests because performance was nearly constant
in all groups.

Line bisection

All patients and controls tended to define the middle
of the line rightward from the actual middle [PICA
patients (n = 14): 1.7 £ 3.3%, SCA patients (n = 7):
1.1 £ 5.3%, controls (n =25): 0.9 * 3.1%]. Non-
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Table 3 Means + standard deviations in visuospatial tasks in patients’ subgroups

and controls

PICA patients  SCA patients  Right-sided patient Left-sided patients  Controls
Letter cancellation  Percentage targets found on the left side 99.5 + 1.2 100 + 0 99.7 £ 1.1 99.7 £ 1.1 100 = 0
Percentage targets found on the right side 99.5 + 1.8 100 + 0 100 + 0 99.3 + 2.1 99.9 + 0.7
Extinction Percentage detected on the left — unilateral 993 + 2.7 97.1 + 49 99.0 + 3.2 99.0 + 3.2 100 £ 0
Percentage detected on the left - bilateral 98.6 + 5.3 943 +£9.8 96.0 + 8.4 100 = 0 100 = 0
Percentage detected on the right — unilateral  99.3 + 2.7 100 £ 0 99.0 + 3.2 100 £ 0 99.2 + 2.8
Percentage detected on the right — bilateral ~ 98.6 + 3.6 929 + 189 940 + 158 99.0 + 3.2 99.2 + 2.8

parametric statistical analysis (Kruskal-Wallis test,
df = 2) comparing PICA and SCA patients with con-
trols was not significant (p = 0.750). The same was
true for the comparison of right-sided patients
(n = 10; 0.5 + 4.1%), left-sided patients
(n = 10;1.9 + 3.6%) and controls (n = 25; 0.9 + 3.1%;
p = 0.664) with a Kruskal-Wallis test (df = 2). Please
note that the bilateral SCA patient was generally
excluded from the right-left comparison.

Counting of surfaces

In subtest 9 of the LPS, mean t-value ranged between
50 and 60 in all groups. Accordingly, a Kruskal-Wallis
test revealed no statistically significant localization
effect (p = 0.578; PICA patients: 53.9 = 11.2 vs. SCA
patients: 52.3 £ 12.1 vs. controls: 56.4 £ 10.0). The
same was true for the side comparison (p = 0.111;
right-sided patients: 49.2 + 9.8 vs. left-sided patients:
58.4 = 11.5 vs. controls: 56.4 + 10.0).

Executive functions

Identification of rules

Average t-values in subtest 3 of the LPS were in the
normal range, i.e., about 50, for PICA patients
(50.7 £ 8.8), as well as SCA patients (52.0 + 6.4) and

Fig. 3 Means and standard deviations of t-values in
the verbal fluency task. Average t-values were smaller
in PICA and SCA patients than in controls (p = 0.002; 50
Kruskal-Wallis test). Both SCA patients (p = 0.018)
and PICA patients (p = 0.002) significantly differed
from controls (Mann—Whitney tests). The side of the
lesion also had a significant effect on performance

404

(p < 0.0001). Right-sided patients significantly § 304
differed from controls (p < 0.0001), left-sided H
patients did not (p = 0.133) < 204

PICA

Localization Groups

Verbal fluency task

controls (54.4 + 6.7). Thus, a Kruskal-Wallis test
resulted in a non-significant localization effect
(p = 0.531). Differences between average t-values
were also not statistically significant (p = 0.266)
between right-sided patients (49.6 + 6.9), left-sided
patients (54.1 £ 7.0), and controls (54.4 £ 6.7).

Verbal fluency

In the verbal fluency task, average t-values were
smaller in PICA (35.4 +7.5) and SCA patients
(36.0 + 6.6) than in controls (44.0 + 6.6) (see Fig. 3).
Accordingly, a Kruskal-Wallis test revealed a signifi-
cant localization effect (p = 0.002). Post-hoc tests
(Mann-Whitney tests) further showed that both SCA
patients (p = 0.018) and PICA patients (p = 0.002)
significantly differed from controls. The side of the
lesion also had a significant effect on performance
(p < 0.0001). Post-hoc analyses (Mann-Whitney
tests) showed that while right-sided patients
(32.8 £ 5.2) significantly differed from controls
(44.0 * 6.6; p < 0.0001), left-sided patients
(39.3 £ 7.1) did not (p = 0.133).

To control for possible age effects, we performed
separate Mann-Whitney tests between PICA- SCA-,
right-sided, and left-sided patients and controls. For
each patient in the four subgroups, just one control
was selected whose age corresponded with that of the
patient as exactly as possible. The results were the

Left lesion
Side Groups

Controls

[ E
Controls Right lesion

SCA



same as in the main analysis, i.e., the differences
found there are not age-based.

Speech rate analysis

To account for the effects of speech motor deficits on
performance in the verbal fluency task, non-para-
metric (Spearman-Rho) correlations were computed
with syllable durations (i.e., speech rate) in a speech
motor task.

To assess speech rate, subjects were asked to repeat
six consonant-vowel syllables as fast and as regularly
as possible. Measurement of syllable durations was
based on a syllable-segmentation algorithm operating
on loudness contours of the speech signal. For more
detailed information see [29, 39].

Syllable durations were only slightly prolonged in
patients compared to controls (PICA-patients:
186.3 = 37.7, SCA-patients: 185.9 + 46.4, controls:
178.6 £ 32.4). Accordingly, a Kruskal-Wallis test
revealed no significant localization effect (p = 0.910).
Similarly, the side effect was not significant
(p = 0.368; right-sided patients: 201.5 £ 44.7, left-si-
ded patients: 171.1 £ 31.1, controls: 178.6 £ 32.4).

In the patient group there was no significant cor-
relation between speech rate and t-value in the verbal
fluency task (r = —0.236, p = 0.302). In contrast, in
controls, speech rate and t-values in the verbal fluency
task correlated significantly (r = —0.411, p = 0.041).

Voxel-based lesion-symptom mapping

Voxel-based lesion-symptom mapping [6] is valuable
to analyze the relationship between brain lesion and
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behavioral performance on a voxel-by-voxel basis
without the need to group patients by behavioral
cutoffs.

However, this can only be done if the patients’
performance is obtained in the same stage of recovery
[42]. In fact, this was the case for the present sample.
Patients were tested on the average 46.7 £ 17.9 month
after the lesion, i.e., all patients were in a chronic
stage. ROIs were reconstructed onto templates and
entered the analysis along with the results of the
behavioral data. Each voxel was 2 x 2 X 2 mm? in size
and contained a lesion or was lesion-free. A t-test
(p = 0.05, one-tailed) was conducted at each voxel
comparing behavioral data in subjects with and
without a lesion of that voxel. Statistical maps with
Bonferroni-corrected p-values, calculated according
to the formula —log(p), were plotted on a standard-
ized template (see Fig. 4).

Most importantly, VLSM mapping of t-values in
the verbal fluency task revealed a statistically signifi-
cant area (p < 0.05) within posterolateral parts of the
cerebellum, i.e., the right paravermal and hemispheric
lobule Crus II (green area in Fig. 4A, x = 16-36 mm,
y = -76 to =90 mm, z = —36 to —48 mm). There was
a second right-sided statistically significant area
(p < 0.05) consisting of vermal and paravermal white
matter including right interposed and dentate nucleus
and lobule IX and X (x =4 to 20 mm, y = —42 to
—60 mm, z = —34 to —70 mm).

Moreover, cerebellar lesion sites were related to
speech motor variables. VLSM of speech rate revealed
the smallest p-value (<0.05) in the left superior cere-
bellum (green area in Fig. 4B). This region included
vermal and paravermal lobule VI and vermal lobule
VIIAf (x =-6 to —16 mm, y=-70 to —86 mm,

Fig. 4 (A) VLSM mapping for t-values in the verbal fluency task. Statistically significant areas were found within right paravermal and hemispheric lobule CRII
(x = 16-36 mm, y = =76 to —90 mm, z = —36 to —48 mm) (green, p < 0.05), right vermal and paravermal white matter including interposed nucleus, vermal
lobule IX/X, parts of right dentate nucleus and lobule IX (green, p < 0.05) (x = 4-20 mm, y = —42 to —60 mm, z = —34 to —70 mm). (B) VLSM mapping for
syllable durations in the syllable repetition task. Significant areas (p < 0.05, green) were found in the left vermal lobules VI/VIIAf and paravermal lobule VI (x = —6
to =16 mm, y = —70 to —86 mm, z = —14 to —28 mm), vermal lobules VIIB/VIIIA (x = 0 to —8 mm, y = =56 to —68 mm, z = —48 to —54 mm), right vermal
and paravermal lobule V/VI (x = 0-14 mm, y = —66 to —78 mm, z = —16 to —26 mm), and hemispheric lobule CR | (x = 36-46 mm, y = —74 to —84 mm,

z = —32 to —40 mm). Ri = right, Le = left
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z = —14 to —28 mm). A small statistically significant
area in the posterior cerebellum enclosing vermal
lobules VIIB and VIIIA (x = 0 to —8 mm, y = —56 to
—68 mm, z = —48 to —54 mm) was found as well as a
statistically significant (p < 0.05) region in right
vermal and paravermal lobule V and VI (x =0 to
14 mm, y = =66 to —78 mm, z = —16 to —26 mm).
Finally, there was a small critical hemispheric region
in right lobule Crus I (x = 36 to 46 mm, y = —74 to
—84 mm, z = —32 to —40 mm).

Discussion

In all but one of the cognitive tasks applied here no
significant differences between PICA patients, SCA
patients, and controls were found. Similarly, the side
of the lesion had no significant effect on performance.
The only exception was the verbal fluency task, in
which a significant difference between both patient
groups and controls was observed. Patients with
right-sided cerebellar lesions performed worse than
patients with left-sided lesions, who did not signifi-
cantly differ from controls. Moreover, VLSM revealed
a correlation between lesions including parts of the
right posterolateral cerebellar hemisphere (that is
Crus II) and impaired verbal fluency. These findings
support the hypothesis of an involvement of the right
posterolateral cerebellar hemisphere in verbal fluency.

Verbal functions

In accordance with previous results, no significant
group differences were found in the verb generation
task. In the study of Helmuth and others [22], a group
of adult chronic patients were unimpaired in the verb
generation task. Our group found preserved verb
generation in patients with cerebellar atrophy [37]
and in children and adolescents with acute and
chronic focal cerebellar lesion after tumor resection
[16, 38]. It has to be noted, however, that there is also
evidence for impaired learning and/or quality of
answers in adult cerebellar subjects [12, 13].

In the present study cerebellar patients - especially
those with right-sided lesions - were impaired in a
verbal fluency task. Right cerebellar involvement in
verbal fluency has been implicated both in lesion [31]
and functional brain imaging studies [24] and could
be interpreted to result from a deficit in verbal
working memory. This is because after having
retrieved words from memory, the subject has to keep
in mind which words have already been produced.
Verbal working memory may be impaired in cere-
bellar patients for different reasons. First, distur-
bances of motor function affecting articulation may

reduce subvocal rehearsal [2, 3]. Functional magnetic
resonance imaging studies using overt and covert
speech production tasks showed that the hemody-
namic response associated with internal speech was
found in the superior paravermal right cerebellum,
i.e., lobule HVI and Crus I [4, 40]. In the present
study, speech rate was indeed related to lesions of the
superior cerebellum, i.e., vermal and paravermal
lobule VI and hemispheric lobule Crus I. However,
there was no significant correlation between speech
rate and performance in the verbal fluency task in
cerebellar patients. Though the missing correlation
may be due to small sample size, results of a lesion
study by Ravizza and others [36] suggested that the
cerebellum might contribute to verbal working
memory during the initial phonological encoding
and/or by strengthening memory traces rather than
by fundamentally subserving covert articulatory
rehearsal.

Results of a study by Chen and Desmond [8] show
that the cerebellum may also be part of a phonological
storage system. In their fMRI-study, two cerebellar-
cerebral networks were identified. The “articulatory
control system” involved the superior cerebellar
hemispheres (VI/Crus I) bilaterally and the frontal
cerebral cortex. It was active both in a working
memory and a motoric rehearsal task. Activations of
the “phonological storage system” were unique to
verbal working memory and involved the right
inferior cerebellar hemisphere (VIIB) and the parietal
cerebral cortex.

In the present study, VLSM showed a significant
correlation between performance in the verbal fluency
task and lesions of the right posterolateral hemisphere
within Crus II. These findings are in accordance with
the notion that posterolateral parts of the cerebellar
hemispheres and dentate nuclei may be involved in
tasks accessing verbal working memory independent
of impairment in covert articulation [11, 30].

However, tests of executive functions may not only
be impaired due to deficits in verbal working mem-
ory. In their review of frontal lobe functions, Smith
and Jonides [47] make a distinction between storage
functions (phonological buffer, subvocal rehearsal)
and five executive processes (“attention and inhibi-
tion”, “task management”, “planning”, “monitoring”
and “coding”). Successful performance in the verbal
fluency task may not only require a functioning verbal
working memory, but also preserved attention and
inhibition (not naming words twice) or task
management (switching of the initial letters of the
words to be produced). In previous studies, in which
cerebellar patients were impaired, executive functions
were assessed by means of the stroop test (attention
and inhibition), the Wisconsin card sorting test (task
management) or reverse digit span (coding, moni-



toring) [21, 26, 33, 44, 50]. Our second test of exec-
utive function, which measured the ability to detect
rules, i.e., cogitation and logical reasoning, revealed
no significant group differences.

Finally, an alternative explanation has to be
considered. The verbal fluency task used in the
present study required a timed written response. Be-
low-average performance in the verbal fluency task
was not correlated with upper limb ataxia score or
performance in the Archimedes spiral drawing task.
Furthermore, none of the PICA patients showed any
signs of upper limb ataxia. However, it is likely that
the ICARS score is not sensitive enough to assess
disorders in writing. Therefore influence of upper
limb ataxia on results in the verbal fluency task
cannot be excluded.

Visuospatial functions

Two previous group studies could associate visuo-
spatial deficits with left-sided cerebellar lesions
[41, 45]. The assumption of more pronounced deficits
in left-sided patients was not supported by the results
of the present study. In addition, there was no indi-
cation that patients with PICA infarctions were more
severely impaired than patients with SCA infarctions.
Visuospatial functions as measured by the letter
cancellation, line bisection, extinction and LPS task
were generally preserved in the present patients.

In the letter cancellation task number of missed
targets was small both in patients and controls and
not a single subject missed more than one left-sided
target. Moreover, cerebellar patients perceived almost
all stimuli in the extinction task apart from one
patient with a right-sided SCA infarction (Cbl5).
There was no effect of lesion localization (PICA vs.
SCA) or lesion side on performance in the LPS subtest
“counting of surfaces”. Finally, there was a tendency
of left-sided patients to define the middle of the line
more to the right of the veridical center compared to
right-sided patients and controls. However, deviations
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