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ABSTRACT

Purpose: This study examined the effects of change in a talker's sex-related
acoustic properties (fundamental frequency [FO] and vocal tract resonance
[VTR]) on speech recognition in noise.

Method: The stimuli were Hearing in Noise Test sentences, with the FO and VTR
of the original male talker manipulated into four conditions: low FO and low VTR
(LroLvrr; i-e., the original recordings), low FO and high VTR (LsoHvtr), high FO and
high VTR (HeoHytR), and high FO and low VTR (HeoLytr). The listeners were 42
English-speaking, normal-hearing adults (21-31 years old). The sentences mixed
with speech spectrum—shaped noise at various signal-to-noise ratios (i.e., —10,
-5, 0, and +5 dB) were presented to the listeners for recognition.

Results: The results revealed no significant differences between the HeoHytr
and LgLytr conditions in sentence recognition performance and the estimated
speech reception thresholds (SRTs). However, in the Heolytr and LegHytr condi-
tions, the recognition performance was reduced, and the listeners showed signifi-
cantly higher SRTs relative to those in the HegH\tr and Leolytr conditions.
Conclusion: These findings indicate that male and female voices with matched
FO and VTR (e.g., LroLvtr and HeoHy\1R) vield equivalent speech recognition in
noise, whereas voices with mismatched FO and VTR may reduce intelligibility in
noisy environments.

Supplemental Material: https://doi.org/10.23641/asha.29052305

Speech intelligibility can be affected by various
aspects of talker characteristics, including a talker’s speak-
ing rate (Krause & Braida, 2002; Tanaka et al., 2011),
speaking style/mode (Bradlow & Bent, 2002; Krause &
Braida, 2002; Uchanski et al., 1996), age (Hazan et al.,
2018; Smiljanic & Gilbert, 2017), dialect/accent (Munro &
Derwing, 1995; Yang et al., 2023), sex/gender (Bradlow
et al.,, 1996; Hazan & Markham, 2004; McCloy et al.,
2015; Yoho et al., 2019), and so forth. Among these fac-
tors, talker sex/gender is an important source of talker vari-
ation that affects voice quality and speech characteristics in
both segmental and suprasegmental aspects (Bradlow et al.,
1996; Klatt & Klatt, 1990; Munson & Babel, 2019). In this
study, we follow the widely acknowledged definitions of
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sex as a biological attribute assigned at birth and gender as
a social or cultural construct. Gendered speech involves
multifaceted variations that encompass talkers’ physiologi-
cal differences, linguistic behaviors, and social positions
(Munson & Babel, 2019; Tripp & Munson, 2022). Sex dif-
ferences in speech anatomy and physiology play an impor-
tant role in characterizing gendered speech. The anatomi-
cally grounded sex differences in speech are salient for lis-
teners to identify (Bachorowski & Owren, 1999; Jacewicz
et al., 2023; Weirich & Simpson, 2018). However, there has
been no consensus regarding whether and how male and
female voices differ in speech intelligibility.

In 1953, Silverstein et al. examined intelligibility dif-
ferences between male and female speakers over standard
military communication equipment in high-level noise.
They found that male speakers showed higher intelligibil-
ity in the pretraining test. After speech training focusing
on loudness and clear pronunciation, the female and male
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speakers showed no significant intelligibility differences in
the posttraining test. Stevens et al. (2005) compared the
intelligibility of male and female voice text-to-speech syn-
thesis and reported that the male voice was more intelli-
gible than the female voice. Robinson (2011) compared
the perception results of vowel identification and word
recognition by pediatric hearing aid users. The speech
materials were recorded from adult males, adult females,
10- to 12-year-old girls, and 5- to 7-year-old girls. The
results showed significantly higher recognition accuracy
for the adult male talkers than for the three groups of
female talkers. McCloy et al. (2015) also found signifi-
cantly higher intelligibility for male talkers than for
female talkers, after the speech features of intensity,
pitch, and vowel space were accounted for.

Contrary to the male-talker advantage in speech
intelligibility, many other studies revealed higher intellig-
ibility for female talkers. Bradlow et al. (1996) examined
intelligibility of 2,000 sentences produced by 20 talkers
presented in quiet condition. Each talker was transcribed
by 10 listeners. The intelligibility scores showed that
female talkers, as a group, were more intelligible than
male talkers. Markham and Hazan (2004) compared the
intelligibility of speech samples recorded from adult males,
adult females, teenage boys, and teenage girls presented
with 20-talker babbles at +6 dB signal-to-noise ratio
(SNR). The listeners included adults, older children, and
younger children. The results demonstrated that women
talkers were significantly more intelligible than the other
three talker groups for all listener groups. Ferguson (2004)
examined the increase in vowel intelligibility with the
change in speaking style in both quiet and noise condi-
tions in male and female talkers. The author found that
female talkers had significantly higher vowel intelligibility
and a larger clear speech effect relative to male talkers in
clear speech. In another study by Kwon (2010), 20 talkers,
including 10 men and 10 women, were recorded reading a
passage that was judged by three trained speech patholo-
gists for intelligibility scores on a 10-point scale. The rat-
ing scores revealed significantly higher intelligibility for
women talkers in comparison to men talkers. In a more
recent study, Yoho et al. (2019) compared the perception
and intelligibility rating of IEEE sentences produced by
five male talkers and five female talkers. The sentence
stimuli were presented to two groups of listeners. One
group (n = 50) was instructed to repeat the sentence
stimuli to assess the percentage of correctly repeated
words. The other group (n = 118) was recruited through
crowdsourcing for intelligibility rating on a 7-point scale.
The results showed that regardless of the methodological
difference in data collection and intelligibility measure-
ment, the stimuli from female talkers were generally
more intelligible relative to those from male talkers. Oh

et al. (2022, 2023) examined the benefit of multisensory
integration, including visual and tactile cues for speech
recognition in noise. In Oh et al.’s (2022) study, the
speech stimuli were Harvard sentences produced by a
male and a female native English speaker. In another Oh
et al. (2023) study, the speech stimuli were drawn from
the Coordinate Response Measure speech corpus spoken
by four male and four female talkers. In both studies,
the authors found a greater female-talker benefit. That
is, listeners showed a greater improvement when multi-
modal cues were temporally integrated as compared to
auditory-only stimuli, for female talkers relative to male
talkers.

Researchers sought to identify possible global and
fine-grained acoustic—phonetic features—such as pitch var-
iation, vowel space area size, clarity of articulation, speak-
ing rate, and total energy in the 1- to 3-kHz range—that
might explain group-level differences in speech intelligibil-
ity between male and female voices (Bradlow et al., 1996;
Byrd, 1994; Hazan & Markham, 2004; Yoho et al., 2019).
Yet, no consistent acoustic-phonetic correlates could be
identified to account for the potential sex-related differ-
ences in speech intelligibility. In fact, many researchers
found no significant difference in speech intelligibility
between male and female talkers. Tielen (1989) compared
the consonant-vowel-consonant and phoneme intellig-
ibility between male and female speakers, which showed
no significant difference between the two sexes. Nixon,
Morris, et al. (1998) compared the intelligibility of male
and female speech in high levels of aircraft cockpit noise
ranging from 95 to 115 dB overall SPL. The authors
found no significant differences except at the highest level
of cockpit noise in which the female voice was less intelli-
gible than the male voice. However, when the speech stim-
uli were changed to vocoded and recognized by automatic
speech recognition systems, no intelligibility difference
between the vocoded male and female speech was found
(Nixon, Anderson, et al., 1998).

Although the intelligibility difference between female
and male voices might be unclear at the group level, vari-
abilities in speech intelligibility among talkers were evident
from many studies. Gengel and Kupperman (1980)
recorded CID W-22 words produced by three female and
three male talkers that were presented in noise at SNRs
of =3, +1, and +5 dB to 42 normal-hearing listeners. The
six talkers showed different intelligibility scores, but the
difference was not related to talker sex. Hazan and
Markham (2004) found that the relative intelligibility of
individual talkers was highly consistent across listeners of
different ages. The previously cited studies that yielded
contradictory findings regarding the effects of talker sex
on speech intelligibility all included multiple talkers. The
talker-specific traits might act as confounding factors to
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interfere with talker sex. In the present study, we utilized
an alternative approach to strictly control the potential
confounding factors that might introduce individual vari-
abilities to speech intelligibility. Instead of including mul-
tiple talkers for each sex, we used one single talker but
manipulated the two major sex-related acoustic correlates
to examine the influence of voice features on speech
intelligibility in noise.

According to the source filter theory (Fant, 1960),
speech production (e.g., vowel production) involves two
major mechanisms: vocal fold vibration that generates the
vocal source and the vocal tract that filters the vocal
source. Anatomically based sex differences affect both
source (fundamental frequency [F0]) and filter (vocal tract
resonance [VTR]) components (Smith & Patterson, 2005),
and both acoustic correlates contribute to the identifica-
tion of talker sex (Fuller et al.,, 2014; Gaudrain et al.,
2009; Hillenbrand & Clark, 2009; Poon & Ng, 2015; Skuk
& Schweinberger, 2014). The rate of vocal fold vibration
(FO) is determined by properties such as stiffness, mass,
and length of the vocal folds, which, according to some
studies, played a primary role in talker sex identification
(Gelfer & Mikos, 2005; Poon & Ng, 2015; Whiteside,
1998a, 1998b). The VTR also contains talker sex informa-
tion because male and female talkers differ in the average
vocal tract length that determines the formant locations
(Bachorowski & Owren, 1999; Gelfer & Bennett, 2013;
Smith & Patterson, 2005). Generally speaking, female
talkers as a group tend to have thinner and shorter vocal
folds and shorter vocal tract length, which generate higher
FO and higher VTR, as compared to male talkers as a
group. We acknowledge that within-sex variability in
vocal fold properties and vocal tract size may lead to low
FO and VTR for individual female talkers and high FO
and VTR for individual male talkers. Also, a given talker
can manipulate vocal folds and vocal tract length for dif-
ferent vocal modes. In the present study, we focused on
the physiological-based, sex-related voice features of FO
and VTR for overall male and female speakers.

So far, a few studies adopted a similar approach of
manipulating F0 and/or VTR to assess the influence of a
talker’s voice features on speech recognition (Assmann &
Nearey, 2008; Darwin et al., 2003; Holmes et al., 2018;
Vestergaard et al., 2009). For example, Assmann and
Nearey (2008) examined the effects of FO and formant fre-
quency on the recognition of frequency-shifted vowels syn-
thesized through vocoders. In their first experiment, the
authors created resynthesized /hVd/ words for vowel rec-
ognition from adult male speakers by shifting the spec-
trum envelope (formant frequency) at five levels of 1.0,
1.25, 1.5, 1.75, and 2 and/or, for FO, by shifting up at
three levels of 1.0, 2.0, and 4.0. In the following experi-
ment, the authors modified the settings for the spectrum

envelope and FO by applying both downward and upward
shifting (shifting by a factor of 0.6, 0.8, 1.0, 1.5, or 2.0 for
formant frequency and by a factor of 0.5, 1.0, or 4.0 for
FO). In addition to male talkers, the authors added female
and child talkers and implemented similar frequency-
shifting procedures. The results revealed that the recogni-
tion accuracy dropped when the spectrum envelope or FO
was shifted independently. However, when the FO and
spectrum envelope were shifted in the same direction, the
recognition accuracy improved. Finally, the authors
extended the shifting scale factors to the range outside of
natural speech and observed similar results. Compared to
the study by Assmann and Nearey (2008) that tested only
vowel recognition and included voice conditions beyond
natural speech, the present study examined sentence rec-
ognition in noise, with voice features manipulated to
reflect average anatomical differences between males and
females.

In a more recent study, Holmes et al. (2018) manip-
ulated the acoustic correlates F0 and VTR of 22 talkers
and tested sentence recognition using a closed-set task.
The 22 talkers included seven males and 15 females who
formed 11 pairs, including opposite- and same-sex pairs.
Each participant produced 480 sentences that were proc-
essed with the FO and/or VTR shifted (FO shifted up by
40% and VTR shifted up by 27%), which generated four
conditions: FO shifted, VTR shifted, both shifted, and
unshifted. Although the main purpose was to investigate
the effect of FO and VTR change on the perception of
voice familiarity and the intelligibility benefit from famil-
iar voice as compared to unfamiliar voice in the presence
of a competing talker at various target-to-masker ratios,
the authors examined the influence of the manipulations
on the recognition performance for the male and female
voices. The analysis revealed decreased speech intelligibil-
ity in the three shifted conditions compared to the
unshifted condition for both familiar and unfamiliar
voices. For the speech intelligibility benefit (intelligibility
difference between familiar and unfamiliar voices), there
was neither a significant difference between male and
female talkers nor a significant interaction effect between
voice gender and manipulation. In a follow-up study,
Holmes and Johnsrude (2023) presented stimuli in three
voice manipulation conditions: unshifted, F0 manipulated,
and VTR manipulated. In this study, the F0 and VIR
were manipulated to match individual participants’ pitch
or formant spacing discrimination thresholds. The results
of the speech intelligibility task revealed consistently
higher recognition accuracies with familiar voices than
with unfamiliar voices. However, the three manipulation
conditions showed no significant difference.

The studies discussed above reported inconsistent
outcomes regarding whether and how the manipulation of
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the two acoustic correlates of voice influences speech intel-
ligibility, highlighting the need for further investigation on
this topic. In the present study, we adopted the original
recording of the Hearing in Noise Test (HINT) sentences
(Nilsson et al., 1994) produced by a male native English
speaker and applied algorithms to modify the FO and/or
VTR of the original speaker to generate different voice con-
ditions. The stimuli were presented with speech spectrum-—
shaped noise (SSN) at various SNRs. The research purpose
is twofold: (a) to examine whether female and male voices
differ in speech intelligibility in noise and (b) to identify
which acoustic attributes, or combinations thereof, influence
a talker’s speech intelligibility. The rationale of using one
single speaker and manipulating the voice features to gener-
ate modified speech stimuli was to rule out the interference
of other talker-specific variables such as speech rate, speak-
ing style, age, dialect/accent, and so forth.

Method
Listeners

The participants included 42 native English-speaking,
normal-hearing young adults (20 men, 22 women). The
subjects were between the ages of 21 and 31 years (M +
SD = 23.3 + 2.2). They were screened for normal hearing
(< 20 dB HL) at octave frequencies between 250 and 8000
Hz. None of the participants reported having any speech-
language or cognitive problems. The use of human subjects
was reviewed and approved by the institutional review
boards (IRBs) of Ohio University (Protocol Nos. 15X061
and IRB-FY25-110) and the University of Wisconsin—
Milwaukee (IRB No. 25.048). All participants completed
the consent process before starting the experiment.

Stimuli and Signal Processing

The perception stimuli were HINT sentences, which
consist of 26 lists, each containing 10 sentences. The
length of individual sentences varies from four to seven
words. The original HINT sentences were produced by a
male talker. In the current study, we manipulated the FO
and/or the formants of the original sentences to change
the perceptual voice gender using a built-in “Change Gen-
der” function in the Praat software (Boersma & Weenink,
2020). One set of stimuli was generated by doubling the
FO of the original male voice (i.e., from a mean of 110 Hz
to a mean of 220 Hz) and scaling up the formants (the
formant spacing for all formants was changed accord-
ingly) of the male speaker by a factor of 1.2 (Poon & Ng,
2015), which resulted in a high FO and high VTR
(HmHvytr) condition. These ratios of F) and VTR used
in our manipulations were in the physiological range of

male and female voices (Poon & Ng, 2015). One set of
stimuli was generated by doubling the FO of the original
male voice but maintaining the formant values of the orig-
inal male vowels, which resulted in a high FO and low
VTR (HmLvytr) condition. The last set of stimuli was
generated by maintaining the original male F) but scaling
up the formants of the male speaker by a factor of 1.2,
which resulted in a low FO and high VTR (LxHvytr) con-
dition. For all three manipulated conditions, the duration
of sentences remained the same as the original sentences.
Together with the original sentences (low FO and low
VTR [LgLytr]), there were four sets of sentences (N =
1,040 sentences [26 lists x 10 sentences X 4 voice condi-
tions]). All 1,040 sentences were root-mean-square (RMS)
level equalized.

We performed acoustic analysis to extract the FO
and formant frequencies of the four sets of sentence mate-
rials (including the original set and three sets of manipu-
lated sentences) used in the present study. For each set of
260 HINT sentences, we segmented the syllables that con-
tained one of the four corner vowels (i.e., /i, u, a, &/)
using Cool Edit 2000 (Syntrillium Software). This resulted
in 26, 18, 17, and 21 tokens for /i/, /u/, /a/, and /&/ in each
set. For FO extraction, a custom-written MATLAB script
based on autocorrelation analysis was used (Xu et al.,
2004; Zhou & Xu, 2008). For formant extraction, we used
the speech analysis program TF32 (Milenkovic, 2003).
The frequencies of the first two formants, F1 and F2, of
each token were extracted based on linear predictive cod-
ing analysis. Figure 1 shows the results of the acoustic
analysis. The HmHyrr and HpLyrr conditions had a
similar median FO of approximately 220 Hz, whereas the
LmLyvrr and LpHytr conditions had a similar median
FO of approximately 110 Hz. The vowel spaces for the
HpHvytr and LpHyrr conditions were similar, and so
were those for the LplLyrr and HgLyrr conditions.
Thus, the acoustic analysis confirmed that manipulations
of the FO and formants in Praat had achieved the desired
results.

Given that the voice manipulation was based on one
single male speaker, we conducted a gender-rating task to
examine whether the procedure of manipulating the FO
and VTR resulted in anticipated change in voice gender
perception. Two sentences were randomly selected from
each voice condition, resulting in eight stimulus items.
The eight sentences were randomized and presented to 193
college-age adults who were requested to rate the gender
of the voice on a scale ranging from 1 (male) to 7
(female). The mean rating of the two sentences in each
voice condition was used to represent the rating result for
each rater for that voice condition. As shown in Figure 2,
86.0% of the raters rated 6.5 or higher for the HmHvyrr
voice condition, and 81.4% of the raters rated 1.5 or lower
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Figure 1. Acoustic analysis of the four corner vowels in each voice
condition. Upper panel: fundamental frequency (F0) distributions in
violin plots in which each symbol represents the mean FO of one
vowel token. The white circle and thick vertical lines represent the
median and the 25th and 75th percentiles. Lower panel: mean first
formant (F1) and second formant (F2) of the four corner vowels /a,
&, i, u/ in each voice condition. The four corner vowels /a, @, i, u/
are represented by triangle, asterisk, cross, and square symbols,
respectively. The mean values of F1 and F2 of all corner vowels
are connected to represent the vowel spaces of the four voice
conditions. L = low; H = high; VTR = vocal tract resonance.
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for the LmLytr voice condition. Of the two conditions,
HpLyrr and LmHyrr, the ratings were scattered around
the middle of the scale. However, HyLyrr was rated
closer to a female voice, whereas L yHytr was rated more
toward a male voice. The average group rating was 4.2
for HpLyrr and 2.8 for LmHyrr. Given the large
enough sample size (N = 193), a parametric analysis was
conducted to compare the rating scores. The rating scores
were fitted with a linear mixed-effects model in which the

Figure 2. Histograms showing the gender-rating results across
four voice conditions (HeoHvTr, Hrolvtr, LroHvTr, @nd LeolyTr), as
rated by 193 college-age adults. A rating of 1 on the scale repre-
sents a male voice, whereas a rating of 7 represents a female
voice. L = low; H = high; FO = fundamental frequency; VTR = vocal
tract resonance.
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voice condition was defined as the fixed effect and lis-
teners were defined as the random effect, with by-subject
intercepts included. The results revealed a significant effect
of voice condition, F(3, 582) = 1,293.0, p < .0001. The
pairwise comparison suggested that all four voice condi-
tions were significantly different from each other. The
gender-rating task verified that doubling the FO and scaling
up the VTR by a factor of 1.2 reliably altered the listeners’
subjective judgment of the voice gender from a male voice
to a female voice. Meanwhile, the mismatched conditions
(HpLyvtr and LmHytr) resulted in listeners’ uncertainty
of voice gender perception.

A 5-min-long SSN was generated by matching the
long-term average spectrum of white noise to that of the
concatenated 1,040 sentences. Each sentence stimulus was
mixed with a randomly selected SSN segment that was
400 ms longer than the sentence duration at four SNRs:
—10, =5, 0, and +5 dB. The sentence was presented in the
middle of the SSN, with 200 ms of noise preceding and
following the sentence signal. The noise header and tail
were at the same level as the noise in the speech-plus-
noise portion. The level of the sentence stimuli was fixed,
and the desired SNR was achieved by changing the RMS
level of the SSN relative to that of the sentence stimulus.
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Procedure

The perception test was conducted in a sound-
treated booth. Each listener started with a practice ses-
sion in which 24 HINT sentences mixed with SSN were
presented in two SNRs: 0 and +5 dB (12 sentences for
each SNR). At each SNR level, three sentences were
tested in each voice condition. Feedback was provided in
the form of written text shown on the computer screen.
The purpose of the practice session was to familiarize the
listeners with the test procedure. None of the HINT sen-
tences used in the practice session were recycled for the
test session.

During the actual test session, the four SNRs were
randomized first, and the four voice conditions were then
randomized at each SNR level. A total of 16 different
HINT sentence lists were used for each listener (4 SNRs %
4 voice conditions). Listeners could adjust the volume to
the most comfortable level, which was typically in the
range of 60-65 dBA as measured with a sound-level meter
(Britel & Kjeer Type 2231). After listening to a sentence,
the listeners typed what they heard in the text box on a
computer screen. To ensure optimal performance from
individual participants, each sentence can be repeatedly
played up to three times.

The perception responses were scored by a native
English speaker. The accuracy of each sentence list was
calculated by dividing the total number of correctly recog-
nized words by the total number of words in all sentences.
Strict scoring rules were applied. Spelling errors, hom-
onyms, and grammar errors (such as verb tense use, plural

marking, and subject-verb agreement), if present, were
counted as wrong.

Results

Figure 3 displays the perception score in percent
correct of HINT sentences in the four voice conditions at
each SNR level. The perception accuracy was very low at
—10 dB SNR (group average < 10% accurate) and very
high at +5 dB SNR (group average > 95% accurate). At
-5 dB SNR, the group average was approximately 34%
correct across all four voice conditions. Meanwhile, the
listeners demonstrated considerable individual variability
in perception accuracy. When the SNR increased to 0 dB,
the listeners performed reasonably well (> 85% correct)
except for the HmyLyrr condition. Of the four voice con-
ditions, the listeners showed measurably lower accuracies
for HpLytr stimuli at 0 and +5 dB SNRs. At -5 dB
SNR, the listeners performed slightly better with LLyrr
stimuli than in the other three conditions.

Percent-correct data were fitted with a generalized
linear mixed model in which voice features (four condi-
tions: HmHvtr, HroLvtr, LoHvrr, and Lgplyrr) and
SNRs (four levels: —10, =5, 0, and +5 dB) were defined as
fixed effects and subjects were defined as the random
effect. A series of models were implemented, which
yielded the best fit model that included by-subject inter-
cepts and by-subject random slopes for voice and SNR.
The results showed significant effects of SNR, F(3, 656) =
999.8, p < .001; voice, F(3, 656) = 14.6, p < .001; and the

Figure 3. Box plots showing the perception accuracy of Hearing in Noise Test sentences in four voice conditions (HroHvTr, HroLvTr,
LroHvtr, @nd Leglyrr) in four signal-to-noise ratios (SNRs) of —10, -5, 0, and +5 dB. The box represents the 25th and 75th percentiles of
the performance. The notch represents the median, and the whiskers represent the range. Outliers are plotted with filled symbols. The
brackets above or below the box plots indicate statistical significance between pairs of voice conditions, with single (*), double (**), and triple
(***) asterisks representing p < .05, p < .01, and p < .001, respectively. L = low; H = high; FO = fundamental frequency; VTR = vocal tract

resonance.
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SNR x Voice interaction, F(9, 656) = 13.6, p < .001. The
analysis of pairwise contrasts revealed that all SNRs were
significantly different from each other. For the factor of
voice, there was no significant difference between the
HpHytr and LgLytr or between HpHytr and LgHyr.
All other comparisons were significant. As for the SNR x
Voice interaction effect (see Figure 3), at —10 dB SNR, the
HmxHytr condition was significantly different from the other
three voice conditions. At =5 dB SNR, all voice condition
pairs were significantly different except for HmHyrr versus
HmLyrr. At 0 dB SNR, there was no significant difference
between HpHyrr and LgLytr, but all other comparisons
were significant. At +5 dB SNR, there was no difference
between HpHyrr and LgLyrr or between HplLytr and
LmHyrr, but all other comparisons were significant (all
ps < .05).

Based on the recognition performance at the four
SNR levels, we implemented logistic curve fitting to model
the psychometric function of sentence recognition perfor-
mance as a function of SNR in each voice condition.
When performing logistic curve fitting on the data, the
percentage of correct responses (p) was first transformed
using a logit function: y = log[p/(1 — p)]. The regression
intercept (b) and slope (m) in the regression line y = m X
SNR + b were determined using the least squares method.
The curve-fitted (predicted) sentence recognition perfor-
mance (P) on the psychometric function can be obtained
using P = e X SNR + Oy plm < SNR -+ 0 We also
examined the goodness of fit of all 168 (42 subjects x 4
voice conditions) psychometric functions. The mean and
median R? values were .891 and .932, respectively, indicat-
ing satisfactory curve fitting. Supplemental Material S1
contains more details of the goodness-of-fit analysis of the

logistic curve fitting. Figure 4 (left four panels) shows the
logistic fitting of all subjects in the four voice conditions.
The speech reception threshold (SRT; ie., the SNR at
50% correct) is commonly used in audiology clinics to
measure speech recognition ability in noise. The advantage
of including SRT analysis in the present study is that it is
a single number that can represent speech recognition abil-
ity in noise independent of the selection of SNRs. Here,
the SRT for each participant was calculated based on
logistic fitting. That is, when P = .5, SRT = —h/m. The
group average SRTs were —4.62, —-3.11, —4.33, and -3.75
dB for the HmyHvytr, HLvrr, Lwlvrr, and LyHyrr
conditions, respectively. Figure 4 (rightmost panel) shows
the SRT distribution in the four voice conditions. The
SRTs were analyzed using a linear mixed-effects model in
which the voice condition was set as a fixed effect and
subjects were defined as the random effect, with by-
subject intercepts included in the model. The results
revealed a significant voice effect, F(3, 129) = 11.67, p <
.001. The pairwise comparisons between voice conditions
revealed significant differences between HgqHyrr and
HFOLVTR’ HFOHVTR and LFUHVTRa and LFOLVTR and
HpLyrr (all ps < .05). All other comparisons showed
no significant difference.

Figure 5 shows the group average logistic fitting for
the psychometric function of sentence recognition as a
function of SNR in each voice condition. The group aver-
age fitting lines for HpyHytr and LpLyrr were almost
identical. The curves for the LyxyHytr and HgLytr con-
ditions differed from those of the HmyHytr and LgLyrr
conditions. As observed at the individual levels (see Figure
4), the group results also demonstrated that, of the four
voice conditions, HpHyrr and LgLyrr had lower

Figure 4. Logistic fitting for the psychometric function of the sentence recognition data in the four voice conditions (left four panels). Each
psychometric function represents data from one subject. The calculated speech reception thresholds (SRTs) for all subjects in the four voice
conditions are shown in the rightmost panel. The box represents the 25th and 75th percentiles of the SRTs. The notch represents the
median, and the whiskers represent the range of the data. The brackets above the box plots indicate statistical significance between pairs
of voice conditions, with single (*) and triple (***) asterisks representing p < .05 and p < .001, respectively. L = low; H = high; FO = fundamen-
tal frequency; VTR = vocal tract resonance; SNR = signal-to-noise ratio.
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Figure 5. Group average logistic fitting of sentence recognition
accuracy as a function of signal-to-noise ratio (SNR) in each voice
condition (upper panel). The distributions of the differences
between any pair of voice conditions are shown in the lower six
panels. The vertical line indicates the SNR at which the maximum
difference was located. L = low; H = high; FO = fundamental fre-
quency; VTR = vocal tract resonance.
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average SRTs and HmLytr had the highest SRTs. In par-
ticular, for a given performance accuracy, listeners
required a higher SNR when listening to LmHyrr or
HpLyrr stimuli as compared to LgLyrr or HmHyrr

stimuli. Compared to LgpHytr, the fitting line for
HpLyrr deviated from LyLytr or HHytr to a greater
extent. Figure 5 (lower six panels) shows the distribution
of the differences in sentence recognition scores between
pairs of voice conditions. Large differences can be visual-
ized between HpHytr and HglLytr, LmLvrr and
HpLyrr, and HpyHyrr and LpHytr conditions. For
instance, the accuracy difference could be greater than 20
percentage points between the HmHyrr and HgLytr
conditions.

Discussion

The purpose of the present study was to examine
the influence of the voice features of FO and VTR on
speech intelligibility in noise. Based on anatomy, talker
sex differences are mainly reflected in FO and VTR. In this
study, we manipulated the two variables and created four
sets of stimuli, of which two sets had FO paired with VTR
of the same sex (HmHytr and LpLytr) and two sets
had FO paired with VTR of the opposite sex (HmLyTtr
and LmHyrr). The stimuli were presented with SSN at
various SNRs. Results revealed that changing the two
voice features indeed affected speech intelligibility. How-
ever, the difference was not reflected between the two con-
ditions that had FO paired with VTR of the same sex.
That is, the female voice with HypHytr and the male
voice with LgpLyrr showed no significant difference in
speech intelligibility in noise. This result conflicts with pre-
vious studies that reported higher intelligibility in female
speech (Bradlow et al., 1996; Markham & Hazan, 2004;
Yoho et al., 2019) or in male speech (McCloy et al., 2015;
Robinson, 2011). In those studies that compared speech
intelligibility between female and male talkers, rate of
speech, clarity of speech production, and other talker-
specific characteristics could not be strictly controlled. In
the present study, we used one single talker but manipu-
lated the acoustic correlates FO and/or VIR of the origi-
nal male voice of a standardized hearing test. The gender-
rating results (see Figure 2) demonstrated that the modifi-
cation of FO and VTR successfully altered listeners’ per-
ceptual judgment of voice gender. Because the voice con-
ditions were all derived from one speaker, the other talker
characteristics that may interfere with intelligibility were
well controlled. The lack of difference between the
HpHytr and LyLyrr stimuli suggested that the reported
intelligibility differences between male and female talkers in
previous studies might be caused by other acoustic-phonetic
properties or by social norms and expectations on speech
intelligibility associated with male and female talkers.

Although there was no significant difference between
the HmHyTr and LmLytr conditions, lower intelligibility
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was observed in the speech materials with mismatched FO
and VTR, especially in the condition of high FO paired
with low VTR. Based on logistic fitting results (see Figure
4), the intelligibility of the HmLvtr condition could be >
20 percentage points lower than that of the HmxHyrr con-
dition at certain SNRs. The intelligibility difference
between the L yHvytr and HzyHytr conditions as well as
between the HpLyrr and LgLyrr conditions could be
greater than 15 percentage points. As shown in Figure 3,
the SRT for the HmpLytr condition was significantly
higher than those for the other three conditions. The SRT
for the LmyHytr condition was also higher than those for
the HpHytr and LgLyr conditions. These findings sug-
gest that speech intelligibility was adversely affected in
conditions where FO was paired with VTR from the oppo-
site sex, as compared to the conditions in which FO was
matched with VTR from the same sex. Our findings ech-
oed the results reported in previous studies (Assmann &
Nearey, 2007, 2008). Assmann and Nearey (2007) studied
listeners’ vocal preference and vowel recognition for
STRAIGHT vocoded stimuli showing downward and
upward shifting in FO and/or formant frequency. The
results revealed that the listeners preferred voices showing
the covariation pattern between FO and formant frequen-
cies (i.e., high FO tended to co-occur with high formant
frequencies, whereas low FO tended to co-occur with low
formant frequencies). Meanwhile, the listeners recognized
vowel stimuli showing the FO—formant covariation pattern
with higher accuracies.

The choice of speech materials used in speech recog-
nition tasks may influence the results. Assmann and
Nearey (2007, 2008) conducted studies using 11 vowel
tokens as stimuli. Holmes et al. (2018) and Holmes and
Johnsrude (2023) employed a closed-set sentence recogni-
tion task (i.e., a matrix test) in which the sentences lacked
contextual information. The present study adopted an
open-set sentence recognition task using everyday sentences
rich in contextual information. Previously, we showed that
English vowel and sentence recognition performance under
vocoder-processed conditions (Yang et al., 2022) was mod-
erately correlated (r = .622). In that study, sentences with
greater contextual information yielded higher recognition
scores compared to those with less contextual information.
Therefore, if we hold F0 and VTR manipulation as well as
the SNR constant, we expect that using vowels or a matrix
test will result in overall lower performance. However, we
have no reason to assume that the pattern of differences
across various FO-VTR conditions will deviate from what
we observed in the present study.

With regard to the specific setting for the FO and
VTR manipulation, we applied upward shifting of for-
mant frequencies by a factor of 1.2 and/or upward shifting
of FO by a factor of 2.0. This setting reflected the

anatomically based sex difference in these two acoustic
features. A similar setting was tested by Assmann and
Nearey (2008). Their data showed that although the
upward shift of formant frequency by a factor of 1.25 or
the upward shift of FO by a factor of 2.0 alone reduced
vowel intelligibility as compared to the unshifted condition
or the condition with the formant frequency and FO
shifted upward together, the magnitude of reduction was
small. Note that the stimuli in the present study were
mixed with SSN at various SNRs. Our data showed that
at +5 dB SNR, the speech intelligibility in all four condi-
tions was very high, although the HmyLyrr and LgHyrr
conditions showed slightly lower intelligibility relative to
the HpHytr and LpLyrr conditions (see Figure 3).
However, when the SNR decreased to 0 dB or lower, the
sentence recognition scores in the conditions with mis-
matched FO and VTR could be 20 percentage points lower
than those in the conditions with matched FO and VTR.
These results indicated that the adverse effect of frequency
shifting exacerbated in noise conditions. Of the two mis-
matched conditions, our data revealed an even lower accu-
racy for the HmyLytr condition than for the L xHytr con-
dition. As shown in Figure 2, the recognition accuracy of
the HpLytr condition was much lower than that of the
other three conditions. According to logistic fitting, the
greatest performance difference between the HmLyrr and
HmHyrr conditions could be greater than 20 percentage
points. Results in Assmann and Nearey (2008) also showed
worse vowel recognition with the upward-shifted FO paired
with the downward-shifted spectral envelope. The authors
proposed that raised FO resulted in fewer harmonics. There-
fore, the vowel formants were poorly represented. In the
meantime, when the spectral envelope was shifted down-
ward, the F1 could be lower than the FO.

In Holmes et al. (2018) and Holmes and Johnsrude
(2023), the authors found robust familiar-voice benefit in
speech intelligibility even when the voice features were
manipulated within listeners’ discrimination threshold or
by a large amount. The authors proposed that the speech
intelligibility benefit might be related to more efficient and
active cognitive processing with familiar voices than with
unfamiliar voices. Although the current study does not
involve familiarity with talkers’ voices, we observed a
detectable adverse impact of FO-VTR mismatched voices
on speech intelligibility in noise conditions. Because FO-
VTR matched voices are what people are being exposed
to most often in their daily life, the mismatched voices
may sound less natural. It is possible that compared to
FO-VTR matched voices that sound more natural, less
natural voices may undergo different normalization and
less efficient cognitive processing when greater cognitive
resources are demanded in adverse conditions (e.g., with
background noise).
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Another point worth noting was the contribution of
FO and VTR to listeners’ perception of voice gender.
Although both acoustic correlates contain sex-related per-
ceptual cues, many studies revealed the greater contribu-
tion of FO in voice gender identification. Gelfer and Mikos
(2005) recruited 10 male-to-female transgender persons, 10
biological men, and 10 biological women who produced
sustained isolated vowels /i/, /u/, and /3/. For each spoken
vowel, two synthesized tokens were generated: one with
the FO at 120 Hz and the other with the FO at 240 Hz.
The gender identification results from 30 normal-hearing
young adults revealed that when male formants were
paired with a high FO, listeners perceived a female
speaker. When female formants were paired with a low
KO, listeners perceived a male speaker. A similar finding
of the predominant role of FO in voice gender identifica-
tion was reported by Poon and Ng (2015). In that study,
the authors created the synthesized vowel /a/ by multiply-
ing the male formants by 10 scale factors from 1 to 1.2 or
multiplying the female formants by 10 scale factors from
1 to 0.83. FO was modified in 10 steps from 100 to 250
Hz. The results showed that stimuli with increasing FO
were more likely to be perceived as female voices, regard-
less of the formant values. In the present study, our
gender-rating results indicated that between the two mis-
matched voice conditions, listeners rated the one with the
high FO as more toward a female voice even though the
VTR was low, whereas the one with the low F0O was rated
more toward a male voice even though the VTR was high.
Our data provided additional support for the importance
of FO in voice gender perception. Of the two sex-related
acoustic correlates, FO serves as the more dominant cue
for voice gender identification.

In general, our data revealed no significant differ-
ence between the HpHyrr and LgLyrr voice conditions
in speech intelligibility. This finding has important impli-
cations in the development of speech and hearing tests. In
speech and hearing clinical practice, the field currently
uses various types of auditory stimuli to assess listeners’
perceptual performance, which predominantly involve cis-
gender male talkers. Yet, there is no solid scientific evi-
dence to support the superiority of cisgender male voices
for intelligibility. Our data yielded no significant difference
in speech intelligibility associated with anatomically based
sex difference when other factors are controlled. Further-
more, our research findings provide valuable information
regarding speech communication of gender-diverse popula-
tions. For example, for transgender people who undergo sur-
gical procedures, hormone treatment, or voice therapy for
gender affirmation, these treatment and training procedures
can alter the voice pitch (Chadwick et al., 2022; Cler et al.,
2020; Schwarz et al., 2017; Song & Jiang, 2017) but hardly
modify vocal resonance because the anatomical structure of

the vocal tract is preserved, even though adjusting articula-
tory positions (e.g., lowering the jaw or opening the mouth
to lower the F1) can somehow change vocal resonant fea-
tures for certain sounds (Leyns et al., 2021). In this case, the
voice features of FO and VTR may not show the covariation
pattern. Our results suggested that speech intelligibility could
be affected in noise conditions with a mismatched FO-VTR
relationship. This finding highlights the importance of devel-
oping speech training and practice programs to address intel-
ligibility in research and clinical practice for gender-diverse
populations.

Several limitations of the current study should be
noted. First, we had only one male speaker, and the
manipulations were all based on this talker. Although the
male talker was adopted from a standardized hearing test,
the limited number of talkers restricts the generalization
of the current findings. For future studies, we should
include more talkers. In addition to male talkers and
applying upward shifts of the FO and/or VIR to change
to a female voice, we should include female talkers to
apply downward shifts of the two acoustic variables to
change to a male voice and compare the effects between
downward and upward frequency shifting. Second, the
selection of SNRs at —10 and +5 dB in the present study
caused floor and ceiling effects. The listeners demonstrated
extremely low or high sentence recognition in these two
SNR conditions. According to logistic fitting, the greatest
difference among the four talker gender conditions
occurred between —5 and 0 dB SNRs. For future studies,
we should adjust the SNRs and use finer SNR steps for a
more precise comparison of intelligibility differences
among different voice conditions. Finally, caution should
be exercised when interpreting our results in the context of
transgender voices. The acoustic manipulations, as in our
HpLyrr and LgpHytr conditions, may not be reflective
of true transgender voices. Future research is needed to
elucidate the potential intelligibility deficiency of transgen-
der voices in noisy listening environments.
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