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Abstract

Purpose: This study aimed to examine how aging and modifications of critical acoustic parameters may affect the

perception of whispered speech as a degraded signal.

Method: Forty Mandarin-speaking adults were included in the study. Part 1 of the study compared the perception of
Mandarin lexical tones, vowels, and syllables in older and younger adults in whispered vs. phonated speech conditions.

Parts 2 and 3 further examined how modification of duration and intensity cues contributed to the perceptual outcomes.

Results: Perception of whispered tones was compromised in older and younger adults. Older adults identified lexical
tones less accurately than their younger counterparts, particularly for phonated T2, T3 and whispered T3. Aging also
negatively affected the vowel identification of /i, u/ in the whispered condition. Syllable-level accuracy was largely
dependent on the accuracy of lexical tones and vowels. Furthermore, reduced duration led to the decreased accuracy of
phonated T3 and whispered T2, T3 but increased accuracy of phonated T4. Reduced intensity lowered the recognition
accuracy for phonated vowels /i, ¥, o, y/ in older adults and /i, u/ in younger adults, and it also lowered the accuracy of
whispered vowels /a, ¥/in older adults. Contrary to our expectation, increased duration and intensity did not improve

older adults” speech perception in either phonated or whispered conditions.
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Conclusion: The results suggest that aging adversely affected speech perception in both phonated and whispered

conditions with more challenges in identifying whispered speech for older adults. While older adults’” diminished

performance may be potentially due to problems with processing the degraded temporal and spectral information of

the target speech sounds, it cannot be simply compensated for by increasing the duration and intensity of the target

sounds beyond the audible level.

Keywords: older adults; whispered speech; lexical tone; vowel; duration; intensity.

1. Introduction

Aging has a negative impact on speech comprehension, especially for those who suffer from age-related hearing
loss. Research studies have documented substantial age-related decline in perceiving speech segments (Gordon et al.,
2006), words (Pichora-Fuller, 2008), and sentences (Helfer & Freyman, 2008). This can be attributed to the deterioration
of peripheral, central-auditory, and cognitive systems (Humes & Dubno, 2010) with specific contributions from
temporal and spectral processing deficits (Bidelman et al., 2014; Gordon et al., 2011; Gordon & Fitzgibbons, 1993;

Kolodziejczyk & Szelag, 2008; Smith et al., 2012).

As the literature primarily focused on English-speaking participants, it remains unclear whether specific difficulties
could arise from the unique linguistic structures and features in different languages. For the present study, our target
language was Mandarin Chinese. Unlike English, Mandarin Chinese is a tonal language with four lexical tones, T1 (/ma/,
“mother”), T2 (/mé/, “hemp”), T3 (/md/, “horse”), and T4 (/ma/, “to scold”), whose acoustic cues are mainly
characterized by the fundamental frequency (F0), duration and intensity. Acoustically, T1 and T4 are realized as high
pitch contours and falling pitch contours with high onsets. T2 and T3 are realized as rising and low rising pitch contours

with low pitch at mid position. The amplitude contour corresponds well with the pitch contour. In terms of duration,
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T3 was the longest, followed by T2, T1 and T4 (Ho, 1976). It is generally accepted that F0 is the most salient cue but

duration and amplitude contour are also contributed to lexical tone perception (Blicher et al., 1990; Fu & Zeng, 2000;

Whalen & Xu, 1992). The vowel system in Mandarin is also different from English in that it has only six monophthongs

(/a/, I¥/, /il, [o/, lu/, [y/), which may pose less perceptual challenge for the elderly.

To date, studies about Mandarin speech perception in the aging population have mainly focused on lexical tone

processing and reported mixed findings. Regarding the lexical tone perception in phonated speech, Feng et al. (2019,

2020) did not find that older adults with normal cognitive abilities had declined categorical perception of T1-T2, whereas

Wang, Yang, and Liu (2017) reported the age group differences using the same paradigm. Moreover, Wang, Yang, and

Liu (2017) found longer duration (100 ms, 200 ms, and 400 ms) facilitated categorical perception of T1-T2 in older adults

but not in younger adults. Apart from the examination of aging effects on categorical perception of lexical tones,

researchers also explored the aging effects on Mandarin syllable perception in quiet (Yang et al., 2015) and noise

conditions (Liu et al., 2021) or sentence intelligibility with flat contour (Jiang et al., 2017). The results showed that less

ideal conditions adversely affected perceptual outcomes at both syllable and sentence levels.

One common challenge for the aging population is to understand speech in adverse listening conditions (Gordon

et al., 2007; Gordon et al., 2014; Helfer & Wilber, 1990; Moore et al., 2014; Wong et al., 2009). For example, Fostick et al.

(2013) found that older adults showed comparable word perception with younger adults in quiet conditions but

performed poorly in time-compressed speech or listening-in-noise conditions. Whispered speech is a natural mode of

communication that involves signal degradation with a lack of fundamental frequency (F0) and harmonic structure,

which could result in perception difficulties for the elderly. To the best of our knowledge, it remains underexplored

how aging affects the perception of whispered speech.
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Unlike phonated speech which is characterized by the quasiperiodic pulses of airflow through the opening and
closing of vocal folds, whispered speech is sourced from aperiodic noise owing to the opening vocal folds (Solomon et
al., 1989). Apart from the FO loss, several other acoustic modifications also occur, including slower speaking rates as
measured by lengthened vowels and consonants (Heeren & Heuven, 2009; Jovici¢ & Sarié, 2008; Schwartz, 1967; Sharf,
1964), lower energy (Ito et al., 2005; Jovici¢ & Sari¢, 2008), and upward shifts in formant frequencies (Eklund &
Traunmdiiller, 1997; Ito et al., 2005; Jovici¢, 1998; Kallail & Emanuel, 1984a, 1984b; Li & Guo, 2012; Sharifzadeh et al.,

2012).

A few studies have investigated the perception of lexical tones in whispered speech in younger adult listeners.
Findings are mixed regarding whether the absence of critical cue, FO, affects the lexical tone perception in whispered
speech. In an earlier report, Jensen (1958) observed that native listeners of Norwegian, Swedish, Slovenian, and
Mandarin did not have a dramatic decline in lexical tone perception in their native language. For instance, the accuracy
of Mandarin tone perception in whispered speech was up to 88%. However, this study included only two Mandarin
listeners and required listeners to compare two lexical tones in each trial, and thus the reliability of the results is
questionable. Reduced perception accuracy of whispered Mandarin lexical tone was reported by Jiao and Xu, (2019)
and Gao (2002), with T3 and T4 maintaining relatively higher accuracy and the accuracy of T1 and T2 decreasing to the
chance level. Another similar study also showed that young Thai listeners performed 21-46% lower in the whispered

mode than in the phonated mode when identifying Thai lexical tones (Arthur, 1972).

In assessing the perception of whispered vowels, Kallail & Emanuel (1985) reported the perception accuracy of
whispered vowels (60%) was lower than in the phonated mode (80%). This lower accuracy was explained by the unusual

acoustic cues, such as declined intensity and lifted formants as well as listeners” unfamiliarity with whispered speech.
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It is often observed that people are asked to speak slower or louder by older adults in our daily life. A number of

studies have demonstrated the relationship between signal enhancement in duration or intensity and speech

intelligibility in the aging population. Many studies on the perception of time-compressed sentences found that older

listeners had particular difficulties in recognizing speech presented at a fast speed (Gordon & Fitzgibbons, 1993;

Vaughan & Letowski, 1997; Konkle et al., 1977; Peelle & Wingfield, 2005). For instance, Gordon and Fitzgibbons (1993)

adopted four compression ratios at 30%, 40%, 50%, and 60%, and found that speech recognition performance in the

elderly started declining from the 40% time-compressed ratio with a marked drop occurring in the 60% time-

compressed condition. Similarly, manipulating the duration cue in phonated speech has also been shown to affect older

adults’ lexical tone perception (Wang, Yang, & Liu, 2017). However, it remains unclear how duration modification may

affect whispered Mandarin lexical tone or vowel perception in the aging population.

Intensity or sound presentation level plays an important role in speech perception (Gordon, 1986; Nabélek et al.,

1996; Price & Simon, 1984; Konkle et al., 1977), although it may not appear as critical in normal audible conditions as

other cues such as the fundamental frequency for lexical tones and formants for vowels. Nébélek et al. (1996) found the

high intensity transition may facilitate the perception of diphthongs in older adults with hearing loss, especially in noise

and reverberation. In addition, Price and Simon (1984) found interactions between aging, temporal factors and intensity.

Specifically, the change from 80 to 100 dB SPL resulted in younger adults needing a shorter silent closure duration to

discriminate "rapid" from "rabid" than older adults, suggesting that older adults might benefit less from intensity

increments than younger adults. Based on these findings, we hypothesized that increasing and decreasing stimulus

intensity would have differential influences on the perceptual outcomes of phonated and whispered speech and that

the effects would be more noticeable in the older adults than the younger adults.
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In the current study, we designed an experiment with three parts to examine the identification of phonated and
whispered syllables in older and younger adults. Part 1 required listeners to identify the whole CV syllable consisting
of a vowel and a lexical tone. We predicted that aging might adversely affect speech perception, especially in the
whispered condition. In Parts 2 and 3, we respectively examined the effects of duration and intensity modifications on
the perceptual outcomes. Listeners did the same task as in Part 1 with the duration- or intensity-manipulated stimuli.
It was expected that the reduction of duration or intensity would exert a negative effect on speech perception for older
listeners and the increase of duration or intensity could facilitate older adults’ speech perception. The findings would
enrich our understanding of whispered speech perception in older adults, and further shed light on how compensatory

strategies such as duration and intensity exaggeration may affect their speech processing.

2. Method

2.1. Participants

Two subject groups participated in the current study. They were all native Mandarin speakers from the northern
China. The older adult group contained 20 participants (16 females, 4 males) with an age range of 59-72 years (Mean =
64.05, SD = 4.36). The younger adult group included 20 individuals (8 females, 12 males), ranging from 21 to 32 years
old (Mean = 24.20, SD = 2.86). The younger adults were students at Shenzhen Institute of Advanced Technology and
were recruited by posted advertisements. The older adults were local residents recruited with the help of community

managers.

All subjects were right-handed and had used computers in their daily life. The self-reports showed that they had
no history of neurological conditions or ear diseases. All participants’ cognitive conditions were screened by the

Montreal Cognitive Assessment-Basic (MoCA-B) Chinese Version (https://www.mocatest.org/). The MoCA-B is a 15
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min examination that consists of 10 subtests: executive, memory, fluency, orientation, calculation, abstraction, delay

recall, visual, naming, and attention. The total score of MoCA-B is 30, and a score less than 26 is defined as cognitive

impairment. All participants obtained a score higher than 26 (Mean = 27.75, SD = 1.52).

Hearing sensitivity was assessed by air-conduction audiometry from 250 to 8000 Hz using a portable audiometer

(GSI 18). Clinically normal hearing thresholds were defined as having a pure-tone average between 250 Hz and 4000

Hz better than 25 dB HL (Goossens et al., 2017). Younger subjects had thresholds under 25 dB HL between 250 Hz and

8000 Hz. Older subjects had thresholds under 25 dB HL between 250 and 4000 Hz, and their thresholds were below 40

dB at 8000 Hz. All listeners’ threshold differences between right and left ears were smaller than 15 dB at each frequency.

The audiograms of the younger and older participants are shown in Figure 1. All participants were paid for their

participation. The experimental procedures were approved by the Human Subjects Ethics Committee of the Shenzhen

Institutes of Advanced Technology, Chinese Academy of Science. Informed written consent was obtained from

participants in compliance with the experiment protocols.

2.2. Stimuli

The speech stimuli were 24 Mandarin monosyllables with the combinations of six vowels (/a/, /¥/, /i/, /o/, /u/, /y/)

and four lexical tones (T1, T2, T3, T4). The syllables were recorded in a sound-attenuated laboratory using a headset

microphone (Sennheiser PC8) and were sampled at a rate of 44100 Hz with a 16-bit resolution. The speaker was a female

adult (aged 29) from northern China, who spoke standard Mandarin Chinese. Each syllable was repeated three times

to ensure the target syllables were produced as accurately and naturally as possible. For whispered syllables, the

speaker was instructed to produce them in a way that was similar to whispering in a public library. A clearest token

was selected by the first author. Another five native listeners without prior training in linguistics then evaluated the
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chosen tokens. The recorded stimuli and a hard copy with 24 selected target stimuli were provided to evaluators. They

were asked to evaluate the auditory stimuli with two criteria. The first and most important one was whether the

monosyllables were pronounced correctly (both vowels and lexical tones). The second was whether the monosyllable

sounded natural. The stimuli could be listened to repeatedly. The incorrect/unnatural stimuli were replaced by re-

recorded tokens and were reevaluated by the same evaluators until they all met the criteria.

The phonated syllables had a mean duration of 530 ms (SD =99 ms) at 57.70 dB (SD = 3.05). The whispered syllables

were of a mean duration of 535 ms (SD = 58 ms) with mean intensity at 44.41 dB (SD = 4.50). In order to better investigate

the effect of FO absence and further examine the differential effects of duration and intensity modifications, the original

stimuli were scaled to 500 ms and 60 dB as the baseline condition in Part 1 of the study. These baseline parameters were

based on the estimate of mean duration and intensity of original stimuli, as well as consulting the results from a previous

study (Jiao & Xu, 2019).

In Part 2, two other duration variants were introduced while keeping the intensity constant. The time-compressed

condition was 30% of the baseline length, and the time-expanded condition was 150% of the baseline. The duration-

modified stimuli were also normalized in mean intensity and presented at 60 dB SPL. In Part 3, we manipulated the

intensity of the target syllables to produce two variants, 40 dB and 75 dB, with a fixed duration of 500 ms. These stimuli

were presented at corresponding sound pressure levels, 40 dB SPL and 75 dB SPL. The intensity-reduced condition was

20 dB SPL lower than the baseline. According to our pilot study, 40 dB SPL was the minimum level at which all older

adults could discern syllables in the phonated and whispered conditions. All stimuli manipulations were conducted

with the Praat software. Duration was controlled with the Pitch Synchronous Overlap Add (PSOLA) technique

(Boersma & Weenink, 2018). Stimuli were played through Sennheiser 280 headphones binaurally. The sound

presentation level was measured by a Rion sound-level meter (Model NL-21) with a linear weighting band.
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2.3. Procedure

E-prime 3.0 was used to present stimuli and collect responses. The task was a 24-alternative forced-choice

________

_____

listeners. Participants were presented with a syllable in each trial, and 24-response alternatives corresponding with each

vowel-plus-tone were presented simultaneously on the computer screen. The participants were then required to choose

which of the 24 syllables they had just heard by clicking the corresponding response on the screen as soon as possible.

There were a total of 10 presentation blocks, which were divided into three parts. Each block contained 24 trials,

and each trial was repeated three times, giving a total of 72 trials. Part 1 consisted of two blocks (phonated speech and

whispered speech) with the baseline stimuli (600 ms and 60 dB). Part 2 included four blocks with duration-modified

stimuli (phonated speech and whispered speech: 150 ms, 60 dB SPL; 750 ms, 60 dB SPL). Part 3 also had four blocks

with intensity-modified stimuli (phonated speech and whispered speech: 500 ms, 40 dB SPL; 500 ms, 75 dB SPL). The

order of blocks was counterbalanced within three parts. Each block cost 6-10 minutes for older adults, the whole

experiment lasted approximately 1.5 h. Short breaks were available between conditions and after every 40 trials within

each condition.

Before the formal test session, the participants were given sufficient time to familiarize themselves with the stimuli

and experimental procedures. First, the participants were asked to read out monosyllables printed on hard copies to

ensure they could recognize these monosyllables correctly. Then, practice sessions which followed the same procedure

as the formal experiment were conducted to make participants familiarized with the procedure. The stimuli used in the

practice sessions were produced by a different female native Mandarin speaker. Feedback for each trial was given in

two practice conditions. The feedback information included: (1) accuracy: if the response made by the participant was


https://doi.org/10.20944/preprints202211.0041.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2022 d0i:10.20944/preprints202211.0041.v1

10 of 34

correct or incorrect and (2) the correct response. Participants whose accuracy in the phonated condition fell below 50%
had to repeat the practice again. If their accuracy was still below 50%, the participants were not invited to take the
formal test. A total of six older adults were excluded from the familiarization process. The 24 response buttons
corresponding to each vowel-plus-tone (i.e., a referred to the vowel /a/ with tone 1) were displayed on a computer

monitor with a layout of six vowels (rows) by four lexical tones (columns).

2.4. Data Analysis

The response for each trial was coded as 1 or 0 (correct or incorrect) according to the target information dimension
of lexical tone, vowel, and syllable (tone-plus-vowel) to calculate accuracy rates for lexical tone, vowel, and syllable
identification. For example, for the stimulus /al/, a response of /a2/ was considered incorrect for syllable identification
and lexical tone identification, but correct for vowel identification, and a response of /¥1/ was considered incorrect for
syllable identification and vowel identification, but correct for lexical tone identification. The chance level was at 0.25
for lexical tone identification, 0.17 for vowel identification, and 0.04 for syllable identification. Trials with response times
beyond the 500 — 7500 ms range were excluded due to inadvertent key press or attentional lapse. In total, 388 trials were

excluded, accounting for 6.7% of the data.

All statistical analyses were performed with R (Version 4.0.5). A series of generalized linear mixed-effects (GLMM)
models were constructed with the package of Ime4 package (Bates et al., 2015) to elucidate the effects of aging on Chinese
syllable identification in phonated and whispered conditions and whether the modifications of duration and intensity
have additional effects on perception. As the duration or intensity were manipulated independently while another
factor remained the same, we divided the statistical analyses into three parts rather than analyzing all factors together.

In the first part, only the baseline data (500 ms, 60 dB SPL) was analyzed. In the second part, the data of the duration-
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modified stimuli (150 ms and 750 ms, 60 dB SPL) were compared with the baseline. The third part compared the

intensity-modified stimuli (40 dB SPL and 75 dB SPL, 500 ms) with the baseline. The accuracies of lexical tone, vowel,

and syllable identification were analyzed with separate models in each part.

Group (older group, younger group), condition (whispered speech, phonated speech), tone (T1, T2, T3, T4), vowel

(/al, I¥/, i/, o/, lu/, Iyl), syllable (al, a2, a3, a4, ¥1, ¥2, ¥3, ¥4, i1, i2, i3, i4, 01, 02, 03, 04, ul, u2, u3, u4, y1, y2, y3, y4), were

independent variables which might affect the identification accuracy independently or jointly. Considering that models

with too many parameters and too high performance can be a sign of overfitting, the variance inflation factor (VIF)

calculated by the function check collinearity in performance packages (Ludecke et al., 2021) was used to assess and exclude

high-correlated independent variables. A full model without interactions was first constructed. If variables were highly

correlated (VIF > 10), one of the variables were removed from the full model and the collinearity of the updated model

was retested. The procedure repeated until the VIF of independent variables was close to 1. For lexical tone and vowel

accuracy analyses, the independent variable syllable was excluded, and for syllable accuracy analyses, the independent

variables tone and vowel were excluded.

For the analyses of lexical tones in Part 1 (baseline), GLMM models were fitted with group, condition, tone, and

their interactions as fixed effects, as well as vowel item and subject as random effects. The tone was included as a

random effect for analyzing vowel identification accuracy. In analyzing results from Parts 2 and 3 (duration and

intensity modifications), duration or intensity and their interactions with other independent variables were added to

GLMM models as fixed effects. A full model and a set of reduced models by excluding fixed or random factors were

defined. The best-fit models were selected using the function compare performance in performance packages in R. When

there were significant interactions, Bonferroni post hoc tests were applied for pairwise comparisons using the emmeans

package (Lenth, 2018).
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3. Results

3.1. Baseline Condition Results

For lexical tone identification, there were significant main effects of condition (x2(1) = 538.365, p <.001), tone (x2(3)
=98.290, p < .001). The interaction effects of group x condition (x2(2) = 82.008, p <.001), group x tone (x%(3) = 121.896, p
<.001), and condition x tone (x2(3) = 61.685, p <.001) were also significant, and no other effects were significant. Post hoc
tests confirmed our hypothesis that aging had negatively effects on lexical tone perception. Older adults identified all
four lexical tones less accurately than younger adults (ps <.001). As demonstrated in Figure 2(a) and Table 1, identifying
phonated T2 and T3 and whispered T3 was more difficult for older adults and they showed more confusion between
these two lexical tones. Moreover, relative to the phonated speech, the identification of the four Mandarin lexical tones
became more difficult in the whispered condition (ps <.001). Accuracy of the four lexical tones ranked from high to low
was T3>T4>T1>T2 in whispered condition as shown in Figure 2(a). Older adults had more difficulty identifying

whispered T3 compared with younger adults.

For vowel identification, there were significant main effects vowel (x3(5) = 32.512, p <.001), as well as interaction
effects of group x vowel (x%(5) = 11.401, p < .05) and condition x vowel (x3(5) = 16.809, p < .01). Post hoc analyses revealed
that older adults made more errors in recognizing vowels /i, u/ than younger adults (ps < .05). As shown in Table 2 and
Figure 2(b), these errors were largely from the whispered condition, and older adults particularly had difficulties in
distinguishing the /o/ and /u/ pair as well as the /i/ and /y/ pair. Whispering lowered the accuracy of /i, u, y/, especially

for older adults as shown in Table 2 and Figure 2(b).

For syllable identification, there were significant main effects of condition (x*(1) = 827.086, p < .001) and syllable

(X3(23) = 168.883, p < .001). The interaction effects of group x condition (x*(2) = 54.645, p < .001), group x syllable (x*(23)
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=144.078, p <.001), condition x syllable (x3(23) = 116.996, p < .001) were also significant. Post hoc analyses revealed that

older adults perceived /a3, ¥2, ¥3, ¥4, 12,13, 03, 04, ul, u3, y3/ less accurate than younger adults (ps <.05) in both phonated

and whispered conditions as shown in Figure 2(c). The lowered accuracy for these syllables was mainly related to the

inability to recognize the lexical tones and vowels in the elderly.

3.2. Results for duration-modified stimuli

For lexical tone identification, there were significant main effects of group (P (phonated condition): x*(1) = 32.628,

p <.001; W (whispered condition): (1) = 13.445, p <.001), duration (P: x*(2) = 6.713, p <.05; W: x2(2) = 129.496, p < .001),

tone (P: x3(3) = 84.948, p < .001; W: x3(3) = 369.791, p < .001). The interaction effects of group x tone (P: x3(3) =25.885, p

<.001; W: x*(3) = 303.234, p < .001), duration x tone (P: x2(6) = 125.585, p < .001; W: x*(6) = 262.354, p < .001) were also

significant. Post hoc tests indicated that time compression from baseline to 150 ms lowered the accuracy of T3 but

increased the accuracy of T4 in the phonated condition and it negatively affected T2 and T3 (ps <.001) in the whispered

condition. Older adults” identifications of T3 were more affected than younger adults as demonstrated in Figure 3.

Expanding time from the 500 ms baseline to 750 ms did not facilitate the lexical tone identification as we expected;

instead, it lowered the identification accuracy of T2 and T4 (ps < .05) in the whispered condition.

For vowel identification (Figure 4), there were main effects of duration (W: x2(2) = 20.805, p < .001), vowel (P: x2(5)

=142.271, p <.001; W: x2(5) = 230.143, p < .001). The interaction effect of group x vowel (P: x2(5) = 14.829, p < .05; W: x(5)

= 30.281, p < .001) was also significant. The post hoc comparison revealed that the accuracy of vowels in 150 ms was

lower than in 500 ms. The lack of interaction between duration and group suggested that duration modification did not

have more effects on older adults. The interaction between group and vowels confirmed that older adults identified

most vowels as accurately as younger adults in phonated condition but less accurately in whispered condition.


https://doi.org/10.20944/preprints202211.0041.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2022 d0i:10.20944/preprints202211.0041.v1

14 of 34

For syllable identification, there were main effects of group (P: x3(1) = 26.010, p <.001; W: x(1) = 13.041, p <.001),
duration (P: x2(2) = 16.553, p < .001; W: x4(2) = 112.936, p < .001), and syllable (P: x2(23) = 177.319, p < .001; W: x2(23) =
728.245, p < .001). The interaction effects of group x syllable (P: x2(23) = 136.478, p < .001; W: x2(23) = 323.466, p < .001),
and duration x syllable (P: x%(46) = 154.985, p < .001; W: x(46) = 336.579, p < .001) were also significant. Post hoc tests
showed that time compression negatively affected /a3, ¥3, i3, u3, y3/ in phonated condition, and /a2, a3, a4, ¥3, ¥4, i3,
03, u3, y3/ in whispered condition. Expanding time only increased the accuracy of /¥3/ for older adults, and other
syllables were not affected. On the contrary, it lowered the accuracy of whispered /a4, y4/ for two groups as shown in

Figure 5.

3.3. Results for intensity-modified stimuli

For lexical tone identification (Figure 6), there were main effects of group (P: x2(1) =22.591, p <.001; W: x2(1) =13.431,
p <.001), intensity (P: x3(2) =6.549, p <.05; W: x3(2) =13.107, p < .01) and tone (P: x3(3) =47.735, p <.001; W: x2(3) =592.115,
p <.001). The interaction effects of group x tone (P: x3(3) = 29.113, p <.001: W: x3(3) = 304.993, p < .001), intensity x tone
(W: x%(6) = 14.062, p < .05), and group x intensity x tone (W: x%(6) = 23.680, p < .001) were also significant. The post hoc
analyses showed that the reduced intensity did not affect the identification accuracy of lexical tones in the phonated
condition but it lowered the accuracy of T4 for older adults in the whispered condition (p < .01). However, increasing

the intensity to 75 dB SPL did not result in higher accuracy of identification (ps > .05).

For vowel identification, there were significant main effects of intensity (W: x2(2) = 51.724, p < .05) and vowel (P:
X2(5) = 88.663, p <.001; W: x(5) = 300.804, p <.001). The interaction effects of group x vowel (W: x2(5) =105.127, p <.001),
vowel x intensity (P: x2(10) = 25.022, p < .01; W: x2(10) = 63.864, p < .001), group x intensity (W: x*(3) = 68.687, p < .001)
and group x intensity x vowel (P; x%(10) = 21.098, p <.05) were also significant. Post hoc analyses showed that intensity

reduction lowered the accuracy of /¥, i, o, y/ for older adults and /i, u/ for younger adults in phonated condition. While
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in whispered condition, vowels /a, ¥/ were most sensitive to intensity reduction, particularly in the older adults. Similar
to the duration expansion, the increase of intensity from 60 dB SPL to 75 dB SPL brought no significant increment to the

accuracy of vowel identifications for two groups in both phonated and whispered condition.

For syllable identification (Figure 8), there were significant main effects of group (P: x2(1) =23.662, p <.001; W: x2(1)
=9.445, p <.01), intensity (P: x%(2) = 49.095, p <.001; W: x(2) =21.769, p < .001), and syllable (P: x%(23) =209.612, p <.001;
W: x%(23) = 927.946, p < .001). The interaction effects of group x intensity (P: x3(2) = 6.424, p <.05), group x syllable (W:
X3(23) = 321.919, p < .001), and intensity x syllable (P: x2(46) = 85.235, p < .05) were also significant. Post hoc analyses
showed that reducing intensity to 40 dB detrimentally affected the recognitions of /¥4, i1, i2, i3, i4, 02, 04, ul, y3/ in the
phonated condition and syllable identifications in the whispered condition. The 15 dB increment of intensity did not

improve syllable identification accuracy for any group in either condition.

4. General Discussion

4.1. Aging effects on phonated and whispered lexical tone perception

Our findings revealed that older adults identified lexical tones, especially for T2 and T3, less accurately than their
younger counterparts. This pattern is consistent with the previous findings (Yang et al., 2015; Liu et al., 2021). Although
Feng et al. (2019) failed to find the decline in categorical perception of T1-T2 in older adults with normal cognition, other
researchers reported the opposite results (Wang, Yang, & Liu, 2017; Wang, Yang, Zhang, et al., 2017) with the older
adults showing inferior categorical perceptions of T2-T3 and T1-T2 but comparable performance of T1-T4. These data
on older adults’ lexical tone perception in the phonated condition suggest that T2 and T3 are most difficult to recognize
for the elderly, which can be attributed to older adults’ deteriorated temporal processing ability and the characteristics

of four Mandarin lexical tones.


https://doi.org/10.20944/preprints202211.0041.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 November 2022 d0i:10.20944/preprints202211.0041.v1

16 of 34

Existing studies have demonstrated that aging adversely affects temporal processing, even for those with normal

hearing (Gordon & Fitzgibbons, 1993; Strouse et al., 1998; Gordon et al., 2006). The deficit was also confirmed by a

growing number of neural studies using brainstem response (ABR), frequency-following response (FFR), cortical

auditory-evoked potential (CAEP), and cortical envelope tracking technology (Anderson et al., 2012; Burkard & Sims,

2001; Konrad-Martin et al., 2012; Tremblay et al., 2003). A large body of work has established that the acoustic features

of T2 and T3 were most complex among four lexical tones (Ho, 1976; Howie, 1976). T1 and T4 are realized by unchanged

level and falling FO contours, while T2 and T3 are realized by rising and falling-rising FO contours in the phonated

condition. Previous studies have also suggested that the increased complexity of stimuli or tasks could exacerbate the

temporal processing deficits (Gordon & Fitzgibbons, 1993; Grose et al., 2006). Therefore, the temporal processing deficit

in the elderly combined with the most complex realization pitch tour of T2 and T3 might account for the low perception

accuracy.

In the whispered condition, we found lexical tone identification was challenging for both older and younger adults

owing to the loss of FO. However, both listener groups achieved high accuracy for the whispered T3 with the older

adults showing lower identification accuracy of whispered T3 than the younger group. Previous studies on whispered

Mandarin lexical tone perceptions indicated that pre-existing acoustic cues might become dominant in whispered

lexical tone recognition (Jiao & Xu, 2019). This view was supported by several phenomena. For example, the secondary

cues, duration and amplitude envelope, could be used to identify lexical tones when the primary FO information was

neutralized (Liu & Samuel, 2004). Moreover, amplitude contour could help distinguish T2, T3, and T4, even when the

duration of the different tones was controlled (Whalen & Xu, 1992). Our results suggest that younger adults can

efficiently use the secondary cues to recognize whispered T3, but this ability was degraded in the aging population.

Since the duration was scaled to 500 ms in the first part of the experiment, the amplitude contour is most likely to be
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used as a perception cue. The most complex contour of T3 among the four tones makes it easier to recognize than other
lexical tones when F0 is absent since the amplitude contour corresponds well with the pitch contour (Ho, 1976).
Temporal processing deficits in older adults may impair their ability to efficiently use amplitude contours, resulting in

their lower accuracy of whispered T3.

4.2. Aging effects on phonated and whispered vowel perception

Our results of vowel identification indicated that older adults identified vowels as well as younger adults in the
phonated condition, which was also in accord with the observation in Yang et al. (2015) and Liu et al.,, (2021). We
additionally found that older adults had lower accuracy in the whispered condition, especially for /i, u/. Confusion
matrix data showed that they often confused /o-u/ and /i-y/. Given that identifying vowels is mainly dependent on the
first two formants, these results may reflect the formant structure changes in whispered speech and older adults’

reduced ability to process the altered formant information.

Previous studies on whispered vowels have reported the formants lift in whispering, especially for the first two
formants (Kallail & Emanuel, 1984a, 1984b; Jovici¢, 1998; Li & Guo, 2012). Therefore, recognizing whispered vowels
might require listeners to remap the raised formants into typical vowel categories. It largely depends on the ability to
process spectral information and differentiate fine spectral differences. Emerging studies have suggested the spectral
processing deficit (Bidelman et al., 2014; Dorman & Lindholm, 1985; Vongpaisal & Pichora-fuller, 2007). For example,
the behavioral results in Bidelman et al. (2014) revealed that older adults had a slower and less consistent classification
of vowels than younger adults when presented with a vowel continuum from /u/ to /a/. Neural results also revealed
that the brainstem-level encoding was reduced and cortical-level speech-evoked responses were increased but delayed

in older adults during vowel categorical perception. Among the six vowels, older adults had more difficulty in
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recognizing /i, o, u/. Liu et al. (2021) also found vowels /i, u, y/ (/o/ was not included in their study) were more
detrimentally affected than /a, ¥/ in noise condition. These results may reflect the acoustic similarity of the first two

formant frequencies for /o-u/ and /i-y/.

4.3. Effects of duration and intensity modifications in younger and older adults

Part 2 and Part 3 of the experiment were designed to investigate whether variation in duration and intensity may
have differential effects on phonated and whispered speech for two groups. It was predicted that reduced duration and
intensity would adversely affect speech perception, while increased duration and intensity would facilitate the
identification of lexical tones, vowels, and syllables. All these effects would be more apparent in the whispered speech
of older adults. These predictions were partially confirmed. Older adults had difficulty recognizing phonated T3,
whispered T2 and T3 in the time-compressed condition. They also had difficulty recognizing whispered T4 in the
intensity-reduced condition. Lowering intensity negatively affected recognizing phonated vowels /¥, i, o, y/ for older
adults and /i, u/ for younger adults as well as whispered vowels /a, ¥/ for older adutls. Contrary to our expectation, time
compression increased the accuracy of T4 in phonated condition and the expansion of stimuli brought limited benefits

for speech perception for two groups.

Pitch, duration, and intensity are three major factors that have varying degrees of influence on natural speech
intelligibility. Interactions between these cues have been demonstrated in a large number of studies (Best et al., 1981;
Stevens & Klatt, 1974). For example, although pitch height and contour were the most relevant cues in lexical tone
perception, duration also played an influential role (Whalen & Xu,1992; Blicher et al., 1990; Lin & REPP, 1989). These
findings underlay our hypotheses that the modification of duration and intensity would affect the perceptions of

syllables, vowels, and lexical tones, particularly in whisper speech with FO0 loss.
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We found the duration reduction negatively affected older adults’ perception of phonated T3 and whispered T2,

T3. Moreover, the identification accuracy of T4 decreased in the lowered intensity condition but increased in the time-

compressed condition. Numerous studies have shown that the duration of lexical tones in Mandarin followed the order

of T3>T2>T1>T4 in both phonated and whispered conditions, and the intensity patterns followed the order of

T4>T1>T2>T3 in the whispered condition (Fu & Zeng, 2000; Gao, 2002; Li & Guo, 2012; Jiao & Xu, 2016; Liu & Samuel,

2004). Liu & Samuel (2004) also found that in whispered speech, the perception of T3 was correlated with duration

positively, but the perception of T1 and T4 correlated with duration negatively. The asymmetric duration and intensity

features of different lexical tones might result in older adults’ lower accuracy of T2 and T3 and higher accuracy of T4 in

short duration because the secondary cues, duration and amplitude contour, could be used as efficient cues for lexical

tone identification.

Lowering stimulus intensity affected the identifications of phonated /¥, i, o, y/ in the older adults and /i, u/ in

younger adults. In addition, it lowered the accuracy of whispered /a, ¥/in older adults. Vowel identification is largely

based on the first two formants, and a lower intensity or presentation level might make it difficult for listeners, especially

for older listeners, to recognize formants accurately. Our findings here are consistent with earlier studies. For instance,

diphthongs with high-intensity transition were easier to recognize for older adults with hearing loss, especially in noise

and reverberation (Nabélek et al., 1996). Konkle et al., (1977) also found that speech intelligibility decreased as the

sensation level decreased from 40 dB SL to 24 SL, especially for those time-compressed stimuli.

Contrary to our expectation, signal enhancement in terms of increasing the duration and intensity of the target

stimuli did not bring benefits to lexical tone or vowel perception. The results of intensity modification are in line with

Plyler & Hedrick (2002), who found increasing the presentation level from 62 dB SPL to 92 dB SPL did not result in the

similar stop consonant perception for impaired hearing listeners. As for the duration, it could boil down to the issue of
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the optimal range of duration for lexical tone perception. In Gao (2002), the duration for lexical tones ranged from 200

ms to 400 ms in two articulatory modes when produced in isolation. But the duration was shortened to 150 ms in

sentence-medial position. The mean duration of lexical tone in the middle of sentences was around 250 ms (Howie, 1976).

These findings suggest that the most sensitive duration range of lexical tones might be around 150 ms to 500 ms in

natural speech and may explain why lengthening duration to 750 ms has little benefits. It is worth noting that the

amounts of duration and intensity increments (150 ms and 15 dB) in our experiment were less than the reduction (350

ms and 20 dB). So we could not rule out the possibility that larger increments could bring noticeable benefits.

4.4. Limitations and Future Direction

Some limitations need to be considered when interpreting the results of the current study. First, it is difficult to

tease apart aging from hearing loss (and hidden hearing loss that is not shown in an audiogram), although most older

adults in our study have normal hearing at all octave intervals between 250 and 8000 Hz and only five older adults

have moderate hearing loss at 8000 Hz. Numerous studies reported the independent effect of hearing loss on speech

perception (Gordon & Fitzgibbons, 1993; Phillips et al., 2000;Ro0ij & Plomp, 1991). Further studies are needed with

more advanced methods to explore the effects of hearing loss on speech perception. Second, aging-related cognitive

decline such as attention and working memory and older adults’ unfamiliarity with computer operation could lead

to fatigue, which could have an effect on the results. Third, this study used a very limited set of intensity and duration

conditions. More levels of duration and intensity between 150 ms and 500 ms as well as between 40 dB SPL and 60

dB SPL with a larger sample size are desirable in this regard. Finally, we measured the sound pressure level by a

calibrated sound-level meter (Rion: Model NL-21) with a linear weighting band and ensured the relative differences

for sound intensity differences in Part 3 are fixed and the sound levels for Part 1 and Part 2 are kept the same.
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However, we did not further calibrate the sound pressure level using ear simulator or coupler. Future studies should

calibrate the sound pressure level to achieve a more accurate SPL.

5. Conclusion

The current study investigated the perception of phonated and whispered speech in younger and older adults and
explored the influences of duration and intensity modification on speech perception in the two groups. The results
revealed that whispered lexical tone identification became more challenging for both listener groups owing to the loss
of FO. Older adults showed lower accuracy of lexical tone perception, especially for the phonated T2, T3 and whispered
T3, than younger adults. They also identified vowels /i, u/ less accurately than younger adults, mainly in the whispered
condition. Reducing stimulus duration led to lower identification accuracy of phonated T3 and whispered T2 and T3
but increased accuracy of phonated T4 for both listener groups. Older adults’ accuracy of phonated T3 were more
affected than younger adults. Reduced intensity also had adverse impacts on /¥, o, i, y/ for older adults and /i, u/ for
younger adults in phonated condition as well as /a, ¥/ for older adults in whispered condition. Increased duration and
intensity in the current study did not help older adults to improve the speech perception in either articulatory mode.
These findings highlight how speech perception of the older listeners is impacted for different speech sounds under
adverse conditions, which has important implications for auditory rehabilitation of the target speech sounds and the

development of the whispered speech intelligibility test for assessing age-related hearing loss.
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Figure 1. Pure tone thresholds and standard errors at 250, 500, 1000, 2000, 4000 and 8000 Hz for the two groups.
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(older group and younger group). For each identification task, the results in phonated condition are displayed on the

left panel, and the results in whispered condition are displayed on the right panel. The gray lines represent the chance

level of the identification accuracy.
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Figure 8. Syllable identification accuracy in phonated and whispered condition in three intensity conditions.


https://doi.org/10.20944/preprints202211.0041.v1

