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A possible role of the cerebellum in detecting and recognizing event sequences has been proposed. The present
study sought to determine whether patients with cerebellar lesions are impaired in the acquisition and discrimination
of sequences of sensory stimuli of different modalities. A group of 26 cerebellar patients and 26 controls matched
for age, sex, handedness, musicality, and level of education were tested. Auditory and visual sensory sequences were
presented out of different sensory pattern categories (tones with different acoustic frequencies and durations, visual
stimuli with different spatial locations and colors, sequential vision of irregular shapes) and different ranges of
inter-cue time intervals (fast and slow). Motor requirements were small, with vocal responses and no time
restrictions. Perception of visual and acoustic stimuli was generally preserved in patients and controls. The number
of errors was significantly higher in the faster tempo of sequence presentation in learning of sequences of tones of
different frequencies and in learning of sequences of visual stimuli of different spatial locations and different colors.
No difference in tempo between the groups was shown. The total number of errors between the two groups was
identical in the sequence conditions. No major disturbances in acquisition or discrimination of various sensory
sequences were observed in the group of cerebellar patients. Sequence learning may be impaired only in tasks with

significant motor demands.

Thomas Willis (1664) was the first investigator to go beyond pure
philosophic conjecture and anatomic observation about the
function of the cerebellum. He tried to prove by clinical obser-
vations, comparative anatomical studies, and animal lesion stud-
ies that the cerebellum was the seat of involuntary movements.
Marie-Jean-Pierre Flourens (1824) corrected this hypothesis by
systematic animal lesion studies and supposed the cerebellum to
be the organ for coordination of voluntary movements, but not
a center for the production of movements. Our knowledge about
the clinical manifestations of cerebellar dysfunction are based
mainly on the investigations by Gordon Holmes of cerebellar
patients with tumors (Holmes and Stewart 1904) and with gun-
shot wounds from World War I (Holmes 1917). In the most re-
cent decades, an increasing number of studies reported evidence
of involvement of the cerebellum not only in motor performance
but also in motor learning, although the exact role of the cer-
ebellum is still a matter of discussion (Thach 1996; Llinas et al.
1997). An additional contribution of the cerebellum to mental
skills has been proposed (Leiner et al. 1986; Schmahmann 1991).
This turn of research to cognitive functions of the cerebellum is
arediscovery of a concept from ancient history. The vermis of the
cerebellum was considered to act as a valve in the ventricular
system to regulate the flow of animal spirit. This theory became
less important after the beginning of experimental research in
the sixteenth century (Clarke and O’Malley 1996).

A strong anatomical argument in recent times for viewing
the cerebellum as a motor structure was the concept that the
cerebellar’s output to the cerebrum is sent exclusively to a single
motor cerebral cortical area (Asanuma et al. 1983). Several years
ago, projections of the cerebellum to many different “non-
motor” cortical areas, including the frontal lobe, were discovered
(Middleton and Strick 1997). Another reason for the motor
theory is that most deficits associated with cerebellar dysfunction
are motor (Dow and Moruzzi 1958). On the other hand, the
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cerebellum receives sensory information of nearly every sensory
modality for adjusting the motor output (Bloedel and Courville
1981). Several recent neuroimaging studies have demonstrated
that the cerebellum is even strongly activated during sensory
tasks when they are dissociated from motor behavior. A func-
tional MRI (fMRI) study examined active and passive sensory
tasks that human subjects performed with their fingers. Activa-
tion of the cerebellar dentate nucleus could be demonstrated
during the acquisition and discrimination of sensory informa-
tion, but no cerebellar activation could be found by control of
movement per se (Gao et al. 1996). Moreover, a cerebellar con-
tribution to visual and acoustic sensory information processing
could be demonstrated. A PET study of mental rotation of ab-
stract visual images in the absence of motor activity has revealed
cerebellar activations (Parsons et al. 1995). Discrimination of
tone intervals of different durations revealed activations of the
cerebellar vermis and hemispheres bilaterally (Jueptner et al.
1993).

Braitenberg (1967) was the first to note that the cerebellar
role in information processing of sensory stimuli may be judging
the timing of events. Subjects with cerebellar lesions are impaired
in the discrimination of the duration of the time interval be-
tween pairs of tones (Ivry and Keele 1989) and in estimating the
velocity of dots moving on a screen (Ivry and Diener 1991). More
precisely, the role of the cerebellum in perception of temporal
characteristics of sensory patterns seems to be the correct se-
quencing of incoming stimuli and outgoing responses (Braiten-
berg et al. 1997; Ivry 1997; Mauk et al. 2000).

Therewith, deficits of cerebellar patients in sensory informa-
tion processing on the one hand and in timing of events on the
other hand have been suggested by numerous studies. These are
two aspects of learning of sequences of sensory stimuli, which
was examined by Shimansky et al. (1997). Human subjects were
required to perceive an irregular two-dimensional shape by inte-
grating temporal sequences of kinesthetic cues received through
active or passive tracing of the shape while blindfolded. The ca-
pacity to discriminate a reference template from three others was
severely impaired in cerebellar patients under both active and
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passive tracing conditions. A less severe deficit was found when
the irregular shape was presented to the subject as a temporal
sequence of visual cues generated by exposing only a small re-
gion of the shape at one time. In addition to an impairment of
cerebellar patients in the perception based on kinesthetic cues, a
reduced capacity to integrate temporal sequences of visual cues
into a complete image was suspected. In the present study, we
attempted to determine whether the use of sequence information
is a cerebellar-dependent process in general. Therefore, different
types of visual and auditory sensory modalities were addressed.

An involvement of the cerebellum in procedural learning of
visuomotor sequences has been shown in human subjects by
several studies (Molinari et al. 1997; Gomez-Beldarrain et al.
1998). However, it is difficult to dissociate motor functions from
learning functions in a motor-learning paradigm. In a recent
fMRI study of a serial reaction-time task, subjects performed a
concurrent distractor task to suppress the performance changes
associated with learning. No cerebellar activation associated with
the learning phase was found, but the cerebellum seemed to con-
tribute to the modification of motor performance after removal
of the distractor (Seidler et al. 2002). In the present study, to
exclude a motor dependency of a potential cerebellar involve-
ment in sequence learning, motor demands were reduced as far
as possible. Motor requirements were restricted to vocal re-
sponses. No time restrictions were given, and no reaction times
were measured.

We compared the capacity of both patients with cerebellar
dysfunction and that of normal human subjects to acquire a
certain sequence of sensory stimuli and to discriminate this se-
quence from other sequences of the same type. Auditory and
visual sensory modalities with different sensory pattern catego-
ries were employed in five paradigms (Figs. 1 and 2): tones with
different acoustic frequencies (conditions of this paradigm are
abbreviated by F) and durations (D), visual stimuli with different
spatial locations (L) and colors (C), and sequential vision of ir-
regular shapes (V). Each paradigm consisted of two conditions
with slower (the second letter of the abbreviations of these con-
ditions is S) or faster (F) tempo of sequence presentation, and a
control condition (C) where stimuli were presented individually
to control possible deficits in visual and acoustic perception. In
the last paradigm, subjects had to learn an irregular shape (sets of
shapes in Fig. 3) by sequential vision of line segments (as an
exception abbreviated by VL) or single dots (VD). In the control
condition, the shapes were visualized in its entirety (VC). Each
condition consisted of four blocks in which five test sequences
had to be discriminated from the reference sequence, which was

r Auditory Paradigms |

the same over all blocks. If the use of sequence information is
cerebellar-dependent, the number of errors made by cerebellar
patients should be higher than the number of errors made by the
control group. An improvement of performance over the four
blocks of each condition should be impaired in cerebellar pa-
tients. Moreover, the learning disability of cerebellar patients
should be more pronounced in the faster tempo of sequence
presentation.

RESULTS

Learning of Sequences of Acoustic Tones

The results of all conditions of the first paradigm “learning of
sequences of tones of different frequencies” (F) are shown in
Figure 4A. The total numbers of errors of both types (failure to
recognize the reference pattern and identification of a nonrefer-
ence pattern as the reference) made by the cerebellar patients
(n=26, Groups 1 and 2 of Table 1) and control subjects (n=26) are
presented for each of the four blocks. Error bars indicate the
standard deviation. A univariate repeated-measures analysis was
calculated using the number of errors as dependent variable,
block number (blocks 1-4) and tempo (slow vs. fast conditions)
as within-subject factors, and group (patients vs. controls) as
between-subject factor. Probability of zero hypothesis was se-
lected P < 0.05 as the basis for determining significance. In
order to control for multiple comparisons, Bonferroni adjust-
ments were applied with the significance level set to <0.01
(0.05/5 paradigms). In the slower (FS) and faster (FF) tempo
condition, the total number of errors made by the cerebellar pa-
tients was not significantly higher than the number of errors
made by the control subjects (group effect: P =0.42). The total
number of errors made in condition FF was significantly higher
than that made in condition FS (tempo effect: P < 0.001), and a
trend for improvement of performance over the four blocks
was observed (block effect: P =0.012). No significant tempo X
group, block X group, or tempo X block X group interaction
effects were found (all P-values >0.3). In the control condition
FC, a significant block effect (P < 0.001) but no significant group
or block X group interaction effects (all P-values >0.08) were
found.

The results of the second paradigm “learning of sequences of
tones of different durations” (D) are shown in Figure 4B. Twelve
patients (Group 1 in Table 1) and 12 control subjects participated
in this paradigm. In the slower (DS) and faster (DF) tempo con-
ditions, there were no significant differences between groups, no
significant tempo or block effects, and
no tempo X group, block X group, or
tempo X block X group interaction ef-
fects (all P-values >0.08). The mean error
in duration perception (control condi-

Sequences
of Tone Frequencies

Sequences
of Tone Durations

tions with discrimination of longer and
shorter tone durations; DSC and DFC)

was higher in cerebellar patients com-

pared to controls, but did not reach sig-
| nificance (P =0.02). Post hoc analyses

Figure 1 Test and control conditions of paradigms 1 and 2 (learning of sequences of acoustic tones).
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ing that the cerebellar patients were
starting from a higher level of errors to
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Figure 2 Test and control conditions of paradigms 3, 4, and 5 (learning of sequences of simple visual images).

reach the same level as the control subjects over the four blocks in
the slower tempo condition, but not in the faster tempo condition.
Additionally, the two kinds of possible errors were analyzed
separately. The number of errors that were made when the wrong
template was recognized as an original showed a significant
tempo effect in the first paradigm “learning of sequences of tones
of different frequencies” (P < 0.001), but not in the second para-
digm “learning of sequences of tones of different durations”,
similar to the analysis described above. No significant group,
block, tempo X group, tempo X block, or tempo X block X
group interaction effects were found (first paradigm: all P-values
>0.19, second paradigm: all P-values >0.28). The number of errors
that were made when the original templates were not recognized
showed a significant block effect in the first paradigm
(P <0.005). No significant group, tempo X group, tempo X
block, or tempo X block X group interaction effects and in the
second paradigm also no tempo effect were found (first para-
digm: all P-values >0.09, second paradigm: all P-values >0.08).

Line Segments (VL)

)

Single Dots (VD)

.

Complete Vision (VC}

-
.
LU

NEREN
433

Figure 3 Three sets of shapes used in paradigm 5 (learning of templates by sequential vision).
The first line shows the shapes of the condition sequential vision of lines (VL). The second line shows
the shapes of the condition sequential vision of dots (VD). The third line shows the shapes of the
control condition complete vision (VC). Shape 1 of each set of shapes was the reference shape; the

others were test shapes.

To examine whether the degree of cerebellar symptoms had
a relationship with the performance of the cerebellar patients in
the tasks, a univariate repeated-measures analysis for each para-
digm was calculated using the total number of errors as depen-
dent variable, block number and tempo as within-subject factors,
and the severity of symptoms (groups of patients with mild,
moderate, and marked cerebellar deficits) as between-subject fac-
tor. In the first paradigm, a significant tempo effect (P = 0.002)
could be found. No significant group, block, tempo X group,
tempo X block, or tempo X block X group interaction effects
were found (all P-values >0.12). In the second paradigm, there
was a tempo X group interaction effect close to being significant
(P =0.013). No significant tempo, group, block, tempo X block,
or tempo X block X group interaction effects were found (all
P-values >0.18). Post hoc analyses revealed no significant effects
for the slower or faster tempo condition of this paradigm (slower
tempo: all P-values >0.34, faster tempo: all P-values >0.05). Ad-
ditionally, a linear regression analysis of the number of errors
across the four blocks for each condition
and for each patient was performed. The
linear correlation between the slope of the
number of errors across the four blocks and
the total score of ataxia scale of each patient
was calculated. No significant correlations
could be shown (all P-values >0.08).

Learning of Sequences of Simple

Visual Images
Twelve patients (Group 1 in Table 1) and 12
matched control subjects participated in
the third paradigm “learning of sequences
of visual stimuli of different spatial loca-
tions” (L, see Fig. 5A). The total number of
errors made in the faster tempo condition
(LF) was significantly higher than that
made in the slower tempo condition (LS,
P <0.001), but no significant group effect
(P=0.56), a tendency of improvement of
performance over the four blocks
(P =0.029), and no significant interaction
effects (all P-values >0.08) were observed.
Post hoc analyses revealed a significant
block effect in condition LS (P < 0.001), but
not in condition LF (P > 0.87). In the con-
trol condition LC, no significant group or
block effect and no block X group interac-
tion could be found (P > 0.2).

In the fourth paradigm “learning of se-
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Figure 4 Learning of sequences of acoustic tones. (A) Learning of sequences of tones of different
frequencies with a slower tempo of successive tones (FS), faster tempo (FF), and the control condition
(discrimination of tone frequencies, FC). Error rate per block (1-4) for all cerebellar patients (n = 26)
and control subjects (n = 26). Error bars indicate the standard deviation. (B) Learning of sequences of
tones of different durations (n = 12) with a slower tempo of successive tones (DS), faster tempo (DF),
and the two control conditions [discrimination of long (DSC) and short (DFC) tone durations].

quences of different colors” (C), the total number of errors made
by the cerebellar patients (n =12, Group 1 in Table 1) in the
slower (CS) and faster (CF) tempo conditions was not signifi-
cantly higher than the total number of errors made by the 12
matched control subjects (P=0.11, see Fig. 5B), but the total
number of errors made by patients and controls in condition CF
was significantly higher than that made in condition CS
(P <0.001). A block effect close to being significant was found
(P =0.014). The tempo X block X group interaction effect
(P =0.013) showed a trend too, indicating that the improvement
of performance over the four blocks was better in the group of
cerebellar patients in the slower tempo condition. Control sub-
jects performed worse in the first block of the faster tempo con-
dition compared to patients. No significant tempo X group or
block X group interaction effects were observed (all P-values
>0.19). In the control condition CC no significant group, block,
or block X group interaction effects could be found (P > 0.28).
Fourteen patients (Group 2 in Table 1) and 14 control sub-
jects participated in the fifth paradigm “learning of templates by
sequential vision” (V, see Fig. 5C). No significant group effect and
no significant difference in the total number of errors in the
conditions “sequential vision of lines” (VL) and “sequential vi-
sion of dots” (VD) could be found (P > 0.21). A tendency of im-
provement of performance over the four blocks in VL rather than
in VD was shown (block-effect: P = 0.022, tempo X block inter-
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B Patients
[ Controls

action: P =0.025). Post hoc analyses re-
vealed a significant block effect in con-
dition VL (P < 0.001), but not in condi-
tion VD (P = 0.53). No significant tempo
X group or tempo X block X group in-
teractions were observed (all P-values
>0.13). In the control condition VC, no
significant group, block, or block X
group interaction effects could be found
(all P-values >0.03).

By analyzing separately the number
of errors that were made when the
wrong template was recognized as an
original, a significant tempo effect in the
third and the fourth paradigms (for all
paradigms P < 0.001) was observed. No
significant group, block, tempo X
group, tempo X block, or tempo X
block X group interaction effects and in
the fifth paradigm also no tempo effects
were found (third paradigm: all P-values
3 >0.2, fourth paradigm: all P-values
>0.18, fifth paradigm: all P-values
>0.13). The number of errors that were
24 made when the original templates were
not recognized showed a significant
block effect in the third, fourth, and
fifth paradigm (for all paradigms
P < 0.005). In the fourth paradigm, a sig-
nificant tempo effect could be shown
(P =0.001). In no paradigm was a signifi-
0 cant group, tempo X group, tempo X

vz Bloc?( 4 block, or tempo X block X group inter-

action effects found (third paradigm: all

P-values >0.27, fourth paradigm: all P-

values >0.06, fifth paradigm: all P-values
>0.07).

The examination of the relation-
ship between the degree of cerebellar
symptoms and the performance of the
cerebellar patients in the tasks showed a
significant tempo effect (P =0.003) in the fourth paradigm. In
the third paradigm in the faster tempo condition, the number of
errors was higher as in the slower tempo, but did not reach sig-
nificance (P = 0.03). No significant group, block, tempo X group,
tempo X block, or tempo X block X group interaction effects
were found (third paradigm: all P-values >0.37, fourth paradigm:
all P-values >0.06). In the fifth paradigm, the tempo X block
interaction effect showed a trend (P = 0.014) but did not reach
significance. No significant tempo, group, block, tempo X group,
or tempo X block X group interaction effects were found (all
P-values >0.08). In a linear regression analysis of the number of
errors across the four blocks and the total score of ataxia scale of
each patient, a significant correlation was not observed for any
condition (all P-values >0.12).

Plots of data (Figs. 4,5) suggested that cerebellar patients
were worse than controls in the first block of trials. Therefore, the
possible group effect of the first block of each condition was
analyzed by an unpaired t-test. In the conditions DF and CS, a
trend could be shown (P = 0.04 and P = 0.03). No significant dif-
ferences were found between cerebellar patients and controls in
all other conditions (all other P-values >0.28).

DISCUSSION

In this study the expected impairment of cerebellar patients in
learning of sequences of acoustic and visual stimuli could not be
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Table 1. Clinical Characteristics of Cerebellar Patients
Posture and  Kinetic Speech  Oculomotor  Total
gait ataxia functions disorders disorders score?

Patient Age Sex Diagnosis (0-34) (0-52) (0-8) (0-6) (0-100)

Group 1:

sC 30 m  Hemangioblastoma left cerebellar hemisphere 1 1 0 0 2
(operation 1998)

RC 68 m  Metastasis of pulmonary tumor right cerebellar 3 2 0 0 5
hemisphere (not operated)

LD 19 f Astrocytoma right cerebellar hemisphere (operation 1 5 0 1 7
1989)

SH 24 f EOCAP 9 18 3 5 37

PH 45 m  Epidermoid midline and right cerebellar hemisphere 17 21 5 4 47
(operation 1984 and 1993)

JH 57 m  Infarction right PICA® 1998 2 0 0 1 3

PM 38 f ADCA |4 19 22 4 1 46

M 48 f IDCA® 8 6 0 4 18

FM 48 m  Hemangioblastoma right cerebellar hemisphere 14 14 2 2 32
(operation 1998)

PP 61 m  IDCA® 22 22 5 4 53

YV 44 f ADCA IIIf 14 15 3 3 35

FW 70 m  Hemangioblastoma midline and left cerebellar 14 10 1 0 25
hemisphere (operation 1994)

Group 2

DB 40 m  IDCA® 13 21 4 4 42

WEF 65 m  Hemorrhage right cerebellar hemisphere 1993 1 5 0 0 6

DH 28 m Infarction right SCA9 1989 4,5 12 0 1 17,5

DH 53 m SCA6" 27 28 5 5 65

GH 67 m  IDCA® 15,5 14 4 2,5 36

NH 11 f Astrocytoma midline and right cerebellar hemisphere 4 12 2 5 23
(operation 1996)

GK 74 m  IDCA® 13 14 2 3 32

BL 34 f Aneurysm right PICAS (operation 1990 and 1991) 2 8 2 3 15

JO 15 m  Astrocytoma midline and right cerebellar hemisphere 1 7,5 0 0 8,5
(operation 1992)

NR 20 m  Astrocytoma midline and right cerebellar hemisphere 0 3 0 0 3
(operation 1994)

LS 59 f Hippel-Lindau-Angioblastoma right cerebellar 0 0,5 0 0 0,5
hemisphere (operation 1984 and 1991)

BS 35 f ADCA |4 17,5 25 5 1 48,5

BS 56 m  SCA 6" 8 5 2 2 17

uz 33 m Infarction left PICAS, SCA9, right PICA® 0 0 0 0 0

#Scoring of cerebellar symptoms according to the ataxia rating scale (Trouillas et al. 1997); maximum score of subscores and total score are indicated

in brackets; 0 = no ataxia.

PEarly onset cerebellar ataxia.

“Posterior inferior cerebellar artery.

dAutosomal dominant cerebellar ataxia with extracerebellar signs.
ldiopathic cerebellar ataxia.

fAutosomal dominant cerebellar ataxia with no extracerebellar signs.
9Superior cerebellar artery.

hSpinocerebellar ataxia type 6.

confirmed. In all conditions, where learning of acoustic and vi-
sual sequences was tested, no significant differences in numbers
of errors between the cerebellar and control group could be
found. Improvement of performance over the four blocks (i.e.,
learning) as well as tempo effects did not differ significantly be-
tween the cerebellar and control groups. In the control condi-
tions, cerebellar-dependent deficits in acoustic or visual percep-
tion could be excluded, except for an impaired perception of
tone durations.

Learning of Sequences of Acoustic Tones

In the present study, both paradigms “learning of sequences of
tones of different frequencies” and “learning of sequences of
tones of different durations” consisted of a slower and faster
tempo condition. As expected, in the first paradigm the number
of errors was significantly higher in the faster tempo condition,
but no significant differences between cerebellar subjects and

controls could be shown. However, in the control condition of
the second paradigm, testing the perception of tone durations, in
the faster tempo a significant ditference in the total number of
errors between cerebellar subjects and controls was found. The
finding of disordered perception of tone durations in this control
condition agrees with previous studies: Ivry and Keele (1989)
showed an impairment in cerebellar patients in production and
discrimination of time intervals of about 400 msec. The produc-
tion task was to maintain a simple rhythm in finger-tapping. In
the motor-independent discrimination task, subjects had to
judge whether the duration of a time interval between a pair of
tones was either longer or shorter than the reference duration of
400 msec. Likewise, a PET study of the discrimination of tone
intervals of durations shorter or longer than 300 msec showed
activations of the cerebellar vermis and both cerebellar hemi-
spheres (Jueptner et al. 1995). Disorders in the present study,
however, were less severe compared to previous PET and lesion
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Figure 5 Learning of sequences of simple visual images. (A) Learning of
sequences of visual stimuli of different spatial locations (n = 12) with a
slower tempo (LS), faster tempo (LF), and the control condition (discrimi-
nation of spatial locations, LC). (B) Learning of sequences of different
colors (n =12) with a slower tempo (CS), faster tempo (CF), and the
control condition (discrimination of different colors, CC). (C) Learning of
templates by sequential vision (n = 14) with sequential vision of line seg-
ments (VL), sequential vision of single dots (VD), and the control condi-
tion (complete vision, VC).

studies and present only at shorter time intervals (100 msec). In
another study, fMRI was performed during silent repetition of
the syllable “ta” at three different rates: 2.5, 4.0, and 5.5 Hz
(Wildgruber et al. 2001). Similar to the present findings, cerebel-
lar responses were restricted to fast performance.

In contrast to the control condition of the first paradigm of
the present study Parsons (2001) reported an impairment of cer-
ebellar patients in pitch discrimination. Subjects had to decide
whether a comparison tone was higher or lower than a 500-Hz
standard. The pitch discrimination threshold was significantly
higher for cerebellar patients than for control subjects. The dis-
parity between the two studies could be explained by the fact
that in the present study, frequencies of 500 Hz and above were
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applied, but no frequencies below 500 Hz. In addition, in the
present study the ability to differentiate between six frequencies
was tested, and a discrimination threshold as such was not de-
fined.

One possible explanation for the lack of cerebellar involve-
ment in learning the sequences of different frequencies and du-
rations may be that they could acquire an internal representation
of the tone sequences as a melody and therefore discriminate
them. As well as in the visual paradigms, other reasons may ac-
count for preserved sequence acquisition and discrimination in
cerebellar patients: First, subjects could have been able to distin-
guish the sequences by memorizing; for example, only the first
and last tone of the sequence instead of memorizing the whole
sequence. Second, effects of learning (i.e., block effects) were gen-
erally weak. Parts of the paradigm may have been either too
difficult or too easy for both patients and controls. Third, the
group of cerebellar patients in the present study was quite het-
erogeneous, consisting of patients with focal lesions and degen-
erative cerebellar disorders. However, this heterogeneity should
be compensated for by the considerable number of patients.

Another explanation may be that the present tasks had only
small motor requirements. This will be discussed in more detail
below.

Learning of Sequences of Simple Visual Images

In the slower tempo condition of the paradigm “learning of se-
quences of visual stimuli of different spatial locations” and in the
condition “sequential vision of line segments” a significant im-
provement over the four blocks could be shown, but no differ-
ences between cerebellar subjects and controls in the total num-
ber of errors or in the effect of learning were observed. In the
paradigms “learning of sequences of different colors” and “learn-
ing of sequences of visual stimuli of different spatial locations”,
the numbers of errors were significantly higher in the faster
tempo condition as expected, but as in all other paradigms no
significant differences between groups were observed. These re-
sults are at variance with previous studies. An involvement of the
human cerebellum in procedural learning of visuomotor se-
quences by performing a serial reaction-time task was shown by
Gomez-Beldarrain et al. (1998) and Molinari et al. (1997). Differ-
ences in findings between these studies and the present study
may be explained by differences in motor demands of the tasks,
that is, deficits of cerebellar patients in sequence learning may
increase with increasing motor requirements. In the present
study, the motor requirements of the tasks were restricted as far
as possible. Instead of the pressing of a button and measurement
of reaction times, learning was determined by vocal responses.
Possible effects of dysarthria were minimized, because no time
restrictions were given to the subjects. Although effects of ocu-
lomotor deficits cannot be excluded, motor requirements were
less demanding compared to previous studies of learning of vi-
suomotor sequences. Here, subjects had to press different re-
sponse buttons for different visual items presented on a monitor
(Molinari et al. 1997; Gomez-Beldarrain et al. 1998). Likewise, in
previous studies of our group of stimulus-response and stimulus-
stimulus-response associations, subjects were required to release
a rest button and push one of two response buttons (Drepper et
al. 1999; Maschke et al. 2002; Timmann et al. 2002).

Other authors have suggested that the sensory input of the
cerebellum may be most relevant for the control of movement
(Seitz et al. 1991; Jueptner et al. 1997). This corresponds with
recent findings of an fMRI imaging study of a serial reaction-time
task that revealed a cerebellar activation associated with the
modification of motor performance but not with the learning of
the visuomotor skill itself (Seidler et al. 2002). Likewise, another
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fMRI study showed a cerebellar involvement in reassigning mo-
tor responses to different visual stimuli but not in switching at-
tention between stimuli without motor demands (Bischoff-
Grethe et al. 2002).

The study by Shimansky et al. (1997) is most closely related
to the present study, and thus it will be discussed in more detail.
The main finding in that study was that the cerebellar patients
were impaired in perceiving an irregular two-dimensional shape
by integrating temporal sequences of kinesthetic cues received
through active or passive tracing of the shape while blindfolded.
An impairment of cerebellar patients in their capability of per-
ception based on kinesthetic cues was suspected. This is one pos-
sible reason for the differences from the present study, where no
kinesthetic cues were required. A more recent study, however,
provided evidence that cerebellar patients show no impairment
in kinesthetic perception (Maschke et al. 2003). In the Shiman-
sky et al. study, subjects could have developed an idea of the
template by inner movement. Some previous studies suggest that
cerebellar patients are impaired in motor imagery (Kagerer et al.
1998). If subjects have applied this strategy, it would be explain-
able that cerebellar patients were handicapped in the Shimansky
et al. study and not worse than controls in the present study,
where motor requirements were small and inner movement was
not required.

In addition, in the Shimansky et al. study (1997), a reduced
capacity to integrate temporal sequences of visual cues into a
complete image was suspected even when no execution of move-
ments was associated. In the Shimansky study, however, com-
plex forms had to be integrated from sequential information,
whereas in the present study only the order of sequences of
stimuli had to be acquired. The condition “sequential vision of
line segments” (VL) of the present study is the only one that is
nearly similar to the condition “sequential vision” of the Shi-
mansky et al. study. In contrast to the Shimansky study, in the
condition VL of the present study the rotation time was shorter,
the exposure of the shape at one time was larger, and the expo-
sure of the segments of the shape was discontinuous. Therefore,
it could have been easier for controls and cerebellar patients to
acquire and discriminate the shapes so that no group effect could
be found. Above all, in the condition “sequential vision” of the
Shimansky study, the difference between patients and controls
was very small and an effect could be shown only in post-hoc
analysis. Lastly, differences in patient population may account
for a part of the differences in results compared to the present
study.

Finally, it should be noted that other studies suggest a role of
the cerebellum in sensory information processing. Paulin (1993)
showed that the development of specific cerebellar regions in
some lower vertebrate species and mammals is strongly corre-
lated with special needs in sensory information processing,
rather than with the complexity of their motor behavior. Several
recent neuroimaging studies have demonstrated that the cerebel-
lum is activated during sensory tasks even when they are disso-
ciated from motor behavior (Jueptner et al. 1995; Parsons et al.
1995; Gao et al. 1996). Furthermore, cerebellar lesions may cause
sensory timing deficits (Ivry and Keele 1989; Ivry and Diener
1991). Parsons (2001) showed an impairment of cerebellar pa-
tients in pitch discrimination. Thier et al. (1999) supported the
existence of visual disturbances in cerebellar patients, primarily
impaired motion perception. In a sequential speed discrimina-
tion task, however, that required storage of visual information
for a later comparison with other patterns, cerebellar patients
showed no impairment. These findings agree with the present
findings of unimpaired sensory sequence learning in cerebellar
patients. The present study was not designed to show small dif-
ferences in perception of sensory stimuli between groups. Rather,

differences between single sensory stimuli of one modality were
comparatively large, to allow a significant amount of sequence
learning in controls.

No clear impairment of cerebellar patients in learning of
sequences of acoustic and visual stimuli was observed in the pres-
ent study. A cerebellar role in sensory sequence learning may
become evident only if the sequence information has to be con-
nected with a significant motor response.

MATERIALS AND METHODS

Subjects

The study was performed in 26 cerebellar patients and 26 healthy
subjects. All subjects were without any hearing or visual loss, and
not receiving any medication. Patients and controls were
matched for age, sex, handedness, musicality, and level of edu-
cation. The mean age of the patients was 43.9 +18.3 (range 11—
74) years with an estimated mean duration of disease of 8.8 years;
the mean age of the control subjects was 44.4 +19.2 (range 11—
77) years. Only patients with pathology restricted to the cerebel-
lum were selected for the study. The neurological examination
included the scoring of cerebellar ataxia according to Trouillas et
al. 1997 (clinical data in Table 1). There were nine patients with
no or mild signs of cerebellar ataxia (total ataxia score <10 out of
100), four with moderate signs of cerebellar ataxia (total ataxia
score 10-20), and 13 patients with marked signs of cerebellar
ataxia (total ataxia score >20). All subjects gave informed written
consent to testing. The study was approved by the local ethical
committee.

Basic Experimental Procedure

The ability to acquire sequences of sensory stimuli of acoustic
and visual modalities was tested. Acquisition was quantified by
the ability of the subjects to differentiate reference sequences
from other sequences of the same stimulus modality. Sequences
of acoustic tones were tested in two paradigms (Fig. 1): In the first
paradigm, tones of a sequence differed in their frequency (con-
ditions of this paradigm are abbreviated by F); in the second
paradigm, they differed in their duration (D). The capacity to
perform the acquisition and discrimination of sequences of
simple visual images was tested in three paradigms (Fig. 2): In the
first paradigm, the stimuli differed in their spatial location (L); in
the second paradigm, they differed in their color (C). Thirdly,
templates had to be learned by sequential vision (V). Each para-
digm consisted of two conditions with slower (the second letter
of the abbreviations of these conditions is S) or faster (F) tempo
of sequence presentation. In a control condition (C), stimuli were
presented individually to control possible deficits in visual and
acoustic perception.

Each condition consisted of four blocks. At the beginning of
each block, the subject was instructed to attend to and memorize
the reference sequence, which was presented three times. The
reference sequence was the same for all four blocks of a certain
condition. Subjects were aware of that fact. Next, in each block,
five test sequences were presented in a pseudorandom order,
each of them three times in a row. Two of the test sequences were
the same as the reference sequence, and the other three were
different from it and from each other. After the presentation of
each test sequence, the subject was required to indicate whether
it was identical to the reference sequence or not. To minimize
motor components, the subjects were instructed to use the short
words “yes” and “no.”

Tasks were presented on a 15-inch color monitor placed 60
cm in front of the comfortably seated subject. The background
color on the monitor was black. The subjects’ answers were re-
corded in a protocol form by the experimenter. The reaction time
was not measured. The average duration of each condition was 5
min.
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Learning of Sequences of Acoustic Tones

Paradigm I: Learning of Sequences of Tones of Different Frequencies

Subjects had to learn the sequence of six different tones. Frequen-
cies were 500, 741, 982, 1223, 1464, and 1705 Hz with nonhar-
monic differences between them. Tones were presented without
a pause between them or an overlap in time. Subjects had to
differentiate the reference sequence, which was the same for all
four blocks, from other sequences of the same tones (test se-
quences). As explained above, there were five test sequences, two
of which were identical to the reference sequence, in each of four
blocks. Each of the sequences was presented three times in a row.
There were three different conditions. The duration of the time
interval between the onsets of successive tones, which is equal to
the duration of one tone, was 400 msec (slower tempo condition,
FS) and 100 msec (faster tempo condition, FF), respectively. The
frequencies were the same, but the order of the tones differed in
the reference and the test sequences in both conditions. To con-
trol for subjects being able to perceive the frequencies of the
tones, they were presented separately and with a duration of 100
msec (control condition, FC). In accord with the other condi-
tions, the reference tone was the same for all four blocks. Two of
the test tones were the same as the reference tone, and the other
three were different from it and from each other. The acoustic
tones were generated by the computer.

Paradigm 2: Learning of Sequences of Tones of Different Durations

In the second paradigm, different tone durations were used as the
distinctive feature of the acoustic tones in each sequence. In the
first condition (slower tempo condition, DS), 1000-Hz tones of
three different durations (260, 380, and 480 msec) were em-
ployed. The subjects were required to perform the acquisition/
discrimination of the sequences of six such tones with a 70-msec
inter-tone pause. Each duration was represented twice in each
sequence. Neither the reference sequence nor the three test se-
quences had an internal regularity reducing their complexity.
The design of the second condition (DF) was the same as the
design of the first one, except that acoustic tones of much shorter
durations (80, 140, and 190 msec) were used to form sequences of
a faster tempo. The inter-tone pause in this task was 40 msec. In
the two control conditions, the subjects performed the acquisi-
tion/discrimination of single tones with different durations in-
stead of sequences of tones. The reference duration was one of
the three long (DSC) or short (DFC) durations. It was the same for
all four blocks. The reference duration and one of the other two
durations were represented twice in the block of the five test
durations.

Learning of Sequences of Simple Visual Images

Paradigm 3: Learning of Sequences of Visual Stimuli of Different
Spatial Locations

In this paradigm the subjects were required to perform the ac-
quisition/discrimination of sequences of six different spatial lo-
cations of a yellow-filled square (20 mm X 20 mm) displayed on
the computer screen. The six spatial locations were arranged as
the vertices of a regular hexagon with a 40-mm radius and its
center located at the center of the screen. Every sequence in-
cluded all of these locations (once each). In each sequence, the
images were displayed in a consecutive manner, with neither a
pause between the exposure offset of one image and the exposure
onset of the subsequent image nor a time overlap of their expo-
sures. In the first condition, the inter-image time interval was
400 msec (LS), in the second 120 msec (LF). In the control con-
dition (LC), instead of a sequence of spatial locations, the yellow
square was presented in only one spatial location to the subject.
Unlike all preceding test and control conditions, in which the
reference stimulus was the same in all four trial blocks, in this
control condition the reference location was different among the
four blocks. Otherwise it would have been too easy for the sub-
jects to discriminate reference and test stimuli.
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Paradigm 4: Learning of Sequences of Different Colors

In the next paradigm, cerebellar patients and control subjects
performed acquisition/discrimination of the temporal order of
colors. Filled squares (20 mm X 20 mm) of six different colors
(blue, cyan, green, magenta, red, and yellow) were presented at
the center of a computer screen one after another without a
pause. All of these colors were included (once each) in the refer-
ence sequence and each test sequence. There were two condi-
tions: fast tempo (CF) and slower tempo condition (CS) with
color display durations of 170 and 500 msec, respectively. In the
control condition (CC), the different colors had to be discrimi-
nated. Instead of a color sequence, only one color was presented
as reference and test stimulus. As in the control condition of the
third paradigm, the reference color was different across the four
blocks.

Paradigm 5: Learning of Templates by Sequential Vision

In the last paradigm, subjects had to learn the shape of a two-
dimensional irregularly shaped trace by sequential vision of line
segments (VL) or single dots (VD). The shapes had an average
height of 14 cm. Figure 3 shows the sets of shapes of the VL and
VD conditions and the control condition. For each condition,
shape 1 was the reference shape, and the other three shapes were
test shapes. The line segments and dots were generated consecu-
tively by a computer, without a pause between them or an over-
lap in time and without a spatial overlap of the exposures of the
shape. In the VL condition, 10% of the outline of the shape was
exposed at any one time. One full turn was made in 5 sec in the
VL condition, and in 15 sec in the VD condition. Subjects could
examine the shapes of reference and test sequences during three
full turns in a row. In the control condition, the shapes were
visualized in its entirety (VC). The degree of template shape com-
plexity was slightly higher than in the conditions VL and VD. In
the control condition, reference and test shapes were demon-
strated on a sheet of paper instead of a computer monitor. Sub-
jects had 20 sec to learn the reference shape, which was the same
for all four blocks, before consecutive presentation of the five test
sequences, two of which were the same as the reference se-
quence, as in all other conditions of the study.

The order of the conditions in the experimental procedure
was LS, LF, LC, DS, DSC, CS, CF, CC, DF, DEC, FS, FF, FC (for
explanation see Figs. 1, 2) for 12 patients (Group 1 in Table 1) and
control subjects. For another 14 patients (Group 2 in Table 1) and
control subjects, the order was VL, ES, FF, FC, VD, VC.

Data Analysis

Numbers of errors (failure to recognize the reference sequences
and identification of a nonreference sequence as the reference)
made in each block were determined. For each paradigm, a uni-
variate repeated measures analysis was calculated using the num-
ber of errors as dependent variable, block number (block 1-4) and
tempo (slow vs. fast conditions) as within-subject factors, and
group (patients vs. controls) as between-subject factor. Total
numbers of errors and the two kinds of possible errors were ana-
lyzed separately for each paradigm. In the fifth paradigm, the
conditions VL (vision of line segments) and VD (vision of single
dots) were compared according to the comparison between the
slower or faster tempo condition in the other paradigms. Prob-
ability of zero hypothesis was selected P < 0.05 as the basis for
determining significance. In order to control for multiple com-
parisons, Bonferroni adjustments were applied with the signifi-
cance level set to <0.01 (0.05/5 paradigms).

To compare the performance of both groups in the control
condition of each paradigm, a univariate repeated-measures
analysis was calculated with the number of errors as dependent
variable, block number as within-subject factor, and group as
between-subject factor. To compare the performance of both
groups in the two control conditions of the second paradigm, a
univariate repeated-measures analysis was calculated with the
number of errors as dependent variable, block number and
tempo as within-subject factor, and group as between-subject
factor.
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To examine whether there was a relationship between the
severity of cerebellar symptoms and the performance of the pa-
tients in the tasks, a univariate repeated-measures analysis using
the severity of symptoms (three groups of mild, moderate, and
severe ataxia) as between-subject factor was performed. Further, a
linear correlation between the slope of the number of errors
across the four blocks of each condition and the total score of
ataxia scale of each patient was calculated.
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