friried applied
e sciences

Article

The Effect of Noise on the Utilization of Fundamental
Frequency and Formants for Voice Discrimination in Children

and Adults

Liat Kishon-Rabin !

check for
updates

Citation: Kishon-Rabin, L.; Zaltz, Y.
The Effect of Noise on the Utilization
of Fundamental Frequency and
Formants for Voice Discrimination in
Children and Adults. Appl. Sci. 2023,
13,10752. https://doi.org/10.3390/
app131910752

Academic Editor: John S. Allen

Received: 30 August 2023
Revised: 25 September 2023
Accepted: 26 September 2023
Published: 27 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Yael Zaltz 12*

Department of Communication Disorders, The Stanley Steyer School of Health Professions,
Faculty of Medicine, Tel Aviv University, Tel Aviv 6997801, Israel; Irabin@tauex.tau.ac.il

2 Sagol School of Neuroscience, Tel Aviv University, Tel Aviv 6997801, Israel
Correspondence: yaelzalt@tauex.tau.ac.il

Abstract: The ability to discriminate between talkers based on their fundamental (FO) and formant
frequencies can facilitate speech comprehension in multi-talker environments. To date, voice discrim-
ination (VD) of children and adults has only been tested in quiet conditions. This study examines the
effect of speech-shaped noise on the use of FO only, formants only, and the combined FO + formant
cues for VD. A total of 24 adults (18-35 years) and 16 children (7-10 years) underwent VD threshold
assessments in quiet and noisy environments with the tested cues. Thresholds were obtained using a
three-interval, three-alternative, two-down, one-up adaptive procedure. The results demonstrated
that noise negatively impacted the utilization of formants for VD. Consequently, FO became the lead
cue for VD for the adults in noisy environments, whereas the formants were the more accessible
cue for VD in quiet environments. For children, however, both cues were poorly utilized in noisy
environments. The finding that robust cues such as formants are not readily available for VD in noisy
conditions has significant clinical implications. Specifically, the reliance on F0 in noisy environments
highlights the difficulties that children encounter in multi-talker environments due to their poor FO
discrimination and emphasizes the importance of maintaining FO cues in speech-processing strategies
tailored for hearing devices.

Keywords: voice discrimination; background noise; speech perception; F0O; formants; temporal
processing; spectral processing; school-age children

1. Introduction

Recognizing speech in noisy environments is essential for successful communication
in professional, educational, and social activities because it often occurs with background
noise. One of the strategies that assist in listening in noisy environments is the ability to
identify and follow the voice characteristics of a specific talker of interest [1,2]. The two
fundamental voice characteristics that were found to be significant for voice identification
are the speaker’s fundamental frequency (FO) and formant frequencies [3-5]. FO is the
glottal pulse rate, which is influenced primarily by the length and mass of the vocal
cords [6]. Formant frequencies reflect the resonance frequencies of the vocal tract and, as
such, they provide cues regarding the speaker’s vocal tract length (VTL) in association with
his or her physical and perceived body size [6]. In quiet listening conditions, adults and
children with normal hearing (NH) were shown to rely on formant frequency cues for voice
discrimination (VD) [7-9] and for talker gender categorization [10-13] and considerably less
on FO cues [7-9]. Listening in noisy environments, however, introduces different challenges
for discriminating between speakers because noise tends to mask spectral information, such
as formants [14,15] and temporal information, including pitch [16,17]. To date, no study
has been conducted to explore the utilization of voice cues for discriminating between
speakers when in noisy environments. Thus, it remains unclear whether the outcomes
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observed in noisy conditions will be similar to those observed in quiet conditions, with
the formants being the most prominent cues. Moreover, children are known to be more
vulnerable to the effects of noise [18-20] and differ from adults in their utilization of voice
cues during speaker-discrimination tasks conducted in quiet conditions [9,21]. Therefore,
the influence of noise on their reliance on both cues for VD is unknown. The purpose of the
present study was to examine the effect of background noise on the utilization of FO and
formant cues for VD in young adults and school-age children with NH.

The perception of formants has been shown to rely on the frequency resolution capa-
bilities of the cochlea (e.g., [22,23]). Formants are considered robust cues for vowels, mainly
because they provide stable acoustic information for more than 100 msec [6] and are there-
fore readily available to listeners. They can be accompanied by visible articulatory cues that
assist in the early acquisition of vowels for hearing and hearing-impaired children [24]. In
contrast, the perception of F0 is known to depend on both spectral resolution and temporal
processing of the changes in intensity over time in the speech envelope [25,26]. FO cues are
typically not accompanied by visible articulatory information and are considered subtle
and therefore less available to listeners, especially in difficult listening conditions. In quiet
conditions, children and adults were observed to yield greater advantages from formants
compared to FO cues for VD, supporting the notion that formant frequencies are reliable
cues for recognizing a specific speaker [7,8]. The few studies that investigated the effect of
background noise on the perception of these cues showed that noise distorted the spectral
information conveyed in the speech signal [14,15] and thus negatively affected discrim-
ination between formants [27,28]. Furthermore, the presence of background noise has
been documented to impede tasks involving pitch perception, including identifying lexical
tones [16] and recognizing emotional tones in speech [17], thereby indicating its potentially
detrimental effect on FO perception as well. These findings give rise to the hypothesis that
both acoustic cues may be susceptible to noise and therefore may be differently utilized in
noisy conditions compared to quiet conditions.

Children are considered a special group because they are particularly susceptible to
the effects of background noise [29,30], with higher SNRs required to achieve similar perfor-
mance levels as young adults on a wide range of auditory tasks [18,31,32]. These difficulties
were explained by a combination of central (“top-down’) and peripheral (‘bottom-up”)
factors. Immature ‘top-down’ processes in children are influenced by the developing cogni-
tive and language capabilities. With particular relevance to listening in noisy conditions,
children show deficits in their ability to attribute incoming sounds to their corresponding
sources or to selectively attend to an auditory object for further processing while disregard-
ing irrelevant auditory information [19,33-36]. Despite the fact that the cochlea is developed
at birth [37], studies showed age-related increase in sensitivity to frequency differences
with pure tones or F0 [38-40], as well as improved recognition of spectrally reduced speech
with age [41,42], supporting the notion of immature peripheral factors, such as spectral
and temporal processing [18,43,44] and/or less efficient top-down cognitive processing,
including attention and short-term memory [45,46]. Moreover, in quiet conditions, VD
was observed to gradually improve with age in 4-12-year-old children, with the children’s
formant discrimination becoming adult-like earlier than their FO discrimination [47]. The
presence of background noise may therefore have a different effect on VD for children
compared to adults, considering the immaturity of central and auditory processing of
the former.

The present study aimed to examine the use of voice cues (FO and formants and a
combination of both) for discriminating between speakers with background noise in NH
young adult and school-age children. It was hypothesized that in quiet conditions, formant
cues will yield better VD compared to FO cues for both children and adults, whereas in
noisy conditions, the adults and children will exhibit distinct outcome patterns, with the
adults better utilizing FO for VD.
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2. Materials and Methods
2.1. Participants

A total of 40 participants took part in the study: 24 adults (18-35 years old; Mean = 23.02,
SD =2.53 years) and 16 children (7-10 years old; Mean = 8.93, SD = 0.86 years). All participants
enrolled in the study were proficient in the Hebrew language from birth and adhered to the
following inclusive criteria: (1) hearing thresholds within the standard auditory range in both
ears; that is, pure-tone air-conduction thresholds not exceeding 20 dB HL at octave frequencies
ranging from 500 to 4000 Hz [48]; (2) no prior history of language or learning disorders; (3) no
documented attention deficit disorders; (4) minimal musical training experience (less than
a year) or no musical training at all; (5) no prior engagement in psychoacoustic evaluations.
The background information of participants was established through either self-reporting
or through information provided by their parents or guardians. Prior to their involvement,
all adult participants and the parents or guardians of the children participants provided
informed consent.

2.2. Stimuli

The stimuli utilized in the experiment were composed of three sentences extracted
from the Hebrew adaptation of the Matrix sentence [49]. These sentences were verbally
recorded by a female speaker who was a native Hebrew speaker. The selection of sentences
followed the approach employed in prior investigations [7,8,50]. To mitigate the cognitive
load on working memory, the sentences were shortened to three words: subject, predicate,
and object. The manipulation of the sentences was conducted by means of a 13-point
stimulus continuum. This continuum was designed to follow an exponential progression of
/2 intervals, spanning from a reduction of —0.18 semitone to a reduction of —8 semitones,
as described in previous studies [7,8,50]. This manipulation process created three distinct
dimensions of change: (1) Fundamental Frequency (F0); (2) formants, wherein all formants
were uniformly shifted in a downward direction based on the 13-point stimulus continuum;
and (3) a combined variation involving both FO and formants, where adjustments mirrored
each other. For instance, in the case of the FO-manipulated sentences, the average FO exhib-
ited variations of 0, —0.18, —0.26, —0.36, —0.51, —0.72, —1.02, —1.44, —2.02, —2.86, —4.02,
—5.67, and —8 semitones relative to the original mean FO of the sentence. Accordingly, for
the first sentence, the mean FO was 175.62 Hz and the comparison sentences underwent
exponential alterations at /2 increments, ranging from 174 Hz to 110.35 Hz. This was
accomplished by utilizing the Pitch Synchronous Overlap and Add (PSOLA) algorithm,
which facilitated pitch extraction and manipulation [51]. For formant frequency modifica-
tions, a comparable exponential approach was adopted, with adjustments occurring in /2
steps. This ranged from a value of 0.99 (representing the smallest ratio between the initial
formant frequencies and the adjusted formant frequencies) to 0.63 (reflecting the highest
ratio). This manipulation necessitated resampling of the stimuli to compress the frequency
axis by a range of factors analogous to those employed for FO adjustments. Subsequently,
the PSOLA algorithm was applied to reinstate the original pitch and duration. Considering
that the typical vocal tract length (VTL) for an adult female is approximately 140 mm [52]
and that formant frequencies are inversely correlated with VTL [53], the range of formants
corresponded to a hypothetical change in VTL from 2 mm to 88 mm. It should be noted
that this VIL range was intentionally broader than the physiological variability seen in
humans. This decision was initially made to prevent potential lower-bound effects for
participants with cochlear implants (CIs) who encountered challenges in distinguishing
normal differences in VTL [7]. All manipulations were executed using PRAAT software,
version 5.4.17 (copyright © 1992-2015 by Boersma & Weenink).

2.3. Background Noise

Three steady-state speech-shaped noise segments approximately 4 min long were used
in a semi-random order. The noise segments were generated by superimposing all synthe-
sized sentences from the Hebrew version of the Matrix test multiple times [49]. As a result,
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the long-term spectra of the noise segments matched that of the sentences [54]. Steady-state
speech-shaped noise (SN) was used because it creates energetic masking, that is, loss of
information representation at the peripheral level [14], and does not involve confounding
factors, such as top-down language processes (i.e., informational masking) [14], that may
differ between children and adults [55-57].

2.4. Voice Discrimination Threshold (VDT)

A three-interval, three-alternative forced-choice methodology was employed to assess
the difference limens (DL) for FO cues, formant cues, and the combined FO + formant
cues, following previous approaches [7,8,50]. In this procedure, each trial consisted of
two reference sentences and one comparison sentence. Upon presentation of a sentence, a
selection square on the computer monitor was illuminated, corresponding to the respective
sentence. Participants were instructed to indicate the sentence that exhibited a ‘different
sound’ by clicking the corresponding square using a mouse. Consistency was maintained in
using the same sentence for each measurement of the VD threshold, with alterations being
limited to the tested vocal cue (FO, formants, or FO + formants). No immediate feedback
was provided, and participants were not constrained by time for their responses. To
ascertain the thresholds at which a detection rate of 70.7% was achieved on the psychometric
function [58], a two-down, one-up adaptive tracking technique was adopted. Initially, the
difference between stimuli was halved until the first reversal point, subsequently being
incrementally decreased, or augmented by a factor of /2 until the sixth reversal point. The
calculation of the DLs was based on the geometric mean of the last four reversal points.

2.5. Vioice Discrimination Threshold in Noisy Conditions (VDTn)

The SNR at which the VDTn was determined was different for adults and children.
Specifically, for the young adults, VDTn was determined at the same SNR for all participants
and was set at —5 dB. This was based on previous studies on the Hebrew Matrix in young
NH adults, which showed that their mean speech reception threshold in noisy conditions (that
is, the SNR that yields 50% correct recognition of speech in noisy conditions, or the SRTn)
is —8 dB, with a low amount of variability [32,49]. To test VD in SNRs that yield adequate
speech recognition on the psychometric function, based on a slope of approximately 1.8 [59],
we doubled the intensity of the sentences (i.e., we increased the sentences that were originally
extracted from the Matrix test by 3 dB, resulting in the VD test being conducted at SNR of
5 dB) [60]. In contrast, previous studies with children showed considerably larger between-
subject variability of SRTn compared to adults [32]. Therefore, SRTn was evaluated on an
individual basis for each child (mean SRTn = —3.33 dB =+ 3.62 dB). In addition, for the children,
we added +5 dB to the SRTn, resulting in a mean SNR of +1.67 dB =+ 3.62 dB for the VD test, to
ensure ease of listening based on a pilot study we conducted.

2.6. Study Design

The tests that were carried out during the experimental session are illustrated in
Figure 1. Specifically, all participants performed a hearing test at the beginning of the testing
session, including air conduction thresholds at 500-4000 Hz in both ears, to assure hearing
thresholds less than 20 dB HL. Following the hearing test, only the children performed an
SRTn assessment. All participants then continued to perform 12 VD measures: 6 in quiet
conditions, 2 with each cue (F0, formants, combined), and 6 in background noise conditions,
2 with each of the cues. The order of presentation of voice cues and sentences for the VD
test was controlled across participants, with half of the participants in each group first
tested in noisy conditions and the other half in quiet conditions. Prior to the formal testing
phase, each participant engaged in a brief familiarization exercise involving sentences
that exclusively varied in terms of FO within a quiet context. This entailed 5-10 trial runs,
featuring the most substantial distinction between the reference and comparison stimuli.
This preliminary step was implemented to ascertain the participants” comprehension of the
task before commencing testing. Overall, the VD assessment, conducted both in quiet and



Appl. Sci. 2023,13, 10752

50f12

noisy environments, lasted approximately 75 to 90 min, including brief intervals of rest
lasting 5 to 8 min each. It is noteworthy that the adult participants did not receive any form
of compensation for their participation in the study, while the children were rewarded with
stickers, which served as positive reinforcement.

* Tested in children only

Hearing
test assessment* in quiet ‘ Formants ‘ ‘ Formants ‘ ‘ Formants ‘ ‘ Formants ‘

VD assessments
Quiet conditions Noisy conditions

o || r | | r0 || r0 |

VD

familiarization ‘

SRTn FO

‘ Combined ‘ ‘ Combined ‘ ‘ Combined | ‘ Combined ‘

Figure 1. The experimental design. All participants underwent a hearing test and completed 12 VD
assessments: 6 in quiet conditions, 2 with each cue (F0, formants, combined), and 6 in background
noise, 2 with each of the cues. The order of presentation of voice cues and sentences for the VD
test was counterbalanced between participants, with half of the participants first tested in noisy
conditions and the other half in quiet conditions. Prior to the testing phase, a brief VD familiarization
exercise was carried out with FO cues in quiet conditions. SRTn = speech reception thresholds in
noisy conditions, VD = voice discrimination. Combined = F0 + formants.

2.7. Apparatus

The testing session took place within an acoustically isolated, single-walled chamber
designed to mitigate sound interference. The stimuli and background noise (when pre-
sented) were delivered using an IBM-compatible computer through a GSI-61 audiometer
binaurally via THD-50 headphones.

2.8. Data Analysis

VD thresholds were calculated as the mean of the two measurements conducted for
each acoustic cue, separately for the noisy and quiet conditions. Subsequently, all VD
thresholds underwent a logarithmic transformation to render their residual distribution
suitable for analysis within the framework of a general linear model (as confirmed by
the Kolmogorov-Smirnov test with p > 0.05). Statistical analysis was performed using
SPSS-20 software. To address the issue of multiple comparisons, all post hoc analyses were
conducted with Bonferroni corrections applied.

3. Results

The mean (+1 SE) VD thresholds based on the FO, formants, and combined (FO + formants)
cues in quiet and in noisy conditions for the children and the adults are shown in Table 1.
Because there was no significant effect of measurement and no significant interactions with
measurement (p > 0.05), the two measurements for each acoustic cue, under each condition
(quiet; noisy), were averaged. Figure 2 presents box whisker plots for mean measurements 1
and 2 within each group and condition, separately for each acoustic cue.

A repeated measures (RM) ANOVA was conducted with age group (adults, children)
as the between-subject variable and condition (quiet, noise) and acoustic cue (FO, formants,
combined) as the within-subject variables. The results showed significant main effects
of the condition (F(1,38) = 32.450 p < 0.001, n? = 0.461) and acoustic cue ([2,38] = 61.840
p < 0.001, n? = 0.619), with no significant main effect of the age group (F(1,38) = 3.318
p = 0.077). There were significant acoustic cue X age group (F(2,38) = 4.608 p = 0.013,
n? = 0.108) and acoustic cue X condition (F(2,38) = 19.188 p < 0.001, 12 = 0.336) interactions.
Post hoc analyses of the interactions are shown in Table 2. In general, the findings indicated
that (1) the addition of background noise deteriorated formant VD thresholds for both age
groups, and (2) the children exhibited inferior FO VD thresholds compared to the adults,
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irrespective of the testing conditions, with comparable formant and FO+formant VD for
both age groups.

Table 1. Mean (+1 SE) voice-discrimination thresholds (in semitones) based on the F0, formants, and
combined (F0 + formants) cues in quiet and noisy conditions for children (n = 16) and adults (1 = 24).

Quiet Noise
Adults Children Adults Children
o1 0.88 1.66 0.99 1.78
(0.12) (0.38) (0.12) (0.45)
02 0.72 1.86 0.93 1.28
(0.08) (0.38) (0.11) (0.32)
. ) 0.62 0.85 1.32 1.39
orman (0.07) (0.14) (0.13) (0.35)
. 5 0.60 0.76 1.20 1.25
ormant (0.07) (0.12) (0.13) (0.31)
, 0.42 0.59 0.57 0.76
Combined 1 (0.03) (0.07) (0.07) (0.19)
_ 0.43 0.46 0.58 0.80
Combined 2 (0.06) (0.06) (0.06) (0.20)
6.0
hd L4 [ Adults in quiet
[ Children in quiet
4.0 1 e Adults in noise
D 2 Children in noise
[
2 * ° ™
& 20 - 1
3 *k%k
S I
= s s
£ 14
E s
3
3 061 H 1
(0]
Q
g 0441 ® R
. [ ]
[ ] s [ ] °
0.2
FO Formants Combined

Figure 2. Box plots for mean voice-discrimination thresholds in quiet and noisy conditions for
children (n = 16) and adults (n = 24), separately for the F0, formants, and combined (F0 + formants)
cues. Box limits encompass the data between the 25th and 75th percentiles, with the median marked
by a continuous line within the box. Bars extend to the 10th and 90th percentiles, while outliers are
indicated by black dots. The mean is depicted as a dashed line within the box. * = p < 0.05 between
the children and adults, *** = p < 0.001 between the quiet and noisy conditions.

Table 2. Results of the post hoc analyses of the interactions of acoustic cue X age group (first row) and
acoustic cue X condition (second row). * = p < 0.05, ** = p < 0.001. It is important to note that ‘=" indicates
no significant difference between the two cues, and “>” indicates higher (worse) thresholds for the cue
indicated on the left.

FO Formants Combined

Adults and children Noise = quiet Noise > quiet *** Noise > quiet ***

Quiet and noise Children > adults * Children = adults Children = adults
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Voice discrimination in noise (semitone)

Additional RM ANOVAs separately conducted for each age group revealed significant
acoustic cue X condition interactions (for the adults: F(2,23) = 27.702 p < 0.001, n? = 0.546;
for the children: F(2,15) = 4.420 p = 0.027, n? = 0.228). Post hoc analyses of the interactions
showed that in quiet conditions, better VD thresholds were achieved with the formant cues
compared with the FO cues. However, in noisy conditions, for adults, better thresholds were
achieved with FO compared to formant cues, whereas for children, similar thresholds were
achieved with both cues. Yet, the best VD thresholds were achieved with the combined
cues in both quiet and noisy environments.

Pearson coefficient correlations were conducted for the VDs with each voice cue
between the quiet and noisy conditions, separately for the children and adults. The results
revealed significant medium-to-strong positive correlations between VD thresholds in quiet
and noisy conditions for both groups across voice cues (Figure 3). It is important to note
that the correlation based on FO cues improved (R = 0.801 p < 0.001) when one outlier was
excluded (a child who achieved good VD in quiet conditions but extremely poor VD in
noisy conditions). * = p < 0.05, *** = p < 0.001.

35

3.0 4

Voice discrimination in quiet (semitone)

FO A Formants

1 R=0.594 p=0.002

R=0.638 p=0.008|

1.0

Voice discrimination in quiet (semitone)

—— Adults
—— Children

20 3.0 4.0 5.0 6.00.0 0.5 1.0 15 2.0
— 3.5 Combined
2
8
E 3.0 4
[
o
9 = 4
o
=
c 2.0 1
5
B 154 R=0.744 p=<0.001
=
iE "
= 404
2 o
5
g 05 'y .
g e e Yy R=0.738 p=0.001
0.0 T T T T T
0.0 0.2 04 0.6 08 1.0 1.2

Voice discrimination in quiet (semitone)

Figure 3. Individual discrimination thresholds for children (n = 16) and adults (n = 24) in noisy
conditions as a function of their discrimination thresholds in quiet conditions, for each acoustic cue
separately. The results of Pearson coefficient correlations for each pair are shown in the colored boxes.

4. Discussion

The novel finding of the present study is that background noise had a negative effect
on the use of formants for VD, while FO was less obscured by noise in both children and
adults. Specifically, in the quiet condition, children and adults found the formant cues more
beneficial for VD compared with FO cues, whereas in noisy conditions, formant cues did
not show this advantage. As a result, a reversed outcome was observed for adults, with FO
becoming the more dominant cue for VD in the presence of noise. For children, noise also
obscured formant cues. However, they had difficulty relying on FO for VD in noisy conditions,
probably due to their immature F0 perception, which was already observed in quiet conditions
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in this study and others [47]. The current study also found that: (a) the combination of FO
and formants cues produced the best VD over the provision of a single cue (either FO or
formants) in both listening conditions, reflecting the additive value of the formant cues, even
in the noisy conditions; (b) there were significant positive correlations found between VD
thresholds in quiet and in noisy conditions, suggesting that much of the VD performance in
noisy conditions was related to basic spectral and temporal processing mechanisms.

The major finding of this study, that background noise mainly affected formant per-
ception in both children and adults, probably reflects the fact that although the sentences
were clearly audible, the noise obscured some of the spectral information contained in the
speech stimuli. Because the noise had the same long-term average spectrum as the target
sentences, which resulted in a spectral overlap between the target sentences and the noise,
it is possible that the listeners had difficulty in identifying the formant peaks in the spectral
envelope of the speech signal [43,61,62]. Consequently, larger formant differences were
required to accurately discriminate between the voices. This explanation is in line with
previous studies that showed degraded vowel formant discrimination when there was
background noise [27]. In contrast, VD based on FO appeared to be less affected by the
noise, as shown by the fact that no significant differences were found in VD between quiet
and noisy conditions when using FO for both age groups. This finding is in accordance with
studies reporting the robustness of FO extraction in noisy conditions [63], supporting the
notion that FO perception primarily depends on the temporal envelope of the stimuli [25,26].
Other studies, however, reported the presence of noise to have a detrimental effect on pitch
perception [16,17], in line with the theory that noise reduces subcortical neural synchrony,
leading to potential disruption of phase locking mechanisms [64,65]. This effect could have
also compromised FO perception due to its partial reliance on fine temporal processing
of the speech signal [25,26]. Nonetheless, this potential impact was not observed in the
current study, possibly because of the relatively good audibility of the speech signal at the
given SNR.

A second important finding is that the children showed significantly poorer VD thresh-
olds based on the FO cues compared to adults in quiet and noisy conditions. This finding
aligns with recent reports on poor VD abilities in children compared to adults [9,21]. Specifi-
cally, the finding supports previous evidence indicating that children exhibit non-adult-like
FO discrimination skills until the age of 12 years, while their formant-discrimination abil-
ities reach adult-like levels at approximately 8 years of age [21]. Our findings are also
in agreement with observations indicating an age-related enhancement in sensitivity to
frequency differences, whether in the context of pure tones or FO [38—40]. This observed
developmental pattern can potentially be attributed to the progressive maturation of tem-
poral processing mechanisms [37]. Other studies suggest, however, that although, as a
group, children may show immature temporal processing abilities, adult-like frequency
discrimination thresholds [45] and VD thresholds based on FO cues can be achieved in
childhood [8]. This discrepancy can be explained by the notion that an ongoing process of
maturation for temporal and central processing occurs in childhood.

The maturational differences in FO perception between the children and adults seemed
to have led to different coping strategies when the formant cues were less accessible, i.e., in
the presence of noise. For adults, FO became the more salient cue, resulting in only a decline
of about 35% (from 0.43 to 0.58 semitone) in VD when the combined FO + formant cues were
provided in the noisy conditions (comparing second VD measurements between quiet and
noisy conditions). In contrast, children encountered a more significant challenge in noisy
conditions, inefficiently utilizing both FO and formant cues, leading to deterioration of about
74% (from 0.46 to 0.80 semitones) in VD with combined cues. Although the difference between
the children and adults” VD in noisy conditions based on the combined cues was not found to
be significant, potentially due to the large within-group variance for the children, this outcome
may help clarify the difficulties children face when listening in noisy environments.

A substantial portion, ranging from 25% to 55% of the observed variance in VD per-
formance in noisy conditions, could be accounted for by the performance exhibited in quiet
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environments by both children and adults. This indicates a strong influence of the basic
spectral and temporal processing mechanisms involved in VD under quiet conditions on the
performance in noisy environments. These mechanisms encompass the cochlea’s ability to
resolve frequencies, which provides crucial information regarding the relationship between
formant peaks in the spectral envelope of the speech signal [22,23], as well as the temporal
processing of intensity fluctuations over time in the speech envelope [25,26]. However, an
additional 75% to 45% of the variance in performance in noisy conditions was not explained
by performance in quiet conditions. This variance may be attributed to higher top-down
cognitive processes such as attention and short-term memory, which have a significant role
in the formation of auditory objects and enhance stream segregation [66,67]. Specifically,
auditory attention could serve to extract the relevant spectral and temporal signal elements
from the competing background noise, temporarily storing them in working memory to
facilitate the discrimination task [68]. Subsequent investigations should consider exploring
the correlation between VD in noisy conditions and cognitive capabilities of the participants.

The combination of both FO and formant cues yielded the best discrimination scores
in quiet and in noisy conditions. That is, participants from both age groups benefitted
from the integration of these cues, even though the formant cues were partly interrupted
by noise. A possible explanation for this finding may be related to the fact that children
acquire substantial exposure to the integration of these two vocal cues under impoverished
conditions from a very early age. In everyday routine, children and adults often hear
many voices embedded in background noise. Those are mixed into a unified acoustic
stream, necessitating listeners to parse the desired speech from the obstructing background
noise to facilitate successful communication. Accurate identification of the FO and formant
frequencies of the relevant talker aids in the segregation process and, thus, enhances
speech recognition [69]. This explanation corroborates studies that reported improvements
in the segregation of concurrent vowels [70] and sentences [3] when the FO and formant
frequencies of the relevant talker largely differed from those of the distracting talker, further
emphasizing the importance of the efficient utilization and integration of both FO and VTL
in speech perception.

5. Limitations of the Current Study and Future Directions

One limitation of the present study stems from the fact that a different method was
used to select the SNR for the VD test between the children and adults. Specifically, VD
was conducted using the same SNR across the adult participants but was individually
adapted for the children based on their SRTn. We believe that this has not influenced the
main outcomes of this study because, despite receiving the voice cues at a better SNR than
the adults, the children nonetheless showed degraded formant perception compared to
quiet conditions. This, however, should be confirmed in future studies where a similar
testing method is employed for all participants. In addition, in the present study, the
effect of noise on VD was examined using a steady-state speech-shaped noise and not
temporally modulated or babble noises in order to avoid intervening top-down processes
such as glimpsing and/or linguistic skills that differ between children and adults. Future
studies may want to examine the effect of variable noise types to broaden the ecological
implications of the current study. To extend the applicability of the current findings, it is
important to assess the effect of noise on FO and formant VD in populations who struggle
to understand speech in noisy conditions, such as older adults, very young children,
individuals with hearing loss, and those with language impairment.

6. Conclusions

The present study is the first to test the effect of background noise on VD of school-age
children and young adults. The findings indicate that the presence of noise, at a level that
does not impede the audibility of the speech stimuli, adversely affects the utilization of
formants for VD in both school-age children and adults. These findings contribute to our
understanding of the acoustic cues involved in the process of perceiving speech in noisy
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conditions, emphasizing the importance of accessibility to FO cues, particularly in challeng-
ing auditory environments characterized by ambient noise. These insights may explain part
of the difficulties individuals with hearing impairment experience in noisy environments
and warrant careful consideration in the development of future signal-processing strategies
within the realm of auditory devices and auditory prosthetics (e.g., cochlear implants).
Furthermore, the negative effect of noise on VD may pose a particular disadvantage for
young school-age children, given their less-mature utilization of FO cues for VD. Conse-
quently, their ability to identify and follow the voice characteristics of a specific talker
of interest as a means to enhance speech understanding in noisy environments may be
hindered. This constraint may elucidate the challenges children face, even those without
any hearing and/or language impairment, when trying to understand speech in such
demanding environments.
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