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Abstract

Although motor speech disorders represent an early and prominent clinical feature of multiple system atrophy (MSA), the
potential usefulness of speech assessment as a diagnostic tool has not yet been explored. This cross-sectional study aimed to
provide a comprehensive, objective description of motor speech function in the parkinsonian (MSA-P) and cerebellar (MSA-
C) variants of MSA. Speech samples were acquired from 80 participants including 18 MSA-P, 22 MSA-C, 20 Parkinson’s
disease (PD), and 20 healthy controls. The accurate differential diagnosis of dysarthria subtypes was based on quantitative
acoustic analysis of 14 speech dimensions. A mixed type of dysarthria involving hypokinetic, ataxic and spastic components
was found in the majority of MSA patients independent of phenotype. MSA-P showed significantly greater speech impair-
ment than PD, and predominantly exhibited harsh voice, imprecise consonants, articulatory decay, monopitch, excess pitch
fluctuation and pitch breaks. MSA-C was dominated by prolonged phonemes, audible inspirations and voice stoppages.
Inappropriate silences, irregular motion rates and overall slowness of speech were present in both MSA phenotypes. Speech
features allowed discrimination between MSA-P and PD as well as between both MSA phenotypes with an area under curve
up to 0.86. Hypokinetic, ataxic and spastic dysarthria components in MSA were correlated to the clinical evaluation of
rigidity, cerebellar and bulbar/pseudobulbar manifestations, respectively. Distinctive speech alterations reflect underlying
pathophysiology in MSA. Objective speech assessment may provide an inexpensive and widely applicable screening instru-
ment for differentiation of MSA and PD from controls and among subtypes of MSA.

Keywords Multiple system atrophy - Parkinson’s disease - Atypical parkinsonism - Dysarthria - Speech disorder - Acoustic
analyses

Introduction

Multiple system atrophy (MSA) is a sporadic, adult-onset,
fatal neurodegenerative disease characterized by progressive
autonomic failure, parkinsonian features, and any combina-
tion of cerebellar and pyramidal features [1]. Patients with
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MSA are clinically classified as parkinsonian variant (MSA-
P) if parkinsonism is the predominant feature and as cer-
ebellar variant (MSA-C) if cerebellar features predominate
[2]. Due to variable clinical manifestations, MSA presents a
major diagnostic challenge as it may masquerade as Parkin-
son’s disease (PD) or idiopathic late-onset cerebellar ataxia
until advanced stages of the disease. Therefore, reliable
screening instruments are pivotal as an accurate diagnosis of
MSA has important prognostic and therapeutic implications.

As the most complex human motor skill, speech is a
sensitive marker of damage to neural structures engaged in
motor system control [3]. Speech abnormalities develop in
the majority of patients with parkinsonism [4, 5], and rep-
resent one of the first prodromal markers of motor dysfunc-
tion [6, 7]. MSA patients typically develop mixed dysar-
thria with various combinations of hypokinetic, spastic and
ataxic components [5]. Unfortunately, complex investigation
of speech disorder in MSA has rarely been performed and


http://orcid.org/0000-0002-1036-3054
http://crossmark.crossref.org/dialog/?doi=10.1007/s00415-019-09271-7&domain=pdf

Journal of Neurology (2019) 266:1394-1404

1395

limited to perceptual assessment [5, 8]. Only a few stud-
ies have provided objective descriptions of specific dysar-
thria manifestations in MSA [9-14]. Dysarthria in MSA
has been reported to be more pronounced than in PD and
characterized by excess pitch fluctuations, excess loudness
variations, increased voice pitch, slow rate, imprecise con-
sonant articulation, prolonged phonemes, vocal tremor, and
strained-strangled voice [9-14]. Nothing, however, is known
so far about the prevalence and patterns of abnormal speech
features in the different phenotypes of MSA and their rela-
tion to clinical features. Moreover, speech-based differen-
tiation between MSA phenotypes may be challenging as a
substantial overlap of speech abnormalities across different
dysarthria subtypes can be expected [5, 15, 16].

Therefore, we quantitatively assessed 14 speech dimen-
sions by objective acoustic analyses to determine specific
dysarthric patterns and estimate their reliability in differen-
tiating among PD and both subtypes of MSA. We hypoth-
esized that quantitative acoustic measures would be affected
differently between PD, MSA-P, and MSA-C. An additional
aim was to explore the relationship between speech and clin-
ical motor manifestations to provide more insights into the
pathophysiology of dysarthria in MSA. We hypothesized
that the extent of bradykinesia and rigidity would be related
to the severity of hypokinetic dysarthria elements, cerebel-
lar clinical manifestations to ataxic dysarthria components,
and bulbar/pseudobulbar clinical signs to spastic dysarthria
dimensions.

Methods
Participants

From 2015 to 2018, 40 consecutive patients with a clinical
diagnosis of probable MSA were recruited for the current
study. In this cohort, 22 patients (12 men) were diagnosed
with MSA-C and 18 (9 men) with MSA-P. In addition, 20
patients with idiopathic PD (11 men) were recruited to
match the MSA groups according to disease duration, age,
gender, and cognitive status. A healthy control (HC) group
consisting of 20 participants comparable for gender distribu-
tion (11 men) and age (mean 62.3, standard deviation 6.7,
range 47-73 years) with no history of neurological or com-
munication disorders was also included. All participants
were native Italian speakers.

The diagnosis of MSA was established by the consensus
diagnostic criteria for MSA [2], whereas the diagnosis of
PD was based on the UK Parkinson’s Disease Society Bank
Criteria [17]. The diagnosis was confirmed by a neurolo-
gist with experience in movement disorders (M.T.P.). The
presence of dysarthria was not considered as a part of the
inclusion criteria as the acoustic analyses have the potential

to reveal subperceptual speech deviations [16]. Disease
duration was estimated based on the self-reported occur-
rence of first motor symptoms. MSA patients were rated by
the Natural History of Neuroprotection in Parkinson plus
syndromes-Parkinson plus scale (NNIPPS) [18], while PD
patients were scored according to the motor subscore of
Unified Parkinson’s Disease Rating Scale (UPDRS III). The
NNIPPS scale was chosen as it allows evaluating all clinical
symptoms encountered in parkinsonism that may potentially
influence speech production. Parkinsonian features in both
MSA and PD patients were treated with levodopa alone or
in combination with dopamine agonists and/or amantadine.
All patients were investigated in the on-drug state. No par-
ticipants received antipsychotic medication.

The dysarthria presence, type, and severity estimates
were based on the auditory-perceptual judgment of a speech-
language pathologist experienced in movement disorders.
The judgment was based on offline audio recordings includ-
ing vowel prolongation, sequential motion rates, and con-
nected speech following the perceptual criteria outlined by
Darley et al. [19, 20]. In addition, perceptual speech sever-
ity was estimated for all patients using speech item of the
UPDRS 1III (item 18). Detailed patient characteristics are
listed in Table 1.

Speech examination

Speech recordings were performed in a quiet room with a
low ambient noise level using a head-mounted condenser
microphone (Beyerdynamic Opus 55, Heilbronn, Germany)
placed approximately 5 cm from the participant’s mouth.
Speech signals were sampled at 48 kHz with 16-bit resolu-
tion. Each participant was recorded during a single session.
All participants were instructed to perform three vocal tasks
of (i) sustained phonation of the vowel /a/ per one breath
for as long and steadily as possible, (ii) rapid /pa/-/ta/-/ka/
syllable repetition at least seven times per one breath (oral
diadochokinesis), and (iii) monologue on a given topic for
approximately 90 s. These three speaking tasks were chosen
as they can provide most of the information necessary for
the objective description and interpretation of motor speech
disorders [15]. Sustained phonation and syllable repetition
paradigms were repeated two times for every participant.

Speech analyses

The primary outcome represented the assessment of the
hypokinetic dysarthria index, ataxic dysarthria index, spastic
dysarthria index and overall dysarthria index. These dys-
arthria indexes were based upon the quantitative acoustic
analysis, which provides objective, sensitive and quantifi-
able information for the precise assessment of speech per-
formance. We selected 14 individual speech dimensions,
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Table 1 Clinical characteristics of patients

PD (n=20) MSA-P (n=18) MSA-C (n=22) p value
General
Mean age (years) 63.0 (SD 8.6, range 45-77) 63.6 (SD 7.9, range 45-75) 62.7 (SD 6.5, range 51-78) 0.75
Disease duration (years) 4.0 (SD 2.4, range 1-9) 4.0 (SD 1.7, range 1.5-8) 3.6 (SD 1.8, range 1-7) 0.67
MMSE 26.4 (SD 3.5, range 18-30) 24.7 (SD 3.2, range 18-29) 25.2 (SD 3.3, range 17-30) 0.27
L-dopa equivalent (mg/day) 317 (SD 156, range 0-520) 431 (SD 315, range 0-1200) 141 (SD 268, range 0—1000) <0.01%¢
UPDRS speech item 18 0.75 (SD 0.55, range 0-2) 1.78 (SD 0.88, range 1-3) 1.73 (SD 0.77, range 0-3) <0.001*"
UPDRS III motor score 16.4 (SD 7.2, range 6-28)
Male (%) 55 (n=11) 50 (n=9) 55 (n=12) 0.94
L-dopa therapy (%) 90 (n=18) 83 (n=15) 32 (n=17) <0.001°¢
Amantadine therapy (%) 0(n=0) 6(n=1) 9(n=2) 0.40
Antidepressant therapy (%) 25 (n=5) 44 (n=38) 18 (n=4) 0.18
NNIPPS
Overall score 100 (SD 40, range 35-167) 74 (SD 18, range 44-103) 0.05
Bradykinesia 26.9 (SD 13.9, range 4-47) 20.5 (SD 9.1, range 2-34) 0.15
Bulbar/pseudobulbar 9.2 (SD 4.1, range 2-16) 7.8 (SD 2.3, range 3-12) 0.28
Cerebellar 5.6 (SD 4.0, range 0-13) 5.9 (SD 3.1, range 1-12) 0.62
Pyramidal 1.4 (SD 0.8, range 0-3) 1.1 (SD 0.9, range 0-3) 0.23
Rigidity 7.7 (SD 3.5, range 1-14) 2.4 (SD 1.8, range 0-7) <0.001°¢
Tremor 5.2 (SD 4.0, range 0-13) 1.9 (SD 2.1, range 0-7) <0.01¢
Dysarthria severity
None (%) 15 (n=3) 0(n=0) 0(n=0) 0.05
Mild (%) 80 (n=16) 22 (n=4) 27 (n=6) <0.012°
Moderate (%) 5(n=1) 50 (n=9) 68 (n=15) <0.05%°
Severe (%) 0((n=0) 28 (n=5) 5m=1) <0.05*¢
Dysarthria type
Hypokinetic (%) 85 (n=17) 6(n=1) 9(n=2) <0.001%"
Hypokinetic-ataxic (%) 0 (n=0) 6(n=1) 9 (n=2) <0.001*b
Hypokinetic-spastic (%) 0(n=0) 50 (n=9) 23 (n=5) <0.001?
Ataxic-spastic (%) 0 (n=0) 0 (n=0) 23 (n=5) <0.05%¢
Hypokinetic-ataxic-spastic (%) 0(n=0) 38 (n=17) 36 (n=38) <0.05*°

PD Parkinson’s disease, MSA-P parkinsonian variant of multiple system atrophy, MSA-C cerebellar variant of multiple system atrophy, NNIPPS
natural history and neuroprotection on Parkinson plus syndromes-Parkinson plus scale, UPDRS unified Parkinson disease rating scale, MMSE

Mini-Mental State Examination

Significant difference between PD and MSA-P
bSignificant difference between PD and MSA-C
“Significant difference between MSA-P and MSA-C

which correspond to the previous description of speech and
neuropathological findings in patients with MSA [1, 2, 5,
13]. The selection of the deviant speech dimensions was par-
ticularly inspired by the Mayo System [15]. However, only
those speech dimensions that can be objectively assessed
via acoustic analyses were preferred. Last but not least, the
acoustic measures were chosen carefully to minimize the
potential overlap between hypokinetic, ataxic and spastic
dysarthria elements. To this extent, we also utilized previous
experience with acoustic analysis of individual speech com-
ponents in untreated PD (for selection of suitable hypoki-
netic components) [21] and atypical parkinsonism (for

@ Springer

selection of suitable ataxic and spastic components) [13, 22].
Computationally, each measurement was converted to the
z-score using its HC mean and standard deviation. For those
measures in which lower raw scores were associated with
greater dysarthria, the z-scores were reversed, allowing all
results to be interpreted as higher z-scores indicating more
speech impairment. Each dysarthria index was then esti-
mated as the mean value from the calculated z-scores of the
listed acoustic characteristics for each dysarthria subtype.
We evaluated five dimensions widely observed in hypoki-
netic dysarthria of PD, including harsh voice (harmonics-
to-noise ratio), imprecise consonants (voice onset time),
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articulatory decay (resonant frequency attenuation), inappro-
priate silences (duration of pause intervals), and monopitch
(standard deviation of pitch contour). Considering elements
of ataxic dysarthria, we assessed excess pitch fluctuations
(standard deviation of pitch contour), irregular motion rates
(diadochokinetic irregularity), prolonged phonemes (vowel
duration), excess loudness variations (standard deviation of
speech intensity contour) and audible inspirations (relative
loudness of respiration). To capture components related to
spastic dysarthria, we examined pitch breaks (proportion of
subharmonic intervals), voice stoppages (degree of voice
stoppages), slow motion rates (diadochokinetic rate) and
slow rate (net speech rate). The definition of all acoustic
parameters is summarized in Table 2. Comprehensive details
on individual acoustics measures have been reported previ-
ously [23]. In addition, the accuracy of algorithms for the
identification of temporal intervals and pitch sequences has
been thoroughly tested in previous studies [7, 23].

Statistical analyses

All analyses were performed in Matlab (MathWorks,
Natick, MA, USA). As the test—retest reliability between
repetition of the first and second run of sustained phona-
tion and syllable repetition showed moderate (VOT, FO SD,
PSI, DVS: r=0.53-0.68, p <0.001) to strong correlations
(HNR, DDKI, VD, DDKR: r=0.73-0.88, p <0.001), the
final speech values used for statistical analyses were aver-
aged across two repetitions to provide greater stability of
speech assessment [24]. An ad-hoc power analysis based on
analysis of variance with one covariate (group) indicated
a recommended minimum overall sample size of 76 for 4
groups, given a large effect size (Cohen’s f of 0.4) with the
error probability « set at 0.05 and a false negative rate f set
at 0.2 (i.e., power of 0.8) [25]. The one-sample Kolmogo-
rov—Smirnov test was used to evaluate the normality of dis-
tributions; the majority of acoustic features were found to
be normally distributed. Group differences were calculated
using analysis of variance for normally distributed data and
the Kruskal-Wallis test for non-normally distributed data
with the possible presence of outliers. A post hoc Tukey’s
test was then applied to find differences between individual
groups (HC vs. PD vs. MSA-P vs. MSA-C). Pearson and
Spearman correlations were applied to test for significant
relationships between normally and non-normally distrib-
uted data, respectively. To find the best combination of
measures for separation between groups (PD vs. MSA-P, PD
vs. MSA-C and MSA-P vs. MSA-C), an exhaustive search
for all combinations across 14 acoustic features through
classification experiment was performed. The classifica-
tion performance (sensitivity/specificity) of the acoustic
speech features in differentiating between groups was cal-
culated using binary logistic regression with leave-one-out

cross-validation. An overall indication of diagnostic accu-
racy was reported as area under the curve (AUC) obtained
from the operating characteristic curve. Bonferroni’s adjust-
ment for multiple comparisons was applied for primary out-
comes (dysarthria indexes) according to the four tests per-
formed, i.e., a threshold of significance was set at p <0.0125.
Considering the explorative nature of secondary outcomes
(quantitative analysis of 14 unique speech aspects and search
for the most prominent relationships between dysarthria
indexes and clinical data), adjustment for multiple compari-
sons was not performed, i.e., a threshold of significance was
set at p <0.05.

Results

According to the clinical perceptual evaluation (Table 1),
all 40 MSA patients (100%) and 17 PD patients (85%)
manifested dysarthria. Most of the MSA patients including
9 MSA-P (50%) and 15 MSA-C (68%) showed moderate
dysarthria. Severe dysarthria was most frequent in MSA-P
with five patients (28%) affected. In PD, mild dysarthria was
found in 16 patients (80%) while moderate dysarthria was
present only in 1 patient (5%). PD patients manifested pure
hypokinetic dysarthria whereas MSA patients had dysarthria
with different combinations of hypokinesia, ataxia, or spas-
ticity. Hypokinetic components of dysarthria were found in
the majority of MSA patients. Only five MSA-C patients
(23%) had ataxic-spastic dysarthria without the occurrence
of hypokinetic components. Hypokinetic-spastic dysarthria
predominated in MSA-P with nine patients (50%) compared
to five MSA-C patients (23%) affected. Seven MSA-P (38%)
and eight MSA-C (36%) patients had all three components of
dysarthria affected. Pure hypokinetic or hypokinetic-ataxic
dysarthrias were less common and observed in two MSA-P
(12%) and four MSA-C (18%) patients. No MSA patient
manifested pure ataxic or spastic dysarthria.

The comparison between groups across dysarthria indexes
is provided in Fig. 1. Compared to HC, the hypokinetic
dysarthria index was increased in PD (p <0.001), MSA-P
(p<0.001) as well as MSA-C (p <0.001), whereas ataxic
and spastic dysarthria indexes were greater only for the
MSA-P (p <0.001) and MSA-C groups (p <0.001). MSA-P
showed greater speech severity than PD in the hypoki-
netic dysarthria index (p=0.008), ataxic dysarthria index
(»p=0.007), spastic dysarthria index (p =0.004), as well as in
overall dysarthria index (p <0.001). The overall dysarthria
index was significantly increased in PD (p =0.002), MSA-P
(p<0.001), and MSA-C (p<0.001) in comparison to HC.
On an individual level, prominent dysarthria (based on com-
parison of speech severity to HC 95% confidence interval)
was acoustically found in 83% of MSA-P, 100% of MSA-C,
and 55% of PD patients. The overall dysarthria severity by
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acoustic evaluation was strongly correlated with the clinical
perceptual dysarthria severity (r=0.79, p <0.001) as well as
perceptual speech severity by UPDRS speech item (r=0.72,
p<0.001).

Group differences across individual speech dimensions
are shown in Fig. 2. In PD, two hypokinetic elements of
articulatory decay (p =0.007) and monopitch (»p=0.001)
were significantly altered compared to HC. In MSA-P,
all five hypokinetic dimensions including harsh voice
(p=0.01), imprecise consonants (p <0.001), articulatory
decay (p=0.008), inappropriate silences (p =0.02) and
monopitch (p=0.002), two ataxic dimensions including
excess pitch fluctuation (p =0.004) and irregular motion
rates (p <0.001), and three spastic dimensions including
pitch breaks (p =0.004), slow motion rates (p <0.001) and
slow rate (p <0.001) were affected compared to HC. In
MSA-C, one hypokinetic component including inappropri-
ate silences (p=0.02), three ataxic components including
irregular motion rates (p <0.001), prolonged phonemes
(p=0.004) and audible inspirations (p =0.04), and three
spastic components including voice stoppages (p =0.02),
slow motion rates (p <0.001) and slow rates (p <0.001) were
impaired compared to HC. Notably, only one dimension of
audible inspirations was able to significantly separate the
MSA-P and MSA-C groups (p=0.002).

The combination of acoustic features including imprecise
consonants (AUC =0.79), slow motion rates (AUC=0.74),
and voice stoppages (AUC=0.56) allowed the best differ-
entiation between PD and MSA-P with an overall AUC of
0.86 (accuracy 73.7%, sensitivity 75.0%, and specificity
72.2%). The combination of acoustic features represent-
ing slow motion rates (AUC =0.83), prolonged phonemes

MSA-P MSA-C HC PD

1
=

MSA-P MSA-C

(AUC=0.73), and audible inspirations (AUC =0.60) distin-
guished most accurately between PD and MSA-C with an
AUC of 0.85 (accuracy 81.0%, sensitivity 80.0%, and speci-
ficity 81.8%). Finally, the combination of acoustic features
related to audible inspirations (AUC =0.81) and imprecise
consonants (AUC =0.73) was able to best separate MSA-P
from MSA-C with an AUC of 0.84 (accuracy 82.5%, sensi-
tivity 82.4%, and specificity 82.6%).

The cross-correlations between the dysarthria indices and
bradykinesia, rigidity, cerebellar, bulbar/pseudobulbar, and
overall NNIPPS (sub)scores in MSA are demonstrated in
Table 3. The most prominent relationships between the dys-
arthria indexes and NNIPPS subscales are then highlighted
in Fig. 3. The overall NNIPPS score was related to all speech
indices but mainly to the overall dysarthria index (r=0.66,
p<0.001). The hypokinetic dysarthria index showed strong-
est correlation with the rigidity NNIPPS subscore (r=0.57,
p<0.001). Except to the relationship to overall NNIPPS
score, the ataxic dysarthria index showed particular corre-
lation to the cerebellar NNIPPS subscore (r=0.36, p=0.02)
and the spastic dysarthria index to the bulbar/pseudobulbar
NNIPPS subscore (r=0.48, p=0.002). No correlations were
detected between dysarthria indexes and pyramidal or tremor
NNIPPS subscores. In addition, there was no relationship
between dysarthria indexes and disease duration.

Discussion
Our findings indicate that speech disorders reflect the under-

lying pathophysiology of MSA and that detailed speech
analysis can be used as a potential diagnostic screening tool.
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In agreement with previous studies [5, 8, 26], dysarthria was
a prominent clinical feature found in all our MSA patients.
The predominant type of dysarthria seems to correspond
well to the variant of MSA. Hypokinetic-spastic dysarthria
predominated in MSA-P while ataxic-spastic dysarthria
without the occurrence of hypokinetic dimensions was found
only in several MSA-C patients. The observed mixed type
of dysarthria involving a various combination of hypoki-
netic, ataxic and spastic components conforms to known
neuropathological changes, which include degeneration of
the cerebellum, middle cerebellar peduncle, striatum, sub-
stantia nigra, inferior olivary nucleus and pons [2]. As the
PD patients manifested a clear form of hypokinetic dysar-
thria, acoustic speech analyses were able to discriminate PD
from MSA-P with a very promising AUC of 0.86. Indeed,
the dysarthria profile in MSA-P can be distinguished from
that of PD by its greater severity and the presence of spastic
and ataxic components. Interestingly, more profound speech
abnormalities in MSA-P compared to PD have been noted
even in the very early stages of the disease [12]. We may also
hypothesize that the presence of hypokinetic components
could help us differentiate MSA-C from idiopathic late-onset
cerebellar ataxia, where dysarthria is mainly ataxic [27].

In our study, a number of quantitative acoustic meas-
ures were affected differently between MSA-P and MSA-
C. While MSA-P predominantly exhibited deviant speech
dimensions of harsh voice, imprecise consonants, articula-
tory decay, monopitch, excess pitch fluctuation and pitch
breaks, MSA-C was dominated by prolonged phonemes,
audible inspirations and voice stoppages. Inappropriate
silences, irregular motion rates and overall slowness of
speech were present in both MSA phenotypes. Therefore,
speech features prominent in our MSA-P cohort more
closely resembled parkinsonian speech with poor articu-
lation (imprecise consonants and articulatory decay),
hypokinesia (reduced intonation) and harshness (increased
noise and pitch breaks in speech). Indeed, in agreement
with our findings, prominent perceptual features includ-
ing harsh voice, imprecise consonants and reduced stress
in MSA have been reported previously, where the major-
ity of patients manifested the parkinsonian variant [8]. In
contrast, our MSA-C group showed prominent ataxic fea-
tures such as prolonged phonemes, which may contribute to
the perceptual impression of scanning dysarthria. Overall,
these phenotypic speech differences allowed us to distin-
guish between parkinsonian and cerebellar variants with a
high AUC of 0.84, and may have important implications for
speech rehabilitation management, especially considering
individual speech dimensions affected in each MSA phe-
notype. As an example, the loudness should be targeted for
therapy if the impaired loudness is the primary source of
communication impairment, whereas increased articulatory
precision should be targeted if imprecise articulation is the

@ Springer

contributing feature. During treatment, automated acoustic
analyses may assist in quantification of perceptual judgments
made by the well-trained and experienced clinicians.

Interestingly, the greater extent of audible inspirations
observed in MSA-C was the only individual speech pattern
that permitted the separation of parkinsonian and cerebellar
variants, although there is a strong overlap between both
MSA groups. While audible inspirations are more typical for
flaccid than ataxic dysarthria [15], they have been perceptu-
ally noted previously in olivopontocerebellar ataxia [28].
Indeed, respiratory dysfunction presenting with inspiratory
stridor or deep involuntary sighs has been reported to be
frequent in both MSA subtypes and represents one of the
main warning signs for diagnosis [29]. We may assume that
sudden forced audible inspirations share the same underlying
pathophysiology with diurnal inspiratory stridor [15], which
is a serious manifestation that requires immediate medical
evaluation [30]. Therefore, audible inspirations may not
reflect ataxia but rather a posterior cricoarytenoid muscle
weakness or dystonia. However, the objective acoustic quan-
tification of the extent of respiratory deficits such as audible
inspiration or stridor in MSA has received little systematic
attention [31], without considering potential differences con-
cerning the disease phenotype. Our findings thus highlight
the phenotypic differences in respiratory control and suggest
the acoustic quantification of audible inspirations through
spontaneous speech as a potential way to measure the extent
of respiratory dysfunction in MSA.

In general, the types of dysarthria in MSA were similar
to the motor disorders detected by clinical neurologic inves-
tigation. The results of the present study support the role of
the cerebellum in the development of ataxic dysarthria in
MSA, as we observed a relationship between the severity
of ataxic speech components and cerebellar signs on clini-
cal examination. Accordingly, a previous neuropathological
study identified a relationship between the local cerebel-
lar metabolic rates for glucose and the severity of speech
ataxia in 30 patients with olivopontocerebellar atrophy [28].
Subsequently, we found a relationship between the severity
of hypokinetic speech components and rigidity, which is at
least partly in agreement with the assumption that hypoki-
netic speech problems are caused by increased rigidity and
hypokinesia of the speech apparatus [32]. In agreement
with this observation, individual hypokinetic speech dimen-
sions, as well as rigidity manifestations, were more severe
in MSA-P compared to MSA-C patients, while difference in
bradykinesia severity was not significant. In agreement with
a previous study on speech disorders in atypical parkinso-
nian syndromes [13], we observed a relationship between
the severity of spastic elements and bulbar/pseudobulbar
manifestations, supporting the role of the corticobulbar
pathways in the development of mixed dysarthria in MSA.
However, the extent of bradykinesia, rigidity, cerebellar,
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bulbar/pseudobulbar, as well as overall motor manifestations  between these individual motor indices was present, support-
was related to the overall severity of dysarthria, assuming  ing the mixed cases of dysarthria found in our MSA cohort.
that speech impairment in MSA partially parallels increas- Admittedly, there is even a common overlap of individ-
ing overall limb motor disability due to the underlying neu-  ual speech features among dysarthria subtypes [15], mak-
rodegenerative process. In addition, considerable overlap  ing the correct recognition of a specific dysarthria subtype
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«Fig. 2 Violin plots of individual speech dimensions. The plot shows
the median (indicated by the black open circle), the first through the
third interquartile range (the thick, solid vertical band), estimator of
the density (colour vertical curves) of the individual scores in each
group (comparable to a box plot, except that the distribution of the
variable is illustrated as density curves), and individual scores (col-
our-filled circles). Statistically significant differences between groups:
*p<0.05, **p<0.01, ***p<0.001. HNR harmonics-to-noise ratio,
VOT voice onset time, RFA resonant frequency attenuation, DPI dura-
tion of pause intervals, FO SD variability of fundamental frequency,
DDKI diadochokinetic irregularity, VD vowel duration, Int SD vari-
ability of speech intensity, RLR relative loudness of respiration, PS/
proportion of subharmonic intervals, DVS degree of voice stoppages,
DDKR diadochokinetic rate, NSR net speech rate, HC healthy con-
trols, PD Parkinson’s disease, MSA-P parkinsonian variant of multi-
ple system atrophy, MSA-C cerebellar variant of multiple system atro-
phy

challenging, especially in patients with widespread brain
atrophy [28, 33]. Indeed, the previous study based on sys-
tematic perceptual evaluation blind to disease diagnosis
showed that perceptual speech and voice ratings were unable
to differentiate between mixed dysarthrias occurring in atyp-
ical parkinsonian syndromes [34]. Although we aimed to
separate hypokinetic, ataxic and spastic dysarthria as clearly
as possible to eliminate most of the overlap, certain speech
manifestations may still originate from different neuronal
dysfunctions than was anticipated (for example, monopitch
may arise due to involvement of the basal ganglia as well as
corticobulbar pathways). It is also noteworthy to point out
that the MSA-P group showed greater variance, mainly con-
sidering ataxic and spastic dysarthria indexes. This is likely
caused by a higher occurrence of severe dysarthria in our
MSA-P compared to MSA-C cohort. In particular, variation

in speech severity within a dysarthria type may explain as
much variance in acoustic or perceptual data as variation
across dysarthria type [33].

One potential limitation is that we did not acoustically
investigate loudness of speech. Although it is an important
distinguishing feature of hypokinetic dysarthria, we did not
use the absolute value of intensity level in our cross-sec-
tional acoustic analysis because the need for precise micro-
phone calibration to obtain reliable estimates.

In conclusion, the present study demonstrates potential
intriguing advances in speech analysis and provides new
insights into the pathophysiology of motor speech disorders
in MSA. As dysarthria is a frequent manifestation, objective
identification of deviant speech dimensions may contribute
to the differential diagnosis in potential MSA patients. More-
over, the observed relationship between speech and clinical
motor features indicates that speech assessment may provide
a sensitive measure of disease progression. Vocal assessment
is rapid, easy to administer, and can be fully automated and
performed remotely, possibly even by smartphone at home
[35]. Since the progression of speech impairment in MSA
is rapid, we may assume that regular longitudinal in-home
assessment over a short period could substantially improve
the reported sensitivity of speech-based evaluation and
provide a no-cost alternative screening method to existing
clinical and imaging diagnostic approaches [2, 36]. Future,
studies based on the longitudinal assessment should further
elaborate and extend our findings and show the sensitivity
of speech investigation in the differentiation between MSA
and PD or idiopathic late-onset cerebellar ataxia in the very
early stage of disease manifestation.

Table 3 The cross-correlations
between dysarthric and clinical
motor indices

NNIPPS score/subscores Bradykinesia Rigidity Cerebellar Bulbar/ Overall
pseudob-
ulbar
Speech
Hypokinetic dysarthria index 0.26 0.57***% 0.14 0.17 0.47+%*
Ataxic dysarthria index 0.49%* 0.42%*  0.36* 0.47%* 0.54%*
Spastic dysarthria index 0.48%* 0.29 0.27 0.48%%* 0.49%%*
Overall dysarthria index 0.58%%* 0.52%*%*  (.46%* 0.597%#* 0.66%**
Motor
Bradykinesia NNIPPS subscore 0.57***%  0.47** 0.63%%%* 0.88***
Rigidity NNIPPS subscore 0.57%%* 0.28 0.56%*%* 0.76%%*
Cerebellar NNIPPS subscore 0.47%%* 0.28 0.44%* 0.56%%%*
Bulbar/pseudobulbar NNIPPS subscore ~ 0.63%%* 0.56%%*  (.44%* 0.74%%%
Overall NNIPPS score 0.88%** 0.76%**  0.56%** 0.74%%%

NNIPPS natural history and neuroprotection on Parkinson plus syndromes-Parkinson plus scale

Statistically significant differences between groups: *p <0.05, **p <0.01, ***p <0.001
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