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ABSTRACT

Objective: The development of a valid and reliable Afrikaans test of sentence
recognition thresholds in noise.

Design: A collection of sentences was developed, rated for naturalness and
grammatical complexity, and digitally recorded using a female speaker. Sentences
found to have similar psychometric curve slopes, with equivalent intelligibility at three
different noise levels, were arranged into 22 phonemically matched lists of ten
sentences each. List equivalence was evaluated in normal-hearing listeners in full
and reduced bandwidth conditions. Test-retest reliability of the remaining lists was
evaluated in a second group of listeners.

Study sample: All listeners were native speakers of Afrikaans with normal hearing.
For evaluation of list equivalence, ten listeners were used. Twenty other listeners
were used to evaluate test-retest reliability.

Results: A collection of eighteen phonemically matched lists was produced. Lists
were found to be of equivalent difficulty in full and reduced bandwidth conditions, and
to have good test-retest reliability in normal-hearing listeners. The average
recognition threshold of these lists was -2.73 dB signal-to-noise ratio (standard
deviation = 0.64 dB), and within-subject variability was 1.22 dB.

Conclusions: The developed test provides a valid and reliable means of measuring

sentence recognition thresholds in noise in Afrikaans.

INTRODUCTION

The most common complaint of patients with sensorineural hearing loss is difficulty in
understanding speech in situations with background noise (Smits et al, 2006).
Although the basic audiometric test battery includes measures of speech reception or
recognition, tests that could measure or predict a patient’s ability to understand
speech in noise are not routinely conducted (Killion & Niquette, 2000). However,

because many patients have great difficulty in recognizing speech in the presence of
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noise, the direct assessment of this skill could contribute significantly to effective

counselling and selection of amplification options (Killion et al, 2004).

Tests of speech recognition using sentence material as stimulus tend to give a more
global impression of an individual’'s speech perception than single words (Lutman,
1997), and a number of recent studies have therefore focused on the development of
a test for speech recognition in noise using sentence materials. A prominent study in
this regard was the development of the HINT (Hearing In Noise Test) by Nilsson et al
(1994). Many researchers have since developed similar tests in other languages,
such as German (Kollmeier & Wesselkamp, 1997), Dutch (Van Wieringen & Woulters,
2008; Versfeld et al, 2000), and French (Luts et al, 2008) or adapted the original
HINT in different languages, including Brazilian Portuguese, Brazilian, Canadian

French, Cantonese and eight other languages (Soli & Wong, 2008).

In South Africa, audiologists face the challenge of delivering services to a cultural
and linguistically diverse patient load. There is a shortage of standardised speech
audiometry materials and procedures in most of the eleven official languages, which
prevents optimal audiological assessment. This shortage of test materials is
particularly evident for sentence materials. In view of this dearth of materials for
speech audiometry in South Africa, a project was undertaken to develop a test of
sentence recognition in noise in one of the official languages. The language selected
for the current project was Afrikaans, the third most common home language in the
country, spoken by 13.3% of the population (Statistics South Africa, 2001) and the
most common home language in the Gauteng province where the research was
conducted (Central Statistical Service, 1995). Since there are no standardised or
published tests of sentence recognition in noise in Afrikaans, the development of

such a test could provide a valuable tool for the assessment of Afrikaans-speaking
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individuals with peripheral hearing loss and different amplification devices, as well as

listeners with auditory processing disorders.

METHOD AND RESULTS

The aim of the study was to develop a valid and reliable Afrikaans test for sentence
recognition thresholds in noise. The procedures followed in the development of the
test were developed after thorough examination of existing literature on the different
variables involved in the test (Theunissen et al, 2009). The development of the
American English HINT (Nilsson et al, 1994) and subsequent adaptations of the
HINT in other languages were particularly valuable in guiding the planning of the
research. The research process consisted of five distinct phases, each with its own
aim, participants and procedures. The procedures and results for each of the distinct
phases are described in this section. All the subjects used during this study were
native speakers of Afrikaans. Participation in the study was voluntary and subjects
were not paid for participation. Ethical clearance was obtained from the relevant

ethics committee at the university prior to commencement of experimentation.

Phase I: Development of sentence material

Procedures

The aim of Phase | was to develop a suitable collection of recorded Afrikaans
sentences for the assessment of speech recognition in noise. An examination of the
literature showed that no formally standardised sentence tests or suitable sentence
collections were available in Afrikaans. Therefore, a large collection of sentences
was compiled using two methods, namely translation of existing material and
compilation of original material similar in content and structure to the translated

material.



Theunissen/Afrikaans sentences-in-noise test 5

The material selected for translation consisted of a large set (n = 336) of short
sentences that was designed for use with British children, the BKB or Bamford-
Kowal-Bench sentences (Bench & Bamford, 1979). These sentences were selected
because of the size of the collection as well as their syntactic and grammatical
simplicity. Additional sentence material similar in structure and content was
developed using vocabulary known to be comprehensible to young children as a
basis for the creation of new sentences (Vaillancourt et al, 2005). This method was
used to ensure that the keywords in the sentences were of equal, known difficulty.
Two collections of words considered to be suitable for evaluating young children
were chosen for the purpose of expanding the sentence collection. The first collection
was the “Afrikaanse Reseptiewe Woordeskattoets” (Afrikaans Receptive Vocabulary
Test) (Buitendag, 1994). The second source of vocabulary was the “Phonetically
Balanced Word Lists for Children” (Tesner & Laubscher, unpublished). Although
these lists have not been formally standardised and remain unpublished (Tesner,
personal communication, September 4, 2006), they have been successfully used for
the evaluation of word recognition in young children for the past 40 years and were

therefore considered a suitable resource for the compilation of sentence material.

After compilation, the sentence material was submitted to a group of native speakers
of Afrikaans that represented different age groups, as well as a wide variety of
educational and geographical backgrounds, for evaluation of naturalness.
Naturalness was quantified by asking participants to rate sentences on a seven-point
scale (1 = artificial; 7 = natural). This was done to ensure that the developed material
was considered acceptable and natural by the general population (Nilsson et al,
1994; Wong & Soli, 2000; Vaillancourt et al, 2005; Hallgren et al, 2006). The total
collection of 518 sentences was first submitted to five participants. Sentences that
received a rating below 6 from at least two candidates were reviewed and edited

according to suggestions provided by participants. Modified sentences were then
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submitted to a second group of native speakers (n = 5) and sentences that still

received a rating below 6 (n = 3) were excluded from the collection.

In order to determine the complexity of the material, the remaining sentences were
submitted to an expert in language development and analysis with a PhD in
Communication Pathology, for rating of grammatical complexity. The complexity of
the grammatical structure of each sentence was rated on a seven-point scale,
according to the age level of the clauses and phrases in the sentence. Subsequently,
a panel of judges consisting of two speech therapists and two audiologists selected a
suitable speaker for the recording of the sentence material. This speaker was a 26-
year old female speech and language therapist judged to have good articulation,
intelligibility, voice quality and resonance, as well as an appropriate speech rate and

intonation, without a specific accent or over-articulated, unnatural speech quality.

The sentence material was recorded digitally in a sound-proof booth, using a
Creative Labs Soundblaster Extigy external sound card (sampled at 44.1 kHz with
24-bit resolution). A Sennheiser ME62 microphone was placed on a microphone
stand, 20 cm from the speaker’'s mouth. Each of the 515 sentences was recorded
and saved as a separate .wav file. The speaker aimed to articulate all words clearly,
without distortion of any sounds, and attempted to place equal emphasis on all parts
of the sentence and maintain vocal effort throughout each sentence (Versfeld et al,
2000), while still retaining a natural intonation pattern. Because there are many
varieties (standard and non-standard) of Afrikaans (Carstens, 2003), the speaker in
the current recordings aimed for a standard pronunciation by avoiding the abnormal
and striving for the general form as consistently as possible (Le Roux and Pienaar,
1976). After completion of the recordings, waveforms were edited using Praat
software (Boersma & Weenink, 2006). Unwanted silences preceding and following

the recorded speech were eliminated and the intensity of each sentence was re-
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scaled to 70 dB before saving it to hard disc in .wav format. The average speaking

rate of the sentences was 3.4 syllables, or 2.6 words, per second.

Results

In total 518 sentences were compiled, the majority of which (65%; n = 336) were
translations of the BKB sentences; the remaining 35% were compiled from the
vocabulary sources described earlier. These sentences had an average length of 5.6
words or 7.1 syllables. The minimum number of syllables and words was four, the
maximum number of words was eight, and maximum number of syllables was nine.
Five native speakers rated these sentences for naturalness on a scale of 1 to 7 and
provided suggestions for change where considered necessary. One sentence was
rejected, as the changes suggested by different participants were irreconcilable.
Twelve other sentences received a rating lower than 6 from more than one candidate
and were altered according to their suggestions. These twelve sentences were
submitted for a second round of rating. During this round, only two sentences
received an average rating lower than 6 and were therefore excluded from the
collection. After two rounds of naturalness rating, 515 sentences remained. The
grammatical complexity of the material was also rated, and the majority of the
sentences (82%) received a rating between 1 and 3 on the seven-point scale. These
three levels all indicate an age level of three, with level one indicating that all phrases
and clauses in the sentence occur at or before three years of age, and level two and
three indicating the presence of one or two phrase structures that occur after the age
of three. Only 18% of the total collection received a grammar rating of between 4 and

7 (age level four to five, with none to two additional complex phrases).
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Phase II: Selecting an equivalent subset of sentences

Method

The aim of this phase was to select from the total collection of recorded sentences
those that are equally intelligible in the presence of noise. This implied selecting
sentences that yielded both similar performance at specific signal-to-noise ratio
(SNR) conditions and similar psychometric slopes (percentage intelligibility as a
function of SNR). The total research sample for Phase Il consisted of 22 individuals
(11 male, 11 female), with an average age of 24 years, and ages ranging from 18 to
29 years. Ten subjects (five male, five female) participated in the first equalisation
procedure, while twelve participants (six male, six female) took part in the second
procedure. All participants were required to have normal hearing (hearing thresholds
<15 dB HL at 250, 500, 1000, 2000, 4000 and 8000 Hz; normal otoscopic results;
Type A tympanogram) and a negative otologic history. To control for the possibility of
auditory processing and/or language disorders, subjects were required to have a
minimum academic qualification of Grade 12 in a mainstream Afrikaans school, and
no history of neurologic disease or injury, neurosurgery, childhood auditory
processing disorder, or self-reported severe difficulty to hear speech in noise (Bellis,
2003). In order to prevent any effects that age might have on hearing and/or auditory
processing, selection criteria stipulated that all subjects had to be between 18 and 30

years of age.

Speech-weighted noise with a spectral envelope matching the average power
spectral density of the entire set of recorded sentences (Nilsson et al, 1994; Hallgren
et al, 2006) was generated in a commercial software package for mathematics, and
added to the recorded speech material. The sentences with the added noise were
each saved as a separate wave file. Subsequently, two procedures aimed at the

equalisation of the sentence collection were followed.
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The first equalisation procedure was aimed at reducing the initial number of
sentences and increasing the equivalence of the remaining material by eliminating
those sentences that were significantly easier or harder than the majority. This was
achieved by presenting the entire collection of 515 recorded sentences to ten
different subjects in the presence of a fixed amount of background noise. For this
procedure, the noise was added to each sentence so as to ensure an SNR of -5 dB
(noise 5 dB louder than speech). This level was chosen in accordance with the
findings of previous researchers (Plomp & Mimpen, 1979; Nilsson et al, 1994;
Kollmeier & Wesselkamp, 1996; Versfeld et al, 2000; Wong & Soli, 2005; Vaillancourt
et al, 2005; Hallgren et al, 2006; Wong et al, 2007), who indicated that an SNR of -5
dB should yield an intelligibility score (defined in this instance as the percentage of
syllables correctly discerned) of approximately 50%. Scoring each syllable provided a
means of determining a percentage intelligibility score for each separate sentence.
This is similar to the word-scoring method used by previous researchers during the
early phases of test development (Nilsson et al, 1994; Vaillancourt et al, 2005;
Hallgren et al, 2006). Syllables rather than words were scored because the spelling
rules of Afrikaans dictate that conjunctions are written as one word (the so-called
conjunctive method) as opposed to the tendency to write conjunctions as two words
(the disjunctive method) in English (Carstens, 2003). For this reason, there may be
many multi-syllabic conjunctions that could receive more precise scoring if syllable
scoring were used. A 50% target score was selected in an attempt to avoid the
ceiling or floor effects that a higher or lower score might have on the procedure,
especially since the difficulty level of the sentences was largely unknown at this

stage.

Each subject was tested separately and was seated in a sound-proof booth with the
test administrator (a qualified audiologist). All the sentences were presented to each

subject at an SNR of —5 dB. The order of presentation of the sentences was
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counterbalanced by arranging sentences into 10 playlists before testing, and starting
each subject on a different playlist. The .wav files were presented using Praat
software (Boersma & Weenink, 2006) as an interface, and the signal was routed to
the auxiliary input of a Madsen Midimate 622 diagnostic audiometer via a Creative
Labs Soundblaster Extigy external sound card (sampled at 44.1 kHz with 24-bit
resolution). The sound was presented binaurally, using standard TDH39 headphones
as transducer, at an intensity of 70 dB SPL. The sentences were presented one by
one (controlled by the test administrator), and frequent breaks were given in between
to prevent exhaustion on the part of the subject from affecting results. Each sentence
was presented once only. Subjects were instructed to repeat what they had heard
every time, even if it was only part of a word or sentence, and were encouraged to
guess at the content if uncertain. Each response was compared to a text version of
the sentence and the number of syllables repeated correctly was recorded on the test

form.

Using these results, a mean percentage of intelligibility at SNR-5 (abbreviation of
SNR at -5 dB) could be calculated for each sentence individually, as well as an
overall mean of all the sentences, based on the percentage of syllables repeated
correctly. A sentence was selected for the second equalisation procedure if its
average score across participants fell within one standard deviation of the overall
mean. The same equipment and procedures were used during the second
equalisation procedure, with the exception of the SNR at which the material was
presented. The first six subjects (three males and three females) listened to the 330
sentences selected during the first equalisation procedure at an SNR of —8 dB (noise
8 dB louder than speech), while the last six subjects (three male, three female)
listened to the recordings at an SNR of —2 dB. A list of practice sentences was
presented to each subject before commencing the test. Sentences were arranged

into six playlists. Every subject listened to all six playlists, and the order of
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presentation of the different playlists was counterbalanced so that each subject heard

a different list first.

The -8 and -2 dB SNRs were selected to provide an indication of the accuracy of
speech recognition at SNRs 3 dB worse and 3 dB better than the -5 dB SNR, as this
could provide an approximation of the psychometric curve of each sentence, from
which the slopes of these psychometric curves could be estimated. The three data
points (percentage of syllables repeated correctly) at -8 dB, -5 dB and -2 dB
generally covered the extent of the psychometric curve and were adequate to provide
reliable estimates of the psychometric curve slopes (Kolimeier & Wesselkamp, 1997).
The three data points for each sentence were fitted to an s-shaped approximation to
the psychometric curve, the Gaussian cumulative distribution function that was also

used by Versfeld et al (2000),

CD(r)=E o th (1)

where r is the SNR and & is the percentage correct. The parameters y and o
completely determine the shape of this s-shaped approximation to the psychometric
curve. The 50% correct point on the curve corresponds to the parameter y,
permitting estimation of the 50% recognition threshold for each sentence (SNR-50).
Parameter o characterizes the spread of data at the SNR-50 point. The slope S at
the 50% point of the psychometric curve is related to parameter o via the expression

100

oy2r (2)

S =

Slope S was estimated for each sentence with a curve-fitting algorithm that
minimized the mean square error between the available data points and the

approximation to the psychometric curve, eq. 1. A subset of sentences with similar
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psychometric slopes and similar results at specific SNRs was then selected.
Sentences with slopes that fell within one standard deviation of the mean slope were

used in subsequent phases.

Note that the majority of previous reports on development of similar tests in other
languages (see Soli & Wong, 2008 for a list of these reports) calculated or estimated
this performance intensity slope value in a similar manner (using three data points),
the objective being to guide RMS intensity adjustments required to equalize the
difficulty of all the sentences in the collection. In the current project, however, these
slopes were used to select a number of sentences with similar SNR at the 50%
intelligibility point and similar slopes (i.e. similar intelligibility at other SNRs as well)
for further testing. The only point of importance for the application of the test in its
final format (i.e., finding the SNR-50) is the 50% point. However, the location of this
50% point was unknown at this stage of the test development, as in the final test
format testing was conducted using an adaptive procedure with whole sentence (1 or
0) scoring instead of scoring the percentage of syllables correctly identified. It was
therefore necessary to ensure the uniformity of the selection of sentences not only at
the SNR-50 point, but across the extent of the psychometric curve, so that sentence

lists could be compiled from a relatively uniform collection of sentences.

Results

The average percentage of syllables discerned correctly at SNR-5 by all participants
for all sentences was 52%. The standard deviation from this mean was 27%. 330
sentences fell within one standard deviation of this mean, and were subsequently
presented to a second group of participants at SNR-8 and SNR-2. The mean
percentage of intelligible syllables for all sentences across all subjects at SNR-8 was
found to be 18.2%, with a standard deviation of 12.7%. At SNR-2, the average

percentage was found to be 89.5%, with a standard deviation of 11.0%. The slopes
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of these 330 sentences were then estimated and ranged from 5.49% / dB to 52.13% /
dB, with an average of 16.87% / dB and a standard deviation of 7.37% / dB. A subset
of 220 sentences with slopes that were within one standard deviation from the mean
slope was selected, having a mean slope of 16.04% / dB and standard deviation of
3.33% / dB. These 220 sentences that fell within the stipulated criteria were used in

Phases Ill and IV of the project.

Phase lll: Compilation and evaluation of lists

Method

Phase lll was aimed at the development and evaluation of equivalent sentence lists.
Speech material used in the determination of threshold levels should be different for
each trial since understanding becomes easier if material is re-used or repeated
(Nilsson et al, 1994). By implication, a test using sentence material should have a
collection of different sentence lists that are of equal difficulty (equivalence). This was
accomplished in the present study with the use of the well-reported method of
arranging sentences into phonemically equivalent lists (Plomp & Mimpen, 1979;

Nilsson et al, 1994; Hallgren et al, 2006; Vaillancourt et al, 2005, Wong & Soli, 2005).

The sentences selected through experimentation and statistical analyses in Phase Il
were submitted to an expert in speech analysis for phonetic transcription.
Subsequently, the total number of occurrences of each phoneme was determined
and then divided by the total number of lists to be compiled (22). This was then
considered the target occurrence of this phoneme in each list. Any deviance from this
ideal number was considered an error. A process of substitution was conducted to
compile 22 lists with the lowest possible number of errors on all the phonemes. The

total number of phoneme counts for all the lists was 1 078 (22 lists x 49 phonemes).
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The errors on each of these counts were calculated as the difference between the

ideal occurrence and the actual occurrence.

Following list compilation, the material was subjected to experimentation to evaluate
its reliability or inter-list equivalence. Subjects in this phase adhered to the same
selection criteria stipulated for participants in Phase Il. The 10 subjects (five male,
five female) had an average age of 24 years (ranging from 19 to 28 years). The same

equipment and test environment described for Phase |l were used in Phase lll.

Scoring each syllable, as was done in earlier phases, provided a means for
determining a percentage intelligibility score for each separate sentence. These
percentages provided the data points necessary for the estimation of the slopes of
the psychometric curve of each sentence. However, organizing sentences into lists to
obtain similar difficulty across lists allowed the use of whole sentence scoring in
phases lll, IV, and IV. This method of scoring does not provide an intelligibility score
for each sentence, but provides a more efficient method to determine an intelligibility
score for a list of sentences. Test administrators could make a quick decision about
the correctness of the sentence (1 or 0) and adjust the presentation level of the

following sentence in the list accordingly.

The adaptive up-down presentation method (Plomp & Mimpen, 1979) was followed,
where the first sentence in a list was presented at an SNR that would result in
recognition below 50% (-8 dB in this case). This sentence was repeatedly presented
at SNR levels that were increased (improved) in 2 dB-steps until the subject was able
to repeat the entire sentence correctly. The test administrator compared the listener’s
repetition with a text version of the sentence, and all the words in a sentence had to
be repeated accurately in order for it to be considered correct. Once the first

sentence was correctly repeated, the next sentence was presented at the same
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SNR. The presentation levels of subsequent sentences were determined each time
by the correctness of the preceding sentence’s repetition. If a sentence was repeated
correctly, the following sentence was presented at a more difficult SNR (speech level
decreased by 2 dB with noise level kept constant at 70 dB SPL). If a sentence was
repeated incorrectly, the following sentence was presented at a better or easier SNR

(speech level increased by 2 dB).

Testing was preceded by the presentation of two practice lists, each consisting of 10
randomly selected sentences that were rejected in the final experiment of Phase II.
The order of list presentation was counterbalanced between subjects, with the first
subject starting with list number 1, the second with list number 4, and all subsequent
subjects starting with the next even-numbered list. At the end of a list of 10
sentences, the software calculated the SNR-50 (threshold level of SNR where 50%
intelligibility would be attained) as an average of the presentation levels of the fifth to
eleventh sentences (although an eleventh sentence was never presented, its
presentation level could be determined according to the correctness of the tenth
sentence’s repetition). Although thresholds determined in this way could differ from
those determined using syllable scoring, this does not affect the ultimate reliability of
the test material, as the inter-list reliability was assessed and validated using this

method during Phases IlI, IV and V.

Results

The goal of phonemic matching between lists was to attain an optimal arrangement
of the sentences so that each list had the smallest number of errors in phonetic
balance without jeopardising the balance of another list. The total number of errors
for each list was calculated as the number of times that a phoneme deviated one or
more from the ideal count. The average number of errors per list was 11.8, with a

minimum of eight, and a maximum of 18 errors per list. The total number of phoneme
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counts for all the lists was 1078 (22 lists x 49 phonemes). The errors on each of
these counts were calculated as the difference between the ideal occurrence and the
actual occurrence of a phoneme. 379 (35%) of these counts showed an error value
of 0, that is, these phoneme counts were exactly equal to their ideal occurrence. Of
the total number of errors for all phonemes across all lists, 83.2% fell within +/- 1
phoneme of its ideal occurrence. The maximum error for a single phoneme was + 5
(shortage of 5), but this occurred only once (less than 0.1% of total phoneme counts).
The mean SNR-50 (sentence recognition threshold) of these 22 lists measured
across subjects (n = 10) using the adaptive procedure and sentence scoring was
—2.87 dB, with a standard deviation of 0.76 dB. Within-subject variability was
illustrated by the standard deviations for each subject’s scores, which ranged
between 0.96 and 1.79 dB. The mean score and standard deviation for each of the
lists across subjects (n=10) are indicated in Figure 1. These means lay between the
best performance at —4.13 dB (list 8) and the poorest at —1.40 dB (list 20), a total

range of 2.73 dB. Standard deviations for lists ranged between 0.69 and 1.50 dB.

The scores of each subject on each list were also compared to the overall mean of all
subjects for all lists. The mean deviations were all within +/- 1.50 dB from the overall
mean. The standard deviations from these means varied between 0.69 and 1.50 dB.
The variability between lists was further investigated using the Friedman test. Owing
to the small sample size (n = 10), this non-parametric test was chosen in favour of a
parametric repeated measures analysis of variance (ANOVA). The analysis showed
that there were significant differences within the collection of lists (p < 0.0001).
Additional paired comparisons were performed between lists. Calculated z-values
compared to the critical z-value (3.70, a = 0.05) showed that average scores
obtained for lists 8, 11 and 21 were significantly different from those obtained with a
number of other lists. The critical z-value was corrected for the number of

comparisons.



Theunissen/Afrikaans sentences-in-noise test 17

Phase IV: Evaluating list equivalence in a reduced bandwidth condition

Method

The method used to attain inter-list equivalence in the current research was the
commonly reported method of arranging sentences into phonemically matched lists.
Because the phonemic content of the different lists are controlled, it could be inferred
that the spectral content of the different lists should be equivalent. If this assumption
is true, the different lists should still be of equivalent difficulty even if the bandwidth is
reduced by filtering the sentences to eliminate some frequency components. To test
this hypothesis, the sentence material was filtered using a low-pass filter with a cut-
off frequency of 2000 Hz, and a roll-off slope of 48 dB per octave. This particular filter
was selected to resemble to some extent the low-pass filter effect of a high-frequency
hearing loss (Stuart et al, 1995; Scott et al, 2001). The use of such a filter does not
fully simulate all the effects of a cochlear hearing loss, but was used in this study to
test the effect of reduced bandwidth on inter-list equivalence, based on the
hypothesis that the difficulty of all the phonemically balanced lists should be equally

affected by such a filter.

The filtered sentence materials were presented in the same order to the same
normal-hearing subjects that had previously listened to the unfiltered version (Phase
[ll). The same listeners were used in order to enable the researchers to compare
exactly the same listener’s performance on the unfiltered list with his/her
performance on the filtered list. This is because, even with normal-hearing listeners,
there are inter-subject differences that could affect this comparison. Also, a possible
learning effect was not considered important, as the idea was not to determine
whether listeners’ performance changed or remained the same with each filtered list,

but whether the inter-list differences increased with a reduction in bandwidth. List
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equivalence was explored during this phase using the Friedman ANOVA. In addition,
the results were compared to the findings of Phase lll using the Wilcoxon-rank sum
test, which indicates the magnitude and direction of differences for pairs of scores,
and tests the significance of the difference between dependent samples (Maxwell &

Satake, 2006).

Results

The results obtained during Phase IV are compared to those of Phase Ill in Table 1.
All the values in the table (with the exception of the within-subject standard
deviations) are for all lists across all subjects. Within-subject standard deviations
were calculated by determining the standard deviation for each subject across all
lists, and then calculating the mean of this standard deviation across subjects. Each
individual list’s scores for Phase Il and IV were also compared using the Wilcoxon-
rank sum test. It was found that each of the lists showed significant differences
(p<0.05) between unfiltered (Phase lll) and filtered (Phase V) conditions, indicating
that the reduction in bandwidth had a significant effect on the difficulty of the

sentence lists.

The inter-list variability as observed in the reduced bandwidth condition (Phase V)
was also investigated. The ANOVA indicated that there were significant differences
within the collection of filtered lists (p<0.0001), and paired comparisons (corrected for
the number of comparisons) revealed that two lists (15 and 21) differed significantly
from a number of other lists. These two lists yielded the worst performance (highest
SNR required for 50% intelligibility) with an SNR of 2.73 dB and best performance
(SNR of -1.20 dB) respectively, and also showed the largest deviations from the

overall mean in this experiment (1.93 and —2.01 dB respectively).
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After completion of Phase IV, the results from Phases Ill and IV were used to
improve uniformity within the sentence collection. Lists that yielded results
significantly different from the others were excluded from the collection. Some lists
yielded similar scores in Phase Ill, but differed significantly in the filtered condition
(Phase V), and the results of both phases were therefore considered in order to
improve equivalence. Based on these results, four lists were excluded (lists 8, 11, 15,
and 21), as these lists differed significantly from the other lists in terms of
performance and/or showed a large deviation (= 1 dB) from the overall mean in both
the full and reduced bandwidth conditions. Excluding these lists reduced the standard
deviation from 0.76 to 0.64 dB, and average within-subject standard deviation from
1.26 to 1.22 dB, leaving a total collection of 18 sentence lists. The average SNR-50
for this final collection of lists (n = 18) was -2.73 dB, with a standard deviation of 0.64

dB.

Phase V: Evaluating test-retest reliability

Method

The final phase of the project was aimed at evaluating the reliability of the test on
repeated measures. Twenty young adults (ten female, ten male) aged between 19
and 23 years (mean age = 21.4 years) participated in this project phase. These
participants all had hearing thresholds < 15 dB HL at 250, 500, 1 000, 2 000, 4 000
and 8000 Hz, normal otoscopic results, Type A tympanograms indicating normal
middle-ear functioning, and no history of otologic disease. The same equipment and
test environment described for Phase Il were used in this project phase, and the test
material used was the phonetically balanced sentence lists as developed and refined
during the previous project phases. The adaptive up-down test procedure as
described under Phase Il was used for this phase as well. Each participant was
tested using all 18 lists selected during Phase IV. The order of list presentation was

counterbalanced between subjects by starting 18 of the subjects each with a different
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list, and picking two randomly selected lists as the first list for the remaining two
subjects. All subjects were retested approximately two weeks after their initial test,

following the same procedure and list order.

The difference between the mean SNR-50 value for the complete collection of lists
(presented to all participants) on the first test and the retest was determined,
providing an indication of the test-retest reliability. These differences were analysed
using a paired-sample t-test, to determine the significance of the difference between
test and retest scores across the collection of lists. The lists were compared as a
group and not individually, since the equivalence within the collection has already
been demonstrated in previous phases, and the clinical application of the test would
typically involve testing a listener with different lists to those used during the first

evaluation.

Results

The results attained with each list across subjects in the first test were compared to
the results attained during the retest. A summary of the results are provided in Table
2. For individual subjects, average performance (across all lists) improved with
between 0.37 and 1.41 dB, with an average within-subject improvement of 0.83 dB.
The average improvement in performance between test and retest was 0.82 dB (with
subjects attaining 50% correct recognition at an SNR that was 0.82 dB worse, i.e.
more difficult, during the retest). The standard deviation from this mean was 0.46 dB.
Individual lists showed an improvement between the first and second tests of
between 0.10 and 1.91 dB across subjects. Note that this value was calculated as
the mean of the 18 difference values, that is, the average of each of the 18 lists’
difference between test and retest scores. A paired sample t-test showed that the
difference between test and retest results for all subjects across all lists (20 subjects

x 18 lists = 360) was statistically significant (with t(359) = 10.102, p < 0.001).
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DISCUSSION

The combination of translated and original material yielded a sentence collection of
equivalent grammatical complexity and naturalness. The characteristics of the
sentence content (complete sentences, representative of everyday speech, and free
from proverbs, questions, exclamations and proper nouns) ensured that the material
received a high rating of naturalness and very few changes or exclusions (13 in
total) were necessary to improve this aspect. The grammar rating awarded to each
sentence during Phase | was compared to its intelligibility during Phase Il, and
findings indicated that there was no significant correlation between grammatical
complexity and intelligibility in noise. This may be because the sentence collection
was relatively uniform in terms of its grammatical complexity (all sentences were at

between three- and five-year-old level).

The application of these sentences to normal-hearing listeners during the second
project phase provided the means to determine their psychometric slope. Previous
studies have used these slopes as an indication of the SNR adjustments needed to
equate the intelligibility of the sentences (Nilsson et al, 1994; Vaillancourt et al, 2005;
Wong & Soli, 2005; Wong & Huang, 2008), and have found slopes in the range of 9
to 17.9% / dB. In the present study, however, the slopes were used to identify
sentences with similar performance under different conditions, which enabled the
researchers to exclude sentences that differed significantly from the majority, much
like Versfeld et al (2000). Excluding sentences instead of re-scaling intensities
reduced the number of subjects and hours of data collection, as previous researchers
have sometimes had to conduct up to seven rounds of testing in order to verify the
effect of the re-scaling procedure (Nilsson et al, 1994). The average sentence slope
of the current study (determined using syllable scoring) was 16.0% / dB, which

compares well to the average of other studies. Note that the slope determined in this
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way does not apply to the final test format, since the test procedure and scoring
method differs. Slopes were used during test development to guide the selection of
sentences with equivalent intelligibility in noise. In the final test format, i.e. an
adaptive procedure with sentence scoring to obtain the SNR at 50% correct
recognition, only the equivalence at the 50% point on the slope is important. In the
current project, the final collection of sentences showed a similar degree of
equivalence at the 50% point to that reported by previous researchers who used the
method of re-scaling intensities (standard deviation in threshold of 0.64 dB across
lists, as compared to 0.78 dB reported by Nilsson et al, 1994, and 0.75 dB reported
by Wong & Huang, 2008, for example). Should these lists be used in a different test
format to that validated in this study, for example to determine the percentage of
whole sentences recognised correctly at a specific SNR, the slopes of the lists
become an important issue, as different lists may differ in difficulty at points other
than the 50% point on the psychometric slope. The only recommended use of the
developed material is therefore the adaptive procedure described in Phases Il and
IV, and other applications of the material would have to be validated before applying

these in clinical practice.

The accuracy with which the selected sentences were arranged into phonemically
matched lists in the current research compared favourably with the phonetic balance
reported in previous studies, as shown in Table 3. In addition, the results attained
with these lists in normal-hearing listeners also corresponded with previously

reported findings in other languages. These values are compared in Table 4.

The average SNR-50 across subjects (represented in the first column) indicates the
average threshold obtained with the final set of 18 lists across the entire group of
subjects. The current study’s results (average of -2.73 dB) showed greatest

correspondence with the findings of Nilsson et al (1994). Perhaps more important
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than the absolute values of the thresholds, however, are the standard deviations of
these averages, which give an indication of the variability within the collection of lists.
Other studies have reported standard deviations ranging from 0.27 to 1.2 dB (with an
average of 0.77 dB). The current study found a standard deviation of 0.64 dB,

indicating a comparable degree of equivalence across lists.

The within-subject standard deviations for the current lists were found to be slightly
larger (1.22 dB) than previously reported deviations, indicating a greater degree of
variability between lists for specific subjects. The deviation from the overall mean
was also calculated for each list. In the current study, the average deviations of all
the lists were found to be within +/- 1.5 dB (ranging between —0.73 and 1.47) from
the overall mean. This was slightly larger than deviations reported in a number of
other studies (Nilsson et al, 1994; Vaillancourt et al, 2005; Wong & Soli, 2005;
Hallgren et al, 2006; Van Wieringen & Wouters, 2008). The larger degree of
variability despite the high degree of phonetic balance indicates that list equivalence

is affected by factors other than phonetic content.

Nilsson et al (1994) examined the effect of audible bandwidth on the reliability of
sentence recognition measurements. Different reductions in bandwidth were tested
and it was found that thresholds increased significantly in the reduced bandwidth
conditions (Nilsson et al, 1994). Standard deviations did not increase significantly
when the 4000 Hz octave band was eliminated, but only when the 2000 Hz octave
band was also eliminated (Nilsson et al, 1994). With this bandwidth, standard
deviations for five lists in noise increased to about 3 dB. In the current research, a
low-pass filter (from 2000 Hz, with a roll-off slope of 48 dB / octave) was used to
reduce the bandwidth of the sentence material, and the same groups of subjects
used for the initial experimental application of the lists were retested under this

condition. The results of this experiment showed an increase in standard deviation
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for 22 lists (from 0.76 dB to 0.92 dB), although the deviations were still well below the
deviation of 3 dB reported by Nilsson et al (1994). Standard deviations were
therefore still close to 1 dB, despite the additional variability between lists caused by
the filter. Within-subject standard deviations also increased only slightly (from 1.26 to

1.69 dB).

The fact that the lists were not completely equivalent in either full or reduced
bandwidth conditions demonstrates that equivalence in terms of phonetic content
does not guarantee list equivalence. Reduced bandwidth could affect test reliability
by increasing guessing and response biases (Nilsson et al, 1994). The results of the
current research demonstrate that a reduction in audible bandwidth, which is one of
many effects that a hearing loss would have on the material, could affect list
equivalence despite the fact that the lists are phonemically balanced. This finding
corroborates the report by McArdle and Wilson (2006), which demonstrated that not
all the sentence lists of the Quick Speech in Noise test (QuickSIN) that are equivalent
in listeners with normal hearing are equivalent in listeners with sensorineural hearing
loss. It is therefore essential to evaluate list equivalence in hearing impaired
populations before assuming that phonetically balanced lists can be used to evaluate
individuals with a hearing impairment reliably. In the current study, inter-list
equivalence was improved and significant inter-list differences eliminated by
excluding lists that differed significantly from other lists in the collection based on
results found in listening experiments with full and reduced bandwidth. The question
remains, however, what effect a different filter (affecting different frequencies) would
have on these lists, and further experimentation to validate inter-list equivalence on
listeners with sensorineural hearing impairments could increase the clinical

usefulness of the developed test.
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The evaluation of the test-retest reliability of the 18 lists selected during Phase IV
revealed a significant overall improvement between the first test and a retest of 20
normal-hearing young adults. The difference between the average test and retest
score for each list across subjects was always positive, i.e. an improved score during
the retest. This improvement between test and retest results could therefore indicate
a learning effect over the two test conditions that may be attributed to factors such as
memory and familiarisation with the testing procedures (Cameron & Dillon, 2007).
Although these differences were found to be statistically significant, they were all
below 2 dB. This variability is primarily influenced by the step size used during
adaptive testing (Wong et al, 2007). The step size in the current study was 2 dB, and
the average difference between test and retest for all lists was therefore smaller than
the adaptive step size, indicating an acceptable variability. Furthermore, the
improvement noted during this study compares well to the results reported by
Hallgren et al (2006) for their test-retest research conducted on the Swedish Hearing
in Noise Test. They noted an improvement on the retest condition of 0.77 dB. The
results are also comparable to those reported by Cameron and Dillon (2007) who
found statistically significant improvements on retest conditions of the LISN-S test

(excluding spatial advantage measure) varying from -1.1 dB to 0.1 dB.

CONCLUSION

In the South African context there is a lack of pre-recorded materials for the
evaluation of speech perception, especially in languages other than English. The
research process described in this report addressed this need by attaining the main
aim set for this project, namely the development of a valid and reliable Afrikaans test
of sentence recognition thresholds in noise. The validity of the test lies in the fact that
the sentences are natural and representative of everyday speech, as rated by native
speakers of Afrikaans. In addition, the presence of background noise ensures that

the test is conducted in the type of listening situation that commonly occurs in daily
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life and constitutes a major challenge for individuals with a hearing impairment, thus
providing a valid measure of everyday auditory functioning. The reliability of the test
was evaluated by applying the sentence collection to a group of normal-hearing
young adults. The results showed a high degree of inter-list equivalence (reliability),
and it should therefore be possible to assess this skill repeatedly using the different
lists in order to monitor progress or evaluate adjustments made to amplification
devices. In addition, the effect of a reduction in bandwidth on inter-list equivalence
was evaluated and these results, in conjunction with the results from the first
experiment, were used to improve the uniformity of the list collection by eliminating
lists with significant differences from other lists in the collection. The test-retest
reliability in normal-hearing listeners was evaluated and confirmed during the final
project phase. The test developed during this project therefore constitutes a valuable
resource to audiologists in South Africa, as it can be used to quantify a common
problem in patients with hearing impairment. The developed test in its final format

can be obtained from the researchers.
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TABLES

Table 1: Comparison of results from Phase Ill and IV, for all 22 lists

' Phase II{ Phase IV ' Difference

Variables Full bandwidth Reduced bandwidth (dB SNR)
(dB SNR) (dB SNR)

Average -2.87 0.81 3.68
Standard deviation 0.76 0.92 0.16
Minimum -4.13 -1.2 2.93
Maximum -14 2.73 413
Range (maximum - minimum) 2.73 3.93 1.2

Within-subject standard deviation 1.26 1.69 0.43
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Table 2: Comparison of results from first test and retest during Phase V. Values

shown are for all 18 lists across all 20 participants of this phase (Std dev = standard

deviation)
First test Retest Mean difference across
(dB SNR) (dB SNR) lists (dB SNR)
Average -2.6 -3.35 0.82
Std dev 0.71 0.78 0.46
Minimum -4.13 -4.5 0.1

Maximum -1.2 -2.03 1.91
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Table 3: Accuracy of phonetic balancing of developed lists (Afrikaans lists) with

previous reports

Variables Afrikaans  Nilsson  Vaillancourt Wong & Soli  Héllgren
lists et al (1994) et al (2005) (2005) et al (2006)
% phoneme counts
where error = 0 35% 30-35% 35% <15%
% of counts within
+/- 1 phoneme 83% 68% 75% +/- 61% 70%
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Table 4: Comparison of Phase lll findings to previous reports (std dev = standard

deviation)
Authors Average SNR-50 Std dev Within-subject
across subjects (dB)  from average (dB) std dev (dB)
Plomp & Mimpen (1979) X X 0.9
Nilsson et al (1994) -2.9 0.78 1.13
Kollmeier & Wesselkamp (1997) -6.2 0.27 X
Versfeld et al (2000) -4.1 0.56 1.07
Vaillancourt et al (2005) -3.3 0.5 1.1
Wong & Soli (2005) -3.9 1.0 1.8
Hallgren et al (2006) -3 1.1 X
Wong et al (2007) MHINT-M -4.3 0.62 0.89
Wong et al (2007) MHINT-T -4.0 0.94 0.75
Van Wieringen & Wouters (2008) -7.8 1.2 1.17
Bevilacqua et al (2008) -4.6 0.8 1.2
Cekic & Sennaroglu (2008) -3.9 0.9 1.0
Huarte (2008) -3.6 1.2 X
Lolov et al (2008) -4.0 1.5 0.6
Moon et al (2008) -3.3 1.0 1.9
Myhrum & Moen (2008) -3.2 1.0 0.9
Quar et al (2008) -4.7 0.8 1.3
Shiroma et al (2008) -5.3 1.4 X
Average -4.24 0.92 1.12
Minimum -7.8 0.27 0.6
Maximum -2.9 1.5 1.9

Current findings -2.73 0.64 1.22




Theunissen/Afrikaans sentences-in-noise test

FIGURES

1
N
4
—
—

SNR-50 average (dB)
&
A%
A
S |
[ & |
——
I ]
—E—
S i
—_——

) S S S S S S S
2 4 6 8 10 12 14 16 18 20 22

List number

Figure 1: Mean SNR-50 across subjects (n=10) for each of the 22 lists. Error bars

indicate +/- one standard deviation for each list.
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