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dered populations present conflicting results regarding the relationship between pitch discrimination (PD) and
voice quality. PD characteristics of female speakers with and without a musical training background and no self-
reported voice disorder, and the relationship between PD and voice quality in this particular population, have
not been investigated.
Aims. To evaluate PD characteristics in a cohort of female participants without a self-reported voice disorder
and the relationship between PD and acoustic voice measures.
Method. One hundred fourteen female participants were studied, all of whom self-reported as being non-voice
disordered. All completed the Newcastle Assessment of Pitch Discrimination which involved a two-tone PD task.
Their voices were recorded producing standardized vocal tasks. Voice samples were acoustically analyzed for fre-
quency-domain measures (fundamental frequency and its standard deviation, and harmonics-to-noise ratio) and
spectral-domain measures (cepstral peak prominence and the Cepstral/Spectral Index of Dysphonia). Data were
analyzed for the whole cohort and for musical and non-musical training backgrounds.
Results. In the whole cohort, there were no significant correlations between PD and acoustic voice measures.
PD accuracy in musically trained speakers was better than in non-trained speakers and correlated with funda-
mental frequency standard deviation in prolonged vowel tasks. Vocalists demonstrated superior PD accuracy
and fundamental frequency standard deviation in prolonged vowels compared to instrumentalists but did not
show significant correlations between PD and acoustic measures. The Newcastle Assessment of Pitch Discrimina-
tion was a reliable tool, showing moderate-good prediction value in differentiating musical background.
Conclusions. There was little evidence of a relationship between PD and acoustic measures of voice quality,
regardless of musical training background and superior PD accuracy among the musically trained. These data do
not support ideas concerning the co-development of perception and action among individuals identified as having
voice quality measures within normal ranges. Numerous measures of voice quality, including measures sensitive
to pitch, did not distinguish across musically and non-musically trained individuals, despite individual differences
in pitch discrimination.
Key Words: Pitch discrimination—Auditory perception—Voice quality—Musical training.
INTRODUCTION
The ability to control, change or improve vocal production
depends upon voice perception,1 which involves judgement
of vocal pitch, intensity, and quality.2 This dependency of
voice production upon auditory perception has been shown
in the use of auditory feedback for learning and self-moni-
toring in singing and vocal training3−5 and the adjustment
response seen during vocalisation in pitch perturbation stud-
ies.6−9 Relationships between perception and production
can be the result of bidirectional influences, including the
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effects of perception on production and the effects of pro-
duction on perception. Pitch discrimination (PD), that is,
the ability to tell the difference between pitches, has been
frequently used to test auditory perception function.10,11
The role of auditory perception in voice production
The influence of perception on voice/speech production can
be demonstrated typically in the hearing impaired. Habitual
vocal production of individuals with hearing impairments is
often associated with reduced pitch control, such as a lack
of pitch variation or excessive abnormal pitch variations.12

Moderate-profound hearing loss has also been associated
with abnormal perceptual voice quality such as breathiness,
hoarseness, and higher speaking fundamental frequency
(F0).13 Whilst this unidirectional link between auditory abil-
ities and vocal production abilities has been observed, it is
unknown whether a deficit in central auditory processing or
a degraded peripheral auditory signal were the key factors
causing reduced voice quality and control.

A relationship is also demonstrated in evidence that musi-
cians have demonstrated better pitch production accuracy
than non-musicians.14 Trained singers also performed better
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in pitch production than untrained individuals.15 However,
pitch perception and pitch production abilities were not sig-
nificantly different between vocalists and musicians.14,16

Positive correlations have also been observed between PD
and vocal production in musicians.14 Smaller difference
limens for frequency (DLFs), indicative of better PD, were
correlated with better pitch matching vocal accuracy in
highly trained, working musicians.14 However, correlations
were not observed in non-musicians. In addition, in inaccu-
rate singers, no relationship has been observed between PD
and pitch production ability.17

Abur et al18 showed that patients with hyperfunctional
voice disorders had poorer PD compared to speakers with-
out a voice disorder. The changes in PD have been consid-
ered as possibly playing a role in pathogenesis of behavioral
voice disorders. Stepp et al19 found that patients with hyper-
functional voice disorders showed different adaptive
responses in pitch perturbation tasks compared to controls.
Muscle Tension Dysphonia patients were found to have a
significantly larger magnitude adaptive response to changes
to auditory feedback as compared to people without dys-
phonia, suggesting a possible link between pitch perception
and voice production.20 Pitch pattern recognition abilities
as assessed in three-tone sequences were poorer in females
with voice disorders in comparison to females without disor-
ders and was also strongly correlated to reduced vocal
reproduction of musical tones.21
The effects of voice production on auditory
perception
There is limited understanding of the effects of voice produc-
tion on auditory perception. Previous research has shown
auditory-perception difficulties in patients with vocal dys-
function, suggesting that impairments in voice production
can negatively impact on perception. For example, patients
with unilateral vocal fold paralysis (UVFP) showed differen-
ces in neural areas associated with vocal-motor function,22

reduced auditory processing ability, and reduced vocal motor
function compared to non-patients, despite receiving ade-
quate surgical treatment.23 Reduced auditory perceptual abil-
ities were also observed in females diagnosed with behavioral
voice disorders with benign vocal fold mucosal lesions,21

however, the direction of causality of auditory perceptual
abilities and voice disorder is not evident in this study. The
“Linked Dual Representation Model” suggests that vocal pro-
duction can be mediated by high-level awareness and percep-
tion, and low-level (non-conscious) perception.24 On the one
hand, pitch perception abilities would be linked to production
through training, such that training in pitch perception trans-
fers to voice production. On the other hand, pitch perception
and voice production are thought to be linked through non-
aware production pathways. In the latter case, adaptations in
voice are made online due to low-level auditory feedback-
based corrections.

Some other authors, however, have not observed a signifi-
cant correlation between PD and voice. Davis and Boone25

did not find significant differences between the two groups
when comparing PD and tonal memory between patients
with hyperfunctional voice disorders and control speakers.
Murray et al26 found no relationship between PD and voice
production in children with and without vocal nodules.
Measurement of auditory perception
Pitch discrimination (PD) has been assessed in isolation using
pitch-based tasks, such as two-tone PD tasks in varying fre-
quency discrimination protocols when comparing trained to
untrained musicians and vocalists. Another popular labora-
tory-based method of measuring pitch perception is known
as identifying the just noticeable difference27 between pitches,
or the DLFs.14 An adaptive tracking procedure is used to
obtain a DLF, whereby pitch differences are reduced follow-
ing a specified number of correct responses and increased fol-
lowed by one incorrect response.16,28 Whilst these protocols
are successful in identifying the smallest pitch difference that
individuals can recognize, the process is long, complex, and
the equipment required to conduct these tests is not readily
available in clinical settings. As such, two-tone PD tasks may
provide the most direct and simple measure of the auditory
perceptual system.15,17,29
Pitch perception and voice quality
Voice quality has a complex and oft described relationship
with signal frequency characteristics and thus can affect per-
ception of pitch. Voice quality descriptors such as rough-
ness, breathiness and hoarseness are associated with
acoustic measures such as jitter, which quantify the amount
of variations in the fundamental frequency (F0) in pro-
longed vowel tasks.30,31 Rough voices and voices character-
ized by vocal fry are perceived to have a lower pitch than
non-disordered voices32,33 and breathy voices have a higher
pitch than non-disordered voices.32 Given that small varia-
tions in fundamental frequency can affect perceptions of
voice quality, some acoustic measures of voice quality may
be more or less appropriate and possibly more sensitive to
fine voice-motor control than others. Similarly, voice qual-
ity may also influence perception of pitch. Collecting both
voice quality data and auditory perception of PD data in
the same population can help to clarify whether such rela-
tionships exist and what this might mean, based on musical
background, for transfer pathways that are more conscious
and explicit. Therefore, we included a range of acoustic
voice production measures in our study that relate to not
only pitch, but perception of voice quality.

To date, in no study has the relationship between acoustic
voice measures and PD been investigated in a large non-clini-
cally disordered cohort where differences between individuals
in both voice and PD34 are apparent but not clinically signifi-
cant. Specifically, it is unclear whether frequency-domain
measures (fundamental frequency and its standard deviation)
and spectral-domain measures related to voice quality are cor-
related with PD accuracy. The aims of the present study were
to: 1) Investigate PD characteristics in a cohort of female
speakers who were self-identified as non-voice disordered; and
2) Investigate acoustic voice characteristics and their
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relationship to PD in a cohort of female speakers self-identified
as having no voice problems. Overall, we hoped to better eval-
uate the inherent and/or trained links between pitch perception
and various voice production measures to help understand the
co-development or otherwise of these skills.
MATERIAL AND METHODS

Ethical approval
The study protocol was approved by The University of Syd-
ney Human Research Ethics Committee (Protocol number:
2016/1001). Written informed consent was obtained from
all participants to partake in this study. The study was
implemented in accordance with relevant ethical guidelines
and regulations.
Participants
There were 114 female participants with a mean age of
23.1 years, standard deviation, SD = 3.8, range = 18-
40 years. All were first or second language English-speaking
university students. Inclusion criteria included: 1) No self-
reported or previous diagnosis of voice disorder; 2) Normal
hearing (passing 20-decibel threshold in a pure-tone audio-
metric screening on frequencies of 1kHz, 2kHz and 4kHz);
3) Non-smokers; 4) Did not regularly use inhaled corticoste-
roids (a common medication for asthma known to impact
voice quality); and 5) Had not experienced upper respira-
tory problems within 2 weeks before the study.

Participants completed a case history questionnaire to
determine history of voice disorders, smoking, upper respi-
ratory problems, language backgrounds, musical back-
ground, and voice/musical training. They also completed
the Screening Index for Voice Disorders35 (SIVD) and Voice
Handicap Index (VHI-10).36 Table 1 shows the voice disor-
der screening results using the SIVD and the VHI-10 scores.
All participants had a SIVD score of 3 or below (where 5 or
above indicates voice disorder35). Although the majority of
people had a VHI-10 score below 7.5, there were 15 who
had a score above (which is the cut-off value for determina-
tion of voice quality handicap).37
TABLE 1.
Descriptive Statistics and Cut-off Scores for the SIVD, VHI-10 S
Sample (n = 114)

Sample Means (SD) Sam

SIVD 0.14 (0.46)

VHI-10 3.51 (3.53)

Auditory perceptual

severity ratings score

5.02 (3.16)

HNR 24.05 (3.13)

Note that cut-off value refers to the clinical reference value for determination of a m

mum (max) values.

Abbreviations: HNR, harmonics-to-noise ratio in dB; NA, not available; SD, standar

icap Index − 10.
Participants were classified based on musical background
as determined from the case history questionnaire. Musi-
cally trained individuals were defined as those having for-
mally learnt a musical instrument for at least a year past the
age of 5 years old in individual lessons or in band rehearsals.
This resulted in 58 participants defined as musically trained
and 56 as non-musically trained. A small proportion of the
musicians were identified as having voice training at some
point during their developmental years or during adulthood;
either individual lessons or in group choir (n = 10). Due to
the potential significance of differences between these indi-
viduals and instrumentalists (where one group has training
in voice and the other does not), secondary comparative
analyses were run on these groups.
Pitch discrimination tasks
We used the Newcastle Assessment of Pitch Discrimination
(NeAP),39 which is a two-tone discrimination task. Auditory
stimuli were computer-generated tones played on a Dell com-
puter (Optilex 760) via a speaker system (Harman/Kardon
HK645) calibrated to 65-65.2 dBA hearing level. Hearing
level was measured at ear level using lingWAVES SPL meter
II model IEC 651. Participants completed the default proto-
col that was pre set on the NeAP software. They were
instructed to listen to two tones and to indicate which tone
was higher in pitch or if they were the same. Responses were
provided by clicking on the relevant icon on the computer
screen (‘1’, ‘2’ or ‘same’). The default protocol contained
twenty pairs of sine waves presented twice for a total of forty
tone pairs; tones were presented in random order. Frequen-
cies ranged between B2 (123.47 Hz) to D#4 (311.13 Hz) and
pitch differences between tones ranged between one tone and
a third of a semitone (Appendix 1). There was an average
completion time of »5 minutes. Participants completed the
PD task before completing their voice recordings. The per-
centages of accurate responses were calculated for each tone
pair (t = 20) by dividing the number of accurate responses by
the total responses for that tone pair. All tone pairs (total 20)
were presented a second time in random order in the same
session for reliability analyses.
cores, Dysphonic Severity Ratings and HNR for the Whole

ple Medians Sample Range

Cut-off Values

(Ref.) & max.

0 0-3 535, max = 12

3 0-15 7.537, max = 40

4.50 0.25-15.75 NA, (max = 100)

24.25 16.2-31.2 2038, max = NA

ild voice disorder (along with a publication reference, Ref) and scale maxi-

d deviation; SIVD, Screening Index for Voice Disorders; VHI-10, Voice Hand-
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Voice recordings
Voice recording took place in a soundproof booth. Partici-
pants were fitted with a calibrated, head-mounted, cardiod
condenser microphone AKG C520 placed 5 cm and 45°
away from the centre of their mouth. The microphone was
calibrated using a single sine wave stimulus with frequency
of 333.3 Hz at an average intensity of 60 dBA. Voice record-
ings were made using a Layla 24/96 Multitrack Recording
System and Adobe Audition software (Version 1.5)40 at
44.1 kHz and 16-bit and saved in *.wav format. Participants
were required to read the full Rainbow Passage41 and six
sentences of the Consensus Auditory-Perceptual Evaluation
of Voice (CAPE-V)42 and to sustain the vowel ‘ah’ for 6 sec-
onds. Participants were recommended to use their most
comfortable pitch and loudness in producing these vocal
tasks. The Rainbow Passage was selected for acoustic analy-
sis as it is a phonemically balanced paragraph.41 The use of
prolonged vowel tasks ensures measurement of vocal pertur-
bation and glottal noise are more accurate than in continu-
ous speech tasks, where these measures are often influenced
by intonation and other effects.43 All vocal tasks (sustained
vowel, CAPE-V phrases, and Rainbow Passage) were
repeated for a total of three trials and an average of the
three trials was used for statistical analysis.
Acoustic voice analysis
Prolonged vowel samples of the vowel ‘ah’ were trimmed to
include two seconds of phonation in the middle section of
the voice signal. Samples excluded the first and last one-sec-
ond region of the signal, as these regions have been reported
to contain the highest signal perturbation.44 Prolonged
vowel samples were signal typed using protocols reported
by Sprecher et al.45 Only type 1 and 2 signals were included
in the final analysis for frequency-based analyses (such as
harmonics-to-noise ratio, HNR) due to their enhanced reli-
ability compared to type 3 and 4 signals.45

The 3rd CAPE-V phrase “We were away a year ago”
(CAPE-V3) was chosen for acoustic analyses based on pre-
vious research46 and its strong correlation to auditory per-
ceptual ratings of voice disorder severity.47

The Rainbow Passage41 voice recordings were edited to
include only the second and third sentences “. . .The rainbow
is a division of white light into many beautiful colours. These
take the shape of a long round arch, with its path high above,
and its two ends apparently beyond the horizon. . .”. This task
was used to allow comparisons with other studies on cepstral/
spectral measures.48 Connected speech samples were trimmed
to have less than 0.5 seconds’ silence at the beginning and end
of each signal in preparation for acoustic analysis.
Frequency-based acoustic measurements
Frequency-based analysis was performed to obtain acoustic
values for F0, standard deviation of F0 (F0SD), HNR, and
intensity. These were measured using default settings of the
acoustic analysis program Praat version 6.0.25.49 F0 and
F0SD were measured as they are physical acoustic correlates
of pitch.50 HNR was measured as its extraction depends upon
reliable identification of pitch boundaries,51,52 hence it is
related to and affected by pitch production. Higher HNR val-
ues are correlated with auditory perceptual judgements of bet-
ter vocal clarity.38,53 Data for F0 vowel was not included in
this study as it does not correspond to F0 in speaking situa-
tions.54 In addition, the F0 used in a prolonged vowel is arbi-
trary as participants were instructed to sustain the vowel ‘ah’
at a comfortable pitch for 6 seconds without any verbal model
or reference.
Spectral-based measurements
Two spectral-based measures were included in this study:
Smoothed Cepstral Peak Prominence (CPPS) and Cepstral/
Spectral Index of Dysphonia (CSID). CPPS is obtained
from a log power spectrum of a log power spectrum in
which its quefrency at the cepstral peak represents the fun-
damental period of the signal.55 This measure was included
as it is a measure of regularity of the fundamental period
with periodic signals showing more prominent cepstral peak
(well-defined F0) than aperiodic signals.56 In addition,
CPPS has the strongest correlation to auditory judgements
of voice quality in comparison to other acoustic
measures.57,58 Lower CPPS values are correlated with audi-
tory perceptual judgements of poor vocal quality.59 CPPS
values were obtained using SpeechTool.60

CSID was included as this measure contains CPP in its
formula.48 CSID was obtained automatically in ADSV
Model 5109 Version 3.4.261 for vowel (CSIDv) and manu-
ally calculated for the Rainbow Passage (CSIDrp) based on
CPP, Low/High Spectral Ratio (LH), and standard devia-
tion (SD) of Low/High Spectral Ratio measured in ADSV
using the following formula48: CSIDrp = 154.59 -
10.39*CPP - 1.08*LH - 3.71*SDLH

The CSID is a multifactorial measure incorporating the
means and standard deviations of Cepstral Peak Promi-
nence and ratio of low versus high frequency spectral energy
to provide a quantitative measure for dysphonia.62 It is reli-
able and valid in classifying voice disorders.62 Higher CSID
values are correlated with auditory perceptual judgements
of poor vocal quality.62,63 An extended four second pro-
longed vowel signal was used to calculate CSID due to limi-
tations in the use of the initial two second signal.
Auditory perceptual voice analyses
The auditory perceptual analyses allowed us to rate voice
quality of the whole cohort and identify those with potential
voice abnormality. The 3 s sustained /a/ vowel and the Rain-
bow Passage of the second trial were extracted and com-
bined into a separate audio file for each participant. These
files were randomized and uploaded onto Bridge2Practice.
com64 for auditory-perceptual assessment. Voice samples
were presented in Bridge2Practice.com in random order
across raters. Four voice professionals (three speech-lan-
guage pathologists and one ear, nose and throat specialist
doctor) listened to audio samples as many times as they
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wished and judged the severity of dysphonia by placing a
slider on a 100-point rating scale in an online rating form as
per the Consensus Auditory-Perceptual Evaluation of Voice
(CAPE-V) rating form.65 An average of the four responses
were used for statistical analyses.

Thirty percent of voice samples (35 files) were duplicated,
randomized throughout, and rated during the same session
to evaluate intra- and inter-rater reliability using intraclass
correlation coefficients (ICC). For inter-rater reliability,
average ICC was 0.68 (95% CI = 0.56-0.77, P < 0.01).
Intra-rater reliability for each of the raters ranged from 0.69
to 0.83 (95% CI = 0.36-0.92, P < .003). This was considered
acceptable for the study as these ICC values would be con-
sidered moderate-to-good correlations.66
FIGURE 1. ROC curve of percentage of correct response of
NeAP. AUC, area under the ROC curve.
Statistical analysis
Statistical analyses were completed using SPSS 25.0.67 Data
were checked for normal distribution before selecting compari-
son and correlation tests. When data were normally distrib-
uted, subgroup comparisons were made using independent
samples t tests (Cohen’s d is also provided as a measure of
effect size). A P value < 0.05 was used to determine statistical
significance in group comparison analyses. Pearson’s correla-
tion coefficient was used to assess the relationship between
individual acoustic voice measures and PD accuracy. Where
there were multiple correlation calculations, Bonferroni’s
adjustment was implemented to minimize Type I error. Bon-
ferroni-adjusted p was deemed significant if it was < 0.05.
Receiver Operating Characteristic (ROC) curve analysis was
used to calculate the sensitivity and specificity of the NeAP in
differentiating musical from non-musical training groups. The
significance level was P < 0.05 as P values that are too small
can lead to Type II errors.
FIGURE 2. Maximal pitch difference of incorrect tone pairs for
the musically trained and non-trained group (note error bars show
95% confidence intervals).
RESULTS

Reliability, sensitivity, and specificity of the NeAP
As the NeAP has not been used clinically, it was important to
test the validity of this tool. The intra-class correlation coeffi-
cient (ICC) was calculated to assess reliability of agreement
across tone pairs, based on the entire cohort. Correlations
were all high and positive, both between single measures
(ICC = 0.853, 95% CI = 0.794-0.896, P < 0.001) and average
measures (ICC = 0.921, 95% CI = 0.885-0.945, P < 0.001).

ROC curve was calculated from NeAP scores with musi-
cal background being the defining variable of positive
(n = 58) and negative (n = 56). The NeAP could differenti-
ate the two groups with reasonable balance (highest sensi-
tivity with highest specificity) at a sensitivity of 74.14% and
specificity of 73.21%. The optimal cut-off point was identi-
fied with Youden J index68 of 0.474 at PD score ≥ 75%.
The area under the ROC curve (AUC) is shown in Figure 1
[95% CI = 0.690-0.850, Z = 6.372, P < 0.001] Figure 1.
shows that this NeAP (default protocol) had moderate-
good prediction accuracy in differentiating musical train-
ing background.
Pitch discrimination accuracy
PD accuracy was calculated as the percentage of correct
responses from the 20 tone pairs. Although normative data
were not currently available for the NeAP test, PD was gen-
erally high (above 70%).
Pitch discrimination accuracy in musically trained and
non-trained groups
Mean (SD) of PD accuracy (%) was 71.45 (21.11), 81.29
(16.32), and 61.25 (20.76) for the whole sample, musically
trained group, and non-musically trained groups, respectively.
The musically-trained group had a significantly higher percent-
age of accurate responses than the non-trained group, t
(104.35) = 5.72, P < 0.001, d = 1.12. The maximal pitch differ-
ence between tone pairs that were incorrect showed that the
non-trained group made errors with larger pitch differences



TABLE 2.
Sample Means (SD) for Voice Data for the Whole Sample and for the Musically Trained and Non-Musically Trained Groups

Tasks

Acoustic

Measures

Whole

Sample

(n = 114)

Musical

Trained

Group (n = 58)

Non-Musical

Trained

Group (n = 56)

P-values and
Cohen’s d

Normative

Data (Ref.)

Rainbow

passage

F0 (Hz) 201.34 (19.72) 200.26 (14.99) 202.45 (23.74) 0.56; 0.12 171-2752

CPPS (dB) 4.30 (0.54) 4.34 (0.52) 4.26 (0.56) 0.42; 0.15 >4.0469

CSID -0.83 (18.89) 0.51 (10.12) -2.21 (24.96) 0.45; 0.18 <19.0962

Intensity (dB) 39.13 (3.57) 38.95 (3.80) 39.32 (3.33) 0.58; 0.10 68.152

3rd CAPE-V

phrase

F0 (Hz) 201.61 (19.26) 200.55 (15.65) 202.71 (22.48) 0.55; 0.12 171-2752

CPPS (dB) 5.67 (0.90) 5.70 (0.73) 5.64 (1.06) 0.75; 0.06 NA

CSID -15.40 (9.13) -17.33 (8.12) -13.41 (9.74) 0.02*; 0.44 NA

Intensity (dB) 42.18 (3.73) 42.08 (3.92) 42.48 (3.54) 0.78; 0.05 NA

/a/ vowel F0SD (Hz) 1.43 (0.46) 1.38 (0.42) 1.47 (0.50) 0.31; 0.19 20-29y: 3.870

30-40y: 2.571

40-50y: 2.871

60-69y: 4.370

HNR (dB) 24.05 (3.13) 24.48 (2.89) 23.61 (3.32) 0.13; 0.28 >2038

CPPS (dB) 8.30 (1.94) 8.42 (2.41) 8.17 (1.30) 0.48; 0.15 >6.1269

CSID -9,05 (8.79) -11.02 (7.97) -7.00 (9.20) 0.01*; 0.47 NA

Intensity (dB) 43.50 (5.48) 44.03 (5.84) 42.94 (5.06) 0.29; 0.20 NA

Cohen’s d and P-values are based on (t test) comparisons between the musically trained and non-trained groups. References (Ref) are provided to alert to nor-

mative data comparisons where available (NA, not available).

(*) significant at P < 0.05.

Abbreviations: CPPS, smoothed cepstral peak prominence; CSID, cepstral spectral index of dysphonia; F0, fundamental frequency; HNR, harmonics-to-noise

ratio; SD, standard deviation.
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than the musically trained group, t(100) = 3.02, P = 0.003,
d = 0.60; as shown in Figure 2.1
Pitch discrimination accuracy in instrumentalist and
vocalist groups
Mean (SD) of PD accuracy (%) for instrumentalist and
vocalist group was 79.90 (17.3) and 88.00 (7.89), respec-
tively. The vocalist group had a significantly higher percent-
age of accurate responses than the instrumentalist group, t
(30.27) = 2.23, P = 0.03, d = 0.83. Analysis of the maximal
pitch difference between tone pairs that were incorrect
showed that the instrumentalist group made errors with
larger pitch differences (mean = 12.2, SD = 9.9 Hz) than the
vocalist group (mean = 5.3, SD = 1.4 Hz), t
(45.527) = 4.305, P < 0.001, d = 1.585.
Acoustic voice characteristics
Acoustic voice measures for the whole cohort, along with
normative comparative data for the main measures are dis-
played in Table 2. In general, the sample showed acoustic
voice characteristics that were within published normal
ranges. Mean CPPS values were higher than the cut-off val-
ues for individuals with dysphonia.69 Mean CSID scores
from the current sample were below the cut-off values for
1Correlations between vocal intensity, CPPS and HNR were analysed in view of the
impact of vocal intensity on CPPS and HNR.74 In the non-trained subgroup, vocal
intensity in the Rainbow Passage was correlated with both Rainbow Passage CPPS,
r = 0.61 and Vowel HNR, r = 0.46 (both Ps < 0.001). No correlations between vocal
intensity, CPPS and HNR were observed in the mildly voice disordered and non-
disordered subgroups.
dysphonia. Mean HNR for the prolonged vowel was above
20 dB, indicating a normal voice.38
Musically trained and non-trained groups
The musically trained group had significantly lower CSID of
vowel, t(112) = 2.49, P = 0.01, d = 0.47 and CSID of the 3rd
CAPE-V phrase, t(112) = 2.34, P = 0.02, d = 0.44, in compari-
son to the non-trained group as shown in Table 2. No other
acoustic voice measures distinguished the subgroups.
Instrumentalist and vocalist groups
Comparisons across the instrumentalist and vocalist sub-
groups are shown in Table 3. The vocalist group had signifi-
cantly lower vowel F0SD, t(56) = 2.05, P = 0.05, d = 0.55 in
comparison to the non-trained group. No other voice pro-
duction measures differentiated the subgroups.
Relationships between pitch discrimination accuracy
and acoustic voice measures
Correlations between the measures were first performed on
the whole sample as detailed on the left of Table 4. No voice
quality measures showed correlations with PD accuracy
across the whole cohort (all r values < 0.2).
Within group relationships for the musically trained
and untrained speakers
In the musically trained group, a small negative correlation
was observed between pitch accuracy and vowel F0SD
only, r = -0.37, P = 0.004, with pitch accuracy explaining



TABLE 3.
Sample Means (SD) for Voice Data for the Instrumentalist and Vocalist Groups

Tasks

Acoustic

Measures

Instrumentalist

Group (n = 48)

Vocalist Group

(n = 10)

P-values and
Cohen’s d Normative Data

Rainbow passage F0 (Hz) 201.11 (14.07) 196.19 (19.18) 0.35; 0.25 171-2752

CPPS (dB) 4.36 (0.53) 4.27 (0.50) 0.63; 0.13 >4.0469

CSID 0.66 (10.36) -0.24 (9.34) 0.80; 0.07 <19.0962

Intensity (dB) 39.30 (3.74) 37.31 (3.90) 0.13; 0.41 68.152

3rd CAPE-V phrase F0 (Hz) 201.51 (13.97) 195.94 (22.43) 0.31; 0.27 171-2752

CPPS (dB) 5.67 (0.71) 5.81 (0.82) 0.59; 0.14 NA

CSID -17.11 (8.12) -18.39 (8.47) 0.65; 0.12 NA

Intensity (dB) 42.39 (3.68) 40.62 (4.89) 0.20; 0.35 NA

/a/ vowel F0SD (Hz) 1.43 (0.42) 1.14 (0.36) 0.05*; 0.55 NA

HNR (dB) 24.47 (2.81) 24.54 (3.44) 0.95; 0.02 >20dB38

CPPS (dB) 8.53 (2.50) 7.93 (1.95) 0.48; 0.19 >6.1269

CSID -10.99 (7.39) -11.13 (10.82) 0.96; 0.01 NA

Intensity (dB) 42.34 (6.65) 43.50 (5.48) 0.32; 0.27 NA

Cohen’s d and P-values are based on (t test) comparisons between the instrumentalist and vocalist groups. References (Ref) are provided to alert to normative

data comparisons where available (NA, not available).

(*) significant at P ≤ 0.05.

Abbreviations: CPPS, smoothed cepstral peak prominence; CSID, cepstral spectral index of dysphonia; F0, fundamental frequency; HNR, harmonics-to-noise

ratio; NA, not available; SD, standard deviation.

TABLE 4.
Pearson's Correlation Coefficients (r) for the Pitch Discrimination and Voice Data for the Whole Sample, Musically Trained
and Non-Musically Trained Groups and Healthy Voice and Mildly Voice Disordered Groups

Tasks

Acoustic

Measures

Whole

Sample

(n = 114)

Musical

Trained

Group (n = 58)

Non-Musical

Trained

Group (n = 56)

Instrumen-

talists (n = 48)

Vocalists

(n = 10)

Rainbow

passage

F0 (Hz) -0.10 0.11 -0.19 0.12 0.35

CPPS (dB) -0.08 0.13 -0.33* 0.12 0.38

CSID 0.10 -0.17 0.15 -0.20 0.21

Intensity (dB) -0.11 0.14 -0.32 0.17 0.46

3rd CAPE-V

phrase

F0 (Hz) -0.20 -0.09 -0.26 -0.11 0.16

CPPS (dB) 0.03 0.16 -0.06 0.14 0.30

CSID -0.11 -0.13 0.09 -0.09 -0.51

Intensity (dB) -0.06 0.15 -0.24 0.19 0.30

/a/ vowel F0SD (Hz) -0.18 -0.37* 0.01 -0.39* 0.29

HNR (dB) -0.07 0.02 -0.29 0.02 -0.05

CPPS (dB) 0.05 -0.06 0.13 -0.05 0.11

CSID -0.18 -0.10 -0.08 -0.15 0.24

Intensity (dB) -0.02 0.04 -0.20 0.04 0.36

All measures are in dB, unless otherwise stated.

(*), Bonferroni-adjusted P < 0.05.

Abbreviations: CPPS, smoothed cepstral peak prominence; CSID, cepstral spectral index of dysphonia; F0, fundamental frequency; HNR, harmonics-to-noise

ratio; SD, standard deviation.

1Correlations between vocal intensity, CPPS and HNR were analysed in view of the
impact of vocal intensity on CPPS and HNR.74 In the non-trained subgroup, vocal
intensity in the Rainbow Passage was correlated with both Rainbow Passage CPPS,
r = 0.61 and Vowel HNR, r = 0.46 (both Ps < 0.001). No correlations between vocal
intensity, CPPS and HNR were observed in the mildly voice disordered and non-
disordered subgroups.
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about 14% of the variance in this measure. Greater PD was
associated with low variance in fundamental frequency pro-
duction. We have plotted data for the whole sample in
Figure 3, with the individuals with a musical background
shown as solid symbols. No other acoustic measures showed
correlations with PD accuracy (all r values < 0.3).

In the non-trained subgroup (n = 56), small negative correla-
tions were observed between pitch accuracy and Rainbow Pas-
sage Intensity (r = -0.32, P = 0.02) and Rainbow Passage
CPPS (r = -0.33, P = 0.01). Better PD was also associated with
worse performance on the vowel HNR voice measures (r = -
0.29, P = 0.03), although this correlation was not significant at
the adjusted p level. Other acoustic measures did not show cor-
relations with pitch accuracy (all r values < 0.30).1



FIGURE 3. Scatter plot depicting the relationship between perceptual discrimination accuracy (%) and F0SD voice quality for musically
trained (solid symbols/regression line) and non-trained participants (open symbols/dashed regression line).
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Within group relationships for the instrumentalist and
vocalist groups
Among the relatively large group identified as instrumen-
talists, a small correlation was observed between PD
accuracy and F0SD (r = -0.39, P = 0.006). Among the
vocalists, there were a number of correlations of 0.30 or
greater between PD accuracy and acoustic voice meas-
ures, but due to the small sample size, none of these
were statistically significant. Of most note was the corre-
lation of -0.51 between PD accuracy and CAPE-V3
CSID, meaning that better PD accuracy was associated
with better voice quality, however this correlation was
not statistically significant (Table 4).
DISCUSSION
There were no statistically significant relationships between
any of our various measures of voice quality and pitch per-
ception among our sample of 114 female participants who
self-reported as having a non-disordered voice. Individual
differences in perception of pitch were not concomitantly
manifest in individual differences in voice production.
Although musicians had generally better pitch perception
than non-musicians, there was little evidence for a relation-
ship between production and perception. Moreover, the
musicians only differed from the non-musicians in one out
of 13 acoustic voice measures.
Validity of NeAP as a pitch discrimination testing tool
The NeAP was shown to be a reliable tool in testing PD
ability. It showed moderate to good prediction accuracy
in differentiating musical training background. Whilst
the PD accuracy in this study was similar to other
research in non-disordered speakers,17 further studies to
establish the best protocol to use in terms of number of
tone pairs and size of tone difference should also be
explored. It is possible that with measures of just notice-
able difference, there may be increased variance and sen-
sitivity to pitch differences.
Pitch discrimination accuracy and voice
characteristics
The whole cohort had a PD accuracy of approximately
70%. Currently, no large cohort baseline data exists on non-
clinical populations for voice, so these data on pitch percep-
tion will help to establish such norms. This data is compara-
ble to the criteria of 75% discrimination accuracy used to
distinguish participants who ‘accurately discriminated’ tone
pairs in a previous study of singers, musicians, and non-
musicians.17
Pitch perception and voice quality in musically
trained and untrained speakers
Consistent with previous studies,14,16,27,72 musical training
background had a strong effect on PD accuracy, even
though none of the participants identified as professional
musicians. Participants with musical training had better PD
accuracy than those without. In the musically trained sub-
group, PD accuracy was only correlated with 1 out of 13
acoustic voice measures. Higher PD accuracy was weakly
correlated with lower F0SD, which is indicative of better
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control of F0 in a prolonged vowel task. This general
absence of a relationship between PD and acoustic voice
data may be a consequence of the fact that participants had
low, variable and for the most part, early development
musical training. Indeed, positive correlations were
observed between PD ability and pitch matching accuracy
in musicians in a previous study.14 The use of different
measures of PD and vocal production across studies might
partially explain the lack of any significant relationship.

We used a range of acoustic voice measures, including
both frequency-based and spectral-based, to represent over-
all vocal function/production. Whilst the frequency meas-
ures (F0 and F0SD) were more relevant to the PD task,
other acoustic measures reflect the overall voice quality (ie,
CPPS and CSID). The control of voice production requires
more than just the control of pitch. For participants with
musical training experience, the auditory system would
likely have been trained to attend to pitch, such as when
tuning an instrument. As such, there is reason to think it
would also be more sensitive to minor pitch changes in
voice. For those without a musical background, the mecha-
nism of voice control may not be driven by factors related
to pitch. Therefore, the use of overall voice quality measures
was reasonable. Our results seemed to suggest that con-
scious, auditory perception might play a weak role com-
pared with other sensory feedback modalities such as
proprioception, or non-conscious perceptual processes as
suggested in the Linked Dual Representation Model [23], in
regulation of vocal production.

In the musically untrained subgroup, PD accuracy was
weakly correlated with 1 out of 13 acoustic voice measures
and another two vocal production measures showed trends
of correlation with PD accuracy. Individuals with better PD
accuracy were found to havea lower CPPS of the Rainbow
Passage and lower HNR in the prolonged vowel task, indic-
ative of a poorer voice quality. Existing evidence at most
shows a dissociation between vocal perception and
production,17,73 not a negative relationship. It may be that
the lower CPPS values were caused by reduced vocal inten-
sity. In the non-trained group, PD score showed a trend to
be correlated with vocal intensity of the Rainbow Passage
(r = -0.32, Table 4). This is consistent with existing evidence
that shows lower vocal intensity is correlated with lower CPPS
and HNR values1.74 As such, it is likely that these weak associ-
ations were a consequence of using a softer voice rather than a
degraded voice quality. It is possible that untrained speakers
use a different mechanism to control their voices compared to
musically trained people, monitoring their vocal loudness
rather than pitch. Indeed, in a typical speaker, vocal intensity
is an important feature that ensures communicative effective-
ness, especially when speaking in an environment with
1Correlations between vocal intensity, CPPS and HNR were analysed in view of the
impact of vocal intensity on CPPS and HNR.74 In the non-trained subgroup, vocal
intensity in the Rainbow Passage was correlated with both Rainbow Passage CPPS,
r = 0.61 and Vowel HNR, r = 0.46 (both Ps < 0.001). No correlations between vocal
intensity, CPPS and HNR were observed in the mildly voice disordered and non-
disordered subgroups.
ambient noise.75 It has been shown experimentally that when
speakers are trained to produce a novel vocal task, individuals
make significant changes to reduce vocal intensity to achieve
improved vocal productions.76,77
Pitch perception and voice quality in instrumentalists
and vocalists
In contrast to previous studies,14,16 vocalists had signifi-
cantly better PD abilities and more stable fundamental
frequency control than instrumentalists (although there
were only n = 10 vocalists causing statistical issues in
variance comparing across vocalists and instrumentalists,
of which the latter group had n = 48). Whilst vocalists
did not demonstrate better vocal production abilities in
other acoustic measures, better PD supports the idea
that training effects are more specific rather than general.
For participants with vocal training experience, the vocal
production system would likely have been trained to
match or hold a stable pitch when singing, therefore, it
is likely that vocalists would be more sensitive to minor
pitch changes. As such, our results suggest that vocal
production in specific tasks may play a small role in reg-
ulating auditory perception abilities.

PD accuracy only showed a trend to be correlated with
more stable fundamental frequency control (lower F0SD) in
instrumentalists. No statistically significant correlations
were observed between PD accuracy and vocal production
measures in vocalists (although there were small to medium
sized effects noted for a number of measures and all but
three of the correlations were greater than r = 0.20, Table 4).
The lack of significant correlations observed in this study is
consistent with results in highly trained, working vocalists,14

and may be due to low variability in both PD abilities and
vocal production in this group.

With the extremely small sample of vocalists (n = 10), any
conclusions based on comparisons or correlations should be
treated cautiously. In future work it will be important to
consider a larger cohort of vocalists to understand the rela-
tionship between vocal perception and production abilities;
ideally performing developmental work to determine if and
how these abilities co-develop.
Implications for theoretical models of perception and
production
The findings can be used to understand some theoretical
models related to perception and production. According to
the Theory of Event Coding,78,79 we would expect correla-
tions between perception and production in a non-disor-
dered population of speakers. However, PD was not
significantly correlated with any of the vocal production
measures in the general cohort. Correlations with PD accu-
racy were only observed in participants with musical train-
ing background and only in measures closely associated to
specific skills (ie, pitch production) that is important in
musical training.
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Based on the Linked Dual Representation24 model, pitch
perception and vocal production can be modulated in two
separate pathways. In one pathway, vocal production can be
mediated by conscious perceptual judgments of sound,
whereby some sort of perceptual trace or representation
guides action production.24 Accordingly, those with better
pitch perception abilities will often also have better pitch pro-
duction abilities, but the reverse relationship does not hold.
Our data is not consistent with this uni-directional relation-
ship between perception and production. We did not observe
a relationship between PD and any acoustic voice measures
in the whole cohort. In addition, it was the vocalists who had
more stable vocal production skills that were linked to better
PD, compared to instrumentalists. This vocalist-instrumental-
ist discrepancy suggests a bi-directional relationship between
voice production and PD. Alternatively, people with natu-
rally stable phonation may tend to become vocalists rather
than instrumentalists. They may also have better pre training
PD compared to instrumentalists and musically untrained
people; however, this should be investigated in future studies.
CONCLUSION
The relationship between auditory perception and vocal pro-
duction continues to be elusive, yet important for theoretical
and practical reasons. Based on multiple measures of acous-
tic voice quality in this study, it would appear that in a pop-
ulation of individuals who would be considered clinically
non-voice disordered, with low musical training, there is little
to no relationship between PD and voice quality. Where
relationships were observed, these were suggestive of a uni-
directional relationship whereby conscious perception influ-
ences vocal production in individuals with some musical
training, consistent with the Linked Dual Representation24

model. These perceptual to production transfer benefits were
limited to measures specific to pitch, in this case fine control
of fundamental frequency. These results support the idea
that training the perceptual system will influence the control
of the production system in the specific domain in which it is
trained (eg, frequency, intensity or spectral features). How-
ever, the reverse relationship was not observed in this study.
Although vocalists had improved pitch perception skills
compared to instrumentalists, we did not observe statistically
significant correlations between perception and production
measures (likely because we were underpowered to detect
such effects). These results suggest that we cannot rule out a
bi-directional relationship between perception and produc-
tion. Our data also provide preliminary evidence that indi-
viduals without musical training might monitor their vocal
production through the perception of intensity (ie, loudness).
Future studies must therefore ensure that the PD and acous-
tic voice measures used are appropriate to the skills that are
being investigated.
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APPENDIX 1. REFERENCE AND COMPARISON
TONES USED IN THE DEFAULT NEAP PD TASK

Trial

Frequency of Tones (Hz)

Reference Tone Comparison Tone

1 B2 (123.47) C3 (130.81)

2 C3 (130.81) D3 (146.83)

3 C3 (130.81) C#3 (138.59)

4 C3 (130.81) C3.5 (134.64)

5 C3 (130.81) C3.3 (133.1)

6 D3 (146.83) D3.5 (151.13)

7 E3 (164.81) F3 (174.61)

8 E3 (164.81) E3.5 (169.64)

9 F3 (174.61) F#3 (185.00)

10 F3 (174.61) F3.5 (179.73)

11 F3 (174.61) F3.3 (177.66)

12 G3 (196.00) G#3 (207.65)

13 G3 (196.00) G3.5 (201.74)

14 A3 (220.00) B3 (246.94)

15 A3 (220.00) A#3 (233.08)

16 A3 (220.00) A3.5 (226.45)

17 B3 (246.94) B3.5 (254.18)

18 C4 (261.63) D4 (293.66)

19 D4 (293.66) D#4 (311.13)

20 D4 (293.66) D4.5 (302.26)
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