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Abstract

Background: It has been suggested that children with Down syndrome (DS) may display high frequency hearing loss much
earlier than those in the general population. The purpose of this study was to investigate the diagnostic accuracy of high-fre-
quency distortion-product otoacoustic emissions (HFDPOAE:s) as a screening technique for schoolchildren with DS.

Materials and methods: Exactly 25 children with DS (15 males, 10 females, mean age =9.7 years, SD=2.6) were sampled from
six special education schools. HFDPOAE results were compared to the reference test results - high-frequency pure tone au-
diometry (HFPTA) at 8 and 10 kHz.

Results: Test performance was found to reach adequate levels (20.7) of accuracy for HFDPOAE SNR at 8 kHz and 10 kHz.
The hit rate at 8 kHz was average, but moderately high at 10 kHz. True negative rates and positive posterior probabilities for
the HFDPOAE test were high, and false alarm rates were acceptably low. However, the false negative rate was average at 8 kHz
and negative posterior probabilities were moderately high at both frequencies. Efficiency index values were high indicating
that a large proportion of HFDPOAE results were correct when compared with HFPTA results.

Conclusions: Initial findings support the potential future use of HFDPOAE for screening children with DS for high-frequen-
cy hearing loss.

Keywords: accuracy « Down syndrome « high-frequency distortion-product otoacoustic emissions « high-frequency pure-tone
audiometry « schoolchildren « screening

LA PRECISION DEL DIAGNOSTICO CON APLICACION DE LA EMISION
OTOACUSTICA DE ALTAS FRECUENCIAS DE LOS PRODUCTOS DE DISTORSIONES
NO LINEALES EN LAS PRUEBAS DE CRIBADO EN NINOS EN LA EDAD ESCOLAR
CON SINDROME DE DOWN

Resumen

Introduccion: Se sugiere que los nifios con sindrome de Down (SD) pueden padecer la pérdida auditiva en el rango de fre-
cuencias altas mucho antes que otros ninos. El objetivo de este estudio ha sido el de comprobar la precision del diagndstico con
aplicacion de la emision otoacustica de altas frecuencias de distorsiones no lineales (HFDPOAE) como técnica de las pruebas
de cribado en nifos con el sindrome de Down.

Materiales y métodos: Han sido examinados 25 nifios con el sindrome de Down (15 nifios varones, 10 nifas, media de la edad
=9,7 anos, DS=2,6) de 6 escuelas especiales. Los resultados de HFDPOAE han sido comparados con los resultados de prueba
de referencia: audiometria tonal de altas frecuencias (HFTPA) para 8000 y 10000 Hz.

Resultados: Durante el estudio se han conseguido unos niveles satisfactorios (20,7) de la precision HFDPOAE SNR para las
frecuencias de 8000 y 10000 Hz. La sensibilidad para 8000 Hz era media, y para los 10000-moderamente alta. Los indicadores
de probabilidad realmente negativos y positivos a posteriori de las pruebas HFDPOAE eran altas, la incidencia de alarmas fal-
sas era respectivamente bajas. Sin embargo, la incidencia de la presencia de los resultados falsamente negativos para los 8000
HZ era media, y las probabilidades negativas a posteriori eran moderamente altas para ambas frecuencias. Los valores de efi-
ciencia eran altos, lo que indica que una gran parte de los resultados de HFDPOAE ha sido correcta en comparacién con los
resultados de HFPTA.
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Conclusiones: Los resultados preliminares parecen indicar que la prueba HPDPOAE puede ser aplicada como una prueba de
cribado en las pérdidas auditivas de altas frecuencias en los nifios con el sindrome de Down.

Palabras clave: precisién « sindrome de Down « emision otoacustica de altas frecuencias de los productos de distorsiones no
lineales (HFDPOAE) « audiometria tonal de altas frecuencias (HFPTA) « nifios en la edad escolar « pruebas de cribado

TOYHOCTH ITUIATHOCTUKU C UCITIO/Ib30BAHVEM BBICOKOYACTOTHOM
OTOAKYCTUYECKOV SMUCCUU ITPOOYKTOB HEJIMHENHON
OTE®OPMAIIVN B ITIPOBEPOYHBIX ICCITEOJOBAHMAX Y NETEN IIKOJILHOTO
BO3PACTA C CMUHJIPOMOM JIAVHA

N3noxxenune

BBepenmne: IIpennonaraercs, 4To geTnt ¢ cuHapomoM [Jayna (DS) MOryT IpOSBIATH TYTOYXOCTh B 00/IACTM BBICOKMX Ya-
CTOT 3HAYMUTENILHO paHee pyTux peteil. Llenp uccnenoBanmsa — npoBepka TOYHOCTY OMArHOCTUKMU C MCIIO/Ib30BaHMEM
BBICOKOYAaCTOTHOV OTOaKyCTUYECKOI aMMUccuM Npoaykros HenmuHeliHou fnedpopmanuy (HFDPOAE) kak TeXHUKM IIPO-
BEPOYHBIX UCCIENOBAHMIA y leTelt ¢ cuHapoMoM JlayHa.

Marepuansl u MeToabl: Bouiu nccinenoBansl 25 gereit ¢ DS (15 ManpunkoBs, 10 geBodek, CpefHMil Bo3pacT =9,7 JeT,
DS=2,6) u3 mecTy cruennanbHbix mKoj. Pesynbrareiz HFDPOAE 6b1ti cpaBHEHBI € pe3y/ibTaTaMy pedepeHLINIOHHOTO
TecTa — TOHa/IbHOI ayanoMeTpuy Bbicokux yactor (HFPTA) mna 8000 m 10000 I,

PesynpraThl: Bo Bpems mccneoBanus JOCTUTHYTHI YAOBIETBOpUTeNbHbIE ypoBHM (20,7) Tounoctn HFDPOAE SNR s
gacror 8000 1 10000 It1. YyscrBurtenbHocTb s 8000 Iy Obita cpepHeit, a aaa 1000 — ymepeHHO BbIcokoit. ITopmuH-
Hble OTpUIATebHBIE IIOKa3aTe/IN U MOIOXKUTe/IbHbIE IIPABIOMORO0MS AlIOCTEPUOPH OBIINM BHICOKMMM, YaCTOTHI (asb-
IIMBBIX CUTHAJIOB TPEBOTY ObIIY COOTBETCTBEHHO HU3KMMU. OIHAKO, 4aCTOTa MOSIBICHNUA (ajIblIBO- OTPUIIATEIbHBIX
pesynbraToB i 800011 6bUIa CpefiHelt, a OTPUIIATE/IbHbIE IPABJOIIO00MA alloCTEPHOPU ObIIV YMEPEHHO BBICOKVIMM
IUist 06erx 4acToT. 3HaYeHMsI ToKa3aTens 3(pdeKTUBHOCTY ObIIM BBICOKMMI. DTO ITOKA3bIBAET, YTO 3HAYUTENbHAS YaCTh
pesynsraroB HFDPOAE 6b11a IipaBMIbHOI B CpaBHeHUU ¢ pesynbraramu HFPTA.

Wrorn: IlpegsapurenbHble pe3ynbTaThl NoKasbiBaloT, 4To HPDPOAE MoryT npuMeHATbCA KaK IIPOBEPOYHBIN TECT B
00/1aCTV TYTOYXOCTM y ieTeit ¢ cuHApoMoM JlayHa.

KnioueBble cmoBa: TOUHOCTD o CHHZAPOM [layHa e BBICOKOYACTOTHAsA OTOAKYCTMYECKas SMMUCCHA NPOJRYKTOB HelTMHeN -
Hoit fe¢popmanuu (HFDPOAE) « ToHanpHas ayauometpus 4acToT (HFPTA)  meTu MIKOIBHOTO BO3pacTa ¢ MPOBEPOY-
HbIe MCCTIeOBaHNA

DOKEADNOSC DIAGNOSTYKI Z ZASTOSOWANIEM
WYSOKOCZESTOTLIWOSCIOWE] EMISJI OTOAKUSTYCZNE] PRODUKTOW
ZNIEKSZTALCEN NIELINIOWYCH W BADANIACH PRZESIEWOWYCH U DZIECI
W WIEKU SZKOLNYM Z ZESPOLEM DOWNA

Streszczenie

Wprowadzenie: Sugeruje si¢, ze dzieci z zespotem Downa (DS) mogg wykazywaé niedosluch w zakresie wysokich
czestotliwoéci znacznie wezesniej niz inne dzieci. Celem badania bylo sprawdzenie doktadnosci diagnostyki z zastosowaniem
wysokoczestotliwo$ciowej emisji otoakustycznej produktéw znieksztalcen nieliniowych (HFDPOAE) jako techniki badan
przesiewowych u dzieci z zespotem Downa.

Materialy i metody: Zbadano 25 dzieci z DS (15 chlopcéw, 10 dziewczynek, srednia wieku =9,7 lat, DS=2,6) z szesciu
szkdt specjalnych. Wyniki HFDPOAE zostaly poréwnane z wynikami testu referencyjnego — audiometrii tonalnej wysokich
czestotliwoséci (HFPTA) dla 8000 i 10000 Hz.

Wryniki: Podczas badania osiggnieto zadowalajace poziomy (20,7) dokladnosci HFDPOAE SNR dla czestotliwo$ci 8000
i 10000 Hz. Czutos¢ dla 8000 Hz byta $redni, a dla 10000 — umiarkowanie wysoka. Wskazniki prawdziwie ujemne i dodatnie
prawdopodobienstwa a posteriori badan HFDPOAE byly wysokie, czgstosci falszywych alarméw byly odpowiednio niskie.
Jednakze, czgsto$¢ wystapienia wynikow falszywie negatywnych dla 8000 Hz byla $rednia, a negatywne prawdopodobienstwa
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a posteriori byly umiarkowanie wysokie dla obu czgstotliwosci. Warto$ci wskaznika efektywnosci byly wysokie, co wskazuje,
ze duza cze$¢ wynikéw HFDPOAE byta prawidlowe w poréwnaniu z wynikami HFPTA.

Whioski: Wstepne wyniki wskazuja ze HPDPOAE mogg miec zastosowanie jako test przesiewowy w zakresie niedostuchu

w wysokich czestotliwo$ciach u dzieci z zespolem Downa.

Stowa kluczowe: dokladnos¢ « zespdt Downa « wysokoczestotliwo$ciowa emisja otoakustyczna produktéw znieksztalcen
nieliniowych (HFDPOAE) « audiometria tonalna wysokich czestotliwosci (HFPTA) « dzieci w wieku szkolnym « badania

przesiewowe

Background

Down syndrome (DS) in children has long been associat-
ed with a high prevalence of both congenital and acquired
hearing loss [1-3]. An extensive range of anomalies have
been noted across the auditory system in DS populations
- e.g., reduced pinna size, stenotic ear canals, Eustachian
tube dysfunction and chronic ear infections, as well as de-
formities in the inner ear - resulting in varying degrees of
conductive and sensorineural hearing loss [2,4-7]. Early-
onset presbycusis may present an additional concern [4,8].
Presbycusis affects the high frequencies first and, in the
general population, most commonly becomes evident in
the 7™ decade of life, brought on by degeneration of the
cochlea with age [9]. However, in children with Down syn-
drome it has been reported that, by the 2*¢ decade of life,
presbycusis may already be affecting hearing thresholds
within the conventional frequency range [8]. This phe-
nomenon is central to the present study.

Although children with DS are clearly at high risk of hear-
ing loss, the exact hearing status of many children with
DS is often overlooked or unknown [4,10,11]. Reliable
screening is necessary for this group in order to minimise
the compounding negative effects of hearing loss on oth-
er developmental delays [1,12]. Children with Down syn-
drome commonly experience other medical concerns or
contraindications at birth that prevent them from ben-
efiting from universal newborn hearing screening [13].
Later, standard school screening techniques present prob-
lems in testing children with special needs due to diffi-
culties, while performing behavioral tests, with attention,
memory, cognition, and delays in psychomotor func-
tion [4,14]. Whereas tympanometry has proven success-
ful in detecting conductive problems in schoolchildren
with DS [13], isolating sensorineural hearing loss, such
as presbycusis, is less straightforward. With reliable be-
havioral results unattainable in up to 50% of young chil-
dren with DS [8], various objective tests have been pro-
moted as alternatives.

Auditory brainstem response (ABR) testing has had suc-
cess in assessing DS groups for sensorineural hearing loss
[15], but is unable to easily measure frequency-specif-
ic thresholds. Furthermore, structural differences typical
of DS in the auditory nervous system create waveform
anomalies which prevent comparisons with normative data
[6,15]. The need for sedation or anesthesia during ABR
can also be expensive, inconvenient, and may introduce
other health concerns [16]. These factors make ABR a po-
tentially complicated and inefficient method for assessing
the hearing function of individuals with DS.

Several large studies have found transient-evoked otoa-
coustic emission (TEOAE) testing, combined with tympa-
nometry, to be feasible and time-efficient for special school
screenings [10,14]. However, middle ear pathologies sig-
nificantly reduce TEOAE amplitudes, preventing accu-
rate cochlear assessment [17]. In addition, the frequency
capabilities of TEOAE systems generally do not exceed 5
kHz. As a result of limitations in available testing devic-
es, the high-frequency audition of children with DS has
not been explored in detail to date. Considering the risk
of presbycusis for children with DS, and the importance
of high-frequency hearing for speech discrimination and
localisation in noise [18], a screening device which ex-
tends above 5 kHz could be highly beneficial.

High-frequency distortion-product otoacoustic emissions
(HFDPOAES) can objectively assess the auditory system,
up to the level of the cochlea, at frequencies of up to 16 kHz
[18]. The physiological mechanisms behind HFDPOAEs
mirror those of traditional distortion-product otoacoustic
emissions (DPOAEs) [19]. When two mathematically re-
lated primary tones (f, and f)) are presented to the coch-
lea, cochlear amplifier mechanisms generate tiny record-
able emissions. This process depends on intact outer hair
cell function around the geometric mean of the primary
frequencies [20]. It has been well established that conven-
tional-range DPOAE testing is a relatively accurate way
of identifying frequency-specific sensorineural loss [20].

Dreisbach and Siegel [19] suggested that HFDPOAEs may
be suitable for investigating the functionality of the basal
region of the cochlea and, hence, for assessment of ultra-
high-frequency hearing up to 16 kHz. Although relative-
ly little research exists in this area, particularly as applied
to pediatric populations, several potentially beneficial ap-
plications are evident. These include monitoring condi-
tions that affect the ultra-high-frequencies first, such as
early-stage presbycusis and sensorineural loss due to oto-
toxic therapy [21-23]. The existing literature does sup-
port the plausibility of using HFDPOAE measurements
during hearing screenings. Investigations of the relation-
ship between DPOAEs and pure tone audiometry (PTA)
in adults [20] and children [24] have found that changes
in DPOAE amplitudes were sensitive and specific to the
loss exemplified by the behavioral thresholds. Gorga et al.
[25] found that DPOAESs were almost 100% accurate in
identifying a hearing-impaired ear for losses over 40 dB
HL. These findings are indicative of an association between
DPOAE:s and hearing thresholds, implying that DPOAEs
might be able to provide an overview of hearing sensitiv-
ity in situations where testing behavioral thresholds is not
possible. It remains to be seen whether the association is
also evident between HFDPOAE:s and its corresponding
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reference test, high-frequency pure tone audiometry (HFP-
TA). In collecting a normative data set for HFPTA in chil-
dren, Beahan et al. [26] established the basis for meaning-
ful interpretation of hearing loss identified using HFPTA.
This approach can allow a comparison between HFPTA
and HFDPOAEs to be made, and perhaps to determine
whether HFDPOAE: are accurate in identifying hearing
loss in children with DS.

Although an exhaustive body of literature on HFDPOAEs
in children is not yet available, some important limitations
related to HFDPOAEs have been defined. Firstly, the var-
iability observed across and within subjects is a known is-
sue. Standing waves in the ear canal affect stimulus-level
calibrations at frequencies greater than 2-3 kHz [27]. Cal-
ibration of sound pressure levels at the eardrum is thought
to minimise these effects [19], as is a deliberate variation
of probe insertion depth [28]. However, Dreisbach et al.
[23] still attribute the substantial variability in HFDPOAEs
above 10 kHz to standing-wave effects, and this issue is
compounded by probe placement discrepancies [27]. Sten-
otic ear canals, which are typical of children with DS [5],
could potentially worsen such effects. While variability re-
mains an important issue, it bodes well that HFDPOAE
results appear fairly repeatable for the key measures of
amplitude and group delay [23]. Furthermore, a recent en-
gineering study by Hecker et al. [29] into alternative algo-
rithms for measuring HFDPOAE stimulus levels suggests
possible improvements in future instrumental accuracy.

Another significant limitation may be the effect of middle
ear status on DPOAE amplitude [30]. Middle ear effusion,
often related to Eustachian tube dysfunction, is common
in children with DS [5]. Proactive medical management
has been shown to often resolve conductive problems in
this group [2]. The minimisation of reversible conductive
problems is likely to be important to the success of using
serial HFDPOAEs to monitor high-frequency loss. Kei et
al. [31] has examined the effect of middle ear dysfunction
on HFDPOAE:s. Findings showed that while HFDPOAE
amplitudes were lower for all frequencies in the presence
of middle ear dysfunction, the results were less impacted
in the extended high frequencies than in the convention-
al frequency range. Although only utilising a small sam-
ple size, this research is in line with other studies showing
that lower frequency DPOAE responses are more affect-
ed by middle ear disease than higher frequencies [32].

It is clearly important to establish an accurate screening
technique for children with DS, who are traditionally diffi-
cult to test and known to be at risk of early presbycusis. The
provision of appropriate interventions, including (sound-
field) amplification, assistive listening devices, audiological
monitoring, and environmental modifications have been
widely shown to improve development and overall quality
of life in children with DS and hearing loss [1,33,34]. This
highlights the importance of early detection of high-fre-
quency hearing loss in this group, a topic on which there
is currently a substantial gap in the literature. HFDPOAEs
present the possibility of an objective, non-invasive, and
efficient screening tool suitable for this purpose.

The current study aims to establish the diagnostic accura-
cy of HFDPOAE:s through comparison with the current

reference standard of HFPTA in schoolchildren with DS.
This focal group has been chosen due to their predispo-
sition to early-onset presbycusis, along with the need to
establish an effective screening method for use in this
population. It is suggested that the test performance of
HFDPOAEs, specifically the overall accuracy in differen-
tiating between children with and without high frequen-
cy hearing loss, will prove acceptable (20.7).

Materials and methods

Participants

A total of 25 children with DS participated in the study
(15 males, 10 females), aged between 5.6 and 13.7 years
(mean =9.7, SD=2.6, median =9.4). Subjects were sampled
from six special education state schools in and around Bris-
bane, Australia, where teachers had been asked to distrib-
ute consent forms, information forms, and questionnaires
to all enrolled students with DS. Participation was volun-
tary, and written consent was obtained from caregivers
prior to data collection. A brief caregiver questionnaire
was collected to obtain information regarding previous
hearing tests, caregiver hearing concerns, history of fa-
milial hearing loss, middle ear infections, ear or head sur-
gery, and noise exposure. Children with cleft palate or a
history of maxillofacial surgery were excluded from this
study, as were children with discharging ears or atresia in
both ears. Ethical clearance was obtained from both the
University of Queensland Behavioral and Social Scienc-
es Ethical Review Committee and Education Queensland.

Procedure

Testing was conducted by an experienced pediatric au-
diologist assisted by final-year Master of Audiology stu-
dents. Each subject was tested individually during school
hours in the quietest available room at each school. The
ambient noise levels in the test rooms ranged from 30 to
35 dB A, as measured by a Bruel and Kjaer 2250 sound
level meter with frequency analysis software BZ-7223.
Subjects were tested in a seated position. Where feasible,
teacher aides or caregivers were present during the test-
ing to provide support.

Otoscopic examination was performed first in order to iden-
tify possible medical contraindications, and to ensure that
issues such as wax occlusion or collapsing ear canals would
not affect subsequent results. Tympanometry testing, using
a Madsen Otoflex tympanometer, was then conducted to in-
vestigate middle ear function. This equipment was calibrat-
ed at the commencement of each test day, using a built-in 2
cc cavity. A 226 Hz probe tone was delivered into the canal,
with pressure varying at 200 daPa/s from +200 to —400 daPa,
to produce a tympanogram of admittance (mmho) against
ear canal pressure (daPa). For each ear, the ear canal volume
(ECV), tympanometric peak pressure (TPP), static compli-
ance (SC), and tympanometric width (TW) were recorded.
The Jerger [35] tympanogram type was also recorded. Pass
results were achieved with Type A or Type C, tympanograms
(Type A: SC=0.2 to 1.6 mL, TPP=+50 to —100 daPa; Type (OF
SC=0.2 to 1.6 mL, TPP=-101 to —200 daPa). Type B or C,
tympanograms were classified as fail results. Children with fail
results were referred to their family doctor for medical advice.

12
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Table 1. HFPTA pass limits for 10 kHz (dB SPL), based on mean and SD values (dB SPL) of thresholds from normative data

by Beahan et al. (2009)

4-6 years 7-9 years 10-13 years
Frequency [kHz]
Mean (SD) Pass limit Mean (SD) Pass limit Mean (SD) Pass limit
10 28.7 (10.6) 49.9 22.3(7.4) 37.1 22 (8.6) 39.2

Following tympanometry, HFPTA and HFDPOAE tests
were then conducted, with a break of 5 to 10 minutes
permitted between these tests to minimise the effects of
fatigue. HFPTA and HFDPOAE tests were completed in
alternating order per participant. For each participant, a
different starting ear was used for each test.

An Interacoustics AC40 clinical audiometer, calibrated an-
nually by an experienced technician, was used to adminis-
ter HFPTA testing. Calibration ensured that the output of
the audiometer met requirements of the Australian Stand-
ard (AS IEC 60645.1-2002) [36] in terms of frequency ac-
curacy, sound pressure levels (+5 dB), harmonic distortion,
on/off ratio, and rise/fall times. Reference sound pressure
levels used for calibration were in accordance with Aus-
tralian Standards (AS ISO 389.1-2007 for 0.125-8 kHz and
AS ISO 389.5-2003 for above 8 kHz) [37,38]. Supra-aural
TDH-39 headphones were used to obtain thresholds in
the conventional frequency range (1, 2, and 4 kHz). Koss
R/80 headphones, which have been proven reliable in ob-
taining ultra-high-frequency thresholds [39], were used to
obtain thresholds at 8 and 10 kHz.

Given the range of ages included, and the psychomotor
and attention delays associated with DS [4], the audiolo-
gist made a case-by-case decision on whether to conduct
conventional audiometry or play audiometry. If present,
caregivers or teacher aides provided information regard-
ing the child’s overall development, motor skills, and abil-
ity to attend and respond, as recommended by Kile [4].
Testing commenced only when the audiologist was satis-
fied that the child was responding reliably.

Hearing at 1, 2, and 4 kHz was screened at an intensity of
20 dB HL. Failure to respond to two of three consecutive
presentations at 20 dB HL was considered a fail result, fol-
lowing which the child’s threshold was obtained using the
modified Hughson-Westlake procedure [40]. For the high
frequencies (8 and 10 kHz), thresholds were obtained us-
ing the modified Hughson-Westlake procedure [40]. Us-
ing this procedure, good test-retest reliability has been
demonstrated for HFPTA, with Beahan et al’s [41] study
of 125 normally hearing children demonstrating no sig-
nificant differences in various age groups’ mean thresh-
olds between test and retest conditions.

At 8 kHz, thresholds equal to or better than 20 dB HL were
considered a pass result. At 10 kHz, age-specific pass/fail
criteria were established using normative data from Bea-
han et al’s [26] study of 129 normally-hearing children
(see Table 1), in view of the known age effect on HFP-
TA thresholds. In the present study, thresholds equal to
or less than the mean +2SD were awarded pass results. A
correction factor of +17 was used to convert thresholds
from dB HL to dB SPL, as specified by Beahan et al. [26].

DPOAESs were recorded using a DP2000 system (Starkey
Laboratories, Inc.) connected to a laptop computer. Fol-
lowing probe insertion, the system was calibrated in or-
der to account for the acoustic properties of the individu-
al ear canal. Calibration chirps were delivered into the ear
via two channels, with the resultant frequency responses
plotted on a graph of sound pressure level against frequen-
cy. Overlapping or almost overlapping frequency respons-
es across 1-10 kHz indicated a good probe seal [22,31]. If
this was not achieved, the probe tip was reinserted until
calibration indicated a good seal.

Using the extended evaluation (0.5-8 kHz) mode and the
high frequency (8.7-16 kHz) mode of the DP2000 system,
DPOAEs at 2f —f, were measured. The stimulus consisted
of a series of simultaneous pure-tone pairs at frequencies f,
and f,, with a frequency ratio (f,/f,) of 1.2. This ratio has
been shown to yield maximum DPOAE amplitude in hu-
mans [20]. Moderate intensity levels of 65 and 55 dB SPL
were used for f, and f, respectively, to achieve clinically
accurate results with minimal stimulus artefacts [42,43].

A DP-gram (a plot of distortion-product amplitude and
noise floor against f, frequency) was provided by the sys-
tem. Measurement parameters of distortion-product am-
plitude (AMP), noise floor (NF), and distortion-product
signal-to-noise ratio (SNR, calculated as AMP minus NF)
were collected at each 1, frequency (984, 1500, 2016, 3000,
3984, 6000, 8016, and 9984 Hz). This study focused on SNR
at the two highest frequencies, which are referred to here-
after as 8 kHz and 10 kHz. The HFDPOAE parameter of
SNR has been shown to have satisfactory test-retest relia-
bility in the pediatric population, with Beahan [22] finding,
in a large study of 204 normally hearing ears, no signifi-
cant differences in results across separate test conditions.
Furthermore, the SNR test parameter was chosen in view
of its superiority over AMP for non-sound-treated screen-
ing purposes and the large standard deviations found in
AMP measurements [44]. In the present study, the stand-
ard DPOAE SNR pass criterion of 26 dB was utilised [28].

Feedback letters were provided to caregivers immediately
following testing. Participants with suspected middle ear
pathology, as identified by otoscopy and/or tympanometry,
and participants who failed PTA screening in one or both
ears, were instructed to visit their family doctor for med-
ical consultation and, if appropriate, referral to audiology
services for further audiological investigation.

Data analysis

Data were entered into SPSS v20 software for statistical
test performance analysis. Diagnostic outcomes of the
HFDPOAE test were compared with those of the refer-
ence test, HFPTA. Measures of hit rate, false-alarm rate,
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Could not test

Figure 1. Tympanometry results in 50 ears of children
with Down syndrome

false-negative rate, true-negative rate, posterior probabil-
ities, efficiency index, and accuracy were calculated using
clinical decision analysis. Accuracy calculations (A’) were
used to indicate the probability that a randomly chosen ear
with high-frequency hearing loss was correctly ranked on
the HFDPOAE test with greater suspicion than a random-
ly chosen ear without hearing loss. A cut-off score of 0.7
was set as an indication of adequate accuracy.

Results

In total, 50 ears (30 ears of males, 20 ears of females) of
25 children with DS were assessed. As some participants
did not complete the entire test battery for either or both
ears, the number of ears analysed for each test and pa-
rameter varied.

Tympanometry and pure-tone audiometry (PTA)
screening

Figure 1 displays the various tympanometry results for the
50 ears. Results could not be obtained in 23 ears due to lack

Table 2. Comparison of HFDPOAE outcomes with corre-
sponding HFPTA outcomes at 8 kHz, indicating
the number of ears classified (N=20)

of subject compliance. Subsequently, 23 ears passed tym-
panometry and 4 ears failed with type B or C, tympano-
grams. PTA screening results were not obtainable in 27
ears (54%). A total of 16 ears (32%) achieved pass results
while 7 ears (14%) failed the screening. All ears passed at
4 kHz, while 7 ears failed at 1 kHz and 3 of these ears also
failed at 2 kHz. Based on combined tympanometry and
PTA screening results, 10 ears (20%) or 5 children (20%)
were referred for medical investigation due to failing one
or both of these tests.

HFDPOAE and HFPTA test completion

Completion of both key tests, HFPTA and HFDPOAE,
was required for inclusion of ears in subsequent analyses.
It should be noted that various techniques were used in an
attempt to obtain results for both tests. Testing time was
often extended to allow for difficulties in subject compli-
ance. If feasible, testing was attempted on multiple occa-
sions, on the same or different days. Testers provided verbal
instructions along with visual demonstrations of required
behavior. Play audiometry was frequently used across all
age groups. Various non-verbal and verbal response modes
were attempted to condition each child reliably.

For 5 ears (10%), only HFDPOAE results could be obtained
and for a further 2 ears (4%) only HFPTA results could
be obtained. For 23 ears (46%), results were not obtained
for either test for the following reasons: 19 ears were un-
able to be assessed due to behavioral non-compliance; 2
ears had type B tympanograms and so further testing was
not pursued; and 2 ears had excessive wax. Hence, the fi-
nal working database for subsequent analysis consisted of
20 ears (40%) from 11 children who had completed both
HFDPOAE and HFPTA testing (9 ears of males and 11
ears of females; age range =6.3-13.7 years; mean =10.3;
SD=2.5; median =9.7).

Questionnaire data were analysed for the 11 children who
were included in the HFPTA and HFDPOAE comparison
for at least one ear. Responses revealed caregiver concerns
about the hearing abilities of 4 children (36.4%), and a his-
tory of previous hearing tests for 8 children (72.7%). A

Table 3. Comparison of HFDPOAE outcomes with corre-
sponding HFPTA outcomes at 10 kHz, indicating
the number of ears classified (N=18)

HFDPOAE result HFPTA pass HFPTA fail HFDPOAE result HFPTA pass HFPTA fail
SNR pass 12 4 SNR pass 7 2
SNR fail 1 3 SNR fail 2 7

Table 4. Test performance measures obtained for HFDPOAE SNR against the reference standard of HFPTA (N=20 at 8

kHz, N=18 at 10 kHz)*

Test condition HR FA FN N Pr[D/+] Pr[N/-] EF A
SNR 8 kHz 0.43 0.08 0.57 0.92 0.84 0.62 0.75 0.75
SNR 10 kHz 0.78 0.22 0.22 0.78 0.78 0.78 0.78 0.78

*HR, FA, FN, TN, Pr[D/+], Pr[N/-], EF, and A represent hit rate, false-alarm rate, false-negative rate, true-negative rate, posi-
tive predictive value, negative predictive value, efficiency index, and accuracy, respectively
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familial history of childhood hearing loss was reported for
2 children (18.2%), and a history of regular noise exposure
was noted for 1 child (9.1%). Responses revealed a history
of ear infections or discharge for 3 children (27.3%), and
a history of ear or head surgery for 7 (63.6%) children.

HFDPOAE test performance analyses

HFDPOAE pass/fail results for SNR were compared with
HFPTA pass/fail results at 8 and 10 kHz for each ear to
evaluate the test performance of the HFDPOAE test (see
Tables 2-4).

Discussion

The aim of the present study was to investigate the suit-
ability of HFDPOAEs as a screening tool for detecting
high-frequency hearing loss in children with DS. Diag-
nostic accuracy was determined through comparison with
the HFPTA reference test. Incidental findings of the study
provide insight into the general auditory status of school-
children with DS.

Auditory status

Tympanometry findings were encouraging, given this pop-
ulation’s susceptibility to middle ear problems. Fail results
occurred in only 4 (14.8%) of the 27 ears tested, or 3 chil-
dren (21.4%) overall. Other studies of children with DS
[13,14] have reported poorer tympanometry outcomes,
with fail results in approximately 30% of ears and 40% of
children. In fact, failure rates in the present study were
only slightly elevated from those reported in mainstream
schoolchildren (13.5% of ears, 17.9% of children) [45].
Although based on a small sample, our findings suggest
an increased awareness of middle ear dysfunction in chil-
dren with DS. This is reflected, perhaps, in the fact that a
substantial proportion (69.2%) of children who complet-
ed tympanometry had previously undergone ear surgery,
according to returned questionnaires.

The extent of PTA failures was reasonably consistent with
the lower end of generally accepted prevalence figures
(38-78%) of hearing loss in children with DS [14]. In the
present study, 7 (30.4%) of the 23 ears tested failed PTA
screening, or 4 children (30%) overall. Interestingly, all
ears passed at 4 kHz. More fail results occurred at 1 kHz
(7 ears) than 2 kHz (3 ears). Mainstream schoolchildren
have similarly demonstrated poorer results at lower fre-
quencies [45]. Issues related to the school setting, such as
non-sound-treated test rooms and increased physiologi-
cal noise caused by behaviors typical of schoolchildren,
may be relevant. In the present study, there is the addi-
tional possibility that subtle middle ear conditions asso-
ciated with DS, such as ossicular fixation [5], may have
worsened thresholds at lower frequencies due to increased
middle ear stiffness [46].

Behavioral issues prevented testing in a large proportion
of ears for both tympanometry (46%) and PTA screening
(54%). In particular, tympanometry was not tolerated well:
completion rates were vastly poorer than the 87-100% pre-
viously reported in the literature [13,14,47]. This may be
related to the age or degree of impairment in our small

sample, as well as the increasing trend in Queensland for
inclusive education, resulting in many children with less
severe impairments attending mainstream schools rather
than special schools.

Questionnaire responses also provided further insight into
the audiologic history of our cohort of schoolchildren with
DS. There were fewer caregiver concerns about hearing re-
ported in this group (36.4%), compared with the 70.4%
of concerned caregivers reported by Driscoll et al. [13] in
a similar study of schoolchildren with DS. Interestingly,
upon case-by-case consideration, caregiver concern in the
current study was not strongly indicative of actual hearing
status. Previous hearing tests were reported for the major-
ity of children (72.7%). This was consistent with findings
of Driscoll et al. [10] who reported previous tests in 79%
of children studying in special schools. The introduction
of statewide universal newborn hearing screening in 2006
may see this rate increase further. As expected, very few
children indicated a familial history of childhood hearing
loss or a history of regular noise exposure, whereas a sub-
stantial proportion were reported to have had ear or head
surgery, and recurrent ear infections/discharge.

HFDPOAE versus HFPTA

HFDPOAE results appeared to be reasonably obtaina-
ble. A slightly larger proportion of ears were able to com-
plete HFDPOAE (50%) compared to HFPTA (44%). Of
the ears able to complete only one of the key tests, more
ears could complete HFDPOAE than HFPTA (5 ears ver-
sus 2 ears). These findings, coupled with the shorter test
time required for HFDPOAE, support clinical use of HFD-
POAE in this population. Behavioral issues again imped-
ed completion of both key tests, with 19 ears (38%) una-
ble to complete either test.

The reference test, HFPTA, revealed hearing within normal
limits in 16 ears (80%) at 8 kHz. Results at 10 kHz were
poorer, with only 9 ears (50%) achieving pass results. It
is unknown whether this finding is related to early-onset
presbycusis [8] or to other causes. It is possible that, due
to developmental delays, age-specific pass limits at 10 kHz
were not optimal. Several studies have shown children with
DS and presumed normal auditory function have poorer
thresholds than their typically developing counterparts. It
has been reported that children with DS had convention-
al thresholds elevated by 9-25 dB HL [4,48].

Comparison of HFDPOAE pass/fail results with those of
HFPTA (Table 4) revealed an average hit rate for SNR at 8
kHz and a moderately high hit rate for 10 kHz. The poorer
result at 8 kHz suggests that HFDPOAE correctly detect-
ed less than 50% of hearing-impaired ears at this frequen-
cy. Complementary false-negative rates were, therefore,
average and low for the respective frequencies. This rais-
es a concern that a large proportion of hearing-impaired
ears were incorrectly passed by HFDPOAE SNR at 8 kHz.
However, by way of explanation, an incorrect number
of ears may have been classified as hearing-impaired by
the reference test. As discussed, age-specific HFPTA pass
limits may have been too narrow in this population. Fur-
thermore, the fundamentally different scope of each test
must not be overlooked. HFDPOAE only assesses auditory
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function up to the cochlear outer hair cells. Increased
HFPTA failures could be related to retrocochlear compo-
nents of the auditory process, particularly given the atyp-
ical auditory brainstem response (ABR) patterns found in
this population [15].

True-negative rates were high for both frequencies and
complementary false-alarm rates were low. Hence, it ap-
peared that HFDPOAE correctly passed most normal-
hearing ears, which is one of the essential features of a
mass screening tool for the pediatric population.

Positive posterior probabilities were also high, indicating
a good chance that a failing case will have a hearing loss.
Negative posterior probabilities were moderately high.
Hence, there is a less convincing chance that a pass result
in HFDPOAE is a true indicator of normal hearing. Note,
however, that such probability calculations are negative-
ly influenced by the prevalence of the disorder (hearing
loss) which, in this cohort and the population in gener-
al, is relatively rare.

Efficiency index values were high for SNR at both frequen-
cies. In other words, a large proportion of HFDPOAE re-
sults were correct when compared with HFPTA results.

Regarding the initial hypothesis, HFDPOAE SNR at both 8
and 10 kHz were found to be acceptably accurate (A’>0.7)
as screening parameters when compared against the refer-
ence standard of HFPTA. The generally positive test perfor-
mance findings, coupled with the promising test completion
rate, suggest that HFDPOAEs may be clinically appropriate
for screening children with DS. HFDPOAEs may be use-
ful as a quick verification of HFPTA results or a useful al-
ternative for those who cannot be conditioned for HFPTA.

One major shortcoming of the project was the limited
number of participants and ears able to complete both
key tests. The small number of hearing-impaired ears re-
stricted evaluation of true diagnostic accuracy. Expansion
of the project to include a larger sample is recommended.

The use of HFPTA as the reference test may have also
impacted test performance analyses. Although only reli-
able subjects were included, the behavioral issues inher-
ent in this group may have influenced HFPTA accuracy.
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Furthermore, the age-specific HFPTA pass limits used may
have been too narrow, resulting in an incorrect number of
ears being diagnosed as hearing-impaired. Further consid-
eration of developmentally appropriate HFPTA normative
data for this population is warranted.

Future research may benefit from considering the test-
retest reliability of both key tests. Poor test-retest reli-
ability for HFPTA has been found in younger, typically
developing children (4-6 years) [41]. Although our par-
ticipants were generally older, developmental delays may
have affected results. This issue would have presumably
been less problematic for HFDPOAE testing, which has
demonstrated satisfactory reproducibility at 8-10 kHz in
pediatric populations [22]. In addition, the potential is-
sue of standing waves, worsened by the stenotic ear ca-
nals common in DS, did not appear hugely problematic
in the current study given the superior test performance
of 10 kHz versus 8 kHz.

Finally, it is quite concerning that 8 children (32%) were
unable to be tested in any part of the entire test battery.
The general auditory status of these subjects may easily
be overlooked. Alternative measures, such as ABR under
anesthesia [47], may need to be pursued in such subjects.
However, due to the practical benefits of more conventional
tests, further research into procedural modifications, such
as those described by Kile [4], could improve completion
rates in this difficult-to-test population.

Conclusions

HFDPOAE appears to offer practical benefits for screen-
ing children with DS, with HFDPOAE results more ob-
tainable than HFPTA results. Test performance analyses
suggested that SNR at 8 and 10 kHz provided adequate
accuracy for screening children with DS when compared
with the reference, HFPTA. The most notable test perfor-
mance finding was that HFDPOAE SNR at 8 kHz did not
appear to identify hearing-impaired ears as well as HFP-
TA, as evidenced by a poor hit rate. However, this is pos-
sibly related to the age-specific HFPTA pass limits being
too narrow. Where feasible, complementary testing in-
volving both HFPTA and HFDPOAE is recommended in
this population. Investigations using a larger sample are
required to verify these encouraging results.
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