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Abstract

Introduction: A matrix sentence test in Modern Standard Arabic (MSA) was developed with a multicenter
approach to ensure high acceptability of the speech material. Normative values were obtained at four study
sites located in the Persian Gulf region. Test characteristics were compared to other matrix sentence tests.

Methods: Forty-one native Arabic-speaking adults with normal hearing participated in two test
development studies, 22 of whom participated in the normative study of the Arabic matrix sentence test.
Speech intelligibility scores for individual words and test lists were obtained to optimize word materials and
to verify equivalence of test lists, respectively. Normative speech recognition thresholds (SRTs) for adaptive
test conduction were also obtained.

Results: Optimization of the test material with regard to homogeneous speech intelligibility of the
individual words resulted in equivalent test lists with a mean SRT of -7.2 £ 0.2 dB signal-to-noise ratio (SNR)
standard deviation (SD) and a slope at SRT of 13.3 = 1.1%/dB. A mean SRT of -6.7 = 1.1 dB SNR was obtained
for adaptive SRT estimation. In addition, a training effect similar to matrix sentence tests in other languages
was found.

Conclusion: With respect to homogeneity across individual words and test lists, as well as to normal-hearing
SRT values and the slope of the discrimination function, the Arabic matrix sentence test achieves
reproducible, efficient, and internationally comparable speech recognition data for native Arabic-speaking
listeners.

Categories: Medical Physics, Otolaryngology
Keywords: arabic speech recognition test, matrix sentence test, speech audiometry, speech in noise test, speech
perception in noise, speech recognition threshold

Introduction

Speech perception is one of the most important capacities of the human auditory system. Conversations
generally occur in the presence of background noise. Hearing-impaired listeners often complain about
problems with understanding speech, especially in noisy situations [1,2]. Suprathreshold deficiencies in the
hearing process that may limit the utility of hearing devices in the rehabilitation process can only be
assessed when individual auditory resolution and information extraction are tested at presentation levels
above the individual absolute threshold [1,2]. Therefore, the diagnostics and rehabilitation of hearing loss
now include speech audiometry in noise.

There are diverse test procedures for speech audiometry. In fact, each language and region has its variety of
tests for assessing the speech intelligibility of individuals with hearing loss. Most speech intelligibility tests,
including those in Arabic, use single, isolated words as stimuli presented in quiet. In 1956, Messouak
developed the first test of this kind in the Maghrebian dialects [3], which was thought to be suitable for
Algeria, Morocco, and Tunisia. Additional tests followed, some of which use literary Arabic with a phonetic
balance of test lists, based on continuous text counts of consonants and vowels [3,4]. Ratcliff [5] developed
the psychometrically equivalent bisyllabic words for speech recognition threshold testing in Arabic using
digitally recorded, standardized bisyllabic Arabic words in the Palestinian/Jordanian dialects from different
sources, such as daily newspapers, modern prose, second-language teaching, and children’s storybooks.
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Another test requires the detection of phonologically significant contrasts presented in varying phonetic
contexts, such as the Arabic Speech Pattern Contrast (ArSPAC) test developed by Kishon-Rabin and
Rosenhousea [6].

In addition to not being representative of everyday speech communication, the shortness of the utterances -
especially for tests using monosyllabic words without a preparatory sentence - has some disadvantages. One
disadvantage is that there might be a high rate of false responses in the absence of attention. Another
disadvantage is that hearing aids with automatic gain control may have functional problems due to the
brevity of the stimuli. Speech intelligibility tests that use complete sentences as speech material, compared
to tests that use individual words, show several advantages [7]. Full sentences are more relevant to everyday
life and allow for higher test reliability because more words can be tested per presentation and per unit of
time. More words per presentation and per unit of time result in lower standard deviations (SDs) for speech
intelligibility scores [8] and can lead to high precision in determining SRTs, e.g., for the unaided and aided
case [7], which yields a precise assessment of the benefit from a hearing device in terms of an improvement
in SNR by the hearing device.

Another critical issue is that conventional speech audiometric procedures are intended for assessing speech
perception in quiet [9]. However, the threshold for understanding speech in quiet is highly correlated to the
pure-tone audiogram (e.g., abstract: Brand and Kollmeier, Prediction of Speech Intelligibility in Quiet and in
Noise on Basis of the Pure-Tone Audiogram (in German), 5th Annual Meeting of the German Society of
Audiology (DGA); 2002, Zurich, Switzerland) and primarily assesses the attenuation component of a certain
hearing loss [10]. In order to gather additional information about a patient’s hearing problem,
suprathreshold speech perception performance should also be tested. This testing can reveal factors that are
independent of the pure-tone audiogram. The factors are described as speech-hearing loss for people with
speech perception problems in noisy conditions in spite of a normal pure-tone audiogram [11] or the
distortion component of a hearing loss [12,10]. However, only a few speech intelligibility tests are
specifically designed for use in noise. One example in the Arabic language is the Arabic version of the
Hearing in Noise Test (HINT) [13]. The Arabic HINT consists of 28 phonemically balanced lists of 10
sentences each, spoken by a male speaker, and presented in multispeaker babble noise.

There are also potential drawbacks of speech tests using complete, meaningful sentences. For example, the
complexity of the sentences or the speech rate may be too high for patients who are severely hearing-
impaired or for patients who have cochlear implants [14]. Moreover, using meaningful everyday sentences
allows patients to memorize the sentences, which might lead to biased repeated measurements.

A solution for these critical issues is using a limited set of words to create seemingly random but
syntactically correct sentences with a fixed structure. This is the basic idea behind the matrix sentence tests
first introduced by Hagerman [15]. In their review, Kollmeier and colleagues discussed the principles and
applications of matrix sentence tests and compared different language versions of the test [16]. All sentences
in matrix sentence tests have the same structure (e.g., in Arabic, the structure is verb, name, numeral, noun,
and adjective, such as “wa 715 2536 215 as”). Test lists are generated by creating seemingly random
sentences from an inventory, or base matrix, of 50 words (five positions per sentence and 10 words per
position). Despite the seemingly random composition of the sentences, every sentence is syntactically
correct. Up to 100,000 different sentences can be generated, although only a subset of the possible sentences
is used in order to ensure test list equivalence. The seemingly random nature of the sentences makes it
virtually impossible to memorize them. Matrix sentence tests are currently available for more than 20
different languages [17-20]. One of the advantages of matrix sentence tests is that the test format allows the
comparison of speech audiometry across languages [16,21]. The number of available matrix sentence tests
developed according to the respective standards is increasing [22], and therefore a growing number of
patients can be tested in the same way for all languages, which creates a de facto standard for use in
research and clinics.

With regard to Arabic-speaking countries, two other aspects of matrix tests might be interesting. First, due
to its limitation in words, the matrix test might be relatively independent of dialects. Second, speech
audiometry in a country’s minority languages is feasible by the multilingual versions of this test format. This
is especially important because speech audiometry should be done in the native language of the patient;
otherwise, a patient’s language deficits might be misinterpreted as hearing deficits [23]. This is supported by
the closed-set test format of matrix sentence tests, which allows the patient to be tested in his or her native
language using a touch screen for the response matrix (i.e., the closed-set response format) so that the test
instructor does not need to understand the patient’s native language.

This paper describes the development and optimization, as well as the evaluation of the Arabic matrix
sentence test. The test is intended both as a valid extension of speech audiometric tests available for the
Arabic language and as a means to compare the performance of Arabic native listeners to international
listeners with high comparability across languages. Because the Arabic language’s phonemic and syntactical
structure differs from languages considered previously when constructing a matrix sentence test, the
following research questions are addressed.
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The first research question addresses the peculiarities of the Arabic language, which should be observed to
create a test that can be used for the largest possible population. For this purpose, a joint project spanning
researchers and normal-hearing listeners from several Arabic-speaking countries was initiated. However, an
independent verification, i.e., whether reference values gathered with listeners from the Arabian Peninsula
are valid for all dialectal regions of the Arabic language, is beyond the scope of this study. The second
research question addresses the characteristics of the Arabic matrix sentence test, which can be designed,
and, as a consequence, can be found via verification tests, to be comparable to those of other available
matrix sentence tests, adhering to the respective standard procedures for development. Particular attention
is given to ensuring the equivalence of the test lists, as well as on a small standard deviation between SRT's
of listeners with normal hearing, obtained in the adaptive standard procedure [24]. The third research
question addresses whether the Arabic matrix sentence test exhibits a similar training effect as described for
matrix sentence tests in other languages [16].

This work was partially presented as a meeting abstract at the 11th Annual Middle East Otolaryngology
Conference in Dubai, UAE, on April 20-22, 2014.

Materials And Methods

Development and optimization of the Arabic matrix sentence test
Speech Material

A significant characteristic of Arabic is diglossia [25], which refers to languages that have two levels or
registers: an oral or colloquial dialects register and a literary or written register. Arabic is a pluricentric
language. Diglossia is found in Arabic, earlier forms of Greek, and Swiss German [25]. Standard Arabic differs
from colloquial Arabic in terms of its phonology, morphology, syntax, and lexicon. In order to be applicable
to as many Arabic speakers as possible, the speech material of the Arabic matrix sentence test is based on
Modern Standard Arabic (MSA), the written form of Arabic, which is used in official news broadcasts, school
books, newspapers, and other written materials.

Analogous to the other matrix sentence tests, the base matrix of the Arabic matrix sentence test consists of
10 verbs, 10 names, 10 numerals, 10 nouns, and 10 adjectives (see Appendix). Each combination of words
across word groups would result in grammatically correct sentences.

For the base matrix, words frequently occurring in MSA were selected, which could be suitable for testing
school children. The nouns were chosen to represent common and tangible things. For numerals, numbers
up to 10 and the words “few” and “many” were chosen. A balanced number of syllables within each word
group was employed. As a final constraint, the speech material, as a whole, represented the phoneme
distribution of MSA. The phoneme distribution published by Amayreh, Hamdan, and Fareh [26] was used as a
reference. The reference and phoneme distribution of the Arabic matrix sentence test are displayed in Figure
1.
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FIGURE 1: Phoneme distribution

Phoneme distribution (relative frequency, in %) of the Arabic matrix sentence test (represented with triangles)
compared to the phoneme distribution of MSA (represented with squares).

For the recordings, 100 sentences containing all possible combinations of two consecutive words of the base
matrix were prepared to account for co-articulation effects between consecutive words [18]. The recordings
were made in a sound-attenuated room with equipment meeting the requirements of the ISO-8253-3
standard. The speaker was a female TV news anchor from Syria who spoke clear and well-pronounced MSA.
A consensus among the authors was reached that her MSA should be understandable to a large population in
Arabic-speaking countries. She was instructed to keep the same speech effort, speech rate, speech level, and
distance from the microphone at all times, as well as to use a natural intonation for main clauses. Five
people, i.e., one Arabic linguist, one German linguist, one recording engineer, and two co-author
researchers, listened to the recordings to identify artifacts or other recording errors and to monitor the
speech effort, speech rate, and speech level. The raw recordings were high-pass filtered at 50 Hz in order to
remove any existing humming noise. For the next processing step, the sound recordings were separated into
individual sentences. To account for potential loudness differences, all sentences were then adjusted to the
same RMS level. After that, the Arabic linguist selected the best, i.e., artifact-free and well-pronounced,
version of each sentence. Finally, the 100 best sentences were cut into individual words, preserving the co-
articulation to the following word at the end of the cut word. Test sentences were then resynthesized by
quasi-randomly combining words of each word group with the appropriate transition to the following word.
This way, new natural-sounding sentences were generated by concatenating words with matching co-
articulations as proposed by Wagener and colleagues [18]. The sentences were combined to form fixed base-
test lists of 10 sentences each. The base-test lists were prepared to ensure the sentences seemed purely
random. In each base-test list, each of the words of the base matrix occurred only once, but in a different
word combination, across base lists. The mean speech rate of the newly created sentences was 323 + 18
syllables per minute.

Analogous to the matrix sentence tests in other languages, the noise for the Arabic matrix sentence test was
created by a 30-fold superposition of the 300 newly combined sentences.

Listeners

The optimization measurements were performed with 19 normal-hearing listeners at three separate centers
in Saudi Arabia and Qatar: 10 listeners at Dammam University in Saudi Arabia, four listeners at Hamad
Medical Corporation in Qatar, and five listeners at King Faisal Specialist Hospital & Research Centre in
Saudi Arabia. Normal hearing was verified by inspecting the listeners’ tone audiograms. Only listeners with
thresholds <15 dB HL for octave frequencies from 125 Hz to 8 kHz were included in the study. The
optimization measurements were conducted monaurally, and each listener’s best testing ear was based on
the tone audiogram. If both ears were equal, the listener’s preferred ear was chosen. All participants were
native speakers of Arabic. All listeners participated in the measurements voluntarily and gave their informed
consent for storing and processing the data.

Procedure
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The optimization measurements aimed to determine the psychometric function and, by that means, the
slope and the SRT in the noise of each word in the test, i.e., all 10 realizations of the 50 words. The
equipment used for the optimization measurements was a laptop PC with an Auritec USB audiometer (ear
3.0, Auritec, Hamburg, Germany) and audiometric headphones (AT 1350, Auritec, Hamburg, Germany). The
software controlling the audiometer was the Oldenburg Measurement Applications (OMA, version 1.3) by
Horzentrum Oldenburg (Oldenburg, Germany). The speech material and noise material (when present)
playback via headphones was monaural to the better ear. The equipment was calibrated to ensure all levels
presented in this study are free-field equalized speech levels at the listeners’ ears, unless stated otherwise.

For the optimization measurements, the base-test lists of the Arabic matrix sentence test (each consisting of
10 sentences) were combined to form 10 different 30-item (30-sentence) test lists. Before the main
optimization measurements, all listeners were trained by performing speech perception measurements with
two 30-item test lists. The first training list was measured without noise at a constant level, providing high
intelligibility. The second training list was performed with noise at a constant -4 dB SNR, which was
expected to lead to an intelligibility of 100%. In all measurements with masking noise, the noise level was
fixed at 65 dB, and the noise started 500 ms before, and ended 500 ms after, a sentence.

The 10 test lists were presented to each listener in a randomized order at 10 different SNRs (between -20 dB
SNR and +2.5 dB SNR in 2.5 dB steps), so that each test list was measured one time at each SNR per listener.
Word scoring was used as the scoring method. During the psychometric measurements, breaks were
introduced after a test list measurement if the subjects were tired or had lost concentration. The
psychometric function for each of the 500 words was determined by combining the data of all test subjects
and fitting the following logistic function to the data:

B 100
" 1 + ¢4s50(SRT—SNR)

MSI(SNR)

SI(SNR) is the speech intelligibility in percentage at the SNR, and s50 is the function’s slope at the SRT.

Evaluation of the Arabic matrix sentence test
Speech Material

The evaluation measurements aim to verify that the 14 base-test lists that remained within the test material
after optimization of the Arabic matrix sentence test (see Results section: Development and optimization of
the matrix sentence test) are equivalent with respect to speech intelligibility in noise. The evaluation
measurements also provide reference values for further applications, such as the SRT and the range of
normal performance for speech in noise (presented monaurally via headphones), as well as orientation for
the training (training effect).

Listeners

The evaluation data were gathered at four separate centers: Dammam University (N = 10), King Faisal
Specialist Hospital & Research Centre (N = 9), Cochlear Middle East FZ-LLC in Dubai (N = 2), and Hamad
Medical Center (N = 1). Normal hearing participants were recruited in the same manner as for the
optimization measurements. None of the participants contributed to the previous optimization
measurements.

Procedure

The remaining 14 10-item base lists were combined into seven 20-item test lists for the evaluation
measurements. All measurements during the evaluation were performed monaurally using each listener’s
better ear. The same technical equipment was used as for the optimization. To investigate the training effect
for the Arabic matrix sentence test, all listeners initially participated in seven consecutive test lists with
adaptively changing SNR to obtain SRTs in noise. The applied adaptive procedure kept the noise level
constant at 65 dB and varied the speech level according to the listener’s responses. The first sentence is
presented with an SNR of 0 dB. If the subject correctly repeated more than 50% of the presented words, the
speech level of the following presentation was reduced. If the subject repeated fewer than 50% of the words
correctly, the next presentation’s speech level was increased. The step sizes varied between 7.5 dB for the
first trials and 0.25 dB SNR for later trials, depending on the distance to the targeted intelligibility, i.e., 50%,
and the number of preceding turning points within the measurement. A maximum likelihood estimator
determined the SRT. Brand and Kollmeier provide more details on the adaptive procedure [24].

In the evaluation, 21 measurements at a fixed SNR were performed (all seven 20-item lists at each of three
SNRs: -6, -8, -10 dB SNR; 65 dB noise level). SNRs were selected to optimally access the slope of the test-
list-specific speech intelligibility function, i.e., to obtain approximately 20%, 50%, and 80% intelligibility
[24]. The order of the test lists and the SNRs were randomized. Between the seventh and eighth
measurements at a fixed SNR, eight of the listeners had a break lasting between one and seven days.
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Fourteen listeners were tested on only one day. Three of those listeners completed only seven of 21
measurements at fixed SNRs. The scoring method for both measurement profiles was word scoring.

Data Analysis

The initial SRT measurements were used to investigate the training effect of the Arabic matrix sentence test.
SRTs for all 22 listeners and the seven consecutive test lists were included in the analysis. Because the SRTs
were not normally distributed, a one-way repeated measures ANOVA on ranks (Friedman method,
SigmaPlot) was performed on the SRTs with measurement numbers as the within-subjects factor. For
additional pairwise multiple comparisons, Tukey tests were employed. The measurements at fixed SNRs were
used to calculate test list-specific speech intelligibility functions using Equation 1 to assess the test list
equivalence based on the parameters describing the functions. For this purpose, data obtained with fixed
SNR were combined. Data obtained for 20-item test lists were sorted according to their respective 10-item
base-test list, and intelligibility was calculated for each base-test list, each listener, and each SNR. Test list
equivalence was verified through statistical analysis. For this purpose, a two-way RM ANOVA was evaluated
on the intelligibility with the “base-test list” and “SNR” as factors. In addition, all pairwise multiple
comparison procedures (Holm-Sidak method) were used for further analysis of significant main effects. For
all these statistical analyses, a p-value of 0.05 or less was considered to be significant. To obtain the
parameters describing the speech intelligibility functions for both the individual base-test lists and the
individual listeners, psychometric functions were fitted to the data. To obtain test list-specific intelligibility
functions, a logistic function (Equation 1) was fitted to the combined intelligibility data obtained, across
subjects, for a specific test list. By these means, the SRT and slope describing the intelligibility function for
each base-test list can be obtained. To obtain listener-specific intelligibility functions, the logistic function
was fitted to the combined intelligibility data, across base-test lists, for a particular listener.

The Research Ethics Committee of the University of Oldenburg issued approval (no. Drs. 21/20/2013).

Results
Development and optimization of the Arabic matrix sentence test

The approach to test speech intelligibility in noise as a basis for optimization yielded an average SRT in the
noise of all words of -8.1 + 3.0 dB SNR (SD). The word-specific SRTs differed slightly between word groups,
as depicted in Figure 2. In the second step, each word was then adjusted in level to match the average SRT in
the noise of all words, with the assumption that this procedure also changes intelligibility to the same
extent. In this way, words that were more intelligible than the average were lowered in level, and less-
intelligible words were increased in level in accordance with the general optimization procedure of matrix
sentence tests [16]. These level adjustments were limited to *3 dB to preserve the natural intonation of the
sentences, which a native speaker additionally confirmed after the level adjustments. By adjusting the levels
of the words, the expected word-specific SRTs could be brought close to the average SRT, resulting overall in
an expected SRT of -8.1 £ 1.2 dB SNR (SD).
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FIGURE 2: Word-specific speech recognition thresholds (SRTs)

Word-specific SRTs resulting from the optimization measurements for the different word positions in the sentence.
SRT is the signal-to-noise ratio resulting in 50% speech intelligibility (in dB SNR). Represented in black: Mean,
standard deviation (as box size), and 95% range (whiskers), plus extreme cases (crosses) for the word-specific
SRTs (in dB SNR). Represented in gray: Predicted word-specific SRTs (mean and standard deviation, in dB
SNR) after level adjustments.

In an additional optimization step, 15 10-item base-test lists could be identified that contained no word
with an expected SRT that deviated more than #3 dB from the target SRT of -8.1 dB SNR. Of those 15 test
lists, one test list with an average word-specific slope of less than 5%/dB was discarded, and therefore 14 10-
item test lists remained in the speech material. These remaining test lists had an expected mean word-
specific SRT of -8.1 + 1.0 dB SNR (SD) and a mean word-specific slope of 15.9 + 6.6 %/dB (SD). The final
sentences within these test lists, created by re-concatenating the level-adjusted words, were judged to sound
natural by a native speaker.

Evaluation of the Arabic matrix sentence test
Training Effect

For the first through the seventh 20-item test lists measured, the listeners improved on average by 2.0 dB
SNR in SRT (Figure 3). The major contribution to the training effect was found within the first two
measurements (approximately 1.2 dB SNR). The difference between the first and the third measurements
was 1.4 dB SNR on average. After the third measurement, the improvement was marginal. The difference
between the third and seventh measurements was 0.6 dB SNR, leading to a mean SRT of -6.7 # 1.1 dB SNR
(SD).
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FIGURE 3: Training effect

Training effect, i.e., speech recognition thresholds (SRTs, in dB SNR) as a function of measurement sequence
number with 20-item test lists using the adaptive procedure (means and standard deviations). Shown here are the
curves for the Arabic matrix sentence test (ARAMatrix) and comparable training effect curves for matrix sentence
tests in Russian (dot-dashed line, RUSMatrix), Spanish (dashed line, ESPMatrix_ES), and Turkish (dotted line,
TURMatrix).

When comparing the SRTs obtained at the two sites with an adequate number of participants (two test sites;
one with nine participants, and one with 10 participants), no significant differences could be found;
therefore, data for all four sites were pooled to investigate the training effect. The RM ANOVA on ranks
confirmed a significant main effect for the factor “measurement number” (x2 = 62.043, p < 0.001). A follow-
up analysis using pairwise multiple comparison procedures revealed that SRTs for the first measurements
were significantly worse than for the third, fourth, fifth, sixth, and seventh measurements (all p < 0.05), but
not for the second. The second measurement was significantly worse than the sixth and seventh
measurements (both p < 0.05). Note, however, that the size of the training effect (approximately 1.4 dB
within the two initial test lists) is small, i.e., lower than the resolution of most speech tests with the same
number of test items. Its significance is only detectable due to the high accuracy and reproducibility of the
matrix test results.

For comparison, the training effect curves for the matrix sentence test in Russian, Spanish, and Turkish are
plotted in Figure 3, and they show the same dependencies. This indicates a high comparability of the Arabic
matrix sentence test with respect to the training effect to matrix sentence tests in other languages. Hence, it
can be assumed that the above-mentioned matrix tests show a similar training effect in naive listeners that
can only be observed if a similar accuracy in estimating the SRT is achieved.

Test List Equivalence

Table 7 summarizes the mean intelligibility for the different SNRs, as well as the SRTs and slopes describing
the functions calculated for the 14 10-item base-test lists. The initially selected SNRs (-6, -8, and -10 dB)
only partially resulted in the targeted intelligibility of 80%, 50%, and 20%, respectively. The mean SRT and
slope of the 14 base-test lists were -7.2 + 0.2 dB SNR (SD) and 13.3 + 1.1%/dB (SD), respectively. The mean
SRT and slope of the listeners (not shown in Table /) were -7.2 = 1.2 dB SNR (SD) and 15.1 £ 3.1%/dB (SD),
respectively. This indicates that the subject-specific variability in SRT leads to a slightly smaller slope across
subjects and lists than the subject-specific slope. The psychometric functions of all 14 base-test lists are
plotted in Figure 4.
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10-item test list no.

10
11
12
13
14
Mean

SD

Sl [%] at Calculated
-6 dB SNR -8 dB SNR -10 dB SNR SRT (dB SNR)
65.8 36.8 21.0 7.2

69.3 44.6 18.6 7.4

60.9 34.6 16.5 -6.8

64.8 43.0 19.6 -7.3

65.6 414 17.5 7.2

61.0 373 20.3 -6.9

64.6 39.3 15.4 =71

71.6 435 18.7 -7.6

68.5 38.6 14.3 7.2

65.1 426 19.6 -7.3

66.3 39.0 19.1 7.2

66.5 435 19.5 7.4

62.5 40.0 15.4 -7.0

64.0 441 19.5 -7.3

65.5 40.6 18.2 7.2

3.0 3.1 2.1 0.2

TABLE 1: Speech intelligibility

Speech intelligibility (SI, in %) per test list from 22 listeners at three signal-to-noise rations (-6, -8, and -10 dB SNR). The parameters speech recognition

Slope (%/dB)
126
13.8
13.0
125
136
1.4
13.8
15.0
16.0
126
133
131
136
123
133

1.1

threshold (SRT, in dB SNR), i.e., the signal-to-noise-ratio resulting in 50% speech intelligibility, and slope at SRT (in %/dB) for each test list were
determined by fitting a logistic model function (Equation 1) to the individual Sls. Mean and standard deviation across test lists are also shown.

IOO T T T T T T T T T T |“__-—'
¥ sor /e
Z /
E” 60+ r/ ;
] v,
£ 40r 4
7/
§ 20 /
&l /"’
1 L o i ] i i i i I
22 20 18 16 14 12 40 -8 6 -4 2 0

Signal-to-noise ratio (dB SNR)

FIGURE 4: Psychometric functions

Psychometric functions of the individual 10-item test lists (gray solid lines) and average psychometric function
(black dashed line). Functions show speech intelligibility (in %) as a function of the signal-to-noise ratio (in dB
SNR). In addition, the mean and standard deviation of the adaptively determined speech recognition thresholds

(SRTs, in dB SNR) are depicted as cross and horizontal line.

Furthermore, test list equivalence was verified through statistical analysis. The two-way RM ANOVA was
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evaluated on the intelligibility. The ANOVA excluded subjects with incomplete data. Therefore, data from
only 19 of 22 listeners were included in the analyses. For both factors, i.e., base-test lists and SNR,
significant main effects were found (F(13,234) = 4.789 for base-test lists and F(2,36) = 589.565 for SNR, both
p < 0.001). There was no significant interaction of the base-test list with SNR. Pairwise comparisons showed
that test list number 3 differed significantly from six other test lists (test lists numbers 2, 4, 8, 10, 12, and
14, all p < 0.05). Test list number 8 differed significantly from test list number 13 (p < 0.05). Furthermore,
test list number 2 tended to differ from test list number 7 (p = 0.048). In conclusion, the particularly
conspicuous test lists numbers 3 and 8 were excluded from the final speech recognition test material. The
final 10-item test lists were combined to form 24 new 20-item and 20 new 30-item test lists constituting the
final Arabic matrix sentence test.

Discussion

The Arabic matrix sentence test presents a new speech audiometric sentence-in-noise test for Arabic
speakers that has been constructed to fulfill the following requirements.

The test will be appropriate for a large population in Arabic-speaking countries. This was achieved by
selecting a base matrix with a carefully selected choice of words from MSA - a pluricentric auxiliary language
used in formal education - utilizing a speaker who employs standard pronunciation, as determined within a
multisite consortium representing several Arabic-speaking countries. The multisite verification
measurements of the test in the Persian Gulf region yielded no indication of any objections against the
speaker’s pronunciation and no significant effect of the test site.

By adhering to the ICRA test development recommendations [22], the test properties are comparable to
matrix sentence tests available in other languages [16]. The test exhibits a recording speech rate of 323 + 18
syllables per minute, an average SRT of -6.7 + 1.1 dB SNR (SD) across subjects using the adaptive procedure
(or -7.2 dB for the constant-level procedure), and a standard deviation of 0.2 dB across test lists. These
results align with other matrix sentence tests, which typically have SRTs in the range of -10 dB SNR to -6 dB
SNR.

The test yields a high precision for estimating the SRT due to a steep slope of 13.3 = 1.1%/dB (SD, variability
across test lists). Furthermore, this value is in the range of 10%/dB and 17%/dB for matrix tests in other
languages [16]. If the variability of SRTs for individual listeners is taken out by computing the average
listener-specific slope, an even higher value of 15.1  3.1%/dB (SD) is found. It is important to note that the
variability of the individual percent score is governed by the binomial distribution, which yields a particular
variance for a given target probability and a number of trials. Because the slope converts this variability of
the individual percentage-correct score into the SRT domain, a very low variability of SRT results from
sufficiently steep slopes. Hence, a high precision of the Arabic matrix sentence test is achieved. The Arabic
matrix sentence tests exhibit a significant training effect (Figure 3), which compares well with the tests from
other languages [17,19-20]. As a clinical consequence, training with two test lists of 20 sentences each is
necessary prior to the actual measurement for the Arabic matrix sentence test.

With respect to the representativeness of the Arabic language and research question 1 (peculiarities of the
Arabic language to be observed), it should be noted that several design decisions of the Arabic matrix test
were performed in advance by the team of authors. These decisions were partially based on evidence and
common knowledge of the contemporary Arabic language (and its varieties) and were influenced by the
demand to follow the recommendations by Akeroyd and colleagues [22] as closely as possible. Hence, the
test was recorded with a professional speaker of MSA, and special recording and sound-processing
techniques ensured that all sentences sounded very natural despite word concatenation. The MSA literary
version was employed instead of a spoken dialect. In general, using MSA and its literary version is an
appropriate decision. Special care was taken in the selection of words to make the test suitable for school
children; however, this aspect was not validated further in this study. It needs to be determined in more
depth whether using the MSA would result in different SRTs when used in the different dialectal regions of
the Arabic-speaking countries. Testing this aspect in more detail was beyond the scope of the current study.
However, for the Spanish matrix sentence test [17] and the American English matrix sentence test
(unpublished data), effects due to dialects were marginal, (e.g., below 1 dB for the Spanish matrix sentence
test) [17]. Dialect differences did not result in different reference SRTs for normal-hearing listeners. All
subjects came from the same region, but some variation in the dialects between the subjects may have
existed. However, all could undertake, understand, and complete the matrix sentence test. In addition, the
standard deviations for SRTs in the current study are small (1.1 dB). Hence, we expect no systematic
difference across regions that differ in their respective Arabic dialect and accent. However, this needs to be
investigated in further studies.

With respect to comparability to other languages and tests and research question 2 (verification of
comparability), it should be noted that much care was taken to optimize the recorded speech materials to
make the test items as homogenous as possible with respect to their respective intelligibility. To this end,
slight level corrections (up to 3 dB) were performed to equalize the word-specific discrimination function.
Moreover, deviant words with regard to intelligibility and slope were removed from the material. This step is
required to maintain the equivalence of the various test lists compiled from the recorded speech material
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and to ascertain that the slope of the resulting discrimination function is as steep as possible. Following the
model by Kollmeier from 1990 [16], the smaller the variability across test items, the steeper the simultaneous
transition from “not understood” to “perfectly understood” for the complete list, thus resulting in a steep
discrimination function.

The evaluation measurements with new subjects verified the test’s properties by analyzing normal-hearing
SRT and equivalence in intelligibility on the level of the individual base-test lists. After optimization and
evaluation, 24 test lists of 20 sentences each and 20 test lists of 30 sentences each were established. A mean
SRT of -6.7 dB SNR was obtained for adaptive SRT estimation with the Arabic matrix sentence test. This
value differs slightly from the value obtained for measurements at fixed SNRs (-7.2 dB SNR). However, this
difference between adaptive measurements and those at fixed SNRs also was observed in other studies
[19,20] and most likely reflects the different estimation methods and training status of the listeners, i.e., the
measurements at fixed SNR were conducted later in the session than the adaptive measurements [27]. For
the Arabic HINT, Essawy and colleagues found an SRT in noise of -10.4 dB SNR, for signal and noise
presented from the front [13]. This SRT in noise value is lower than what was found for our test. Differences
between the two test materials can be attributed to several effects. Among them, the effect of the speaker
might be the most striking. Hochmuth and colleagues found differences of up to 6 dB due to the speaker, as
some speakers are more intelligible than others [28]. To a smaller extent, differences can be due to language
characteristics. Some languages might exhibit a general language-specific intelligibility advantage (e.g.,
Russian over Spanish) [28]. Furthermore, HINT employs everyday sentences, which have a certain
redundancy that might add to the difference between the two tests.

With respect to precision in estimating the SRT, it should be noted that a high slope of the discrimination
function was both targeted in the design of the test and its optimization procedure, which was verified in the
subsequent evaluation of test properties. Consequently, the mean slope of the Arabic matrix sentence test
(based on the list-specific intelligibility functions), estimated by fitting Equation 1 to the data of the
evaluation measurements at fixed SNRs, exhibits a steepness of 13.3 = 1.1%/dB (SD). The mean slope value is
comparable to other speech tests using sentences and the matrix test format [16]. Even though the value was
below expectations based on the optimization measurements where a word-specific slope of 15.9%/dB had
been found, the average subject-specific slopes (15.1 = 3.1%/dB (SD)) better reflect the expectations because
the respective individual bias of the normal-hearing subjects has been removed.

The slope usually found for monosyllabic words and also described for the Arabic speech material of this
kind (5%/dB) [4] is rather shallow in comparison to the slope of the speech intelligibility function for the
Arabic matrix test obtained here. A detailed discussion of measurement accuracy at different points of the
psychometric functions and, subsequently, the dominant role of the maximum slope of the psychometric
function for efficiently determining the SRT is given by Brand and Kollmeier [24]. Hence, the finding of a
steeper slope (i.e., a slope value three times higher than that for the monosyllabic word test) provides
evidence that the Arabic matrix sentence test is more accurate in estimating thresholds than these
monosyllabic word tests. As a practical consequence, the Arabic matrix sentence test should be preferred in
rehabilitative audiology whenever determining an SRT is important.

With respect to the training effect and research question 3 (comparability of the training effect), it should be
noted that the training curve is very similar to those obtained for the Turkish, Russian, and Spanish matrix
sentence tests (Figure 3) and other language versions of the matrix sentence test [16-20]. As noted by
Warzybok and colleagues, this training effect is very similar for the open-set version of the test (i.e., the test
subject responds by repeating that sentence she or he has understood) and the closed-set version (i.e., the
subject responds by selecting those words from the 5 x 10-word matrix that she or he has understood) [19].
Hence, the training effect is not influenced by previous knowledge of the subjects about the words to be
expected but rather resembles a perceptual learning task where the subject successively learns to exploit
more cues. The similarity of training effects across languages strongly suggests common underlying factors
and processes, supporting the conclusion that data obtained with matrix sentence tests from different
countries can be combined and compared. A more detailed analysis of the mechanisms behind the training
of the matrix sentence test is provided by Schliiter and colleagues [27].

In addition, it is important to note that the training effect observable for the matrix sentence test is not a
specific property of the matrix sentence test. Yund and Woods [29] reported such effects for the HINT [14]
and Quick Speech in Noise (QuickSIN) (handbook: Etymatic Research: QuickSIN Speech-in-Noise Test,

2001, Etymotic Research, Inc.) tests, both of which consist of everyday sentences. However, for everyday
sentences, Yund and Woods could differentiate between a small effect (about 0.3 dB) attributed to procedural
learning, more dominant in the first session, and an effect due to content learning that was approximately
2.7 dB when the same lists were repeated within and across sessions [29]. This differentiation is not possible
for a closed test like the matrix sentence test, because all possible words are present in every single list. Both
procedural learning and content learning take place in parallel and might also be “completed” faster than
the time it would take for everyday sentences. The size of the combined effect, however, is about the same for
both tests. Similar training effects are well known from psychoacoustic tasks, e.g., signal detection in noise
[30]. A training effect can only be detected if the measurement error achieved within a limited number of
trials is smaller than the training effect across these trials. Speech tests with a small test efficiency (e.g.,
single-word tests with a shallow discrimination function noted above) will therefore be unable to detect this
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Adjective
suaa (Nnew)

4 (brown)

& s (small)
5,28 (large)
s (light)

¢l e (red)
4a (0ld)

4.4 (precious)
#8,5 (blue)

il (beautiful)

effect because their statistical test variability is higher than the effect to be observed.

Conclusions

The research questions outlined in the Introduction can be answered as follows. Regarding the first research
question, peculiarities of the Arabic language, a multisite approach, and the selection of a professional MSA
speaker resulted in acceptable speech material at all sites, thus spanning a large geographical region and
population of potential users. Regarding the second research question, characteristics of the Arabic matrix
sentence test and comparability to matrix sentence tests in other languages are given. The Arabic matrix
sentence test is equivalent with respect to its main characteristics to other matrix sentence tests. Hence, the
Arabic matrix test results can be used in multisite, multilanguage studies. Furthermore, regarding the third
research question, the Arabic matrix sentence test shows a training effect within the first two to three test
lists performed with naive listeners. For clinical applications, it is therefore recommended to train the naive
subject with two test lists before data collection begins. The new Arabic matrix sentence test promises to
fulfill the need to obtain reproducible, efficient, and internationally comparable speech recognition data for
native Arabic-speaking listeners in clinics, in research, and for numerous hearing rehabilitation purposes.

Appendices

Noun Numeral Name Verb Sentence in English

i€ (books) s (many) <= (Ali) 2 (wants) Ali wants many new books.

3Lkl (plates) ‘el (five) i (Nabil) sl (bought) Nabil bought five brown plates.
=S (chairs) e (ten) &) (Zain) &ua: (makes) Zain makes ten small chairs.
wis3S (cups) sl (four) U (Naji) = (won) Naji won four large cups.

(uasd (shirts) 4 (six) <c (Omar) Juaty (prefers) Omar prefers six light shirts.
55 (rings) 4x (seven) ~dla (Hisham) s (colored) Hisham colored seven red rings.
&su (houses) = (few) Ji)s (Wail) Ju (got) Wail got a few old houses.

USu (knives) 4aui (nine) J (Bilal) b (takes) Bilal takes nine precious knives.
el (flags) 4l (eight) el (Amin) z4 (removes) Amin removes eight blue flags.
sl (boards) 43 (three) 35 (Fuad) b= (gives) Fuad gives three beautiful boards.

TABLE 2: Base matrix of the Arabic matrix sentence test

Arandom sample sentence is written in bold letters. Each base sentence is translated into English in the far-right column.

Additional Information
Author Contributions

All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design: Melanie A. Zokoll, Michael Buschermohle, Nadia Abdulhaq, Fatma Sellami, Birger
Kollmeier

Acquisition, analysis, or interpretation of data: Melanie A. Zokoll, Michael Buschermé&hle, Nadia
Abdulhaq, Shaza Saleh, Nithreen Said, Khalid Abdulhadi, Fatma Sellami, Sabine Hochmuth

Drafting of the manuscript: Melanie A. Zokoll, Michael Buschermohle, Shaza Saleh, Fatma Sellami
Supervision: Melanie A. Zokoll, Michael Buschermd&hle, Nadia Abdulhag, Birger Kollmeier

Critical review of the manuscript for important intellectual content: Nadia Abdulhaq, Nithreen Said,
Khalid Abdulhadi, Sabine Hochmuth, Birger Kollmeier

Disclosures

Human subjects: Consent for treatment and open access publication was obtained or waived by all

2025 Zokoll et al. Cureus 17(1): €77062. DOI 10.7759/cureus.77062 12 of 14



Cureus

Part of SPRINGER NATURE

participants in this study. Research Ethics Committee, University of Oldenburg issued approval Drs.
21/20/2013. Animal subjects: All authors have confirmed that this study did not involve animal subjects or
tissue. Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements

The specific development of the Arabic matrix sentence test was funded by Cochlear AG, Basel. The general
research framework of matrix sentence test development in a comparable way across languages is funded by
the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany's Excellence
Strategy — EXC 2177/1 - Project ID 390895286. Authors Melanie A. Zokoll and M. Buschermdhle contributed
equally to this work. All authors wish to thank all participating audiometrists and test listeners. The authors
give special thanks to Steffen Rose (Rose und Winter AG, formerly employee of Cochlear Ltd.), Osama
Majdalawieh, and Hassan Yalcouy (Cochlear Ltd.).

References

1. Kollmeier B, Kiessling J: Functionality of hearing aids: state-of-the-art and future model-based solutions .
Int J Audiol. 2018, 57:83-S28. 10.1080/14992027.2016.1256504
2. Plomp R: Binaural and monaural speech intelligibility of connected discourse in reverberation as a function
of azimuth of a single competing sound source (speech or noise). Acta Acoust United Ac. 1976, 34:200-11.
Accessed: October 11, 2023:
https://www.ingentaconnect.com/content/dav/aaua/1976/00000034/00000004/art00004.
3. Alusi HA, Hinchcliff R, Ingham B, Knight JJ, North C: Arabic speech audiometry. Int ] Audiol. 1974, 13:212-
30. 10.3109/00206097409071679
4. Ashoor AA, Prochazka T Jr: Saudi Arabic speech audiometry. Audiology. 1982, 21:493-508.
10.3109/00206098209072761
5. Ratcliff ER: Psychometrically equivalent bisyllabic words for speech reception threshold testing in Arabic,
MSc. (2006). https://scholarsarchive.byu.edu/etd/488/.
6. Kishon-Rabin L, Rosenhousea J: Speech perception test for Arabic-speaking children [Article in Spanish]. Int
] Audiol. 2000, 39:269-77. 10.3109/00206090009073091
7. Kollmeier B, Lenarz T, Kiefling J, et al.: Contribution to the discussion surrounding the Freiburg speech
test [Article in German]. HNO. 2014, 62:49-53. 10.1007/s00106-013-2793-1
8. Gelfand S: Essentials of audiology. Third edition. Thieme, New York; 2009. 10.1017/50022215109991484
9. Moulin A, Bernard A, Tordella L, Vergne J, Gisbert A, Martin C, Richard C: Variability of word discrimination
scores in clinical practice and consequences on their sensitivity to hearing loss. Eur Arch Otorhinolaryngol.
2017, 274:2117-24. 10.1007/s00405-016-4439-x
10.  Plomp R: Auditory handicap of hearing impairment and the limited benefit of hearing aids . ] Acoust Soc Am.
1978, 63:533-49. 10.1121/1.381753
11.  Middelweerd MJ, Festen JM, Plomp R: Difficulties with speech intelligibility in noise in spite of a normal
pure-tone audiogram. Audiology. 1990, 29:1-7. 10.3109/00206099009081640
12.  Kollmeier B, Schéadler MR, Warzybok A, Meyer BT, Brand T: Sentence recognition prediction for hearing-
impaired listeners in stationary and fluctuation noise with FADE: Empowering the attenuation and
distortion concept by Plomp with a quantitative processing model. Trends Hear. 2016,
20:10.1177/2331216516655795
13.  Essawy W, Kolkaila E, Kabbash I, Emara A: Development and standardization of new hearing in noise test in
Arabic language. Int ] Otorhinolaryngol Head Neck Surg. 2019, 5:1501-06. 10.18203/issn.2454-
5929.ijohns20194917
14.  Uslar V, Ruigendijk E, Hamann C, Brand T, Kollmeier B: How does linguistic complexity influence
intelligibility in a German audiometric sentence intelligibility test?. Int ] Audiol. 2011, 50:621-31.
10.3109/14992027.2011.582166
15. Hagerman B: Sentences for testing speech intelligibility in noise . Scand Audiol. 1982, 11:79-87.
10.3109/01050398209076203
16.  Kollmeier B, Warzybok A, Hochmuth S, Zokoll MA, Uslar V, Brand T, Wagener KC: The multilingual matrix
test: principles, applications, and comparison across languages: a review. Int ] Audiol. 2015, 54 Suppl 2:3-16.
10.3109/14992027.2015.1020971
17.  Hochmuth S, Brand T, Zokoll MA, Castro FZ, Wardenga N, Kollmeier B: A Spanish matrix sentence test for
assessing speech reception thresholds in noise. Int ] Audiol. 2012, 51:536-44.
10.3109/14992027.2012.670731
18. Wagener K, Josvassen JL, Ardenkjaer R: Design, optimization and evaluation of a Danish sentence test in
noise. Int | Audiol. 2003, 42:10-7. 10.3109/14992020309056080
19.  Warzybok A, Zokoll M, Wardenga N, Ozimek E, Boboshko M, Kollmeier B: Development of the Russian
matrix sentence test. Int ] Audiol. 2015, 54 Suppl 2:35-43. 10.3109/14992027.2015.1020969
20. Zokoll MA, Fidan D, Tiirkyilmaz D, Hochmuth S, Ergeng I, Sennaroglu G, Kollmeier B: Development and
evaluation of the Turkish matrix sentence test. Int | Audiol. 2015, 54 Suppl 2:51-61.
10.3109/14992027.2015.1074735
21.  Hochmuth S, Kollmeier B, Brand T, Jiirgens T: Influence of noise type on speech reception thresholds across
four languages measured with matrix sentence tests. Int ] Audiol. 2015, 54 Suppl 2:62-70.
10.3109/14992027.2015.1046502

2025 Zokoll et al. Cureus 17(1): e77062. DOI 10.7759/cureus.77062 13 of 14


https://dx.doi.org/10.1080/14992027.2016.1256504
https://dx.doi.org/10.1080/14992027.2016.1256504
https://www.ingentaconnect.com/content/dav/aaua/1976/00000034/00000004/art00004
https://www.ingentaconnect.com/content/dav/aaua/1976/00000034/00000004/art00004
https://dx.doi.org/10.3109/00206097409071679
https://dx.doi.org/10.3109/00206097409071679
https://dx.doi.org/10.3109/00206098209072761
https://dx.doi.org/10.3109/00206098209072761
https://scholarsarchive.byu.edu/etd/488/
https://scholarsarchive.byu.edu/etd/488/
https://dx.doi.org/10.3109/00206090009073091
https://dx.doi.org/10.3109/00206090009073091
https://dx.doi.org/10.1007/s00106-013-2793-1
https://dx.doi.org/10.1007/s00106-013-2793-1
https://dx.doi.org/10.1017/S0022215109991484
https://dx.doi.org/10.1017/S0022215109991484
https://dx.doi.org/10.1007/s00405-016-4439-x
https://dx.doi.org/10.1007/s00405-016-4439-x
https://dx.doi.org/10.1121/1.381753
https://dx.doi.org/10.1121/1.381753
https://dx.doi.org/10.3109/00206099009081640
https://dx.doi.org/10.3109/00206099009081640
https://dx.doi.org/10.1177/2331216516655795
https://dx.doi.org/10.1177/2331216516655795
https://dx.doi.org/10.18203/issn.2454-5929.ijohns20194917
https://dx.doi.org/10.18203/issn.2454-5929.ijohns20194917
https://dx.doi.org/10.3109/14992027.2011.582166
https://dx.doi.org/10.3109/14992027.2011.582166
https://dx.doi.org/10.3109/01050398209076203
https://dx.doi.org/10.3109/01050398209076203
https://dx.doi.org/10.3109/14992027.2015.1020971
https://dx.doi.org/10.3109/14992027.2015.1020971
https://dx.doi.org/10.3109/14992027.2012.670731
https://dx.doi.org/10.3109/14992027.2012.670731
https://dx.doi.org/10.3109/14992020309056080
https://dx.doi.org/10.3109/14992020309056080
https://dx.doi.org/10.3109/14992027.2015.1020969
https://dx.doi.org/10.3109/14992027.2015.1020969
https://dx.doi.org/10.3109/14992027.2015.1074735
https://dx.doi.org/10.3109/14992027.2015.1074735
https://dx.doi.org/10.3109/14992027.2015.1046502
https://dx.doi.org/10.3109/14992027.2015.1046502

Cureus

Part of SPRINGER NATURE

22.

23.

24.

25.
26.

27.

28.

29.

30.

Akeroyd MA, Arlinger S, Bentler RA, et al.: International Collegium of Rehabilitative Audiology (ICRA)
recommendations for the construction of multilingual speech tests. ICRA Working Group on Multilingual
Speech Tests. Int ] Audiol. 2015, 54 Suppl 2:17-22. 10.3109/14992027.2015.1030513

van Wijngaarden SJ, Steeneken HJ, Houtgast T: Quantifying the intelligibility of speech in noise for non-
native talkers. ] Acoust Soc Am. 2002, 112:3004-13. 10.1121/1.1512289

Brand T, Kollmeier B: Efficient adaptive procedures for threshold and concurrent slope estimates for
psychophysics and speech intelligibility tests. ] Acoust Soc Am. 2002, 111:2801-10. 10.1121/1.1479152
Ferguson CA: Diglossia. WORD. 1959, 15:325-40. 10.1080/00437956.1959.11659702

Amayreh M, Hamdan J, Fareh S: Consonant frequency in Arabic and English . Dirasat Soc Human Stud. 1999,
1:207-20.

Schlueter A, Lemke U, Kollmeier B, Holube I: Normal and time-compressed speech: how does learning affect
speech recognition thresholds in noise?. Trends Hear. 2016, 20:2331216516669889.
10.1177/2331216516669889

Hochmuth S, Jiirgens T, Brand T, Kollmeier B: Talker- and language-specific effects on speech intelligibility
in noise assessed with bilingual talkers: which language is more robust against noise and reverberation?. Int
] Audiol. 2015, 54 Suppl 2:23-34. 10.3109/14992027.2015.1088174

Yund EW, Woods DL: Content and procedural learning in repeated sentence tests of speech perception . Ear
Hear. 2010, 31:769-78. 10.1097/AUD.0b013e3181e68e4a

Wisniewski MG, Ball NJ, Zakrzewski AC, Iyer N, Thompson ER, Spencer N: Auditory detection learning is
accompanied by plasticity in the auditory evoked potential. Neurosci Lett. 2020, 721:134781.
10.1016/j.neulet.2020.134781

2025 Zokoll et al. Cureus 17(1): e77062. DOI 10.7759/cureus.77062

14 of 14


https://dx.doi.org/10.3109/14992027.2015.1030513
https://dx.doi.org/10.3109/14992027.2015.1030513
https://dx.doi.org/10.1121/1.1512289
https://dx.doi.org/10.1121/1.1512289
https://dx.doi.org/10.1121/1.1479152
https://dx.doi.org/10.1121/1.1479152
https://dx.doi.org/10.1080/00437956.1959.11659702
https://dx.doi.org/10.1080/00437956.1959.11659702
https://www.researchgate.net/publication/351285831
https://dx.doi.org/10.1177/2331216516669889
https://dx.doi.org/10.1177/2331216516669889
https://dx.doi.org/10.3109/14992027.2015.1088174
https://dx.doi.org/10.3109/14992027.2015.1088174
https://dx.doi.org/10.1097/AUD.0b013e3181e68e4a
https://dx.doi.org/10.1097/AUD.0b013e3181e68e4a
https://dx.doi.org/10.1016/j.neulet.2020.134781
https://dx.doi.org/10.1016/j.neulet.2020.134781

	Applicability and Normative Data for an Arabic Matrix Sentence Test for Speech Recognition in Noise
	Abstract
	Introduction
	Materials And Methods
	Development and optimization of the Arabic matrix sentence test
	FIGURE 1: Phoneme distribution

	Evaluation of the Arabic matrix sentence test

	Results
	Development and optimization of the Arabic matrix sentence test
	FIGURE 2: Word-specific speech recognition thresholds (SRTs)

	Evaluation of the Arabic matrix sentence test
	FIGURE 3: Training effect
	TABLE 1: Speech intelligibility
	FIGURE 4: Psychometric functions


	Discussion
	Conclusions
	Appendices
	TABLE 2: Base matrix of the Arabic matrix sentence test

	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


