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Fundamental frequency of speech — Reference values for speech
therapy

Etienne Sicard>?, Anne Menin-Sicard®3

(1) LURCO Laboratory, UNADREO, Research Team ERU 15, France
(2) INSA-GEI, University of Toulouse, 135 Avenue de Rangueil, 31077 Toulouse, France
(3) Speech therapist, CSDA, Albi, France

Summary: In this article, we provide a literature review about the value of the fundamental frequency
(fo) of voice and speech. Reference values for men, women and children are proposed, based on more
than two hundred case studies. We also analyze our own corpora of children, men, and women to
extract the evolution of fo according to age on two specific modalities: sustained vowels and repetition
of short sentences. A summary of the main trends and a model of fo evolution is proposed. We describe
the implementation of these reference values in the voice therapy software VOCALAB and speech
therapy software DIADOLAB.

Keywords: speech therapy, voice, speech, objective analysis, average usual fundamental, fo,
modeling, sentence repetition, vocal pathologies, speech pathologies, vowels, male voice, female
voice, children's voice, ERU 15, ERU 46, VOCALAB, DIADOLAB.

Introduction

It is commonly accepted that the fundamental frequency of the voice (fo)! gradually decreases from
childhood (around 300 Hz) to puberty, then is around 100 Hz for men and 200 Hz for women, i.e. a
difference of an octave. Numerous studies highlight a trend towards a decrease in fo in women, and
an increase in men starting 50 years old. However, to our knowledge, there is no consensus on these
values, which are notably dependent on the language studied, the recording protocol, the instructions,
the software and the operating mode used to analyze the patient's speech.

On the protocol aspects, notable differences are measured depending on whether the patient is asked
to make sustained vowels, count, introduce themselves, read a text or describe a particular situation.
Many studies focus on the English language, a significant part of which concerns young adults, such as
university students, which may differ from situations of clinical speech therapy practice, particularly in
relation to young children, as well as elderly patients.

Many voice and speech pathologies affect the value of fo, as described in the classification of voice
pathologies published by [Verdolini 2006]. The value of fo is considered an important parameter of
voice alteration, and is part of the formulation of the Dysphonia Severity Index (DSI), which aims to
establish an objective metric correlated to the severity of the patient's vocal disorders [Wuyts 2000].
On the other hand, other indicators such as the AVQl [Jayakumar 2022], considered less sensitive than
the DSI by [BenBarsties 2018] do not directly include the value of fo in the input data.

1 We use the notation “fo” to designate the fundamental frequency of the voice in accordance with [Titze
2015]. Other names exist such as SFF (Speaking Fundamental Frequency), SFO (Speaking FO).
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The observation is the same for the Cepstral Spectral Index of Dysphonia (CSID) which does not include
consideration of gender or reference value of fo, risking underestimating the severity of certain
pathologies, but also only giving a partial evaluation of the progress made thanks to speech therapy
treatment [Peterson 2013].

As part of the development of the VOCALAB [Sicard 2023] and DIADOLAB [Sicard 2023b] software, we
give a relatively modest place to the values of fo. Values that are very different from the expected
reference values, however, generate alerts and penalize the vocal flexibility (VOCALAB) and
intelligibility (DIADOLAB) scores. Concerning the voice, we have rather concentrated our efforts on the
alteration of the sustained vowel /a:/, concerning the instability in pitch, in amplitude and the
noise/signal ratio, all metrics which we find in a manner comparable in the DSI. We also calculate
harmonic poverty which is directly correlated to the cepstral peak prominence (CPP) used in the AVQI
and CSID indicators.

We have proposed tools linked to the objective analysis of prosody [Sicard 2021]: variation of fo on
conversational voice, vocal range in VOCALAB, variation of fo on short sentences in DIADOLAB. There
is also an indicator regarding the evolution of fo with therapy [Menin-Sicard 2021] but this plays a
relatively minor role in the evaluation of the macro-skill “Vocal flexibility” in VOCALAB. In DIADOLAB,
fo is considered in the “Intelligibility” macro-skill. The evaluation of fo, however, remains relevant and
provides valuable information [Verdolini 2006].

In this study, we analyze the average fo values for men, women and children, by compiling data
accessible through open archives, particularly from scholar.google.com and hal.science. We also
address the influence of the recording protocol and the effect of age and gender on the variation of
fo. To identify trends with statistical relevance, we carried out a bibliographic synthesis of open data
linked to the fundamentals of the voice of men, women and children, from which we extracted trends
with age (Section Il). Thanks to a large corpus of sustained vowels and standard sentences in the French
language as close as possible to the clinical speech therapy, we conducted statistical analyzes from
which we extracted reference values (Section IIl). We finally explain how we implement the fo model
in the VOCALAB and DIADOLAB software (Section IV). This report is an English translation of the on-
line publication at hal.science in French [Sicard 2023c].

Bibliographic studies

We searched for publications in open archives relating to the study of the usual fundamental of speech
(FUM), in English Speaking Fundamental Frequency (SFF), Speaking FO (SFO) for men, women and
children, without pathology, according to various speech modalities: sustained vowel, reading of text,
spontaneous speech. In the remainder of this article, we will note this parameter fo, according to the
recommendations of [Titze 2015]. We do not use the FO notation which is confusing compared to the
usual formant notation (F1..Fn), the “f” meaning frequency and “o” meaning oscillation.

We relied in particular on open data published in [Berger 2019], [De Pinto 1982], [Deliyski 2011],
[Eichhorn 2018] [Fougeron 2021] [Fukuda 2023] [Fitch 1970], [Gilmore 1992], [Goy 2013], [Graddol
1983], [Lee 1999], [Leung 2020], [Murry 1995], [Nishio 2008], [Pemberton 1998], [Poulain 2020],
[Remacle 2020], [Russel 1995], [Sebastian 2012], [Sicard 2019], [Spazzapan 2020], [Tavares 2010],
[Trollinger 2003], [Troughear 1979] [Weirich 2013] and [Zraick 2006]. We also had access to the
summary of [Baken 2000] on the subject. Various data compiled in the literature review by [Spazzapan
2019] are also reported. The data used in this article are reported in Appendix A (men) and Appendix
B (women).
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The publications we used are based on calculations based mainly on PRAAT [Boersma 2017], as well
as other tools such as MDVP, Dr. Speech, CSL and DIADOLAB. The evaluation of the differences
between the values of fo according to the programs was studied by [Batalla 2014] between PRAAT
and Dr. Speech showing an acceptable correlation (0.7) but much lower than the noise/signal ratio
(0.9), or by [ Amir 2009] between PRAAT and MDVP with a correlation of only 0.5 on sustained /a:/,
which means that many differences can be observed depending on the software used. For our part,
we compared PRAAT and VOCALAB on children's voices [Sicard 2019] with a correlation of 0.88 on
sustained vowels, with some divergences, particularly for altered voices. The comparative study by
[Vaz-Freitas 2018] between MDVP, VoiceStudio, Dr. Speech & PRAAT shows an excellent correlation
for the detection of fo on the stable portion of an /a:/ (>0.9) but strong differences on the standard
deviation of fo (correlation <0.5). In general, comparisons between software are made taking little
risk: sustained vowel, short portion after one to two seconds of phonation, which limits transient
portions of signals.

The recording of sustained /a:/ is very common in phonation assessment protocols in France [Ghio
2012] [Henrich-Bernardoni 2014] [Menin-Sicard 2016] and speech [Fougeron 2016] [Sicard 2020b].
However, the analysis of spontaneous speech is at least as important, and we must anticipate
significant variations in fo values depending on the software and configurations used.

Fo women’s voice

We used 117 results from studies covering a total of more than 8,200 women, mainly in English. The
trend curve, including standard deviation data when available, shows a decrease towards 220 Hz at 20
years, then a tendency towards a decrease in fo with a move to around 190 Hz at 40 years and 180 Hz
at 60 years, which can be approximated by a loss of 5 Hz per decade between 20 and 60 years. The
standard deviation for all studies combined is 25 Hz. We can draw a first curve at fo-o (195 Hz at 20
years, 165 Hz at 40 years, 155 Hz at 60 years), and a 2nd at fo-2 o as shown in Figure 1. Statistically,
the curve at fo-o (or z-score -1.0, or 16% percentile) covers 84% of the female population, if we
consider a normal distribution. The one at fo-2.0 (z-score -2.0 or 2.3 percentile) covers 98% of the
population.

There is no clear trend towards a reduction in fo beyond the age of 60, despite a significant number of
studies covering various corpora. This result is quite surprising because it contradicts old trend curves
such as [Baken 2000], which at the time focused on a smaller number of studies, particularly on old
age. Fo values change relatively little with age, either because natural physiological aging has limited
effects or because individuals compensate for age-related changes, particularly after menopause
[Eichhorn 2018]. Conversely, we can formulate the hypothesis that if sudden changes in fo value are
observed in an individual, they may be a sign of an underlying pathology, which also justifies the
interest in carrying out this measurement in clinical practice.
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Evolution fo women with age (Hz)
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Figure 1 : compilation of 117 studies on fo analysis for women

For each age group, several studies can give quite different results. This could be explained by the
variety of protocols: conversational voice, sustained voice, sustained /a:/, enumeration, reading of text
or spontaneous speech. Most studies, however, focus on a sustained /a:/ [Spazzapan 2019], as that
vowel is universal, simple to record, practical to analyze and is the subject of a plethora of comparative
studies. It is also difficult to observe a discontinuity in the 50-60 age group as a result of menopause,
which is more characterized by a reduction in vocal intensity and range [Abitbol 1999].

Fo men’s voice

The trend curve, based on 107 different groups of men, totaling 7500 individuals, shows a phase of
decline like that of girls from 3 to 12 years old, then a rapid descent to adolescence, followed by a long
plateau at 120 Hz from 15 to 60 years old, before a slight upward trend from 60 years old, which could
be of the order of 5 to 10 Hz/decade. Considering an average standard deviation o of 25 Hz, all studies
combined, we can consider a curve at fo +1 o and another at fo+2 o, as illustrated in figure 2.
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Figure 2 : compilation of 107 published data on fo analysis for men

Reference values

Thanks to the average trends extracted from Figures 1 and 2, we can give some reference values of fo
according to a selection of age groups as indicated in Table 1. According to the results of bibliographic
studies, the limit/man woman is around 160 Hz from 15 to 30 years old, then drops to 150 Hz from 30
to 60 years old, before rising slightly beyond 60 years old. The maximum M/F difference is in the 15-
20 year old range, which can be considered as a maximum gender contrast.

AGE RANGE WOMEN MEN LIMIT M/W
2-4 300 295

5-9 270 265

10-14 240 230

15-19 225 125 175
20-29 205 120 160
30-39 195 120 160
40-49 190 120 155
50-59 185 120 150
60-69 185 130 155
70-79 185 140 160
80-89 185 150 165
>90 185 160 170

Table 1: Average fo values by age group for men and women, according to all available bibliographic studies
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Corpus analysis

Method

We analyze a corpus of 150 recordings of sustained vowels produced by healthy control (HC)
females, aged 15 to 97, and a corpus of 90 recordings of sustained vowels produced by HC males,
aged 16 to 96 years. All participants are native French speakers. The recordings were made as part of
the research of [Lefol 2015], [Barbera Frenay 2016] and [Papazian 2019]. Various recordings were
also provided by speech therapists who are members of the research teams [ERU 15] and [ERU 46]
from the LURCO/UNADREO laboratory. Concerning children, we use the corpora of [Bardelang 2020]
and [Grenier 2020], as well as the corpus of 5-year-old child voices from [Remacle 2020], as well as
recordings of HC children made by members of ERU 46.

We also have more than 80 samples of standard sentences [Sicard 2020] from HC female of different
ages. Concerning men, we use around forty recordings of standard sentences. All people are free
from voice and speech pathologies. Social origins and regions of registration are quite varied.

We give here the results obtained with the statistical analysis tools of the DIADOLAB software [Sicard
2023b]. This software uses the same fo and intonation calculation algorithm as VOCALAB [Sicard
2023], which gives results close to PRAAT [Sicard 2019] particularly on normal speech, which is the
case for the corpora studied here.

Analysis of vowels

Our goal is to position the value of fo based on the analysis of our own French language corpora,
constructed as close as possible to the clinical speech therapy, in relation to the data from the
scientific literature presented in the previous section. We wish to deduce the reference values of fo
for the sustained /a:/ recording, as well as for the standard sentence repetition test. These values are
intended to be implemented in the voice analysis software VOCALAB [Sicard 2023c] and speech
DIADOLAB [Sicard 2023].

Vowels pronounced by 5 years-old children

We have a corpus of isolated vowels pronounced by 50 5-year-old children [Remacle 2019] for which
we can evaluate the average fo. We do not have a similar corpus for younger or older children. The
recordings studied here include the extreme vowels of the vowel triangle /a,i,ou/ [Sicard 2020c]. As
we can see in Figure 3, the average fo over the entire corpus is around 263 Hz, with a standard
deviation of 13 Hz, i.e. a variability half as much as that usually observed (25 Hz).

10 moyen(Hz) - Voyelle /a/ tenue - Age moyen des 50 cas 5.0 ans
so00

50 cas de parole
Age moyen 5.0 ans
Moyenne 262.78
Ecart type 13.34

oo, SRR MR



hal.science — fo (EN) 2023

Figure 3 : fo extract of held vowels for fifty 5-year-old children [Remacle 2019]

Women’s vowels

The values obtained on sustained vowels (mainly /a:/), reported in Figure 4, are consistent with the
trends noted for women in Figure 1 from 20 to 35 years old, but appear overall higher than the
expected fo (Hz). It is possible that the protocol which consists in asking the patient to produce the
the best you can” encouraged the patient to use a lound voice, or even for some patients the
singing voice, shifting the value of fo towards the highest frequencies. Two cases (less than 2% of the
corpus) are located below 150 Hz, and 6 cases (4%) are in the 150-170 Hz zone. The frequency gap
between the female’s trend from the meta-analysis and the average fo compute from the corpus is 20

|ll

bowe

to 30 Hz depending on the decade (Figure 4 top).

Différence fo modéle par décade (Hz)
Différence cumuiée 23.0 Hz
40.0

30.0

2

2.8

2.

20.0

20

10.0

. -

-10.0

g —

-20.0

-30.0

10

0
Répartition par dge (153 sujets) Hz), 153 F

20

fo moyen 218.54 Hz (SD 34.85 Hz)

Age de 15.0 3 97.0 ans

60

70

375

350

325

300 \

Enfant.

275 - \
250

225

200

175

150

125

100

75

20

40

0
Age (Moyenne 47.7 ans)

70

Figure 4 : fo extracted from sustained vowels pronounced by 150 female healthy controls, and evaluation of the difference

with the reference model
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Différence fo modéle par décade (Hz)
Différence cumulée 8.5 Hz
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i \ Enfant._
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200
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150
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100
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0 60 70 80 90 100
Age (Moyenne 43.6 ans)

Figure 5 : fo extracted from sustained vowels pronounced by 100 healthy controls (mens)

Men’s vowels

Concerning the male vowels (Figure 5), we note a good agreement between the average trajectory
and the cloud of fo points as a function of age, with a cumulative error of 8 Hz, which is particularly
low. About 3% of points are above 170 Hz, and 8% in the 150-170 Hz transition zone.

Analysis of standard sentences

Standard sentences - Children

The evolution of fo as a function of the age of children from 3 to 8 years old, based on a short sentence
repetition task [Bardelang 2020] [Grenier 2020], is given in Figure 6. We note a regular decrease of fo
with age, of the order of 8 Hz/year, and a significant reduction in the standard deviation, which is
almost halved between 3 and 8 years. The average values correspond well to the bibliographic study,
as shown in Figure 7.
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4 years old 5 years old 6 years old 7 years old 8 years old

3 years aold

6.4

1000 -

Figure 6 : fo extracted from standard sentences for children aged 3 to 8 years old

Evolution of children’s fo with age (Hz)

350

300 #

250 -

Standard sentences

200

fo(Hz)

150
100

50

Figure 7 : Superposition of the global trend of fo vs age for young children (boys and girls combined) for standard sentences
pronounced by children aged 3 to 8 years old

AGE N FO (HZ) STD DEV (H2)
33,9 25 305 32,5
4-4,9 55 288 20,5
5-5,9 60 277 16,0
6-6,9 49 274 22,5
7-7,9 60 258 18,0
8-8,9 75 247 16,0

Table 2 : evolution of fo for young children (boys and girls combined) from 3 to 9 years old, based on the repetition of short
sentences
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Différence fo modzle par décade (Hz)
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0
Age (Moyenne 40.3 ans)

Figure 8 : fo extract of standard sentences or conversational voice for 82 female HC

Standard sentence - Women

For each sentence, we plot the average fo (red circle), the associated vertical line symbolizing +/- a
standard deviation of intonation (Figure 8), as a function of age, for 82 samples of HC women. We
observe a regular decrease in values, of the order of 5 Hz/decade up to 70 years, which is consistent
with the trend observed in the meta-analyses. Beyond 70 years, we do not have enough points to
confirm any trend.

On the other hand, evaluating the differences between averages and reference values (top of Figure
8) allows us to observe a significant shift towards high frequencies, from 20 to 30 Hz in the central
decades. This shift can find its origin in the enriched prosody of the sentences analyzed, unlike a
sustained /a:/. A single data point is in the 150-170 Hz zone. Compared to the averages obtained for
sustained vowels, the values for standard sentences are higher, around 11.5 Hz.

Standard sentence - Men

We have a fairly small number of standard sentences pronounced by men (38 samples from 14 to 86
years old). We see in Figure 9 a cumulative error between the prediction curve of fo and the averages
per decade of 13 Hz, i.e., much less than for women. About 8% are out of limit (fo>170 Hz) and 5% in
the 150-170 Hz transition zone.

10
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Figure 9 : fo extracted from typical sentences or conversational voice for 38 male HC.

Although the statistical strength is low, the frequency fo on typical sentences is approximately 7 Hz
higher than for /a:/ held (132 Hz instead of 125 Hz).

Vocal feminization

Although the value of fo is far from being the only parameter which allows a speech segment to be
perceived as masculine or feminine, the increase in fo towards the male/female transition zone, or
even beyond is one of the important steps suggested by [Morsomme 2016] in the context of vocal
feminization of a transgender patient. The example in Figure 10 from the “before/after” corpus of
[Astrudillo 2023] shows a very clear rise in fo, initially at 160 Hz, which exceeds 220 Hz at the end of
support. We also note a widening of intonation (variation of fo in the form of +/- 1 standard deviation),
also identified as an important stage of vocal feminization. A summary of case studies highlighting the
elevation of fo pre/post therapy is proposed in [Jaber 2021].

11
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f0 moyen(Hz) - (Aucune phrase) - Age moyen des 9 cas 37.0 ans
500.0

| | | | | | | | |
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Fichier patient (9 cas)

0.0

Figure 10: Evolution of fo during ten sessions of voice therapy [Astrudillo 2023]Synthése

Reference values

If we consider spontaneous speech or text reading, we see an overall elevation of fo of the order of 12
Hz for 5-year-old children, 7 Hz for men and 11.5 Hz for women compared with sustained vowels. The
reference values are reported in table 3. A transition zone of 160-180 Hz seems more appropriate than
150-170 Hz to separate the male and female corpora with this transfer method.

GENRE LITTERATURE  FO (HZ) FO (HZ) DIFFERENCE
(HZ) SUST. VOWELS PHRASES PHRASE/VOW. (HZ)
ENFANT 5 ANS 275 263 275 +12
HOMME 40 ANS 120 125 132 +7
FEMME 40 ANS 190 218,5 230 +11,5
ZONE DE [150-170 Hz] [150-170 Hz] [160-180 Hz] +10
TRANSITION

Table 3: Evolution of fo according to gender and type of recording

Evolution with age

The rise of around 5 Hz/decade in men's fo seems to be confirmed from the age of 50-60. This result
is quite close to [Fougeron 2021] which considers an increase of 5 Hz/decade from the age of 40, on a
corpus of 500 cases, and the study by [Soltani 2013] which suggests an increase of 10 Hz/decade from
50 at 70 years old. A slightly lower value (2.5 Hz/decade from 60 years) is proposed by [Fukuda 2023].
Other studies cited in the literature review by [Eichhorn 2018] also note a tendency for fo to increase
with age. However, there are studies such as [Spazappan 2020] which do not show a significant
increase. We can, however, consider with some confidence trend towards an increase in fo from the
age of 50, of the order of 5 Hz/decade.

Concerning women, a decrease in fo from 20 to 60 years old should be considered according to a slope
of around 5 Hz/decade, followed by possible stabilization. These results are quite close to [Leung 2020]
which estimates the reduction to -18 Hz between the ages of 20 and 60 for women and to [Fougeron
2021] which estimates the reduction of fo of around 20 Hz between the ages of 20 and 50, with little
variation between 60 and 90 years. The trends are like those found by [Torre 2009], [Sebastian 2012],

12
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or by other works cited in the literature review by [Eichhorn 2018] (table 3). However, certain different
trends are reported, particularly beyond the age of 60. For example, [Fukuda 2023] estimates that the
decrease in fo continues beyond the age of 60 for Japanese women at a rate of 5 Hz/decade, [Nishio
2008] even estimating it close to 10 Hz/decade.

Implementation in VOCALAB and DIADOLAB

Even if the average frequencies observed change little overall, over several decades of adult life (20-
50 years for men, 60-90 years for women), the reference values for fo may serve as a normal/altered
and altered threshold/pathological in clinical practice. A significant adjustment of fo should be made
according to age, rather downwards for women aged 20 to 60 years and rather upwards for men over
50 years old.

Until recently, age-independent reference values were used in VOCALAB and DIADOLAB, setting an
average value of fo around 220 Hz for women, 120 Hz for men and a transition zone of 140 to 160 Hz
These values were relatively consistent with publications on sustained /a:/ and clinical observations,
and were used in the exploitation of the voice database [Sicard 2014] and in the case studies of voice
pathologies described in [Menin-Sicard 2016], [Menin-Sicard 2016b] and [Menin-Sicard 2021].

The study on prosody conducted in [Sicard 2021] led us for the first time to question these reference
values, noting a significant increase in fo calculated on standard sentences, compared to the protocol
based on sustained /a:/.

fo (Hz) — Standard sentences, conversational voice

lo=25Hz
300 - -10 Hz/year 20 =50Hz
260 - b= ‘ ar
2 ””””” L tea -5 Hz/decade
205 | b | fo women
: P fo fo men
150 | g
125 ol stable o L — i
; | : Age
3 I 12 14 50 60 100

Figure 11 : Evolution of fo with age implemented in the VOCALAB and DIADOLAB tools for voice & speech therapy, valid for
standard sentences or spontaneous speech.
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We decided to implement the fo model as a function of age, which means that the value considered
as the norm evolves in accordance with the slopes described in Figure 11. The standard deviation
deduced from meta-analyses (25 Hz) is used to set the normal/altered limits at 16 (-25Hz for women,
+25 Hz for men), and the altered/pathological limits at 26 (-50 Hz for women, +50 Hz for men). The
reference values are accessible from the Media library > VOCALAB References and Resources >
DIADOLAB reference menu.

VOCALAB

The VOCALAB protocol includes the recording of sustained /a:/ [Menin-Sicard 2021] and
conversational voice. However, the evaluation of fo is performed mostly on conversational voice, in
the “fo+vocal range” evaluation tool. Likewise, the “Evolution” tool is based on the calculation of fo
on spontaneous speech and not on the sustained vowel. Only alteration indicators apply to the
sustained /a:/ [Sicard 2013]. The histogram of fo is calculated on a presentation sentence.

We give in Figure 11 the histogram of the conversational voice of a woman (case study AS033
described in [Menin-Sicard 2021]) with a lowered fundamental frequency. The left part of the
histogram is located below 160 Hz, significantly below the fo reference value for a woman at 63 years
old (205 Hz), i.e. a shift towards low frequencies.

Man  Woman Child

Tessitura of singing voice
Soprano
= -
Allo -

Mechanism | Usual Fi?c.‘l Transitior Mechanism |

B Fréquent

Etendue 17 1/2 tones Max 312Hz

Figure 12 : Transition zone from 160 to 180 Hz defined in the VOCALAB voice therapy tool, illustration with the histogram of
the conversational voice (top) and siren (bottom) [Sicard 2023]
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Figure 13 : Evolution of AS033 case study, before/after voice therapy using VOCALAB [Menin-Sicard 2021]

The VOCALAB evolution module also uses the fo benchmarks to alert on the non-compliance of fo as
in the AS033 case before therapy (figure 13), which is evaluated at 158 Hz, while the average,
according to the table 1, should be around 205 Hz according to the model presented in figure 11.
After therapy, fo has reached 222 Hz, which is considered as normal.

DIADOLAB

In the tool Assessment > Prosody, we have implemented the fo thresholds according to age to alert
the speech & language pathologist to a possible prosody anomaly. For the CS002 case study described
in [Sicard 2021], the reference fo at 82 years old is around 140 Hz (15 Hz higher than at 50 years old).
The patient crossed the normal/impaired limit of 165 Hz with an fo at 170 Hz (Figure 14).
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Figure 14 : DIADOLAB Prosody module, case study CS002 [Menin-Sicard 2021]

15



hal.science — fo (EN) 2023

Evolution Articulation Evolution Indicateurs Evolution Therapy Evolution summary

Self-evaluation 11/03/2021 1741272021 [ T Evolution en images
Self-evaluation [11 s ]2 CS002 HAL2 Homme, 82 ans

Indicateurs /PaTaKa/ 350 -
Atony 396 072 N: <10 I
Rate N o —
138 122 _ pathal \\\
ity o N:<1.0 athol "
Irregularity 183 |052 ‘ \ /_,,_ﬁfggﬂ . Atony
Power Instab. 032 |[oa7 n y - (1
o | — A - J8
Phonology score £ y 3 i b " Rate
Articulation score (19 28 Ni>=28 i i g Altered \ \
| | =y |
_ " f 7 Y |
Cantamination o [:] ‘\ | “| ‘]
Prosody Lo . B .
Average fo ( Hz) 17 146 | h: 181 bz 05, Articulation scor!e ‘I ‘I , Trregularity
G | | | |
ion (1/2ton) |30 | a1 Ne>=9172t |8 | L o y
Disfluencies o [ KD \ . .\\‘ :/ - '/‘{
Rate (syl/9) 278 233 Ni>=4.3 syl/s [F0Ms Contamination \ ¥ / /' Power Instab.
—_— % - 4
Synthesis A PN ¥ 4
Intelligibility Pathological Normal ‘ 2] < >
Average fo (Hz) : . Error Module color
Fluency Pathological Altered &% o : = pho"“‘q‘ly
EN FR Intonation (1/2ton) Rate ( syL/s) Bipuy,

Diadocokinesis

Disfluencies

nerated by Diadolab 3.5.68 - 20.07.2023 date 04/09/2023

Figure 15 : DIADOLAB, evolution of case study CS002 [Menin-Sicard 2021]

In the Evolution module, the average fo at the initial assessment is 171 Hz, more than one standard
deviation above the norm at 82 years (141 Hz), therefore considered “impaired”. After therapy, the
average fo drops to 146 Hz, very close to the expected fo, therefore considered as normal (Figure
15).

Conclusion

We studied open data from recent scientific literature on the value of the fundamental frequency (fo)
of voice and speech, depending on gender and age. We compiled around 200 groups of values in order
to extract general trend over the whole lifespan. We separately studied the speech of children, women
and men on two main modalities: sustained vowels and text reading. We observed significant
differences between the two modalities. Reference values have been proposed, with a simplified
model which takes up on the one hand the decrease of fo in young age, the decrease of fo for women
up to 60 years of age and the increase of fo for men aged 50 and over. We have illustrated the
implementation of the trends according to age in the VOCALAB tool for voice therapy, and DIADOLAB
tool for speech therapy.

Acknowledgements

We would like to thank the speech therapists contributing to ERU 15 “pathological voice” and ERU 46
“pathological speech” from the LURCO laboratory, France, as well as the speech therapists who agreed
to record healthy controls and patients, or to co-supervise research projects linked to voice, speech
and their pathologies. We thank Cécile FOUGERON for giving us details in relation to the fo values from
the MonPaGe protocol.

We would also like to thank all the speech therapists, students and researchers who have placed their
trust in us by using our methodologies, approaches, and tools in the context of their clinical practice
or their scientific research.

16



hal.science — fo (EN) 2023

About the authors

Etienne SICARD is a professor at
INSA Toulouse, France, in
electronics, computer science and
signal processing. He is research
director of the ERU 46 team on
pathological speech at the LURCO
Laboratory. He was an associated
researcher at IRIT as part of the ANR
Voice4PD project on the differential diagnosis of
Parkinson's Syndromes. Etienne SICARD is co-author of the
VOCALAB and DIADOLAB software for assessment and
speech therapy of voice and speech. He has co-authored
around twenty books and more than 150 scientific
publications, particularly in the field of voice analysis and
pathological speech. He was nominated in 2006
Distinguished Lecturer of the IEEE EMC society.

Site : https://cv.hal.science/etienne-sicard

Email : etienne.sicard@insa-toulouse.fr

References

Anne MENIN-SICARD is a speech
therapist and holds a research
' master's degree in Language
: Sciences from the University of
Grenoble, France. She worked as a
clinician in Toulouse from 1994 to
P\ ‘g 2015. Anne MENIN-SICARD is co-
A author of the VOCALAB and
DIADOLAB software. She organizes training courses for
speech therapists on the assessment and management of
pathological voice and speech. In 2019, she proposed
personalized online training for speech therapists.
Associate researcher at ERU 46 of LURCO, she develops
objective measurement and speech rehabilitation tools
based on the DIADOLAB software. She wrote a book on the
objective evaluation of the voice as well as numerous
publications in the field of pathological voice and speech.

Site : https://www.formationsvoixparole.fr

Email : anne.sicard2@orange.fr

[Abitbol 1999] Abitbol, J., (1999). Sex hormones and the female voice. Journal of voice, 13(3), 424-

446.

[Amir 2009] Amir, O., (2009). A clinical comparison between two acoustic analysis softwares: MDVP
and Praat. Biomedical Signal Processing and Control, 4(3), 202-205.

[Astrudillo 2023] https://femivoz.es/fr/resultats-feminisation-voix, consulté le 23/03/2023

[Baken 2000] Baken RJ, Orlikoff RF. Clinical Measurement of Speech and Voice. Wien: Springer—

Verlag; 2000

[Barbera Frenay 2016] Barbera O., Frenay, C. (2016). Acquisition d’'une population adulte tout-venant
pour la caractérisation de I’évolution de la voix au cours du vieillissement par le logiciel VOCALAB.
Questionnement des limites entre pathologie et normalité. Mémoire d’orthophonie. Université de

Lyon.

[Bardelang 2020] Bardelang T. (2020), L’apport d’une phrase supplémentaire au protocole de
DIADOLAB3. Mémoire d’orthophonie. Université de Lyon. Encadré par A. Menin-Sicard.

[Batalla 2014] Batalla, F. N., (2014). Acoustic voice analysis using the Praat programme: Comparative
study with the Dr. Speech Programme. Acta Otorrinolaringologica (English Edition), 65(3), 170-176.

[Ben Barsties 2019] Ben Barsties, V., L., (2019). Diagnostic accuracy of dysphonia classification of DSI

and AVQl. The Laryngoscope, 129(3), 692-698.

[Berg 2017] Berg, M., (2017). The speaking voice in the general population: Normative data and
associations to sociodemographic and lifestyle factors. Journal of Voice, 31(2), 257-e13.

[Berger 2019] Berger, T., (2019). Speaking voice in children and adolescents: normative data and
associations with BMI, Tanner stage, and singing activity. Journal of Voice, 33(4), 580-e21

17



hal.science — fo (EN) 2023

[Boersma 2017] Boersma, P. (2017). Praat: Doing phonetics by computer. https://www.praat.org/

[De Pinto 1982] De Pinto, O., & Hollien, H. (1982). Speaking fundamental frequency characteristics of
Australian women: then and now. Journal of Phonetics, 10(4), 367-375.

[Deliyski 2011] Deliyski, S. A. X. D. (2001). Effects of aging on selected acoustic voice parameters:
Preliminary normative data and educational implications. Educational gerontology, 27(2), 159-168.--

[Eichhorn 2018] Eichhorn, J. T., (2018). Effects of aging on vocal fundamental frequency and vowel
formants in men and women. Journal of Voice, 32(5), 644-e1.

[Evans 2006] Evans, S., (2006). Relationships between vocal characteristics and body size and shape
in human males: an evolutionary explanation for a deep male voice. Biological psychology, 72(2),
160-163.

[ERU 15] https://www.unadreo.org/lurco/les-erus-en-detail/eru-15-nouveaux-outils-danalyse-de-la-

qualite-de-la-voix/eru-15-projet-base-de-donnees-de-voix/

[ERU 46] https://www.unadreo.org/lurco/les-erus-en-detail/eru-46-parole/eru-46-presentation-

generale/

[Fitch 1970] Fitch, J. L., & Holbrook, A. (1970). Modal vocal fundamental frequency of young
adults. Archives of Otolaryngology, 92(4), 379-382.

[Fougeron 2016] Fougeron, C., (2016). Chapitre 14. MonPaGe: un protocole informatisé d’évaluation
de la parole pathologique en langue frangaise. https://hal.science/hal-02437340

[Fougeron 2021] Fougeron, C., (2021). Multi-dimensional variation in adult speech as a function of
age. Languages, 6(4), 176.

[Fukuda 2023] Fukuda, M., (2023). A new speech corpus of super-elderly Japanese for acoustic
modeling. Computer Speech & Language, 77, 101424.

[Ghio 2012] Ghio, A. (2012). Bilan instrumental de la dysphonie. R. Garrel And B. Amy de la Breteque
And V. Brun. La voix parlée et la voix chantée, Sauramps Médical, pp.69-104, 2012,
https://hal.science/hal-01482478

[Ghio 2021] Ghio, A., (2021). Du recueil a I'exploitation des corpus de parole «pathologique»:
comment accéder a la variation physiopathologique?. Corpus, (22).

[Gilmore 1992] Gilmore, S. 1., (1992). Intra-subject variability and the effect of speech task on vocal
fundamental frequency of young adult Australian males and females. Australian Journal of Human
Communication Disorders, 20(2), 65-73.

[Goy 2013] Goy, H., (2013). Normative voice data for younger and older adults. Journal of
Voice, 27(5), 545-555.

[Graddol 1983] Graddol, D., & Swann, J. (1983). Speaking fundamental frequency: Some physical and
social correlates. Language and Speech, 26(4), 351-366.

[Grenier 2020] Grenier, C. (2020). Etude comparative de tests phonologiques existants et du
protocole d'analyse objective de la parole avec Diadolab: intérét et limites d'un test court et des
mesures objectives d'intelligibilité et de fluence. Mémoire de Master d’orthophonie. Université de
Toulouse. Co-encadrement: S. Michel, E. Sicard.

18



hal.science — fo (EN) 2023

[Henrich-Bernardoni 2014] Henrich-Bernardoni, N. (2014). Comment analyser la voix humaine dans la
parole et dans le chant ? Les outils scientifiques et méthodes de la recherche fondamentale a
disposition de la recherche clinique sur la voix et leurs implications en orthophonie. Rééducation
orthophonique, 257, pp.155-176. https://hal.science/hal-01427026

[Jaber 2021] Jaber, B., & Morsomme, D. (2021). Féminiser la communication orale et plus
spécifiguement la voix. UPLF INFO, 39e édition, pp. 15-20

[Jayakumar 2022] Jayakumar, T., & Benoy, J. J. (2022). Acoustic Voice Quality Index (AvVQl) in the
measurement of voice quality: A systematic review and meta-analysis. Journal of Voice.

[Lefol 2015] Lefol, G., (2015). Vers une évaluation objective de I'articulation en pratique clinique
orthophonique, Université de Tours, co-encadrants: S. Borel, E. Sicard

[Lee 1999] Lee, S., Potamianos, A., & Narayanan, S. (1999). Acoustics of children’s speech:
Developmental changes of temporal and spectral parameters. The Journal of the Acoustical Society
of America, 105(3), 1455-1468.

[Leung 2020] Leung, Y., (2020). Speaking fundamental frequencies of adult speakers of Australian
English and effects of sex, age, and geographical location. Journal of Voice.

[Murry 1995] Murry, T., (1995). Patterns of fundamental frequency for three types of voice samples.
Journal of Voice, 9(3), 282-289.

[Menin-Sicard 2013] Menin-Sicard, A., (2013) Approche métacognitive dans le cadre de |'évaluation
et la réévaluation de la voix. Rééducation Orthophonique N°254, pp.121-134. https://hal.science/hal-
01081646

[Menin-Sicard 2016] Menin-Sicard, A., Sicard, E. (2016), "Evaluation et réhabilitation de la voix -
Approche clinique et objective", Chapitre 4 — Etudes de cas. De Boeck Supérieur, Paris. ISBN
9782353273188, 288 pp.

[Menin-Sicard 2016b] Menin-Sicard, A. (2016). "Cas cliniques comparés AS042-AS048 - Comment
deux cas similaires peuvent aboutir a des résultats différents", Les Journées Cliniques d’Orphéo,
Nimes

[Menin-Sicard 2021] Menin-Sicard, A., Sicard, E. (2021). Etude de cas de voix dans le cadre de la prise
en charge orthophonique. https://hal.science/hal-03186341

[Nishio 2008] Nishio, M., & Niimi, S. (2008). Changes in speaking fundamental frequency
characteristics with aging. Folia phoniatrica et logopaedica, 60(3), 120-127.

[Papazian 2019] Papazian, A. (2019). Analyse acoustique de la production des consonnes et voyelles
dans I'ataxie de Friedreich. Mémoire d'orthophonie Univ. Tours.

[Pemberton 1998] Pemberton, C., (1998). Have women's voices lowered across time? A cross
sectional study of Australian women's voices. Journal of Voice, 12(2), 208-213.

[Peterson 2013] Peterson, E. A., (2013). Toward validation of the cepstral spectral index of dysphonia
(CSID) as an objective treatment outcomes measure. Journal of Voice, 27(4), 401-410.

[Poulain 2020] Poulain, T., (2020). Associations of speaking-voice parameters with personality and
behavior in school-aged children. Journal of Voice, 34(3), 485-e23.

19



hal.science — fo (EN) 2023

[Perriere 2013] Perriere, S. (2013). La voix en images: comment |'évaluation objectivée par logiciel
permet d'optimiser la prise en charge vocale. Rééducation orthophonique, (254), pp-103.

[Remacle 2020] Remacle, A., (2020). Vocal characteristics of 5-year-old children: proposed normative
values based on a French-speaking population. Logopedics Phoniatrics Vocology, 45(1), 30-38.

[Russel 1995] Russell, A., (1995). Speaking fundamental frequency changes over time in women: a
longitudinal study. Journal of Speech, Language, and Hearing Research, 38(1), 101-109.

[Sebastian 2012] Sebastian, S., (2012). Acoustic measurements of geriatric voice. Journal of
Laryngology and Voice, 2(2), 81.

[Serritella 2020] Serritella, E., (2020). Local vibratory stimulation for temporomandibular disorder
myofascial pain treatment: a randomised, double-blind, placebo-controlled preliminary study. Pain
Research and Management, 2020.

[Sicard 2013] Sicard, E. Menin-Sicard, A. (2013). Implémentation dans VOCALAB d'indicateurs
objectifs de la qualité de la voix dans le cadre de I'évaluation de la voix. Rééducation orthophonique,
Ortho édition, 2013, pp.23-27. https://hal.science/hal-00836912

[Sicard 2014] Sicard E., Menin-Sicard A., Perriere S., (2014) « Construction d’une base de données de
voix pathologiques pour la recherche orthophonique - Recherche en orthophonie et identité
professionnelle », Rééducation Orthophonique N° 257, pp. 177-202, Mars 2014,
https://hal.science/hal-00968599

[Sicard 2019] Sicard, E., Meyrieux, L. Moreau, M., Remacle, A. (2019). L'analyse acoustique des voix
d'enfants de 5 ans : Proposition de valeurs de référence pour les logiciels PRAAT et VOCALAB.
Journées de Phonétique Clinique (JPC 2019). Mons, Belgique. https://hal.science/hal-02434863

[Sicard 2020] Sicard, E., Menin-Sicard, A. (2020) Analyse d'une phrase type dans le cadre du bilan
orthophonique de la parole. https://hal.science/hal-02568392

[Sicard 2020b] Sicard, E., Menin-Sicard, A. (2020). DIADOLAB: bilan court et objectif de la dysarthrie
dans le cadre de la prise en charge orthophonique. Journées Nationales de Neurologie en langue
Francaise, Lyon, France. https://hal.science/hal-02396136

[Sicard 2020c] Sicard, E., & Menin-Sicard, A. (2020). Le triangle vocalique et son application en
contexte orthophonique. https://hal.science/hal-02504513/

[Sicard 2021] Sicard, E., Menin-Sicard, A., (2021). Analyse acoustique de la prosodie dans le cadre de
la clinique orthophonique. https://hal.science/hal-03177645

[Sicard 2022] Sicard, E, (2022). Etude de cas de pathologies de la parole dans le cadre de la prise en
charge orthophonique. https://hal.science/hal-03568182

[Sicard 2023] Sicard E., Menin-Sicard A., (2023). VOCALAB 4.5, User’s manual. Editeur GERIP.
[Sicard 2023b] Sicard E., Menin-Sicard A., (2023). DIADOLAB 3.5, User’s manual. Editeur GERIP.

[Sicard 2023c] Sicard E., Menin-Sicard A., (2023). Fréquence fondamentale de la parole — Repéres
pour la prise en soin orthophonique. https://hal.science/hal-04073008

[Spazzapan 2019] Spazzapan, E. A., (2019). Acoustic characteristics of voice in different cycles of life:
an integrative literature review. Revista CEFAC, 21.

20



hal.science — fo (EN) 2023

[Spazzapan 2022] Spazzapan, E. A., (2022). Acoustic characteristics of the voice for Brazilian
Portuguese speakers across the life span. Journal of Voice, 36(6), 876-e17.

[Tavares 2010] Tavares, E. L. M., (2010). Normative study of vocal acoustic parameters from children
from 4 to 12 years of age without vocal symptoms: a pilot study. Brazilian Journal of
otorhinolaryngology, 76, 485-490.

[Titze 2015] Titze, I. R., (2015). Toward a consensus on symbolic notation of harmonics, resonances,
and formants in vocalization. The Journal of the Acoustical Society of America, 137(5), 3005-3007.

[Torre 2009] Torre lll, P., & Barlow, J. A. (2009). Age-related changes in acoustic characteristics of
adult speech. Journal of communication disorders, 42(5), 324-333.

[Trollinger 2003]Trollinger, V. L. (2003). Relationships between pitch-matching accuracy, speech
fundamental frequency, speech range, age, and gender in American English-speaking preschool
children. Journal of research in music education, 51(1), 78-94.

[Troughear 1979] Troughear, R., & Davis, P. J. (1979). Real time, micro-computer based voice feature
extraction in a speech pathology clinic. Australian Journal of Human Communication Disorders, 7(2),
4-21.

[Vaz-Freitas 2018] Vaz-Freitas, S., (2018). Acoustic analysis of voice signal: Comparison of four
applications software. Biomedical Signal Processing and Control, 40, 318-323.

[Verdolini 2006] Verdonili, K. (2006). « Classification Manual For Voice Disorders —Volume 1,
Psychology Press, 2006

[Weirich 2013] Weirich, M., & Simpson, A. (2013). Investigating the relationship between average
speaker fundamental frequency and acoustic vowel space size. The Journal of the Acoustical Society
of America, 134(4), 2965-2974.

[Wuyts 2000] Wuyts, F. L., (2000). The dysphonia severity index: an objective measure of vocal
quality based on a multiparameter approach. Journal of speech, language, and hearing research,
43(3), 796-809.

[Zraick 2006] Zraick, R. I., (2006). The effect of speaking context on elicitation of habitual pitch.
Journal of Voice, 20(4), 545-554.

21



hal.science — fo (EN) 2023

Annexe A — Fo values for men

Average
men age

22

3,5
4,5
4,5
4,5
5,0
5,0

5,5
55
5,5
55
5,6
6,0
6,3
6,5
6,7
7,0

7,3
7,5
7,6
8,0
8,0
8,3
8,5
8,9
9,0

10,0
10,9
11,0
11,0

11
12,0
12,4
12,5
13,0
13,0
14,0
14,7
14,7

fo (Hz)

305,0
265,0
288,0
292,44
256,0
266,0
275,1
250,5
267,7
272,5
271,0
288,33
273,0
240,5
273,0
263,7
265,0
243,4
253,0
257,0
284,15
223,3
2470
240,0
248,0
238,0
255,0
227,3
257,0
230,9
222,3
250,0
222,5
233,0
195,8
219,12
187,3
181,0
176,0
127,6
124,32

Std dev (Hz)

22,5
29,9
20,5
18,75
25,0
33,0
29,1
24,1
29,3
26,3
14,1
19,02
49,0
34,0
24,3
35,8
44,0
33,7
26,6
17,8
21,24
34,8
32,0
30,0
15,8
23,8
37,0
23,8
38,0
25,2
28,2
32,0
15,7
32,0
40,7
21,11
40,7
52,0
45,0
42,0
17,31

Sources

Sicard
Trollinger
Sicard
Soltani
Sicard

Lee
Tavares
Remacle
Remacle
Remacle
Sicard
Soltani

Lee

Gelfer
Sicard
Spazzapan
Lee
Tavares
Gelfer
Sicard
Soltani
Berger

Lee

Gelfer
Sicard
Spazzapan
Lee
Tavares
Lee
Spazzapan
Poulain
Lee
Tavares
Lee
Spazzapan
Soltani
Berger

Lee

Lee

Soltani
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15,0 125,0 36,0 Lee
16,0 122,3 25,8 Berger
16,0 126,0 30,0 Lee
17,0 129,0 26,0 Lee
17,0 121,3 18,4 Spazzapan
18,0 124,0 27,0 Lee
19,0 118,0 17,0 Goy
20,0 124,9 13,5 Gilmore
20,0 129,0 18,0 Hollien
21,8 118,53 24,64 Soltani
22,0 122,6 19,1 Spazzapan
23,0 112,0 18,0 Leung,Y.
24,0 121,7 Nishio
254 127,0 19,0 Fougeron
26,5 136,0 10,0 Murry
31,0 118,9 8,9 Sicard
31,8 117,65 23,35 Soltani
32,0 122,0 10,0 Graddol
32,8 123,6 16,0 Spazzapan
33,0 119,4 17,2 Ayoub
33,0 112,0 17,4 Troughear
34,0 121,0 31,0 Leung,Y.
34,0 116,0 20,0 Fougeron
35,0 119,3 Nishio

35 113 9,4 Dehgan
41,5 117,81 23,46 Soltani
44 1 129,3 241 Spazzapan
443 132,0 9,2 Sicard
45,0 119,3 Nishio
45,0 111,0 16,0 Leung,Y.
45,0 104,5 14,0 Berg
45,0 122,0 18,9 Berg
45,0 124,0 17,0 Fougeron
51,5 114,06 23,79 Soltani
53,5 128,9 231 Spazzapan
53,7 129,0 28,0 Fougeron
54,4 132,0 30,0 Fougeron
55,0 122,9 Nishio
55,0 114,0 17,0 Leung,Y.
55,0 106,5 14,9 Berg
55,0 124,7 22,2 Berg

62 140,4 13,9 Sebastian
63,6 131,5 28,8 Spazzapan
64,0 112,9 17,5 Berg
65,0 123,4 Nishio
65,0 130,0 20,0 Berg

67 140 20,4 Sebastian
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68
70,5
714
72,0

72

74
74,6
75,0
75,0
75,0
75,0

77
81,0

83

83
84,3
85,0
90,0

130,9
127,45
137,0
116,0
144,8
128
134,0
132,5
127.,6
120,6
141,0
136,3
112,5
146
133,3
150,0
136,5
150,0

18
22,25
10,0
16,0
48,7
25
23,0

29,2
19,8
26,1
22,4
6,0
14,9
20
30,0

25,0

Annexe B — Fo values for women

Average
age

3,5
4,5
45
4,6
50
5,0

5
5,5
55
5,5
55
5,5
6,0
6,3
6,5
6,6
7,0

7
7,3
7,5
7,6
8,0

24

fo (Hz)

305,0
265,0
288,0
292,53
255,0
272,0
257,1
260,0
275,0
282,0
271,0
289,75
265,0
240,5
273,0
2679
281,0
258,9
253,0
257,0
282,4
223,3

Std Dev (Hz)

22,5
29,9
20,5
15,37
25,0
37,0
29,1
25,2
34,5
35,6
14,1
18,02
53,0
34,0
24,3
30,1
43,0
33,7
26,6
17,8
17,12
34,2

Sources

Pessin
Soltani
Murry
Goy
Sebastian
Spazzapan
Fougeron
Nishio
Deliyski
Berg

Berg
Sebastian
Eichhorn
Dehgan
Pessin
Fougeron
Nishio
Fukada

Sicard
Trollinger
Sicard
Soltani
Sicard
Lee
Tavares
Remacle
Remacle
Remacle
Sicard
Soltani
Lee
Gelfer
Sicard
Spazzapan
Lee
Tavares
Gelfer
Sicard
Soltani
Berger
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8,0 273,0 31,0 Lee
8,3 240,0 30,0 Gelfer
8,5 248,0 15,8 Sicard
9,0 267,0 35,0 Lee
9,0 241,2 35,2 Spazzapan
9 230,5 23,8 Tavares
10,0 263,0 41,0 Lee
10,6 238,2 28,0 Spazzapan
11,0 222,3 28,2 Poulain
11,0 247,0 37,0 Lee
11 234,1 15,7 Tavares
12,0 234,0 27,0 Lee
12,4 226,1 48,3 Spazzapan
12,5 213,5 31,3 Berger
12,5 258,65 21,63 Soltani
13,0 251,0 43,0 Lee
14,0 225,0 27,0 Lee
14,3 219,0 21,1
14,6 217,2 19,49 Soltani
15,0 220,0 27,0 Lee
16,0 205,8 27,7 Berger
16,0 225,0 20,0 Lee
16,9 223,7 16,1 Spazzapan
17,0 219,0 20,0 Lee
18,0 242,0 15,0 Lee
19,0 206,3 14,3 Gilmore
19,0 208,0 19,0 Goy
21,0 223 22,3 Spazzapan
21,4 214,8 19,08 Soltani
21,5 228,0 34 De Pinto
21,5 204,0 19,3 Weirich
22,0 229,0 12,3 Pemberton
22,0 229,0 12,3 Russel
22,0 217,0 Fitch
24,0 226,1 Nishio
24,0 206,0 32,0 Leung,Y.
24,8 219,0 21,0 Fougeron
25,0 207,3 23,2 Zraick
26,5 193,0 18,0 Murry,
31,9 214,2 21,02 Soltani
32,0 208,0 20,0 Graddol
33 208,4 23,1 Spazzapan
34,5 202,0 28,0 Fougeron
35,0 210,2 Nishio
35,0 195,0 19,0 Leung,Y.
35 210 11,6 Dehqgan
38,0 231,0 40,0 Lee

25



hal.science — fo (EN) 2023

39,9 216,2 17,0 Sicard
41,2 213,07 21,3 Soltani
42,0 195,6 19,3 Troughear
44 198,2 20,1 Spazzapan
447 210,0 23,0 Fougeron
45,0 201,6 Nishio
45,0 193,0 23,0 Leung,Y.
45,0 170,5 23,2 Berg
45,0 198,4 31,3 Berg
51,8 190,27 23,57 Soltani
54 194,9 21,0 Spazzapan
54,9 206,0 28,0 Fougeron
55,0 190,1 Nishio
55,0 184,2 9,6 Russel
55,0 188,0 20,0 Leung,Y.
55,0 163,1 22,8 Berg
55,0 192,6 26,6 Berg
56,0 180,0 34 De Pinto
62 189,6 13,9 Sebastian
63 189,5 23,9 Spazzapan
64,6 204,0 29,0 Fougeron
65,0 187,1 Nishio
65,0 169,6 27,1 Berg
65,0 200,7 31,2 Berg
65 193,81 24,8 Cerceau
66,5 181,2 17,5 Russel
67 177,4 20,4 Sebastian
68 202,6 28 Pessin
71,4 172,0 22,0 Murry
71,4 178,96 25,03 Soltani
72,0 174,0 22,0 Goy
72 194,5 48,7 Sebastian
74,5 207,0 25,0 Fougeron
75,0 170,6 Nishio
75,0 187,0 42,2 Deliyski
75,0 171,3 23,8 Berg
75,0 200,0 26,9 Berg
75 188,1 27,6 Spazzapan
75 195,71 27,3 Cerceau
77 188,4 22,4 Sebastian
81,0 182,7 6,0 Eichhorn
83 194 15 Dehgan
83 199,4 20,1 Pessin
84,3 205,0 30,0 Fougeron
85,0 167,9 Nishio
88 187,6 21,6 Cerceau
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90,0 190,0 25,0 Fukada
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