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Otoacoustic emissions (OAEs) provide information about the function

of the outer hair cells of the cochlea. In high-income countries, infants
undergo OAE tests as part of the screening protocols for hearing. However,
the cost of the necessary equipment hinders early screening for hearing
inlow- and middle-income countries, which disproportionately bear the
brunt of disabling hearing loss. Here we report the design and clinical
testing of alow-cost probe for OAEs. The device, which has a material

cost of approximately US$10, uses an off-the-shelf microphone and
off-the-shelf earphones connected to asmartphone through aheadphone
jack. It sends two pure tones through each of the headphone’s earbuds

and algorithmically detects the distortion-product OAEs generated by

the cochleaand recorded viathe microphone. Inaclinical study involving
201 paediatric ears across three healthcare sites, the device detected
hearing loss with 100% sensitivity and 88.9% specificity, comparable to the
performance of acommercial device. Low-cost devices for OAE testing may

aidthe early detection of hearing loss in resource-constrained settings.

Itis estimated that 5.3% of the world’s population suffers from disa-
bling hearingloss. Also, a disproportionate brunt of this problem falls
on low- and middle-income countries (LMICs)". Hearing loss can be
especially harmful for neurodevelopment if untreated in early child-
hood. However, the impact of hearing loss may be mitigated when
detected and treated early?. It is common practice for high-income
countries to adopt guidelines for universal infant hearing screening
using otoacoustic emission (OAE) or auditory brainstem response
(ABR)® testing. In spite of this, the test equipment remains expensive
and costs thousands of dollars, which contributes to limited hearing
screening in LMICs. In these countries, access to hearing assessment
and equipment often requires travel to an urban setting and long
wait times™”.

In this Article, we present the design and clinical testing of a
low-cost OAE probe made from off-the-shelf earphones and micro-
phones, with a material cost of about US$10. OAEs are sounds gener-
ated when the outer hair cells move in a healthy cochlea and provide

information about their function®’. Unlike conventional audiometry
tests®* ™", OAE testing does not require a behavioural response from
patients. Asaresult, itis frequently used for hearing screening ininfants
aswell asyoung children (before they can participate) and as part of a
diagnostic audiologic test battery for differential diagnosis of hearing
conditions™*%,

The earphone-based design sends two pure tone signals using
each of the earphone’s earbuds. When stimulated by two frequen-
cies, the cochleagenerates distortion-product OAEs (DPOAEs) due to
intermodulation®. These emissions occur at frequencies not present
intheinputstimuli, which we measure using a microphone located at
the probe head. Using algorithms run on a smartphone connected to
the earphones, our system detects OAEs at various frequencies. We
designedreal-time algorithms that run on the smartphone to perform
calibration, noise detection and automatic pass or refer testing for
hearing screening and tested our designinaclinical study withacohort
of paediatric patients. Giventhe inexpensive cost of the earphones used

'Paul G. Allen School of Computer Science and Engineering, University of Washington, Seattle, WA, USA. *Department of Otolaryngology — Head and
Neck Surgery, University of Washington, Seattle, WA, USA. ®Department of Electrical and Computer Engineering, University of Washington, Seattle, WA,
USA. “Seattle Children’s Hospital and Research Institute, Seattle, WA, USA. *Department of Speech and Hearing Sciences, University of Washington,
Seattle, WA, USA. < e-mail: jucha@cs.washington.edu; randall.bly@seattlechildrens.org; gshyam@cs.washington.edu

Nature Biomedical Engineering


https://doi.org/10.1038/s41551-022-00947-6
http://orcid.org/0000-0002-1471-6187
http://orcid.org/0000-0002-6284-1206
http://orcid.org/0000-0002-0224-9374
http://orcid.org/0000-0002-3266-8166
http://orcid.org/0000-0001-5308-527X
http://orcid.org/0000-0002-9863-3054
http://crossmark.crossref.org/dialog/?doi=10.1038/s41551-022-00947-6&domain=pdf
mailto:jucha@cs.washington.edu
mailto:randall.bly@seattlechildrens.org
mailto:gshyam@cs.washington.edu

Article

https://doi.org/10.1038/s41551-022-00947-6

o A VI me

E i -

Pass

Ear
tip ‘
Ear
phones Y-
; connector
Silicone
tubes

Fig.1|Overview of the earphone-based OAE probe system. a-c, A pair

of earphones send pure tone sound stimuli through silicone tubes into the
ear. Amicrophone positioned directly by the ear tip measures the DPOAEs
emitted from the cochlea. The attachment connects to the phone viaa3.5 mm
headphonejack (see Supplementary Fig. 7 for more details). a, The assembled
systemincludes a nylon sleeve to protect the tubing from wear and tear and
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ablack plastic casing to shield the microphone from damage. b, The probe
head is lightweight and can rest in an ear without being held in place. ¢, The key
components of the system without the sleeve and casing. d, The earphones
send two stimulus tones, f;and f,, through each of the earphone earbuds. At the
same time, the recording from the microphone is averaged over time by the
smartphone to reduce noise and detect a DPOAE signal.

and the ubiquity of smartphones, our earphone-based design could
beusedtoincrease early access to hearing screening across the world.

Results
Concept and prototype
Given the importance of OAE in infant hearing screening, there has
beenrecentinterestindesigning better OAE hardware. Recentreports
have proposed using a single transducer hardware for both stimulus
transmissionand recording. High-end personalized headphone prod-
uctssuch as Nuraphone (US$350) claim to measure OAEs to determine
the listener’s sensitivity to different acoustic frequencies to custom-
ize the audio signal sent to the listener®. Previous work'®" created a
smartphone interface for the probes froman existing commercial OAE
device. Recent devices'® have used bone conduction to stimulate OAEs
through aheadband consisting of bone transducers. Inaddition to not
using commodity earphones, none of these previous efforts present
data from clinical studies for patients with hearing loss. Here we pro-
vide ademonstration that re-purposes earphonesto create alow-cost
OAE probe. We also provide clinical testing of our earphone-based OAE
probe with real-time algorithms running on an attached smartphone
to detect DPOAEs.

Our design (Fig. 1a—c) consists of a pair of off-the-shelf earphones
inwhich each presentsadifferenttone, f; andf,. These tones cause the

cochlea to generate OAEs at 2 f, — f,, which we capture using a micro-
phone. Thus, the primary components for our OAE probe are the two
earphone speakers and a microphone. These components have to be
integrated such that the probe head is sufficiently lightweight and
canrest snugly in a patient’s ear without being held in place. Com-
mercial OAE probeheads typically use smaller custom speakers and
areabletofit the speaker and microphone elements within the probe-
head. As we use commodity earphones as speakers, they are larger
in size and would be heavy if both the earbuds are placed close to
the probehead.

Instead, we place the earphones towards the end of the probe
cable, closer to the smartphone, and connect to the probehead via
lightweight silicone tubing. This tubing should be long enough so that
itcan comfortably cover the separation between the smartphone and
asubject’s ear during a measurement. At the same time, the tubing
should notbe solong that the sound waves at the probehead are attenu-
ated below the intended sound levels of 65 and 55 dB sound pressure
level (SPL) for the two tones.

The earphone speakers are coupled to a pair of 68 cm silicone
tubes that are merged with a Y-connector into a single 19 cm silicone
tube that connects to the probehead. The tubes merge into a single
tube close to the probe head, minimizing the weight at the probe head.
The probe head consists of a microphone and a three-dimensional
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Table 1| Demographics of the patients in the clinical study

Hearing loss n (%)
Yes 66 (33)
Sensorineural 38(19)
Conductive 13(6)
Mixed 9(4)
Not known 6(3)
No 135 (67)
Previous hearing test n (%)
Behavioural audiometric testing 98 (49)
Auditory brainstem response 14(7)
Newborn hearing screen 81(40)
School-based hearing screen 14 (7)
Age (years) 6+6
Sex n (%)
Male 14 (57)
Female 82 (41)
Not recorded 5(2)

(3D)-printed enclosure. The probe head is compatible with rubber
ear tips that are used in commercial OAE devices”. The earphone and
microphone are both connected to the smartphone with a 3.5 mm
audio jack. The total length of the silicone tubes and the nylon sleeve
protecting the earphonesis 117 cm.

Figure 1d shows the frequency spectrum in a healthy ear with
OAEs captured using our probe. When these emissions exceed a prede-
fined signal-to-noise ratio (SNR) threshold, and optionally an absolute
sound-level threshold, we mark the emissions as being present. In our
clinical study, we emitted f, tones in the 2-5 kHz band, with the ratio
fi/f>sett01.21-1.23. These frequency bands and ratios are commonly
used bands for hearing screening?® and are often available on most
commercial screening OAE devices™*’. We mark the test as a ‘pass’ if
emissions were detected at three or more of the four test bands and a
‘refer’ otherwise. As varying ambient and physiologic noise levels can
overwhelm the OAEs, our algorithm rejects measurement windows
where the noise exceeds a predefined threshold. Additionally, if the
noise levels across three or more frequency bands exceed predefined
levels, an error is displayed to the user. We designed a probe hard-
ware integrity test to ensure the system did not produce unintended
nonlinear acoustic distortions by inserting the probe head into a2 ml
test cavity. During clinical testing, we also perform areal ear testin a

healthy ear to confirm that the OAEs can be successfully detected (see
Methods for details).

Clinical testing

We conducted aclinical study at Seattle Children’s Hospital at the Sand-
pointand Bellevue clinics as well as the Center on Human Development
and Disability at the University of Washington on a cohort of patients
inotolaryngology and craniofacial clinics across three different sites.
We tested our devices on 201 ears with patients between 1 week and
20 years of age with a mean age of 6 + 6 years and a female-to-male
ratio of 0.72 (Table 1). Five trained research assistants, including an
undergraduate, a resident, a research coordinator, a public health
student and a graduate student, performed all testing in a quiet clinic
room with the patient awake and sitting upright. The exception was
forinfants who were tested inavariety of positions depending on what
was most convenient for their parents, and we included both awake
and asleep infants.

DPOAEs were first measured using acommercial OAE device, fol-
lowed with our smartphone system using the same probe tip between
the two devices. Both devices were calibrated to emit the two tones at
65 and 55 dB SPL respectively, and measurements were obtained for
the 2, 3, 4 and 5 kHz bands. The clinical testing was performed using
aSamsung Galaxy S9. In software, we performed anin-ear calibration
procedure (Methods) that automatically adjusted the sound levels
of the stimulus tones based on their recorded sound levels in the ear
for 76 of the 201 measured ears (Supplementary Table 1). Otoscopy
was performed before each measurement by an otolaryngologist.
The hearing status of each patient was assigned after each test. For
each tested patient ear, the best available data were interpreted by
an otolaryngologist, which included clinical and examination history
review, behavioural audiometric testing, newborn hearing screen
result and diagnostic ABR. Of the 201 tested ears, 98 had an accompa-
nying behavioural audiogram, and 14 underwent diagnostic ABR. Ears
without diagnostic audiometric testing were assigned based on data
from clinical history as well as school-based hearing screens (n =14
ears) and newbornscreens (n = 81ears). Six ears were assigned hearing
status based on clinical assessment, meaning they had no screening
or diagnostic hearing tests but had no subjective hearing concerns
and no concerns from the otolaryngologist attending who saw and
examined the patient. Of the 201 tested ears, 135 had normal hearing,
38 had sensorineural hearing loss (SNHL), 13 had conductive hearing
loss and 9 had mixed hearing loss.

We first considered the hearing screening to be a pass if OAEs
exceeding apredefined SNR threshold were detected at three or more
of the four frequency bands. Figure 2a shows the receiver-operating
curve (ROC) for both our earphone-based probe and commercial OAE
device by sweeping the SNR threshold from —20 to 40 dB, yielding an
area under the curve (AUC) of 0.955 and 0.969, respectively. The best
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Fig. 2| Performance of the clinical study. a, ROC curve showing performance
of the earphone and commercial DPOAE device for screening performance
of hearingloss at different SNR cut-off values. b, ROC curves for different

signal averaging durations. ¢, ROC curve when comparing the pass and refer
performances for individual frequencies to the commercial device for different
SNR cut-off values.
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Fig. 4| Audiograms of patient ears. a-c, Ears with sensorineural (a), conductive (b) and mixed (c) hearing loss categorized by degree of hearing loss. Each line refers
to audiogram information from a single patient ear. Line colours refer to degree of hearing loss for an ear. Audiograms are plotted in units of dB hearing level (HL).

operating point for our earphone-based probe was obtained using a
measurement time of 6 s per frequency band and an SNR threshold of
7 dBfor patient ears over 6 months of age, and ameasurement time of
5sperfrequencyband and an SNR threshold of 5 dB for patient ears at
orless than 6 months of age, yielding a sensitivity of 100.0% (95% con-
fidence interval (Cl), 94.7-100.0%) and a specificity of 88.9% (95% ClI,
82.5-93.1%) (Supplementary Table 2). Of the 15 ears misclassified by the
earphone, 5ofthemhad a history of middle ear disorders (Eustachian
tube dysfunction, cholesteatoma), 3 of them had prior tympanoplasty
and 3 of them had middle ear fluid. Disabling our noise detection algo-
rithm, which rejects measurement windows with high noise, the best
SNR threshold was 7 dB and yielded a sensitivity of 100.0% (95% ClI,
94.5-100.0%) and a specificity of 77.8% (95% Cl, 70.1-84.0%). In com-
parison, the commercial device had an operating point with a sensi-
tivity of 96.8% (95% Cl, 89.1-99.1%) and a specificity of 91.5% (95% ClI,
85.5-95.2%) using a measurement time of 6 s per frequency band and
the default manufacturer-prescribed SNR threshold of 6 dB.

To reduce the likelihood of classifying noise artefacts as OAEs,
we added another threshold requiring the OAE levels tobe at or above
-10 dB SPL. After applying this criterion to the above SNR threshold,
the operating point for our device had a sensitivity of 100.0% (95% ClI,
94.5-100.0%) and a specificity of 88.1% (95% Cl, 81.6-92.6%). When
disabling the noise detection heuristic, the specificity of our device
reduces to 76.3% (95% Cl, 65.5-82.7%).In comparison, the commercial
device had asensitivity of 98.4% (95% Cl, 91.5-99.7%) and a specificity
0f 89.2% (95% Cl, 82.7-93.5%) with this additional threshold.

Figure 2b shows the device performance as the measurement
duration changes from1to 7 s per frequency for the 95 ears where
the maximum measurement time of 7 s per frequency was used. As
expected, longer measurement durations slightly improve the AUC.
Figure 2c also shows the agreement of our earphone-based probe with
the commercial deviceinidentifying the presence of OAEs at each of the
four frequency bands for SNR threshold values in the range of -20 to
40 dB.The AUC values for each of the curves range from 0.860 to 0.934.
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Before each measurement, we senta226 Hz tone into the ear and
recorded the sound level at the microphone that records the acoustic
signalsincludingthe reflections fromthe eardrum. We selected 226 Hz
asitwasmostresponsive to changes in probe position and can be used
to infer whether the probe is placed securely in the ear canal (Meth-
ods and Supplementary Fig. 1). We collected these data for 74 ears, of
which 67 had intact eardrums and 7 ears had either perforation of the
tympanic membrane or a patent ear tube. Six of these seven ears were
correctly classified by our earphone device. The mean sound levels
of the tone recorded at the microphone were 59 + 2 and 54 + 4 dB SPL
for the ears with and withoutintact eardrums (Supplementary Fig. 2).

Finally, wereport how longittook to couple our probe head to the
ear.Tocompute this, we used the start time as just before the clinician
placed the probe into the ear and the end time as when the clinician
positioned the probe head into the ear and was satisfied with the fit.
Ofthe 41ears where this measurement was performed, the mean time
was 10 + 4.0 s (Supplementary Fig. 3). This is comparable to previous
work that described that the coupling time for commercial screening
OAE devices s slightly under 10 s (ref. ).

Clinical performanceininfant ears

We perform a subgroup analysis on infant patients under the age of 6
months. In our clinical study, we recruited a total of 74 infant ears, 20
of which were fromnewborns less than1 month (Fig. 3a). For 71 of these
74 ears, we tested using both the earphone and commercial device. The
age of patientsranged from1 week to 5 months of age, withamean age
of 3 + 1 months. The hearing status of each ear was assigned based on
data from either a newborn hearing screen or an ABR test. Of the 74
tested ears, 66 had normal hearing, whereas 8 ears failed anewborn
hearingscreen or ABR test; 2 of these ears had conductive hearing loss
based on an ABR test.

In this population, we used ear tips with a diameter of 3 mm to
accommodate the smaller ear canal sizes of the infant subjects (Sup-
plementary Fig. 4). Aside from this, no other modifications were made
to the hardware of the earphone device. We reduced the maximum
measurementtimefrom7to5sperfrequency as theinfant population
was less likely to tolerate long measurements compared with older
subjects. The SNR cut-off was also reduced to 5 dB for the earphone
device to compensate for the increased noise and movement in this
population.

Figure 3b shows the screening accuracies obtained by the ear-
phone and commercial device for different age groups. Across these
age groups, the earphone obtained accuracies ranging from 84% to
100%, while the commercial device obtained accuracies ranging from
75% to 96%. Figure 3c shows the confusion matrix of device perfor-
mance for the earphone and commercial DPOAE device in the infant
population. Of the 74 infant ears, the earphone correctly classified 58 of
the 66 ears withnormal hearing and all 8 ears with hearingloss. Of the
7linfant ears tested onthe commercial device, it correctly classified 57
ofthe 63 ears with normal hearingand 7 of the 8 ears with hearing loss.
Ofthe 36 infant ears that were O to 2 months of age, the earphone cor-
rectly classified 28 of the 31 ears with normal hearing. The commercial
device correctly classified 27 of the 31 ears with normal hearing. Both
devices correctly classified five of the ears with hearing loss.

Clinical performance on SNHL ears

Figure 4a-c shows the audiograms of patient ears with hearing loss,
broken down by degree of hearing loss for patient ears with sensori-
neural, conductive and mixed hearing loss. The degree of hearing loss
for an ear is computed based on the average hearing levels measured
across the audiogram, which are then mapped to hearing thresholds
(Supplementary Table 3). We perform a subgroup analysis on patient
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Fig. 6| Benchmark testing across multiple smartphones. a, The probe head
ofthe device is coupled to asound level meter that outputs the sound levels
emitted by the device in absolute physical units. This set-up is used to calibrate
the sound levels of fiand f, to 65and 55 dBSPL. b, The probe head is coupled toa
3D-printed 2 ml plastic calibration tube to check for system distortions during
aDPOAE measurement. ¢, The volume index on smartphones and the absolute
sound levels at1kHz.d, The noise floor for each smartphone decreases over time

as additional signal averaging is performed. e, The SNR of DPOAEs increases
over time for different smartphones. f, The SNR at the DPOAE frequency when a
measurement is performed ina healthy ear, in open airand ina 2 ml calibration
tube for different smartphones specifically (left to right) Samsung Galaxy S9,
LG Stylo 5, Pixel 3a XL and DOOGEE S96 Pro. Symbols, mean of three technical
measurement replicates. Error bars denote s.d. from the mean.

ears with data ondifferent degrees of SNHL from slight to profound. We
collected datafromatotal of 38 patient ears, of which 35 had anaccom-
panying behaviouralaudiogram. For 35 of these 38 ears, we tested using
boththe earphone and commercial device. The age of patients ranged
from 10 months to 16 years, with a mean age of 8 + 4 years. Hearing
levels for each frequency band were classified into different degrees
of hearing loss based on thresholds (Supplementary Table 3 and
Fig.5a).Figure 5b shows the degree of hearingloss based on the average
hearing levels measured across the audiogram.

We compare the SNR obtained at different frequencies by the
earphone device for ears with different degrees of hearing loss
(Fig. 5c). We observe that the mean DPOAE SNR measured by the ear-
phone is 8 dB for frequencies with slight hearing loss, which is above
the SNR cut-off of 7 dB used to mark a DPOAE as present. The mean
DPOAE SNR measured by the earphone decreases to 3,2 and 2 dB for
mild, moderate to moderate-severe, and severe to profound hearing

loss, respectively. Figure 5d shows the refer rate obtained by both
devices for different SNR cut-off values. The figure shows that at the
predefined SNR threshold of 7 dB, the earphone had arefer rate of 97%
(37 out of 38 ears). Using the predefined threshold of 6 dB for the com-
mercial DPOAE device obtained a refer rate of 97% (34 out of 35 ears).
The one ear that was misclassified by both devices was classified by the
audiologist as having mild to moderate hearingloss.

Benchmark testing

We evaluated our OAE probe with four different smartphones released
between 2018 and 2020 (Supplementary Table 4). We calibrated the
outputsound level to play two tones at 65and 55 dB SPL. We performed
this calibration by coupling the probe head of our device witha US$18
reference sound level meter (Fig. 6a). Figure 6¢c shows that there is
largely a linear relationship between the output audio gain index of
the smartphone and the sound level in absolute units of decibel SPL
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onthe sound meter. To calibrate the sound levels, we find the smallest
volume index on the phone that would produce a sound level above
65 dB SPL for a givenf;. We then digitally scale down the amplitude of
thef,waveform on the phone so that the sound level is 65 dB SPL. The
sound level of f,is similarly calibrated to 55 dB SPL. In our clinical study,
this calibration was performed once a week.

Figure 6d shows the noise floor of our OAE probe and the com-
mercial deviceinahealthy earas afunction of the averaging duration.
We performed a DPOAE measurement at the 2 kHz band for 20 s. The
measurement was performed three times, and the mean across the
measurements is plotted. The noise floor of the commercial device
decreases from —11 dB to the minimum reported level of —20 dB SPL
after 11 s. In comparison, the noise floor of the smartphones ranged
from —10 to —15 dB SPL after 1s of measurement and reached -20 dB
SPL after 6 s for three of the phones and after 11 s for the remaining
phone. Figure 6e shows the SNR of the recorded OAEs on each of the
phones as afunction of the averaging time.

We perform hardware integrity testing that measures distortions
across different smartphones using measurements both in open air
and in a2 ml calibration tube (Fig. 6b). This testing is performed to
ensure that the system nonlinearities in the 2 f, - f, frequency would
not appear as afalse OAE.

A4 smeasurementis performed three times for each experimental
condition. Figure 6f shows the SNRin open air, acalibration tubeand a
healthy ear for different smartphones. The SNRis low across the tested
smartphonesinboth open air and calibration tube testing.

Figure 7a shows the effect of sound level on system distortions
onthe Samsung Galaxy S9.In this test, weinitially set f; and f,to 65 and
55 dB SPL and increase both volumes in steps of 5 dB SPL. A measure-
ment is then performed in open air and in a 2 ml calibration tube. We
find that system distortions are lower than the SNR cut-off for the 65
and 55 dB SPL and the 70 and 60 dB SPL scenarios. System distortions
increase for the 3and 4 kHzband at 75 and 65 dB SPL, while the distor-
tions in the 2 kHz band remain below the threshold across all meas-
ured sound levels. Supplementary Fig. 5 shows an example of system
distortions in the 4 kHz band when a sound level of 85 or 75 dB SPL is
used in a 2 ml plastic calibration tube and open air. Supplementary
Note 1 provides further characterization of system distortion as well
asadditional benchmark testing on the effect of background noise on
device performance.

Finally, Fig. 7b shows the effect of cable length on system distor-
tions. We increased the length of the single silicone tube from 25 to
190 cmand calibratef,and f,to 65and 55 dB SPL. The system distortions
remain below the threshold for all frequencies up to a cable length of
140 cm.

Discussion

Akey advantage of using off-the-shelf earphones and smartphonesis
that custom electronics do not need to be manufactured, which low-
ers development costs?. The assembly of our probe does not require
specialized knowledge of electronics, and we estimate that the cost of
labour for assembly would be less thana dollar at scale (Supplementary
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Table 5). Assembly costs of different categories of electronic products
typically do not constitute more than 6% of the total cost of device
components and assembly?*. We point out that budget or second-hand
smartphones can be purchased in LMICs for US$35-50 due to their
economies of scale, which s substantially lower than the upfront cost
of commercial OAE devices. Additionally, our system has been built
against the Android software development kit version 29, which has
been designed to be compatible with future versions of Android oper-
ating systems®. Although some newer smartphones have eliminated
the audio-jack interface, audio-jack adapters® that cost a few dollars
can be used to accommodate the wired earphones interface in our
design. Finally, the US Food and Drug Administration provides guid-
ance for Mobile Medical Applications”?® and Software as a Medical
Device” ' that regulates the custom software application running on
the phone and not the smartphone hardware, thus potentially reduc-
ing the associated regulatory costs*. Commercially available medical
devices thatinclude Mobile Medical Applications and that use sensors
such as microphones and cameras have been cleared or approved by
the US Food and Drug Administration®.

The cost of OAE devices is only one factor associated with
addressing the complex public-health problem of hearing screening
inLMICs. There are other factorsinvolved with real-world deployments,
including establishing strong multilateral partnerships, support for
follow-ups and the cost of regulatory clearance. Financial support is
required to fund the manufacturing cost of the OAE probes, as well
as support for the screening staff and other healthcare workers who
would be administering the test. We envision that initial deployments
inthe field would be funded by non-governmental organizations and
health-insurance funds. Long-term salary support would eventually
require partnership and funding from local health ministries.

Towards the goal of adoption, we have open-sourced our hardware
andsoftware codetoallow anyone to download and recreate the smart-
phone device. Asolutionto the complex global health problemthatis
the diagnosis and management of newborn hearing loss necessitates
strong multilateral partnerships. To that end, we direct the readers
to our initiative on Toward Universal Newborn and Early Childhood
Hearing Screening in Kenya, which has the explicit goal of develop-
ing and implementing a hearing-related continuum of care in Kenya
inclusive of but not limited to newborn hearing screening (https://
tune.cs.washington.edu/). We envision that our earphone-based OAE
probe can potentially be combined with existing frugal techniques to
detect middle ear fluid on a smartphone® and assess eardrum mobil-
ity with smartphone tympanometry** as part of an audiology toolkit
for evaluating middle and inner ear health on smart devices. Over the
long term, local non-specialized healthcare workers such as techni-
cians and volunteers need to be trained to perform the OAE test. Fur-
thermore, the results from our device may need to be incorporated
into the local medical record system. Finally, a continuum of care will
need to be developed forindividuals who screen for potentially having
hearingloss.

Inour study, wetested anin-ear calibration procedure that altered
the stimulus levels based on the sound levels recorded by the probe
microphone at the entrance of the ear canal. We note that previous
work*~¢ has shown that standing waves in the ear canal can cause
sound levels at the ear entrance to have a difference of up to 20 dB
compared with the sound level at the eardrum, which could result in
calibrated sound levels that are higher thanintended. Although more
accuratein-ear calibration procedures”, such as Thevenin-equivalent
sound calibration, exist, they require carefully engineered probe tips
and tend to be complicated. To ensure ease of use during calibration
and appropriate stimulus levels during testing, future deployments
of our system can be calibrated against different cavities to represent
neonate, paediatric and adult ear canals.

Our study has the following limitations: commercial OAE devices
areused in practice by nurses, technicians and volunteers®*’, Although

we used the same ear tips and displayed similarinformationon asmart-
phone, subsequent studies are required to determine the reliability
and ease of use of our OAE probe and smartphone system by nurses,
technicians and volunteers. In our study, although the device has been
evaluated by several trained, non-professional and non-clinical testers,
it has only been evaluated in controlled clinical environments. Field
testing by non-professionals is required to evaluate the long-term
durability of our probe design. Such an evaluation is needed to deter-
mine whether the probe is resistant against wear and tear in challeng-
ing environments over time. Our earphone-based probe is designed
to only measure DPOAEs at this time; further work is needed to also
measure transient-evoked OAEs (TEOAESs). TEOAEs typically use 24-bit
microphones with stimulus levels of 30-90 dB peak equivalent SPL
(refs.*"**), We note that the analog-to-digital converter oniOS devices
do support recording at bit depths of 24 and 32 bits** and Android
devices dosupport the use of external analog-to-digital convertersto
provide 24-bit resolution via their Universal Serial Bus Digital Audio
interface®. However, more work is required to investigate the feasibil-
ity of measuring TEOAEs with our system. Beyond hearing screening,
OAEs are also used in conjunction with other tests for the differential
diagnosis of hearing conditions’ and ototoxicity monitoring*. In these
scenarios, OAEs are often also tested in the 800 Hz to 10 kHz range™*°.
Giventhathigher frequencies undergo more viscothermal losses within
small-diameter tubings*, a further investigation into alternative probe
designs would probably be required to perform higher-frequency tests.
Additionally, clinical testing is required to evaluate the performance of
ourdevice at this wider range of frequencies. However, we note that our
current design is sufficient to screen for hearing loss, which is amore
common testin clinical practice and whichis the focus of our system.

In summary, we presented a low-cost OAE system using
off-the-shelf earphones. While hearing loss is one of the more com-
mon disorders in LMICs, early detection can be challenging owing to
lack of access to affordable hearing-screening tools. Compared with
commercial OAE devices that cost thousands of dollars, our frugal
earphone-based OAE probe has the potential to increase access to
hearing screening in resource-constrained environments. Further
community deployments are required to determine the technology’s
impactinthese and other potential scenarios.

Methods

Our study was approved by the Seattle Children’s Hospital and Univer-
sity of Washington institutional review boards. All studies complied
with relevant ethical regulations. Patients were recruited during rou-
tineappointmentsinotolaryngology and craniofacial clinics. Parental
permission was obtained for participants under the age of 18 years.
Childrenage 7to17 years provided written assent. Assent was obtained
after parental permission was granted. Children age 7 to 12 years signed
asimple assent form, and children age 13 to 17 years signed a con-
sent form. Parents co-signed the consent form. Participants 18 years
and older signed a consent form. We excluded patient ears where the
patient was unable to complete the testing. Investigators were not
blinded. Inthe study, the commercial OAE device used for testing was
the AudX Pro (Bio-logic, 2006).

Hardware design
We use a pair of inexpensive commodity stereo earphones (Panasonic
ErgoFit EP-HJE120, US$4.49) and a small, high-sensitivity electret
condenser microphone (PUI Audio POM-2730L-HD-R, US$1.75). The
microphone hasa 6 mm diameter and asensitivity of =30 + 3 dBV. The
design of our probe head consists of asmall 3D-printed enclosure and
aY-connector (3.175 mm x 3.175 mm x 3.175 mm) that houses the micro-
phone and asilicone tube through which the sound is transmitted.
With this configuration, the microphone is designed to be close
to the ear canal. The Y-connector is terminated with a rubber ear tip
(Grason & Associates LLC) that can be inserted into an ear canal. The

Nature Biomedical Engineering


https://tune.cs.washington.edu/
https://tune.cs.washington.edu/

Article

https://doi.org/10.1038/s41551-022-00947-6

probe head has atotal weight of 3 g. The microphone signal and ground
cable, and the earphones are connected to the smartphone via audio
adapters (four-contact male audio jack to screw terminal connector,
three-contact male audio jack to female four-contact audio jack con-
nector and four-contact male audio jack splitter) that terminateina
3.5-mm audiojack.

Smartphone user interface

A custom Android app was created to evoke and measure DPOAEs with
our earphone hardware attachment. The software allows to select
whichfrequencies to send tones at, as well as the duration of the meas-
urement. The app performs the measurement, signal averaging and
noise detectionalgorithmsin realtime onthe phone. The userinterface
isshownin Supplementary Fig. 6.

Smartphone computation
We describe the various algorithms that run on the smartphone to
measure the SNR of OAEs, detect whether the probe is in the ear and
detect noisy measurements.

Computing SNR of OAEs. Our device measures DPOAEs at 2, 3, 4
and 5 kHzbands and uses a sampling rate of 48 kHz. We perform signal
averaging to decrease the noise floor of the measurement and
increase the SNR of potential OAEs. To do this, the signal over T sec-
onds is splitinto windows of 1 s and averaged across the T windows
inthe time domain. The signal is then transformed to the frequency
domain by taking the absolute value of an fast Fourier transform of
the signal with a window size of 48,000. The fast Fourier transform
outputissquared to obtain the energy spectral density of the signal
S(f). The signal power at fpoac is given by S(fipoar), and the noise power
is defined as the mean of the power at frequencies around fppoae,
S(noise) = j/ (Zf:LWS(fDPOAE )+ 30 S(opone + i)). Here Wis a noise
window size set to 200, L is set tosg an<)1 iis the index of summation.
The SNRis computed as 10 log,, (ﬁ)

Algorithm to detect noisy measurements. OAE measurements are
sensitive to noise. When noise is introduced into the measurement, it
can corrupt the signal and overwhelm any OAE. We implement three
algorithms for noise detection, two at the frequency level and one
at the test level. In the first algorithm, we look for increases in signal
artefact over time. Here, we define an artefact as an increase in the
average power in decibels from 0 to 6,000 Hz band, which covers the
frequency bands over which we conduct a measurement. Increasesin
signal artefact generally occur due to environmental noise or motion.
For this algorithm, if the artefact in the current segments has risen by
morethan4 dB compared with the previous one, we discard the current
segment.Inthesecond algorithm, we check that the sound level of the
recording hasreached astable sound level. On the smartphone, there
isatransient period at the start of measurements where the automatic
gain control adjusts and stabilizes the sound level of transmissions.
This adjustment period adds unwanted noise to the DPOAE meas-
urements. To detect such a period, we look at the root mean square
amplitude of the signal across the first1,000 samples. If this amplitude
value exceeds a predefined threshold of 11,700 (-8.9 dBrelative to full
scale), that segmentis discarded from the signal-averaging calculation.
In the last algorithm, we reject measurements where noise levels are
high. Specifically, if the noise levels at three or more frequencies is
high, the measurement is marked as too noisy, and an error message
isdisplayed to the user.

Determining whether probe is in ear. Our system performs anin-ear
check to ensure that the probe is coupled well to the ear canal. To do
this, we continuously send 20 ms chirps from100t0 5,500 Hzinto the
ear canal and measure the frequency response at the microphone. Sup-
plementary Fig.1ashows the frequency response of the chirpwhen the

probe is well coupled to the ear, loosely placed in the ear and outside
the ear. The figure shows that from 100 to 500 Hz, the sound level of
thechirpislowwhenthe probeis outside of the ear and highwhenthe
probeiswellcoupledto the ear. To determine whether ameasurement
isready to begin, we measure the sound level at 226 Hz for each chirp
and check that the sound level exceeds a threshold of 53 dB SPL and
the standard deviation of the sound level across the last 50 chirps (1s)
doesnotexceed1.5dBSPL. This ensures that spuriousincreasesinthe
sound level due to adjustment of the probeinthe ear are not mistaken
forastable probe placement (Supplementary Fig. 1b). The sound level
at226 Hzisshown to the user before ameasurement (Supplementary
Fig.6b,c) inthe form ofa progress bar. If the probeis outside of the ear
or loosely placed in the ear canal, the progress bar is partially filled,
and the start button is disabled. When the probe is placed securely in
the ear canal and the sound level exceeds the predefined sound-level
threshold, the progress bar is completely filled, and the start button
to begin a measurement is enabled.

Sound-level calibration procedure

A calibration procedure needs to be performed on OAE devices regu-
larly to emit tones f; and f, at the correct 65 and 55 dB SPL values. For
this calibration procedure, we couple the probe head of our device to
areference sound level meter (BAFX 3370, Digital Sound Level Meter,
US$18), which outputs the sound level emitted at the probe head
in absolute physical units (Fig. 6a). The sound level of a tone can be
modified intwo ways. It can be altered by adjusting the smartphone’s
volume gain or by digitally scaling the amplitude of the output wave-
form. Figure 6¢ shows that there is a linear relationship between the
smartphone’s volume gain and the output sound level as recorded
on the sound meter. We calibrate the sound levels as follows. Step 1:
set the amplitude of the waveform to the maximum digital value. In
our implementation each sample has an amplitude range of -32,768
to 32,767. Step 2: play the frequency from the phone and adjust the
volume index to the minimum value that would cause the sound level
to exceed 65 dB SPL. Step 3: digitally scale down the waveform until
the sound levels of f; and f, reach 65 and 55 dB SPL. This procedure is
then repeated for all f,/f, pairs. In our clinical study, we perform this
calibration once per week.

Automatic in-ear sound level calibration
In the clinical study on infant ears, we implemented an automatic
in-ear calibration procedure to adjust the sound level of the stimulito
account for different ear canal volumes. Infant ears can have asmaller
ear canal volume and require lower transmitted sound levels for the f;
and f; sound levels at the microphone to be at 65 and 55 dB SPL. Todo
this, before a measurement, we automatically adjust the sound levels
that need to be transmitted using the linear coefficients generated
fromthe phone volume index to sound level as in Fig. 6¢.

The app then sends a 100 ms 1-4 kHz chirp into the ear for syn-
chronization. It then sends eight 200-ms-long tones at the eight f, and
f>frequencies in sequence. The app then measures the sound level of
each of the eight tones and calculates the volume index required so
that the sound level of f; and f, are received at the microphone as 65
and 55 dB SPL, respectively.

Probe integrity check

After completion of the sound level calibration procedure, ahardware
integrity check is performed to ensure that the device can detect the
OAEs and does not generate system distortions that would be mistaken
as OAEs (Supplementary Fig. 5). To do this, we first perform a real ear
OAE measurement in a healthy ear (for example, the clinician) three
times and check thatemissions are above the SNR cut-offforthe 2,3,4
and 5 kHz frequency bands. Next, we perform an OAE measurementin
openairandina2 mlcavity (Fig. 6b) to check that no OAEs are detected
at the desired frequencies. If the SNR at any of the frequency bands
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exceeds the cut-off value, the probe should be visually inspected for
any debris or wax. Inthe event that wax hasaccumulated on the probe
head, itshould be cleaned thoroughly and carefully with alcohol wipes
toavoid pushing the waxinto the nozzle of the probe head. If the probe
integrity check does not pass even after cleaning, the sound levels of
the device should be re-calibrated.

Statistical analysis

Algorithms to perform the OAE measurement are performed on the
Android platform.ROC, AUC, sensitivity, specificity, and 95% Cl analysis
was performed using numpy. Figures were created using matplotlib
andseaborn.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data supporting the findings from this study are available within
the article and its Supplementary Information. The dataset used to
generate the results for this study is available at https://github.com/
uw-x/oaeand https://zenodo.org/record/7032657 (ref.**). Source data
are provided with this paper.

Code availability
The custom code used in this study is available at https://github.com/
uw-x/oae and https://zenodo.org/record/7032657 (ref. *%).
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