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Digital speech hearing screening
using a quick novel mobile
hearing impairment assessment:
an observational correlation study
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Sean Tobyne?, Joyce Gomes-Osman®*, Ali Jannati'®*?, John Showalter?, David Bates® &
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By 2050, 1 in 4 people worldwide will be living with hearing impairment. We propose a digital Speech
Hearing Screener (dSHS) using short nonsense word recognition to measure speech-hearing ability.
The importance of hearing screening is increasing due to the anticipated increase in individuals with
hearing impairment globally. We compare dSHS outcomes with standardized pure-tone averages
(PTA) and speech-recognition thresholds (SRT). Fifty participants (aged 55 or older underwent
pure-tone and speech-recognition thresholding. One-way ANOVA was used to compare differences
between hearing impaired and hearing not-impaired groups, by the dSHS, with a clinical threshold
of moderately impaired hearing at 35 dB and severe hearing impairment at 50 dB. dSHS results
significantly correlated with PTAs/SRTs. ANOVA results revealed the dSHS was significantly different
(F(1,47)=38.1, p<0.001) between hearing impaired and unimpaired groups. Classification analysis
using a 35 dB threshold, yielded accuracy of 85.7% for PTA-based impairment and 81.6% for SRT-
based impairment. At a 50 dB threshold, dSHS classification accuracy was 79.6% for PTA-based
impairment (Negative Predictive Value (NPV)-93%) and 83.7% (NPV-100%) for SRT-based impairment.
The dSHS successfully differentiates between hearing-impaired and unimpaired individuals in under
3 min. This hearing screener offers a time-saving, in-clinic hearing screening to streamline the triage
of those with likely hearing impairment to the appropriate follow-up assessment, thereby improving
the quality of services. Future work will investigate the ability of the dSHS to help rule out hearing
impairment as a cause or confounder in clinical and research applications.
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The World Health Organization anticipates that 1 in 4 people worldwide will be living with hearing impairment by
the year 2050". Recent research by the Lancet Commission showed a direct association between untreated hearing
impairment and cognitive impairment, aging-related neurodegeneration, and risk of developing dementia®-.
Hearing impairment in older adults leads to a reduction in social activity and engagement, making it more dif-
ficult in some cases to diagnose both hearing loss and cognitive impairment’=°. An estimated 8% of dementia
cases can be avoided by addressing hearing impairment®. Additional research suggests that a decrease in objective
speech-hearing ability is likely to negatively impact a person’s cognitive ability as they age'®. Unfortunately, only
14-16% of older adults are regularly screened for hearing impairment”!!, self-reports of hearing loss may not
be accurate in populations with/at risk of cognitive impairment, and thus hearing loss is often underdiagnosed.

On average, it takes adults 7-10 years after the onset of their hearing impairment symptoms before seeking
a hearing screening and still several more years of delay after the initial screening to receive an intervention
to address their hearing issues'>'*. This delay in screening is compounded by the low sensitivity of common
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hearing screening methods. For example, the self-reported Hearing Handicap Inventory for the Elderly (HHIE)
and the Whisper Tests have a sensitivity of 62% and 73%, respectively, and are highly variable as they depend
on the test administrator and the listening environment'?. Thus, even when an individual is screened, hearing
impairment may be missed in a substantial number of cases, further delaying hearing loss intervention. As such,
the clinical utility of these screening methods is limited. Anticipating an increase in the global prevalence of
hearing impairment, a fast, reliable, repeatable, sensitive, and automated method for screening hearing in older
adults is clearly needed”"".

Digital solutions may be a more viable solution for addressing hearing screening problems by providing a
ubiquitous and scalable option, which can be readily integrated into various clinical and research workflows.
Such solutions, however, also have limitations that hinder their wide adoption. Many digital hearing screening
methods mimic standard audiometric determination of pure tone threshold averages (PTAs) by presenting a
steady tone'>'. These PTAs are often used to infer speech-hearing ability, a practice that is not reliable given
that they often fall between 8 and 16 dB quieter than standardized audiometric speech recognition thresholds
(SRTs)!*"'7. Current methods that implement speech hearing evaluate an individual’s hearing of numbers or
real words'>'®. This presents a challenge in the context of cognitive screening where numbers are often parts
of neuropsychological evaluations, and this practice has potential interference effects on subsequent testing'.
Many cognitive tests require encoding and repetition of verbal stimuli, and thus other hearing tests seeking
to establish normal hearing with real-word stimuli prior to the administration of cognitive testing introduce
potential interference with verbal memory tasks. Adult hearing screening is in need of a solution that can be
quickly administered and interpreted, objectively evaluates the individual’s speech-hearing ability, and can be
used without impacting cognitive screening.

To address these gaps, a digital speech hearing screener (dSHS) was developed as an accompaniment to
the Digital Clock and Recall (DCR), a brief digital cognitive assessment. The DCR consists of an immediate
recall of three words, followed by the DCTclock™ drawing command and copy clock conditions, and finally the
delayed recall of the same three words'*-?!. The patient’s or participant’s ability to perform the DCR critically
depends upon the patient’s or participant’s accurate perception of the target words, thus an assessment of the
persons ability to hear the instructions and three-word recall is critical. We propose a dSHS that does not rely
on pure tones but instead requires the recognition of short nonsense words, to better understand an individual’s
speech-hearing ability. Two-syllable, vowel-consonant-vowel nonsense words with a diversity of high-frequency
speech sounds (i.e., s, t, f, z, sh” etc.) were used as stimuli to reduce the potential interference with subsequent
behavioral or cognitive testing. This differs from other digital hearing screenings which use real-word, numbers,
or sequences introducing the potential for intrusion effects in subsequent testing of cognition or behavior. The
main objectives of this cross-sectional observational study were to compare the hearing thresholds automatically
calculated by the dSHS to the results of a clinical audiogram (pure tones and speech recognition) and examine
the relationship between these thresholds. Furthermore, we report classification analysis of the mild impairment
clinical standard threshold of 35 dB and the moderate impairment threshold of 50 dB.

Methods

Study sample

50 participants were enrolled as part of a clinical trial (ClinicalTrials.gov ID: NCT05848804) at a single site
(Crossover Management, Wake Forest, NC) over 11 months. All Participants were 55 years of age or older, and
fluent in English. Participants were excluded if they were unable to understand or unwilling to comply with
testing instructions, reported a major psychiatric disorder such as bipolar disorder, or if they had major medi-
cal problems such as cancer or epilepsy. Hearing tests were administered by a trained hearing instrumentation
specialist after obtaining informed consent from each subject. Study procedures were approved by an independ-
ent Institutional Review Board (Advarra IRB Inc., Columbia, MD; www.advarra.com/) and were performed in
accordance with relevant guidelines/regulations. Each participant was assigned (using the 4-block randomization
method shown in Fig. 1) to one of two groups: the first group completed the audiogram first and then the dSHS,
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Figure 1. Workflow of study recruitment and randomization arms. Total study enrollment: 50 participants (28
females, mean age +SD: 73.64+9.5 years).
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whereas the second group completed the dSHS first and then the audiogram. Equal numbers of participants
were enrolled in each study arm.

Mobile device sound output calibration

The dSHS and cognitive assessment battery were conducted using an iPad Pro (11", 4th Generation, Wi-Fi, Apple,
Inc., Cupertino, CA, USA). Sound levels produced by the iPad Pro were measured using a Type 2 calibrated SPL
meter set to the International Electrotechnical Commission (IEC) and American National Standards Institute
(ANTSI) standards for electroacoustic devices (IEC 61672-1 class2, IEC651 Type2, ANSI14 Type2) placed 1 foot
from the mobile device. Study participants were tested in a quiet environment testing center. Calibration is vital
for comparison between the sound output levels of devices and for the threshold comparisons (PTA, SRT, and
dSHS) made in this study to those of similarly calibrated devices used for audiometric assessment in the clinic.

Study protocol

Pure tone average (PTA) thresholds were established at 500, 1000, and 2000 Hz tones using Interacoustics AA222
(Model 1078; firmware version 1.11). While other tones were tested, the inclusion of 3000 & 4000 Hz did not have
a significant effect the outcomes in our models and thus were not included in the analysis. Speech recognition
thresholds (SRT) were established during audiometric testing as the lowest levels at which pre-recorded speech
(spondee words; i.e., cowboy, hotdog, cupcake, etc.) presented at a consistent intensity could be recognized
with at least 50% accuracy'>'%*>%, Importantly, the authors and creators of the hearing screener recognize that
clinical environments can be noisy. The dSHS thus performs an environmental noise level check prior to the
beginning of the screening. This noise level check does not allow the user to proceed to the hearing screening if
the environmental noise level is measured as higher than 35 dB.

The dSHS used nonsense words to avoid potential intrusion effects on subsequent cognitive testing. In the
dSHS, a short, nonsense vowel-consonant-vowel (VCV) word was presented by the mobile device’s external
speakers (Fig. 2). Participants were asked to select from a list of 6 nonsense VCV words randomly selected
from a constrained list, the one that best matched what they heard. If they did not hear or understand the word,
participants were instructed to select “Didn’t Hear”, which was considered an incorrect response. The volume
was increased incrementally in steps of 6.25% on the tablet following every incorrect response. The participant
performed this task with several randomly selected VCV words until three consecutive correct responses were
obtained. Therefore, if participants normally wore hearing aids (n=23), they were instructed to wear them
during the assessment to mimic their normal hearing conditions as closely as possible. All hearing tests were
performed in a noise-attenuated booth designed for hearing screening (environmental noise level <35 dB). In
cases where environmental noise is > 35 dB, users are not able to begin the dSHS until noise sources are removed

Patient: Sam Clarke Session Settings = Patient: Sam Clarke Session Settings =

Select the word that you heard.

O uh-duh QO uh-huh
) O uh-fuh [ @® uh-tuh ]
Please listen
O uh-muh O uh-shuh
O Didn't hear

Check Answer

Figure 2. Screenshots from the dSHS application showing nonsense vowel-consonant-vowel selection options.
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or attenuated. Data collected included correct/incorrect responses to the auditory stimuli and the subsequent
increase or maintenance in volume. The iPad tablet was maintained steady at on a fixed arm 30 cm from the
person being tested while the participant sat in a high-back chair.

Statistical analysis

Analysis was conducted in Matlab v9.3 (Mathworks, Inc., Natick, MA, USA). Pearson’s correlation coeflicient was
used to determine if there was a linear relationship between the average PTA and the volume level established
by the hearing screener task. PTA thresholds were adapted to fit the nearest standards of hearing impairment
established by the American Speech-Language and Hearing Association?* (ASHA). Normal hearing was classi-
fied as the reported average loudness of conversational speech®. Impaired hearing was classified using adapted
thresholds for severe and profound hearing impairment®. The maximum value of the audiogram response for the
three frequencies was considered an outcome measure; however, PTA was used given its status as the standard
clinical measure of hearing impairment. In cases where a difference between left and right ears existed on either
PTA or SRT, the worse threshold was used in our analysis to avoid overestimating hearing ability.

One-way Analysis of Variance (ANOVA) was used to determine if there was a significant difference between
Impaired and Unimpaired groups by the dSHS, where a clinical threshold of moderately impaired hearing®* was
used to determine impaired hearing. Two different thresholds to identify the presence of hearing impairment,
optimized for distinct contexts, were examined in this study. Each threshold was used to perform a binary clas-
sification analysis to determine the dSHS performance in classifying hearing impairment. The first threshold,
35 dB, was based on the clinical standard for differentiating normal hearing from hearing impairment®. The
second threshold, 50 dB, was intended to maximize the negative predictive value (NPV) in order to optimize
the ruling-out greater than moderate hearing impairment. The area under the receiver operating characteristic
(ROC) curve (AUC) was calculated to examine the discriminative ability of the dSHS between the Impaired
and Unimpaired classes.

To evaluate the performance of the dSHS in classifying hearing impairment, we used Classification accu-
racy (Acc) defined as the percentage of participants correctly classified as being impaired or not-impaired. The
sensitivity (Sens) is defined as the percentage of participants classified correctly. Similarly, specificity (Spec) is
defined as the percentage of impaired participants, correctly identified as such by the system. Positive and nega-
tive predictive values were also calculated to provide a measure of the predictive power of positive and negative
(Impaired or Unimpaired) classifications. The positive predictive value (PPV) is defined as the proportion of
participants, classified as impaired by the system, who were correctly classified. The negative predictive value
(NPV) is the proportion of participants, classified as Unimpaired by the system, who are correctly classified. (The
data that support the findings of this study are available from R.B. with the permission of Linus Health Inc.).

Results

A total of 50 participants (28 females, mean age + SD: 73.64+ 9.5 years) completed the hearing screener proto-
col. On average, the dSHS duration was 2 min 46 s (£ 53 s). Pearson’s correlation coefficient was 0.77 (p <0.001)
between the dSHS results and the PTA audiometric testing and 0.78 (p <0.001) between the dSHS results and
SRT (Fig. 2). Results of a One-way ANOVA showed significant differences in dSHS volumes between the hear-
ing impaired and hearing unimpaired classes as determined by audiogram PTAs and SRTs (F=38.1, p <0.0001;
Fig. 3).
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Figure 3. Linear relationship between the dSHS volumes (% of maximum) and Pure Tone Averages in dB (Left)
and Speech Recognition Thresholds in dB (Right). Blue lines indicate the line best fitting the data. Red lines
indicate the XY unity line. Black dashed lines indicate impairment thresholds of 35 and 50.
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To assess the classification performance of the dSHS in determining hearing impairment, confusion matrices
were constructed by applying a priori thresholds (35 and 50 dB) to the PTA’s and SRT’s. Results of the standard
hearing impairment threshold (35 dB) model revealed an overall classification accuracy for the dSHS determin-
ing PTA-based impairment of 85.7% (Sensitivity = 87.9%; positive predictive value; PPV =90.6%; NPV =76.5%;
AUC=0.87) and 81.6% (Sensitivity =92.9%; PPV =90.6%; NPV =76.5%; AUC =0.85) on SRT-based impairment
(Table 1, Fig. 4). To evaluate the concordance between the dSHS, PTA, and SRT thresholds, the percentage of

PTA at 35 dB PTA at 50 dB SRT at 35 dB SRT at 50 dB
Acc (%) 85.71 79.59 81.63 83.67
Sens (%) 87.88 85.71 92.59 100.00
Spec (%) 81.25 77.14 68.18 78.38
PPV (%) 90.63 60.00 78.13 60.00
NPV (%) 76.47 93.10 88.24 100.00
AUC 0.87 0.84 0.85 0.90
Cohen’s K 0.68 0.44 0.62 0.45
Z-score 4.77 3.53 4.45 3.75
Std. err. 0.14 0.13 0.14 0.12

Table 1. Comparisons of classification models for Pure Tone Averages (PTA) and Speech Recognition

Thresholds at 35 and 50 decibels (dB). Level of agreement (Acc.) between the dSHS classification and those

done by Pure Tone Averages and Speech Recognition Thresholds at each dB cutoft. Z-scores and standard

errors (Std. Err are presented for Cohen’s Kappa statistic. Acc accuracy, Sens sensitivity, Spec specificity, PPV
positive predictive value, NPV negative predictive value, AUC area under the receiver operating characteristic

curve.
PTA Impairment at 35dB
o
O - % (0] o
A [e)
O o o
o |
el O
g %0 %
i o
i @ o°
e (¢] (e]
go
5 [e] (e} o
© o ®
[ — | o ©
ol g OF V| °
N O ® o
T
Unimpaired Impaired
SRT Impairment at 35dB
o
O @ O o
. o
O o o
8 -
s O oo ° g
£g ] °
S @
> fa o)
2 o o —2
8 =
o o]
o o
o [¢]
7 o
o] CQO
T
Unimpaired Impaired

80 100

dSHS Volume(%)
60

40

20

80 100

dSHS Volume(%)
60

40

1

20

1

PTA Impairment at 50dB

—®-0—6—
o [}
o] o o
©-
g o
[ 9 0°
[o)e) J
® ®
\J og O (¢]
o
o @O
T T
Unimpaired Impaired
SRT Impairment at 50dB
—®—0—60—
o [}
o o o
% S —
A
o]
o] (o]
o
002
Qg_o_ég;_
[¢]
(o]
o CQO
T T
Unimpaired Impaired

Figure 4. Distributions of dSHS volumes for 50 participants grouped by Pure Tone Averages (PTA; top
row figures) and Speech Recognition Thresholds (SRT; bottom row figures). Figures on the left (top and

bottom) show distributions at a hearing impairment cutoff threshold of 35 dB while figures on the right show
distributions at a hearing impairment cutoff threshold of 35 dB. *Gray shaded boxes indicate upper and lower

quartiles above and below the bolded median line.
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agreement and associated Cohen’s Kappa statistics were evaluated. The agreement among the dSHS, PTA, and
SRT was strong (79-85%; K: 0.44-0.68)".

Results of the model optimized for NPV as a threshold suited to rule out potentially severe impairment
(50 dB) revealed an overall classification accuracy of 79.6% for the dSHS determining PTA-based impair-
ment (Sensitivity = 85.7%; PPV =60.6%; NPV =93.1%; AUC=0.84) and 83.7% (Sensitivity = 100%; PPV =60%;
NPV =100%; AUC=0.87) for SRT-based impairment (Table 1, Fig. 4)**2°.

Results of area under the curve ROC analysis (Fig. 5) showed excellent ability of the dSHS to predict audio-
gram pure tone and speech recognition thresholds at both 35 dB (0.87 and 0.90 respectively) and 50 dB (1.0 and
0.98 respectively).

Discussion

We report the performance of a novel method of screening for hearing impairment in older adults. To our
knowledge, this mobile speech-hearing screener is the first digital assessment of its kind to directly compare
calibrated mobile device non-word speech volumes to both standardized speech recognition and pure tone audi-
ometry. While other methods developed use spondee words, numbers, or other real words to establish hearing
thresholds, the current work used nonsense words as stimuli to avoid potential interference with cognitive test-
ing likely to be performed in primary care or specialist settings. This work introduces an alternative screening
method to tedious pure tone and speech recognition audiometry. The dSHS provides a time-saving, efficient
method for screening hearing in adults that allows for easy integration into clinical workflows and immediate
reporting of results. Significant differences in dSHS results were demonstrated between impaired and unimpaired
hearing groups, as determined by professionally administered pure-tone and speech recognition audiometric
testing. The results of this study further suggest that our dSHS is sensitive enough to identify individuals classi-
fied as impaired on both standardized pure tone and speech recognition audiometry.

Classification analysis, using thresholds optimized for separate contexts, revealed that the dSHS has excel-
lent sensitivity in classifying impaired hearing at both the mild impairment clinical standard threshold of 35 dB
and the moderate impairment threshold of 50 dB%. Strong agreement was present between the dSHS, PTA, and
SRT classification based on both 35 and 50 dB cutoffs, indicating high concordance between the two methods
of hearing evaluation. Importantly, the dSHS not only classified the clinical standard PTA-based impairment
but also was sensitive to impairment on SRT-based impairment (Table 1). This is important because, despite
being highly correlated in our sample, PTAs and SRTs are not equivalent, and can show high variability across
individuals!>!>162223 Tn addition, it can be difficult to access SRTs in standard clinical practice.

In the context of cognitive screening, reliance on pure-tone tests alone may negatively impact the outcome of
cognitive testing given that thresholds are generally higher for speech recognition than for pure-tone recognition.
This is a concern for people with hearing impairment because a cognitive test becomes both a test of hearing and
a test of cognition when pure tone thresholds are used as the benchmark for a person’s speech-hearing ability'®*.
In other words, cognitive ability is confounded by speech-hearing ability in individuals with hearing impairment.
Thus, in these people, a pure tone test will not fully represent their hearing abilities. In fact, research suggests
that despite the high correlation between pure tone thresholds and speech recognition thresholds, SRTs tend to
be 8-16 dB higher than PTAs on average'>!>!62>23_ As such, speech-hearing ability should not be inferred from
pure tone thresholds alone.

Our second classification analysis optimized the NPV of the dSHS and was intended to provide test admin-
istrators with insights about when hearing impairment in a screened patient could be reliably ruled out, up to a

& dSHS Prediction of Pure Tone and Speech Recognition Thresholds at 35dB dSHS Prediction of PTA and SRT at 50dB Threshold
o
S e e Y CHe00—8—90 9000 900 9009 0090 0000000
= gL e - ' e
5 o =
(2] P n &5
~ 4 i ~ - ~
(=) i o >
2 o 2
2 - 2 .
£8 1 28
co > co e
] ] -
@ ® (%] s
[72) - Te)
~ o - N
o |3 g (=]
A
3} 816
c Y T T | : S b T T T T
0.00 0.25 0.50 0.76 1.00 0.00 0.25 0.50 0.7 1.00
1-specificity 1-specificity
——&— AudiogramPT ROC area: 0.87 —&— AudiogramPT ROC area: 1.0
——=&—— SRTaverage ROC area: 0.90 —=&— SRTaverage ROC area: 0.98
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(SRTaverage) predicted by dSHS 35 dB threshold (left) and Speech Recognition Thresholds (SRTaverage)
predicted by dSHS 50 dB threshold (right).
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specified degree. Our results indicate that passing the dSHS at or below 50% of the device volume reliably rules
out hearing impairment greater than moderate levels based on a 50 dB cutoff.

At an average duration of 2 min 46 s, results indicate that the novel dSHS is consistent with the results of
audiometric testing. This brief assessment can be self-administered using a commercial-off-the-shelf device,
which contributes to its usability and acceptability in standard clinical practice. Unlike other available methods
of adult hearing screening, the dSHS described in this work does not rely on the use of headphones and can be
administered using the speakers of a mobile device. Importantly, the ability to screen for hearing impairment
in under 3 min and reliably infer that an individual does not have greater moderate or severe hearing impair-
ment can facilitate the broad screening of hearing deficits, which can streamline treatment and contribute to a
substantial reduction of dementia cases in the future. Furthermore, cognitive tests that deliver auditory stimuli
or instructions may be confounded by hearing impairments, and thus, a workflow-friendly hearing screener can
also improve the accuracy of cognitive assessments?>*.

Several limitations of this study and directions for future research exist. Future research will include a larger
sample size to further validate the concordance of hearing-impairment classifications by the dSHS, SRT, and PTA
in an independent sample. More work will also need to be done to validate the hearing screener in languages
other than English. Lastly, the current study only determined the hearing impairment threshold for a single
mobile device model (11" iPad Pro). However, in future work, this methodology can be extended to incorporate
a broader range of devices and operating systems by ensuring accurate calibration between the volume level and
audiometric thresholds to allow for differing volume levels and increase the availability of the dSHS in a larger
number of mobile devices.

Conclusion

The Linus Health digital speech hearing screener (dSHS) successfully differentiates between hearing impaired
and hearing unimpaired individuals and does so in under 3 min. This mobile digital speech-hearing is compared
directly to calibrated mobile device volumes to both standardized speech recognition and pure tone audiom-
etry. This novel, digital method for hearing screening provides a means to quickly and easily screen for hearing
impairment for various clinical and research purposes. With a rapidly aging global population, cognitive testing
for older adults will be a critical part of the healthcare system. Given the known intricate relationship between
hearing ability and cognition, the results of this digital speech hearing screener may be used in future work to
rule out hearing impairment as a cause, confounding factor, or co-morbidity of cognitive impairment.

Data availability
Data will be made available upon reasonable request to author RB through Linus Health Inc.
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