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Abstract

Genetic syndromes have been studied by extensive research allowing a better definition of their clinical manifestations, natural
history, and etiopathogenetic mechanisms. Nevertheless, some relevant, but still unexplored aspects of these multisystemic
conditions need to be clarified. One of these aspects is the characterization of the vocal production, especially in some
genetic syndromes in which the distinctive voice is the hallmark of the syndrome (e.g., Cri du chat syndrome, CdCS). The
aim of this study is to provide a detailed description of phonotype of patients affected by CdCS. We prospectively recorded
and analysed acoustical features of three corner vowels [a], [i], and [u] and number listing from 1 to 10 of 29 patients with
molecularly confirmed CdCS (age range 4-21 years; mean 11 + 6; median 10 years). For perceptual analysis, the GIRBAS
scale was completed. The acoustical analysis was performed through BioVoice software. When stratified by age and gender,
in the older men subgroup the grade, roughness, and asthenia mean values are the highest for each vowel, when compared
with values of the same parameters obtained in the other subgroups. Statistical analysis highlighted 26 significant differ-
ences: 38% (10) concern the sustained phonation of /a/, 27% (7) are related to /i/ whereas 19% (5) to /u/. Ratiol, Ratio2,
VSA, and FCR were also significant.

Conclusion: The voice production not only conveys linguistic and paralinguistic information but also can give information
regarding the speaker’s biological and clinical characteristics.
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Abbreviations Introduction

aTBN Average time between each number

CdCS  Cri du chat syndrome Cri du chat syndrome (CdCS; OMIM #123450; ORPHA
FCR  Formant centralization ratio #281), also known as Sp-syndrome, is a neurodevelopmental
NNE Normalized noise energy disorder caused by deletions of variable size in the short arm
PUVS Percentage of unvoiced segments of chromosome 5 with an incidence ranging from 1:15,000
sTBN Standard deviation time between each number to 1:50,000 live births [1, 2]. A clinical diagnosis is possible
VSA  Vowel space area but karyotype analysis, both with conventional techniques
VSL  Voice segment length and array CGH are mandatory to define the size of the dele-

tion, which is clinically relevant, and to identify the 10%
of cases in whom the type of chromosomal anomaly may
affect family planning. Approximately, 90% of cases are de
novo, mostly of paternal origin, and 10% are inherited [3].
No differences in prevalence between races or geographical
areas have been found or related to prenatal events or age of
the parents [4]. Most cases (80 to 90%) result from terminal
deletions while the remaining are due to an interstitial dele-
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and severity [6]. The name of the syndrome means a cat’s
meow as the CdCS cry is monochromatic and with high-
pitched tone [7]. In addition, affected patients present low
birth weight and growth delay, head circumference below
the 3rd percentile (microcephaly), facial asymmetry, ten-
dency to keep head bent forward, epicanthal folds, hypo-
tonia, ocular hypertelorism, low-set ears, prominent nasal
bridge, micrognathia, and severe developmental delay (aver-
age 1Q of 47.81) [8-10], including difficulties in mobility,
dexterity, and verbal communication [11, 12]. Cardiac and
renal malformations have also been reported [9]. Isolated
pontine hypoplasia is the most common neuroradiological
finding [13], and an abnormal hypermetabolism in the brain
is observable in CdCS patients with severe deficits in intel-
lectual and adaptive functioning [14].

Cat-like cry and peculiar timbre of voice are the hallmark
signs of the syndrome, not only at birth but also later, and
these are the only signs which might suggest the diagnosis
in patients with small deletions and mild clinical picture [9].

Perceptual assessment and digital acoustic analysis of
voice are fundamental for the evaluation of specific voice
characteristics [15]. The growing knowledge in the field of
acoustics, together with the diffusion and accessibility of
software to perform acoustical analysis, has fostered the
study of human voice. However, except for few genetic
conditions, no scientific trial focusing on the voice analysis
has been systematically conducted on patients affected by
genetic syndromes [16, 17].

Given the extremely fragmented knowledge of voice phe-
notype and paucity of vocal data available on genetic syn-
dromes, we herein provide a detailed description of patients
affected by CdCS focusing on their voice characteristics.

Participants and procedure
Participants

Patients with a confirmed molecular diagnosis of CdCS were
prospectively recruited from Rare Disease and Transition
Unit of the Paediatrics Department, Fondazione Policlinico
Agostino Gemelli IRCCS/Medical Genetics Unit, Rome, and
from the Italian Cri du chat Association (ABC Associazione
Bambini Cri du chat Onlus, Italy) over a 6-month period.

Inclusion criteria were the laboratory confirmation of
clinical diagnosis and the acquisition of the informed con-
sent of parents, legal representatives, or the patients them-
selves. No age limits were set. Patients were excluded if
a concomitant acute inflammatory pathology of the upper
respiratory tract was in place.

The normative group, instead, comprised healthy siblings
(no age restriction) of enrolled patients whose parents agreed
to participate in the study.
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Two subgroups on the basis of the following age brack-
ets were made: 3—12 years (paediatric subjects, hereinafter
denoted with the acronym PS), 13 years and older (adults,
distinguished in females and males and denoted with the
acronym AF and AM, respectively) [18]. The Local Ethical
Committee approved the study (ID 5802), and all research
procedures were in line with the Declaration of Helsinki.

Procedure
Voice recording

Before starting the voice recordings, precise instructions
were given. Specifically, each participant was asked to pro-
duce a message containing the three corner vowels [a], [i],
and [u], prolonged for at least 3 s, and the list of the Italian
numbers from one to ten, in ascending order [18-21]. The
recording was performed at the normal ‘speaking voice’,
with a constant pitch and intensity. The recordings were
made using a smartphone, in a silent environment (<40 dB
of background noise) [22], with the device’s microphone
placed at a constant distance of about 15 cm from the lips
(to avoid interference from ambient noise), angled at 45° (to
avoid disruption of airflow) [23].

Signal selection

The vocal signal was acquired by smartphone as a .wav. file,
imported into a laptop, and then converted to .mp3format
[24]. The vocal signal was checked to verify the absence of
background noises [22]. Through Audacity software (Audac-
ity Team 2011) a 3-s central stationary segment was selected
from each prolonged vowel in line with Frassineti et al. pro-
cedure [25]. Vocal attack and extinction were excluded from
the analysis as they represent the most unstable portions of
the vocalisation due to aerodynamic and muscular factors.

To perform the selection of a stationary segment, the sig-
nal waveform, the signal itself amplified, the fundamental
frequency curve, the intensity curve, the wide-band spec-
trogram, and the formant traces were displayed. Stationar-
ity was assessed as the existence of a relative constancy or
uniformity of trends of all these parameters simultaneously.

In cases where the acquired vocalisations had a duration
of 3 s or less, it was still possible to analyse the signal, con-
sidering only the central stationary segment and excluding
the initial and final 100ms from the analysis.

Perceptual and acoustical voice analysis

For perceptual analysis, two otolaryngologists (ENT) with
more than 20-year experience in voice assessment (MM
and LD) and a speech language pathologist (ES), screened
patients’ voices for presence of high-pitched tone, roughness,
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and marked open nasality (open rhinophonia), and pos-
sible discrepancies were solved in a consensus meeting.
Subsequently, the GIRBAS (grade, instability, roughness,
breathiness, asthenia, and strain) scale was completed by
one ENT (MM) for each vowel production of every patient.
Each dimension was rated on a four-point scale where 0 =
no perceived abnormality, 1 = mild, 2 = moderate, and 3 =
severe abnormality and finally total GIRBAS score calcu-
lated by averaging all scores [20, 21, 26].

Acoustical analysis was performed through the BioVoice
software tool [27]. This tool automatically selects the proper
frequency ranges to compute 37 acoustic parameters based
on the type of emission (voice, cry, or singing voice), age
(child or adult), and gender (male or female) in both fre-
quency and time domains.

The acoustic parameters used to characterise the three
sustained vowel emissions of each participant for phono-
typing purposes were the fundamental frequency FO (Hz),
jitter (local) (%), normalized noise energy (NNE), and the
first, second, and third formant (F1, F2, and F3, respectively)
(Hz), indicative of the action of the supraglottic filter rather
than the laryngeal oscillator, were also calculated. For each
parameter, the mean, median, minimum (min), maximum
(max), and standard deviation were also computed. Moreo-
ver, five parameters were calculated: the vowel space area
(VSA), the formant centralization ratio (FCR), and three
formant ratios. The VSA represents a metric sensitive to
vowel dispersion, related to articulatory capabilities [28].
The FCR was introduced by Sapir et al. [29] as a metric
to assess the degree of dysarthria. The formant ratios are
used to monitor formant trajectories and articulatory skills.
The first two formant ratios are sensitive to tongue vertical
movements, whereas the third to horizontal ones [29] (Sup-
plementary table 1). Therefore, a total of 116 (37 features
for each corner vowel + five additional formant metrics)
parameters were obtained.

The acoustic parameters used to characterise the emission
of number listing task were the following:

e Average time between each number (aTBN), defined as
the average time difference in seconds between the offset
and onset of two consecutive numbers.

e Standard deviation time between each number (STBN).

e Voice segment length (VSL), representing the temporal
length in seconds of each number.

e Percentage of unvoiced segments (PUVS), which is the
percentage of unvoiced segments in the whole recording.

e Task length, i.e., the length of the whole number listing
sequence.

These features proved to distinguish dysarthric and dys-
prosodic from healthy speech in neurodegenerative dis-
eases such as Parkinson’s [19] and in patients diagnosed

with genetic syndromes [25]. The acoustic parameters were
calculated with a custom code written in MATLAB 2022b
(The MathWorks, Inc., Natick, MS, USA).

Statistical analysis

Descriptive statistics were performed on demographic and
clinical characteristics in the data set. Results are presented
as mean =+ standard deviation. Due to the small sample size,
statistical analysis was performed by comparing pathologi-
cal and healthy groups, without considering age or gender,
with a Mann—Whitney U test with level of significance o set
to 0.05 (after checking for the normality assumption with a
Shapiro—Wilk test). Moreover, a feature reduction strategy
was adopted by implementing Spearman correlation analysis
(with a threshold p = 0.8) to remove highly related features
and identify more relevant acoustic parameter to character-
ise the CdCS population. The strength of agreement among
perceptual analysis assessors (inter-rater reliability) was cal-
culated by Krippendorff’s a [30].

Results
Participants

Forty-one patients with CdCS were prospectively recruited.
Of them, n=29 unrelated participants were included in the
study. The remaining n=12 patients were excluded because
they were not able to complete the task owing to a severe
language delay. The rearrangements observed in our cohort
were terminal deletion (n= 24/29, 83%), interstitial deletion
(n=4/29, 14%), and ring deletion (n=1/29, 3%) (Table 1).

In the 3—12 years subgroup, a total of n=>5 children were
included (2M; mean age 8.8 years + 2.4; median age 10
years; age range 5—11 years) (group a); in the 13 years
and older subgroup a total n=24 of adults were included,
of whom n=12 adult females (mean age 24.4 years + 8.6;
median age 23.5 years; age range 14—40 years) (group b);
and n=12 adult males (mean age 31 years + 9.3; median age
31; age range 14-49 years) (group c). All the CdCS patients
presented a mild-to-severe cognitive impairment and were
affected by microcephaly (n=29/29, 100%).

Normative group was composed by n=45 healthy sub-
jects. In the 3—12 years subgroup, a total of n=20 children
were included (mean age 8.5 years + 2.3; median age 9
years; age range 5—13 years); in the 13 years and older sub-
group, a total of n=25 adults was included, of whom n=10
adult females (mean age 28.2 years + 5.7; median age 29.5;
age range 16-38 years) and n=15 adult males (mean age 28
years + 5.9; median age 30 years; age range 15-35 years).
The normative adult subgroups were composed by only non-
smoking participants [31].

@ Springer
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Table T Main genetic ﬁndings Deletion Duplication Voice
in our cohort of 19 patients
p5- extension Hoarse (severe) High pitched
with rhinophonia
(severe)
1 (15.33p14.1) 25.5 Mb +
2 (15.3p15.2) 11.8Mb
3 (pter 14.1) 28 Mb +
4 (pter14.3q35.3) +
5 (15.33p15.2) 14.3 Mb
6 (pterp15.33) +
7 (14.3) +
8 (pter p15.2) 11.14 Mb +
9 (15.33-15.1) +
10 (pter p15.1) +
11 (15.33p.15.31) 8 Mb (19)(p13.3) +
12 (pter p14.3) (6)(g25) +
13 (pter pl4.1)
14 (p15.31p13.2)
15 (pter p14.1) +
16 (pter p14)
17 (pter p14)* +
18 (15.33-15.2) (3)(q13.13)
19 (pter p15.1) +
20 (pter pl4) +
21 (15.33-15.2) 13.2 Mb
22 (15.33-15.2) (X)(p22.3)
23 (pter p14)
24 (15.33-13.3) (5)(5p13.3) +
25 (pter pl4.1)
26 (p15.2p14.1)
27 (pter pl4.1) +
28 (pter p14.2)
29 (pterl5.1)

“Mosaicism 50-50% from birth

Procedure

The vocal signal was acquired by smartphone devices.
During voice registration, background noises never
exceeded 40 dB. Based on the experts’ assessment,
the perceptual analysis showed that high-pitched tone
(n=19/29), roughness (n=13/29), and open rhinophonia
(n=25/29) were commonly present, in 65%, 45%, and 86%
of patients respectively. The level of agreement between
the evaluators was high (a=0.8).

Table 2 shows the perceptual analysis results measured
by GIRBAS scale. When stratified by age and gender, in
the older men subgroup (group c), the grade, roughness,
and asthenia mean values are the highest for each vowel, if
compared with values of the same parameters obtained in
the other subgroups (a and b).

@ Springer

Table 3 report the statistical description of both
healthy and pathological population, highlighting the
mean and standard deviation for FO mean, FO min, FO
max, jitter, NNE, F1 mean, F2 mean, F3 mean, and vowel
length for each corner vowel /a/, /i/, and /u/. Moreover,
these parameters were grouped by age and gender. Simi-
larly, Supplementary table 2 concerns the articulatory
parameters.

Correlation analysis was applied to the pathological
group only. A set of 45 acoustic parameters was retained,
which were used as comparison metrics with the healthy
population. Statistical analysis highlighted 26 significant
differences: 38% (10) concerns the sustained phonation
of /a/, 27% (7) are related to /i/ whereas 19% (5) to /u/.
Ratiol, Ratio2, VSA, and FCR were also significant. Spe-
cifically, with respect to the control group:
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Table 2 GIRBAS evaluation of

CdCS subgroups G I R B A S

CdCS cohort expressed as mean

and +standard deviation JA/
Group PS 0.50, 0.50 2.00, 0.71 0.75, 0.83 1.00, 1.22 1.00, 0.71 0.50, 0.50
Group AF 0.67, 0.85 1.50, 0.96 1.17,0.80 0.58, 0.64 1.00, 0.91 0.83,0.99
Group AM 1.64, 1.07 2.25,0.92 1.92,0.86 1.00, 0.95 1.58, 1.04 0.42,0.49
1/
Group PS 1.00, 1.41 1.75,0.83 1.25,1.30 1.50, 1.50 1.50, 1.12 1.00, 1.22
Group AF 0.50, 0.76 1.50, 1.04 1.00, 1.00 0.50, 0.50 1.25,1.09 1.17, 0.99
Group AM 1.50, 1.12 2.00, 1.00 2.09, 1.08 1.00, 1.04 1.75, 1.09 0.45, 0.66
/ul/
Group PS 0.00, 0.00 1.80, 1.17 0.60, 0.80 0.25,0.43 1.40, 1.02 0.60, 0.80
Group AF 0.38,0.70 1.17, 0.80 0.73,0.75 0.33,0.47 1.42,0.95 0.58, 0.86
Group AM 1.50, 0.92 1.67,1.25 1.83, 0.80 0.73,0.96 2.08, 0.95 0.09, 0.29

Group PS, tot n=5; group AF, tot n=12; group AM, tot n=12

FO mean /a/ is higher

Formant F2 and F3 for /a/, /i/, and /u/ are lower
Sustained vowel phonation time for /a/ and /u/ are shorter
Jitter /u/ is higher

VSA is lower

FCR is higher

Formant ratios Ratiol and Ratio2 are lower

Figure 1 and Supplementary fig. 1-4 show the boxplots
for the significant metrics.

As far as the number listing task is concerned, Sup-
plementary table 3 summarises the statistical description
of CdCS and HS population, divided by age and gender.
Moreover, a Mann—Whitney test highlighted that aTBN,
sTBN, PUVS, and task length are significantly different
between CdCS and control groups. Particularly, the average
time between numbers and its variation (aTBN and sTBN),
the percentage of unvoiced parts in the number sequence
(PUVS), and the overall task length are higher for the CdCS
with respect to the control group.

Discussion

Genetic factors play an important role not only in the deter-
mination of distinct phenotypes and neurobehavioral pro-
files, but also in establishing voice patterns with constant
and recognizable sound characteristics. Vocal production
is the result of several interacting components. Mechani-
cally, voice sound production involves vocal fold vibration
and the subsequent selective amplification of the airflow
through the vocal tract [32]. Formants are prominent reso-
nances resulting from the specific configuration of the vocal
tract at a given moment; specifically, F1 and F2 relate to the
movement of the jaw and tongue, whereas F3 depends on
lips rounding. In general, the first formant has an inverse

relationship to the opening of the mouth: F1 is higher the
lower the jaw and vice versa. The second formant has a
direct relationship with the tongue: F2 is higher the further
forward the tongue is in the oral tract and vice versa [28].
The examination of the first two formants involves knowing
the activity of some essential organs in the articulation of
speech, and it is important for measuring speech intelligibil-
ity [33, 34]. A classic measure used in this type of studies
is the VSA, related to the dimensions of the acoustic vowel
chart formed the first two formants of a vowel. The VSA
space reflects the degree of separation between the vowels of
a speaker, that is, the articulatory distinction between them
in the same speaker. Previous studies on CdCS reported
that the majority of patients (88.25%) have a high-pitched,
monochromatic cat-like cry and acute voice [5, 9, 35-38].
The pathogenesis is attributable to the anatomical altera-
tion of the laryngeal morphology, which may be a result of
a small, floppy epiglottis, hypoplasia of the larynx, narrow
or diamond-shaped larynx, and abnormal airspace in the
posterior area during phonation [39]. Recently, Mazzocca
et al. described CdCS voice using a spectrographic analysis
as mostly monotonous, with poor intelligibility and a stiff
vocal attachment [10].

In our study we found that for CdCS children the /a/
FO mean (356485 Hz) was on average more than 100 Hz
higher than the healthy controls (250+29). This confirms
that CdCs children have higher voice pitches, as for percep-
tual evaluation. This also applies to adult female and male
CdCS populations. Indeed, a statistical comparison per-
formed with a Mann—Whitney test highlighted that, overall,
the vocal fold frequency of the pathological population is
significantly higher with respect to the control group. Jit-
ter represents a widely used perturbation measure that is
mainly affected by the lack of control of vibration of the
vocal cords due to both mechanical (i.e., the presence of
benign masses) and central or peripheral nervous system

@ Springer
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Table 3 Key acoustic parameters (mean =+ standard deviation) of /a/, /i/, and /u/ in the CdCS and normative groups

FO mean [Hz] FO min [Hz] FO max [Hz] Jitter NNE F1 mean [Hz] F2 mean [Hz] F3 mean [Hz] Length

1A/

Group PS— 356485 252+69 404+118 4.7+9.8 —26.8+59 1062+163 1399+110 3989+295 24+1.3
CdCS

Group PS— 25029 209+60 270430 12+1.3 -21.743.5 1086+151 1440+108 3535+784 1.9+1.2
healthy

Group AF— 304+36 203+65 337437 3.6+39 —17.7+8.6  850+209 1337+202 25354295 1.2+1.0
CdCS

Group AF— 205+22 174+45 226+31 1.6+2.2 -21.1+4.0 717x167 12494212 2693+360 29+1.3
healthy

Group AM— 208+30 177445 223435 1.3+1.5 —24.0+5.6 562+151 1204+107 2470406 1.8+1.2
CdCS

Group AM— 119+29 115426 124+30 0.5+12 —-19.0+4.5 660+73 1089467 2752+316 3.1+1.2
healthy

1/

Group PS— 349481 261+106 400+129 4.249.0 -30.0+£6.2 582461 25184548 3795+363 2.0x1.1
CdCS

Group PS— 263+31 195+51 286+40 0.9+0.5 —-27.2+49 563+62 2877+671 3748+233 1.6+1.1
healthy

Group AF— 320+35 263+68 337+37 1.7¢1.9 -23.7+8.5 4934201 1801+396 3287+422 1.0+0.6
CdCS

Group AF— 210423 195+40 223+26 0.7£0.6 —-263+4.2 343439 2039+413 3361+317 3.0x1.2
healthy

Group AM— 210428 183+37 230+29 14+1.2 -30.0+£5.0 346+43 1565+188 28004272 1.4+0.9
CdCS

Group AM— 119+30 104427 127+32 1.2+1.8 —-25.6+2.7 318421 1834+316 3085+379 3.1x1.1
healthy

/u/

Group PS— 365+102 243+40 415+109 1.8+2.1 —-31.5+2.5 698491 1408+214 4120290 24+1.0
CdCS

Group PS— 262+30 234+43 224+32 1.0+1.0 —-27.9+42 602+61 13744198 3961+244 1.4+1.0
healthy

Group AF— 315+36 234461 337+34 3.0+£3.9 -20.4+10.5 534+124 1205+171 2964+367 1.2+1.0
CdCS

Group AF— 21025 193+36 224432 1.1£2.0 -27.5+£53 389438 1165+223 3080581 2.6+1.0
healthy

Group AM— 205+31 170+47 227+37 2.0+24 -29.2+49 414+126 1221+186 2528+361 1.6+1.0
CdCS

Group AM— 121433 117+32 128+35 0.6+0.3 —26.6+2.9 367+51 991497 2889+318 2.8+1.0
healthy

neurological damages [40, 41]. Several studies showed that
dysphonic voices are typically characterised by higher jitter
values [42, 43] and our study supports this result, especially
for paediatric and adult female patients, whose jitter is up
to 2 percentage points higher with respect to the control
group. Moreover, jitter /u/ showed a significant difference
between the two population, with jitter of CdCS patients
being higher and with larger variability than control group.
Interestingly, NNE values from the three corner vowels were
retained after correlation analysis, but none of them showed
statistically significant differences between the groups. This
could mean that the perceived hoarseness of CdCS voices,
which was also detected in our sample, does not depend on

@ Springer

abnormal noise level. On the other hand, it could be due to a
more prominent roughness, which jitter is known to be sen-
sitive to [44] and that could be determined by neurological
causes rather than mechanical or morphological ones [45].
Our study also shows relevant differences for F2 mean /i/
and /u/. Specifically, F2 mean /i/ is lower (which was also
discovered to be statistically significant), and F2 mean /u/
is higher in the CdCS with respect to the control group.
Moreover, all corner vowels F3 mean are significantly lower
in the pathological condition. These results suggest that neu-
rological and possibly morphological alterations concerning
tongue and lips motility are present in CdCS that contribute
to produce abnormal voice.
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Fig. 1 Boxplot for FO mean /a/

A reduced VSA area implies less articulatory capacity
and, as a consequence, less intelligibility [46]. A smaller
area of this inter-vocalic space has also been observed in
speakers with cerebral palsy [46—48]. Similar results have
been obtained with adult populations with Down syn-
drome [49], and a high degree of intrasubject variability
was observed in the first two formants of the vowel /a/, but
not a reduced VSA, in the X-fragile syndrome [50]. Our
study highlights that CdCS presents a significantly smaller
VSA, thus aligning with a perceived difficult intelligibility
for patients diagnosed with this syndrome. This is also sup-
ported by a significantly larger FCR that indeed indicate
reduced articulatory capabilities [51]. Moreover, it matches
the perceptual judgements of this samples; as in some cases,
it was noted that phonation of /i/ and /u/ were practically
identical. Finally, Ratiol and Ratio2 (ratio 3 was indeed
removed after correlation analysis) showed significant dif-
ferences between CdCS and healthy controls. Mean values
may suggest that the main contribution for such an alteration
was brought by adult patients. Indeed, it seems that they
experience greater difficulties in controlling and position-
ing the tongue in the oral cavity to articulate more complex
sound such as /i/ and /u/ with respect to /a/.

The co-articulation task, which was administered in the
form of a number listing task, underlined relevant results to
help outlining the phonotype of the CdCS as well. Specifi-
cally, we found that for each subgroup, unvoiced segments
in recordings are up to three times longer in the CdCS with
respect to the healthy controls, e.g., the average time between
each number (aTBN) in the AM group is 0.63+0.34 for the
pathological condition and 0.20+0.34 for healthy controls.
This could be due to reduced coarticulation capabilities:
indeed, numbers as \'kwattro\ (English translation: four),
\’sette\ (English translation: seven), and \’otto\ (English

translation: eight) contain complex utterance patterns such
as the double \tt\ sound which may require longer times to
re-arrange the articulators in the vocal tract in order to utter
the subsequent number. This result seems to be supported
by a larger sTBN (e.g., 0.25+0.29 and 0.08+0.07 in the PS
group, for CdCS and healthy controls, respectively): some
vocalic number as \’'uno\ or \’due\ (English translations: one
and two) might be easier to co-articulate rather than pro-
nouncing numbers richer in consonants as \’tre\ (English
translation: three) and \kwattro\. Moreover, the larger PUVS
and longer task length could confirm this hypothesis. The
overall statistical analysis showed that aTBN, sTBN, PUVS,
and task length are all significantly larger in the CdCS popu-
lation. However, longer unvoiced segments and task length
in the pathological group could also be caused by cognitive
impairments [18]. In severe cases, learning numbers and
uttering them in the correct sequence may be just impos-
sible. Indeed, qualitatively, two subjects skipped a num-
ber, and another one uttered the numbers in random order.
In mild cases, instead, longer times could be caused by a
delayed memory recalling, e.g., three subjects were helped
by assistants or parents in cases of longer pauses.

Interestingly, voiced segment lengths are similar in the
PS, AF, and AM groups between CdCS and HS and statisti-
cal analysis did not find a significant difference for VSL.
However, this aspect will need further analysis since this
parameter was obtained by averaging the length of all num-
bers for each subject. This approach was applied according
to Bandini et al. [19]; nonetheless, it does not consider the
inherent variability of individual numbers length and articu-
lation properties. Therefore, in the future, it could be helpful
to compute a VSL for each single number to understand
whether this metric for more complex numbers (as \’kwat-
tro\) could be more sensitive, more efficient to detect the
pathological condition with respect to simpler, vocalic ones
(as \’due\). This could also be applied to study the aTBN
before specific, indicative numbers to further corroborate
the hypothesis of more difficult coarticulation skills in the
CdCS population.

Data from our healthy group are in line with those previ-
ously reported in the literature. For instance, for /a/ jitter
local of normal Italian (age range 26—69 years) have been
reported to be 0.30 +0.12 (F) and 0.38+0.26 (M); mean FO
213.34 +41.40 (F) and 131.80 +24.40 (M) [52].

To note, the vocal phonotype of patients with CdCS dif-
fers not only from the healthy population, but also from the
voice characteristics of other genetic conditions.

In terms of voice analysis methodology, the present
study follows the procedure used to evaluate the phono-
type of SMS, Costello, Noonan, and Down syndromes [23].
Moreover, the novelty of this method also relies on the use
of smartphone microphone that can provide reliable record-
ings for acoustic signal analysis [24]. It has been previously
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demonstrated that period-to-period perturbation parameters
obtained from audio recordings made with smartphones
show similar levels of diagnostic accuracy to external micro-
phones used in clinical conditions [53].

To substantiate the objective assessment, the subjective
assessment was based on GIRBAS scale that is probably the
most widely used scale for voice assessment, partly due to
its relative simplicity [54].

Although multiple critical regions have been reported for
striking clinical features, genotype—phenotype relationships
have not been established yet for vocal phenotype. For exam-
ple, Elmakky et al. suggested that a terminal region of 5.5 Mb
found between 5p15.32 and 33 would regulate the growth of
the head throughout life and is also related to other dysmor-
phic features [55]. According to Chehimi et al., the genomic
region associated with the presence of microcephaly and the
cat-like cry would be narrowed to 4.7 Mb between 25,328 and
4,788,892 breakpoint [56]. Moreover, multiple critical regions
have been reported also for the characteristic cry, including a
640-kb region between 6,365,349 and 7,003,686 and a 1.7-Mb
region between 5,791,886 and 7,539,901 [56-58].

Chehimi et al. recently found that the 5p15.2 region is related
to the striking high-pitched voice pattern of CDCS patients
[37]. Although chromosome 5 is one of the chromosomes with
the lowest gene density, the haploinsufficiency of the genes is
responsible for the wide phenotypic spectrum of these patients
[59]. Similarly, voice variability seen among individuals may
be attributed to the differences in their genotypes.

Conclusion

The voice production not only conveys linguistic and para-
linguistic information, but also can give information regard-
ing the speaker’s biological and clinical characteristics.
Vocal patterns, including infant cry, can represent one of
the earliest indicators for detecting specific conditions, such
as Cri du chat syndrome. The analysis of voice can be a
diagnostic sign of a malformative syndrome and could be
used to detect any suspicion especially in patients with mild
phenotypes. Voice is a promising research field which may
contribute to a better definition of many rare diseases and
also have a significant impact on our knowledge of more
frequent medical conditions.

Limits and future research

The age range of our cohort is limited, which provides
opportunity for future research to better characterize the
clinical history of the syndrome also in older patients. Fur-
ther research and collaborations are warranted to advance
our knowledge on genotype—phenotype correlations of this

@ Springer

rare syndrome. Adding magnetic resonance imaging—based
brain volumetric data and expanding the group size of CDCS
including both array CGH (not available for older cases) and
NGS (next generation sequencing) will likely result in iden-
tification of well-defined 5p regions and eventually of single
genes relevant to different aspects of voice production; this
work is in progress and will be topic for a different report.
Additionally, studies in languages other than Italian based
on this protocol could further confirm the reported results.
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