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ABSTRACT
Acoustic analyses of sentence utterances noted slowed
speech tempo, concomitant with a tendency towards
syllable isochrony, in patients with impaired vocal tract
control due to ataxic disorders. Furthermore, kinematic
measurements revealed decreased maximum velocity of
articulatory orofacial gestures with respect to a given
movement amplitude. Syllable lengthening seems to
develop into a plateau effect at a speaking rate of about 3
Hz both during sentence productions and oral
diadochokinesis tasks. Most noteworthy, functional
magnetic resonance imaging (fMRI) of cerebellar
activation during syllable repetitions of varying frequencies
in healthy subjects revealed a threshold effect of the
calculated rate / response functions between 3 and 4 Hz.
Recent psycholinguistic models of speech production
assume a repository of overlearned syllable-sized
articulatory routines housed within the premotor cortex
(mental syllabary). Conceivably, the cerebellum
participates in the retrieval of these syllable templates at a
subject’s habitual speaking rate (4 to 6 Hz) and contributes
to their temporal organization in terms of a rhythmically
structured utterance. Unexpectedly, a threshold effect of
cerebellar activation even occurred during covert (silent)
syllable productions (auditory verbal imagery). Presumably,
thus, the cerebellum even contributes to the temporal
organization of “internal speech”, i.e., a prearticulatory, but
fully parsed representation of the sound structure of
sentences. As a consequence, cerebellar disorders may
compromise any cognitive operations insofar as speech
code-based information processing such as working
memory rehearsal mechanisms or verbal thought associated
with executive functions are involved.

1. INTRODUCTION
Besides locomotion, upright posture, voluntary limb
movements and oculomotor functions, cerebellar disorders
may compromise the control of vocal tract muscles, giving
rise to ataxic dysarthria. Among others, this syndrome is
characterized by slowed speaking rate, distorted consonant
and vowel productions, as well as impaired prosodic
modulation of sentence utterances [1,2]. Since the
cerebellum has been considered an „internal clock“,
supporting explicit temporal computations across all motor
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ns [3,4], a series of acoustic and kinematic studies of
oup investigated syllabic timing in ataxic dysarthria.
 on these findings, fMRI was used, during a
uent step of analysis, to further elucidate cerebellar

ipation in speech production.

ACOUSTIC ANALYSES OF SYLLABIC
TIMING IN ATAXIC DISORDERS

lation of syllable lengths represents an
ation-bearing aspect of speech output contributing

o the meaning of a sentence as well as a speaker’s
onal expression (affective prosody). In German, e.g.,
on must be considered the major acoustic correlate of
accent: stress-bearing syllables are significantly
than their unstressed cognates (references in [5]).

es pitch and loudness, syllable prolongation may, in
on, enhance the affective tone of an utterance (e.g.,
béautiful ...“, the initial vowel being lengthened) and

bute to the specification of contrastive accents (e.g.,
ening of the marked vowel /e/ in „She delivered the
ge to Jénny, not Charles“). Apart from slowed speech
, a tendency towards isochronous syllable durations
 utterances, i.e., an overproportionate prolongation of

vocalic segments as compared to their long cognates
ning speech”), has been assumed to represent a
teristic feature of ataxic dysarthria [6]. In order to

a comprehensive and systematic data set of
tative measures of syllabic timing, patients with
llar degeneration were asked to repeat auditorily
ted sentences comprising a target word embedded

he same carrier phrase each („Ich habe geC1VC2e
t“: C1, C2 = / � /, /� /, /� /; V = / � /, / � /, / � /, / � /). Among
, the length of five successive syllables (s1, s2 etc.) of
ntral part of the articulation test sentences (“... abe
C2e ge ...”) was determined from vowel onset to
onset each at the acoustic signal. Cerebellar subjects
d significantly lengthened utterance and syllable
ons, i.e., slowed speaking rate, as compared both to
y controls and patients with Parkinson’s disease. As a
tative measure of syllable isochrony, a "scanning
was defined and applied on the same five syllable

ons [(s1 ⋅ s2 ⋅ s3 ⋅ s4 ⋅ s5) / ( (s1 + s2 + s3 + s4 + s5) /
his parameter can be expected to be more sensitive to
deviations from isochrony than, e.g., intrautterance

ion coefficients. Indeed, the group of cerebellar



patients showed a significantly increased scanning index as
compared to healthy controls [7].

As a further example of information-bearing durational
contrasts, the German language includes word pairs
exclusively differing in vowel length, e.g., “Rate” (/� � � � � � /,

English ‘installment’) versus “Ratte” (/� � � � � /, ‘rat’). Thus,
the distinction between short and long vowels may convey
linguistic information contributing to the differentiation of
lexical items [8]. Asked to produce the target words
“gepVpe” (V = / � /, / � � /, /� /, / � � /, / � /, / � � /, / � /, /� � /) embedded
into a carrier phrase each, cerebellar subjects again showed
a tendency towards isochronous syllable durations in that
short vowels were relatively more lengthened than their
long cognates [9].

Oral diadochokinesis tasks provide a rough estimate of
maximum speaking rate that also represents an upper limit
for speech tempo of sentence productions. A variety of
studies reported impaired oral diadochokinesis in subjects
suffering from ataxic disorders [1,2]. Our own studies again
found cerebellar patients not to fall below a rate of about 3
Hz during syllable repetitions [10]. In comparison to
cerebellar degeneration, Friedreich’s disease, as a rule,
develops into a more severe ataxic disorder. During oral
diadochokinesis tasks, the latter group achieved a plateau at
about 3 Hz with respect to syllable repetition rate (see
Figure 2 in [10]).

Comparing two different rates of syllable repetitions, Kent
and coworkers [11] found higher durational irregularity
under the fast- as compared to the slow-condition. The
control group showed a reversed pattern. Conceivably, thus,
dissolution of syllabic timing in cerebellar disorders
evolves across two stages: (a) increased instability of the
temporal organization of syllabic sequences developing
finally into (b) slowed and isochronous syllable pacing.
Considering these data, the cerebellum, first, seems to
contribute to the acceleration of syllable repetitions during
oral diadochokinesis, second, to participate in the
implementation of a habitual speaking rate and, third, to
subserve the “sculpturing” of syllable length contrasts of
sentence utterances.

3. KINEMATIC PARAMETERS OF
ARTICULATORY GESTURES IN

CEREBELLAR DISORDERS
Slowed performance of single articulatory gestures, i.e.,

disrupted movement execution, has been assumed to
account for the reduced speaking rate of sentence
utterances in cerebellar disorders. For example, X-ray
measurement techniques provided evidence for prolonged
movement times and reduced peak velocity of orofacial
excursions in ataxic dysarthria [12]. As compared to single
kinematic parameters, the ratio of maximum velocity and
displacement (mass-normalized stiffness of the assumed
spring functions underlying articulatory performance) is
considered a more feasible measure of skilled speech motor
processes. In order to systematically evaluate the
relationship of peak velocity and maximum movement
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in cerebellar patients, lip excursions were registered
eans of a three-dimensional optoelectric system
ling frequency = 100 Hz) during production of the
entences “Ich habe gepape gelesen” or “Ich habe
pe gelesen” [9,13]. Since short and long vowels
ent distinct phonemes in German, both variants of the
word were considered for analysis (“gepappe” =

� /, short vowel /a/; “gepape” = / 	 � p � � 
 � /, long vowel

ormal controls as well as cerebellar subjects showed
hly linear relationship between peak velocity and
ment range. As a rule, however, the patient group
ited decreased velocity / displacement ratios, i.e.,
med slowed lip excursions at a given amplitude. The
pancy in slope of the computed regression lines
en controls and patients varied according to the type
vement and, to a lesser degree, linguistic demands:
gher durational constraints on movement execution
closing as compared to opening gestures and during
versus long vowels enhanced the inter-group
nces in mass-normalized stiffness. These data point
mpaired ability to generate adequate muscular forces
temporal constraints. Cerebellar dysarthria, thus, is
ated with compromised execution of single vocal
estures.

FUNCTIONAL IMAGING OF SPEECH
MOTOR CONTROL AND AUDITORY

VERBAL IMAGERY

RODUCTION OF WORD STRINGS
first glance, the observed kinematic deficits of

latory gestures, i.e., reduced articulatory stiffness,
explain the acoustic findings of a slowed speaking
d a tendency towards syllable isochrony in cerebellar
ers. Unexpectedly, subsequent functional imaging
s revealed the cerebellum to contribute to
iculatory stages of speech motor control. Jeannerod
uggested motor imagery to provide a "window” into
echanisms of action planning, i.e., preparatory

ties preceding actual performance of movement
nces. Thus, functional imaging of internal speech
ory verbal imagery) should allow for the delineation
 cerebral network subserving prearticulatory motor
l processes of verbal utterances. In order to compare
planning with motor execution, overt (aloud) and

t (silent) production of highly overlearned word
s (“automatic speech”) was considered for analysis
This task can be considered a paradigm of fluent
h production, performed at a subject’s habitual
ing rate (4 to 6 Hz), lacking, however, any significant
ds on higher-order linguistic processing or working
ry operations [16].

cts were asked to perform these tasks at their habitual
ing rate. Speech tempo had been determined during a
ing training phase. Analysis of group data revealed
ive activation of the left precentral gyrus
mitant with the right cerebellar hemisphere
rach coordinates (x,y,z): 30, -60, -27) during covert
ing (task versus baseline). Thus, the cerebellum



seems to contribute even to internal speech: a
prearticulatory stage of speech production that is, however,
completely spelled out with respect to syntactic
organization and sound structure [17]. By far most of the
surface of lower precentral gyrus pertains to premotor
regions (Brodmann area 6) rather than primary motor area
(Brodmann area 4), the latter being mainly restricted to the
rostral wall of the central sulcus. As a consequence, the
cerebellum seems to operate in concert with premotor
cortex during internal speech.

Overt task performance yielded bilateral activation at the
level of the precentral gyrus and the cerebellar hemispheres,
concomitant with moderate lateralization effects in the
same direction as internal speech. Besides any
contributions to inner speech or auditory verbal imagery,
the cerebellum must be expected, as indicated by kinematic
measurements of articulatory gestures (see above), to
subserve further aspects of speech motor control such as the
scaling of muscular forces. Conceivably, the more
widespread distribution of hemodynamic effects during
overt speech performance just reflects these additional
cerebellar functions associated with motor execution
processes.

4.2. RATE / RESPONSE FUNCTIONS OF
CEREBELLAR ACTIVATION

Apart from cerebellar disorders, reduced maximum
syllable repetition rates may also emerge in spastic
dysarthria subsequent to bilateral damage to the
corticobulbar tracts (e.g., [18]). Whereas, however, the
latter constellation ultimately may evolve into anarthria and
aphonia, syllable production rate does not seem to fall
below 3 Hz in cerebellar dysfunction, neither during
sentence productions nor oral diadochokinesis tasks [7,10].
Therefore, cerebellar activation across a series of syllable
repetition rates must be expected to show a threshold effect.
In order to test this hypothesis, subjects were asked to
produce aloud repetitions of the syllable „ta“ at six different
rates (2.0, 2.5, 3.0, 4.0, 5.0 and 6.0 Hz) during fMRI
measurements. Recorded trains of the syllable „ta“ at the
respective repetition frequencies, applied via headphones,
served as pacing signals [19]. Passive listening to the same
auditory stimuli served as a control condition. Among
others, parametric analysis [20] of the fMRI data yielded
significant main effects, i.e., a difference in hemodynamic
activation between syllable repetitions pooled across all
frequencies and the passive listening-condition, within
bilateral motor cortex and cerebellum. Furthermore,
modelling of rate / response functions at the local activation
maximum within the motor cortex cluster revealed a linear
increase of the measured hemodynamic effects in parallel
to syllable production rates. Cerebellar activation, in
contrast, showed a threshold phenomenon between the
repetition rates 3.0 and 4.0 Hz.

Based on the same approach of signal analysis, a preceding
study had determined rate / response functions during
covert (silent) syllable repetitions (2.5, 4.0 and 5.5 Hz),
paced by auditory signals via headphones [21]. Again, main
effects across all task demands emerged, among others, at
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lation of the hemodynamic response amplitudes at
activation maxima within these clusters revealed,
under these conditions of silent performance, a

ve linear rate / response relationship at motor cortex.
rmore, cerebellar activation, again, exhibited a
old phenomenon with almost no signal increase in
ation with the rate of 2.5 Hz and much larger, but
lly similar response magnitudes during 4.0 and 5.5
llable repetitions.

GGESTION: THE CEREBELLUM MIGHT
CONTRIBUTE TO THE TEMPORAL
ANIZATION OF A PREARTICULATORY

SPEECH CODE
clinical and functional imaging data referred to
te that the cerebellum might contribute to the
ormation of a rather slow (rate < 3 Hz) syllable
nce into a rhythmically “sculptured” syllable string at
ect’s habitual speech tempo, amounting to 4 to 6 Hz.
es overt performance, the cerebellum also seems to
ize the syllabic structure of internal speech, i.e., a
iculatory, but fully parsed representation of the sound
ure of sentences [17].

should acceleration of syllabic rate above a given
old require the computational machinery of the
llum? The phonotactic rules of, e.g., English allow

e generation of more than 12.000 different syllables
]. However, the 500 highest-ranked items suffice to
 about 80% of verbal utterances (cumulative
ncy of use). The latter syllables pertain to the most
sed motor activities and, thus, must be considered
overlearned movement patterns. Storage of at least

ighest-ranked syllables as preprogrammed motor
es must be expected to considerably reduce the
utational demands on sound structure processing

speech production as compared to on-line assembly
gle phonetic features or the respective orofacial /
eal excursions. Indeed, there is some evidence for
access of high-frequency syllables during reaction
xperiments in terms of shorter speech onset latencies
le frequency effect independent of word frequency,
Based on these observations and suggestions, Levelt
oworkers [22] proposed a mental syllabary housed

the premotor cortex, i.e., a repository of
le-sized overlearned articulatory programs. By
st, word forms comprising two or more syllables are
ored as prespecified motor routines. Consequently,
ncing of syllables into larger utterances must be
med “on the fly” during speech production.

odel of a mental syllabary as proposed by Levelt and
kers [22] assumes the stored canonical gestural
ms to represent coarticulated units. However,

culatory influences may cross syllable boundaries
ences in [25]). These latter effects have been
ted to the motor execution system rather than the
l syllabary [22]. In accordance with these
ptions, an acoustic analysis of sentence utterances



found first evidence for impaired anticipatory
cross-syllable vowel-to-vowel coarticulation in cerebellar
patients: Whereas the majority of the normal speakers
exhibited a significant influence of the word-medial vowel
of the target words “getVte” (V = / � /, / � /, / � /) on the
preceding schwa, 6 out of a total of 9 patients did not show
a similar significant effect [25]. As expected, the schwa
showed, in addition, prolonged duration. By contrast,
intrasyllabic anticipatory coarticulation, i.e., modification
of the spectral characteristics of the burst and subsequent
aspiration noise of the /t/ preceding the target vowel, was
found completely undistorted in the cerebellar patients.

Considering, first, that modulation of syllable lengths
represents an information-bearing aspect of speech output
contributing both to the meaning of a sentence as well as a
speaker’s emotional expression and, second, that
coarticulation effects may extend across syllables, stored
canonical articulatory routines cannot be aligned like beads
on a string. It does not suffice, furthermore, to shorten
inter-word and inter-syllable pauses in order to increase
speaking rate. Rather, the length of the retrieved motor
programs must be adjusted to each other according to given
linguistic or emotional constraints in order to implement an
adequate temporal pattern of verbal utterances, and the
coarticulation patterns of successive syllables must be
reorganized. Considering the dissolution of the temporal
organization of verbal utterances in ataxic dysarthria, a
process evolving into slowed and isochronous pacing, the
cerebellum represents a candidate substratum for the tasks
of implementing habitual speech tempo and
suprasegmental rhythmic shaping of syllable templates
retrieved from a frontal store. In light of the processing
characteristics of the cerebellar circuits, e.g., in terms of
delay lines, this organ seems to be specifically prone to
represent the temporal order of speech motor events within
the domain of a syllable length [26].

6. IMPLICATIONS: CEREBELLUM AND
COGNITION

A classic tenet of clinical neurology, tracing back to the
early 19th century, considers the cerebellum exclusively
devoted to motor functions such as the control of posture
and gait, or the coordination of voluntary limb movements
(for a review see [27]). Nevertheless, case studies
sporadically reported emotional and / or intellectual
abnormalities in patients with cerebellar pathology [28].
More recent neuropsychological studies have suggested a
role for the cerebellum in a wide range of cognitive tasks
including spatial cognition, higher-order language
functions, and executive operations associated with
planning, set-shifting or verbal fluency [27]. Reciprocal
fiber systems interconnecting cerebral association cortex
with the cerebellum have been assumed to provide the
anatomic basis for the observed cerebellar deficits in
cognitive functions, usually attributed to the frontal lobes
such as executive functions or the learning of complex
materials [29]. Since a variety of executive functions, e.g.,
working memory, solving mathematical equations or
strategical planning as well as frontal lobe-dependent
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n impaired prearticulatory speech code subsequent to
llar dysfunctions, thus, must be expected to

romise the respective cognitive operations.

ssumed dependency of executive processes upon a
iculatory verbal code does by no means imply that
speech serves as an inherent or ubiquitous “medium
man thought” [31]. For example, Jackendoff [32]
for a strict separation between conceptual structures,

ing executive functions, and inner speech in terms of
riencing a talking voice in the head …. complete with
ntal phonology, stress, and intonation” (p.187).
theless, this author suggests that verbal codes
ce certain varieties of reasoning since linguistic
ing of thought processes may focus attention and,
ore, processing capabilities on a conceptual problem.
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