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Variability of Electrolaryngeal Speech

Intelligibility in Multitalker Babble

Kimberly McNicholl,? Christine H. Shadle,” and Wei-rong Chen®

Steven R. Cox,?

Purpose: The purpose of this study was to report the
variability of electrolarynx (EL) users’ speech intelligibility
in quiet and in multitalker babble.

Method: Ten EL users (five Servox® Digital, five TruTone™)
who were at least 2 years postlaryngectomy provided
recordings of five sentences from the 1965 Revised List
of Phonetically Balanced Sentences. Recordings were judged
by two groups of naive listeners in quiet and in the presence
of multitalker babble. Fifteen listeners orthographically
transcribed a total of 750 sentences containing 3,750 key
words in quiet, and another 15 listeners orthographically
transcribed the same sentences mixed with multitalker
babble.

Results: Significant differences in speech intelligibility
were observed between listening conditions; 17.9% more
key words were correctly identified in quiet compared to

2003

multitalker babble. Significant differences in fundamental
frequency (F) standard deviation and range but not speech
intelligibility were observed between EL device types. A
positive correlation of moderate significance was observed
between Fj standard deviation and intelligibility for TruTone
users in multitalker babble.

Conclusions: Findings suggest that listeners are able to
identify a significantly higher percentage of EL users’ speech in
quiet compared to multitalker babble, but a large variability in
EL users’ speech intelligibility exists. Continued investigation
involving a larger number of EL users is necessary to confirm
this study’s findings. Future research should explore the
relationships among Fo measures, speaker characteristics
(e.g., rate of speech, articulatory precision), and speech
intelligibility, in addition to improving alaryngeal rehabilitation
training protocols for EL users.

new laryngeal cancer diagnoses in the United States

in 2020. Recent estimates suggest that approxi-
mately 4,000 total laryngectomies are performed each year
in the United States (Gourin et al., 2019). While the use of
total laryngectomy has been declining in the United States
(e.g., a decrease of 27.3 cases per year; Orosco et al., 2013),
this procedure remains an important primary or salvage
treatment for laryngeal disease (Silverman et al., 2019).
The electrolarynx (EL) remains a highly usable primary
or backup communication method for individuals postlar-
yngectomy. It is relatively easy to learn and use with appro-
priate alaryngeal voice and speech rehabilitation (Doyle,
2005; Nagle, 2019). Estimates suggest that EL device use
can vary from 30% to 85% at 1 year postlaryngectomy;
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however, more recent data suggest that 50% of laryngecto-
mees use an EL up to 5 years postlaryngectomy (Bhandare
et al., 2013; Hillman et al., 1998; Mendenhall et al., 2002;
Ward et al., 2003).

EL speech is often characterized by a monotonous
and “unnatural” vocal quality involving numerous acoustic
deficits (i.e., reduced frequency variation, lack of low spec-
tral energy, and radiating device noise; Doyle & Eadie,
2005; Meltzner & Hillman, 2005; Watson & Schlauch,
2009). These deficits often result in poor listener reactions,
in addition to decreases in speech intelligibility and other
auditory—perceptual judgments (Bennett & Weinberg, 1973;
Cox & Doyle, 2018; Evitts & Searl, 2006; Weiss & Basili,
1985). For example, EL users have been reported to have
a wide variability in speech intelligibility with an approxi-
mate range of 16%-90% (Cox, 2019). This variability can
be attributed to an EL device’s fundamental frequency (Fo)
setting, lack of frequency variation, lack of distinction
between voiced and unvoiced phonemes, and reduced low-
frequency energy in the source spectrum (Gandour &
Weinberg, 1984; Goldstein & Rothman, 1976; Laures &
Weismer, 1999; Nagle et al., 2012; Watson & Schlauch,
2009). Nagle et al. (2012) found that EL devices with a
lower Fy (e.g., 75 Hz) facilitated higher speech intelligibility
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scores compared to devices with a higher Fy (e.g., 130 or
175 Hz). Concerning frequency variation, Laures et al.
(Laures & Bunton, 2003; Laures & Weismer, 1999) com-
pared speech with varying intonation to that with a flattened
mean F, and found that varying intonation resulted in higher
speech intelligibility in background noise. These findings
were further demonstrated in EL speech by Watson and
Schlauch (2009), who investigated the relationship between
frequency variation and speech intelligibility. EL users’
speech intelligibility was at least 10% higher when speakers
used an EL device with variable frequency control (e.g.,
a TruTone EL) compared to a flattened frequency (e.g., a
Servox Digital EL). This is an important finding since a
noisy communication environment presents considerable
challenges to both EL users and their communication part-
ners. This is especially true when considering that an EL
user’s speaking proficiency is often measured using speech
intelligibility. Unfortunately, the effect of noise on EL users’
speech intelligibility has received limited attention (Clark,
1985; Clark & Stemple, 1982; Holley et al., 1983).

Clark and Stemple (1982) investigated the speech in-
telligibility of sentences produced by EL users (Servox)
and laryngeal, esophageal (ES), and tracheoesophageal
(TE) speakers in a variety of listening conditions. Twenty
listeners transcribed sentences presented with signal-to-noise
ratios (SNRs) of 0, =5, and —10 dB. While no differences
in speech intelligibility were found among the four speech
modes at 0 dB, listeners identified more sentences produced
by EL users in the —5- and —10-dB noise conditions. This
suggests that listeners might understand EL users more
than ES or TE speakers when background noise is present.
However, it is important to note that the researchers used a
different speaker for each method of alaryngeal communica-
tion, and therefore, there were no data provided regarding
the variability in individual EL user performance in noise.

Holley et al. (1983) examined one alaryngeal speaker
who used ES and EL speech, in addition to a laryngeal
speaker for comparison. Listeners were presented with sen-
tences spoken in quiet and with multitalker babble noise
added to create SNRs of +3 and —1 dB. Results revealed
that there were significant reductions in intelligibility of all
three speech modes as noise increased. When using an
EL, the alaryngeal speaker had approximately 85% sentence
intelligibility in quiet, approximately 70% sentence intelligi-
bility for the +3-dB SNR condition, and approximately
40% for the —1-dB SNR condition (Holley et al., 1983).
When using ES, the alaryngeal speaker had approximately
94% sentence intelligibility in quiet, approximately 70%
sentence intelligibility for the +3-dB SNR condition, and
approximately 50% for the —1-dB SNR condition (Holley
et al., 1983). Therefore, the alaryngeal speaker was less in-
telligible when using an EL compared to ES in quiet and
—1-dB SNR conditions but had similar intelligibility scores
in the +3-dB SNR condition. Furthermore, the alaryngeal
speaker had lower intelligibility when using an EL than the
laryngeal speaker in the quiet condition only; the laryngeal
speaker had approximately 100% sentence intelligibility
in quiet, approximately 70% sentence intelligibility for the

+3-dB condition, and 30% sentence intelligibility for the
—1-dB condition. The most intriguing finding was that
there was no significant difference in sentence intelligibility
between the three modes of speech in the +3-dB SNR condi-
tion. The researchers also found that there was a statistically
significant improvement observed in EL speech and ES in
the —1-dB SNR condition compared to laryngeal speech.
Holley et al. explained that these findings were potentially
the result of the acoustic similarities between the laryngeal
speech and multitalker babble, whereas there would have
been greater perceptual contrasts with alaryngeal speech
modes. EL speech, then, may provide some unique benefits
in competing noise conditions due to the acoustic and per-
ceptual differences between EL and laryngeal speech. How-
ever, the researchers acknowledged that further research
must be conducted to provide data regarding the variability
of individual EL user performance.

Clark (1985) investigated younger and older listeners’
perception of laryngeal speech, EL speech, ES, and TE
speech in noise. Sentences were presented at SNRs of 0,
-5, and —10 dB to two groups of listeners: 11 younger lis-
teners with a mean age of 27 years (range: 21-30 years)
and 11 older listeners with a mean age of 57 years (range:
50-66 years). Younger listeners identified 100% of sen-
tences spoken by the EL user in the 0-dB SNR condition,
91.81% in the —5-dB SNR condition, and 38.18% in the
—10-dB SNR condition. Older listeners identified 100% of
sentences spoken by the EL user in the 0-dB SNR condi-
tion, 85.45% in the —5-dB SNR condition, and 25.45% in
the —10-dB SNR condition. Findings suggested that EL
speech was the most intelligible alaryngeal method of com-
munication in all three conditions. When comparing laryn-
geal and EL user performance, no significant differences
were noted in 0 and —5 dB SNRs. However, EL users’ in-
telligibility was higher in the —10-dB SNR condition than
laryngeal talkers. Clark performed an acoustic analysis of
the noise signal and each speaker’s sentences and found
that the energy in the frequency spectrum of laryngeal, ES,
and TE speech was concentrated below 600 Hz, whereas
the EL signal remained strong up to 1400 Hz. Clark stated
that, “the auditory competition provided less background
masking interference for the artificial larynx speech signal
than for the other speech signals” (p. 65).

More recent efforts examining the impact of noise
on the speech intelligibility of alaryngeal speech have been
conducted by Eadie et al. (2016). Their study examined the
effect of noise on intelligibility of TE speakers and self-
reported quality of life outcomes. Twenty-four TE speakers
(M, = 64 years, range: 39-86 years) at least 1 year post-
laryngectomy were recorded while reading sentences, in
addition to completing self-reported quality of life question-
naires. Sentences were transcribed by 66 inexperienced lis-
teners (M4, = 24 years, range: 19-45 years): One group
of 33 listeners transcribed sentences in quiet, and another
group of 33 listeners transcribed sentences in noise (i.e.,
multitalker babble) with a +6 dB SNR. Findings sug-
gested that TE speakers were more intelligible in quiet
(average intelligibility was 93.27%) than in noise (average
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intelligibility was 68.64%). Furthermore, noise significantly
impacted self-reported measures of quality of life. Eadie

et al. (2016) suggested that speech intelligibility in noise
might best serve to index self-reported communicative func-
tion, especially for those who demonstrate higher speech
intelligibility scores in noise.

Holley et al. (1983) stated that “[i]t should be noted
that there is considerable variability in the speaking abili-
ties of laryngectomized individuals” (p. 155). This is true
for EL users in quiet, but the few studies that have exam-
ined EL users’ speech intelligibility in noise were based on
judgments of a single EL user. Understanding the variabil-
ity of multiple EL users’ speech intelligibility in multitalker
babble will provide speech-language pathologists (SLPs)
with potential alaryngeal voice and speech rehabilitation
targets based on EL user performance in everyday commu-
nication contexts. The purpose of this study, then, was to
report the variability of EL users’ speech intelligibility in
quiet and in multitalker babble. The following research
questions were addressed:

1. Is the speech intelligibility of 10 EL users signifi-
cantly different in multitalker babble compared to
quiet?

2. Is there a significant difference between Servox Digi-
tal and TruTone users’ speech intelligibility in quiet
and multitalker babble?

3. Are F, characteristics correlated with intelligibility?

Method
Speech Stimuli Recording

Speakers

Speech samples from 10 male EL users were ob-
tained from an archival database (Cox, 2016). The same
EL users served as speakers in Cox et al. (Cox & Doyle,
2018; Cox et al., 2019); while the previous studies investi-
gated clear speech in EL users, the current study addressed
speech intelligibility in multitalker babble using conversa-
tional (or “habitual”) speech. All EL users were recruited
at an International Association of Laryngectomees meeting
and responded to study advertisements. EL users ranged in
age from 59 to 87 years (M = 74), and their primary lan-
guage was English. EL users reported to be in good general
health at the time of the study, with no known neurological,
medical, or psychological conditions. A neck-type EL was
their primary method of communication, and they were at
least 2 years postlaryngectomy (M = 11 years, SD = 7.3,
range: 2-19 years) at the time of recording. Each laryngec-
tomee brought their own EL device for the experimental
recording session; this included an equal representation of
five individuals who used a Servox Digital EL and five in-
dividuals who used a TruTone EL. Cox and Doyle (2018)
confirmed that all EL users were proficient as a result of
using an EL device for at least 2 years postlaryngectomy,
and they passed a preliminary intelligibility assessment.
Informed consent was obtained from all EL users at the

beginning of the recording session (Western University Re-
search Ethics Board Approval 105382).

Speech Stimuli

Ten lists containing sentences from the 1965 Revised
List of Phonetically Balanced Sentences were prepared for
each speaker (Rothauser et al., 1969). Each sentence con-
tained five key words and ranged from seven to 12 words
in length. Four of the key words in each sentence were mono-
syllabic, and one key word was bisyllabic. These sentences
were used due to their low level of predictability. In total,
250 key words (10 speakers X 5 sentences per speaker X 5 key
words per sentence) were used in the following study for intel-
ligibility scoring purposes.

Speech stimuli recordings were gathered in a quiet
room free of background noise as perceptually judged by
the first author (S. R. C.). A Shure PG-81 microphone was
attached to a desktop microphone stand, and a mouth-to-
microphone distance of 15 cm from each speaker’s mouth
was maintained. All speaker stimuli were recorded onto a
laptop computer using a sampling rate of 44.1 kHz using
the SonaSpeech II software employing the Multidimen-
sional Voice Profile application (Kay Pentax). All speech
samples were saved on the computer and converted into
WAV files (Audacity 2.2.2; Mazzoni & Dannenberg, 2018).
The recordings of sentences were obtained as part of a
larger protocol that included the rainbow passage, a list
of 18 monosyllabic words, and 10 sentences from the 1965
Revised List of Phonetically Balanced Sentences per each
EL user. Each EL user repeated this procedure in clear
speech after reading sentences in habitual speech (Cox, 2016;
Cox & Doyle, 2018; Cox et al., 2019).

Intelligibility Assessment

Listeners

Thirty women enrolled in undergraduate or graduate
studies participated in the intelligibility assessment. Lis-
teners had a mean age of 20 years (range: 18-23 years). All
listeners passed a pure-tone hearing screening for the fre-
quencies 500, 1000, 2000, and 4000 Hz at 25 dB HL in each
ear. All listeners were monolingual, and their primary lan-
guage was American Standard English. They reported no
history of speech, language, and/or hearing deficits. Lis-
teners were considered to be “naive” because they verbally
confirmed that they had not received training in voice dis-
orders and they had not previously participated in research
involving voice disorders. Listeners were not reimbursed
for their participation. All listener procedures and recruit-
ment were approved by the primary researchers’ institu-
tional review board (IRB 081117).

Listener Stimuli

The first five sentences from each speaker’s record-
ings were selected and normalized to 65 dB SPL using
Praat (Version 6.0.38; Boersma & Weenink, 2018). Five
hundred milliseconds of silence were added to the begin-
ning and end of each file using Audacity (Version 2.2.2;
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Audacity Team, 2020). These 50 edited sentences were cop-
ied into two folders: “Quiet” and “Babble.” Each WAV
file in the Babble folder was mixed with multitalker babble
produced by one male speaker and three female speakers
(QuickSIN Speech-in-Noise Test; Etymotic Research, 2006).
The multitalker babble (henceforth known as “babble”) was
normalized to 59 dB SPL using a normalization script in
Praat to ensure an SNR of +6 dB was achieved between
sentences and babble. Each sentence in the babble condition
was edited to ensure that the first 500 ms contained babble
only, followed by babble and the recorded sentence, and
ended with 500 ms of babble (Eadie et al., 2016; Van Engen
& Bradlow, 2007).

The Quiet and Babble folders were reduplicated until
15 folders, each containing 50 sentences, were created for each
listening condition. The sentences in the Quiet and Babble
folders were then separately randomized. Ten sentences
(20%) from each list of 50 sentences were randomly selected
as reliability samples. The same 10 reliability samples in
quiet were added to the end of the randomized 50 sentences
in each Quiet folder, and the same 10 reliability samples
in babble were added to the end of the randomized 50 sen-
tences in each Babble folder. Five familiarization samples
of an EL user who was not evaluated for intelligibility were
added to the beginning of all folders. The EL user read five
unique sentences from a list in the 1965 Revised List of
Phonetically Balanced Sentences. These samples were
presented to all listeners without babble and were used
to acquaint listeners with EL speech prior to the listening
procedure.

Listening Procedure

Listeners were randomized into two groups that were
matched by age: One group of 15 women (M, = 21 years,
range: 18-24 years) listened to sentences spoken in quiet, and
another group of 15 women (M, = 21, range: 18-23 years)
listened to sentences spoken in babble. Presentation of each
listening condition was counterbalanced across listeners;
for example, Listener 1 made intelligibility judgments in quiet,
and Listener 2 made intelligibility judgments in babble. After
informed consent was obtained, all listeners were pro-
vided with instructions similar to those described by Eadie
et al. (2016):

You will be listening to adult speakers who have
had total removal of their voice box due to cancer.
These speakers are using a method of speech called
“electrolaryngeal speech.” We are interested in how
well listeners can understand these speakers in both
quiet and background noise. You will only hear samples
presented in quiet or noise. We will play some sentences,
and we would like you to write out the words that you
hear. You may listen to the sentences up to 2 times.
Some of these sentences will be difficult to understand.
Do your best, and guess when you need to. You may
listen to each sentence 2 times (p. 397).

Since Eadie et al. (2016) examined intelligibility in
noise (i.e., babble) using TE speakers, modifications were

made to inform listeners that they were going to listen to
“electrolaryngeal speech” in this study.

Listeners were provided with transcription sheets
numbered 1-60, with a blank space beside each number.
They began each session by listening to five familiarization
samples, and then each listener proceeded to click the WAV
file of each stimulus sample and orthographically tran-
scribed what they heard. All stimuli were presented through
headphones (Shure SRH440) in a quiet environment as
perceptually judged by the first author (S. R. C.). Overall,
listening sessions required an average of 26.9 min (SD = 4.8)
in quiet and 27.5 min (SD = 4.9) in babble.

Statistical Analysis

Reliability Analyses

Intrarater reliability for speech intelligibility was
assessed using Pearson product-moment correlation coeffi-
cients for each of 30 listeners using the intelligibility ratings
of the repeated 20% of stimuli. Interrater reliability for
speech intelligibility was assessed using intraclass correla-
tion coefficients (ICCs) and their 95% confidence intervals
based on a two-way mixed-effects model with absolute
agreement and a mean of k raters, (i.e., ICC(2, k) model;
Shrout & Fleiss, 1979).

Acoustic Analyses

Every sentence was pitch-tracked using autocorrela-
tion analysis on Praat with a 50-ms window and a manu-
ally determined search range. Characteristics of Fy were
then assessed for each EL user: Fo mean, standard devia-
tion, minimum and maximum, and range. The robust esti-
mations of minimum and maximum Fys were defined
as the 0.5% and 99.5% quantiles, respectively, of the F,
values in all sound files for each EL user. The user-specific
F, ranges were then calculated as the differences between
the estimated minimum and maximum Fgs. Both F stan-
dard deviation and F, range were measures of F variabil-
ity and calculated separately for each sentence and then
averaged across sentences for each user. The very small but
nonzero F( ranges for the Servox Digital users in the re-
sults confirmed the robustness of our estimates. Multiple
independent-samples ¢ tests were computed to assess a
familywise null hypothesis: Servox Digital and TruTone
users do not differ in the mean and variability (standard
deviation and range) of FO. The false discovery rate
(Benjamini & Hochberg, 1995) was used at the level of 0.05
to correct the p values of multiple ¢ tests.

Intelligibility Analyses

Speech intelligibility scores were calculated for each
EL user by dividing the number of correctly identified key
words by the total number of key words. Key words were
considered to be correct if they phonemically matched the
target key word, and misspellings were counted as correct
(Eadie et al., 2016; Hustad & Cahill, 2003). Proportional
change was defined as the difference between intelligibility
in babble and quiet divided by intelligibility in quiet. A

Cox et al.: Electrolaryngeal Speech Intelligibility 2015

Downloaded from: https://pubs.asha.org Steven Cox on 11/13/2020, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions



paired-samples 7 test was used to assess the effect of listen-
ing condition on speech intelligibility. This was followed
by multiple comparisons of intelligibility scores within each
device group according to listening condition (e.g., Servox
Digital users’ intelligibility scores in quiet vs. babble, Tru-
Tone users’ intelligibility scores in quiet vs. babble) and
then between device groups and speaking conditions (e.g.,
Servox Digital users’ intelligibility scores in quiet vs. Tru-
Tone users’ intelligibility score in quiet, Servox Digital users’
intelligibility score in babble vs. TruTone users’ intelligibil-
ity score in babble). An a priori significance level was set at
p < .05 for all statistical analyses. The false discovery rate
was used to correct the p values for two familywise null hy-
potheses: (H1) Babble noise does not have an effect on in-
telligibility on Servox Digital and TruTone users and (H2)
Servox Digital and TruTone users do not differ in intelligi-
bility in both quiet and babble conditions.

Correlation Analyses

Pearson product-moment correlations were used to
assess the relationship between intelligibility and the F
characteristics that were significantly different between Ser-
vox Digital and TruTone users.

Results
Reliability Analysis

Intelligibility judgments of the 20% of the samples
that were repeated (n = 10) were used for calculating intrara-
ter reliability in quiet and babble conditions. Given that
listeners in this experiment had no previous experience in
assessing EL speech, in addition to the atypical quality of
EL users’ speech, a specific criterion of Pearson r > .5
was used. In total, two listeners were eliminated from further
analyses using this criterion. The mean intrarater reliability
for intelligibility judgments pre- and postlistener exclusion is
presented in Table 1. Interrater reliability for the 14 listeners
providing judgments in quiet was calculated as ICC = .949
(95% C110.925, 0.967]) and ICC = .947 (95% CI1[0.922,
0.967]) for the 14 listeners providing judgments in babble.

EL Device Characteristics

Characteristics of EL users’ device type and their F,
characteristics (mean, standard deviation, minimum, maxi-
mum, and range) are shown in Table 2. The mean F, for
EL users with a Servox Digital was 74.8 Hz (SD = 16.1,
range: 46.7-84.7), and the mean F, for EL users with a

Table 1. Mean intra-rater reliability for judgments of intelligibility
without (the center column, N = 15) and with (right column, N = 14)
exclusion on the basis of criterion.

Pearson r (SD)

Judgment Pearson r (SD) with exclusion
Speech intelligibility in quiet .85 (.16) .88 (.11)
Speech intelligibility in babble .79 (.18) .82 (.15)

Table 2. Electrolarynx user device type and frequency characteristics.

Mean F, Min Max Fo
Speaker Device Fo SD Fy Fo range
1 Servox Digital 83.6 0.3 828 844 1.6
2 Servox Digital 46.7 0.1 465 47 0.5
3 Servox Digital 83.4 0.5 803 845 4.2
4 Servox Digital 75.6 0.2 74.2 76.8 2.6
5 Servox Digital 84.7 0.6 795 855 6
6 TruTone 776 11 75 79.8 4.8
7 TruTone 69.2 06 676 70.6 3
8 TruTone 91.3 24 823 93.8 115
9 TruTone 755 3.1 68.7 839 15.2
10 TruTone 939 38 815 107 255

Note. All data are provided in Hz. Fy = fundamental frequency.

TruTone was 81.5 Hz (SD Servox = 10.6, range: 69.2-93.9).
Furthermore, Servox Digital users had a mean F, range
of 2.98 Hz, and TruTone users had a mean F, range of 12 Hz.
Multiple ¢ tests revealed that the Servox Digital users and
TruTone users did not significantly differ in Fy mean (adjusted
p = .476) but did significantly differ in both F,, range (adjusted
p =.0495) and F, standard deviation (adjusted p = .0495).

Speech Intelligibility

Speech intelligibility was based on a total of 3,500 per-
ceptual ratings (5 key words x 5 sentences x 10 speakers X
14 listeners) in each listening condition. Speech intelligibility
scores were grouped according to “quiet” and “babble” and
are shown in Table 3 and Figure 1. EL users had a mean
intelligibility of 75.5% (SD = 20.8%; range: 33.1%-92.9%)
in quiet and 57.3% (SD = 23.3%, range: 12.9%-78.9%) in
babble. There was a mean difference of 17.9% between
conditions. A paired-samples ¢ test revealed a statistically
significant difference between speech intelligibility scores in
quiet and babble conditions, #(9) = 2.262, p = 3 x 107>

Comparison of Intelligibility by Condition
and Device Group

Table 3 also provides a comparison of speech intelli-
gibility scores between each condition and the EL device
used. Servox Digital users had mean intelligibility scores of
73.4% (SD = 24.4%, range: 33.1%-92.9%) in quiet and
51.2% (SD = 26.2%, range: 12.9%—67.1%) in babble. Tru-
Tone users had mean intelligibility scores of 77.6% (SD =
19.2%; range: 44.3%-90.9%) in quiet and 64.0% (SD =
21.0%, range: 27.4%-78.9%) in babble. These data indicate
TruTone users had intelligibility scores that were 4.2% and
12.8% greater than Servox Digital users in quiet and bab-
ble, respectively. No significant differences in intelligibility
were found between Servox Digital and TruTone users
in quiet (p = .77, adjusted p = .77) or babble (p = .42,
adjusted p = .77). The nonsignificance for the seemingly
meaningful difference (12.8%, Cohen’s d = 0.54, medium
effect size) in intelligibility between Servox Digital and
TruTone users in babble is potentially due to low statistical
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Table 3. Speech intelligibility scores for key words in quiet and babble by device type.

Quiet (a) Babble (b) Difference = abs (b - a) Proportional

change (%) =

Speaker % % % (b - a)/a x 100

1 92.3 76.6 15.7 -17.0

2 774 40.0 37.1 -48.1

3 92.9 73.4 19.4 -20.9

4 711 53.1 18.0 -25.3

5 33.1 12.9 20.3 -61.2

Servox Digital mean 73.3 51.2 221 -30.2

6 89.4 73.4 16.0 -17.9

7 44.3 27.4 16.9 -38.1

8 85.1 74.3 10.9 -12.8

9 90.9 78.9 12.0 -13.2

10 78.3 66.0 12.3 -15.7

TruTone mean 77.6 64.0 13.6 -17.5

Overall mean 75.5 57.6 17.9 -23.7

SD 20.8 23.3

Note. A score of 100% corresponds to all keywords judged correct for that speaker (350 judgments = 5 keywords x 5 sentences x 14

listeners).

power. A paired-samples ¢ test revealed a significant differ-
ence between speech intelligibility scores for quiet and bab-
ble conditions for Servox Digital users, #(4) = 5.78, adjusted
p = .0045; similarly, there was a significant difference be-
tween intelligibility scores in quiet and babble conditions for
TruTone users, #(4) = 11.5, adjusted p = .007.

Figure 2 represents the distributions of intelligibility
scores in standardized box plots. The height of each box
indicates the interquartile range of the distribution, calcu-
lated with 25 data points (5 EL users x 5 sentences), and
the upper and lower whiskers reflect the minimum and
maximum values of the distribution, respectively (excluding
outliers). As shown in Figure 2d, the difference in propor-
tional changes between the two devices showed that the
babble condition affected TruTone users’ intelligibility to

Figure 1. Overall and individual speech intelligibility scores in quiet
and babble. Error bars represent = 1.96 SE as estimate of 95%
confidence interval for the mean.
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a lesser extent when compared to Servox Digital users.
While the difference in proportional change scores between
devices was not found to be statistically significant, a dif-
ference in proportional change scores of 12.7% might be
clinically meaningful. However, the current study did not
have the sample size to fully address such analyses.

Correlation Between Fy Variability
and Intelligibility

Two measures of Fy variability (i.e., range and stan-
dard deviation) were found to be significantly different
between Servox Digital and TruTone users, and as a result,
the correlations between F, range and standard deviation
with intelligibility were calculated. Figure 3 represents the
correlation of F( range with intelligibility in quiet (see
Figure 3a) and babble (see Figure 3b) and proportional
changes from quiet to babble conditions (see Figure 3c).
Figure 4 shows the correlations of Fy standard deviation
with intelligibility in the same order. Circles represent
Servox Digital users, and squares represent TruTone users.
Each circle or square symbol indicates one sentence pro-
duced by an EL user. Regression trend lines were calcu-
lated only for TruTone users because, theoretically, the
variability of F, for Servox Digital users should be zero;
the small but nonzero values of F, range and standard
deviation for Servox Digital users were due to measure-
ment noise. There was no significant correlation between
F, range and intelligibility in any condition. However, there
was a moderate, positive correlation between F, standard
deviation and intelligibility in babble noise condition (r = .43,
p = .03; see Figure 4b) and proportional change (r = .45,
p = .02; see Figure 4c). The explained variances (%) of these
correlations were low (.18 and .20 for babble noise and pro-
portional change, respectively), suggesting poor fits in the
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Figure 2. Standardized box plots for the distributions of intelligibility scores of electrolarynx (EL) speech in (a) quiet and (b) babble conditions,
along with (c) the absolute differences of the scores in the two conditions and (d) the proportional changes. The upper and lower bounds of
each box are the third quartile and first quartile, respectively. The height of each box indicates the interquartile range. The upper and lower
whiskers indicate the minimum and maximum of the distribution (excluding outliers). The “notch” in the middle of the box represents 95%
confidence interval for the median. Note that each box represents the distribution of 25 data points (5 EL users x 5 sentences).
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regression models. The statistical inferences based on these
correlations should be read with caution.

Discussion

Verbal communication often occurs in environments
containing background noise, and this has been shown to
reduce speech intelligibility for alaryngeal speakers (Clark,
1985; Clark & Stemple, 1982; Eadie et al., 2016; Holley
et al., 1983). Given the dearth of research examining
EL users’ speech intelligibility in the presence of back-
ground noise, this study reported the variability in speech
intelligibility of 10 EL users. Two age-matched groups of
14 normal-hearing listeners made a total of 3,500 judg-
ments in each listening condition. Findings suggest that
EL users’ intelligibility scores in quiet and babble condi-
tions were significantly different, and this was also true
for each type of EL. However, no significant statistical

differences were observed when comparing devices within
each listening condition.

This study may provide a more representative picture
of everyday EL users’ speech intelligibility in quiet and
babble when compared to prior research in which only a
single EL user was studied (Clark, 1985; Clark & Stemple,
1982; Holley et al., 1983). Holley et al. (1983) identified a
difference of 15% between quiet and noise conditions for
an EL user; that is, listeners correctly identified approxi-
mately 85% of sentences produced in quiet and approxi-
mately 70% of sentences produced in noise. The difference
between conditions is similar to the present results that
suggest a 17.9% difference between quiet and noise (i.e.,
75.5% for quiet and 57.6% for noise). Holley et al. used an
SNR of +3 dB SNR, which would support the notion of
EL users performing similarly to this study involving a
+6 dB SNR. However, the current findings are difficult to
compare to those by Clark and Stemple (1982) and Clark
(1985) for several reasons.

Figure 3. Correlation of fundamental frequency (Fo) range with intelligibility in (a) quiet, (b) babble, and (c) proportional change from quiet to
babble conditions. Circles represent Servox Digital users, and squares represent TruTone users. Numbers within a circle or square indicate
user indices; each symbol represents the intelligibility of one sentence spoken by one user. Regression lines represent the correlations of Fq

range and intelligibility for TruTone users only.
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Figure 4. Correlation of fundamental frequency standard deviation (Fo SD) with intelligibility in (a) quiet, (b) babble, and (c) proportional change
from quiet to babble conditions. Circles represent Servox Digital users, and squares represent TruTone users. Numbers within a circle or square
indicate user indices; each symbol represents the intelligibility of one sentence spoken by one user. Regression lines represent the correlations of

Fo SD and intelligibility for TruTone users only.
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Clark and Stemple (1982) and Clark (1985) reported
speech intelligibility scores of 99.5% and 100%, respectively,
for the same EL user in a 0-dB SNR listening condition.
In addition, they also reported 95% and 91.81% speech
intelligibility, respectively, in a —5-dB SNR condition. In
this study, three out of 10 EL users (two Servox Digital,
one TruTone) had speech intelligibility scores of >90% in
quiet and >73% in the +6-dB SNR condition. The most
striking difference, however, is that the three EL users expe-
rienced an average decrease of approximately 16% in babble
compared to a decrease of approximately 6% in Clark et al.
(Clark, 1985; Clark & Stemple, 1982). Two reasons might
account for the differences between these studies. First,
Clark et al. (Clark, 1985; Clark & Stemple, 1982) reported
that EL speech is more intelligible in noisier listening condi-
tions. A listening condition of —5 dB SNR is “noisier” than
this study’s +6 dB SNR and, therefore, might have contrib-
uted to the higher intelligibility scores in the prior studies.
Second, Clark et al. (Clark, 1985; Clark & Stemple, 1982)
used the same EL user who was deemed to be “above aver-
age” after subjective judgments were made by experienced
SLPs. The proficiency of the EL users in the current study
was not formally judged by SLPs, but instead, they were re-
quired to use an EL as their primary alaryngeal method of
communication for at least 2 years postlaryngectomy and
passed a preliminary intelligibility assessment (Cox & Doyle,
2018). The findings from this study, then, appear to be more
representative of everyday EL users’ speech intelligibility
in multitalker babble compared to prior work focused on a
“above average” EL user.

Group means according to device groupings showed
that TruTone users had higher average speech intelligibil-
ity scores compared to Servox Digital users in quiet and
babble (i.e., 4.2% and 12.8%, respectively). However, no
significant differences were noted when comparing Servox
Digital and TruTone users in each condition. This suggests
that, similar to the individualized nature of voice and speech
rehabilitation, examination of individual data might high-
light clinically meaningful changes across listening condi-
tions. For example, even though the TruTone group means

were higher, two Servox Digital users (i.e., Speakers 1 and 3)
had the highest overall speech intelligibility scores (i.e., 92.3%
for Speaker 1 and 92.9% for Speaker 3) in quiet, and the
second and third highest intelligibility scores (i.e., 76.6%
for Speaker 1 and 73.4% for Speaker 3) in babble. The find-
ings resulted in absolute differences of 15.7% and 19.4% for
Speakers 1 and 3, respectively. One TruTone user (i.e.,
Speaker 9) had the third highest speech intelligibility score
in quiet (i.e., 90.9%) and the highest intelligibility score in
noise (i.e., 78.9%), which represents the smallest difference
when comparing these three speakers across listening con-
ditions (i.e., 12.0%). Rather than only looking at absolute
differences between individual EL users, it appears that
SLPs and researchers can also use proportional changes to
understand if changes in speech intelligibility are clinically
meaningful.

The proportional change data were computed in
order to indicate how much of a change EL users experi-
enced with speech intelligibility in babble relative to their
performance in quiet (i.e., as a baseline measure). Negative
values for the data presented in Table 3 suggest that EL
users’ speech intelligibility decreased in babble relative to
quiet. The TruTone users’ mean speech intelligibility scores
were 4.2% and 12.8% higher than Servox Digital users in
quiet and babble, respectively. TruTone users’ speech intel-
ligibility decreased by an absolute difference of 13.6% in
quiet, but their proportional change was —17.5% in babble
relative to their baseline performance (in quiet). Servox
Digital users, however, experienced an absolute difference
of 22.1% in babble compared to quiet, and the propor-
tional change was —30.2% in babble relative to their base-
line performance in quiet. As a group, Servox Digital users
had a larger proportional decrease by 12.7 percentage
points compared to TruTone Digital users. Closer examina-
tion of the individual data suggest that the Servox Digital
users with highest intelligibility in quiet (e.g., Speakers 1
and 3) actually experienced larger proportional changes
(e.g., —17.0% and —20.9%, respectively) compared to the
most intelligible TruTone user (e.g., —13.2%). These differ-
ences might be explained, in part, by closer examination of
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the relationships between F, characteristics and speech
intelligibility.

Prior research has shown that an F, of less than
100 Hz may facilitate improved speech intelligibility for
EL users (Nagle et al., 2012). The acoustic analyses in
this study revealed that, even though all EL users had a
mean F of less than 100 Hz (i.e., approximately 78 Hz),
there was considerable variability in speech intelligibility
scores in quiet and babble. Furthermore, mean F, was not
significantly different between device groupings, and there-
fore, correlation analyses for mean Fy were not presented.
Research has also shown that F variability (e.g., F stan-
dard deviation and range) is one of several factors that can
positively impact EL users’ speech intelligibility in quiet
and noise (Goldstein & Rothman, 1976; Laures & Bunton,
2003; Laures & Weismer, 1999; Nagle & Heaton, 2016;
Watson & Schlauch, 2009). Recall that Goldstein and
Rothman (1976) reported that “good” EL users (Western
Electric No. 5 EL) typically had a mean F, range of
16.10 Hz and “poor” EL users had a mean F, range of
11.1 Hz (as cited in Rothman, 1978). Servox Digital users,
with a constant Fy, had lower overall intelligibility com-
pared to TruTone users who had a mean F, range of 12 Hz.
This is in agreement with prior work by Watson and Schlauch
(2009), who indicated that greater F, ranges might enable
EL users to better approximate the intonation patterns of
healthy laryngeal speakers. It should be noted, however,
that this average F, range (e.g., 12 Hz) is closer to that of
the “poor” EL users as described by Goldstein and Roth-
man (1976) and considerably smaller than the F, range
produced by healthy, laryngeal speakers. This might explain
why, even though there was a significant difference between
EL device groupings in F( range, there was no significant
correlation between F, range and speech intelligibility scores.
Nagle and Heaton (2016) concluded that the pitch modula-
tion capabilities of the TruTone EL might not be used as a
result of a lack of skill or device settings (i.e., frequency).
This suggests that continued investigation involving a larger
number of EL users across a variety of proficiency levels
(e.g., “poor” to “good”) appears warranted.

A better indicator of F, variability during connected
speech might be F, standard deviation. Larger F, standard
deviation values reflect speech that is less monotonous. In
this study, F, standard deviation was found to be signifi-
cantly different between device groupings and was the only
variable significantly (albeit moderately) correlated with
TruTone users’ intelligibility in noise and proportional change
scores. Fy standard deviation may, in part, contribute to
the clinically meaningful difference in TruTone users’ in-
telligibility scores in noise and proportional change scores.
This also adds to the current literature suggesting that a
variable intonation pattern may contribute toward greater
speech intelligibility in noise. While only frequency char-
acteristics were explored in this study, however, a myriad
factors contribute to speech intelligibility (e.g., EL user
experience and training, F( characteristics, rate of speech,
articulatory precision). These findings highlight the com-
plex, multidimensional nature of EL voice and speech and

warrant continued research exploring the relationships
among F, measures, speaker characteristics, and speech
intelligibility.

Several limitations within the current study must be
acknowledged. First, the speakers and listeners formed
homogeneous biological sex groupings. That is, EL users
were exclusively male, and listeners were exclusively female.
The majority of individuals who undergo laryngectomy are
male, so an all-male group of EL users can be considered
representative for this client population (e.g., a ratio of ap-
proximately four males per one female; American Cancer
Society, 2020). EL users also responded to study advertise-
ments and met specific criteria (e.g., spoke American Stan-
dard English as their primary language, used an EL as their
primary form of alaryngeal communication, and were at
least 2 years postlaryngectomy). A majority of the listeners
were recruited in a department of communication sciences
and disorders, which contains a large percentage of female
students (e.g., >90%). In theory, biological sex should not
impact speech intelligibility judgments; however, researchers
must be mindful of the potential impacts of biological sex on
other auditory—perceptual measures (e.g., speech acceptabil-
ity, listener comfort, speech naturalness). Lastly, while this
study was the first to examine speech intelligibility of more
than one EL user in noise, incorporating a variety of SNRs
and/or frequency characteristics might permit more robust
statistical analyses in order to extend the findings from
prior research concerning EL users’ speech intelligibility
in noisy communication environments.

Future research should seek to expand upon this study
by exploring the relationship between EL users’ speech intel-
ligibility in babble and self-reported quality of life measures
(e.g., voice-related quality of life). There is the potential that
reduced speech intelligibility in noisy communication envi-
ronments could lead to reductions in voice-related quality of
life for EL users. Research might also include acoustic and
perceptual analyses of EL speech in listening conditions with
a variety of SNRs and F variability to provide a broader
understanding about the auditory—perceptual nature of EL
speech in noisy listening conditions. Analyses could focus on
the relationship between speech intelligibility and speech ac-
ceptability, listener comfort, and/or perceived listener effort.
Last but not the least, continued investigation of new train-
ing techniques to improve control of variable frequency
characteristics of EL devices (i.e., Al-Zanoon et al., 2020;
Nagle & Heaton, 2016) appears warranted to enhance this
unique population’s communication effectiveness in a vari-
ety of communication contexts.

Conclusions

The present findings suggest that listeners are able
to identify a significantly higher percentage of EL users’
speech in quiet compared to babble, but a large variability
in EL users’ speech intelligibility exists. TruTone users may
derive a clinically meaningful benefit as a result of their
ability to vary Fy. However, the small F, variability in the
present group of TruTone users, alongside significant but
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moderate correlations between F, standard deviation and
intelligibility, suggest that the results need to be confirmed
by studies involving a larger number of EL users. Future
research should attempt to understand the potential collin-
earity among F, variability, speaker characteristics (e.g.,
rate of speech, articulatory precision), and speech intelligi-
bility, in addition to improving alaryngeal rehabilitation
training protocols for EL users (i.e., Al-Zanoon et al., 2020;
Nagle & Heaton, 2016). Ultimately, this line of research
may enhance EL users’ speech intelligibility, communica-
tion effectiveness, and voice-related quality of life.
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