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Abstract
Although long-term averaged spectrum (LTAS) descriptors can
detect the change in dysarthria of patients with Parkinson’s
disease (PD) due to subthalamic nucleus deep brain stimula-
tion (STN-DBS), the relationship between LTAS variables with
measures that relate to laryngeal physiology remain unknown.
We aimed to find connections between LTAS-based moments
and the main acoustic characteristics of hypokinetic dysarthria
in PD as the response to STN-DBS stimulation changes. We
analyzed reading passages of 23 PD patients in ON and OFF
STN-DBS states compared to 23 healthy controls. We found
a relation between the stimulation-induced change in several
spectral moments and acoustic parameters representing voice
quality, articulatory decay, articulation rate, and mean funda-
mental frequency. While the difference between PD and con-
trols was significant across most acoustic descriptors, only the
spectral mean and fundamental frequency variability could dif-
ferentiate between ON and OFF conditions.
Index Terms: Parkinson’s disease, STN-DBS, dysarthria,
speech disorder, long-term averaged spectrum, spectral mo-
ments, acoustic parameters

1. Introduction
Parkinson’s disease (PD) is a neurodegenerative disorder char-
acterized by the progressive loss of dopaminergic neurons in the
substantia nigra. It affects approximately 1% to 2% of individ-
uals aged 60 years and above [1]. The primary motor symp-
toms of PD encompass rest tremor, bradykinesia, rigidity, and
postural instability. While there are ongoing efforts to develop
neuroprotective treatments, currently, there is no available ther-
apy that can halt or slow down the progression of the disease.
Pharmacotherapy aims to mitigate the symptomatic motor man-
ifestations of PD, with levodopa (L-DOPA) being the most po-
tent medication. In cases where long-term motor complications
arise from L-DOPA therapy, deep brain stimulation of the sub-
thalamic nucleus (STN-DBS), a neurosurgical approach, is em-
ployed. [2]. It is considered the most significant advance in the
treatment of PD since the introduction of L-DOPA. [3].

According to Duffy (2013), speech, being the most com-
plex motor skill, is highly vulnerable to negative changes in the
neural structures that control motor abilities [4]. Hypokinetic
dysarthria, a collective term for speech disorders, is observed in
up to 90% of patients with PD [5]. The main characteristics
of hypokinetic dysarthria include monopitch, reduced stress,

imprecise consonant articulation, inappropriate silences, harsh
voice, and overall deficits in speech timing [6]. The impact of
STN-DBS on speech remains uncertain. While certain aspects
of speech may improve with STN-DBS, the most common side
effect is stimulation-induced dysarthria [7]. In fact, the dete-
rioration of speech can offset the motor benefits of STN-DBS
in terms of overall improvement in quality of life. Previous re-
search indicates that 78% of STN-DBS patients experienced im-
paired speech intelligibility 1 year after the DBS implantation
[8], with a greater decline observed in DBS-implanted patients
compared to the control group of medically treated patients (-
16.9% vs. -4.5% reduction in intelligibility in the medication
ON state compared to baseline).

One potential method to reliably evaluate the severity of
dysarthria is through the utilization of Long-term Averaged
Spectrum (LTAS) and its spectral moments. This approach in-
volves employing the discrete Fourier transform on segmented
parts of a speech signal, followed by averaging the resulting
spectra. By examining four key measures - spectral mean,
standard deviation, skewness, and kurtosis, important insights
can be gained regarding the concentration, variation, tilt, and
peakedness of the LTAS energy distribution [9]. Individuals
with PD typically exhibit lower spectral mean and standard de-
viation values, while displaying higher spectral skewness and
kurtosis compared to control subjects [10], [11]. Previous re-
search has identified correlations between perceived dysarthria
severity and the spectral mean and kurtosis [11], suggesting that
LTAS moments may serve as an acoustic proxy for assessing
dysarthria severity. Notably, a recent study has demonstrated
the ability of LTAS moments to detect changes between the ON
and OFF states of STN-DBS [12]. This highlights the poten-
tial of LTAS as a surrogate descriptor for monitoring dysarthria
severity induced by stimulation.

From a physiological standpoint, the spectral mean is hy-
pothesized to reflect changes in the fundamental frequency of
the voice [13]. Spectral skewness, on the other hand, is be-
lieved to be linked to glottal closure during phonation, where re-
duced skewness indicates hyperadduction and increased skew-
ness indicates hypoadduction [14]. However, a direct relation-
ship between LTAS and pathophysiology of speech production
is still poorly understood. Therefore, this paper investigates
correlations between response on DBS stimulation change of
LTAS-based moments and main characteristics of hypokinetic
dysarthria in PD captured by acoustic analysis. An additional
aim was to investigate whether representative acoustic param-
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eters of hypokinetic dysarthria are used to distinguish between
DBS ON, DBS OFF states, and HC.

2. Method
2.1. Participants

A total of 23 individuals with PD participated in the study, in-
cluding four females. The mean age of the PD group was 61.7
years (SD = 5.0, range: 53–72). These individuals had received
bilateral STN-DBS in combination with dopaminergic medica-
tion. The assessment of the PD group was conducted under two
conditions: the STN-DBS switched OFF condition (referred to
as DBS OFF) and the STN-DBS switched ON condition (re-
ferred to as DBS ON). For more specific details regarding the
participants’ characteristics and experimental conditions, please
refer to [12].

A control group of 23 healthy controls (HC) was also in-
cluded in the study. The HC group consisted of individuals
matched in terms of age and sex, with 4 female participants.
The mean age of the HC group was 61.5 years (SD = 5.6, range:
52–72). None of the control group participants had a history
of neurological or communication disorders. All participants
were native Czech speakers. The study was conducted in accor-
dance with the principles of the Helsinki Declaration and was
approved by the Ethics Committee of the General University
Hospital in Prague, Czech Republic. Each participant provided
written informed consent.

2.2. Speech Examination

The audio recordings took place in a quiet room with mini-
mal background noise. A head-mounted condenser microphone
(specifically, the Beyerdynamic Opus 55) was used, positioned
at a distance of approximately 5 cm from the subject’s mouth
[15]. The speech data were sampled at a frequency of 48 kHz
with a resolution of 16 bits. Each participant underwent a single
recording session, which was conducted by a speech specialist.
During the recording session, the participants were instructed
to perform phonetically balanced reading passage tasks. These
tasks involved reading a standardized text consisting of 313
words. The text was carefully chosen to include familiar vo-
cabulary and grammatical structures that are relevant and up-
to-date.

2.3. Long-Term Average Spectrum

To process the speech signal, pause intervals (>30 ms) were
identified and eliminated using an automatic segmentation tool
designed for connected speech [16]. Only the segments contain-
ing speech were retained for further analysis, including the es-
timation of the LTAS and its derived moments. The speech sig-
nal was then divided into sections of 50 milliseconds in length
with a 50% overlap [17]. The Hamming window, as described
in [18], was applied to each section. Power spectra were com-
puted using the fast Fourier transform for every section, and
these spectra were then averaged to obtain the LTAS estima-
tion. This specific technique is referred to as Welch’s method
[19]. For each patient with PD, the spectral moments (spectral
mean and standard deviation) were calculated, following the ap-
proach described in [20]. Additionally, derived measures such
as skewness and kurtosis were computed. These calculations
were performed for both the DBS ON and DBS OFF stimula-
tion states of the PD patients, as well as for the HC subjects.

The first spectral moment (spectral mean) is given by equa-

tion 1:

MS
1 =

1

W

N∑
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F (i)PSD(i), (1)

where W =
∑

i PSD(i), F represents a frequency vector and
PSD denotes a power spectral density. The second spectral
moment (spectral standard deviation) SDS is given by equation
2:
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The third spectral moment represented by spectral skewness
MS

3 is given by equation 3:
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The spectral skewness is a metric used to assess the asymme-
try of the frequency distribution of energy. A negative skew-
ness value indicates that the left tail of the energy distribution
is longer, and vice versa. The fourth spectral moment based on
the spectral kurtosis MS

4 is given by equation 4:
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4 =

1

W
(
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)4

PSD(i). (4)

Spectral kurtosis is a measure that quantifies the presence of
outliers in the energy distribution. A higher kurtosis value indi-
cates a distribution with heavy tails.

2.4. Acoustic parameters of hypokinetic dysarthria

We selected the following 7 acoustic parameters that allow
quantitative acoustic assessment that corresponds to the percep-
tual description of hypokinetic dysarthria by the landmark study
of Darley et al [21]. The standard deviation of power (stdPWR),
defined as the standard deviation of speech intensity contour ex-
tracted from voiced segments, captures the abnormal variation
of loudness reflecting typically poor respiratory-phonatory co-
ordination and control. The standard deviation of fundamental
frequency (stdF0), defined as the standard deviation of funda-
mental frequency contour converted to semitone scale, a percep-
tual feature of decreased voice melody variation (monopitch), is
associated with the hypoadduction of the vocal folds. The mean
value of fundamental frequency (F0) was also used as a de-
scriptor due to relationships between LTAS and mean F0 change
found in previous study [13]. Cepstral peak prominence (CPP),
defined as the measure of cepstral peak amplitude normalized
for overall amplitude, is an acoustic measure of voice quality
that is related to hoarseness and breathiness. Resonant fre-
quency attenuation (RFA), defined as the differences between
the maxima of the second formant region and minima of the lo-
cal valley region called antiformant, represents decreased spec-
tral energy as a result of decayed articulatory movements [22].
Since difficulties in initiating speech have a considerable effect
on pause duration, Duration of pause intervals (DPI), defined as
the median length of pause intervals, was used to reflect hypoki-
nesia of the movements involved in initiating speech and pause
production. Net speech rate (NSR), defined as the total number
of words divided by the total duration of speech after the re-
moval of pauses, is a standard measure of dysfunctional speech
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frequently manifesting as slow speech, not only due to the slow-
ness of individual movements but also as a compensatory mech-
anism for increasing the intelligibility of speech. The compre-
hensive algorithmic description of acoustic measurements used
can be found in a previous study [23].

2.5. Statistical analysis

Since the spectral moments and the acoustic parameters were
not normally distributed (Kolmogorov–Smirnov test), correla-
tions between DBS ON and DBS OFF (∆ = OFF - ON) state
differences of LTAS spectral moments and ON and OFF state
differences of acoustic parameters were computed using the
Spearman approach. To evaluate the statistical differences be-
tween the groups under examination (HC, DBS ON, and DBS
OFF), a nonparametric Friedman test was employed. Follow-
ing the Friedman test, post hoc analysis was conducted using
the Fisher least significant difference adjustment method. The
significance level was set at p < 0.05.

3. Results
3.1. LTAS correlation with acoustic parameters

The statistically significant correlation between acoustic param-
eters and LTAS moments can be seen in Figure 1.

3.2. Group differences

We found statistically significant differences for the DPI, RFA,
stdF0, and between the HC and both DBS ON, and DBS OFF
groups, while differences between DBS OFF and DBS ON were
found only for the stdF0 (Figure 2). The statistically significant
differences for the NSR and stdPWR were found only between
HC and DBS OFF group. In addition, we found statistically sig-
nificant differences in all the spectral features between the HC
and both DBS ON, and DBS OFF groups, whereas the differ-
ences between DBS OFF and DBS ON were found only for 1st
spectral moment (Figure 3).

4. Discussion
In this study, we examined the relationship between LTAS vari-
ables with acoustic measures that relate to main aspects of
parkinsonian dysarthria pathophysiology. The change in DBS
conditions highlighted mutual changes in LTAS variables and
voice quality, articulatory decay, articulation rate, and mean
fundamental frequency. Due to the effect of STN-DBS, first
and second LTAS coefficients were increased while third and
fourth were decreased from OFF to ON states.

The increase in mean F0 was reflected by an increase in the
third and fourth LTAS coefficients. Although we did not find
a direct correlation between mean F0 and the first or second
coefficient, the inversed direction of change between the first
and second two LTAS coefficients can be expected due to DBS,
suggesting that mean F0 decline has also an impact on lowering
spectral mean. This would be in good agreement with previous
studies suggesting that the spectral mean probably reflects the
changes in the fundamental frequency of the voice [13].

The highest correlations were observed between an increase
in LTAS mean (as well as a decrease in skewness and kurto-
sis) and an increase of voice quality via CPP from OFF to ON
states. This finding is consistent with a previous study [11],
which observed differences in LTAS between groups of speak-
ers with normal and disordered speech, despite similar sentence
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Figure 1: Results of correlation analysis between acoustic pa-
rameters and LTAS moments for differences (∆ = OFF - ON).
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intelligibility. The study suggested that the observed differences
in LTAS were primarily attributed to reduced vocal cord move-
ments rather than articulatory dysfunction. However, one would
expect that the resulting high-frequency noise in the spectrum
may shift the spectral mean higher and reduce skewness, which
is opposite to our experimental findings. However, the values of
CPP were not generally different between PD and healthy con-
trols in the current study, which is contrary to previous studies
in PD without STN-DBS [24], [25], and thus this finding needs
further validation in future research.

For the articulation subsystem, an increase of spectral mean
was associated with increase in articulatory clarity via RFA.
Our results thus confirm that changes in LTAS descriptors for
speakers with dysarthria may be attributed to both phonatory
and articulatory impairments, although dysphonia seems to play
a bigger role in the estimation of resulting spectral coefficients.
Indeed, the LTAS is a composite signal reflecting the spectrum
of the glottal source (i.e., fundamental frequency) as well as the
resonant characteristics of the vocal tract (i.e., formants).

Last but not least, our study found a relationship between an
increase in spectral mean as well as standard deviation and a de-
crease in articulation rate. To the best of our knowledge, this is
the first time study to report that LTAS characteristics are influ-
enced by articulation rate. PD typically manifest oral festination
and short “rushes” of speech that are closely connected with
changes in speaking rate. However, discrepant findings about
speaking rate in PD exist in the literature [26]. PD patients were
assumed to produce speech at a faster rate because of articula-
tory difficulties, in which the contrast between different speech
sounds might be blurred, causing an increased speech rate [27].
Also, self-timing impairment for motor movements might play
a role in increased articulation rate [28]. On the other hand, a
number of previous studies have demonstrated slower speaking
rates in some patients with PD [26]. These extreme speech rate
disturbances in both directions could be expected due to STN-
DBS and might thus influence resulting LTAS coefficients as
observed here.

5. Conclusions
We found that the majority of selected acoustic features of hy-
pokinetic dysarthria were able to differentiate between HC and
STN-DBS ON or OFF states. However, only spectral mean and
stdF0 were able to distinguish also between STN-DBS ON and
OFF states. The spectral mean not only captures changes in
F0 but also encompasses other important aspects of hypokinetic
dysarthria, including articulatory precision and speech rate.
Therefore, measuring the LTAS from speech signals presents
a promising technological approach for the automated assess-
ment of stimulation-induced dysarthria. This becomes particu-
larly relevant considering the potential future advancements in
adaptive DBS for PD patients. Adaptive DBS holds the promise
of significantly improving the quality of life for individuals with
PD [29]. In addition, LTAS may serve in a future as a predic-
tive index of speech deterioration from pre-operative to post-
operative STN-DBS [30].
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