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Abstract

Purpose: To develop and evaluate a novel, autonsgieelch-in-noise test viable for widespread in

situ and remote screening.

Method: Vowel-consonant-vowel sounds in a multiph®ice consonant discrimination task were
used. Recordings from a professional male nativgli§im speaker were used. A novel adaptive
staircase procedure was developed, based on theatsd intelligibility of stimuli rather than on
theoretical binomial models. Test performance wssessed in a population of 26 normal hearing
young adults (YA) and in 72 unscreened adults (UAg¢Juding native and non-native English

listeners.

Results: The proposed test provided accurate estsma the speech reception threshold (SRT)
compared to a conventional adaptive procedure. i€t@mé outcomes were observed in YA in

test/retest and inontrolled/uncontrolled conditions and in UA in iwatand non-native listeners.

The SRT increased with increasing age, hearing kmsd self-reported hearing handicap in UA.
Test duration was similar in YA and UA irrespectioé age and hearing loss. The test-retest
repeatability of SRTs was high (Pearson correlatioefficient = 0.84) and the pass/fail outcomes
of the test were reliable in repeated measures €@shkappa = 0.8). The test was accurate in

identifying ears with pure-tone thresholds >25 dB (Hccuracy = 0.82).

Conclusions: This study demonstrated the viabditthe proposed test in subjects of varying
language in terms of accuracy, reliability, andrskest time. Further research is needed to vaidat
the test in a larger population across a widereasfdanguages and hearing loss, and to identify

optimal classification criteria for screening pusps.

Key words: hearing screening, non-native listeners, speemgration.
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Introduction

Hearing impairment has been ranked as the foustttirig contributor to years lived with disability
worldwide and among the top leading causes of nabeldo-severe disability in older adults (World
Health Organization, 2011; Wilson, Tucci, Mersor©8onoghue, 2017). About half a billion
people are affected by disabling hearing impairmerjected to rise to over 900 million by 2050
(World Health Organization, 2018). Overall, heanmgpairment has an estimated global cost of
$750 billion, including costs related to healthcanel support as well as costs related to loss of
productivity, increased risk of cognitive impairni@md dementia, and decrease in quality of life
(reduced social participation, depression, lonsknanger, and a lack of self-confidence) (Dalton,
Cruickshanks, Klein, Klein, Wiley, & Nondahl 200Gyraydon, Waterworth, Miller, & Gunasekera,
2018; Olusanya, Neumann, & Saunders, 2014). Deftsignificant burden at individual and
societal level, hearing impairment is still freqtlgmunder-diagnosed, particularly in adults (Mick &

Pichora-Fuller, 2016; Davis & Smith, 2013).

Early identification and management of hearing immpant are key to limit the effects of untreated
hearing loss. Secondary prevention strategies baseeériodic hearing screening and prompt
treatment for disabling hearing loss are recommeémuelder adults to mitigate hearing problems
and the related consequences (Wilson et al., 26{Egring screening can help identify individuals
with hearing problems early. In fact, individualgiwhearing impairment typically get used to the
slow progression of hearing loss and tend to segk\ery late or may even fail to seek help (Davis
& Smith, 2013). This reluctance to seek help e&rlgiso related to the fact that hearing tests are
typically not included in adults’ routine healthre@xaminations and that a gradual decrease in
hearing ability is commonly considered an ineviggpart of aging. Hearing screening can help
fulfill this unmet need (Pronk, Kramer, Davis, Steps, Smith, Thodi, et al., 2011; Nash,

Cruickshanks, Huang, Klein, Klein, Nieto, & Twe&f)13; Davis & Smith, 2013).
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The value of speech-in-noise (SIN) tests for aded#iring screening is well known. SIN tests can
support implementation of widespread hearing s@éngein adults and can be helpful to identify the
real-life communication problems and to promote r@wass (Humes, 2013; Killion & Niquette,
2000; Smits, Kapteyn, & Houtgast, 2004). Moreo &N testscan overcome some limitations of
pure tone audiometry (e.g., need for experiencedabpr, high cost of audiometers, and need for
low-noise environment) and can be implemented iawgomated way on user interfaces and can be
self-administered either locally, via hand-heldides or personal computers, or at a distance via
web applications or smartphone apps (De Sousa, &wah Moore, & Smits, 2018; Paglialonga,
Tognola, & Grandori, 2014; Paglialonga, TognolaR#ciroli, 2015). Remote testing, in particular,
has gained increasing attention recently as alplessieans to expand access to hearing testing, for
example in underserved populations, also thankbiguitous use of personal mobile devices and
the related increase in popularity of smartphomesdBright & Pallawela, 2016; Yousuf Hussein,

Swanepoel, de Jager, Myburgh, Eikelboom, & Hugd,620Paglialonga, 2020).

Recently, different self-administered SIN testsehbeen successfully introduced for remote testing.
For example, the online Speech Perception Testgpmeech features recognition for consonant-
vowel-consonant words to predict the audiogramthedxpected outcomes for aided speech
perception (Blamey, Blamey, & Saunders, 2015). Earcheck and the Occupational Earcheck
online tests measure the speech reception threéBBIT), i.e. the signal-to-noise ratio (SNR) that
corresponds to 50% intelligibility, for consonamwel-consonant words in stationary masking
noise (Leensen, de Laat, Snik, & Dreschler, 20Tk digits in noise test in its various language
versions and formats (telephone, online, and mpbgémates the SRT by using sequences of three
random digits in speech-shaped noise (e.g.: Smik,&2004; Smits, Goverts, & Festen, 2013;
Watson, Kidd, Miller, Smits, & Humes, 2012; De Saw al., 2018). A common feature of these
tests is that, due to the use of words or diditsy tare language-dependent and need to be

translated, adapted for psychometric performanue validated whenever a new language version
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has to be developed. For example, various languaiggons of the digits in noise test have been
introduced, to be used in listeners who have Hasivledge of the language used in the test
(Potgieter, Swanepoel, Myburgh, & Smits, 2019)sdreening settings, the native language of
subjects who take a self-administered test is allyizinknown, especially in today’s multicultural
societies. Moreover, screening tests deliveredvela applications or smartphone apps can
potentially reach a large population that is prépabattered across countries and across native
languages. Therefore, when language-dependentatestsed in screening settings in situ or at a
distance in a population of unknown native languagsparities may occur and a portion of the
population, including minorities, may be penalizkek to decreased access to screening or due to

biased/inaccurate results.

The long-term goal of this research is to develog walidate a novel automated SIN test for
widespread hearing screening, i.e. viable for renesting, accurate, reliable in repeated measures,
andviable for use in listeners of unknown languagége @im of this article is to present

preliminary results on the validity and reliabiliby the proposed test in a group of young adults

with normal hearing sensitivity and in an unscrekpepulation of adults of various native

languages.

Methods

Test stimuli

To limit the possible influence of native languagetest performance, the test was developed using
meaningless vowel-consonant-vowel (VCV) stimulg(eama, ata, asa). Stimuli were administered
in a multiple-choice task in a way that effort tcede the meaning of stimuli was not required, and
a consonant discrimination test was developed. eb\a@r, a multiple-choice recognition task is

helpful as it enables automateder operated test execution via an easy-to-ughiged user
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interface and a pointing device or a touch-seressiereen, for example for remote delivery (e.g.,
De Sousa et al., 2018; Paglialonga et al., 201dn&en, de Laat, Snik, & Dreschler, 2011).
Moreover, as long as the number of alternativesnall, this kind of task can help limit possible
anxiety, the perceived difficulty, and higher-lee#ort (short-term memory, reading speed), i.e.
factors that are known to influence speech recamnperformance, particularly in older adults.
Specifically, a three-alternative forced-choice E&A task was used as in previously developed
VCV-based tests (e.g., Paglialonga et al., 201dabse it represents a trade-off between test
complexity and psychometric performance (Leek, 20Bbreover, to limit consonant
discrimination difficulty (especially for older alisiand for non-native listeners) the three
alternatives are displayed on the screen basedmaxanal opposition criterion, i.e. the two wrong
consonants differ from the spoken one in mannecing and place of articulation (e.g., ata, aka,
ama) (Gierut, 1989; Paglialonga, Grandori, & Togn@013; Paglialonga et al., 2014; Vaez,
Desgualdo-Pereira, & Paglialonga, 2014). Duringtés¢, subjects are asked to select their response
among three alternatives by using a graphical imserface. The written transcriptions of VCVs
(i.e., the target stimulus and the two ‘wrong’ altgtives) are displayed on the screen with a
predetermined size of 9 cm (width) x 4 cm (heiglit)e position of the target stimulus within the
three alternatives is randomized at each stimulesgmtation. The graphical user interface and the

test were implemented in MATLAB (R2017a, MathWorks™

Stimuli in the form of VCV (intervocalic consonahtsan be helpful in adult screening because
decreased consonant recognition performance is gherfirst clues of age-related hearing loss
(Killion & Niquette, 2000). Moreover, VCV recognatn is largely independent on semantics and,
also, effort to encode the meaning of stimuli is regjuired, especially in a multiple-choice tastth
can be executed by individuals with limited knovgedf the spoken language, as far as they are
familiar with the written transcription of stimullhe combination of meaningless stimuli and a

multiple-choice task can be helpful to reduce thwivement of higher-level processing centers
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and, also, to limit the possible influence of thejscts’ education, literacy, and native language o
test outcomes (Mattys, Brooks, & Cooke, 2009; Cotleeumberri, Scharenborg, & van

Dommelen, 2010).

Speech stimuli were 12 spoken consonants (/b,gd K, I, m, n, p, r, s, t/) in the context of the
vowel /a/ (e.qg., aba, ada) recorded from a maléepsional native English speaker (Paglialonga et
al., 2013; Paglialonga et al., 2014; Vaez et &l1,4). The use of English speech materials to
develop a test for widespread use is supportetidyaict that English is the top language by total
number of speakers worldwide. Specifically, ithe third top language by number of native
speakers, the top second language worldwide, anohtst widely used language used in the Web
(Eberhard, Simons, & Fennig, 2019; Internet WodaltS§ n.d.). Therefore, individuals who
undergo a hearing screening test are likely to Imagesome previous experience with English
speech and the written transcriptions of consondiiis spoken VCVs were single exemplars
spoken in a sound-treated room with no prosodiertcand with constant pitch across the list.
Stimuli were recorded in a professional recorditugli® by using a Neumann TLM 103
microphone, a SSL S4000 64 channels mixer, Motuld® A/D converters (44,1 kHz, 16 bit), and
a GENELEC 1025A control room monitor. The leveletordings was equalized within and across
the sets to meet the equal speech level requireasantthe ISO 8253-3:2012 standard
(International Organization for Standardizationl2Pand to guarantee equal average levels of the
sets of recordings. The speech-shaped noise addé&d\s was generated by filtering a Gaussian
white noise of amplitude equal to the average le¥®CV recordings with the international long
term average speech spectrum (Byrne, Dillon, TAalmger, Wilbraham, Cox, et al., 1994) and a
low pass filter (cut-ff 1.4 kHz, roll-df slope 100 dB/octave) and then by adding a noise (le.,

the same filtered noise attenuated by 15 dB), ggesied by Leensen, de Laat, Snik, & Dreschler

(2011).
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Development of a novel staircase procedure

The proposed test was implemented by using an wp/@alaptive staircase (Leek, 2001; Levitt,
1971), a popular approach in automated multiplaeghtests. Specifically, a one-up/three-down
(1U3D) staircase was used (i.e., the SNR is ineckafter one incorrect response and decreased
after three correct responses) because it maxirefiegency, convergence, and precision of 3AFC

tasks (Schlauch & Rose, 1990, Shelton & Scarrow4)19

Conventional staircase procedures use pre-detedmageial upward stepa ) and downward

steps Adown) (€.9., £ 2 dB SNR) and converge after a certamlmer of reversals at the point on the
psychometric curve in which the probability of adEase in the presentation level equals the
probability of an increase in the presentationli¢levitt, 1971; Treutwein, 1995). This is based on
an underlying binomial distribution model for carténcorrect responses and on the assumption
that the probability of a correct response at amgrgpresentation level (i.e., at any given SNR in
SIN tests) is the same for all stimuli in the s&t (the assumption of homogenantlligibility of
stimuli across the set). Under this assumptiorglartzed 1U3D staircase is assumed to target the
point at 79.4% intelligibility and, iAup andAdown are equal, it can be terminated after 20 reversals
(Schlauch & Rose, 1990, Shelton & Scarrow, 1984k $RT can be estimated as the average of
the SNRs at the midpoints of the last 8 ascending (Garcia-Pérez, 1998; Paglialonga, Fiocchi,
Parazzini, Ravazzani, & Tognola, 2011). Howevemuli in a given set of speech material
(including VCYV stimuli) are typically not homogenes) including VCV stimuli. A typical

approach to ensure homogeneity of stimuli acrossét in a conventional staircase procedure is to
equalize their intelligibility at the target poing. where the staircase procedure is expected to

converge, for example the point at 79.4% inteliigipin a 1U3D task.

We have developed a novel staircase procedureitistégad of using pre-determined, equal upward
and downward steps on a set of stimuli equalizedeatarget point, determinésp andAdown

adaptively based on the estimated psychometricesunt stimuli (preliminary results were
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presented in: Zanet, Polo, Rocco, Paglialonga, &iga, 2019). Tmptimize convergence towards
the SRT and limit the number of stimuli present®g,andAdown are determined by using an
optimal ratioAdowd/Aup = 0.74 so that, as suggested by Garcia-Pérez Y 1®9@8procedure can be
terminated after 12 reversals and the SRT cantbeasd as the average of the SNRs at the
midpoints of the last 4 ascending runs (Zanet.eR8ll9). To implement the novel procedure, we
estimated the theoretical psychometric curves o¥Vé€rordings in the range from -50 to +20 dB
SNR in 2 dB steps by computing the Short-Time Qbjedntelligibility (STOI) measure (Taal,
Hendriks, Heusdens, & Jensen, 2011) and then tinygfithe average STOI values obtained over
100 simulated realizations of stimuli plus noiséwa cumulative normal model (sigmoid function)
(Lyregaard, 1997). The proposed SIN proceduresstdra comfortable level of +8 dB SNR from a
VCV randomly selected from the set. Then, it adémsintelligibility based on a 1U3D rule (i.e.,
decreased intelligibility after three correct respes, increased intelligibility after one incorrect
response) by changing, concurrently, the VCV aed3INR using\up andAdown that are based on
the estimated intelligibility of the specific stiug at the specific presentation SNR. At each step,

the VCV presented and the order of the alternatgslayed on the screen are randomized.

Test evaluation in normal hearing young adults

The performance of the proposed SIN test (vari8®& step size with a rati®ow/Aup = 0.74)

was assessed and compared with a conventionalagai(fixed SNR step size wiaown = Aup =

2 dB SNR, stimuli equalized at the target pointqigroup of normal hearing, non-native young
adults (YA) (N = 26 subjects; 11 males, 15 femadgg range 23-26 years; mean 24.2 years, s.d.
0.59 years; native language: Italian; pure-tonegholds < 20 dB HL in the range 500-8000 Hz,
otologically normal as in the ISO 7029:2017 staddémternational Organization for
Standardization, 2017)). Participants in the YAugrainderwent SIN testing in one ear (the better
ear was chosen in case of asymmetric pure-tonshbids), first with the conventional staircase

and then with the proposed one. Each SIN test waswice (test and retest) and under two
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different conditions (audiometer-controlled outfmuels and self-adjusted output levels), for altota
of eight tests per subject. Testing was conductedid separate sessions conditions (first in
audiometer-controlled output levels and then ifiraéjusted output levels) that were at least five

days apart.

The tests were run on an Apple® Macbook Air® 183 X Yosemite version 10.10.5). In the
audiometer-controlled condition (output levels =d®HL) the laptop was connected to a clinical
audiometer (Amplaid 177+, AmplifonTM) with TDH49 &d@phones and in the self-adjusted output
levels condition the laptop was connected to SoDRMX110APW headphones and the output
levels set by the tested subject at a comfortael by using a volume control interface.
Participants took part in experiments on a volunbasis after reading and signing an informed
consent form. The experimental protocol was appatdyethe Politecnico di Milano Research

Ethical Committee (Opinion n. 2/2019).

Test evaluation in unscreened adults

To collect preliminary evidence on the validity amretlability of the proposed test in the target
population, experiments were conducted on an uasecepopulation of adults (UA) with varying
degrees of hearing sensitivity and varying natareguage. Participants were recruited and tested in
the framework of local health screening initiativgganized by local not-for-profit citizens
associations in various settings: at a universitysenior citizens, at cultural and recreationatps,

and within health prevention and awareness eventhé& general public.

This study presents preliminary results from a grofti72 UA (25 males, 47 females; age range 24-
89 years; mean 63.2 years, s.d.14.27 years) oinganative language (Italian: 55 subjects;

English: 10 subjects; French: 2 subjects; GermpaniSh, Filipino, Efik, and Igbo: 1 subject).
Participants underwent pure-tone air-conductionihgdhresholds measurement at 0.5, 1, 2, and 4

kHz, the Hearing Handicap for the Elderly - Scregnrersion (HHIE-S) questionnaire (Ventry &
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Weinstein, 1983), and the proposed test usingaheequipment as in the self-adjusted condition
described above. As the aim was to assess theparice of the proposed SIN as a screening tool,
no diagnostic assessment of the type of hearirg@s performed. The pure-tone average (PTA)
was defined as the average of pure-tone threshoddsured at the tested frequencies. Participants
were given the option to choose in which ear(gedorm the test: 64 subjects performed the test in
one ear and 8 in both ears, for a total of 80 ddoseover, for a preliminary evaluation of test
reliability in UAs, a subgroup of participants (N24; 5 male, 16 female; age range 42-89 years;
mean 69.2 years, s.d. 12.46 years; native languiadjan) performed the test twice: 21 in one ear

and 1 in both ears, for a total of 22 ears.

Data analysis

In the first experiment (on YA), we analyzed thewacy and reliability of SRTs and the test
duration measured with the proposed SIN and with ¢bnventional procedure in audiometer-
controlled and self-adjusted output levels condgioln the second experiment (on UA), we
analyzed the distributions of age, HHIE-S scoreBA,Pand test performance (SRT, number of
stimuli, test duration, and percentage of corresponses) in two subgroups of ears classified based
on pure-tone thresholds (UA: thresholds better than or equal to 25 dB HL a2,1and 4 kHz;
UAs2s thresholds higher than 25 dB HL at one or mor¢heke frequencies (American Speech-
Language-Hearing Association, n.d.)). In the subgrof participants who performed the test twice,
we analyzed the absolute test-retest differenceSRA, number of stimuli, test duration, and
percentage of correct responses, andPdgerson correlation coefficient between SRTs medsiar
test and retest trials. For a preliminary evaluatd possible differences between native and non-
native listeners, we compared the SRTs measurathtive English listeners (UA) and in a
subgroup of non-native English listeners (idfn matched for PTA (difference 5 dB HL) and

age (differencec 5 years).
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Possible differences in the measured variables assessed by parametric statistical analysis (t-
tests with Bonferroni correction) if the variablesre continuous and the distributions were normal
(as assessed by the Shapiro-Wilk test) and by manpric statistical analysis (Wilcoxon rank sum
test/signed rank test with Bonferroni correctioti)aswise. A generalized linear model with age and
PTA as predictor variables was used to investitfegossible factors influencing the SRT. The

significance leveb was set at 0.05.

For a preliminary evaluation of the proposed tesh @ossible hearing screening test, we analyzed
the receiver operating characteristic (ROC). Weesyatically varied the cut-off SRT from -19 to

10 dB SNR, in 2 dB steps, and for each cut-off S®TIcomputed the accuracy, sensitivity, and
specificity of the SIN testpass. SRT < cut-off SRTfail: SRT> cut-off SRT) against the above
criterion for classification of ears into U and UA.2s. We measured the area under the curve and
the 95% confidence interval. We identified threadidate cut-off SRTs by selecting the points
closer to the corner (0,1For each of the candidate cut-off SRTs, we estithtgst reliability of test
outcomes (pass/fail) from the test-retest datalavia by computing the Cohen's kapgp &

measure of repeatability for binary outcomes (Col&60).

Data analysis was implemented using MATLAB (R20IMathWorks™).

Results

Test performance in normal hearing young adults

Table 1 shows that the SRTs measured by the caowahtind the proposed procedure in the test
trialsin audiometer-controlled condition were similar.efé@ were no statistically significant
differences in mean SRT between the two procedthtest, DF = 25: p = 0.89). The observed test-

retest differences were slightly higher for thesamtional procedure than for the proposed SIN
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(i.e., -1.58 vs 0.19 dB SNIR audiometer-controlled conditions and -1.31 vg30dB SNRn self-
adjusted output levels conditions). The observetiretest differences were significant for the
conventional procedure in audiometer controlleddattoms (paired samples t-test, DF = 25: p =
0.0015) and in self-adjusted output levels condgi@Nilcoxon signed rank test: p = 0.011). No
statistically significant test-retest differencesres observed for the proposed procedure (audiometer
controlled conditions, paired samples t-test, DFs=p = 0.7self-adjusted output levels conditions:
paired samples t-test, DF = 25: p = 0.38). Theed#ffice in SRTs measured by the proposed
procedure in audiometer-controlled and in self-ajd output levels conditions was small and not

significant (mean difference < 0.5 dB SNR; pairathples t-test, DF = 25: p = 0.83).

The mean test duration of the proposed SIN wasridlan the conventional procedure (i.e., about
3 minutes and 50 seconds vs about 5 minutes arsg@elihds) and this difference was statistically
significant (t-test, DF = 25: p << 0.05). For b@itocedures, the test duration was similar in tisé te
and retest trials (on average, the test-retestréifice in test duration was 12 s with the convaatio

procedure and 3 s with the proposed SIN in YA).

Preliminary evaluation in an unscreened population of adults

As shown in Table 2, subjects in the J&group were older (t-test, DF = 78: p << 0.05) and
reported higher hearing handicap (Wilcoxon rank sesit p = 0.02) than those in the Wégroup.
Specifically, in the UAgs group, 24 subjects reported no hearing handicap€s8), 8 reported
mild-to-moderate handicap (8<score<24), and omg@drted severe hearing handicap (sc@4).
In the UA.25 group, 20 subjects reported no hearing handicapegorted mild-to-moderate

handicap, and 5 reported severe hearing handicap.

The SRTs measured in the WAgroup were, on average, higher than in the YA gr@bout 3.7
dB higher) and SRTs measured in theskégroup were higher than in the YA group (about 6.4

dB higher). All the observed differences in mearTSRere statistically significant (t-tests: WA
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vs YA, DF = 61: p << 0.05; U#s vs UA<«s, DF = 78: p << 0.05; Ubpsvs YA,DF = 67: p <<

0.05). The Table also shows that the standard tiewiaf SRTs tended to increase from the YA to
the UA<s and UA.25 groups, suggesting an increasing variability off @Rtimates across the
groups. In addition, the total number of stimukgented in the test and the percentage of correct
responses decreased across the groups (from YAtestth UA-25). Therefore, the higher (i.e.,
worse) the SRT, the lower the percent recognitierigpmance, and the lower the number of stimuli
required by the adaptive procedure to reach the. JR& observed across-group decrease in total
number of stimuli and the decrease in percentageméct responses were statistically significant
(t-tests for #stimuli, UAsvs YA, DF = 61: p << 0.05; Ufsvs UAws, DF = 78: p << 0.05; U#s
vs YA, DF = 67: p << 0.05; Wilcoxon rank sum test fhe percentage of correct responsessb)A
vs YA: p << 0.05; UA2svs UAos: p << 0.05; UA25vs YA: p << 0.05). The mean test duration
was similar across the three groups (about 3'50d)cating that, despite the fact that less stimuli
were presented in the UA groups, these subjectsrezbjnearly the same amount of time to
complete the test as subjects in the YA groupatn, fdifferences in test duration across the three
groups were not statistically significant (Wilcoxank sum test, UAs vs YA: p = 0.95; UA2s Vs

UA<s p =0.38; UA2svs YA: p = 0.49).

Figure 1 shows the scatterplot of SRT and PTA nreasacross the three groups (YA, WA
UA-25) and the resulting linear regression fit. Withactk group, the individual SRTs tended to
increase (on average, an increase in SRT of abéutR2per 10 dB increase in PTA) and to be
more scattered with increasing PTA, in line with thcrease in inter-individual variability across
groups shown in Table 2. The figure also show tiratelationship between SRT and PTA in
native listeners (UAv) was in line with the overall trend in SRTs asiadtion of PTA observed in
the whole sample. The mean SRT measured ienwas -9.1 dB SNR (s.d. 5.22; range: -
17.25+4.50) and was similar to the mean SRT medsuarthe age- and PTA-matched (kbAen)

subgroup (mean: -9.2 dB SNR (s.d. 5.84; range75F..75). The observed differences in median
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SRT between the two groups were not significanti¢@ion signed rank test: p = 0.81). The mean
difference in age between @aand UAn-enSubjects was 2 years (s.d. 1.6; range 0+4) and the

mean difference in PTA was 1.67 dB HL (s.d. 1.44ige 0+3.75 dB HL).

Figure 2 shows the scatterplot of SRT and age ac¢hasthree groups (YA, Uds, UA-25) and the
resulting linear regression fit. There was a ctaaarlap in age between the WAand UA.2s groups
and patrticipants in the U&s group tended to have higher age and higher SR&rallythe SRT
increased as a function of age (on average, aeaserin SRT of about 2 dB per decade), especially
within the UAs2s group. As the distribution of SRTs was not norf&dapiro-Wilk test: p << 0.05),
the generalized linear model was computed followwragsformation of SRTs values using a
logarithmic mapping function. The generalized lineendel (F(102) = 37.9; p << 0.05) showed that
neither PTA nor age alone were significant predgtf SRTs (p = 0.36 and p = 0.25, respectively)

whereas the interaction between age and PTA wam#dicant predictor of SRTs (® 0.01).

Table 3 shows preliminary test-retest results olethifrom the 21 UA participants who underwent
the proposed SIN test twice (UAN = 22 ears). Of these 22 ears, 7 were in theb#lass and 15
were in the UAzs class. Overall, participants in the WAubgroup showed varying degrees of
hearing sensitivity (from normal hearing to moderataring loss) and a large range of self-reported
hearing handicap (from no handicap to severe hap¥lidhe Pearson correlation coefficient for
SRTs measured in test and retest trials was high (.84). There was no statistically significant
differences between test and retest SRTs (Wilcaxgmed rank test: p = 0.70). The observed
absolute variation in UA subjects shown in Table 3 was higher than thelateseariation

observed in the YA group (mean: 1.70 dB, s.d. Bbrdnge 0.25+7.00 dB). On average, the
absolute variations in #stimuli and percentageoofect responses were limited, suggesting that the
proposed algorithm for the 1U3D adaptive procegquogluced consistent patterns in repeated
measurements in UA participants. Test duration €ltbsvmean absolute variation of less than one

minute in the UAs group with individual variations up to about twanotes and a half with the

Accepted ManuscriptAmerican Journal of Audiology p. 15



retest trial being, on average, longer than thiettied (mean increase in test duration equalliout

half a minute).

Figure 3 shows the ROC obtained from the wholeyssagnple (N = 106 ears from 98 subjects).
The area under the curve, representing the protyaihiat the SRT of a randomly chosen ear in the
UA>2s group will be ranked higher than the SRT of a mnly chosen ear in the U#s group, was
0.84 (95% confidence interval: 0.75-0.94), suggestjood overall classification performance. The
three candidate cut-off SRTSs, representing a todfibetween sensitivity and specificity,

were: -11.75 dB SNR (accuracy: 0.73; sensitivity. 79; specificity = 0.68k = 0.70), -10 dB SNR
(accuracy: 0.79; sensitivity = 0.77; specificitp81;k = 0.80), and -8 dB SNR (accuracy: 0.82;

sensitivity = 0.70; specificity = 0.9&;= 0.72).

Discussion

As a first step to develop an accurate and reliatdieening test for use in listeners of unknown
language, a novel SIN test has been designed. rbipeged test is based on recognition of VCV
stimuli in 3AFC format and uses a novel staircaseg@dure that introduces adaptive upward and

downward steps that are based on estimated VC\hpsayetric curves (Zanet et al., 2019).

Test performance

Evaluation of test performance in a group of norimedring young adults (YA) showed that the

proposed test was accurate (i.e., as accuratera®mmonal staircase procedures) and reliable in
repeated measures (i.e., it provided consistentltsesn test and retest trials) and, also, that it
required a shorter test time (i.e., about 2 mingtester) than a conventional staircase (Zaneit,et a

2019). Thus, results from YA participants suggeshted the newly developed staircase procedure
may be suitable for applications in which fast aglthble methods are needed, for example in adult

hearing screening. Moreover, the novel test was #&blprovide reliable estimates of SRTs in
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audiometer-controlled and in self-adjusted outmwels conditions, yet requiring a shorter time
compared to a conventional procedure. Accordintilg, proposed test may be viable for use in
uncontrolled environments (either locally or fomm@te testing) provided that subjects are instructed
to adjust the output volume at a comfortable l¢¥Z@inet et al., 2019). This is further supported by
results from a recent study that showed, by usaabgratory measurements of sound pressure levels
with a range of consumer transducers, that gividigisting the output level through the laptop
volume can help compensate for the different traosdcharacteristics, thus further supporting the

viability of the test to be used for remote testing

To further evaluate the feasibility of the proposest as a hearing screening test for adults, we
performed a preliminary study in an unscreened |adjon of adults (UA) of varying native
language. Results showed that the SRTs measutéd-iss ears were significantly higher (i.e.,
worse) than those measured indears and that, in turn, SRTs in BAears were significantly
higher than in YA ears (Table 2). Considering theug characteristics and the SRT distributions
reported in Table 2 for the YA and UA groups, thessailts suggested that the higher the pure-tone
thresholds, age, and self-reported hearing hangdibaphigher the SRT and its inter-individual
standard deviation. Interestingly, despite a deg@a speech recognition performance and an
increase in age from YA to U&s to UAs25, test duration in UA was similar as in YA. This igedto

the fact that adaptive procedures such as the ereedeveloped are able to compensate for the
possibly longer response time and the possiblydrigffort incurred by older hearing impaired
subjects because the total number of stimuli reguio estimate the SRT decreases with decreasing
performance, thus keeping the test duration apprataly constant (Table 2). The observed
decrease in the number of stimuli can be explamauhly by a shorter initial phase of the 1U3D
adaptive procedure in subjects with poorer speechgnition performance. Specifically, in

adaptive procedures that start from well abovestiwkl levels (such as the +8 dB SNR level used

in this study), subjects with better speech redomgmntypically go through several correct responses
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(i.e., several 3D steps) before incurring intofth& reversal (i.e., an error leading to a 1U jtep
thus leading to an overall higher number of stinppéisented. Vice versa, subjects with poorer
speech recognition typically go through fewer 38pstbefore incurring in the first error and they

tend to incur in the first reversal more rapidlghsubjects with better speech recognition.

Influence of hearing sensitivity and age on SRTs

The decrease in SRT and the related increase igvéy with increasing hearing thresholds, as
shown in Figure 1 and Table 2, are in line withedadm the literature. In fact, although threshold
detection of pure-tones and suprathreshold speadgnition relate to two inherently different
mechanisms, a significant relationship between-ame audiograms and SRTs can be observed
across a range of pure-tone thresholds in adutisrttan & Smoorenburg, 1995; Smoorenburg,
1992; Beattie, 1989). The dominant source of redgpeech recognition in adults with mild-to-
moderate hearing loss, such as the majority of @@igpants in this study, is known to be related
to the combined effect of hearing loss and maskiwige that reduce the audibility of speech,
although suprathreshold deficits also play a réle€k & Delhorne, 1987). In fact, suprathreshold
deficits in addition to audibility can play a coterable role in speech recognition in noise in t&dul
even at levels well above threshold such as the osed in this study in the self-adjusted output
levels condition. The observed increase in SRTsactioe groupgrom YA to UA<s to UAs2s, has
been shown to be mainly related to the concurresrease of PTA and age (Figure 1 and 2). This is
in line with the well-known effects of hearing lpssiditory and cognitive processing, and age on
speech intelligibility in noise (e.g., Ching & Dok, 2013; Humes, Kidd, & Lentz, 2013; Summers,
Makashay, Theodoroff, & Leek, 2010; Nuesse, Steenkeher, & Holube, 2018). Moreover, our
results clearly indicated that age alone, as veePBA alone, were not significant predictor of SRTs
but that their interaction was a significant factbhis is in line with various studies that
demonstrated a decline in auditory processing agditive abilities with age as well as an

interaction between age, cognition, and hearing llos way that speech recognition performance is
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the result of complex interactions between thestfa (Fullgrabe, Moore, & Stone, 2015;

Fullgrabe, 2013; Smith & Pichora-Fuller, 2015).

Inter-individual and intra-individual variability

Increased SRT variability was observed in the saaiyiple with increasing pure-tone thresholds
and increasing age (Figure 1 and Figure 2). Ak @athe YA group were in the normal hearing
range. Ears in the U&s group were in the normal, slight-, and mild-hegrioss range and subjects
in this group were older than in the YA group. BEarthe UA.>s group were in the mild-, moderate-
, and moderately severe-range (following critegadbark, 1981) and subjects in this group were,
on average, older than subjects in the other twamgg. This is in line with previous studies that
reported increased inter-individual variability®RTs for various types of speech material in
subjects with hearing loss compared to subjects mormal hearing (Leensen, de Laat, &
Dreschler, 2011; Nielsen & Dau, 2011; Summers, Mbk§, Theodoroff, & Leek, 2010) as well as
increased inter-individual variability of SRTs itder adults with hearing impairment compared to

those with age appropriate hearing (Nuesse 2@l8).

Regarding intra-individual variability, as measunedest-retest experiments, it is typically
influenced by learning in subsequent trials. Inegah test results in retest trials are likely to
improve compared to the first trial as the partacipis better able to deal with the test stimudl an
presentation mode, is more familiar with the iraed and task, and may become more able to
separate the auditory characteristics of speech froise — in fact, some auditory training programs
use repeated SIN exercises to improve listeningpiae (Song, Skoe, Banali, & Kraus, 2012).
However, in this study no significant learning effevas observed, the mean SRT measured by the
proposed SIN was stable across conditions, andwlge change in SRT in the retest trial
compared to the test trial was small (-0.35 dB) aoidstatistically significant. The test-retest
variability in SRTs in the U group was higher than in the YA group (on averdge absolute

SRT variation was 1.7 and 3.47 dB in the YA andyllgkoups with standard deviations of 1.50 and
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2.87, respectively, Table 3). Previous studies maperted intra-individual standard deviation of
test-retest SRTs in the range 0.4+1.2 dB in nolmaling subjects and in the range 0.8+2.0 dB in
hearing impaired subjects for sentence-, wordst,ciagits-based SIN tests (Jansen, Luts, Wagener,
Kollmeier, Del Rio, Dauman, et al., 2012; Jansarts| Wagener, Frachet, & Wouters, 2010;
Killion, Niquette, Gudmundsen, Revit, & Banerje®023; Nielsen & Dau 2011; Semeraro, Rowan,
van Besouw, & Allsopp, 2017; Sheikh Rashid & Drdsch2018) although a benchmark for
multiple-choice recognition of VCV is not availablemay be that the higher intra-individual
variability here observed was due, at least in, parhe initial design process as VCV recordings
were selected based on a combination of criteaaititluded, among others, the requirement of
lower slope for the psychometric function thatimsturn, related to higher variability (Strasburger
2001). In addition, the use of a 3AFC task maymalzer possible source of performance
variability as the slope is lower in multiple-cheirecognition tasks compared to open set
recognition (Klein, 2001). However, in this studigtcorrelation between SRTs obtained in test and
retest trials in the UA group was high (i.e., 0.84) and the test-retdsthiity for classification of
ears into pass and fail, as measured by Cohenisak@&) ranged from 0.70 to 0.80 for the three
cut-off SRTs here investigated, suggesting suhslaagreement of test outcomes were reliable

repeated measures (Cohen, 1960).

Classification performance

Despite the statistically significant increase ieam SRTs observed in the LbAgroup compared to
the UA<sgroup, results in Table 2 and Figure 1 show thadiktributions overlapped, also due to
the related increase in inter-individual varialiliTherefore, for the sake of classifying subjects
pass andfail based on the outcomes from the proposed testda-tff is necessary as shown by the
ROC analysis in Figure 3. The test reached an taeuracy of up to 0.82 and an area under the
curve equal to 0.84, suggesting that the test darately accurate (Fischer, Bachmann, &

Jaeschke, 2003). This moderate level of accuramtased to the overlap between the UA
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subgroups and, also, to the inherently differetaimeeof the measures compared (tone detection and
speech recognition) so that a true gold standar8Hd test evaluation is not available within this
study. It is to note that, in general, the senisjtiand specificity of SIN screening tests can vary
greatly depending on the type of stimuli, the tegprocedure, and the cut-off criteria. The
performance of the SIN test here presented isigwith the performance documented for speech
recognition tests using similar approaches, i.dtipte choice recognition of short words. For
example, Leensen, de Laat, & Dreschler (2011) itnyated the accuracy of the Earcheck and the
Occupational Earcheck, i.e. internet-based ada@iMetests based on a closed set of eight equally
intelligible Dutch consonant-vowel-consonant woirds nine-alternative multiple-choice task.

Both tests used a cut-off SRT equal to -10 dB SN&Ryaelded sensitivity of 0.51 and 0.92 and a
specificity of 0.90 and 0.49, respectively to dewars with noise induced hearing loss, with test-
retest reliability, as measured by the intra-ctamselation coefficient, equal to 0.75 and 0.68,
respectively, i.e. lower than the ones here obskfwethe same cut-off SRk € 0.80). Recently,
Sheikh Rashid & Dreschler (2018) investigated tt@®ieacy of the Occupational Earcheck in an
occupationally noise-exposed population. They fotlnad, by using a cut-off SRT of -14.9 dB

SNR, the test had 0.65 sensitivity and 0.63 sprifto detect high-frequency hearing loss above
25 dB HL and that in the older age group the sefityitvas 0.69 and sensitivity was 0.46. When a
second round of conditional rescreening was adtiedsensitivity and specificiyf the

Occupational Earcheck were 0.65 and 0.92 in thera@de group, i.e. similar to the ones we
observed with a cut-off SRT of -8 dB SNR. A fixesl#ls screening test based on 3AFC
recognition of a list of 12 VCVs presented at ptedained SNRs (the SUN, Speech Understanding
in Noise test) administered sequentially in botlts @aached about 0.85 sensitivity and specificity
for detecting disabling hearing impairment (i.e A°¥ 40 dB)when a cut-off score of 6 out of 12
correctly identified VCVs was set and results frbath ears were combined (Paglialonga et al.,
2014). The original version of the digits in noisst by telephone used a cut-off SRT equal to -4.1

dB SNR (Smits et al., 2004)e., higher than the candidate cut-off SRTs ideatiin Figure 3, due
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to the inherently different task (open choice uséd choice) and speech material (digit triplets vs
VCVs). The test yielded a sensitivity of 0.75 apedficity of 0.91 to identify ears with PTA
(computed at 0.5, 1, and 2 kHz) higher than 20.61dBi.e. values comparable to the ones we
observed with a cut-off SRT of -8 dB SNR (sensiyi\d.70, specificity = 0.90). Similarly, the US
version of the digits in noise test obtainesing a cut-off SRT of -5.7 dB SNR, sensitivity and
specificity of 0.80 and 0.83 to identify ears WRfAA higher than 20 dB HL (Watson et al., 2012),
i.e. values close to the ones we obtained in tl@Brpinary study with a cut-off SRT of -10 dB SNR

(sensitivity 0.77, specificity 0.81).

Limitations and future research

It is acknowledged that this study has some linotet. Due to the preliminary nature of data
collected from UA, a comprehensive assessmentegbpdissible influence of native language on test
performance was not possible. In this prelimindauwgdg, we observed no noticeable differences in
test performance between 12 native listeners ambhzhative listeners who were matched for
hearing sensitivity and age. It is important tlns finding be further investigated in future sesli

by recruiting a larger population across a rangeabive languages. In addition, the proposed study
did not follow a comprehensive protocol for hearaggessment and SIN testing in all the tested
subjects due to the specific settings in whichnieasurements were conducted in the UA group
(i.e., at opportunistic hearing screening initiaivand health prevention and awareness events).
Similarly, test-retest reliability was addressed irelatively small sample (26 YA and 21 UA) and
only in one ear, mainly on the basis of the meab&RTs and test performance. It would be
important to evaluate the test-retest reliabilityailarger sample and by analyzing the patterns of
responses in more detail (e.g. the confusion nestrithe individual responses and reaction times)
for a better understanding of the possible faatftaencing test performance and the magnitude of
possible learning effects in repeated measurethé&uresearch is needed, by using a

comprehensive protocol for hearing assessment BheeSting to fully characterize the
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performance of the proposed test in adults, armh&byze its accuracy and reliability compared to
well-established screening and diagnostic speeshebgests. It will also be important to recruit a
bigger population of unscreened adults to coverdgmrange of hearing sensitivity, types of
hearing loss (including sensorineural, conductare mixed), and native languages in order to
investigate the effectiveness of the proposedatest screening tool and to measure the influence of
native language on test performance. Moreoverillifoe important to address the performance of
the test in listeners of characters-based and ooain alphabet-based languages to evaluate the
influence of the alphabet on test outcomes. Intamdiit will be useful to investigate new, more
complex classifiers that, in addition to the estdaSRT, take into account further parameters,(e.qg.
percentage of correct responses, age, or detalterp of responses including the confusion
matrix) to build more accurate and robust model$hefpopulation for the sake of hearing
screening. Finally, more experiments with web-basetiobile-based versions of the test on adults
with normal hearing and hearing impairment are addd get a deeper insight into the feasibility of

the test for remote delivery.

Conclusions

The main outcome of this study is to demonstratethe first time, the viability of a novel SIN tes
that can be administered to subjects of unknowguage, that is reliable in repeated measures, and
that can be available for use in uncontrolled sgstiand for remote testing. In general, SIN tests
such as the one proposed here can be useful asenfive measure by identifying individuals with
reduced speech recognition abilities and help thaim awareness on the importance of having a
full hearing assessment and consult an audioldfiss, contributing to early identification and
management of hearing impairment. Further resaancbeded to fully validate the test, to
determine its classification performance for sciegpurposes, and to assess the feasibility of the

test for remote delivery.
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Table 1.SRTs (mean, standard deviation, and range) measuttethe conventional staircase and

with the proposed test in test and retest trialudiometer-controlled and self-adjusted output

levels conditions in the YA group (N = 26 ears fr@tsubjects).

audiometer-controlled

self-adjusted

A4

—4

test retest test retest
Conventional | M€&" (s.d.) -15.45(1.38) | -17.03(2.14) | -17.8(1.87) | -19.11 (2.37) _
range -18.43 +-13.14 -21.14 +-11.71] -21.29 +-14.31 -24.20 + -10.91
Proposed mean (s.d.) -15.39(1.84) | -15.20 (1.71) | -15.28 (1.87) | -15.71(1.61)
range -18.25 +-10.25 -18.50 +-10.75 -18.75 +-11.75 -18.75 + -12.0(
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Table 2.Participants characteristics (number and gendet, lHIE-S, and PTA) and SIN test
outcomes (SRT, number of stimukst duration, and percentage of correct respoinsesymal
hearing young adults (YA, N = 26 ears from 26 scisje in UA2s ears (N = 37 ears from 34

subjects) and in U&s ears (N = 43 ears from 38 subjects).

YA UA<s UAs2s
Subjects e | 26Qu1s) | 34@aro) | 38(@u27)
Age (years) merzg éz-d-) 242-2 +(2-6?9) 55.224(+174é46) 704.; +(2.960)
HHIE-S (score) mean éz-dJ 0-00(+0600) 6% +(2.095) 116L+g9é63)
PTA (48 HD Mange | 1600500 | 1628365 | 300:7575
o | T ke el o
#Stimuli (number) merzgéz-d-) 916% fﬁfl) 8%-é+(19£5) 673% ﬁ?go)
Test duration (s) mergrr]léz.d') 2?25(3’20097) 2?23@25%0) 21117(229778)
Correct responseg%) mergrrlléz -d.) 9818%3 % g%) 87%%% gi) %114 £59 39%)
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Table 3.Group characteristics (subject numbers and geader,HHIE-S, and PTA) and test-retest

absolute variations in SRT, number of stimuli, thstation, and percentage of correct responses in

the subgroup of unscreened adults who underwer8Itii¢est twice in the same ear (WAN = 22

ears from 21 subjects).

UAur
Subjects number (m/f) 21 (5/16)
mean (s.d.) 69.1 (12.46)
Age (years) range 42+89
) mean (s.d.) 8.9 (8.06)
HHIE-S (score) range 0-28
mean (s.d.) 31.8 (7.92)
PTA (dB HL) range 20.0+73.75
SRT (dB SNR) absolute variation mean (s.d.) 3.5 (?'86)
range 0.2+9.7
#Stimuli (number) absolute variation mean (s.d.) 11'5, (9.58)
range 0+40
Test duration (s) absolute variation mean (s.d.) 44'8. (38.53)
range 4+153
0 L mean (s.d.) 2.0 (2.28)
Correct responseq%) absolute variation range 0+9.5
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Figure legends

Figure 1. Scatterplot of SRT and PTA measured in the study$a (N = 106 ears from 98
subjects) and linear regression analysis. Crosker&rYA group (N=26 ears from 26 subjects);
triangle markers: UAs (N=37 ears from 34 subjects); circle markers:-ksfN=43 ears from 37
subjects). Filled markers indicate ears from subjedio were native speakers of English in the UA

groups.

Figure 2. Scatterplot of SRT and age measured in the staigiypke (N = 106 ears from 98
subjects) and linear regression analysis. Crosker&rYA group (N=26 ears from 26 subjects);
triangle markers: U&s (N=37 ears from 34 subjects); circle markers:>k$4AN=43 ears from 37

subjects).

Figure 3. Receiver operating characteristic (ROC) obtaineti thie proposed SIN test in the UA
population (N = 106 ears from 98 subjects). Dotkaandicate the measured points obtained by
varying the cut-off SRT from 9.75 to -18.75 dB SkiRD.25 dB steps. Cross markers indicate the

three points closer to the point at (0,1), i.e.lb#er trade-offs between sensitivity and spdtyfic
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