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NH Normal-hearing

PI function Performance-intensity function
PTA Pure tone average

RMSE Root-mean-square-error

SRT Speech reception threshold
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Abstract

Obijective: This study aimed to develop and assess a method to measure word recognition
abilities using a smartphone application (App) connected to an audiometer. Design: Word
lists were recorded in South African English and Afrikaans. Analyses were conducted to
determine the effect of hardware used for presentation (computer, compact-disc player, or
smartphone) on the frequency content of recordings. An Android App was developed to
enable presentation of recorded materials via a smartphone connected to the auxiliary input of
the audiometer. Experiments were performed to test feasibility and validity of the developed
App and recordings. Study sample: Participants were 100 young adults (18-30 years) with
pure tone thresholds < 15 dB across the frequency spectrum (250-8000 Hz). Results:
Hardware used for presentation had no significant effect on the frequency content of
recordings. Listening experiments indicated good inter-list reliability for recordings in both
languages, with no significant differences between scores on different lists at each of the
tested intensities. Performance-intensity functions had slopes of 4.05%/dB for English and
4.75%/dB for Afrikaans lists at the 50% point. Conclusions: The developed smartphone App
constitutes a feasible and valid method for measuring word recognition scores, and can

support standardisation and accessibility of recorded speech audiometry.
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Introduction

Speech audiometry is an essential part of the basic audiological test battery. However, the
diagnostic value of speech audiometry depends on the use of reliable and standardised
procedures and materials (Roeser & Clark, 2008). The use of recorded speech materials has
long been recognised as a more reliable method than monitored live voice (MLV), with a
mounting body of supporting evidence (see e.g. Hood & Poole, 1980; Mendel & Owen 2011;
Mullenix et al, 1989; Penrod, 1979; Uhler et al, 2016). Brandy (1966) reported that
presentations of the same list by the same speaker on different days can result in significant
differences of nearly 10% in listener performance, while Penrod (1979) reported differences

of up to 38% in scores between different talkers presenting the same test materials.

Despite this evidence, the last audiometric practice survey conducted among audiologists in
the United States indicated that a large majority (82%) of clinicians in the United States of
America continued to use MLV for speech audiometry (Martin et al, 1998). Unfortunately, no
recent surveys are available to indicate whether this situation has improved (Mendell &
Owen, 2011). Reasons cited for the use of MLV include savings in time and costs, increased
flexibility and patient performance, as well as the ability to use a local accent for testing
(Roeser & Clark, 2008). In a survey among South African audiologists with regard to speech
audiometry practices, all of the respondents (n = 84) used MLV for word recognition testing
(Roets, 2006). The majority of respondents (62.7%) felt that recorded materials would give
them less control over the test situation, and 66.2% agreed with the statement that the
presenters of existing recordings usually had a foreign accent. In many contexts like South

Africa, there appears to be a need for locally recorded tests that are accessible and widely
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available, and that offers clinicians more control over the test situation than existing

recordings that are available on audiocassette or compact disc (CD).

Among the clinicians surveyed in the Martin et al (1998) survey, only 1% used digitised
speech, while 12% used CDs and 4% used tape recordings. According to Roeser and Clark’s
(2008) informal survey, costs and set-up of equipment are some of the reasons why clinicians
prefer the use of MLV over recorded speech. In addition, the fixed inter-stimulus intervals
(1Sls) on CD recordings can cause frustration for the clinician and the listener. Recently
developed computer-based audiometers offer the option of embedded recorded speech
materials that provide accuracy and flexibility (Mikolai & Mroz, 2010). However, this option
may not be affordable to all audiologists as it requires procurement of a new audiometric

equipment.

There is, however, a possible alternative in technology that could improve accessibility and
affordability of recorded speech materials for audiometry. The Economist (2015) estimates
that there are 2 billion people using smartphones worldwide and that by 2020, around 80% of
adults will own a smartphone. The wide distribution, mobility and fluidity of smartphones
make them an ideal platform for a variety of uses, including telehealth, or more specifically
mobile health (mHealth). A number of recent publications have reported on the successful
use of smartphone applications in audiology (Mahomed-Asmail et al, 2015; Potgieter et al,
2016; Sandstrom et al, 2016; Swanepoel et al, 2014; Yousuf-Hussein et al, 2016).
Smartphones have the capability to present digital recordings, to track and display test
information, and can be connected to an audiometer via the auxiliary input, making them a
possible platform to facilitate speech audiometry tests. In light of the promising capabilities

of smartphones as audiometric tools, and the need for widely accessible, reliable and flexible
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testing options for speech audiometry, the present study endeavoured to test the feasibility of

a smartphone application (App) as a platform for word recognition testing.

The main objective of this study was to develop and assess the feasibility and validity of an
App to measure word recognition abilities by connecting a smartphone to an audiometer. As
a secondary objective, word lists suitable to the research context were developed and

evaluated in terms of validity and reliability.

The project was conducted in three phases, namely i) word list preparation and evaluation; ii)
word list recordings and frequency analyses; and iii) evaluation of the lists in normal-hearing
(NH) listeners using an App. The method and results of each phase are described and

discussed below.

Phase I Preparation and evaluation of word lists

Monosyllabic word lists suitable for word recognition testing were prepared in (South
African) English and Afrikaans. Although only 9.6% of South Africans use English as a
home language (Statistics South Africa, 2011), it is considered the lingua franca (Hanekom,
2014) and many South Africans have a working knowledge of English. Afrikaans is reported
to be the home language of 13.5% of South Africans, the third most common home language
after isiZulu and isiXhosa (Statistics South Africa, 2011). The majority of South African
audiologists are native speakers of English or Afrikaans (Roets, 2006) and receive their
training in English (Swanepoel, 2006). Because word recognition testing requires the test
administrator to judge the correctness of a listener’s response, the present study focused on
the implementation of Afrikaans and English as test languages, to enable widespread use of

the developed materials and App by local audiologists.
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Materials and methods

The Afrikaans word lists that were used are called “Foneties Verteenwoordigende
Eenlettergrepige Woordlyste in Afrikaans” (FVEWA), that is, phonetically representative
monosyllabic word lists in Afrikaans (unpublished). Based on the phoneme frequencies
reported in Van Heerden (1999) the same audiologist subsequently developed the lists. Based
on a relatively recent (1999) sample of spoken Afrikaans, the lists are phonemically
representative of Afrikaans, and are phonemically matched or balanced across lists. The
FVEWA consists of six lists that are each 25 words long. Because these lists were recently

developed in South Africa, they were not adapted or revised for the present study.

The CID W-22 word lists, developed in the 1950’s (Hirsh et al, 1952) are the most commonly
used standardised English lists in South Africa (Roets, 2006). According to Hirsh et al
(1952), the words in these lists were rated to be familiar by a panel of five judges, with the
words “ace”, “ale”, and “pew” considered to be of doubtful familiarity. The familiarity of the
words used in a speech recognition test, can affect the content validity of the test (Ostergard,
1983). If some of the words in the lists are unfamiliar to a listener, the results of the test are
more likely to be a reflection of their vocabulary than their ability to accurately perceive
meaningful monosyllabic words. In light of the fact that the CID-W22 lists were developed in

the United States, and the vocabulary in these lists has not been reviewed for its familiarity

since the 1950’s, these lists were adapted for the present study in a two-Step process.

The first step included reviewing lists to identify words that might be unfamiliar to South
African listeners in the present day, based on the researchers’ knowledge and experience of
South African English. Possible alternatives for the potentially unfamiliar words were

selected in a manner that would preserve the phonetic balancing of the lists. For example, in
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List 2, the word “ail” was considered to be a potential problem. The word “aim” was selected
as a possible alternative. To replace the removed (alveolar lateral approximant) phoneme /1/
and in order to keep the same number of (bilabial nasal) /m/ phonemes in the list, the word
“dumb” was replaced with the word “dull”. It should be noted that the original CID W-22
lists were balanced in terms of syllable types (e.g. consonant-vowel (CV), consonant-vowel-
consonant (CVC) etc.). However, pronunciation of the lists with a South African English
accent, which is much closer to British than American pronunciation, altered syllable
structure in many instances. The production of an “r” at the end of a word as pronounced with
an American accent, for example, is replaced with an elongated vowel in British and South
African accents, changing syllable structure from CVC to CV in words like “there” and
“where”. For this reason, syllable structure was not taken into account in the adaptation of the

lists, which rather focused on familiarity and phonetic balance between lists.

The second step in the preparation of the word lists was to submit the vocabulary to a
familiarity survey conducted among two groups of participants. The first group consisted of
native South African English speakers (n = 36; 25 females). This group was selected using
purposive sampling to compile a group representing a wide range of age groups (19 — 78
years) and professions in an attempt to provide a representative sample of the native English
speakers in the South African population. Participants were provided with the words in the
CID W-22 lists, along with the additional words that were selected as possible replacements
for potentially problematic words, and were instructed to read through the words carefully
and indicate if there were any words that were not familiar to them (defined on the survey as
words that they do not know the meaning of). The second group of participants consisted of
audiologists with clinical experience with the CID-W22 word lists (n = 10). The limited

sample size was due to the fact that the majority of audiologists in South Africa use untitled
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word lists obtained from academic institutions (Roets, 2006), and therefore do not have
experience with standardised word lists such as the CID-W22. The participating audiologists
were asked to indicate words in the CID W-22 lists that were problematic for their patients,
by using one of three codes (1, 2 or 3). Coding a word with “1” indicated that patients often
have difficulty recognising this word, even at suprathreshold levels where all or most other
words in the list are recognised correctly. The code “2” indicated that patients reported or the
audiologist suspected that the word was unfamiliar to them. . In cases where the audiologist
felt that both the descriptions of “1”” and “2” applied (i.e. a word that was often misheard and

was suspected to be unfamiliar to some patients), the word was coded with “3”.

Words that were considered unfamiliar by any number of native speakers, as well as words
that were considered problematic by a majority of the participating audiologists (>5/10) were
excluded from the adapted lists.. This method was followed because the survey among
audiologists had some limitations. Firstly, their rating was a subjective opinion of their
patients’ experience of the lists, and was based on a population that included second- or third-
language speakers of English. In addition, because MLV is used exclusively by the
responding audiologists as presentation method, all the audiologists’ experiences with the
lists were based on their own pronunciation of the words. Incidentally, seven out of the 10
audiologists in the survey speak English as a second language. Therefore, if a minority of
audiologists rated the word as problematic, it might have been due to their own pronunciation

of the word.

Results and discussion

A total of eight words were removed from the four CID-W22 lists based on the familiarity
surveys. There was good correspondence between the responses by audiologists and native

speakers (Table 1). All of the words considered unfamiliar by native speakers were also rated
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as problematic by the majority (>5) of audiologists. Only three words (bathe, owes and
ought) that were not marked as unfamiliar by native speakers were removed from the original
lists because they were rated as problematic by the majority of audiologists. All the words
that were added to the lists to replace problematic or unfamiliar words were included in the
survey among native speakers, with the exception of “bake” and “love”. Both of these words
appear in the Longman Communication 3000 word list, a list of the 3000 most frequent
English words, based on statistical analysis of the 390-million-word Longman Corpus
Network (Bullon & Leech, 2007).

Table 1: Words removed from the lists, showing the number of native speakers that identified the word as

unfamiliar, along with the number of audiologists who rated the word as problematic

No. of native speakers who report No. of audiologists who identifies
Word List no. this word to be unfamiliar (n = 36) this word as problematic (n = 10)
mew 1 14 9
bathe 1 0 6
ail 2 10 6
pew 2 11 9
tare 2 16 7
owes 3 0 9
darn 4 5 8
ought 4 0 8

Appendix A (published at http://tandfonline.com/doi/suppl.) shows the new English lists,

along with words that were removed and added in order to improve the familiarity of the lists

while retaining phonetic balance. The final collection consisted of four lists of 50 words each.

Phase I1: Word list recordings and frequency analyses

Following the digital recording of the word lists, frequency analyses were conducted on the
recorded materials as a means to assess the validity of the smartphone App as a presentation
method. The content validity (Ostergard, 1983) of a speech audiometry test could be affected
not only by the words in the test, but also by its frequency content. If, for example, recorded

speech was presented using a device with a limited frequency bandwidth, the frequency
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content of the presented speech would not correspond to the original recordings, and
therefore would not be measuring a response to the content it was intended to measure. To
determine the content validity of the speech tests as conducted through a smartphone, Fast
Fourier Transform (FFT) analyses were conducted on the original recordings in digital
waveform format and compared to FFT analyses of the recordings played back via CD-
player, laptop and two different smartphones. At present, laptops and CD-players are the only
hardware options available for playing recorded speech materials through an audiometer, in
cases where digital audiometers with embedded recordings are not used. Differences in
frequency distributions between a specific method of presentation and the original waveform
could indicate reduced validity of the method, as the presented materials would not be an
accurate representation of the original recording, and would in reality be measuring

perception of a “filtered” version of the speech the test was intending to present.

Method

Word lists were digitally recorded in a professional recording studio with double-walled
soundproofing, using a Rgde NT1-A 1” cardioid condenser microphone with a frequency
range of 20 Hz — 20 kHz. The microphone was positioned on a microphone stand 20 cm from
the speaker’s mouth. The Afrikaans lists were produced by a female audiologist whose voice
had previously been evaluated for articulation, resonance and voice quality. This was the
same speaker who produced the sentences for the Afrikaans test of sentence recognition
thresholds in noise (Theunissen et al, 2011). The English lists were produced by a female
audiologist who is a native speaker of South African English and speaks with an accent that is
considered to be representative of the province of South Africa where the research was
conducted (Gauteng). Recorded .wav files were edited using Praat (Boersma & Weenink,
2016), to remove unwanted silences, leaving 100 ms of silence before and after each

utterance. Any unwanted sounds or artefacts in the recordings were removed, and the
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intensity (root-mean-square or rms value) of each utterance was subsequently modified to

ensure equal intensity of all utterances.

To determine the influence of the hardware used for presentation of the materials, frequency
analyses were performed. For all analyses the recorded materials were normalised with
respect to the original (digital) material files’ energy content, while the original (digital)
material files’ energy contents were normalised to unity. A subset of fifteen utterances from
the Afrikaans word lists were purposefully selected to represent all the phonemes of the test,
and to include utterances from each of the six recorded lists. These utterances were recorded
onto a laptop (Dell XPS L502X, Windows 7 Home Premium 64-bit, Intel i7-2670QM, 6 GB
RAM) using a standard auxiliary cable connecting the source and the laptop with 9mm male
jacks on both ends. Recordings were made from a Samsung J2 smartphone, a Samsung Trend
Neo smartphone, a laptop (Asus K5410U, Windows 10 64-bit, Intel Core i5-7200U, 8GB
RAM) and a CD-player (Sansui CD-210) using a CD containing the original materials. After
time- and frequency energy normalisation, the root mean squared error (RMSE) was
calculated between the recorded and the original digital material for their frequency

representations.

Results and discussion

Results of the frequency comparisons between the original recordings in digital format and
the recordings played through a CD-player, laptop, and two smartphones are summarised in

Table 2.
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Table 2: Root mean squared errors (RMSES) between FFTs of original recordings and recordings presented

through two smartphones (J2 and Trend Neo), laptop, and CD-player

FFT RMSE: original versus...

J2 Trend Laptop  CD-player
blits 0.0027827  0.0013114  0.0062525 0.0198000
bring 0.0020354  0.0042163  0.0063188 0.0040170
deel 0.0036644  0.0017855  0.0070343 0.0014666
droog 0.0019334  0.0007440  0.0059403 0.0008657
erg 0.0041547  0.0008121  0.0100020 0.0033379
hemp 0.0027627 0.0028171  0.0092617 0.0024900
hier 0.0018641  0.0032497  0.0071479 0.0009909
hond 0.0021630  0.0041677  0.0069458 0.0017379
jag 0.0023993  0.0019357  0.0007551 0.0024943
maak 0.0033533  0.0008039  0.0067243 0.0003763
moeg 0.0021156  0.0015096  0.0004389 0.0002863
stout 0.0016073  0.0048067  0.0031780 0.0136030
stry 0.0029071  0.0019943  0.0040467 0.0069882
vrug 0.0008888  0.0007451  0.0018011 0.0148070
was 0.0076912  0.0017824  0.0072573 0.0003811
Average 0.00282 0.00218  0.00554 0.00491

Due to the sample size, a non-parametric Friedman’s ANOVA was conducted on these

12

findings to determine the significance of the difference between the RMSE’s of the different

presentation methods. The ANOVA indicated that the difference between the four methods

was not significant, y?(3) = 7.80, p = 0.05.

Results of the frequency analyses indicated that the hardware used for playback of the digital

recordings did not have a significant effect on the frequency content of the recordings. This

finding supports the use of low-cost smartphones as a platform for the presentation of

recorded word lists, as the frequency content of the original recording is sufficiently retained

and comparable to that delivered through a CD-player or laptop.
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Phase I11: Evaluation of recorded word lists using a smartphone App in

normal-hearing listeners

The third phase of the project evaluated the feasibility of the App as a platform for measuring
word recognition scores. This was achieved by connecting a smartphone to the audiometer
and determining whether it was possible to attain sufficient intensity for accurate calibration,
and to present, score, and plot word recognition results. The duration of the test was also
measured and compared to existing methods reported in the literature as a measure of

feasibility.

During this phase, the reliability, validity, and sensitivity of the word lists developed and
recorded in the present work were also evaluated. This was achieved by presentation of the
developed lists using the App connected to an audiometer in a sample of young, NH adults.
Results of the tests were used to evaluate inter-list reliability as a measure of the coefficient
of equivalence (Ostergard, 1983), psychometric slopes as an indication of test sensitivity
(Theunissen et al, 2009), and inter-listener variability as an indirect measure of specificity.
Criterion-related validity (Ostergard, 1983) was assessed by comparing maximum

recognition scores to scores reported in literature for NH listeners.

Research participants

One hundred NH listeners with ages ranging from 18 to 30 years participated in the study. All
listeners underwent pure tone audiometry to determine pure tone averages (PTASs) and to
ensure that pure tone thresholds were < 20 dB HL at octave frequencies from 250 to 8000 Hz,
Forty participants who listened to the English lists reported that English was their native
language (language most often spoken at home), while 60 participants who listened to the

Afrikaans lists were native Afrikaans speaking.
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Software and test setup

A custom-made Android App called “hearSpeech” was developed to serve as a platform for
the presentation of the developed recordings. To conduct testing using this App, a Samsung
Galaxy J2 smartphone was plugged into the auxiliary input of the audiometer with a 3.5 mm
male jack in the smartphone to a stereo RCA connector on a clinical audiometer (GSI 61).
The audiometer served as the attenuator through which the presentation intensity was
controlled. The App featured a calibration function which played a 1000 Hz calibration tone
referenced to the same intensity as the test words. While the calibration tone was playing, the
volume of the external channel where the smartphone was plugged in was adjusted until the
VU-meter of the audiometer reached zero. Initially, the intensity of the recordings played
through the smartphone was too low. The recorded words were subsequently re-scaled to a
higher intensity (75 dB) using Praat, which resulted in successful calibration (VU-meter

reaching zero).

Details about each listener (name, age, gender) were saved in the App along with test results
and duration. The App offered the user (audiologist) a choice between Afrikaans and English
as test language. The user could also choose which list to present to a listener, and could

manually enter the intensity and test ear as selected on the audiometer.

Procedure

For the duration of the test, listeners were seated in a double-walled sound booth, with the
audiologist outside the booth in a sound-treated room. Once details were entered about the
listener, test setup (intensity, test ear, test language and test list) was selected, and calibration
was completed, the App provided instructions to the user for administering the test, as well as
instructions to be read out to the listener. After the start button was pressed, the words in the

selected list were presented one by one. During presentation, a text version of the test word
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was presented on the screen of the smartphone, along with two buttons — one indicating that
the response was correct and the other to indicate an incorrect response (Figure 1). Once the
listener repeated the test word, the test administrator made a judgment about the correctness
of the response and touched the corresponding button, and the next word was automatically
presented. The App offered the option of using a carrier phrase as well as adjusting the delay
before the word was played to anything between 0 and 1000 ms. In the present work,
Afrikaans listeners were tested with a 200 ms delay and a carrier phrase. After the first 15
participants were tested in Afrikaans, it was observed that the App’s ability to present the
next word after a listener’s response made the use of a delay before presentation unnecessary.
For this reason, and because the English lists were longer, English listeners were tested
without a delay and carrier phrase in order to limit the test time. If selected, the App could

plot a performance-intensity function at the end of the test.

hearSpeecﬁ' : hearSpeecﬁ : S Speech Test st voe

=

Presentstion Level TestEar:  Test Material Prcencags Comct 3%
50 a8 4 Loft 4 Afelkaans
List Nurobes

nek

Cacnier Phrase |1
. Correct Response?

“Prev Next - Next -

Figure 1: Illustration of hearSpeech App screens, from left to right: calibration, test setup, response tracking.

To validate the English lists, 40 NH listeners were tested. Each listener was presented all four

lists, each at a different intensity. The Afrikaans lists were validated in 60 NH listeners, each
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listening to all six lists, with each list presented at a different intensity. Test order and list
intensity were counterbalanced between subjects. Table 3 shows the test order and intensities
for Afrikaans and English tests. Each group consisted of 10 listeners. Each listener was tested
monaurally, using their best ear. The pure tone average (PTA, average of thresholds at 500,
1000 and 2000 Hz) was calculated for each listener’s best ear, and presentation levels were
determined accordingly. For example, if a listener’s PTA was 5 dB, and they were in Group 1
for the Afrikaans test, List 1 was presented at 10 dB (5dB + PTA), List 2 at 15 dB (10 dB +
PTA) etc. Although the speech reception threshold (SRT) is often used as a reference to
determine intensity levels for word recognition testing, no recorded materials are available in
Afrikaans or South African English to reliably measure SRTs. Since PTAs and SRTs are
expected to be in good agreement in NH listeners (Brandy, 2002; Preece & Fowler, 1992),

the PTA was used as a reference in the present work.

Table 3: Test order and intensities of lists presented. Intensities shown are in dB re:PTA

AFRIKAANS | 30dB | 25dB | 20dB | 15dB | 10dB | 5dB

Group 1 List6 | List5 | List4 | List3 | List2 | Listl
Group 2 Listb | List4 | List3 | List2 | Listl | List6
Group 3 List4 | List3 | List2 | Listl | List6 | Lists
Group 4 List3 | List2 | Listl | List6 | List5 | List4
Group 5 List2 | Listl | List6 | List5 | List4 | List3
Group 6 Listl | List6 | Lists5 | List4 | List3 | List2
ENGLISH 35dB | 25dB | 15dB | 5dB

Group 1 List4 | List3 | List2 | Listl

Group 2 Listl | List4 | List3 | List2

Group 3 List2 | Listl | List4 | List3

Group 4 List3 | List2 | Listl | List4

Results and discussion

The present work demonstrated the feasibility of using a smartphone App to assess word
recognition ability. It was found that connection of a smartphone to an audiometer was
possible and adequate intensity levels for calibration of the test signal could be reached. It

was also demonstrated that the word recognition score could be measured and plotted using
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the smartphone App developed for this purpose.

The word recognition results obtained from NH listeners on the Afrikaans word lists (n = 60)

and English word lists (n = 40) are summarised in Table 4.

Standard deviations from the mean scores at different intensities were reported for each of the
evaluated lists (Table 4). This gives an indication of the variability between different
listeners’ scores on each of the lists. It may also provide an indirect measure of specificity, as
large variability among a NH population could mean that NH listeners may achieve scores
that deviate a great deal from the mean score of the NH group, which could cause over-
referral. As could be expected, variability was greater at lower presentation intensities, where
listeners would have relied on guessing when presented words could not be heard clearly. At
the highest intensity tested (30 dB above PTA for Afrikaans lists and 35 dB above PTA for
English lists), standard deviations ranged from 1.75 to 2.71% for English lists and between
2.07 and 4.24% for the Afrikaans lists. The larger variability as shown by the larger standard
deviations of the Afrikaans lists can be explained by the shorter length of these lists (25
words as compared to the 50-word English lists). As demonstrated by the binomial model of
Thornton and Raffin (1978), shorter lists result in larger variability in recognition scores. The
standard deviations for the 50-word English lists of the current study were similar to standard
deviations reported for the NU-6 word lists, which ranged from 1.0 to 3.8% at 32 dB above
SRT (Tillman & Carhart, 1966). In light of the finding in the present study that a 50-word list
took, on average, only 30 seconds longer to administer than a 25-word list, it may be
advisable to use two of the 25-word Afrikaans lists per intensity to increase test reliability.
Combining two full-length lists would maintain phonetic representation and phonemic

balance.
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Table 4: Average performance (%) of NH listeners on Afrikaans word lists at six intensities (n = 10 per intensity) and English lists at four intensities (n = 10 per intensity)

English

Presentation intensity List 1 List 2 List 3 List 4

in dB re:PTA Med Mean SD Med Mean SD Med Mean SD Med Mean SD
5 25 274 179 26 24.8 8.9 24 282 19.2 25 27.0 14.8
15 66 64.6 179 76 71.0 214 58 59.0 126 76 74.6 14.5
25 97 956 6.0 90 90.0 6.7 93 926 38 92 90.8 5.6
35 98 98.2 24 98 97.0 27 99 98.4 2.1 98 98.2 1.8

Afrikaans

Presentation intensity List 1 List 2 List 3 List 4 List 5 List 6

in dB re:PTA Med Mean SD Med Mean SD Med Mean SD Med Mean SD Med Mean SD Med Mean SD
5 225 233 169 10 10.8 6.5 16 148 113 16 184 17.7 22 23.6 106 30 28.0 17.7
10 58 52.8 24.1 42 440 226 32 27.6 10.2 28 30.0 12.7 40 46.4 19.0 48 486 16.3
15 74 78.0 13.2 66 644 179 72 67.2 215 64 64.4 9.7 64 62.4 19.2 68 67.2 179
20 90 88.0 103 90 88.4 81 90 86.8 14.0 84 82.4 117 82 776 117 84 82.4 145
25 96 940 69 96 93.2 6.5 96 96.0 33 96 96.0 4.2 96 90.0 17.0 96 944 3.4
30 98 97.2 3.8 100 972 4.2 98 97.2 38 100 980 34 100 984 28 100 984 21
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The steepness of the performance-intensity slope is thought to be an indication of the
homogeneity of the individual test items (Wilson & Carter, 2001), as well as the sensitivity of
the test (Theunissen et al, 2009). The slope of the graph between the 20% and 80% points
was calculated in accordance with the traditional linear model, which assumes a linear
relation between these two points (Wilson & Carter, 2001). For the Afrikaans lists, this slope
was 4.38 %/dB (see Figure 2). At the 50% point on the graph, the slope was 4.75 %/dB. The
intensity at which the average score across listeners and lists was 50% was 11.64 dB above
their PTA for the Afrikaans lists. The performance-intensity slope of the Afrikaans lists is
similar to slope values reported for monosyllabic word lists in other languages, such as 2.8-
4.2 %/dB for Spanish (Flores & Aoyama, 2008), 4.1 and 3.47%/dB for Mandarin (Han et al,
2009; Wu et al, 2011), 3.45-3.53%/dB for Arabic (Garadat et al, 2017), 6.2 %/dB for Turkish
(Durankaya et al, 2014) and 4.52-4.64%/dB for Telugu, a South Indian Dravidian language

(Kumar & Mohanty, 2012).
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Figure 2: Recognition scores for Afrikaans word lists across listeners (n = 10 per list at each intensity) as a

function of presentation intensity. The line indicates the average PI function of the six lists.
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Performance on the individual lists were compared across listeners at each of the intensity
levels tested using Friedman’s ANOVA. Results indicated that there was no significant
difference between performances on lists at all of the tested intensities, except at 10 dB, x*(5)
=13.71, p < 0.05. However, post hoc Wilcoxon pairwise comparisons with Bonferroni

corrections applied did not find significant differences between any of the lists.

The average slope for the English lists between the 20% and 80% points on the graph is 3.59
%/dB, and 4.05 %/dB at the 50% point (see Figure 3). The intensity at which the average
score across listeners and lists was 50% was 10.72 dB above their PTA. Slope values
reported in the literature for different recordings of the original CID-W22 lists are 4.0 %/dB
(Flores & Aoyama, 2008), 4.9%/dB (Beattie et al, 1985) and 4.1%/dB (Heckendorf et al,
1997). The slope value of 3.59%/dB found in the current study is therefore comparable to

previous reports.

100

80

60

40

Precentage recognition

20

Intensity in dB re:PTA

Figure 3: Recognition scores for English word lists across listeners (n = 10 per list at each intensity) as a

function of presentation intensity. The line indicates the average Pl function of the four lists.
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Performance on the individual lists were compared across listeners at each of the intensity
levels tested using Friedman’s ANOVA. Results indicated that there was no significant
difference between performances on lists at all of the tested intensities, except at 25 dB, y 2
(3) =9.32, p < 0.05. However, post hoc Wilcoxon pairwise comparisons with Bonferroni

corrections applied did not find significant differences between any of the lists.

The results obtained from young NH listeners in the present study indicated that both the
Afrikaans and English lists showed a high degree of inter-list equivalence, as demonstrated
by the absence of significant differences in recognition scores between individual lists at all
of the tested intensities. Inter-list equivalence is an important form of reliability in speech
audiometry (Ostergard, 1983), as small differences between scores on different lists would
indicate different lists can be used on the same listener without significantly influencing the

test results (Theunissen et al, 2009).

To evaluate the criterion-related validity (Ostergard, 1983) of the developed lists, the
intensities at which the NH listeners in the present study obtained a maximum score were
compared to typical values reported in the literature. Maximum scores on a speech
recognition task are typically achieved at 30-40 dB above the speech reception threshold
(SRT) in NH listeners (Brandy, 2002; McArdle & Hnath-Chisolm, 2015). In the present
work, SRTs were not measured, as no recorded test materials were available. However, the
SRT is expected to closely correspond to the three-frequency PTA that was used as a
reference in the present work (Brandy, 2002). The levels at which maximum scores were
obtained in the present work with the English and Afrikaans lists therefore correspond well

levels reported for NH listeners in existing literature.

As an additional measure of feasibility, the duration of the smartphone test method was

21
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evaluated. According to Mendell and Owen (2011), one of the reasons why clinicians
reportedly prefer the less reliable method of MLV over recorded speech materials is that
MLV is considered to be quicker. In the present study, average test duration across listeners
and lists, including the 200 ms delay and the carrier phrase was 109 seconds (1 minute 49
seconds) per list for the 25-word Afrikaans lists. If the duration of the carrier phrase was
deducted, average duration would be 106 seconds, and if the 200 ms delay per word was
deducted, average duration would be 101 seconds. This is longer than MLV (just under one
minute), similar to short IS CD presentations (1min30s), but shorter than the long ISI
recordings (approximately 2min15s) of 25-word (half) lists reported by Mendell and Owen

(2011).

For the English lists in the present work, each 50 words long and presented without a carrier
phrase or stimulus delay, the average test duration per list across listeners and lists was 132
seconds (2 minutes and 12 seconds). This was slightly longer than MLV presentations of 50-
word lists reported by Mendell and Owen (2011), which was just under two minutes. It was
shorter than presentation times with a CD, which resulted in test times of between three and
five minutes, depending on the ISI (Mendell & Owen, 2011). Differences in test duration of
less than a minute per list are not considered clinically significant (Mendell & Owen, 2011).
Therefore, the use of the developed App to present recorded word lists resulted in test
administration times similar to MLV and CD presentations, with the added advantage of

offering a flexible method of timing the presentation according to the listener’s responses.

Contributions and limitations

The results of the present work indicate that a smartphone can be used for reliable and valid

assessment of word recognition using the developed smartphone App. This method offers a
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test platform for audiologist that is more reliable than the prevalent MLV method, but has
more flexibility than the use of CD-recordings with fixed ISIs. It also does not require the
purchase of additional expensive equipment such as a digital audiometer or a CD-player that
can be connected to the audiometer. The use of a smartphone App to present recorded word
lists for speech recognition testing offers the additional advantage of ease of distribution
amongst audiologists. The App could be downloaded from an App store, which can be done
remotely, without any delays or additional costs that may be incurred by delivery of a
physical product such as a CD or digital audiometer. Cost structure for the App has not yet
been finalised, but will ensure that the App provides a cost-effective platform for speech
audiometry. Future improvements of the App (such as additional test languages, speech tests
or user options/features) can be implemented with minimal effort by downloading updates
from the App store. Having established the feasibility of using the smartphone as a test
platform for speech audiometry, future work could include development of tests to measure
SRTs, uncomfortable loudness levels, speech recognition in noise, and many others using the

App-based platform. An iOS version of the App will also be developed in the future.

To reduce test time, English listeners were tested without the use of a delay and a carrier
phrase. There are conflicting reports in existing literature on whether a carrier phrase affects
word recognition test results (see Brandy, 2002 for a discussion). Many audiologists use a
carrier phrase to help them present words at the correct intensity when using MLV (Brandy,
2002), and this is unnecessary when using recorded materials. However, recent work has
recommended the use of a carrier phrase when measuring aided word recognition, due to
slow attack times in amplitude compression of some hearing aids (Versfeld & Goverts,

2013). Future work should explore the effect of a carrier phrase in word recognition testing
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when using recorded materials in a flexible test setup such as offered by the App, or a digital

audiometer.

In the present work, the use of a smartphone App as a platform for word recognition testing
was evaluated using newly developed monosyllabic word lists with no previously published
data on their reliability. The use of previously validated recordings may have simplified the
evaluation of the App in the present work, as it would have reduced the number or new
variables introduced and enabled comparison to other test platforms (e.g. CD or MLV) using
the same lists. However, the lack of such data on South African word lists necessitated the
development and recording of new lists. If the results indicated a lack of validity or reliability
it may have been difficult to disentangle the effects of the smartphone platform and that of
the newly recorded lists. Since the results demonstrated good reliability and validity, it
appears that both the developed lists and the smartphone platform were shown to be suitable
for clinical use. The adaptation and recording of the monosyllabic word lists in South African
English and Afrikaans offer the additional advantage of thoroughly validated lists that may

help to improve current speech audiometry methods in South Africa.

Test-retest reliability was not evaluated in the present work. The superiority of recorded
speech materials over MLV in terms of test-retest reliability has long been established
(Mendell & Owen, 2011), and since the use of the smartphone App is merely a different
platform to present recorded materials, there was no reason to expect differences in test-retest

reliability as compared to other methods of presenting recorded speech.
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Conclusion

A smartphone App was developed that enables the presentation of recorded monosyllabic
word materials to test speech recognition, using the audiometer as an attenuator to control
intensity levels. Monosyllabic word lists were recorded in South African English and
Afrikaans to enable implementation and evaluation of the App. The use of the smartphone
App was shown to be feasible and valid, and the developed lists were shown to be valid and

reliable measures of monosyllabic word recognition.
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Appendix A — CID-W22 lists adapted according to survey results. New words are indicated

in italics, removed words are listed at the bottom of each list.

Listl
ace
an
as
bake
bells
carve
chew
could
dad
day
deaf
earn
east
few
give
high
him
hunt
isle

jam
knees
law
low
me
melt
none
not
or
owl
poor
ran
see
she
skin
stove
them
there
they
thing
toe
true

List2
aim
air
and
are
bear
by
cap
cars
chest
die
does
dull
gase
eat
else
flat
gave
ham
hit
hurt
ice
ill
jaw
key
knee
live
move
new
now
odd
off
one
own
poke
rooms
send
show
smart
stew
that
then
thin

List3
add
aim
are
ate
bill
book
camp
chair
cute
do
done
dull
ears
end
eye
farm
glove
hand
have
he

out
pie
raw
say
shows
smooth
start
tan
ten
this
though

List4
aid
all
am
arm
at
barn
be
can
chin
clothes
cook
dart
dolls
dust
ear
eyes
few
go
hang
his
in
jump
leave
men
my
near
net
nut
of
our
pale
red
save
shoe
S0
sought
stiff
tea
than
they
through
tin
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twins
yard
up

us
wet
what
wire
you

mew
felt
bathe
ache

tin three
too tie
tree use
way we
well west
with when
your wool

young year
Removed words

pew owes
star shove
oak lie
tare

bin

ail

dumb

toy
where
who
why
will
wood
yes
yet

darn
ought
bread
art
nuts
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