


gap in the Surgery group was reduced by 9–14 dB from

that in the Otosclerosis group between 0.25 and 1 kHz,

which shows that the surgery to ameliorate conductive

hearing loss achieved some success in the Surgery group.

A sensorineural hearing loss was present in some ears in

both theSurgery andOtosclerosis ears. This is consistent

with the older age range (Table 1) in these groups rela-

tive to theNormal group and is also consistent with pres-
ence of otosclerosis, inasmuch as it may involve the

cochlea as well as the stapes footplate, and the former

can lead to a progressive sensorineural hearing loss.

TEOAE Results

Group results are presented for each individual re-

search test, beginning with the TEOAE test inasmuch
as the interpretation of its results is the simplest. Fig-

ure 2 shows the mean 6 1 SE of TEOAE SNR for each

participant group at half-octave frequencies. The mean

SNR in the Normal group was larger than the SNRs in

the Otosclerosis and Surgery groups at all frequencies,

whereas the mean SNRs of the Otosclerosis and Sur-

gery groups were similar, with values less than the cri-

terion SNR of 6.6 dB that is used to classify a TEOAE as
present or absent at each frequency (Keefe et al, 2016).

That is, themean TEOAEswould be classified as absent

in both theOtosclerosis and Surgery groups. The absent

TEOAEs in the Surgery group were likely due to a com-

bination of a reduced level of reverse middle-ear trans-

mission in ears receiving surgery to correct otosclerosis

than in ears with normalmiddle-ear function, as well as

to the possible presence of outer hair cell dysfunction in

the Surgery group ears.

The LMM for TEOAE SNR showed significant main
effects for group (p , 0.0001) and frequency (p 5

0.0358) at each half-octave frequency between 1 and

8 kHz, and a significant interaction of group and fre-

quency (p 5 0.0032). The mean TEOAE SNR was sig-

nificantly larger in the Normal group than the Surgery

group at all frequencies (every p , 0.001) and signifi-

cantly larger in the Normal group than the Otosclerosis

group at all frequencies (every frequency had p, 0.001,
except at 2 kHz for which p 5 0.009).

Although not plotted, the LMM for TEOAE signal

level showed significant main effects for group (p ,

0.0001) and frequency (p , 0.0001) and a significant

interaction of group and frequency (p , 0.0001). The

mean TEOAE signal level in the Normal group was sig-

nificantly larger than the Surgery group at all frequen-

cies (all p , 0.001) and significantly larger than the
Otosclerosis group at all frequencies (all p , 0.001, ex-

cept p 5 0.003 at 2 kHz). The mean signal levels in the

Otosclerosis and Surgery groups had no significant dif-

ferences across frequency.

The mean TEOAE noise levels showed significant

main effects for group (p , 0.0001) and frequency

(p, 0.0001), and a significant interaction of group and fre-

quency (p, 0.0001). The mean TEOAE noise levels did
not vary between groups at individual frequencies ex-

cept for the following significant differences at low fre-

quencies. The mean TEOAE noise levels at 1 and 1.4

Figure 1. Mean 6 1 SD of AC audiograms (top) and air-bone
gaps (bottom) are plotted for each group. Data are slightly ad-
justed along horizontal axis in this and later figures to improve
clarity.

Figure 2. Mean 6 1 SE of TEOAE SNR responses are plotted.
The horizontal dotted line at 6.6 dB is the minimum SNR at which
a TEOAE would be classified as present (at p 5 0.05).
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kHz were 1–2 dB lower in the Otosclerosis group com-

pared with the Normal group (p 5 0.004 at 1 kHz, and

p5 0.025 at 1.4 kHz) and the Surgery group (p5 0.040

at 1 kHz, and p5 0.0240 at 1.4 kHz). It is reasonable to
consider that themeasurement-systemnoisewas similar

in the three groups of test ears, so that the difference in

noise was due to some physiological factor. One possible

reason for this differencewould be a slightly smaller con-

tribution from blood flow-related noise to the noise mea-

sured in the ear canal in otosclerotic ears, although this

topic requires additional research.

Clinical and Research ASR Results

Figure 3 shows the mean6 1 SE of the clinical ASRT

and research (or WB) ASRT as a function of ASR acti-

vator type for the Otosclerosis group (top panel), Sur-

gery group (middle panel), and Normal group (lower
panel). The clinical and research ASRT ranged up to

105 dB SPL for the six tonal activators and up to 80

dB SPL for the ipsilateral BBN activator. As described

in ‘‘Methods’’ and shown on Figure 3, the NR response

was encoded as 5 dB larger than themaximumactivator

Figure 3. Mean 6 1 SE of ASRTs are plotted for the Otosclerosis group (top), Surgery group (middle), and Normal group (bottom) as a
function of the type of ASRT test (Ipsi for ipsilateral test, and contra for contralateral test). Each panel shows ASRT data for the clinical
test and theWB research test. On each panel, the upper dotted line showsNR data for tonal activators, and the lower dotted line showsNR
data for the BBN activator.
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level, i.e., as 110 dB SPL for tonal activators and 85 dB

SPL for the ipsilateral BBNactivator. Themean clinical

and research ASRTs were at, or within 5 dB of, the NR

level for all ASR types in both Otosclerosis and Surgery
groups. Thus, the ASR was absent in most of these ears

whether measured using the clinical or research test.

Notwithstanding that fact, the mean ASRT trended

to slightly lower levels for the research test than the

clinical test, e.g., see Figure 3 (top panel) for the ipsilat-

eral ASR test with the 1 kHz activator. In the Normal

group (Figure 3, bottom panel), the mean ASRTs for

tonal activators ranged from 92 to 99 dB SPL with high
similarity between the clinical and research tests. As

mentioned in the ‘‘Methods’’ section, the ASRTs for

some of the activator types in the Surgery group were

NRs for all ears, so that the accompanying SDs were

zero. Because these ceiling effects influenced the as-

sumption underlying the use of LMMs, this section

places emphasis on the most clinically important results

that included the largest mean differences in ASRT.
The main effects for group, ASRT-test-type, activator-

ear, and activator for each activator-ear were signif-

icant (all p, 0.001). The following two-way interactions

were significant: group and ASRT-test-type (p 5

0.0035), ASRT-test-type and activator-ear (p 5

0.011), ASRT-test-type and activator test for each activator-

ear (p , 0.001), and group and activator test for

each activator-ear (p , 0.001). The three-way interac-
tion was significant between group, ASRT-test-type and

activator test for each activator-ear (p , 0.001). This

pattern of significance allowed the comparison of mean

ASRTs at the combination of all factor levels.

ThemeanASRTs in all three contralateral tests (Figure

3) were significantly lower for the Normal group than ei-

ther of the other two groups (all p , 0.001). The mean

ASRTs in all four ipsilateral tests (Figure 3) were signifi-
cantly lower for the Normal group than the Surgery group

(all p , 0.001), and lower for the Normal group than the

Otosclerosis group over all activators, i.e., at 0.5 kHz (p5

0.002), 1 kHz (p, 0.001), 2 kHz (p50.006), andBBN (p5

0.024). There were no mean differences in ASRT between

Otosclerosis andSurgery groups, inasmuchas thepredom-

inant value was an NR (Figure 3, top and middle panels).

The clinical and research ASRT tests were compared
for the Normal group (Figure 3, bottom panel). The

mean ASRT using the ipsilateral BBN activator was

significantly lower by 13.6 dB for the research test com-

pared with the clinical test (p , 0.001), with an effect

size of 2.5. This large effect size may be because of the

larger bandwidth of the BBN activator in the research

test (up to 8 kHz) compared with the clinical test (up to

about 4 kHz) under a condition of the same SPL in a
2-cm3 coupler. There was no significant difference in the

mean ASRTs for any of the tonal activator tests in the

Normal group, that is, for ipsilateral and contralateral

tonal activators at 0.5, 1, and 2 kHz (Figure 3, bottom

panel).

Ambient Absorbance and Group Delay Results

Figure 4 (top panel) shows the mean 6 1 SE of

the ambient absorbance (Aa) for each group. These

mean differences were assessed for significance using

an LMM, which showed main effects for group (p 5

0.0215) and frequency (p , 0.0001), and a significant

interaction of group and frequency (p , 0.0001).

The frequencies at which the mean difference in Aa

between Surgery and Otosclerosis groups (S–O) was

significant were 0.5 kHz (p , 0.001), 0.71 kHz (p ,

0.001) and 1 kHz (p 5 0.042). These significant differ-

ences are labeled on the top panel of Figure 4 with the

text S–O. The frequencies at which the mean difference

in Aa between Surgery and Normal groups (S–N) was

significant were 0.5 kHz (p , 0.001), 0.71 kHz (p ,

0.001), and 4 kHz (p 5 0.034). These significant differ-
ences are labeled on the top panel of Figure 4 with the

text S–N. The mean difference in Aa between Otoscle-

rosis and Normal groups (O–N) was significant at

4 kHz (p 5 0.034). No other differences in Aa were sig-

nificant. This significant difference is labeled on the top

panel of Figure 4 with the text O–N. Each significant

mean difference in Aa had a large effect size (0.81–

1.85). This convention of using S–O, S–N, and O–N
to represent mean differences between pairs of groups

in plotted results is used in subsequent plotted results

described in the later paragraphs.

At 0.7 and 1 kHz, the mean absorbance trended to

slightly smaller values in the Otosclerosis group than

the Normal group, but the difference was not signifi-

cant. This differs from previous research that showed

a significantly smaller absorbance in otosclerotic ears
than normal ears at frequencies from 0.4 to 1 kHz

(Shahnaz, Bork, et al, 2009). A trend of increased absor-

bance in postoperative otosclerotic ears relative to nor-

mal ears at low frequencies has also been reported

(Shahnaz, Longridge, et al, 2009). Although this differ-

ence was significant across all frequencies (i.e., the main

effect of frequency was significant), the postoperative

otosclerotic and normal ears did not have a significant
difference at any particular frequency. By contrast,

the present study found a significant difference in am-

bient absorbance between these two groups at 0.5, 0.7,

and 4 kHz.

The mean ear-canal area and length were estimated

in all test ears, and an LMM revealed that these ear-

canal properties did not vary in theNormal,Otosclerosis,

and Surgery groups. In the Normal, Otosclerosis, and
Surgery groups, the mean 6 1 SE of the ear-canal

lengths were 1.86 6 0.12, 1.97 6 0.12, and 2.06 6

0.29 cm, with corresponding mean 6 1 SE round-trip
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group delays (based on phase velocity 345 m/sec) of

108 6 7, 119 6 17, and 114 6 12 msec, respectively.

Figure 4 (bottom panel) shows themean6 1 SE of the

ambient group delay (Da) for each group. These mean

differences were assessed for significance using an
LMM, which showed a main effect of frequency (p 5

0.0009). The mean Da was significantly larger in the

Surgery group than the Otosclerosis group at 0.35

kHz (p , 0.001) and 0.5 kHz (p 5 0.007), and signifi-

cantly larger in the Surgery group than the Normal

group at 0.35 kHz (p , 0.001) and 0.5 kHz (p 5

0.010). No other group mean differences in Da were sig-

nificant in Figure 4 (bottom panel). Each significant
mean difference inDa had a large effect size (0.81–1.69).

The group delay is approximately equal to the sum of

the round-trip travel time between the probe tip and

TM plus the group delay at the TM (Keefe et al,

2015). This round-trip travel time is twice the estimated

length of the ear canal divided by the phase velocity of

sound. Inasmuch as the mean estimates of ear-canal

length were similar in normal and otosclerotic ears,
any differences in group delay at the probe would be

a measure of the difference in group delay at the TM.

The mean ambient group delay at 8 kHz from Figure 4

(bottom) was 116, 112, and 116 msec for the Normal,

Otosclerosis, and Surgery groups, respectively, which

are indeed similar to the mean round-trip group delays

listed previously. A stiffened middle ear due to otoscle-

rosis would be expected to have a reduced group delay,
at least at low frequencies. Although the trend of the

mean difference below 1 kHz supported this prediction,

there were likely too few ears (Table 1) to adequately

test for significance.

Tympanometric Absorbance and Group

Delay Results

For each participant group, the mean tympanometric

absorbance ðAtÞ is plotted in Figure 5 as a function of

frequency at three air pressures in the downswept tym-

panogram: the positive-tail pressure (Ppt) (top panel),

the TPP (middle panel), and the negative-tail pressure

(Pnt) (bottom panel). The Ppt of 1200 daPa was the

most positive air pressure of the tympanometric sweep,

and the Pnt of 2300 daPa was the most negative air
pressure. The results were similar between downswept

and upswept tympanograms, so that only the results for

the downswept tympanogram are described.

Figure 4. Mean 6 1 SE of ambient reflectance data are plotted for absorbance (top panel) and group delay (bottom panel). Each panel
shows group data for Otosclerosis (O), Surgery (S), andNormal (N) ears with corresponding letter denoting each group. The pairs of letters
denote pairs of group means that are significantly different at each frequency.
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The absorbance At at TPP in the Normal group in-

creased with increasing frequency up to 1 kHz, had

relatively large values between 1 and 4 kHz, and de-
creased with increasing frequency between 4 and

8 kHz. This resembles the bandpass shape familiar

from measurements of middle-ear transmission, al-

though absorbance does not directly assess transmis-

sion from the ear canal to the cochlea. In the Normal

group, the tympanometric absorbance At at TPP (Fig-

ure 5, middle) was similar to the ambient absorbance

Aa in Figure 4 (top), inasmuch as the TPP in the normal
group did not deviate much from ambient pressure. In

the Normal group, the At at TPP was larger than At at

either tail pressure in the Normal group at all frequen-

cies between 0.25 and 2 kHz. This peak-to-tail differ-

ence in the tympanometric absorbance in normal ears

is described in more detail in Feeney et al (2016).

The middle ear absorbs more energy at the TPP than

at the tail pressures, although the absorbance does ex-
ceed zero at the tail pressures. The latter contradicts an

assumption underlying the compensation procedure for

226-Hz admittance tympanometry (Keefe et al, 2015).

An additional factor of pressure with factor levels

(Ppt, TPP, and Pnt) was included in the LMMs for

tympanometric absorbance and tympanometric group

delay. This factor incorporated the variation of tympa-
nometric reflectance variables across the range of air

pressures used in the tympanogram at TPP relative

to each of the tail pressures.

The mean differences in At were assessed for signif-

icance using an LMM, which showed main effects for

pressure (p , 0.0001), group (p 5 0.0088) and fre-

quency (p , 0.0001), and significant two-way inte-

ractions of pressure and group (p 5 0.0002) and
pressure and frequency (p, 0.0001). The three-way in-

teraction of pressure, group, and frequency was signif-

icant (p , 0.0001). The three-way interaction of At was

evaluated with group differences for each pressure value

(Ppt, TPP, and Pnt) and each half-octave frequency.

For tympanometric absorbance at TPP (Figure 5,

middle panel), the low-frequency pattern ofmean differ-

ences inAt at TPP resembled that forAa. ThemeanAt at
TPP was larger in the Surgery group than the Normal

group at 0.5 kHz (p , 0.001) and 0.71 kHz (p , 0.001),

and larger in the Surgery group than the Otosclerosis

group at 0.5 kHz (p , 0.001), 0.7 kHz (p , 0.001),

and 1 kHz (p5 0.002). The mean At at TPP was smaller

in the Otosclerosis group than the Normal group at

0.71 kHz (p 5 0.016) and 1 kHz (p 5 0.049). All effect

sizes were large (0.81–2.27) for significant mean differ-
ences in At at TPP.

The mean difference in At at Ppt (Figure 5, top panel)

was larger in the Surgery group than the Normal group

at 2 kHz (p5 0.015) and 2.8 kHz (p5 0.005). The mean

At at Ppt was larger in the Otosclerosis group than the

Normal group at 2.8 kHz (p , 0.001). All effect sizes

were large (0.99–1.45) for significant mean differences

in At at Ppt.
The mean difference in At at Pnt (Figure 5, bottom

panel) was larger in the Surgery group than the Normal

group at 2 kHz (p, 0.001) and 2.8 kHz (p, 0.001), and

larger in the Surgery group than the Otosclerosis group

at 2 kHz (p , 0.001) and 2.8 kHz (p 5 0.006). All effect

sizes were large (1.18–1.56) for significant mean differ-

ences in At at Pnt.

Pressure asymmetries in absorbance were evident
above 0.7 kHz with larger At in the Otosclerosis and

Surgery groups at 2–4 kHz in the Ppt response com-

pared with the corresponding group means in the Pnt

response (Figure 5, top and bottom panels). These

across-frequency effects on mean At derived from the

significant interaction on pressure and group. More-

over, the mean At at Ppt was significantly larger in

the Otosclerosis group than the Normal group at 2.8
kHz, whereas the mean At at Pnt was not. Such differ-

ences in tympanometric absorbance at the tail pres-

sures have no comparative condition in the ambient

absorbance measurement. The Ppt and Pnt conditions

Figure 5. Mean 6 1 SE of tympanometric absorbance data are
plotted at ear-canal air pressures of Ppt (top), TPP (middle),
and Pnt (bottom). Each panel shows group data for Otosclerosis
(O), Surgery (S), and Normal (N) ears with corresponding letter
denoting each group. The pairs of letters denote pairs of group
means that are significantly different at each frequency.
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result in inward and outward relative forces applied to

the TM, respectively, which generate inward and out-

ward displacements of the ossicular chain via the ma-

nubrium that is in contact with the interior surface
of the TM. This suggests that the tail asymmetry in ab-

sorbance may be of diagnostic value in identifying oto-

sclerotic ears.

For each participant group, the mean tympanometric

group delay ðDtÞ is plotted in Figure 6 as a function of

frequency at three air pressures in the downswept tym-

panogram: the Ppt (top panel), the TPP (middle panel),

and the Pnt (bottom panel). The tympanometric group
delays in the Normal group were larger at TPP than at

the tail pressures at frequencies from 0.25 to 0.7 kHz,

and smaller at 1 kHz. The mean Dt had much less var-

iation with frequency at the tail pressures than at TPP.

ThemeanDt had significant two-way interactions be-

tween pressure and frequency (p , 0.0001), and group

and frequency (p5 0.022). The mean group differences

in Dt at TPP (Figure 6, middle) were significant only at
0.35 kHz, for which:Dt was larger in the Surgery group

than the Normal group (p 5 0.041), larger in the Sur-

gery group than the Otosclerosis group (p, 0.001), and

larger in the Normal group than the Otosclerosis group

(p 5 0.047). This latter result contrasts with the mean

Da that did not differ in the Normal and Otosclerosis

groups at any frequency (see lower panel, Figure 4).

The larger values of group delay in the Surgery group
at 0.035 kHz may be related to functional effects of the

middle-ear prosthesis that are present in the Surgery

group ears. All effect sizes of significant mean differ-

ences in Dt at TPP were large (1.99–3.80).

Mean group differences in Dt at the tail pressures

were evident in Figure 6 over a wider frequency range

than at TPP, with maximum differences between con-

ditions observed at frequencies up to and including
4 kHz. The mean Dt at Ppt (Figure 6, top) was smaller

in Otosclerosis than Normal ears at lower frequencies,

i.e., at 0.25 kHz (p 5 0.038), 0.35 kHz (p 5 0.018),

0.5 kHz (p 5 0.008), 0.71 kHz (p , 0.001), and 1 kHz

(p 5 0.025). The mean Dt at Ppt was also smaller in

Otosclerosis than Normal ears at 2.8 kHz (p 5 0.033),

but larger at 4 kHz (p 5 0.013). The mean Dt at Ppt was

smaller in Otosclerosis than Surgery ears at 0.71 kHz
(p 5 0.049). All effect sizes of significant mean differences

in Dt at Ppt were large (2.26–4.05).

The mean Dt at Pnt (Figure 6, bottom) was also

smaller in Otosclerosis ears than Normal ears, but over

a smaller low-frequency range at 0.35 kHz (p 5 0.019),

0.5 kHz (p 5 0.043), and 0.7 kHz (p 5 0.001). This re-

duced Dt at the tail pressures at low frequencies is fur-

ther evidence that themiddle-ear stiffnesswas increased
in otosclerotic ears, so that less sound energy was

absorbed from the click stimulus at these frequencies

in the tail-pressure conditions. Pressure asymmetries

in tympanometric group delay at Ppt and Pnt were evi-

dent in otosclerotic ears at lower frequencies than those

observed for tympanometric absorbance. This is evidence

of the potential value of tympanometric groupdelaymea-

surements in classifying ears with otosclerosis. All effect
sizes were large (2.46–3.51) for significant mean differ-

ences in Dt at Pnt.

Overall, the Dt at Ppt test revealed mean differences

between Otosclerosis and Normal ears at more frequen-

cies than the corresponding Dt responses at TPP and

Pnt. This is evidence of a potential diagnostic advantage

at using the tympanometric reflectance rather than the

ambient reflectance test in differentiating Normal from
Otosclerotic ears. The effect sizes were larger for tym-

panometric group delay than for other tests (tympano-

metric absorbance, ambient absorbance, and ambient

group delay).

Figure 7 shows the mean6 1 SE of the differences in

absorbance DAt among the three pairs of tympanomet-

ric measurements at Ppt, TPP, and Pnt. The top panel

shows the peak-to-positive-tail difference DAt of At

(TPP) minus At (Ppt), and the middle panel shows

the peak-to-negative-tail difference DAt of At (TPP) mi-

nus At (Pnt). In the Normal group, the peak-to-tail dif-

ference for each tail was positive at low frequencies with

Figure 6. Mean 6 1 SE of tympanometric group delay data are
plotted at ear-canal air pressures of Ppt (top), TPP (middle), and
Pnt (bottom). Each panel shows group data for Otosclerosis (O),
Surgery (S), and Normal (N) ears with corresponding letter denot-
ing each group. The pairs of letters denote pairs of group means
that are significantly different at each frequency.
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a local maximum at 1.4 kHz, and negative above 4–5.7

kHz. Comparing trends in the top and middle panels,

the Otosclerosis group had a smaller maximum peak-

to-tail difference in mean absorbance compared with

the Normal group at frequencies up to and including
4 kHz. The pressure asymmetry in At was assessed

in the bottom panel as the absorbance difference at

the positive tail relative to that at the negative tail,

i.e., a DAt ofAt (Ppt) minusAt (Pnt). This pressure asym-

metry difference had a maximum in the Otosclerosis

group at 2.8 kHz compared with lesser maxima in the

Normal and Surgery groups at 4 kHz. This asymmetry

of the absorbance tympanogram at these relatively high
frequencies may be related to a difference in transmis-

sion through the ossicular pathway in otosclerotic ears

relative to the other ears.

Figure 8 shows the mean6 1 SE of the differences in

group delay DDt among the three pairs of tympanomet-

ric measurements at Ppt, TPP, and Pnt. The top panel

shows the peak-to-positive-tail difference DDt of Dt

(TPP) minus Dt (Ppt), and the middle panel shows
the peak-to-negative-tail difference DDt of Dt (TPP) mi-

nus Dt (Pnt). In the Normal group, the peak-to-tail dif-

ference for each tail was on the order of 100 msec at

frequencies near 0.35–0.5 kHz, and on the order of

2100 msec at 1 kHz, with smaller magnitudes at higher

frequencies. The pressure asymmetry in Dt is assessed
in the bottom panel as the group delay difference at the

positive tail relative to that at the negative tail, i.e., a

DDt of Dt (Ppt) minus Dt (Pnt). This mean difference

was smaller in magnitude with more variability near

4–5.7 kHz. Comparing trends in the two peak-to-tail dif-

ferences in mean group delay across the three groups

(Figure 8, top and middle), the Otosclerosis group

had smaller magnitudes between 0.25 and 1 kHz than
did the Normal group, and both had similar fine struc-

ture. The bottom panel shows the pressure asymmetry

difference in group delay, for which the group differ-

ences were small.

Thesemeasurements of peak-to-tail mean differences

in DAt and DDt for the Normal group replicate findings

for normal adult ears (Feeney et al, 2016). The peak-to-

tail mean differences in DAt and DDt for the Surgery
group at frequencies below 1 kHz (top and middle pan-

els of Figures 7 and 8, respectively) were of larger mag-

nitudes than for the other groups, which were similar in

Figure 7. Mean 6 1 of the difference in tympanometric absor-
bances DAt are plotted at ear-canal air pressures of Ppt (top),
TPP (middle), and Pnt (bottom) for each participant group. Top:
DAt for At (TPP) 2 At (Ppt). Middle: DAt for At (TPP) 2 At

(Pnt). Bottom: DAt for At (Ppt) 2 At (Pnt).
Figure 8. Mean6 1 of the difference in tympanometric group de-
lays DDt are plotted at ear-canal air pressures of Ppt (top), TPP
(middle), and Pnt (bottom) for each participant group. Top: DDt

for Dt (TPP) 2 Dt (Ppt). Middle: DDt for Dt (TPP) 2 Dt (Pnt). Bot-
tom: DDt for Dt (Ppt) 2 Dt (Pnt).
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pattern to the mean At and Dt at TPP for the Surgery

group in the middle panels of Figures 5 and 6, respec-

tively. An interesting finding is that the significantmean

difference in the O–N comparison in At at Ppt at 2.8 kHz
(Figure 5, top) appears to coincide with the large pres-

sure asymmetry in DAt in the Otosclerosis group at the

same frequency (Figure 7, bottom).

Univariate Reflectance Classifiers for

Otosclerosis and Normal Groups

The preceding analyses identified which mean differ-
ences in reflectance test variables were significant

among the Normal, Otosclerosis, and Surgery groups

of ears. A clinically important task for diagnosing oto-

sclerosis is to classify a particular test ear as normal or

otosclerotic, as inclusion in a postsurgery group is ex-

plicitly known. In this respect, the LMM results are

suggestive, inasmuch as any reflectance variable that

had different means in the Normal and Otosclerosis
groups would be a candidate variable to use in a diag-

nostic test. For the ambient absorbance and group delay

test (Figure 4), the only significant mean difference be-

tween Normal and Otosclerosis groups wasAa at 4 kHz.

For the tympanometric absorbance and group delay test
results in Figures 5 and 6, the only significant mean dif-

ferences between Normal and Otosclerosis groups were

At at TPP at 0.7–1 kHz,At at Ppt at 2.8 kHz,Dt at Ppt at

0.25–1 kHz and 2.8–4 kHz, and Dt at Pnt at 0.35–0.7

kHz. Even if a particular mean difference was highly

significant, the distributions of means overlapped be-

tween the test scores in the Normal and Otosclerosis

groups.
The AUC for each single ambient-reflectance variable

to classify ears in the Normal and Otosclerosis groups

was calculated from the measured data without regard

to these LMM results. Figure 9 (top panel) shows plots

of these AUCs for the ambient absorbance Aa and am-

bient group delay Da. The AUCs varied from 0.5, which

corresponds to no diagnostic accuracy, to 0.80, which

corresponds to the best relative accuracy, although less
than the ideal accuracy of 1. The rank order of the six

Figure 9. Top: AUCs for individual ambient reflectance test variablesAa (filled circlemarkers) andDa (open circlemarkers) as functions
of frequency. Bottom: AUCs for individual tympanometric reflectance test variables At and DAt (filled markers) and Dt and DDt (open
markers) as functions of frequency. At and Dt are measured at TPP (circle marker). DAt (Ppt) is At(TPP) 2 At(Ppt), DAt (Pnt) is At(TPP) 2
At(Pnt).DDt (Ppt) isDt (TPP)2Dt (Ppt), and DDt (Pnt) isDt (TPP)2Dt (Pnt). The variables at Ppt use squaremarkers and those at Pnt use
diamond markers. In both panels, a horizontal dashed line is drawn through an AUC of 0.75 as a visual aid, the rank order of the six largest
AUCs is listed across the top of the panel, and the maximum AUC across all variables is specified in the upper left corner.
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largest or best AUCs is listed across the top of the panel,

and the maximum AUC across all variables is specified

in the upper left corner. These six variables included

responses between 0.7 and 4 kHz. The best single pre-
dictor was the group delay at 1.4 kHz, which was not

significant in the corresponding LMM. The second best

predictor was the ambient absorbance at 4 kHz, which

was significant in the LMM. The third best predictor

was ambient absorbance at 2.8 kHz, which was also

not significant. Previous studies described previously

have identified the ambient absorbance in the range

from 0.4 to 1 kHz as the best predictor for otosclerosis,
but the only such variable in the best six AUCs was the

ambient absorbance at 0.7 kHz (Figure 9, top).

Based on the groupmeasurements of peak-to-positive-

tail and peak-to-negative tail differences of DAt

and DDt (Figures 7 and 8, top and middle panels),

the tympanometric variables to classify ears in the Nor-

mal and Otosclerosis groups were selected to be At and

Dt at TPP, DAt for the pair of peak-to-tail absorbance
differences, and DDt for the pair of peak-to-tail group

delay differences. Figure 9 (bottom panel) shows plots

of these AUCs for the tympanometric data. The maxi-

mum AUC was 0.87, which was larger than any AUC

for the ambient reflectance test. The rank order of

the six largest or best AUCs is listed across the top of

the panel, and the maximum AUC across all variables

is specified in the upper left corner. These six variables
included responses between 0.25 and 4 kHz. The best

predictor was DAt at Ppt at 2.8 kHz. This was related

to At at Ppt at 2.8 kHz, which was a significant variable

in the LMM (Figure 5, top). The second best predictor

was Dt at TPP at 0.35 kHz, and the third best was

DAt at Ppt at 0.70 kHz. This latter variable incorporated

At at TPP, which was significant at 0.70 kHz in the

LMM (Figure 5, middle). Nevertheless, the At at TPP
variable at 0.70 kHz was not among the six variables

with the largest AUCs (Figure 9, bottom)

ROC Curves for Reflectance

This subsection has quantitative details on reflec-

tance test performance to classify ears as in the Normal

or Otosclerosis groups. The ROC curves are shown for

the ambient reflectance and tympanometric reflectance
variables having the largest AUCs (Figure 10). A test

criterion was selected for which the distance was a min-

imum between the ROC curve value and the point rep-

resenting perfect test performance (i.e., sensitivity and

specificity equal to 1), which would lie at the upper left

hand corner of the ROC curve. These test criterion val-

ues are indicated in Figure 10 by a diamond for the am-

bient reflectance test and a circle for the tympanometric
reflectance test.

This definition of test criterion is related to the point

of symmetry on the ROC curve for the case of a predictor

with continuous values. The point of symmetry is the

point on the ROC curve with equal specificity and

sensitivity, which essentially gives equal weighting to

reducing the cost of the false positives and false nega-
tives. In each case, the test criterion in Figure 10 is a

point on the ROC curve with large specificity and large

sensitivity.

Table 2 lists the three largest ambient reflectance

variables by AUC and the three largest tympanometric

reflectance variables by AUC. For each test variable,

the criterion value to classify a test ear as Normal or

Otosclerosis is listed along with its criterion specificity,
criterion sensitivity, and criterion distance from ideal

performance. These criterion values may be interpreted

in relation to the ambient reflectance means in Figure 4

and the tympanometric reflectancemeans in Figures 5–

8 as to whether larger values than the criterion

corresponded to the Normal or Otosclerosis group. For

example, a test value of Da at 1.4 kHz $45.9 msec was

classified as Normal (see row 1 of Table 2 and Figure 4).

Multivariate Reflectance Classifiers for

Otosclerosis and Normal Groups

It appeared inefficient to discard all data from a WB

test except for a single variable that performed best

across all univariate tests. The number of analyzed var-

iables was 22 in the ambient reflectance test, and 66 in
the tympanometric reflectance test (Figure 9). Yet the

numbers of test ears was only 23 in the Normal group

and 12 in the Otosclerosis group (Table 1), which were

Figure 10. ROC curves are plotted for the ambient and tympa-
nometric test with the largest AUC. The legend shows the AUC for
each test for the test variable listed in the title of the panel (Da at
1.4 kHz, DAt at 2.8 kHz at Ppt). A diamond marker on the ROC
curve of the ambient test and a circle marker for the tympanomet-
ric test list the point on the ROC curve with minimum distance
from ideal test performance.
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smaller than the 66 variables in the tympanometric
test. A goal was to use more of the WB test data in a

multivariate classifier of ear status, while not using

so many test variables that the results would be un-

likely to generalize to a new population. A significant

property of the ambient absorbance test is that its re-

sponses are highly correlated across frequency (Werner

et al, 2010). The same is likely true for the ambient

group delay and the tympanometric absorbance and
group delay tests.

The number of multivariate test variables may be

reduced using a principal component analysis (PCA),

which results in multivariate outputs that are uncorre-

lated with one another. Because PCA outputs are sorted

in terms of the amount of total variance accounted,

those outputs can be discarded that explain only a small

amount of variance. The PCA identifies a smaller di-
mensional subspace of the multivariate responses

spanned by a set of uncorrelated test vectors called

the principal components (PCs). However, the PCA acts

over both normal and impaired groups, so that the com-

ponents obtained may or may not be helpful in the clas-

sification task. That is, a component that explainsmuch

of the total variance across both groups may be inaccu-

rate in classifying a given test into its true group.
An alternative ROC-supervised PCA approach was

devised to classifymice as normal or havingHuntington

disease (Nikas and Low, 2011). The AUC was first cal-

culated for each input test variable in a univariate test

for its ability to correctly classify each response into its

true normal or impaired group, as was described in the

present study in the preceding section on univariate

classifiers for otosclerosis. Only those test variables
were retained for which AUC exceeded a critical AUC

value and these retained components were inputs to

a PCA. This supervision restricted the PCA to a subset

of variables that were the best univariate classifiers.

The AUC for each output component from the PCA

was next calculated, and those components with AUC

less than the criterion were removed to form a smaller

set of test variables. They iterated on this approach
with ever-increasing values of the critical AUC and

used the final component that explained the most var-

iance as the classifier. Their results showed promise,

but appeared to suggest that the component that
explained themost variance may not have been the best

classifier.

Differences in the present study from that of Nikas

and Low are that the datasets are smaller so that it

was not possible to separate each group into a test

and validation dataset, and the total number of test var-

iables was much larger. Thus, a new multivariate clas-

sifier procedure was devised for the present study that
was efficient at excluding test variables, yet defined sta-

tistically independent variables in the classifier. Unlike

Nikas and Low, only a single PCA was calculated for

each selected number of test variables.

ROC-Supervised PCA Results

A ROC-supervised PCA was first performed on the
rank-order list of the M ambient reflectance test vari-

ables with the largest AUCs and the M tympanometric

reflectance test variables with the largest AUCs. The

multivariate M was varied from two up to six. Each re-

flectance test variable was first converted to a standard-

ized z score before calculating the PCA. This conversion

corrected for the fact that the physical units and data

ranges varied considerably across the absorbance and
group delay variables. An arbitrary test variable xmea-

sured across all ears in both of the Normal and Otoscle-

rosis groups has a sample mean mx and SD SDx. The

standardized z score for the i-th test ear with value xi
is zi5 xi �mxð Þ=SDx. The mean and SD of the measured

test variables with the three largest AUCs are listed in

Table 2 for the ambient and tympanometric reflectance

tests.
Summing across Normal and Otosclerosis groups,

there were reflectance test scores for N participants

and M variables in the PCA of order M. Each z score

was represented by a matrix fzijg with i labeling the

N rows and j the M columns. The PCA was calculated

using singular value decomposition using coefficients

weighted by the inverse sample variance. This means

that the PCs were based on the correlation matrix of
the test data, which reduced the effect of variables with

larger sample variance. One PCA output was the M by

M matrix fPijg of PCs, in which each column of the

Table 2. ROC Analyses of Reflectance Test Variables to Classify Ears as Normal or Otosclerosis

Test Rank Criterion Criterion Criterion Criterion

Type Order Variable Value Specificity Sensitivity Distance Mean SD

Ambient 1 Da (1.4 kHz) 45.9 msec 0.750 0.826 0.305 58.6 msec 78.3 msec

2 Aa (4 kHz) 0.559 0.583 0.913 0.426 0.602 0.180

3 Aa (2.8 kHz) 0.500 0.750 0.739 0.362 0.522 0.140

Tymp. 1 DAt (2.8 kHz, Ppt) 0.120 0.917 0.783 0.233 0.102 0.204

2 Dt (0.35 kHz, TPP) 185 msec 0.750 0.783 0.331 233 msec 124 msec

3 DAt (0.7 kHz, Ppt) 0.292 0.667 0.783 0.398 0.365 0.174

Note: Those variables with the three largest AUCs are listed in rank order.
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matrix held a PC and each row had the loading for the

M test variables. The PCs were listed in order of the de-

creasing amounts of variance accounted for in the input

matrix fzijg. The first PC explained themost variance in
the M reflectance test variables.

Another PCA output was the N by M matrix of PC

scores fsijg, which represented the original reflectance

data in the PC space. The matrix fsijgwas calculated as

the matrix product of fzijg right multiplied by fPijg. The
PC matrices fPijg are listed in Table 3 for M 5 2 and

M 5 3 for both the ambient and tympanometric reflec-

tance. These can be used to calculate PC scores in a
new set of reflectance data by: (1) choosing M of 2 or

3, (2) selecting the particular reflectance variables from

Table 2, (3) converting these corresponding new reflec-

tance test values to z scores using the mean and SD of

the reflectance data in Table 2, and (4) rightmultiplying

the new data fzijg by fPijg in Table 3 to obtain fsijg.
These steps can be followed using data with a single test

ear (N 5 1) or multiple test ears (N . 1 rows).

Logistic Regression Results

To address the difficulty that the component explain-

ing the most variance may not be the best predictor, a
final step was added in which the PC scores from theM

best performing PCs were combined using a logistic re-

gression procedure (Hosmer and Lemeshow, 2000) to

output a univariate classifier into Normal or Otosclero-

sis groups. The diagnostic accuracy of this output clas-

sifier was assessed in terms of its AUC.

The fact that each component from the PCA was un-

correlated with any other component solved the problem
of correlated inputs in a multivariate classifier, which

would otherwise degrade its performance. The number

of multivariate input variables (M) was varied from

one to six in the analyzed results for each test. These

six ambient reflectance variables are in the rank-ordered

list in Figure 9 (top), and the six tympanometric vari-

ables are in the rank-ordered list in Figure 9 (bottom).

For each M, the logistic regression procedure calcu-

lated the coefficients bj for the j-th PC and a constant

coefficient b0 (that did not affect test performance in

terms of AUC). The multivariate classifier yi of the

i-th ear test was calculated by yi5b0 1
PM

j51

sijbj in terms

of the PCA scores sij. The quantity ebj is the odds ratio of

the j-th PC, that is, the amount that the j-th PC contrib-

utes to the classifier. The probability pi of otosclerosis
for the i-th ear is calculated as pi5eyi= 11 eyið Þ.

The logistic regression coefficients for M 5 2 were

b050:7090; b152:3974; and b250:0085 for the ambient

test, and b051:4354; b152:3887, and b250:6704 for the

tympanometric test. The fact that b2 was close to zero

for the ambient test means that its multivariate classi-

fier was strongly weighted on the first PC. By contrast,

the multivariate classifier for the tympanometric test

data used information from both PCs. The coefficients

for M 5 3 were b050:8439; b152:2739, b251:2500,

and b350:167 for the ambient test, and b052:8553;

b153:7832, b252:9208, and b353:5684 for the tympano-

metric test.

The test performance of each multivariate classifier on

theNormal andOtosclerosis groupswas assessed in terms

of the ROC curve, from which its corresponding AUC was

calculated. Figure 11 shows these AUCs for the ambient

and tympanometric reflectance tests. The AUCs for

M 5 1 are the same as the maximum AUCs in Figure 9

for each test (because no PCA was performed for M 5 1).

The AUC increased with increasing M. For any given

M, the tympanometric reflectance testwasmore accurate

than the ambient reflectance test. Because therewere only

12 otosclerotic ears in the study, a value of M 5 3 (much

less than 12) was selected for the final results, for which

AUCwas 0.95 for the tympanometric test and 0.88 for the

ambient test. There was a large increase in AUC for either

test in theM5 2 classifier compared with theM5 1 clas-

sifier, and both showed a further increase forM5 3. As is

evident from the rank order lists in Figure 9 and Table 2,

increasingM from 1 to 3 increased the frequency range of

the variables in the classifier aswell as the number of vari-

able types, i.e., including absorbance and group delay var-

iables, and tympanometric variables at both TPP and Ppt.

The criterion value of the multivariate classifier was

calculated as before based on the minimum distance on

the ROC curve from ideal performance. For the ambient

test, the critical value of the probability of otosclerosis was

0.2746 forM5 2 and 0.5824 forM5 3. For the tympano-

metric test, the critical value was 0.2948 for M 5 2 and

0.2392 forM5 3. These can be used to calculatemultivar-

iate classifier scores in a new set of reflectance data by

Table 3. PCA Results for Reflectance Test Variables
Combined Across Normal and Otosclerosis Groups for
those Two Variables with the Largest AUCs (Top) and
those Three Variables with the Largest AUCs (Bottom)

M 5 2 table of PCA results

Test PC Variance

Type (i) Explained (%) {Pi1} {Pi2}

Ambient 1 59.6 0.7071 20.7071

2 40.4 0.7071 0.7071

Tymp. 1 69.7 0.7071 20.7071

2 30.3 0.7071 0.7071

M 5 3 table of PCA results

Test PC Variance

Type (i) Explained (%) {Pi1} {Pi2} {Pi3}

Ambient 1 53.1 0.3307 0.9346 20.131

2 31.2 0.6807 20.1401 0.719

3 15.7 0.6536 20.3269 20.6826

Tymp. 1 69.4 0.3987 0.8955 20.1977

2 20.4 0.671 20.1379 0.7285

3 10.2 0.6251 20.4232 20.6559
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adding to steps 1–4 aforementioned as follows: (5) calcu-
late multivariate classifier scores yi and pi in terms of the

PCA scores fsijg and the values of b0 and bj listed above,

and (6) classify the ear as otosclerotic if pi is greater than
or equal to the critical value of the probability of otoscle-

rosis, or otherwise classify the ear as normal.

DISCUSSION

Novel aspects of this otosclerosis study included the

analyses of group delay datameasured at ambient

pressure in the ear canal, and analyses of tympanomet-

ric absorbance and group delay data. Themean ambient

absorbance data were not significantly different at low

frequencies up to 1 kHz in the Normal and Otosclerosis

groups, which contrasted with previous results in a
larger group of ears (Shahnaz, Bork, et al, 2009), al-

though both studies are in the direction of reduced ab-

sorbance at low frequencies in otosclerotic ears. These

low-frequency effects may be due to a stiffening of the

TM due to the relative stiffening of the ossicular chain,

which loads the TM. The reduced ambient absorbance

in the Otosclerosis group at 4 kHz was significant and

represents a novel finding, andmay be due to functional
differences in ossicular-chain transmission at frequen-

cies above the dominant resonance of the TM.Mean dif-

ferences were observed in tympanometric absorbance

at TPP at low frequencies (0.7–1 kHz) and in the absor-

bance at the positive-tail pressure (at 2.8 kHz). The

mean group delay was significantly lower in both tail

pressure measurements at lower frequencies, and dif-

fered between Otosclerosis and Normal groups at the
positive-tail pressure at higher frequencies, with reduced

group delay in the Otosclerosis group at 2.8 kHz, and

larger group delay at 4 kHz.

The Surgery group had larger ambient absorbance

than either of the diagnosed Otosclerosis and Normal

groups at lower frequencies (0.5 to 0.7–1 kHz), and lower

absorbance than theNormal group at 4 kHz. The Surgery
group had larger ambient group delay than the other

groups at low frequencies (0.35–0.5 kHz). It had larger

tympanometric absorbance at TPP at lower frequencies

(0.5 to 0.7–1 kHz) and larger absorbance at the tail pres-

sures than the Normal group at 2.8–4 kHz. The tympa-

nometric group delay at TPP in the Surgery group also

had a distinct pattern from Normal and Otosclerosis

groups at 0.35–0.5 and 1 kHz, but showed no differences
at the tail pressures. The additional information in the

tympanometric absorbance and group delay appeared

to have diagnostic relevance between groups compared

with that in the corresponding ambient-pressure tests.

It is evident in Figure 1 (bottom) that the air-bone au-

diometric gaps in Surgery ears were only partially ame-

liorated on average by the introduction of the middle-ear

prosthesis compared with the air-bone gaps in Normal
ears. This is evidence that the surgery to improve the

conductive transmission of energy to the cochlea in oto-

sclerotic ears was only partially successful at closing the

air-bone gaps. The mean absorbance at low frequencies

in the Surgery group was larger than the other groups

in both the ambient test (Figure 4, top) and the tympano-

metric test at TPP (Figure 5, middle). An increased mean

absorbance in the Surgery group would be evidence of ei-
ther increased transmission through the middle ear to the

cochlea or increased internal energy losswithin themiddle

ear. The fact that the air-bone gaps were not closed in the

Surgery group relative to the Normal group is evidence

that the increased mean absorbance in the Surgery group

was likely due to increased energy loss within the middle

ear associatedwith the presence of themiddle-ear prosthe-

sis. This finding suggests that absorbance measurements
might be useful in improving the effects of corrective sur-

gery for otosclerosis, although further research is needed

to explore this idea.A relevant study of fixed stapes pathol-

ogies in human temporal bones is that of Merchant et al

(2016), which positively assessed the use of WAI to diag-

nose the particular type of middle-ear pathology related to

the presence of conductive hearing loss. A difference be-

tween this study using temporal bones with the present
study using human participants was that the present

study included a group of ears with normal hearing.

An important finding was that the tympanometric

reflectance measurement was more accurate than the

ambient reflectance measurement in classifying ears

as otosclerotic or having normal function. Thiswas based

on the univariate classifier results and the construction

and evaluation of a multivariate classifier based on the
two or three reflectance variables with the largest indi-

vidual AUCs for classifying ears with otosclerosis. This

suggests the clinical potential of using tympanometry ab-

sorbance and group delay testing to identify adult ears

Figure 11. AUCs are plotted for the multivariate classifiers
based on the ambient reflectance and tympanometric reflectance
test responses as a function of the number (M) of variables in the
classifier.
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with otosclerosis, and possibly in identifying other types of

middle-ear disorders.More research is neededwith larger

numbers of test ears to better understand the strengths

and weaknesses of these reflectance tests in diagnosing
otosclerosis and other middle-ear disorders.

The ASRTs were compared using the clinical test with

its 226-Hz probe tone and the research test in adult ears.

In the Normal group, the ASRTswere similar in the clin-

ical and research tests using tonal activators in both ipsilat-

eral and contralateral testmodes, andASRTswere reduced

in the research test using BBN activator, which replicates

past research (Feeney et al, 2016). Both research and clin-
ical ASRT tests unambiguously classified ears in the Oto-

sclerosis and Surgery groups as having an absent or

highly elevated threshold compared with lower ASRTs in

the Normal group. As remarked in Keefe et al (2017), the

particular promise of the researchASRT test,which is based

onmeasuringshifts inabsorbedsoundpower in thepresence

of an activator relative to a quiet condition, is the ability to

objectively measure ASRTs in infants (Hunter et al, 2017).
The operational definition of the ASRT is in terms of the re-

sults of the acoustical test used over a finite range of activa-

tor levels, and is not intended to representwhether theASR

has a natural threshold. The ability to detect a small ASR

shift is limited by system noise and internal noise.

The TEOAE results in theNormal groupwere similar

to normal ears tested inPutterman et al (2017),who used

the same TEOAEmeasurement system as in the present
study. The relative absence of TEOAEs in the Otosclero-

sis and Surgery groups replicated past studies, and ex-

tended this feature to higher frequencies (5.7–8 kHz).

Using a test battery approach, a risk for otosclerosis

can be estimated on the basis of absent TEOAEs, absent

or elevated ASRTs, and an elevated risk of otosclerosis

on the multivariate classifier of tympanometric (or am-

bient) reflectance test variables. A limitation of this
finding is that the numbers of participants in the test

groups were relatively small, so that future research

is needed to evaluate the generalizability of this finding.

CONCLUDING REMARKS

Acoustic WB reflectance testing in the ear canal

provides information on middle-ear function that
is useful in identifying a risk for otosclerosis relative

to normal-hearing ears. A reflectance response is repre-

sented using absorbance, which encodes information on

reflectance magnitude, and group delay, which encodes

information on reflectance phase. Results were com-

pared using a reflectance test at ambient pressure

and a reflectance tympanometry test. The tympanomet-

ric reflectance was the more accurate test at identify-
ing a risk for otosclerosis. The reflectance in a group

of ears after receiving surgery to remedy otosclero-

sis was different from the reflectance in Normal and

Otosclerosis groups of ears. A test battery including

reflectance, acoustic reflex, and otoacoustic emission

tests providesmultiple tests to confirm that a particular

adult ear has a high risk of otosclerosis compared with

normal-hearing ears.
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