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Abstract: The acoustic and kinematic analyses of
speech represent non-invasive and cost-effective
tools to support clinicians in the assessment of bulbar
dysfunction, which is particularly challenging in
amyotrophic lateral sclerosis (ALS). In this study, we
applied multimodal speech analysis to identify
suitable acoustic and kinematic biomarkers
potentially able to detect bulbar impairment,
particularly the presence of dysphagia in its early
stages. Our results revealed clear distinctions
between dysphagic and non-dysphagic individuals
with ALS during connected speech, with the third
formant and speech timing metrics being the most
significant features (p < 0.001). Our findings suggest
that a reduced F3 and an increased duration of
pauses during connected speech may serve as
important biomarkers for detecting the onset of
dysphagia in ALS.
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[ INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a rare
neurodegenerative disease, with a survival time ranging
from 3 to 5 years, depending on several factors,
including age, type of onset (spinal or bulbar), and
disease progression rate [1]. ALS is characterized by the
degeneration of the motor neurons, causing paralysis of
the limbs, trunk, and orofacial muscles.

ALS is frequently accompanied by bulbar
impairments, including speech and swallowing
disorders [2], which are hallmarks of decreased quality
of'life, shorter survival time, and overall progression [3].
Among bulbar symptoms, dysarthria and dysphagia are
the two most prevalent and clinically significant.
Specifically, dysarthria is a motor speech disorder
caused by loss of articulatory strength and control [4].
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Dysphagia is associated with difficulty in safely and
efficiently swallowing food and liquids, predominantly
affecting the oral and pharyngeal phases of swallowing
[5]. Dysphagia reduces the ability to eat normally,
increasing the risk of malnutrition, aspiration
pneumonia, and death [6]. Therefore, early and accurate
detection of dysphagia and its decline is fundamental to
gaining insights into disease progression, preventing
severe clinical complications, and rapidly accessing
tailored therapeutic strategies [7]. Given that the
anatomical structures responsible for speech production
and swallowing largely overlap [8], dysarthria and
dysphagia frequently co-occur in individuals with ALS
[9].

The gold standard instrumental assessment methods
for swallowing are the fiberoptic endoscopic evaluation
of swallowing (FEES) and the videofluoroscopic
swallowing study (VFSS) [10]. However, these methods
require specialized personnel, in-clinic visits, and can
cause discomfort, pain, and even severe complications,
such as laryngospasm [11], or require radiation
exposure.

In recent years, the acoustic and video analyses of
speech production have emerged as promising pathways
towards more accessible methods of bulbar function
assessment in ALS [12], [13]. Preliminary results have
shown that acoustic and kinematic features of speech
and orofacial functions may be correlated with bulbar
decline in ALS [14], [15]. Recently, a growing number
of studies have applied voice analysis for detecting
dysphagia in various neurological conditions [16], [17],
identifying acoustic parameters that may provide useful
insight into dysphagia, including frequency perturbation
(e.g., relative average perturbation), amplitude
perturbations (e.g., shimmer), and harmonic-to-noise
ratio [18]. However, these studies mainly rely on
sustained phonations (e.g., vowel /a/) or syllable
repetitions and do not exploit kinematic analysis of
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speech. Also, to the best of our knowledge, none of the
previous studies investigated dysphagia through speech
acoustics in ALS.

We fill this gap by exploiting acoustic and kinematic
analysis of speech to objectively describe dysphagia in
ALS. Our goal is to identify objective and non-invasive
metrics capable of detecting early signs of bulbar
impairment, specifically swallowing difficulties.

II. METHODS
A. Data collection

Fifteen individuals with ALS, aged 52-81 years
(mean = 64.2 & 8.5 years, 7 females, 4 bulbar onset, total
ALSFRS-r = 39.5 + 5.3), were recruited at the
Neurology Unit of the Pisa University Hospital. The
inclusion criteria required participants to have been
diagnosed with ALS, with symptom onset within 18
months from the screening visit, without a previous
history of speech, swallowing, or oro-facial
impairments.

Each participant was asked to perform several speech
tasks, including sustained phonation of vowels,
diadochokinetic repetitions of /pa/ and /pataka/, a
connected speech task involving picture description, and
reading aloud a passage , which was proven to provide
informative metrics of ALS bulbar dysfunctions [14].
The passage was the Italian phonetically balanced text
“Il deserto” [19].

Speech signals were recorded at 44.1 kHz using two
high-quality microphones (Sennheiser MKE 200 for
voice recording and Rode SmartLav+ for environmental
noise), while orofacial movements were simultaneously
video-recorded via a front-facing webcam (Razer Kiyo
4MP) positioned approximately 50 cm from the
participant’s face. A custom Python GUI was developed
to streamline the recordings, ensuring synchronization
between audio and video streams. Data collection was
carried out in a quiet room of the Cisanello hospital in
Pisa, and participants were asked to stay seated during
the test.

Clinical assessments included: ALS functional rating
scale revised (ALSFRS-R), Penn Upper Notor Neuron
score (PUMNS), Medical Research Council (MRC)
scale for the assessment of muscle strength, and
instrumental assessment via FEES. In this study, we
considered the pooling score [20] obtained from FEES
exam, which indicates the level of bolus residue and
swallowing dynamics.

B. Audio and video analyses
For each frame of the video recordings, the facial

region of the participant was identified using the single-
shot scale-invariant face detection model [21].

Subsequently, the 3D coordinates of 68 facial landmarks
were extracted using the face alignment network [22],
therefore, estimating the positions of the mouth, jawline,
nose, eyes, and eyebrows. From these landmarks, we
computed a set of features describing the range of
motion, speed, symmetry, and shape of different parts of
the face [2]. Specifically, we compute cumulative path
travelled by the lower lip and by the jaw, the mean value
and the range of the mouth area with respect to the rest
position, the maximum and minimum mouth speed,
lower lip, and jaw, the absolute difference between right
and left mouth areas, the correlation between right and
left mouth corners movements, the mean value of mouth
eccentricity, and the range of mouth eccentricity. All the
features were normalized by the intercanthal distance to
ensure consistency across frames.

From the audio recordings, we extracted several
acoustic features related to phonation, prosody,
articulation, speech timings, and intelligibility. These
features were computed using Python programming
language, by exploiting Parselmouth [23], a Python
library implementing Praat functions [24], and
MATLAB 2024b. First, we transcribed the audio by
using the WhisperX automated speech recognition
(ASR) model [25], which provided both the
transcription of speech recognized and word-level
timestamps, with its own level of confidence. Therefore,
we derived several speech timing metrics, such as inter-
word interval, speech and articulation rate, articulation
entropy, pause percentage, confidence score metrics,
and word error rate. These features reflect several
aspects of speech timings, velocity, and articulatory
difficulty. Additionally, to face the difficult recognition
of ASR in the case of a dysarthric speaker, we identified
speech activity by applying a voice activity detection
(VAD) algorithm [26], and we used these timings to
compute metrics of speech/silent timings.

We also utilized Praat functions to extract additional
acoustic features, including metrics of fundamental
frequency (F0), jitter, shimmer, harmonics-to-noise
ratio (HNR), and cepstral coefficients, as well as first,
second, and third formants (F1, F2, F3, respectively).
We followed the Praat guidelines [24] to impose
minimum and maximum pitch frequencies and formants
depending on the participant's sex. Furthermore, we
derived articulatory features from vowel formant
measures. In particular, we identified words with corner
vowels from the ASR transcript, and then we aligned
them at the phoneme level using the Wav2Vec2 force
alignment (FA) algorithm. Then, we extracted F1, F2,
and F3 centered at the vowel estimated time. Finally, we
computed the vowel space area (VSA), formant
centralization ratio (FCR), and the ratio between F2 of
/il and F2 of /u/.

Overall, 132 features were extracted, with 106
coming from audio and 26 from video.



C. Statistical analysis

Participants were divided into two groups based on
the pooling score with a solid-dry bolus [20]:
participants with a pooling score lower than 6 (non-
dysphagic group); and participants with a pooling score
higher than or equal to 6 (i.e., associated with mild,
moderate, or severe dysphagia) [20]. We chose to
investigate the solid-dry score, since dysphagia for
solids is generally one of the first symptoms of
swallowing impairment in ALS, due to reduced tongue
propulsion resulting from lingual muscle atrophy [27].

We applied the maximum relevance minimum
redundancy (mRMR) algorithm to rank the features
based on the outcome obtained with the pooling score.
For the statistical analysis, we applied the Shapiro-Wilk
test to assess normality of the data distribution, and we
applied a t-test or a Mann-Whitney test to find any
statistically significant difference for each feature across
groups.

III. RESULTS

nking with mRMR

pvalue

Fig. 1: top-ranked acoustic and kinematic features with
the mRMR algorithm and their p-value.

Among all the participants, 14 completed all
assessments, whereas one withdrew before the audio-
video recording. Based on the pooling score, 5
participants belonged to the first group (no dysphagia,
66.40 £ 10.67 years, 5 females, 2 bulbar onset), with a
duration of the recording equal to 131.02 + 59.45
seconds, while the remaining 9 were included in the
second group (62.00 + 6.90 years, 2 females, 2 bulbar
onset), having a recording duration of 110.65 + 58.77
seconds. Fig. 1 shows the features ranking and the
highest statistical difference. Notably, the number of
statistically different acoustic features is much higher
than the kinematic features, which are significant only
for the minimum acceleration of the lower lip.
Interestingly, the most important features according to
the mRMR ranking are not necessarily those showing
the strongest statistical significance between groups.

The results in Fig. 2 showed that highly significant
differences exist between dysphagic and non-dysphagic
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groups for F3 metrics, with individuals with dysphagia
showing higher values. In contrast, non-dysphagic
participants showed statistically significantly lower
values for pause time metrics.
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Fig. 2: boxplots of the features with the largest
statistically significant differences.

IV. DISCUSSION

In this study, we analyzed audio and video recordings
of ALS individuals during a speech task. We aimed to
identify any acoustic and kinematic features statistically
different between participants with and without
dysphagia. The acoustic and kinematic features were
directly extracted, considering the entire audio, which
differs from all the previous studies focused
predominantly on phonation [17]. Metrics of F3 showed
the largest statistical difference and importance, with
reduced mean values and standard deviations in the
group with dysphagia.

This behavior of F3, associated with the position of
the soft palate and velopharyngeal closure, aligns with
the finding of [28]. Although the association between
velopharyngeal deficit and solid-dry dysphagia is not
yet fully understood, a reduced F3 could indicate an
incomplete  velopharyngeal closure, potentially
contributing to less efficient swallowing. Moreover, we
found pause duration metrics to be statistically different,
with increased values in the case of dysphagia. These
results reflect the findings of studies on bulbar
impairment [29], [30], which highlighted higher pause
time and lower speech rate in cases of speech
impairment, especially with the bulbar onset and with
the disease progression. Therefore, our work contributes
to supporting and promoting future research on the
identification of features that may reveal difficulties in
swallowing before they become clinically obvious.

This study is limited by the small sample size and the
restricted set of analyzed speech tasks. Moreover, since
the audio was analyzed entirely, some important speech
acoustic metrics may be averaged and are not easy to
interpret. However, connected speech is a more
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comprehensive task, which includes also more complex
tasks than simple vowel phonation, allowing the
analysis of more complete articulatory movements.

Future work should explore other tasks, speech
parameters, more detailed analysis, and a larger dataset.
Additionally, a longitudinal study may confirm these
findings, allowing for making predictions of the bulbar
decline.

V. CONCLUSION

This study highlights that acoustic and kinematic
analysis of connected speech can provide valuable
biomarkers for the assessment of dysphagia in
individuals with ALS. Measures of F3 and pause
timings emerged as the most sensitive indicators. These
findings aim to support research in the use of speech-
based approaches as a tool to support clinicians in the
assessment and monitoring of swallowing impairment,
offering a more accessible, non-invasive, and cost-
effective solution to traditional assessment methods.
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