AGE (2015) 37:117
DOI 10.1007/s11357-015-9854-1

@ CrossMark

Effects of age on the amplitude, frequency and perceived

quality of voice

Catherine L. Lortie - Mélanie Thibeault
Matthieu J. Guitton - Pascale Tremblay

Received: 12 May 2015 / Accepted: 3 November 2015
© American Aging Association 2015

Abstract The manner and extent to which voice ampli-
tude and frequency control mechanisms change with
age is not well understood. The related question of
whether the assessment of one’s own voice evolves with
age, concomitant with the acoustical changes that the
voice undergoes, also remains unanswered. In the pres-
ent study, we characterized the aging of voice produc-
tion mechanisms (amplitude, frequency), compared the
aging voice in different experimental contexts (vowel
utterance, connected speech) and examined the relation-
ship between voice self-assessment and age-related
voice acoustical changes. Eighty healthy adults (20 to
75 years old) participated in the study, which involved
computation of several acoustical measures of voice
(including measures of fundamental frequency, voice
amplitude, and stability) as well as self-assessments of
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voice. Because depression is frequent in older adults,
depression and anxiety scores were also measured. As
was expected, analyses revealed age effects on most
acoustical measures. However, there was no interaction
between age and the ability to produce high/low voice
amplitude/frequency, suggesting that voice amplitude
and frequency control mechanisms are preserved in
aging. Multiple mediation analyses demonstrated that
the relationship between age and voice self-assessment
was moderated by depression and anxiety scores. Taken
together, these results reveal that while voice production
undergoes important changes throughout aging, the
ability to increase/decrease the amplitude and frequency
of voice are preserved, at least within the age range
studied, and that depression and anxiety scores have a
stronger impact on perceived voice quality than acous-
tical changes themselves.

Keywords Voice - Aging - Amplitude control -
Frequency control - Connected speech - Self-assessment

Introduction

The ability to communicate our thoughts, opinions, and
feelings verbally is a key component of social relation-
ships, and integral to full participation in society at all
ages. Communication relies on a healthy voice produc-
tion system to express both complex ideas and emotions.
However, the human voice undergoes significant percep-
tual and acoustic transformations with age. Some of
these changes may negatively affect the communication
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process (Stathopoulos et al. 2011), and, in turn, the
quality of life. Specifically, voice aging can have a
negative impact on independence, integration, and effec-
tive communication (Kendall 2007; Plank et al. 2011).
Indeed, voice-related effort and discomfort, combined
with increased anxiety and frustration, can cause seniors
to avoid social situations and withdraw from certain
kinds of activities such as telephone conversations, or
large parties (Verdonck-de Leeuw and Mahieu 2004;
Roy et al. 2007; Etter et al. 2013).

Voice aging is caused by normal anatomical and
physiological changes associated with this phase of life
(Goy et al. 2013; Forero Mendoza et al. 2014). In
particular, physiological changes occur in the larynx
(Honjo and Isshiki 1980; Bloch and Behrman 2001;
Ximenes Filho et al. 2003; Kersing and Jennekens
2004; Pontes et al. 2005, 2006; Sato et al. 2010, 2011),
the vocal tract (Pontes et al. 2006), and the respiratory
system (Linville 1996; Teles-Magalhdes et al. 2000;
Ramig et al. 2001; Sauder et al. 2010). These changes
include calcification and ossification of cartilages, mus-
cles and vocal fold atrophy, vocal fold bowing (i.e.,
inward curve) and reduced mucosal wave, and reduced
pulmonary lung pressures, volumes, elasticity, and re-
coil. These changes have an impact on voice production
and quality (Mazzetto de Menezes et al. 2014). Indeed,
aging negatively affects voice stability and amplitude in
a sex-dependent manner (Linville and Fisher 1985; Ma
and Love 2010; Dehqgan et al. 2013; Goy et al. 2013).
For instance, men generally show a gradual increase in
fundamental frequency (f0) with age (Honjo and Isshiki
1980; Harnsberger et al. 2008; Torre and Barlow 2009;
Ma and Love 2010; Dehgan et al. 2013), while women
exhibit a decrease in f0 with age (Honjo and Isshiki
1980; Torre and Barlow 2009; Ma and Love 2010; Da
Silva et al. 2011; Dehqgan et al. 2013; Goy et al. 2013).
However, age-related changes in amplitude are less
consistent across studies. Some studies report an ampli-
tude decrease for both women and men (Baker et al.
2001; Da Silva et al. 2011), while other show it only for
men (Morris and Brown 1994; Goy et al. 2013). The
effect of age on voice perturbation measures is less
clear: while some studies have shown that voice stability
defined as jitter and shimmer declines with age (Wilcox
and Horii 1980; Baken 2005; Dehgan et al. 2013), other
studies did not find significant changes with age (Baker
etal. 2001; Goy et al. 2013). Finally, while some studies
have reported reduced maximum phonation time (MPT)
in aging (Ptacek et al. 1966; Kreul 1972), recent reports
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observed no significant decrease in MPT values in older
participants (Maslan et al. 2011). There is even one
report of longer MPT wvalues in older females compared
with younger females (Goy et al. 2013).

From a perceptual point of view, the aged voice has
been associated with increased hoarseness and breathi-
ness, vocal fatigue, instability, and crackling (Kendall
2007; Gregory et al. 2012). However, most of the pre-
vious studies have focused so far on steady vowel
utterances, a task that only bears limited resemblance
with natural language production, which requires dy-
namic adjustments to voice frequency and amplitude.
Thus, very little is known about the effect of age on the
ability to control the frequency and amplitude of voice.
Only two studies have examined voice amplitude con-
trol mechanisms in aging. The first study did not ob-
serve differences in the amplitude of a sustained vowel /
a/ at normal and high amplitude in 30 young adults
compared to 30 elderly women (young, 20-35 years
old; older, 6082 years old) (Mazzetto de Menezes
etal. 2014). The second study did not observe difference
in voice amplitude of a sustained /a/ at low, normal and
high amplitude in 15 young compared to 14 old men
(young, 20-26 years old; older, 56-71 years old) (Bier
et al. 2014). To the best of our knowledge, no study has
examined the aging of voice frequency control mecha-
nisms. Therefore, the effect of age on voice amplitude
and frequency control mechanisms is still largely un-
known, and so is the effect of age on the production of
voice in different contexts (sustained vowel, connected
speech).

An important question that follows from the obser-
vation of changes in voice physical and acoustical prop-
erties is whether voice perception is directly affected by
these changes. Studies that have examined the relation-
ship between voice perception and voice acoustics have
reported significant correlations between actual voice
instability (i.e., jitter, shimmer and noise to harmonic
ratio) and perceived breathiness and hoarseness on
Hirano’s grade index for perceptual voice assessment
(GRBAS) (Eskenazi et al. 1990; Dejonckere et al. 1996;
Wolfe and Martin 1997). Perceived roughness and ten-
sion was also significantly correlated to levels of har-
monic energy and harmonic to noise ratios (HNRs)
(Yanagihara 1967; Whitehead and Whitehead 1985).
However, the listeners included in these studies were
either experienced speech pathologists (Dejonckere
etal. 1996; Wolfe and Martin 1997) or faculty members
in Speech departments (Eskenazi et al. 1990). It is
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possible that the perception of one’s own voice relies on
different, and perhaps more subjective, criteria than
those used by experts in the field judging other people’s
voice. In addition, other factors could also modulate the
relationship between age and voice self-assessment. In
particular, because elderly adults frequently experience
depressive and anxious states, it is possible that mood
affects the perception of one’s own voice. Indeed, while
depression ranges in prevalence from 10 to 20 % in the
elderly (Steffens et al. 2009; Solhaug et al. 2012; Wu
et al. 2012; Williams et al. 2015), the prevalence of
anxiety ranges from 3 to 15 % (Kessler et al. 2005;
Miloyan et al. 2014; Wassertheil-Smoller et al. 2014;
Reynolds et al. 2015). Importantly, depression scores
can change the way people perceive themselves on
multiple levels, including their self-esteem (Fox 2000;
Watson et al. 2002; Furegato et al. 2008; Sowislo and
Orth 2012; Orth and Robins 2013; Legrand 2014;
Wegener et al. 2015). Moreover, a few cross-sectional
studies have reported negative moderate to strong cor-
relations between self-esteem and anxiety (Watson et al.
2002; Riketta 2004; Lee and Hankin 2009; Sowislo and
Orth 2012). Though it has never been examined, it is
possible that anxiety and depression scores negatively
affect voice self-assessment.

The objective of this study was thus to examine the
effect of age on voice production, focusing on amplitude
and frequency control mechanisms. We also compared
conversational voice in different contexts (steady vowel
utterances and connected speech). Finally, we also ex-
amined, for the first time, the relationships between age,
voice acoustics, voice self-assessment, and depression
and anxiety scores.

Methods
Participants

Eighty-one nonsmoking healthy adults (35 women)
with normal or corrected-to-normal vision and no self-
reported history of speech, voice, language, swallowing,
hearing, severe respiratory restrain, neurological or neu-
rodegenerative disorder, ranging in age from 20 to
75 years old (mean+standard deviation [SD] 54.63+
17.57) were recruited from the general community in
Quebec City (QC, Canada) through e-mails, flyers,
journal ads, and posters over the course of a 1-year
period. One participant was excluded because he did

not meet the inclusion criteria. The remaining 80 partic-
ipants were included in the analysis. Participants were
native speakers of Canadian French (17.76+3.5 years of
education, range 12-29 years). A French version of the
Mini Mental State Examination (MMSE) (Folstein et al.
1975; Hudon et al. 2009) confirmed that their cognitive
functioning was within normal limits given their age
(29.39+.88, range 25-30 points). Participants’ charac-
teristics are reported in Table 1. The procedures were
approved by the Institutional Ethical Committee of the
“Institut Universitaire en Sant¢ Mentale de Québec”
(protocol no. 353-2014) and the “CHU de Québec”
(protocol no. C14-01-1908). Informed written consent
was obtained from all participants, and they were com-
pensated for their participation.

Voice and communication quality assessment

Voice-related quality of life was assessed for three cate-
gories of difficulties (physical, emotional and functional)
using a French version of the Voice Handicap Index
(VHI-30) (Jacobson et al. 1997; La voix 2006). A high
score on the VHI indicates important voice difficulties.
We translated and modified the Consensus Auditory-
Perceptual Evaluation of Voice (CAPE-V) (Zraick et al.
2011) in order to perform perceptual self-assessment of
dysphonia in 6 points (i.e., voice strain, roughness,
breathiness, etc.) on a 100 mm visual analog scale (0=
not at all, 100=extremely). In this modified version of the
CAPE-V, participants completed the assessment of their
voice quality and filled the evaluation tool themselves,
according to the instructions given by the examiner
(C.L.L.). A high score again indicates voice dissatisfac-
tion. Finally, the Bordeaux’ Verbal Communication scale
(ECVB) (Darrigrand and Mazaux 2000) was used to
evaluate communication abilities (e.g., to express inten-
tions, to hold a conversation, and to shop alone). A low
score on the ECVB indicates communication difficulties.

Depression and anxiety scores

Participants were screened for depression and anxiety
scores using the Hospital Anxiety and Depression Scale
(HAD) (Zigmond and Snaith 1983).

Voice recordings

All recordings were performed by the same examiner
(C.L.L.) under identical conditions in a calm room at the
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Mean+SD  Range

Range Mean+SD  Range

Mean+SD

Range

Mean+SD

Range  Mean+SD Range Mean+SD  Range

Mean+SD

N

2.3-18.9
0.2-32.4
0-20.1

8.75+4.52
11.2+8.24
7.52+5.6

9.11+6.56

0-23

4.05+5.36
5.79+9.26
2.03+2.78
3.85+6.48

51-66
42-66
50-66

42-66

60.15+4.73
60.86+4.9

29.65+0.5 29-30

1-12

7.05+2.98
6.89+6.18
4.66+2.22
6.04+4.29

12-29
12-25
13-22
12-29

18.75+4.83
17.79+3.48
17.13+£2.32
17.76+3.5

28.6+£6.26 20-39

55.39+8.74
70.22+2.77

0-47

25-30
28-30
25-30

29.32+1.22

1-33
1-12
1-33

40-65

28

0-12

59.91+4.25
60.3+4.56

29.28+0.68
29.39+0.88

66-75

0-32.4

0-47

20-75

54.63+17.57

80

HAD scale ranges from 0 to 42. For this test, scores between 0 and 16 are considered normal. The MMSE score ranges from 0 to 30 and a cutoff score of 23 optimizes sensitivity and

specificity of detection of impairment (Murden et al. 1991; Uhlmann and Larson 1991)

HAD hospital anxiety and depression scale, MMSE mini-mental state examination, ECVB Bordeaux’ verbal communication scale, VHI voice handicap index, Modified CAPE-V modified

and self-administered version of the consensus auditory-perceptual evaluation of voice

CRIUSMQ, using a Shure headset microphone
(Microflex Beta 53) placed at 5 cm at a 45° angle to
the subject’s mouth to decrease aerodynamic noise from
the mouth. A headset microphone was used to ensure
that the distance between the microphone and the mouth
was kept constant throughout the procedure and across
participants. The microphone was connected to an
Edirol U-25EX analog interface, which was in turn
connected to a Toshiba PC through a USB port. The
recordings were performed using the Audacity software
at a sampling signal of 44.1 kHz and 32 bits of quanti-
zation. Throughout the experiment, water and short
breaks were given to the participants as needed, and
participants generally completed the session within
10 min.

Sustained vowel

The ability to control the amplitude and the frequency of
voice can be assessed in different ways, for example
during connected speech where they are analyzed as
normal, online speech modulation (e.g., the lowest and
highest frequency values during normal conversation).
Another way to examine amplitude and frequency con-
trol mechanisms is to evaluate maximal capacity, either
using an alternating crescendo/decrescendo method
(Awan 2011; Maruthy and Ravibabu 2015) or an inter-
sperse sustained vowel approach (Goy et al. 2013; Bier
et al. 2014; Mazzetto de Menezes et al. 2014) (e.g., how
low can my pitch go in absolute terms). Here, amplitude
and frequency control mechanisms were assessed using
the intersperse sustained vowel methods.

Participants were given two trials for each task. First,
participants were asked to produce a sustained vowel /a/
at comfortable frequency and amplitude levels, i.e.,
under “normal talking voice” condition. Maximum pho-
nation time (MPT) was calculated from the normal
talking voice condition (Fig. 1). Next, participants were
asked to produce the vowel /a/ for approximately 3 s in
four other conditions: lowest amplitude (without whis-
pering), highest amplitude (without yelling), lowest fre-
quency, and highest frequency. Frequency and ampli-
tude levels were self-determined by the participants in a
manner similar to that implemented in previous studies
(Bier et al. 2014; Mazzetto de Menezes et al. 2014).
Participants were allowed to determine their own levels
but they were encouraged to make a substantial differ-
ence between productions. A demonstration of expected
amplitude and frequency levels was given to each



AGE (2015) 37:117

Page 5 of 24 117

Normal
voice

il

High
frequency frequency amplitude amplitude

Frequency
N

Amplitude
(Jawys)
uoneuea sp nydwy

Frequency
variation (jitter)

Connected
speech

Fig. 1 Voice recordings. Examples of sustained vowels produced
under normal voice, lowest amplitude (without whispering),
highest amplitude (without yelling), lowest frequency and highest

participant by the same examiner (C.L.L.) under identi-
cal conditions by way of example. All vowels were
produced as steadily as possible, with no amplitude or
frequency variation. The task order was identical across
all participants in order to avoid contamination effects
across voice conditions (in particular from the high
amplitude voice and high frequency voice conditions).
Because of the very short duration of the procedure (less
than 10 min), no fatigue or habituation effects were
expected.

Connected speech

Participants were asked to narrate, using their own
words, two popular story tales (i.e., “Red riding
hood” and “Three little pigs”) at comfortable frequen-
cy, amplitude, and rate (Fig. 1). The participants were
given a representative illustration of the story tale to
help recall. If the story tale was unknown to the
participant, he/she was asked to describe the given
illustration instead.

Acoustic analysis

Vocal signals were analyzed using the Praat software,
version 5.3.39 (Boersma and Weenink 2012). The

T
35 45 55 65
Seconds

frequency, and connected speech. A representation of some of the
acoustical measures extracted from the voice samples is also
provided

acoustical parameters used in this study are detailed in
Table 2.

Sustained vowel

Original voice samples were visually inspected to iden-
tify passages with artifacts such as extraneous noise,
laughter or coughing. These passages were excluded
from the analysis. The analysis was then performed in
two steps. First, the longest and most stable central
segments of each vowel were manually selected. A
Praat script was applied on that central section to auto-
matically extract all acoustical measures, i.e., minimum
f0 (Hz), maximum f0 (Hz), mean f0 (Hz) and f0 SD
(semitones), mean amplitude and SD (dB), relative jitter
(%), shimmer (dB), and HNR (dB), with the exception
of duration. Minimum and maximum f0 target values
were adjusted according to the sex of the speaker (men
65-300 Hz; women 80-550 Hz). These segments were
visually inspected to correct f0 disruptions manually
when necessary. Next, the whole voice sample was
manually selected. A different Praat script was applied
on the whole sample to automatically extract duration
(MPT, seconds). For each participant, data from the two
trials were averaged together for each acoustical
measure.

@ Springer
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Table 2 Acoustic measures extracted with Praat and their definition, along with the windowing and thresholds used to set internal Praat

parameters in the scripts

Measure Definition

Specific internal Praat parameters

Minimum f0 (Hz) Minimum fundamental frequency
(i.e., number of glottic cycles
per second)

Maximum f0 (Hz) Maximum fundamental frequency

Mean 10 (Hz) Mean fundamental frequency
FO SD (semitones) ~ Fundamental frequency standard deviation
Mean amplitude (dB) Mean sound pressure level

Amplitude SD (dB)  Sound pressure level standard deviation

Duration (MPT; s)
Jitter local (%)

Duration of the voiced utterance

Absolute mean difference between
consecutive periods, divided by
the average period

Shimmer local (dB)  Average absolute base-10 logarithm
of the difference between the
amplitudes of consecutive periods,

multiplied by 20

Harmonic to noise
ratio (HNR, dB)

Degree of acoustic periodicity, i.e.,
the ratio between periodic
(vocal fold vibration) and
aperiodic (glottal noise) voice
components (harmonicity
of the voiced parts only)

To pitch:

Time step, 0.0001 s

Pitch floor, 65 Hz (men),
80 Hz (women)

Pitch ceiling, 300 Hz (men),
550 Hz (women)

Time range, 0 to 0 (= all); unit, Hertz;
interpolation, parabolic

Time range, 0 to 0 (= all); unit,
Hertz; interpolation, parabolic

Time range, 0 to 0 (= all); unit, Hertz

Time range, 0 to 0 (= all); unit, semitone

To intensity:
Minimum pitch, min
Time step, 0 (= auto)
Substract mean, yes

Time range, 0 to 0 (= all); averaging
method, dB

Time range, 0 to 0 (= all)

Start, get time of point 1; end, get time of point 2; duration, end—start

Time range, 0 to 0 (= all)

Shortest period, 0.0001 s

Longest period, 0.02 s

Maximum period factor, 1.3

Time range, 0 to 0 (= all)

Shortest period, 0.0001 s

Longest period, 0.02 s

Maximum period factor, 1.3

Maximum amplitude factor, 1.6

Time step (s), 0.01

Minimum pitch, 75 Hz (men), 150 Hz (women)
Silence threshold, 0.1

Periods per window, 1.0

Mean harmonicity: time range, 0 to 0 (= all)

Connected speech

Original voice samples were first inspected to identify
passages with artifacts such as extraneous noise, laugh-
ter or coughing, and caricatured voices. A 10-s central
section of each sample was manually selected, avoiding
such passages. All acoustical measures (i.e., minimum
f0 (Hz), maximum f0 (Hz), mean f0 (Hz) and f0 SD
(semitones), mean amplitude and SD (dB), and HNR
(dB)) were extracted using a Praat script applied on
these 10-s sections.

Statistical analyses

All data were analyzed using SPSS 22 (IBM SPSS
Statistics, Armonk, NY). Acoustical measures (f0 min-
imum, maximum, mean and SD, mean and SD ampli-
tude, MPT, jitter, shimmer, and HNR) were used as
dependent measures for statistical analyses. For all
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statistical procedures, «=0.05 was used to establish
significance. A false discovery rate (FDR) correction
was applied on all post hoc analyses (Benjamini and
Hochberg 1995). In the statistical analyses described
below, age was used both as a continuous and a cate-
gorical independent variable. It was used as a categorical
variable in the ANOVAs, in which participants were
divided into three age groups (i.e., young, 20-39; mid-
dle-aged, 40-65; and older, 66-75 years old). In the
moderated mediation analyses, age was used as a con-
tinuous variable.

Amplitude control

To assess age differences on the ability to produce
high and low amplitude voice, a series of FDR-
corrected (FDR per dependent variable [acoustical
measures]: i=9, ¢=0.05) mixed model 3x3x2
ANOVAs on each of the acoustical parameter as
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dependent variables (fOmin, fOmax, fOmean, fOSD,
mean amplitude, amplitude SD, jitter, shimmer,
HNR) were first performed. For these analyses,
sustained vowel amplitude (low, normal, high) was
used as a within-subject factor, while age group (three
levels, 20-39, 40-65, and 6675 years) and sex were
used as categorical between-subject factors. Post hoc ¢
tests were conducted when appropriate.

Frequency control

To assess age differences on the ability to produce high-
and low-frequency voice, a series of FDR-corrected
(FDR per dependent variable [acoustical measures]:
i=9, ¢=0.05) mixed model 3x3%x2 ANOVAs on each
of the acoustical parameter as dependent variables
(f0min, fOmax, fOmean, f0SD, mean amplitude, ampli-
tude SD, jitter, shimmer, HNR) were performed. For
these analyses, sustained vowel frequency (low, normal,
high) was used as a within-subject factor, while age
group (three levels, 20-39, 4065, and 66-75 years)
and sex were used as categorical between-subject fac-
tors. Post hoc ¢ tests were conducted when appropriate.

Although our original intention was to study the
interaction between amplitude and frequency control
mechanisms, certain voice conditions (high amplitude
at low frequency, low amplitude at high frequency, etc.)
were very difficult to execute for nonprofessional
speakers during pilot testing; therefore, interactions
were not tested.

Connected speech

First, the acoustical measures computed from the two
different story tales were compared using FDR-
corrected (=7, g=0.05) ¢ tests for dependent samples
to ensure that they did not differ significantly. Results
demonstrated no significant difference between the
acoustical measures across the speech samples; there-
fore, a mean was calculated for each acoustic parameter
and used in further analyses. Next, to assess the effect of
context on the voice, a series of FDR-corrected (FDR
per dependent variable [acoustical measures]: =7,
¢=0.05) mixed model 2x3%x2 ANOVAs on acoustical
measures (f0min, fOmax, fOmean, f0SD, mean ampli-
tude and SD, HNR) with context (sustained vowel,
connected speech) as a within-subject variable, and
age group (three levels, 2039, 40-65, and 6675 years)
and sex as categorical between-subject factors were

performed. Post hoc ¢ tests were conducted when
appropriate.

Moderated mediation analyses

In order to identify determinants of voice self-assess-
ment, a conceptual model was developed in which
the aging process affects voice acoustical measures,
which in turn predicts voice self-assessment after
controlling for sex. The indirect effect of age on
voice self-assessment was hypothesized to be mod-
erated by anxiety and depression scores. This con-
ceptual model was tested in an operative framework,
i.e., a mediated moderation, described in the follow-
ing sections.

Moderation and mediation analyses allow re-
searchers to examine the mechanisms by which var-
iables affects each other (Baron and Kenny 1986;
Shrout and Bolger 2002; MacKinnon et al. 2007
Preacher and Hayes 2008). Moderated mediation
analyses estimate the path coefficients in a single
mediator and a single moderator model and generate
bootstrap confidence intervals for direct and indirect
effect of X on Y through a mediator variable (M)
conditional to a moderator (). The model that was
used is illustrated in Fig. 2. In this moderated medi-
ation model, the dependent (Y) variable was the self-
assessment measures of voice quality, while the
independent (X) variable was the continuous vari-
able age. One covariate (sex) was included in the
model. Voice acoustics were used as the mediator
(M) and anxiety or depression scores as the moder-
ator (W). The moderated mediation analyses were
conducted using the PROCESS macro (model no.
59) for SPSS (http://www.afhayes.com/) (Preacher
et al. 2007; Preacher and Hayes 2008; Hayes and
Preacher 2013).

For each self-assessment measure, a linear regression
was used to test for a direct effect of age on voice self-
assessment (the ¢’ path in the model). Linear regressions
were also conducted to test for an effect of age on voice
acoustical measures (the a paths) and an effect of acous-
tical measures on voice self-assessment (the b paths).
Next, a series of regressions were conducted, each in-
cluding either the mediator, the moderator or both, to
examine (1) whether there was an effect of age on voice
self-assessment mediated by voice acoustics (the ab
paths), (2) whether there was an indirect effect of de-
pression and anxiety scores on voice self-assessment
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Voice (M)

éSex (Covariable)

\1/

> | Voice self-
assessment(Y)

‘ Anxiety or depression scores (W) ‘

Fig. 2 Moderated mediation model. Conceptual moderated me-
diation model used to uncover the effect of age (X) on voice self-
assessment (Y; the ¢’ path), and whether this relationship was
mediated by acoustic measures (M; the ab paths). This conceptual
model was also used to test if depression and anxiety scores ()

through age (¢’ paths), or through the effect of age on
voice self-assessment mediated by voice acoustics (the
ab paths), and (3) whether depression and anxiety scores
moderated the effect of age on voice acoustics (the a
paths) and the effect of voice acoustics on voice self-
assessment (the b paths). A bootstrapping approach was
used to test for the significance of the indirect effects
(Shrout and Bolger 2002) (p=0.05, using bias-corrected
bootstrapping with 10,000 samples). Bootstrapping in-
volves the repeated extraction of samples, with replace-
ment, from a dataset and the estimation of the indirect
effect in each resampled dataset. The moderated medi-
ation analyses were performed separately for each
acoustic parameter (M; n=10 [9 acoustic measures and
MPT]), self-assessment measures of voice (¥; n=2) and
anxiety and depression scores (W; n=2), for a total of 40
moderated mediation analyses.

Finally, to assess age differences on psychological
states (anxiety and depression), a series of independent
t tests between age groups were performed with anxiety
and depression scores as the dependent variables.

Results

Amplitude control

Significant main effects of age were found on all acoustic
measures with the exception of maximum f0 (£ 74)=
1.97, p=0.19), mean amplitude (F274,=0.02, p=0.98),

and amplitude SD (F(274)=0.13, p=0.99). The results
also revealed significant main effects of amplitude on

@ Springer

moderated the effect of age on voice acoustics (the a path), the
effect of voice acoustics on voice self-assessment (the b path), the
effect of age on voice self-assessment mediated by voice acoustics
(the ab paths), and the effect of age on voice self-assessment
(¢’ path)

all voice measures (F274)=23.12 to 596.74, p=1.83_9
to 1.377%. Significant main effects of sex were also
observed on all acoustic measures with the exception of
f0 SD (F(]’74):1.07, p:03), mean amplltude (F(1’74):
3.19, p=0.09), and jitter (F; 74y=4.18, p=0.06). An in-
teraction was observed between sex and amplitude on
amplitude SD (£{; 74y=7.01, p=0.01). There was no in-
teraction between age and sex, age, and amplitude, or
between amplitude, age, and sex.

First, we explored the main effects of age using post
hoc analyses, which showed that f0 SD was higher for the
older group [young vs. middle-aged: #46)=—2.68,
p=0.01; young vs. older: #509,=—5.02, p=1.1">; middle-
aged vs. older: #sg=—3.17, p=0.003]. The voice of the
older group had higher jitter values than middle-aged
(ts8y=—2.1, p=0.04) and young adults (#s0y=—2.98,
p=0.005) (Fig. 3a). The older adults also had higher
shimmer compared to the young (#s0)=—2.86, p=0.006)
(Fig. 3b). Finally, for HNR the young adults displayed
higher values than the middle-aged (#4¢,=2.71, p=0.009)
and the older adults (#s0,=3.53, p=0.001) (Fig. 3c).

Next, we explored the main effects of amplitude
using post hoc analyses, which showed, as expected,
that mean amplitude significantly differed across the
experimental conditions (#(79)=10.23 to 30.57,
p=3.98""%t0 1.57*), with amplitude in the low ampli-
tude condition being the softest, followed by normal and
high amplitude voice (Fig. 4). Results revealed that the
high amplitude voice had the expected highest frequen-
cy compared to normal (#79)=—8.52, p:8.61_13) and
low amplitude voices (f79)=—6.59, p=4.58"7), similar
to previous results by Gramming and colleagues
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Fig. 3 Main effect of age on voice stability. Voice jitter (a),
shimmer (b), and HNR (c) are displayed by age groups. Single
asterisks indicate significance at p<0.05, while double asterisks
indicate significance at p<0.01. Error bars represent the standard
error of the mean

(Gramming et al. 1988). The high amplitude voice had
lower jitter and shimmer values and a greater HNR
value than normal voice (£79)=6.67 to 8.51, p=3.14"°
to 8.66 '), which in turn had lower jitter and shimmer

and higher HRN values compared with the low ampli-
tude voice (£79)=4.24 to 8.04, p=6.17 t0 7.397'?).

Then, we explored the main effects of sex using post
hoc analyses, which confirmed that women had signif-
icantly higher minimum f0 (f75,=—14.88, p=1.81"""),
maximum f0 (¢7g=—15.81, p=4.64">"), and mean 0
(t73y=—15.46, p=2.75"2%. Women had higher ampli-
tude SD (f73y=—2.35, p=0.02) and higher HNR values
(t73y=—2.70, p=0.008), but lower shimmer values than
men (t(7g):3.3 1, p:0001)

To decompose the amplitude by sex interaction, post
hoc analyses were performed on the amplitude SD of
men and women separately. Results showed that men
had the highest amplitude SD values in the normal voice
condition [significantly higher than low amplitude
(t(42y=—7.76, p=8.95""'") and high amplitude
(t(44)=6.06, p=2.8"7)], meaning that normal voice was
the least stable in amplitude. The normal voice of wom-
en was also the least stable in amplitude [amplitude SD
in normal voice significantly higher than low amplitude
(teey="T1.76, p=5"7) and high amplitude (ta4=5.37,
p=6 )], but the amplitude effects were generally larger
in men compared to women.

Frequency control

The repeated measures ANOVAs revealed significant
main effects of age on three voice measures, i.e., f0 SD
(F(2’74): 13.16,p:5.85_5),jitter (F(2)74):5.25,p:0.02),
and HNR (F,74)=15.09, p=2.7"%). The results also
revealed significant main effects of frequency on all
acoustical measures (£2,74=11.98 to 672.52, p=1.575
to 3.17°7%). Significant main effects of sex were also
observed on most acoustical measures with the excep-
tion of f0 SD (F(;,74y=0.08, p=0.78), mean amplitude
(F(1’74): 1.1 1, p:04), Jltter (F(1,74):3.38, p:()l 1), and
HNR (F(1,74y=0.79, p=0.42). An interaction was ob-
served between age and frequency but only for HNR
(F4.74=6.26, p=9.97"). Interactions were also observed
between sex and frequency control on f0 minimum
(Fa79=71.59, p=5.372?), maximum (F74=73.89,
p=5.03"%) and mean (Fy.74y=73.14, p=3.66 %), and
on amphtude SD (F(2’74):3.8, p:OO4), jitter (F(2,74):
3.86, p=0.04), and shimmer (F(74,=5.18, p=0.02).
Ultimately, there was a three-way interaction between
age, sex, and frequency on HNR (F(474,=7.94,
p=7.2""). There were no interactions between age and sex.

For the main effects of frequency, post hoc analyses
showed that frequency (f0 mean, minimum, and

@ Springer
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Fig. 4 Main effect of amplitude 90
across conditions. Mean
amplitude (dB) is displayed by
age group and amplitude
condition (low, normal, and high
amplitude). Single asterisks
indicate significance at p<0.05,
while double asterisks indicate
significance at p<0.01. Error
bars represent the standard error
of the mean. n.s. non-significant
effect

Mean amplitude (dB)

maximum) in all three conditions were significantly
different (#70)=4.63 to 18.71, p=1.4 10 9.16 "), with
the expected linear increase from low to high frequency
voice (Fig. 5). Moreover, the results revealed that the
high frequency voice had the highest amplitude com-
pared to the normal (f79)=—13.74, p=122") and the
low frequency voice (f79)==6.25, p=1 957%). However,
the low-frequency voice had higher amplitude com-
pared to normal voice (#79)=9.33, p=2.19""%). The
high-frequency voice had lower jitter and shimmer
values and a higher HNR value than normal voice
(t79)=6.16 t0 12.66, p=2.93"% to 1.057>), which in turn
had lower shimmer and higher HNR values compared
with the low frequency voice (#79)=2.91 and —2.14,
p=0.005 and 0.04, respectively).

To decompose the frequency by age interaction on
the HNR, post hoc analyses were performed of the three
age groups separately. Results showed that for the youn-
gest group (20-39 years) and the middle-aged group
(4065 years), HNR of the normal voice and the low-
frequency voice did not differ (¢9y=.17, p=0.87 and

Fig. 5 Main effect of voice 600

frequency for each condition.

Mean frequency (Hz) is illustrated 500 <

as a function of age group,

frequency condit.ion., and sex. 5 400 4

Single asterisks indicate T
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te7==0.14, p=0.89, respectively). However, for the
oldest group (6675 years), HNR values in all three
conditions were significantly different, following a lin-
ear increase from low to normal voice (f31,=—2.73,
p=0.01), and from normal to high-frequency voice
(tz1)=—7.66, p=1.227%).

For the frequency by sex interaction, post hoc anal-
yses demonstrated that for f0 minimum, maximum, and
mean, there was an effect of frequency for both men and
women, but the frequency effects were generally larger
in women compared to men, regardless of age. On the
contrary, there was also an effect of frequency for both
men and women on jitter values, but the frequency
effects were generally larger in men compared to wom-
en. For one measure, amplitude SD, a different pattern
was found. For men, the amplitude SD values of the
normal voice were higher than both low-frequency
(taay=—6.45, p=7.32"%) and high-frequency voice
(fay=5.22, p=5"°). In contrast, amplitude SD values
for women were similarly high for both normal and
high-frequency voice (#34y=0.21, p=0.84), meaning

ns.
T

ke #k
ok

Men

I Low frequency
[0 Normal voice
I High frequency
Women

I Low frequency
B Normal voice
I High frequency

Young Middle-aged Older
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that the normal voice was the least stable in amplitude
for men but not women. Post hoc analyses also demon-
strated that shimmer values for men decreased from
low-frequency to normal voice (f44,=2.79, p=0.008),
and from normal to high-frequency voice (f(44)=6.51,
p=6.08"%). However, shimmer values for women were
similarly high for both low-frequency and normal voice
(t(34): 1 .l, p:028)

Finally, for the three-way interaction between age,
sex, and frequency on HNR, post hoc analyses demon-
strated that for the youngest group (20-39 years), the
high-frequency voice had higher HNR values compared
with the low-frequency voice for men (f10,=—4.58,
p=0.001) but not for women (g,=—0.76, p=0.47). For
the middle-aged group, the high-frequency voice had
higher HNR values compared with the low-frequency
voice for both men and women (¢13=—5.67, p:7.775
and t(;3y=—3.72, p=0.003, respectively), and also higher
HNR values compared with the normal voice for both
men and women (¢13=—4.25, p=0.001 and t(;3)=
—10.03, p=1.75"", respectively). However, for the
oldest group (66—75 years), the HNR values for women
in all three conditions were significantly different and
followed a linear increase from low to normal voice
(ta1y==3.69, p=0.004), and from normal to high-
frequency voice (#11)=—3.99, p=0.002), whereas for
men, the HNR values were similarly low for both low-
frequency and normal voice (#19)=0.01, p=0.99).

Connected speech vs. sustained vowel

The repeated measures ANOVAs revealed significant
main effects of context on all acoustical measures
(F(1.74y=38.93 to 744.45, p=2.487% to 1.637°").
Significant main effects of sex were also observed on
all acoustical measures with the exception of mean am-
plitude (£(;,74y=0.003, p=0.96) and amplitude SD
(Fa,74=1.83, p=0.21). Interactions were observed be-
tween age and context for minimum 0 (£5,74)=9.73,
p=0.001), maximum f0 (F{5,74y=3.97, p=0.04) and mean
0 (Fo,74=5.85, p=0.01), and amplitude SD (F(74)=
4.58, p=0.03). Interactions were also observed between
sex and context on f0 minimum (F(; 74y=151.98, p=
9.037"%), maximum (F(; 74=95.47, p=2.06 '*), and SD
(F1,74=15.95, p=0.0003). An interaction was observed
between age and sex on mean f0 (F 74)=4.61, p=0.045).
Finally, a three-way interaction was observed between
age, sex, and context on minimum f0 (£ 74,=6.52,
p=0.01). There were no main effects of age.

Post hoc analyses were conducted to decompose the
main effect of context, which showed that connected
speech had a lower minimum f0 (#(79y=12.81,
p=5.57"2" and a higher maximum f0 (tz9)=—17.77,
p=2.51""%) and mean f0 (f70,)=—6.72, p=2.58"") than
sustained vowels. FO SD was also higher in connected
speech compared with sustained vowel (#79)=—24.94,
p=3.38"), while HNR was lower in connected speech
(t79)=13.73, p=122"2%). Mean amplitude was signifi-
cantly lower in connected speech (#79y=11.66,
p=7.55"9), while amplitude SD was higher in connect-
ed speech compared with sustained vowel (#79)=
—23.32, p=3.67").

Another series of post hoc analyses were also con-
ducted to decompose the context by age interaction on
the f0 and the amplitude SD of the three age groups
separately. Results showed that minimum fO was lower
in connected speech compared with sustained vowel for
the young (f19)=—6.15, p=7"°), middle-aged (t7,=
-9.32, p=6.28"'%), and older group (¢31,=—8.07,
p=4.09"7), but the difference between the two contexts
was larger for the middle-aged group (Fig. 6a). In con-
trast, maximum f0 was higher in connected speech
compared with sustained vowel for the young (9=
10.78, p=1.54""), middle-aged (t7,=11.77,
p=3.88""?), and older group (t31)=9.9, p=4.117"), but
the difference between the two contexts was again larger
for the middle-aged group (Fig. 6b). Mean f0 values
followed a different pattern: mean f0 was higher in
connected speech compared with sustained vowel for
the middle-aged (#>7y=3.87, p=0.001) and older group
(t31y=6.45, p=3.477), but similar between the two con-
texts for the young (#,9y=1.15, p=0.26; Fig. 6c).
Amplitude SD values were significantly higher in con-
nected speech compared with sustained vowel for the
young ([(19):14.85, p:6.59_12), middle-aged (t(27):
16.28, p=1.75""%), and older group (ta1y=14.26,
p=3.71""°), but the difference between the two contexts
was again larger for the middle-aged group (Fig. 6d). In
particular, older adults had lower f0 and amplitude SD
values compared with younger adults for sustained
vowels, but f0 and amplitude SD values were similar
between age groups for connected speech.

To decompose the context by sex interaction on f0,
post hoc analyses were performed, which revealed that
minimum f0 was lower in connected speech compared
with sustained vowel for both men (#44y=—13.18,
p=7.1""7) and women (f34=—15.79, p=3.237""), with
a stronger effect of context for women. In addition, the
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Fig. 6 Interaction between age and context on voice acoustic
measures. Minimum f0 (a), maximum f0 (b), mean f0 (c¢), and
amplitude SD (d) are displayed for each age group and each

maximum f0 was higher in connected speech compared
with sustained vowel for both men (#44,=16.31,
p=2.88"%") and women (f34=20.72, p=7.27°"), with
again a stronger effect of context for women. Similar
results were observed for f0 SD, which was higher in
connected speech compared with sustained vowel for
both men (t(44): 1916, p:5.67_23) and women ([(34):
19.2, p=8.01"%), with a slightly stronger effect of con-
text for women.

For the age by sex interaction on mean f0, post hoc
analyses demonstrated that there was no significant
difference between the mean f0 of the three age groups
neither for men nor women. However, the lowest mean
f0 value for men was observed in the middle-aged
group, whereas for women the lowest mean f0 value
was observed in the oldest group.

Finally, to decompose the three-way context by age
by sex interaction on minimum f0, post hoc analyses
were performed. Results showed that, for both sex,
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context. Single asterisks indicate significance at p<0.05, while
double asterisks indicate significance at p<0.01. Error bars rep-
resent the standard error of the mean

minimum f0 was lower in connected speech compared
with sustained vowel for the young (men: f,0y=—6.93,
p=4"°; women: tgy=—10.39, p=6°), middle-aged
(men: t3)==7.72, p:376; women: #3=—15.09,
p=1.28"") and the older groups (men: t19y=—8.16,
p:1.24_7; women: f1,=—7.76, p:9_6). However, the
difference between the contexts decreased with age only
for women.

Moderated mediation analyses

The direct relationship between age and voice self-assess-
ment, as assessed by the VHI and the modified CAPE-V,
was not significant [¢’ path]. Depression and anxiety
scores did not moderate the relationship between age
and voice self-assessment [ — ¢’ path]. Therefore, the
age of a healthy adult did not affect his assessment of his
own voice, and his anxiety or depression scores did not
influence this relationship. Next, the direct effect of
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anxiety and depression scores on acoustic measures of the
voice was examined [/ — M]. Results revealed that
neither anxiety nor depression scores significantly influ-
enced acoustics measures of voice. As expected, most
acoustic measures were affected by sex, except mean
amplitude [sex — M]. However, sex had no influence
on voice self-assessment [sex — Y]. Thus, the sex of
healthy adult did not affect their assessment of their
own voice. The well-accepted notion that the aging pro-
cess affects voice acoustical measures was again assessed
after controlling for anxiety and depression scores. The
analyses revealed that the effect of age on acoustic mea-
sures [a path] was still significant for some measures
when anxiety scores were controlled (Fig. 7, Tables 3
and 5; age is associated with reduced minimum,
maximum and mean f0, and increased f0 SD), and for
other acoustic measures when depression scores were
controlled (Fig. 8, Tables 4 and 6; age is associated with
increased fO SD, and decreased HNR). However, neither
depression nor anxiety scores moderated the relationship
between age and acoustics [/ — a path]. Consequently,
this analysis confirmed that aging affects voice acoustics
and revealed that anxiety or depression scores did not
alter the effects of age on voice acoustics.

In our conceptual framework, voice acoustics was
hypothesized to predict voice self-assessment. Indeed,
voice acoustics had a significant influence on voice self-

. FOminimum
\ FOmaximum

FOmean
/" FOSD

-FOminimum . Jitter

-Amplitude SD
-MPT
-HNR
i VHI score

Voice (M)

Interaction with: Interaction with:

-FOmaximum . Shimmer
.FOmean /" VHl score

assessment but only for a few measures [b path].
Specifically, high amplitude SD and MPT values were
associated with high voice self-assessment scores, while
high jitter and shimmer values were associated with a
decline in self-assessment scores as assessed with the
VHI when anxiety scores were controlled (Fig. 7,
Table 3). High f0 SD and jitter values were associated
with a decline in self-assessment as assessed with the
VHI when depression scores were controlled (Fig. 8,
Table 4). However, anxiety scores had a strong influence
on the relationship between acoustics and voice self-
assessment [/W — b path] when assessed with the VHI.
Indeed, the relationships between all acoustic measures
(with the exception of f0 SD and mean amplitude) and
the VHI were moderated by anxiety scores (Fig. 7,
Table 3). In particular, the interaction between most
voice acoustic measures (i.e., f0 minimum, maximum,
and mean, amplitude SD, MPT, and HNR) and high
anxiety scores were associated with a decline in voice
self-assessment, while the interaction between the re-
maining voice acoustic measures (i.c., jitter and shim-
mer) and high anxiety scores were associated with an
increase in voice self-assessment. Depression scores
also moderated the relationship between half acoustic
measures and the VHI (Fig. 8§, Table 4; amplitude SD,
MPT, jitter, shimmer, and HNR). In particular, the inter-
action between amplitude SD, MPT, HNR, and high

Amplitude SD ./ VHI score
MPT.”
Jitter N\
Shimmer \y

VHI(Y)

FOminimum ~” VHI score
FO maximum

FOmean ./

Amplitude SD ./

Anxiety scores (W) ‘

MPT 7
HNR

Fig. 7 Results of the moderated mediation analyses with anxiety
scores as the moderator (W). The relationship between age and
voice self-assessment was mediated by acoustic measures and
moderated by anxiety scores. From the left: Advancing age was
associated with low minimum, maximum and mean f0, and high
f0 SD. High amplitude SD and MPT values were associated with
high voice self-assessment, while high jitter and shimmer values
were associated with low voice self-assessment. The interaction
between most voice acoustic measures (i.e., f0 minimum, maxi-
mum, and mean, amplitude SD, MPT, and HNR) and high anxiety

scores were associated with low voice self-assessment (indicating
good voice satisfaction), while the interaction between the remain-
ing voice acoustic measures (i.e., jitter and shimmer) and high
anxiety scores were associated with high voice self-assessment
(indicating low voice satisfaction). Finally, high anxiety scores
were associated with high VHI scores (thus indicating low voice
satisfaction) in six models out of ten. The size of the arrows
corresponds to the quantity of acoustic measures involved in that
relationship

@ Springer



AGE (2015)37:117

Page 14 of 24

117

QINSLAW [LI1}SNOOE Yord 10} pAsi| pue pajiodar axe (d) eoueoyIuSis pue (g) SJUSIONFA0d SuoIssaISar Jeaur oy ‘yred JUIAJIP Y} JO OB 10,

0 9LTO 6€8¢°1 §E€56°0 6000°0— €100 w98y S€10°0 891°0— UNH

0 s8I0 [4%3 50t 1S9L°0 ¥00°0 §6se0 L6SL0— <0000 L8LO8C Jouuys

0 9€LT'0 [4340! (4940 2010°0- 87,90 £90€°0 0000°0 8999°L8I Tonif

0 Y0 [L10°T 198°0 ¥¢00°0— §200°0 L601°€ 2000°0 YCs10- IdN

0 PPLEO ¥8S0°1 1660 2000°0— $000°0 655581 9000°0 YSYT - as epmrdury

0 riLo 123940 99610 1010°0 6160 9¢el e ol'0 1590°0 apryrdue wedy

0 850 S61L°0 £876°0 1100°0 6C¥8°0 8ELT'0 8710 L€00'S as od

0 8088°0 89LE0 Lo CL100 €920°0 9L1ET 65000 LETO0- ueaut 0

0 69€L°0 0L¥8°0 S681°0 L810°0 CLT00 698C°C s00°0 SE10°0- wmnurxeut (]

0 0€06°0 166C°0 9rsTOo 9100 SE€T00 IvseET 8100°0 1710°0— w0

d d fol d el d o d Ial SOINSEOW [BO1ISNOOY

q+e —M A < X8 Q=M A<M qe—M syred
9€56°0 S00°0 ¥201°0 6870 (4400 ¥960°C €6L°0 9200°0 €8L6°0 SS10°0- 1€L0°0 €160°0— AINH
899L°0 80C0°0— STr0'0 ITcL6L— L¥00°0 1910°0— 66550 00000 SLOSO §200°0 6590°0 9000°0 Jouuys
78650 65€0°0 1900°0 €565°886— 600°0 9200°0— 6€SL°0 0000°0 9780 1000°0— SO¥E0 1000°0 Toprp
8008°0 1L10°0— 9900°0 119¢°0 €000°0 §eTeS— SLSLO 7S00°0- SLS60 £250°0— 8598°0 L¥10°0- LdN
9Y8L0 1020°0 LS00°0 YLY9'S 8¢r0°0 Y690 Yr8L0 ¥000°0 SH08°0 [ Sero 6110°0— as opmidury
€€9°0 65€0°0— wreo LLTTO- €519°0 6€09°0— 8L9°0 850070 SETL0 188C°0— vL160 §L000 opryijdure ued
6008°0 9120°0 €L60°0 [1i24%% L6€0°0 65¥0°0— S069°0 1000°0— 1606°0 L100°0 81200 1€00°0 as od
89090 £€8€0°0— 1280°0 6¥90°0 0000°0 ESYELL 601°0 8060°0 6LT0 6£Ey - SS10°0 6€1L°0— ueatt 04
81CS0 0L¥0°0— 8CIT°0 6L50°0 0000°0 8CTIL'8L LY01°0 0£60°0 SLSTO 69891~ 91200 9€89°0— winurxewt O]
vL99°0 00— €L90°0 1890°0 0000°0 96C6'SL $€60°0 6560°0 ¥091°0 1Tv9v— 9800°0 8€8L°0— i 04
d d d fol d fol d fol d fol d fal SAINSeAW [BONSNOdY

k) q N < X3S B 4 W—M e syred

amseaur ({) juopuadap ay) se [HA Pue (4) I0)EIOPOW Y} SE SAI00S AJOTXUE [PIM SISAJBUE UOHRIPIW PIJEIOPOW ) JO SINSOY € I[qEL

pringer

A's



AGE (2015) 37:117

Page 15 of 24 117

Interaction with: Interaction with:

-Amplitude SD . Jitter

FOSD ™\ VHI score
Jitter N\

-MPT - Shimmer
Age (X) -HNR /" VHI score VHI (Y)
\ VHI score
Amplitude SD ./ VHI score
MPT
HNR
Depression scores (W) ‘

Fig. 8 Results of the moderated mediation analyses with depres-
sion scores as the moderator (W). The relationship between age
and voice self-assessment was mediated by acoustic measures and
moderated by depression scores. From the left: Advancing age
increased f0 SD and decreased HNR. High {0 SD and jitter values
were associated with low voice self-assessment. The interaction
between amplitude SD, MPT, HNR, and high depression scores

depression scores were associated with a decline in
voice self-assessment, while the interaction between
jitter and shimmer and high depression scores were
associated with an increase in voice self-assessment
(thus indicating low voice satisfaction). When voice
was assessed with the modified CAPE-V, only the rela-
tionship between MPT and voice self-assessment was
moderated by depression scores (Table 6). Indeed, the
interaction between MPT and high depression scores
were associated with a decline in voice self-assessment.
In summary, these analyses indicate that the actual voice
acoustic quality influenced voice self-assessment and
that anxiety and depression scores have a strong influ-
ence on this relationship.

The direct effect of anxiety and depression scores on
voice self-assessment was also examined [ — Y.
Results revealed that high anxiety scores were associated
with an increase in voice self-assessment as assessed with
the VHI (thus indicating low voice satisfaction) in six
models out of ten (Fig. 7, Table 3). In contrast, high
depression scores had a limited influence on voice self-
assessment as assessed with the VHI (three models out of
ten; Fig. 8, Table 4). Finally, neither anxiety nor depres-
sion scores significantly influenced voice self-assessment
as assessed with the modified CAPE-V (Tables 5 and 6).
Finally, the relationship between age and self-assessment
mediated by acoustic measures [ab paths] was moderated
by anxiety scores [W — ab paths] in two contexts.
Specifically, the higher the anxiety scores, the more the
interaction between age and shimmer, and between age

were associated with low voice self-assessment (indicating good
voice satisfaction), while the interaction between jitter, shimmer,
and high depression scores were associated with high voice self-
assessment (indicating low voice satisfaction). Finally, depression
scores had a limited direct influence on VHI scores (three models
out of ten). The size of the arrows corresponds to the quantity of
acoustic measures involved in that relationship

and HNR, was associated with a high voice self-
assessment as assessed with the modified CAPE-V (thus
indicating low voice satisfaction). All these results are
detailed in Tables 3, 4, 5, and 6.

Anxiety and depression scores

Independent ¢ tests on anxiety and depression scores
revealed that the older adults had lower anxiety scores
compared to the young (#30y=3.129, p=0.004; mean
score 3.41+1.72 and 5.45+2.58, respectively) and
middle-aged adults (#sg)=2.026, p=0.047; mean score
3.41+1.72 and 4.89+3.73, respectively). No difference
was observed between the anxiety levels of younger and
middle-aged adults (#46,=0.576, p=0.567). For depres-
sion scores, older adults had similar scores compared to
the young (#50)=0.856, p=0.396; mean score 1.25+
1.14 and 1.6+1.82, respectively) and middle-aged
adults (#s3y=1.38, p=0.173; mean score 1.25+1.14
and 2.0+2.83, respectively). No difference was ob-
served between the level of anxiety of younger and
middle-aged adults (t6=—0.555, p=0.582). Of note,
anxiety and depressive state levels of the three age
groups were within normal limits.

Discussion

The primary goal of this study was to examine the effect
of age on voice production, focusing on the ability to

@ Springer
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control voice amplitude and frequency. Our results sug-
gest that these abilities are preserved in aging, at least
within the age range that we studied (2075 years), in
the context of sustained and steady vowel production
(i.e., no online modulation). We also compared conver-
sational voice in different contexts (steady vowels and
connected speech), which revealed an age difference in
the effect of context on voice production. The second
objective of this study was to examine the relationships
between age, voice acoustics, voice self-assessment, and
depression and anxiety scores. Finally, our results show,
for the first time, that anxiety and depression scores
moderate the relationships between voice production
in aging and voice self-assessment. These results are
detailed in the following paragraphs.

Effects of age on voice acoustic measures

The results of the present study confirm that the aging
voice is less stable and noisier. Specifically, we showed
that jitter values significantly increased with age, con-
sistent with previous findings (Wilcox and Horii 1980;
Linville and Fisher 1985; Brown et al. 1989; Orlikoff
1990; Dehgan et al. 2013; Goy et al. 2013).We also
observed a decrease in HNR values with age, consistent
with previous studies proposing HNR as an indicator of
voice aging (Decoster and Debruyne 1997; Ferrand
2002). In addition, voice stability decreased with age
as measured by the f0 SD and shimmer, which is con-
sistent with a previous study (Goy et al. 2013).
Perturbation of both frequency and amplitude could
result from an increasing amount of total vocal fold
stiffness, as illustrated by the Ishizaka—Flanagan model
described by Baken (2005). However, since no ana-
tomical measures were made in the present study, it is
not possible to attribute changes in the acoustics of the
voice to precise anatomical alterations.

We also confirmed several effects of age on voice
acoustic measures, including a significant decrease in FO
values in women (Honjo and Isshiki 1980; Torre and
Barlow 2009; Ma and Love 2010; Da Silva et al. 2011,
Stathopoulos et al. 2011; Dehqgan et al. 2013; Goy et al.
2013), and no change in f0 values in men (Stathopoulos
et al. 2011; Goy et al. 2013). For MPT, consistent with
previous reports, we showed that it was unaffected by
age (Maslan et al. 2011; Goy et al. 2013), even though
MPT should depend upon several factors such as, respi-
ratory volumes, airflow rate, task comprehension, and
maximal effort, factors that one would expect to decline

with age. However, there is limited evidence suggesting
that MPT is not systematically associated with either
airflow or vital respiratory capacity (Solomon et al.
2000).

Voice control mechanisms

Although most acoustical measures varied as a function
of age, there was no interaction between age and ampli-
tude, suggesting that amplitude control mechanisms are
preserved in older adults, at least in the age range that we
studied (20 to 75 years). This result is consistent with
two previous studies that demonstrated that elderly
women (Mazzetto de Menezes et al. 2014) and men
(Bier et al. 2014) can produce high and low amplitude
voice in aging. Muscular and phonatory compensation
might explain the lack of an interaction between age and
amplitude. Indeed, elderly adults display a greater ex-
pansion of the chest and lungs and more abdominal
movement than necessary when asked to increase vocal
amplitude (Stathopoulos and Sapienza 1997; Baker
et al. 2001; Huber and Spruill 2008). They also initiate
phonation at a higher lung volume and use greater
percent of their lung volume per syllable (Hoit and
Hixon 1987; Hoit et al. 1989; Sperry and Klich 1992),
and they have a more pressed pattern of glottal vibration
than young adults (Ahmad et al. 2012). The use of these
compensatory mechanisms may therefore allow them to
produce low and high amplitude voice, especially when
produced in isolation, as assessed in the present study.
Our results also indicated that all groups were capa-
ble of producing distinct low, normal and high-
frequency voice. This suggests that frequency control
mechanisms may also be preserved in older adults, at
least within the age range that we studied. The one
exception was HNR, which was significantly lower in
older adults but only for the low-frequency voice com-
pared with the normal voice, a pattern that was not
found in young and middle-aged groups. Older adults
are able to produce subglottal pressure changes
(Stathopoulos et al. 2011; Goy et al. 2013; Maruthy
and Ravibabu 2015). Because raised subglottal pressure
also yields an increase in fundamental frequency
(Gramming et al. 1988), it is possible that older adults
rely on subglottal pressure changes to produce different
voice frequency levels. These results are particularly
important in relation to differential voice diagnostic in
an aging population. Indeed, difficulty to produce high
or how voice frequency and/or amplitude may be an

@ Springer
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indicator of abnormal aging. It will however remain
important to examine the voice of older adults (80+) to
determine whether amplitude and control frequency
mechanisms deteriorate later in life, and to investigate
potential interactions between voice frequency and am-
plitude control mechanisms. In addition, it will be im-
portant to examine the effect of age on the ability to
modulate voice frequency online, which could show a
different aging trajectory. That is, it is possible that older
adults are capable of producing high- and low-
frequency voice separately, but they may have difficulty
modulating the frequency of their voice online, as they
speak, which was not assessed as part of the present
study. Future studies should also consider longitudinal
protocols in order to track the progression of voice and
speech characteristics with age (Hunter et al. 2012), as
well as incorporate measures of hearing, which may
contribute to the relationship between age and voice
production/self-assessment.

Connected speech

One of the most important finding of this study is an age
difference in voice acoustics across contexts (sustained
vowel versus connected speech). Indeed, our results
demonstrated an interaction between age and context
on voice acoustics measures: the difference between
sustained vowel and connected speech was stronger
for middle-aged and older adults compared to young
speakers. In particular, older adults had lower minimum,
maximum and mean f0 and amplitude SD values com-
pared with younger adults for sustained vowels, but
similar f0 and amplitude SD values compared with
younger adults for connected speech. Because speech
fundamental frequency is due to the physiological char-
acteristics of the vocal folds and control of the larynx
musculature (Honjo and Isshiki 1980; Bloch and
Behrman 2001; Baken 2005; Sato et al. 2011), the
absence of change observed in mean and range speech
fundamental frequency here suggests that the state of the
tissue and general motor control did not deteriorate with
age (at least in the age range studied), or did not deteri-
orate enough to have a functional impact. These results
indicate that, while sustained vowel production was
affected negatively by age, connected speech was less
vulnerable to age. Previous studies have examined the
effect of age on voice acoustics using connected speech,
comparing young to older adult performances within
each context (Goy et al. 2013; Bier et al. 2014; Watts

@ Springer

etal. 2015). However, no other study, to our knowledge,
has examined differences between contexts (sustained
vowel, connected speech) among age groups.

The type of voice and/or speech task is known to
significantly influence voice acoustics, with connected
speech associated with more variations and a broader
range of frequencies and amplitude (Winkworth et al.
1994; Sapienza and Stathopoulos 1995; Hollien et al.
1997; Bohnenkamp et al. 2002; Zraick et al. 2004,
2005). It has been argued that in order to improve the
ecological validity of voice assessments, perceptual and
instrumental assessments of voice in sustained vowels
and continuous speech contexts should be conducted
(Rabinov et al. 1995; Revis et al. 1999; Carding et al.
2000; Maryn et al. 2010; Goy etal. 2013). Because of its
large variations in fO and harmonicity, connected speech
may provide a more reliable estimate of a person’s
intonation in a naturalistic setting (Baken 1987; Yiu
et al. 2000; Bhuta et al. 2004). Variability in connected
speech may reflect the continuous changing vocal fold
settings and conditions of voice onset and offset that
occur in real-life situations (Fourcin and Abberton 2008;
Fourcin 2009). And yet, connected speech is not the
preferred signal for objective measurement of voice, in
part because it is more difficult to elicit and because it is
intrinsically a less controlled measure. However, in the
last years, innovative analyses techniques for connected
speech such as cepstral peak prominence (an acoustic
measure of voice quality correlated with dysphonia
severity, which integrates several measures describing
the aperiodicity and waveform of the acoustic voice
signal) have facilitated and popularized measures on
connected speech in voice clinics (Heman-Ackah et al.
2003; Maryn et al. 2010; Fraile and Godino-Llorente
2014; Watts et al. 2015). The present finding adds to the
growing literature suggesting that including connected
speech measures to the standard clinical assessments
could be useful in obtaining otherwise inaccessible data
on voice.

Voice self-assessment

Given the changes that the human voice undergoes
throughout normal aging, the second objective of this
study was to examine the factors that affect the percep-
tion of one’s voice in aging. Two types of factors were
examined: the acoustical properties of the voice, as well
as anxiety and depression scores. Our results demon-
strate, for the first time, that anxiety and depression
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scores in healthy, nonclinically anxious or depressed
adults moderated the relationships between age, voice
acoustics and voice self-assessment, meaning that anx-
iety and depression scores are associated with an in-
crease in the negative effect that some voice instability
measures have on voice self-assessment. These results
thus support the hypothesis that both depression and
anxiety scores play an important role in voice self-
assessment.

Depression and anxiety scores have been widely
associated with poor self-esteem levels (Watson et al.
2002; Riketta 2004; Lee and Hankin 2009; Sowislo and
Orth 2012; Orth and Robins 2013) and weaker self-rated
health and perceived life satisfaction (Rouch et al.
2014). However, the study of the effects of depression
and anxiety scores on self-assessment typically does not
include an assessment of voice quality, despite the key
importance of voice on human interactions. The only
studies that examined voice self-assessment in relation
with psychological states studied populations with se-
vere voice disabilities and voice pathologies. They ob-
served that negative voice self-assessment and speech in
patients who suffered partial or total laryngectomies was
associated with higher levels of depression and anxiety
and withdrawal from social activities (Devins et al.
1994; Nalbadian et al. 2001; Birkhaug et al. 2002; de
Maddalena 2002; Hanna et al. 2004; Boscolo-Rizzo
et al. 2008; Danker et al. 2010). Our results demonstrate
that the relationship between voice self-assessment and
psychological states also holds in the normal population.
This suggests that, because of the importance of voice
quality in daily communication and social interactions,
depression and anxiety scores have a significant influ-
ence on the perception of one’s voice quality. It
might therefore be useful to assess depression and anx-
iety scores systematically in future studies of voice self-
assessment, as well as in people with a voice complaint.

Conclusion

By characterizing maximal voice abilities in terms of
frequency and amplitude in young and older healthy
adults, the current study increase the knowledge base
on the normal aging of the human voice, and holds the
potential to inform clinical practice. Since acoustic anal-
yses are widely used in voice evaluation protocols, a
thorough understanding of how the voice is affected by
internal and external factors such as age, context, the
ability to modulate voice frequency and amplitude, and

psychological state is critical to improve diagnostic and
care for people with voice disorders.
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