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Abstract

Background: Diagnosing conductive conditions in newborns is challenging for both audiologists and otolaryn-

gologists.Althoughhigh-frequency tympanometry (HFT), acoustic stapedial reflex tests, andwidebandabsorbance
measures are useful diagnostic tools, there is performancemeasure variability in their detection of middle ear con-

ditions. Additional diagnostic sensitivity and specificity measures gained through new technology such as sweep
frequency impedance (SFI) measures may assist in the diagnosis of middle ear dysfunction in newborns.

Purpose: The purposeof this studywas to determine the test performance of SFI to predict the status of the
outer and middle ear in newborns against commonly used reference standards.

Research Design: Automated auditory brainstem response (AABR), HFT (1000 Hz), transient evoked
otoacoustic emission (TEOAE), distortion product otoacoustic emission (DPOAE), and SFI tests were ad-

ministered to the study sample.

Study Sample: A total of 188 neonates (98 males and 90 females) with a mean gestational age of

39.4 weeks were included in the sample. Mean age at the time of testing was 44.4 hr.

Data Collection and Analysis:Diagnostic accuracy of SFI was assessed in terms of its ability to identify

conductive conditions in neonates when compared with nine different reference standards (including four
single tests [AABR, HFT, TEOAE, and DPOAE] and five test batteries [HFT1 DPOAE, HFT 1 TEOAE,

DPOAE 1 TEOAE, DPOAE 1 AABR, and TEOAE 1 AABR]), using receiver operating characteristic
(ROC) analysis and traditional test performance measures such as sensitivity and specificity.

Results: The test performance of SFI against the test battery reference standard of HFT 1 DPOAE and
single reference standard of HFT was high with an area under the ROC curve (AROC) of 0.87 and 0.82,

respectively. Although the HFT 1 DPOAE test battery reference standard performed better than the HFT
reference standard in predicting middle ear conductive conditions in neonates, the difference in AROCwas

not significant. Further analysis revealed that the highest sensitivity and specificity for SFI (86% and 88%,
respectively) was obtained when compared with the reference standard of HFT1DPOAE. Among the four

single reference standards, SFI had the highest sensitivity and specificity (76% and 88%, respectively)
when compared against the HFT reference standard.

Conclusions: The high test performance of SFI against the HFT and HFT1DPOAE reference standards
indicates that the SFI measure has appropriate diagnostic accuracy in detection of conductive conditions in

newborns. Hence, the SFI test could be used as adjunct tool to identify conductive conditions in universal
newborn hearing screening programs, and can also be used in diagnostic follow-up assessments.
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Abbreviations: AABR 5 automated auditory brainstem response; AROC 5 area under receiver

operating curve; daPa 5 deca Pascal; DPOAE 5 distortion product otoacoustic emissions; HFT 5

high-frequency tympanometry; LR 5 likelihood ratio; OAE 5 otoacoustic emissions; OME 5 otitis
media with effusion; Ps 5 static pressure; RF 5 resonance frequency; ROC 5 receiver operating

characteristics; SD 5 standard deviation; SFI 5 sweep frequency impedance; SN 5 sensorineural;
SNR 5 signal-to-noise ratio; SPL 5 sound pressure level; TEOAE 5 transient evoked otoacoustic

emissions; UNHS 5 universal newborn hearing screening; WBA 5 wideband absorbance; WBR 5

wideband reflectance; Ya 5 static admittance; Ypc 5 peak compensated static admittance

INTRODUCTION

U
niversal newborn hearing screening (UNHS)

to detect permanent hearing loss using otoa-

coustic emissions (OAE) or automated auditory

brainstem response (AABR) has become standard prac-

tice across many countries. Despite improvements in the

screening technology, high rates of referrals due to tran-

sient conductive conditions continue to be an issue with

UNHS programs. A child who failed the screening test

but is later identified to have normal hearing is regarded

as having a transient conductive hearing loss (Clemens

et al, 2000; Clemens andDavis, 2001;Mehl andThomson,

2002; Keefe and Feeney, 2009). However, some children

may be found to have a congenital or long-standing con-

ductive condition which requires medical intervention

(Boudewyns et al, 2011). Several studies have reported

high rates of referrals of 3–8% in newborns (Mason and

Hermann, 1998; Mehl and Thomson, 1998; Vohr et al,

1998; Clemens et al, 2000; Clemens and Davis, 2001) that

is attributed to transient conductive loss due to outer and

middle ear dysfunction. As expected, middle ear dysfunc-

tion or cochlear hearing loss obliterates OAE and AABR

responses, resulting in a ‘‘refer’’ outcome. It is, therefore,

not possible to distinguish between a conductive or co-

chlear hearing loss when a refer outcome occurs (Allen

et al, 2005).

In newborns, a transient conductive conditionmay be

due to vernix occluding the ear canal, residual amniotic

fluid ormesenchyme in themiddle ear space of well neo-

nates (Buch and Jorgensen, 1964; Kok et al, 1992;

Keefe et al, 2000; Rosenfeld et al, 2004) and neonates

cared for in the neonatal intensive care unit (Balkany

et al, 1978; Paradise, 1981; Derkay et al, 1988). Tran-

sient outer and middle ear dysfunction is common in

neonates tested within 48 hr of birth and infants in the

neonatal intensive care unit for extended periods of

time (Keefe and Feeney, 2009). As most newborns are

screened within first 48 hr of birth, temporary conduc-

tive conditions may contribute to high referral rates

(Doyle et al, 2000; Allen et al, 2005).

Many studies have reported the prevalence of con-

ductive hearing loss due to transient middle ear dys-

function such as otitis media with effusion (OME) to

be higher than sensorineural (SN) hearing loss (Doyle

et al, 2000; Keefe et al, 2000; Boone et al, 2005; Hunter

et al, 2010; Silverman, 2010; Aithal et al, 2012). For ex-

ample, in a retrospective study of 76 infants, Boone et al

(2005) attributed 64.5% of failures in UNHS to OME. In

another follow-up study of 211 infants referred for diag-

nostic assessment following AABR screening, 32% had

a conductive loss due to middle ear dysfunction (Aithal

et al, 2012). Similarly, Boudewyns et al (2011) reported

55.3%, Holster et al (2009) reported 18.4%, and Doyle

et al (2004) reported 58% of failures due to OME. These

studies also noted that OME is an important cause of

transient hearing loss during the first months of life

(Doyle et al, 2004; Holster et al, 2009; Boudewyns

et al, 2011). These studies also highlighted that infants

who failed in UNHS due to OME are at increased risk

for later development of chronic otitis media.

Despite the high referral rates due to middle ear dys-

function, there is presently no single validated objective

tool that can be used at the time of screening to assess

middle ear function (Keefe et al, 2000). Assessment of

middle ear function is not currently part of the JCIH

(2007) guidelines for UNHS programs. Middle ear as-

sessment is only recommended for newborns as part

of the diagnostic assessment. Hence, differential diag-

nosis of transient conductive loss and permanent SN

loss can only be made during follow-up diagnostic as-

sessments, which are expensive and time consuming.

For this reason, development of screening tools to as-

sess middle ear function at the time of newborn screen-

ing is recommended (Gravel et al, 2005). Such tools

would assist in streamlining the management strategies

for the respective types of hearing loss, facilitating prior-

itization of neonates for follow-up appointments, and re-

ducing parental anxiety.

The only definitive tests for the presence of OME are

myringotomyor imaging studies suchas computerized ax-

ial tomography scanning. However, neither of these tech-

niques is practical or ethical under screening conditions.

Otoscopy is not reliable in newborns due to difficulties in

observing changes in color, mobility, reflexive reaction to

lights, and translucency of the ear drum (Paradise, 1980;

Ruah et al, 1991; Rhodes et al, 1999) and it cannot be re-

lied upon in the diagnosis of OME in newborns (Shurin

107

Predictive Accuracy of Sweep Frequency Impedance/Aithal et al

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



et al, 1976; Roberts et al, 1995). For example, Shurin et al

(1976) noted that five of ten ears diagnosed with OME by

otoscopy were found to have normal or dry ear on tympa-

nocentesis. Similarly, Doyle et al (1997) observed that half
of the 9% of ears diagnosed as having OME based on re-

duced ear drum mobility on pneumatic otoscopy passed

the AABR screening test and about one-third passed

the transient evoked OAE (TEOAE) screening test, indi-

cating that the use of pneumatic otoscopy in young infants

can result in incorrect diagnosis.

Previous attempts using conventional 226-Hz tym-

panometry to diagnose middle ear dysfunction in young
infants (#6mo of age) have been unsuccessful (Paradise,

1976; Keefe and Levi, 1996; Rhodes et al, 1999; Purdy

and Williams, 2002; Baldwin, 2006).The use of high-

frequency tympanometry (HFT) with a 1000-Hz probe

tone has been reported to be more successful (Purdy and

Williams, 2002; Kei et al, 2003; Margolis et al, 2003;

Baldwin, 2006; Swanepoel et al, 2007). The HFT is cur-

rently recommended by JCIH (2007) for diagnostic test-
ing afterUNHS referrals. The sensitivity and specificity

of HFT in detecting conductive conditions in newborns

using distortion product OAE (DPOAE) as a reference

standard are reported to be 50% and 91%, respectively

(Margolis et al, 2003). While Swanepoel et al (2007) re-

ported a similar test performance result of sensitivity of

57% and specificity of 95% for HFT against a DPOAE

reference standard, Baldwin (2006) reported a sensitiv-
ity of 99% and specificity of 89% using AABR outcomes

as the reference standard for older infants with a mean

age of 10 weeks. However, Baldwin’s findings might not

apply for neonates as the youngest infant in her study

was two weeks old. Although HFT is recommended for

use with young infants (Kei et al, 2003; Margolis et al,

2003; Baldwin, 2006; Alaerts et al, 2007), there are no

universally agreed methods for interpreting results
(Kei and Mazlan, 2012). It is also shown that introduc-

ing negative and positive air pressure distends an infant

ear canal and modifies the middle ear characteristics

(Holte et al, 1990). It also violates the underlying assump-

tions of tympanometry in infants (Margolis and Shanks,

1990; Kei and Zhao, 2012). For instance, on pressuriza-

tion as in tympanometry, the diameter of ear canal in-

creases by an average of 18.3% under positive pressure
or decreases by 28.2% under negative pressure compared

to its original value (Holte et al, 1990). Furthermore, ear

canal volume changes from 27% to 75% over a range of

6300 deca Pascal (daPa) in newborns (Qi et al, 2006).

In addition to these limitations, measurement of peak-

compensated static admittance (Ypc) for the negative

tail method introduces artifactual spikes and danger

of collapsing the ear canal with negative ear canal pres-
sure (Kei et al, 2007; Aithal et al, 2016; Hunter and

Blankenship, 2017). It is also reported that the positive

tailmethod overestimates ear canal volumeand is less sen-

sitive to middle ear dysfunction in young infants (Hunter

and Blankenship, 2017). Given such limitations of HFT,

there is a need to introduce alternative techniques to

identify middle ear dysfunction in young infants.

Wideband absorbance (WBA) is an emerging technol-
ogy that can assessmiddle ear function in young infants

and could be a useful tool in UNHS (Keefe et al, 2003;

Sanford et al, 2009; Hunter et al, 2010; Hunter et al,

2015). However, it is not yet recommended by JCIH

(2007) for diagnostic testing of infants. Recently, Aithal

et al (2015a) attempted to use WBA technology to iden-

tify conductive conditions in newborns. The authors

evaluated the test performance of WBA against com-
monly used reference standards using receiver operat-

ing characteristics (ROC) curve analysis. Their results

showed that optimal test performance of the WBA, as

indicated by the area under the ROC curve (AROC),

reached 0.78 when compared against test battery refer-

ence standards (Aithal et al, 2015a). Sanford et al (2009)

and Hunter et al (2010) reported better performance of

WBA than HFT in predicting conductive conditions in
newborn screening whereas other studies have reported

that both HFT and WBA are good measures to iden-

tify transient conductive hearing loss in young infants

(Sanford et al, 2012; Prieve et al, 2013b). Sanford et al

(2009) reported the highest AROC of 0.86 (95% confi-

dence interval [CI]: 0.80–0.89) for WBA and 0.75 (95%

CI: 0.68–0.80) forHFTwithDPOAE screening as the ref-

erence standard on day one. On day two, they reported
an AROC of 0.67 (95% CI: 0.45–0.83) for WBA and 0.54

(95% CI: 0.36–0.71) for HFT. Similarly, Hunter et al

(2010) reported that wideband reflectance (WBR) pro-

duced much better prediction of DPOAE status in new-

borns than HFT and reported an AROC of 0.72 for HFT,

0.82 for WBR at 1 kHz, and 0.90 for WBR at 2 kHz. Al-

thoughWBAperformed better thanHFT, bothmeasures

were proven to be effective in detecting conductive con-
ditions in neonates (Sangster, 2011).

An alternative measure of outer and middle ear func-

tion, the sweep frequency impedance (SFI) technology,

has been found to be more accurate than tympanometry

in diagnosing middle ear diseases in adults (Wada and

Kobayashi, 1990; Wada et al, 1998). However, the appli-

cation of SFI to detect conductive conditions in young in-

fants has not been investigated until recently (Murakoshi
et al, 2012; 2013; Aithal et al, 2014; 2015b; 2016). The SFI

method, developed in the 1990s, measures the resonance

frequency (RF) andmobility (DSPL) of the outer andmid-

dle ear system at different static pressures in the ear ca-

nal aswell as tympanometric peak pressure (the pressure

at which the sound pressure level (SPL) attains maxi-

mum value) (Wada and Kobayashi, 1990; Murakoshi

et al, 2012; Zhao andWang, 2012). Although the technol-
ogy appears to measure impedance, it actually measures

the SPL in the ear canal while a sweeping tone is pre-

sented under various static pressure levels in the ear ca-

nal. From these SPL curves, the dynamic behavior of the
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outer andmiddle ear can be described in a graph showing

the SPL (in dB SPL) against frequencies from 100 to 2200

Hz at various static pressures applied to the ear canal.

From the SPL curves, theRF andDSPL can bemeasured.
The dynamic behavior of the outer and middle ear

system, as measured using an SFI meter, of a healthy

newborn is shown in Figure 1A. The greatest variations

of SPL (DSPL) occur at median frequencies of RF1 and

RF2along theSPL curve (at ambient pressure of 0 daPa)

which are considered the RF of the ear canal andmiddle

ear, respectively (Wada et al, 1995;Murakoshi et al, 2013).

In comparison, the SFI results for a newborn, who failed
in HFT and TEOAE, reveal only one variation at RF1

(Aithal et al, 2016) (Figure 1B).

Previous studies have demonstrated that the SPL

curves obtained fromneonates have shown two variations,

that is, low-frequency (210–420 Hz) and high-frequency

(830–1500 Hz) regions (Murakoshi et al, 2013; Aithal

et al, 2014). This suggests that there are two vibrating

elements in the neonatal auditory system, possibly due
to external andmiddle ear components. The second var-

iation in the higher frequency region (RF2) was similar

to that of adult middle ear RF reported in theWada et al

(1998) study.

The first variation in the low-frequency region (RF1)

was thought to be caused by an element other than the

middle ear. It was considered to be associated with the

movement of the external ear canal wall as Young’smod-

ulus of which is estimated to be 0.36 times as much as

that of adults, that is, 36–364 kPa (Saunders et al,
1983; Qi et al, 2006). The resonance movements of the

neonatal ear canal have been reported to be ,450 Hz

(Keefe et al, 1993). In addition, studies based on a neo-

natal external ear canal physicalmodel using agarose gel

and a numerical model using the finite element method

suggest that the external ear canalwall exhibits intrinsic

oscillatory behavior at z300 Hz (Murakoshi et al, 2013;

Hamanishi et al, 2015). Hence, the first variation of the
SPL curve obtained from neonates in the low-frequency

region (RF1) is considered to be related to the reso-

nance of the neonatal external ear canal wall movements

(Murakoshi et al, 2013; Hamanishi et al, 2015; Wada

et al, 2016).

As illustrated in Figure 1B,Murakoshi et al (2012) and

Aithal et al (2016) noted that the second resonance (RF2)

disappeared in newborns with middle ear dysfunction
while the first resonance (RF1) was not affected. These

results indicated that middle ear dysfunction altered the

dynamic behavior of the middle ear to such an extent

that the second resonance could not be detected using

the SFI meter. SFI measures have potential advantages

over HFT in assessing infants. First, since pressuriza-

tion of the ear canal is not required when SFI measures

are obtained at ambient pressure, distortion or collapse
of the ear canal wall is not a concern. Second, measure-

ments are made over a wide frequency range from 100 to

2200 Hz, rather than at a single frequency, and finally,

SFI can provide additional information such as RF and

mobility of the middle ear which, may assist in diagnos-

ing conductive conditions in young infants (Murakoshi

et al, 2012; Aithal et al, 2016). While SFI shows promis-

ing results in identifying dysfunction of the outer and
middle ear in newborns, the test performance of SFI in

determining the middle ear status of newborns has not

been evaluated against any reference standard. The pre-

dictive accuracy of SFI must be compared to other refer-

ence standards before the SFI can be used as a mass

screening tool for identifying conductive conditions in

newborns. The aim of this study was, therefore, to eval-

uate the test performance of SFI to predict the middle
ear status in newborns against clinical reference stan-

dards including four single tests (AABR, HFT, DPOAE,

and TEOAE) and their combinations (HFT 1 DPOAE,

HFT 1 TEOAE, DPOAE 1 TEOAE, DPOAE 1 AABR,

and TEOAE 1 AABR).

MATERIALS AND METHODS

This study was approved by the Human Research

Ethical Committee of Townsville Hospital and

Health Service, and the University of Queensland Be-

havioral and Social Sciences Ethical Review Committee.

Figure 1. Typical SFI results obtained (A) from a healthy one-
day-old newborn who passed the test battery. The SPL curve at
ambient pressure shows two inflections in sound pressure (RF1
and RF2). The greatest variations of SPL (DSPL) occur at the me-
dian frequencies of RF1 and RF2 which are considered the RF of
the ear canal andmiddle ear, respectively, (B) from a one-day-old
newbornwho did not pass the test battery. Note: The SFI curve at
ambient pressure shows only one inflection (RF1). The static
ear canal pressures (daPa) applied were 1200, 0 (ambient),
and 2200 daPa.
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Parents provided written consent for newborns to be in-

cluded in the study. All infants were born at full term,

with normal birth weight and no medical complications

or risk factors for hearing loss.
In total, 188 (98 males and 90 females) healthy neo-

nates were recruited for the present study. All measure-

ments were performed in a quiet room in the maternity

unit where the noise level was ,40 dBA. Nursing staff

performed the AABR screen on both ears of all neonates

as part of a state-mandated UNHS. AABR screen-

ing was performed using an ALGO3 newborn hearing

screener (Natus Medical Inc., Pleasanton, CA). Clicks
were presented at 35 dB nHL to both ears simulta-

neously during testing. A pass or refer result for each

ear was automatically recorded by the equipment.

An experienced audiologist conducted HFT, DPOAE,

TEOAE, and SFI tests on the neonates with the acces-

sible ear tested first, followed by the second ear if pos-

sible. HFT was performed using a Madsen Otoflex 100

acoustic immittance device (GN Otometrics, Taastrup,
Denmark) with a 1000-Hz probe tone of 75 dB SPL de-

livered to the ear (Mazlan et al, 2009). Admittance (Ya)

was measured as the pressure was changed from1200 to

2400 daPa at a rate of 400 daPa/sec. Pass criteria were a

single positively peaked tympanogram with middle ear

pressure between 50 and 2150 daPa and peak-compen-

sated static admittance Ypc (1200 daPa tail to peak) of

$0.2 mmho (Mazlan et al, 2009)
DPOAE testing was performed using a Scout Sport

(Biologic Navigator Plus, Mundelein, IL) system. DPOAEs

were obtained in response to stimulation by pairs of pri-

mary tones. The f2/f1 frequency ratio was 1.2 for each pri-

mary pair. The level of f1 was 65 dB SPL and f2 was 55 dB

SPL. The pass criteria included the following: (a) DPOAE-

to-noise ratio of at least 6 dB in at least three of four fre-

quencies from 2 to 6 kHz (Sanford et al, 2009; Hunter et al,
2010) and (b)DPOAEamplitude of at least26 dBSPLat 2,

3, 4, and 6 kHz (Sanford et al, 2009; Merchant et al, 2010).

TEOAE testing was conducted using the same device

mentioned above. Wideband clicks of 80-msec duration

were delivered to the ear at 80 dB peak SPL. Emissions

weremeasured at 1, 1.5, 2, 3, and 4 kHz. The pass criteria

included reproducibility of $70% and a signal-to-noise

ratio (SNR) of $3 dB at 2, 3, and 4 kHz (Kei et al, 2003;
Vander Werff et al, 2007).

The SFI test was performed using a new SFI unit de-

veloped for testing neonates (Murakoshi et al, 2013;

Aithal et al, 2014). The SFI unit and its calibration have

been described in detail by Murakoshi et al (2013) and

Aithal et al (2014). A brief description of the SFI unit

is provided here. Figure 2 shows a block diagram of the

SFI unit that consisted of a personal computer, an
analog-to-digital/digital-to-analog converter, a probe sys-

tem, a stepping motor, an air pump, a pressure sensor,

and a pressure relief valve. The probe consisted of three

tubes: the first tube to apply static pressure (Ps) to the ear

canal, the second tube to deliver sound to the external ear

canal via an earphone, andthe third tube tomeasure sound

pressure in the external ear canal using a microphone. A

specially designed cuff suitable for testing neonates was at-

tached to the tip of theprobe to obtainahermetic seal during

testing.ThisnewSFIunitwas controlledusingLabViewun-
derMicrosoftWindows. The SFI unit also performsHFT on

infants as part of the test procedures.

During the SFI test, the SPL in the ear canal was

measured as the frequency of the pure-tone stimulus

was swept from 100 to 2200 Hz while the external au-

ditory canal Ps was held constant at 1200 daPa. This

measurement was repeated with Ps reduced in 50 daPa

steps down to2200 daPa. The entire SFI procedure was
automated, taking ,1 min to complete the test in each

ear. A sweeping probe tone was delivered to the ear at

75 dB SPL to reduce the risk of eliciting an acoustic sta-

pedial reflex. While the SFI results measured at multi-

ple static pressures provide a comprehensive view of the

acoustic-mechanical properties of the outer and middle

ear,Murakoshi et al (2013) and Aithal et al (2014) found

that measurements made at ambient pressure (0 daPa)
can provide adequate clinical information about the sta-

tus of the outer and middle ear. For the purpose of the

present study, only measurements performed at ambi-

ent pressure were included in the analyses.

The pass/refer criteria for the SFI measures in the

present study were based on normative data developed

by Aithal et al (2014) using the same SFI unit. Aithal

et al (2014) noted two regions of resonance in newborns,
with the mean RF1 for the first resonance occurring at

287 Hz (90% range: 209–420 Hz) and the mean RF2 for

the second resonance occurring at 1236 Hz (90% range:

830–1518 Hz). The first and second resonances refer to

the resonances of the ear canal and middle ear, respec-

tively. The authors’ subsequent study (Aithal et al, 2016)

showed that absence of the second resonance was asso-

ciated with middle ear dysfunction in newborns. The
presence of the second resonance with RF2 value of be-

tween 830 and 1518Hzwas considered a pass (indicating

normal middle ear function).

Figure 2. Block diagram of SFI meter used to test newborns in
this study. The SFI meter consists of a personal computer, an
analog-to-digital/digital-to-analog converter, a probe system, a step-
ping motor, a syringe pump, a pressure sensor, and a relief valve.
This new SFI meter is controlled using LabView (Wada et al, 2016).
(This figure appears in color in the online version of this article.)
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Reference Standards and

Pass/Refer Classification

At present, there is no complete agreement on which
‘‘reference’’ standard should be used to determine the

test performance of diagnostic tests for the detection

of disorders of the sound conduction pathways in new-

borns. Researchers have used both DPOAE (Margolis

et al, 2003; Sanford et al, 2009; Hunter et al, 2010)

and TEOAE (Kei et al, 2003; Vander Werff et al, 2007;

Shahnaz, 2008) to determine the status of the middle

ear such that absent or low level OAEs are suggestive
of middle ear disorders in the absence of SN hearing loss

that is secondary to cochlear damage. Although Norton

et al (2000b) found no difference in the performance of

TEOAE andDPOAE to detect hearing loss in newborns,

the inclusion of both TEOAE and DPOAE as reference

standards in the present study would be useful because

the mechanism involved in generating OAEs by the

two procedures are different. Furthermore, the two pro-
cedures demonstrate different susceptibility to back-

ground and biologic noise, resulting in different test

outcomes (Rhoades et al, 1998; Shi et al, 2000; Norton

et al, 2000a,b,c).

The present study used nine reference standards

(four single tests and five test batteries) for determining

the test performance of SFI. Table 1 shows the nine ref-

erence standards adopted in this study. While a single
test such asDPOAE is useful in identifying a problem in

the auditory pathway, it also has limitations that com-

promise its predictive accuracy because the DPOAE

test alone does not distinguish conductive pathology

from hair cell loss in the cochlea. For this reason, test

battery reference standards involving a combination of

tests were used in the present study. From a clinical

perspective, newborns who passed a battery of tests in-
volving HFT and DPOAE were more likely to have a

normal sound conduction pathway (outer and middle

ear) than those who passed DPOAE orHFT only (Aithal

et al, 2013; 2015a). In the case of test battery reference

standards, a strict test protocol was used (Keefe et al,

2003). With this protocol, the ear with a pass in all

the tests in any given test battery was included in the

‘‘pass’’ group for that reference standard. For instance,
with the HFT 1 DPOAE reference standard, only ears

with a pass in both the HFT and DPOAE tests were in-

cluded in the pass group for that test battery. Likewise,

ears with a refer in each test of the test battery were in-

cluded in the ‘‘refer’’ group for that reference standard.

For example, with the HFT 1 TEOAE reference stan-

dard, only the ears with a refer in both the HFT and

TEOAE tests were included in the ‘‘refer’’ group for that
reference standard. While this strict test protocol provides

clear separation between the pass and refer groups

(Keefe et al, 2003; Aithal et al, 2015a), it excludes ears

that have passed one test, but failed in the other test. If

the ears that failed either of the tests are omitted, the

test performance (sensitivity and specificity values)

would be inflated. However, if the ears that failed in ei-

ther the OAE or HFT test were classified in the ‘‘refer’’
category, the sensitivity and specificity values would be

deflated. The present study, having adopted a strict test

protocol, acknowledged this as a limitation of the study.

Table 1 shows the number of ears that passed or re-

ferred in each of the nine reference standards adopted

in this study. For example, for the DPOAE reference

standard, 40 ears were referred and 223 ears passed

of 263 ears. When DPOAE was combined with HFT in
a test battery (HFT 1 DPOAE) reference standard,

the number of ears referred was reduced to 21 of a total

of 220 ears. This decreased referral rate for the test bat-

tery reference standard was due to the use of a strict test

protocol in which the outcomes were mixed across refer-

ence standards.

Data Analysis

All analyses were performed using the SPSS software

(version 22; IBM, Armonk, NY). In the present study,

RF2 values between 830 and 1518 Hz were considered

a pass (normal) while RF2 values greater than 1518 Hz

or absence were considered a refer (abnormal). This

normative range was based on the results of a previous

study (Aithal et al, 2014). The test performance of SFI
was determined in terms of the sensitivity, specificity,

and AROC.

The test performance of SFI could also be determined

using likelihood ratio (LR) analysis. The LR of a test re-

fers to improvement in the likelihood of making a cor-

rect diagnosis or identifying a condition. Positive LR

(LR1) refers to improvement of the likelihood of cor-

rectly identifying the presence of a condition, whereas
negative LR (LR2) refers to improvement of the likeli-

hood of correctly identifying the absence of a condition.

In general, a test with LR1 greater than 10 and LR2

less than 0.1 is considered to be an effective test.

Table 1. Reference Standard Adopted in This Study
Showing Number of Ears That Passed or Were Referred
in Each Group

Reference Standard Ears Passed Ears Referred Total

SFI 222 41 263

AABR 254 9 263

HFT 218 45 263

DPOAE 223 40 263

TEOAE 201 62 263

HFT 1 DPOAE 199 21 220

HFT 1 TEOAE 184 28 212

DPOAE 1 TEOAE 198 37 235

AABR 1 DPOAE 222 8 230

AABR 1 TEOAE 200 8 208
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RESULTS

Table 2 shows the details of newborns included in

the study. All newborns had an uneventful birth
history with no risk factors for hearing loss (JCIH,

2007). The study included 263 ears (133 right and 130

left) from 188 healthy newborns (98 males and 90 fe-

males). Table 2 also shows the mean and standard devi-

ation (SD) for gestational age (in weeks), birth weight (in

grams), and age of testing (in hours) for 188 newborns. In

order to maximize the data, each ear was considered in-

dependent of each other because each ear could have pro-
vided a different outcome (pass or refer). Although this

maximized the available data, the authors are aware

that theremay be correlations inmeasurements between

the right and left ears. However, a previous SFI norma-

tive study showed that there were no significant differ-

ences or interactions between ears and genders (Aithal

et al, 2014).

An AROC value of 1 would indicate perfect agreement
in pass/refer outcomes for the SFI and the comparison or

test battery reference standard, whereas an AROC of 0.5

would indicate no better than chance performance. An

AROC was computed to determine the test performance

of SFI against four single test and five test battery ref-

erence standards. The results for thenine reference stan-

dards adopted in this study are shown in Table 3. Among

the four single test reference standards, AROC was the
greatest for HFT (0.82; 95% CI: 0.74–0.89) and smallest

for AABR (0.61; 95% CI: 0.41–0.81). In comparison,

among the five test battery reference standards, AROC

was the greatest for the HFT1DPOAE reference stan-

dard (0.87; 95% CI: 0.78–0.96). AROC was the smallest

for the AABR 1 TEOAE reference standard (0.66; CI:

0.45–0.88). AROC was significantly greater than 0.5

for the HFT, DPOAE, and TEOAE single test and for
the HFT 1 DPOAE, HFT 1 TEOAE, and DPOAE 1

TEOAE test battery reference standards, as determined

using the statistical procedure described by Hanley and

McNeil (1982) (p, 0.05). These results indicate that the

ability of SFI in identifying conductive conditions was

lower when the AABR, AABR 1 DPOAE, and AABR 1

TEOAE reference standards were used because the

AROCs were not significantly different from 0.5.

Table 3 also shows the 95% CI for AROC when SFI

outcomes were compared with the outcomes of the nine

reference standards. The CIs for the AABR, AABR 1

DPOAE, and AABR1 TEOAE reference standards were

broader than the other six reference standards.Although

the CIs for DPOAE, TEOAE, and DPOAE 1 TEOAE
were better, they were still broader to that of the

HFT, HFT 1 DPOAE, and HFT 1 TEOAE reference

standards. Table 4 shows the sensitivity, specificity,

LR1, and LR2 for SFI against both single and test bat-

tery reference standards. Among the four single refer-

ence standards, SFI had the highest sensitivity and

specificity of 76% and 88%, respectively, against HFT.

Among the test battery reference standards, SFI had
the highest sensitivity and specificity of 86% and 88%,

respectively, against HFT 1 DPOAE (Table 4).

Asmentioned above, CIs forHFT,HFT1DPOAE, and

HFT 1 TEOAE were similar and narrower compared to

other reference standards (Table 3). In order to determine

whether the AROCs of HFT, HFT1DPOAE, andHFT1

TEOAE reference standards were significantly different

from each other, a statistical test as described by Hanley
and McNeil (1982) was applied using an online vassar-

stats test (http://vassarstats.net/roc_comp.html). The re-

sults showed no significant difference in AROC between

theHFT andHFT1DPOAE (p5 0.44), HFT andHFT1

TEOAE (p 5 1.00), and HFT 1 DPOAE and HFT 1

TEOAE reference standards (p 5 0.48).

DISCUSSION

The present study evaluated the test performance of

SFI in terms of its ability to identify conductive con-

ditions in newborns against various single test and test

battery reference standards. As a single noninvasive gold

standard does not exist for diagnosing conductive condi-

tions in neonates, nine audiological test reference stan-

dards were used for comparison with SFI in this study.
The present study showed that the test performance of

SFI against theHFT reference standardwas higher than

that against any of the AABR, DPOAE, and TEOAE ref-

erence standards as revealed by their respective AROC

values (Table 3). These results imply that the test out-

comes of SFI compare more favorably with that of the

HFT test than with the AABR, DPOAE, and TEOAE

tests, indicating the ability of SFI to detect conduc-
tive conditions in neonates. Since HFT could identify

conductive conditions in newborns with high accuracy

(Baldwin, 2006) and HFT’s performance was as good

as that of WBR (Prieve et al, 2013a,b), it is reasonable

Table 2. Details of Infants Included in This Study

Male Female Total

Number of neonates 98 90 188

Right ear 29 29 58

Left ear 27 28 55

Bilateral 42 33 75

Gest age (weeks)

Mean 39.4 39.3 39.3

SD 1.29 1.1 1.2

Birth weight (g)

Mean 3,537.9 3,386.6 3,465.4

SD 414.8 490.7 457.8

Age at time of testing (hr)

Mean 44.4 47 45.6

SD 22.8 19 21

Note: N 5 188 infants; total ears 5 263 (right 5 133; left 5 130).
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to infer that SFI identifies conductive disorders in new-

borns with reasonably good accuracy. Further analysis

comparing SFI results with HFT outcomes revealed a

sensitivity of 76% and specificity of 88% (Table 4). The

LR1 and LR2 were 6 and 0.3, respectively. Although

LR did not reach the preferred values of LR1 greater

than 10 or LR2 less than 0.1, these results suggest that
SFI may be a diagnostically useful test (Ebell, 2016).

In contrast, the test performance of SFI against the

AABR reference standard was the lowest among the

four single test reference standards. The AROC for

AABR was 0.61 which was not significantly different

from 0.5, indicating that SFI could not predict the out-

comes of AABR more than chance. Studies have shown

that AABR is not sensitive to slight/mild conductive
hearing losses (Stapells, 2000; 2011; Aithal et al, 2012).

Furthermore, a refer result in AABR may indicate a

significant SN hearing loss which will not be detected

by SFI.

The test performance of SFI against TEOAE and

DPOAEwas low (Tables 3 and4) but significantly greater

than 0.5, indicating that the test performance of SFI

against these reference standardswas better than chance
in identifying conductive conditions in newborns (Table

3). One of the reasons for TEOAE and DPOAE not being

ideal reference standards for conductive loss is that they

are intended to detect auditory disorders up to the inner

ear. TEOAE and DPOAE tests are also limited in their

ability to accurately assess conductive hearing loss ,2

kHz where conductive disorders greatly reduce reverse

transmission of emissions at these frequencies. Further-

more,OAE test results are affected by environmental and

physiologic noises which may produce a refer outcome in
a normally hearing child. Like AABR, a refer result in an

OAE test may indicate a significant SN hearing loss

which will not be detected by the SFI.

The test performance of SFI against the HFT 1

DPOAE test battery reference standard was high with

an AROC of 0.87, which was significantly better than

that of AABR, DPOAE, TEOAE, and DPOAE1 TEOAE

(Table 3). This increased test performance was expected
because a combination of testsmay often detect a disease

conditionwith higher accuracy than that of an individual

test alone (Baughman et al, 2008; Naaktgeboren et al,

2013). The sensitivity of SFI was higher when it was

compared to HFT1DPOAE then when it was compared

to HFT alone. For instance, inclusion of HFT in a test

battery with DPOAE (HFT 1 DPOAE) increased sensi-

tivity of SFI from 55% to 86%. In general, the accuracy of
SFI was increased with the inclusion of HFT in the test

battery reference standard and decreasedwith the inclu-

sion of AABR in the test battery reference standard. The

LR1 and LR2were$6 and#0.3, respectively, with the

inclusion of HFT in the test battery reference standard

(Table 4). AlthoughLRdid not reach the preferred values

of LR1 greater than 10 or LR2 less than 0.1, these re-

sults suggest that SFI can be considered a diagnostically
useful test with a moderate effect and that the likelihood

of making a correct diagnosis that matched the other

tests used to infer true condition was enhanced when

a more strict reference standard was used.

Although it is not possible to directly compare the pre-

sent investigation with other studies which have used

wideband acoustic immittance measures, it is noted that

the test performance of SFI against the DPOAE refer-
ence standard was better than that previously reported.

For example, Sanford et al (2009) reported an AROC of

0.86 (95% CI: 0.80–0.89) for WBA and an AROC of 0.75

Table 3. Test Performance of SFI against Different Reference Standards as Determined by AROC

Reference Standard AROC 95% CI Standard Error Significance

AABR 0.61 0.41–0.81 0.10 0.26

HFT 0.82 0.74–0.89 0.04 0.00*

DPOAE 0.69 0.59–0.79 0.05 0.00*

TEOAE 0.62 0.54–0.71 0.04 0.00*

HFT 1 DPOAE 0.87 0.78–0.96 0.05 0.00*

HFT 1 TEOAE 0.82 0.72–0.91 0.05 0.00*

DPOAE 1 TEOAE 0.69 0.59–0.79 0.05 0.00*

AABR 1 DPOAE 0.67 0.45–0.88 0.11 0.12

AABR 1 TEOAE 0.66 0.45–0.88 0.11 0.12

Note: Null hypothesis: true area 5 0.5; *significantly different from 0.5 with p , 0.05.

Table 4. Table Showing the Sensitivity, Specificity, LR1,
and LR2 of SFI for Different Reference Standards

Reference

Standard

Sensitivity

(Estimate

in %)

Specificity

(Estimate

in %) LR1 LR2

AABR 44 78 2 0.7

HFT 76 88 6 0.3

DPOAE 55 83 3 0.5

TEOAE 42 83 3 0.7

HFT 1 DPOAE 86 88 7 0.2

HFT 1 TEOAE 75 88 6 0.3

DPOAE 1 TEOAE 54 83 3 0.6

AABR 1 DPOAE 50 82 3 0.6

AABR 1 TEOAE 50 83 3 0.6
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(95% CI: 0.68–0.80) for HFT against the DPOAE refer-

ence standard on day one of screening. However, on

day two of screening, the AROC was reduced to 0.67

(95% CI: 0.45–0.83) for WBA and 0.54 (95% CI: 0.36–
0.71) for HFT. In comparison, the present study showed

an AROC of 0.69 (95% CI: 0.59–0.79) for SFI against the

DPOAE reference standard which is better than that

obtained by the Sanford et al (2009) study on day two

of screening. The results of the present study are also

better than the highest AROC of 0.67 for WBA at 1.25

kHz against a DPOAE reference standard obtained by

Aithal et al (2015a). However,Hunter et al (2010) report-
ed higher AROC values than those of the present study

with an AROC of 0.82 and 0.90 for WBR at 1 and 2 kHz,

respectively. The age of testing could be one of the rea-

sons for these differences as the majority of infants were

tested within the first 24–48 hr after birth in the Hunter

et al (2010) study, which is earlier than the present

study.

The sensitivity and specificity of SFI against the
DPOAE reference standard in identifying conductive

conditions, as shown in the present study, were 55%

and 83%, respectively (Table 4). These results are con-

sistent with the findings of Margolis et al (2003) who re-

ported a sensitivity of 50% and specificity of 91% forHFT

against a DPOAE reference standard. Swanepoel et al

(2007) reported slightly better sensitivity of 57% and

specificity of 95% for HFT against a DPOAE reference
standard. In summary, the performance of SFI against

DPOAE was comparable to that of HFT against DPOAE

in identifying conductive conditions in newborns.

Clinical Application

The high test performance of SFI against the test

battery (HFT 1 DPOAE) and single test (HFT) refer-
ence standards suggests that SFI is a valid measure

of the function of the middle ear in newborns. Hence,

SFI may be employed in UNHS programs as an adjunct

test to the AABR screen. Similarly, SFI may also be

employed in UNHS programs as an adjunct test to the

DPOAE screen. The clinical information provided by

the SFI test may be useful for prioritizing newborns

for further diagnostic testing. A neonate who failed
the SFI test but passed the AABR test will receive

follow-up assessments to determine if the conductive

condition has been resolved. A neonate who passed the

SFI test, but failed in theAABR testwould require further

diagnostic assessments to determine the degree and na-

ture of the hearing deficit. In the worst scenario when a

neonate has failed both the SFI and AABR tests, a refer-

ral for diagnostic audiology assessment along with refer-
ral to an otolaryngologist is recommended because of the

possibility ofmiddle ear dysfunction alongwith SN hear-

ing loss. In addition, the test performance of SFI justifies

its application as a diagnostic test in UNHS follow-up

testing.However, further research is required to evaluate

the predictive accuracy of SFI in other age groups and

ears with different conductive disorders.

Limitations

One of the limitations of the present study was the

use of a strict protocol for determination of pass or refer

status when a test battery reference standard was used.

This strict protocol excluded the ears that ‘‘passed’’ in

one test but ‘‘referred’’ in the other test within the test

battery reference standard. The adoption of this strict
protocol not only reduced the sample size, consequently

reducing the power of the statistical analyses, but it also

would have inflated the AROC, sensitivity, and specific-

ity values for the SFI against the test battery reference

standards.

Although it was relatively easy to test well-settled

newborns, the SFI test took z1 min to conduct in each

ear. Since all tests had to be completed using different
equipment in the same session, the removal and rein-

sertion of probes would sometimes disturb the neonate.

Calming the neonate often increased the test duration.

If the neonate became unsettled, the chance of having

incomplete data collection increased. Further research

is recommended using equipment that allows all tests to

be done using a single probe. Further improvement in

SFI instrumentation is needed to speed up the test if it
is to be used as an assessment tool in newborn screening

and diagnostics.

The outcome of the study could have also been influ-

enced by the pass and refer criteria of some tests. For

instance, the pass criterion for HFT was a single posi-

tive peak with positive peak admittance (Ya) of $0.2

mmho, while double or multiple peaks were considered

a refer in this study. Similarly, the TEOAE criterion of
at least a 3 dB SNR in three frequency regions (2, 3, and

4 kHz) and DPOAE criterion of minimum SNR of 6 dB

and DPOAE amplitude greater than 26 dB SPL in at

least three of four f2 frequencies (2, 3, 4, and 6 kHz)might

not give optimal results. Furthermore, these pass crite-

ria did not adequately assess frequencies ,2 kHz where

the impact of middle ear disorders on audition is more

prominent.
The test performance of SFI may vary depending on

the time of screening during the postnatal period. The

mean age of screening newborns in the present study

was 45.6 hr, but with a substantial SD of 21 hr. Studies

have shown that transient conductive conditions due to

the presence of vernix and/or mesenchyme in the outer

and middle ear may occur within the first 48 hr of birth

(Doyle et al, 2000; Allen et al, 2005; Sanford et al, 2009).
The transient conductive conditions would affect the re-

ferral rates of neonates in all screening tests which, in

turn, affect the test performance of SFI. Hence, it is very

important to consider the time of screening after delivery
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as a contributing factor when comparing the test perfor-

mance of different protocols.

There is lack of a ‘‘true’’ gold standard for testingmid-

dle ear function in newborns. Although test battery ref-
erence standards were used to determine normal outer/

middle ear sound conduction function, a pass in all of

these tests cannot definitively rule out slight outer/mid-

dle ear dysfunction in newborns (Aithal et al, 2012).

CONCLUSIONS

The test performance of SFI was compared against

four single test and five test battery reference stan-

dards in this study. The test performance of SFI against

HFT with an AROC of 0.82 and against HFT1DPOAE

with an AROC of 0.87 indicates that SFI can accurately

identify conductive conditions in newborns. Hence, the
SFI test may be useful for both screening and diagnostic

assessments in newborns.
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