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Abstract10

Objective: The objective is to develop methods to utilize newborn reflectance measures11

for the identification of middle-ear transient conditions (e.g., middle-ear fluid) during the12

newborn period and ultimately during the first few months of life. Transient middle-13

ear conditions are a suspected source of failure to pass a newborn hearing screening.14

The ability to identify a conductive loss during the screening procedure could enable the15

referred ear to either: (1) be cleared of a middle-ear condition and recommended for more16

extensive hearing assessment as soon as possible or (2) be suspected of a transient middle-17

ear condition, and if desired, be rescreened prior to more extensive hearing assessment.18

Design: Reflectance measurements are reported from full-term, healthy, newborn babies19

in which one ear referred and one ear passed an initial ABR newborn hearing screening20

and a subsequent DPOAE screening on the same day. These same subjects returned for a21

detailed followup evaluation at age one month (range 14-35 days). In total, measurements22

were made on 30 subjects who had a unilateral refer near birth (during their first two23

days of life) and bilateral normal hearing at followup (about one month of age). Three24

specific comparisons were made: (1) Association of ear’s state with power reflectance near25

birth (referred vs. passed ear) (2) Changes in power reflectance of normal ears between26

newborn and one month of age (maturation effects), and (3) Association of ear’s newborn27

state (referred vs. passed) with ear’s power reflectance at one month. In addition to these28

measurements, a set of preliminary data selection criteria were developed to ensure that29

analyzed data were not corrupted by acoustic leaks and other measurement problems.30

Results: Within two days of birth, the power reflectance measured in newborn ears31

with transient middle-ear conditions (referred newborn hearing screening and passed32

hearing assessment at age one month) was significantly greater than power reflectance on33

newborn ears that passed the newborn hearing screening across all frequencies (500-600034

Hz). Changes in power reflectance in normal ears from newborn to one month appear35

in approximately the 2000-5000 Hz range but are not present at other frequencies. The36

power reflectance at age one month does not depend significantly on the ear’s state near37
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birth (refer or pass hearing screening) for frequencies above 700 Hz; there might be small38

differences at lower frequencies.39

Conclusions: Power reflectance measurements are significantly different for ears that40

pass newborn hearing screening and ears that refer with middle-ear transient conditions.41

At age one month, about 90% of ears that referred at birth passed an ABR hearing42

evaluation; within these ears the power reflectance at one month did not differ between43

the ear that initially referred at birth and the ear that passed the hearing screening at44

birth for frequencies above 700 Hz. This work also proposes a preliminary set of criteria45

for determining when reflectance measures on young babies are corrupted by acoustic46

leaks, probes against the ear canal, or other measurement problems. Specifically proposed47

are “data selection criteria” that depend on the power reflectance, impedance magnitude,48

and impedance angle. Additional data collected in the future are needed to improve and49

test these proposed criteria.50

Keywords: middle ear; reflectance; newborn hearing screening; otitis media; immittance51

Abbreviations: DSC Data Selection Criteria, ABR Auditory Brainstem Response52
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Introduction53

Hearing loss affects one to three of every 1,000 newborns, making it among the most com-54

mon birth defects. The American Academy of Pediatrics advocates universal newborn55

hearing screening because undetected hearing loss has been shown to compromise cog-56

nitive, speech, and language development (Joint Committee on Infant Hearing, 2007).57

As of 2005, every state had a newborn hearing screening program in place, and as of58

2012 98% of newborns are screened for hearing loss (Centers for Disease Control and59

Prevention, 2013).60

Hearing screening is not designed to identify the cause or degree of hearing loss at61

the time of birth, but to identify those babies who should be tested in greater detail62

to determine hearing status. Some ears refer at the newborn hearing screening due to63

permanent hearing loss, whereas others refer due to transient conditions of the external64

or middle ears that may clear within the first few days or weeks of life (e.g., vernix or65

other debris in the ear canal or fluid in the middle ear). It has been estimated that66

nearly 90 percent of newborn ears that don’t pass their hearing screening refer as a result67

of transient conditions and are later found to have normal hearing (Thompson et al.,68

2001). Sanford et al. (2009) found that 79 percent of 67 newborn ears that did not69

pass a newborn hearing screening distortion product otoacoustic emissions (DPOAE)70

test passed the same test one day later, suggesting that their referrals were caused by71

ear conditions that cleared by the second day of life. In a study examining the effects of72

outer and middle-ear conditions on newborn hearing screening results, Doyle, Rodgers,73

Fujikawa, and Newman (2000) observed reduced tympanic membrane mobility, suggestive74

of middle-ear fluid, in 90 out of 396 newborn ears.75

The prevalence of transient middle-ear conditions at the time of newborn hearing76

screening suggests the need for tools that provide more complete information about ear77

status during the newborn period and in the early months of life (Joint Committee on78

Infant Hearing, 2007). Because infants with middle-ear fluid are more likely to develop79

otitis media with effusion (OME) by the age of one (Doyle, Kong, Srobel, Dallaire, &80

Ray, 2004), a tool for identifying transient middle-ear conditions in newborns would also81

help identify infants at risk for later chronic OME. The detection of transient middle-82

ear conditions in the first months of life can be difficult because 226 Hz tympanometry83
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is not reliable in ears younger than four to six months of age (e.g., Holte, Margolis, &84

Cavanaugh, 1991). Recently, both reflectance measures and 1000 Hz tympanometry have85

been proposed as potential methods to detect transient middle-ear conditions near the86

time of birth, with Sanford et al. (2009) and Hunter, Feeney, Miller, Jeng, and Bohning87

(2010) finding that reflectance measures outperform 1000 Hz tympanometry at predicting88

DPOAE screening results near birth. Merchant, Horton, and Voss (2010) and Hunter89

et al. (2010) provide substantial background material and literature reviews regarding90

the role of reflectance measures to help identify transient middle-ear conditions during91

the newborn period.92

This current study reports reflectance measures on the ears of babies who underwent93

universal ABR (auditory brainstem response) newborn hearing screening and had: (1)94

one ear refer near birth, (2) one ear pass near birth, and (3) both ears demonstrate95

normal thresholds through a detailed hearing assessment about one month later. Since96

both ears had normal hearing at about one month of age, it is assumed that the referral at97

birth resulted from transient debris or fluid in the middle ear (the ear canal was visually98

confirmed to be clean). Reflectance measurements on this population of ears provides99

comparisons between three conditions:100

1. Reflectance measures within two days of birth on a subject with one normal ear101

and one ear with debris or fluid allows analysis of how the fluid or debris affect the102

reflectance;103

2. Reflectance measures within two days of birth and at about one month of age on104

the ear that was normal at both times allows analysis of how reflectance changes105

during the first month of life; and106

3. Reflectance measures at age about one month on the two normal ears, one of107

which referred near birth, allows analysis of how fluid or debris at birth affects the108

reflectance when the fluid or debris dissipates prior to one month of age.109

Methods110

The study was approved by the Institutional Review Boards at the Massachusetts Eye111

and Ear Infirmary, the Massachusetts General Hospital, and Smith College. Written112
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consent was obtained from parents of the subjects.113

Overview of procedure114

The parents of full-term healthy babies born at the Massachusetts General Hospital115

(December 2008 to April 2011) were asked if their child would participate in this study116

if the child had a unilateral refer on his or her ABR-based newborn hearing screening117

[Herrmann, Thornton, and Joseph (1995), ALGO 3 and 3i Infant Hearing Screener,118

Natus Inc.], which was done by Massachusetts Eye and Ear Infirmary audiology screening119

technicians or audiologists within two days of birth. Upon referral, the child was also120

scheduled for a full diagnostic ABR hearing evaluation at the Massachusetts Eye and121

Ear Infirmary’s Audiology Department at about one month of age to determine hearing122

status in detail. This full hearing evaluation included measuring air- and bone-conduction123

threshold for tonebursts of different center frequencies in each ear, and was identical to124

the clinical assessment provided for all infant hearing assessments done at this hospital.125

The initial ABR screening at birth and study-specific measurements were performed126

by different staff members. After an ABR unilateral refer during screening was identified,127

an audiologist associated with the study was alerted, and there were time differences of up128

to several hours between the initial ABR screening and the study-specific measurements.129

Within these several hours, it was possible for fluid or debris within the ear to clear or be130

reduced. In order to control for that possibility, the measurements associated with this131

study included both DPOAEs and reflectance measures made with the Mimosa HearID132

system made within a few minutes of one another (detailed below). A retrospective133

analysis showed that four subjects passed the later, near birth DPOAE screening, and134

those subjects were no longer considered a unilateral refer for the analyses presented135

here.136

Subject Inclusion Criteria137

The subject inclusion criteria were: (1) parental consent, (2) unilateral refer at birth138

based on initial ABR screening and DPOAE screening associated with study measure-139

ments, and (3) both ears passed a diagnostic ABR evaluation at age one month. A total140

of 46 newborn babies (defined as 0 to 2 days old) who had a unilateral refer on their141

ABR screening were enrolled in the study, and one was withdrawn before measurements142
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were taken. Of the remaining 45 babies, reflectance and DPOAE measurements were143

made on 45 newborn babies, and followup reflectance and DPOAE measurements were144

made on 38 of these same babies during their first month of life (range 14-35 days); seven145

subjects did not have follow up measurements made on them either because they passed146

a screening at a later time or they did not have reflectance measurements made at their147

followup appointment. Within this cohort of 38 subjects, at the time of the followup148

evaluation three subjects had a mild conductive loss and one had a sensory neural loss149

(all unilateral). The remaining 34 subjects had bilateral normal hearing at the followup150

evaluation. As described above, four of these subjects passed the DPOAE screening as a151

newborn at the time of study enrollment, and were thus eliminated as a true unilateral152

refer. Thus, a full set of measurements was made on a total of 30 subjects who met the153

subject inclusion criteria listed above.154

Measurement system for reflectance and DPOAEs155

Measurements of reflectance and DPOAEs were made with an Etymotic ER-10c probe156

using software and hardware developed by Mimosa Acoustics (HearID v4.4.100) (Hunter157

et al., 2010; Merchant et al., 2010). The details closely follow those reported by Mer-158

chant et al. (2010). Briefly, the Thévenin equivalent and the ear-canal pressure were159

measured on both of the two channels within the ER-10c probe. The ear-canal pressure160

measurement was in response to a wideband chirp stimulus at 70 dB SPL, and the av-161

erage of 235 measurements is reported (FFT length of 2048, a sampling rate of 48 kHz,162

and a frequency resolution of about 25 Hz). Measurements of the ear-canal pressure were163

combined with the probe’s Thévenin equivalent to calculate the power reflectance within164

the ear canal, as described elsewhere (e.g., Merchant et al., 2010); these calculations165

were done within the software package Matlab (version 7.12). The measured pressure166

responses were smoothed with a seven-point moving average filter. To minimize acoustic167

leaks, foam tips (size 14B, Etymotic Research) were trimmed with scissors to allow them168

to fit into newborn ear canals; the rubber tips that are commercially available for the169

Etymotic ER-10c did not stay seated as well in the newborn ear canals (e.g., Merchant170

et al., 2010). The diameter of the expanded foam tip, after being thinned out, was171

estimated at 4.0 mm, which is the value used for the reflectance measure calculations.172

DPOAEs were measured at f2/f1 = 1.2, L1 = 65,L2 = 55, for the four f2 frequencies173
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of 2, 3, 4, and 6 kHz; when the DPOAE signal exceeded the noise floor by 6 dB at three of174

these four frequencies then the ear was considered to “pass” a DPOAE screening. These175

criteria are similar to those used by Sanford and Feeney (2008) and Hunter et al. (2010).176

Data Selection Criteria177

Merchant et al. (2010) found that reflectance measurements in young babies are par-178

ticularly sensitive to the quality of the acoustic seal, occlusion of the probe tip due to179

contact with the ear canal wall, and the fussiness of the baby. In order to assess the180

quality of measurements taken for the work presented here, a set of criteria based on181

impedance angle, impedance magnitude, and power reflectance was developed for infant182

ears. We refer to these as the “data selection criteria” (DSC). We base these criteria183

on the measurements plotted in Fig. 1 from Merchant et al. (2010) and some modeling184

predictions described below.185

[Figure 1 about here.]186

Figure 1 (upper) puts bounds on how the power reflectance and impedance magni-187

tudes and angles behave in normal hearing newborn and month old ears. Important188

features include: (1) The power reflectance has a relatively higher value at the lowest189

frequencies and generally decreases smoothly with frequency for some range within 500190

to 2000 Hz; (2) the impedance magnitude is always below 3 × 108 mks Ohms; and (3)191

below about 1kHz, the impedance angle is bounded between -0.25 and 0 cycles and is192

relatively flat or gradually increases with frequency. These features are what define the193

DSC (Table 1) for the normal ears in our population. As more measurements are made in194

the future and the acoustical responses of younger ears are better understood, we expect195

the DSC to evolve.196

Fewer measurements exist on ears that refer for transient middle-ear conditions (e.g.,197

typically middle-ear fluid). Here, we use acoustical theory to put bounds on the impedance198

magnitude and angle for such ears. First we consider the largest impedance magnitude199

we might expect to measure on an ear fully filled with fluid. Here, we assume a tube200

for the ear canal and a rigid termination representing an immobile tympanic membrane.201

Our bounds should include as small a volume as practical for an infant’s ear canal, and202

we choose a diameter of 0.3 cm and a length of 0.5 cm. This model should also include203
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realistic ear-canal walls, which include losses, and we use the ear-canal model from Voss,204

Horton, Woodbury, and Sheffield (2008) that employed measurements from the vocal205

track wall from Stevens (1998). Figure 1 (lower) shows model estimates for this fluid-206

filled ear with ear-canal-wall impedance equivalent to one, three, and ten times that of207

the vocal tract; as further described by Voss et al. (2008), the ear-canal wall impedance208

is probably greater than that of the vocal track; current knowledge does not permit com-209

parison of the infant ear-canal wall impedance to that of the measured vocal tract. Here210

we use these values simply for a bound. The model predictions in Fig. 1 (lower) are211

summarized as part of the DSC for the ears that refer at birth; again, we expect these212

to evolve as more measurements are made on live ears.213

One final DSC involves which of two measurements is reported for a given ear. The214

HearID system uses the ER-10c earphone with two speakers, the Thévenin equivalent is215

determined for each of the two channels, and two measurements are taken sequentially,216

one on each channel. In many cases, the measurements on the two channels are very217

similar, and we use the measurement from channel 2 in these cases as a matter of routine.218

There are, however, cases where the two channels are distinctly different; under these219

circumstances we either (1) use the one channel that meets the DSC in the cases where220

one channel meets the DSC and the other one does not, or (2) exclude the measurement221

if both channels meet the DSC but are substantially different. Table 1 summarizes these222

criteria.223

[Table 1 about here.]224

[Figure 2 about here.]225

Figure 2 provides four examples of the application of the DSC from Table 1. The226

left most plots from Subject 39 show measurements made on channels 1 (thinner lines)227

and 2 (thicker lines) on both the right ear (red lines) and left ear (blue lines) within two228

days of birth (solid lines) and at one month (dashed lines). In this case, the left ear229

referred and the right ear passed the ABR screen. All eight of these measures met the230

DSC and channel 2 was used in the data analyses by default. The left-middle plots show231
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that the measurements from the left ear of Subject 7 within two days of birth meet the232

DSC on only channel 2 and not channel 1; thus, data on channel 2 is used for further233

analysis. This left ear passed its newborn hearing screening. It is hypothesized that234

measurements such as the one on channel 1 here might be affected by an acoustic leak235

since the impedance magnitude is relatively low, consistent with a large volume, and the236

measure itself appears affected by noise. The middle-right plot provides an example in237

which the DSC were not met for either channel (Subject 29’s right ear at followup); on238

both channels the impedance magnitudes were larger than the required range for a normal239

ear. This ear passed an ABR hearing test at followup. It is hypothesized that the probe240

tip was up against the ear canal in cases such as this, resulting in measuring the response241

of a volume of air instead of the eardrum. The right most plots are measurements from242

Subject 25 at birth from the left ear, which referred. Both channels meet the DSC, but243

the measurements differ substantially on the two channels; as a result these data are244

rejected.245

Data Analysis246

As detailed above, measurements were made on 30 subjects who had a newborn hearing247

screening with a unilateral pass (one ear pass and one ear refer) followed by a month old248

hearing assessment that determined normal hearing in both ears. From these measure-249

ments, we present three comparisons:250

1. Association of ear’s state with power reflectance at birth: In this case, we compare251

subjects with valid measurements (meet all DSC) within two days of birth for both252

the ear that passed and the ear that referred in order to quantify the effect of the253

transient middle-ear condition on the power reflectance. Within the 30 subjects,254

measurements on both ears near birth (referred and passed) met the DSC for 15255

subjects. All measurements were made between zero and two days of age.256

2. Age comparison: Changes in power reflectance of normal ears between newborn257

and one month of age: In this case, we compare power reflectance of the ear that258

passed near birth to the measurements made near birth and at one month in order259

to quantify how the power reflectance may or may not change over the first month260

of life. Within the 30 subjects, these measurements met the DSC for measurements261
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made both near birth and one month for 19 subjects; all newborn measurements262

were made within zero and two days of age, and all month-old measurements were263

made between 17 and 35 days of age (median 23 days, mean 23.5 days).264

3. Association of ear’s newborn state with ear’s power reflectance at one month: In265

this case, we compare the power reflectance of the two ears at age one month to266

determine if the state of the ear at birth affects the power reflectance at age one267

month. Within the 30 subjects, the measurements made on both ears at age one268

month met the DSC for 17 subjects. All measurements were made between 14 and269

35 days of age (median 24 days, mean 23.5 days).270

Statistical analysis271

Comparisons between two groups of ears were made using a paired t-test with the Matlab272

function “ttest” (Matlab version 7.12.0.635). This function was used to perform a paired273

t-test of the hypothesis that paired measurements came from distributions with equal274

means. The test output includes a 95% confidence interval for the true mean of the275

difference between the states and was calculated with a significance level alpha of 0.05,276

indicating the probability of observing a difference outside of the 95% confidence interval277

by chance is less than 5%, given that the distributions have equal means. No corrections278

were made for multiple comparisons across frequency.279

Results280

281

Association of ear’s state on power reflectance near birth282

Figure 3 compares the power reflectance, impedance magnitude, and impedance angle283

measured near birth on the 15 subjects with one ear that passed the ABR newborn284

hearing screening and one ear that referred and was found to have normal hearing at285

one month of age. All 15 data sets that meet the DSC (data selection criteria) for286

measurements made near birth are displayed, as these are the only data that directly287

compare this condition within a group of subjects with a control ear (i.e., normal-hearing288

ear).289
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The trends in the data are generally systematic. In 13 of the 15 ears, the low-frequency290

power reflectance (below 1000 Hz) is higher in the referred ear (ear with transient middle-291

ear conditions) as compared to the normal ear. Ears from subjects 11 and 20 do not follow292

this trend. The power reflectance from subject 11 appears similar for both ears, and the293

power reflectance from subject 20 decreases with decreasing frequency so that at the294

lower frequencies (200-500 Hz) the power reflectance of the referred ear is lower than295

that of the ear that passed.296

The impedance magnitude is larger in all of the referred ears up to about 2000 Hz297

and across the entire frequency range of 200 to 6000 Hz in some of the ears. The angle298

of the impedance is less systematic between the two ear conditions. In some cases, the299

low-frequency angle is larger in the referred ears than in the ears that passed, but the300

opposite situation is also common.301

[Figure 3 about here.]302

Figure 4 (left column) plots the means and 25-75% ranges of the power reflectance303

from the newborn ears that both passed and referred. The power reflectance is system-304

atically larger in the ears that referred, and the 95% confidence interval of the difference305

between the two groups does not include zero, suggesting that the difference is statisti-306

cally significant at all frequencies.307

[Figure 4 about here.]308

Age comparison: Changes in power reflectance of normal ears309

between birth and one month of age310

Figure 5 compares the power reflectance, impedance magnitude, and impedance angle311

measured near birth and one month on 19 ears that passed a hearing screening near birth312

and a full ABR hearing evaluation at one month of age (including bone conduction and313

threshold testing). All 19 data sets are displayed, as these are the only data that directly314

compare measurements on the same ear at these two specific ages.315

In roughly half – 9 of the 19 ears – the measurements appear similar at the two316

measurement times of near birth and one month of age, specifically those measurements317

from subjects 1, 4, 5, 7, 8, 11, 23, 28, and 46. Some of these ears have more similar318
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measurements than others, but in these 9 cases the two measurements are arguably319

similar in terms of relative values and frequencies at which extrema occur.320

In the remaining ten ears, there are larger differences between the measurements made321

near birth and at one month; specifically those measurements from subjects 3, 12, 13,322

14, 20, 36, 38, 39, 40, and 47. In some cases, the measurements are similar for part of323

the frequency range but deviate for substantial frequency ranges as well. Among these324

ears, at most frequencies the power reflectance is lower at age one month than it was325

near birth.326

Figure 4 (middle column) plots the means and 25-75% ranges of the power reflectance327

from the measurements made on the ears that passed at both the newborn and one328

month ages. The power reflectance is systematically larger in the newborn ears from329

approximately 2000 to 5000 Hz, and the 95% confidence interval of the difference between330

the two ages does not include zero, suggesting that the difference is statistically significant331

at these frequencies.332

[Figure 5 about here.]333

Association of ear’s newborn state with ear’s power reflectance334

at one month335

Figure 6 compares the power reflectance, impedance magnitude, and impedance angle336

measured at one month on both ears of 17 subjects; in this case the measurement at the337

age of one month is compared between the two ears of the subject, where one of the ears338

passed a newborn hearing screening near birth and the other ear referred near birth. At339

age one month both ears passed the hearing assessment.340

At age one month, the two ears from one subject appear similar in most of the 17341

cases. Arguably, the power reflectance from subjects 40, 46, and 47 appear qualitatively342

different between the two ears, but generally the power reflectance and impedance angles343

and magnitudes from a given ear appear to have similar trends for any given subject.344

Figure 4 (right column) plots the means and 25-75% ranges of the power reflectance345

from the measurements made on the subjects with two ears that passed at one month346

but had one ear refer near birth and one ear pass near birth. At one month of age the347

power reflectance does not depend on the state of the ear near birth above 700 Hz, and348
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there is a suggestion that below 700 Hz the power reflectance of the ear that referred349

near birth could be slightly lower than that of the ear that passed near birth.350

[Figure 6 about here.]351

Discussion352

Data Selection Criteria353

There are several issues that can theoretically cause poor quality measurements of impedance,354

power reflectance, and related measures, including: a microphone or sound source probe355

wedged against the side of the ear canal or inserted into a collapsed ear canal, a blocked356

probe (fluid or solid material), or an acoustic leak that results from a poor seal between357

the earphone and the ear canal. It is well known that obtaining a high-quality acoustic358

seal within the ear canal can be difficult in newborn ears (e.g., Keefe et al., 2000; Vander359

Werff, Prieve, & Georgantas, 2007; Hunter, Bagger-Sjoback, & Lundberg, 2008; Mer-360

chant et al., 2010). Within the methods section we proposed a preliminary set of data361

selection criteria (DSC, Table 1) to help determine when an adequate seal exists and362

when measurements should be considered inadequate and eliminated or retaken. These363

proposed DSC are preliminary and based on the relatively small data set of measurements364

that exists in this work and the literature. The DSC for a normal-hearing newborn ear365

are based on multiple publications, but the DSC for a newborn ear with transient con-366

ductive loss likely caused by fluid are less well defined due to the paucity of such data.367

The work presented here is a first step in determining appropriate DSC, but it is not368

clear how the impedance angle and magnitude behave with abnormalities, such as fluid369

or debris associated with the transient middle-ear conditions that are the subject of this370

study. The individual impedance and reflectance data presented in this work adds to the371

available data in the ongoing need to develop and define appropriate DSC.372

These preliminary DSC were designed to be conservative and to not eliminate any373

data that are potentially valid. Even so, we can identify individual measurements that374

are outliers and may be affected by acoustic leaks or other measurement problems. For375

example, two of the newborn ears in Fig. 3 (e.g., Subject 20 referred ear and Subject 3376

passed ear) exhibit low-frequency impedance angle measurements that are nearly zero377

but remain negative and flat and corresponding impedance magnitudes that increase378
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or remain constant with frequency; these features are not consistent with the typical379

compliant-dominated impedance measurement that is commonly observed at the lower380

frequencies. Future work might identify measurements that push the boundaries of the381

DSC, make multiple measurements on such ears, and determine which features result from382

poor acoustic seals and which features are to be expected as possible valid measurements.383

Association of ear’s state on power reflectance near birth384

Power reflectance near birth is systematically higher in ears that did not pass the newborn385

hearing screening as compared to ears that did pass (Fig. 4). This finding is consistent386

with the results of Sanford et al. (2009) and Hunter et al. (2010), who both showed387

significant increases in reflectance when compared between two newborn groups with388

DPOAE screening results of refer and pass; Aithal, Kei, Driscoll, Khan, and Swanson389

(2015) also showed significant increases in reflectance at birth between groups of newborn390

ears with DPOAE and ABR results of refer and pass.391

Figure 7 (left) directly compares the measurements made here to other measurements392

in the literature on newborn ears that referred at birth and are presumed to have a393

conductive loss at birth. While the measures from all four studies show variations on the394

order of about 0.1-0.2 in power reflectance, as a whole the collection of power reflectances395

plotted in this left panel (from referred ears) are generally higher than those plotted in396

the right panel from ears that passed a hearing screening at birth, consistent with the397

finding that ears with conductive loss have increased power reflectance. The experimental398

designs for these four studies have important differences that are worth noting. First,399

the conductive-loss assumption was confirmed for the data in the present work since the400

ear was tested again at age one month and determined to have normal hearing, whereas401

in the other three studies, the subjects simply referred on the DPOAE screening and it402

was never confirmed that the population consisted of only conductive-loss conditions. A403

second difference is that the population of referred ears in the current study was initially404

identified with an ABR screening (followed by DPOAE testing) and those in the Sanford405

et al. (2009) and Hunter et al. (2010) studies were identified with a DPOAE screening; in406

theory the populations in the two studies could differ if ABR and DPOAE screening differ407

in their sensitivities to conductive loss; the results of Doyle, Burggraaff, Fujikawa, Kim,408

and MacArthur (1997) suggest that ABR and DPOAEs are both sensitive to transient409
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conductive loss, and in that work it was not possible to perform significance testing to410

differentiate between the two methods. The population from Aithal et al. (2015) referred411

via ABR, TEOAE, and DPOAE testing. Third, different measurement equipment was412

used in these studies. Both the current work and the measurements from Hunter et al.413

(2010) employed the Mimosa Acoustics MEPA system, whereas the Sanford et al. (2009)414

and Aithal et al. (2015) used a version of what is now commercially available through415

Interacoustics at the Titan for their measurements; note, all comparisons in this work416

are made at ambient ear-canal conditions. There are no obvious trends in the results417

that depend on the screening protocol or the measurement equipment; the Aithal et al.418

(2015) data appear to be the least sensitive to the conductive-loss condition, but this may419

also be that there were only 8 ears included in that data set. A final difference among420

the measurements is that these four studies employed different approaches to select and421

then exclude data that could have been corrupted by acoustic leaks, ambient noise, and422

collapsed canals. In particular, the data from Hunter et al. (2010) and Aithal et al.423

(2015) appear to have been assessed for acoustic leaks using a visual method of looking424

at the reflectance (or absorbance) magnitudes only; additional considerations were made425

for ambient noise. Sanford et al. (2009) used a system that was automated to analyze the426

complex low-frequency response for a typical signature of a leak (increased resistance and427

mass components). This current work employed the “data selection criteria” proposed428

here in order to minimize effects of acoustic leaks on the reported data. Thus, it is possible429

that these four studies include data selection procedures that have different sensitivities430

to acoustic leaks.431

[Figure 7 about here.]432

Age comparison: Changes in power reflectance of normal ears433

between birth and one month of age434

The middle column of Fig. 4 compares reflectance measurements made on the same435

population of ears at the two ages of newborn and one-month old; all ears passed the436

newborn hearing screening and had normal hearing at the one-month hearing assessment.437

These data suggest changes in the acoustic behavior of the ear in approximately the 2000-438

5000 Hz range, with the power reflectance decreasing in this range over the first month439
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of life. There do not appear to be systematic differences between the newborn and440

one-month old response at other frequencies.441

Fig. 7 (right) compares measurements made here to others in the literature of normal-442

hearing newborn and one-month old babies. Plotted are power reflectance measurements443

(1) made within two days of birth (solid lines) from this work and three published studies444

(Sanford et al., 2009; Hunter et al., 2010; Aithal et al., 2015), (2) made at about a week445

of age (Merchant et al., 2010), and (3) made at about a month (dashed lines) from446

this work and four published studies (Keefe, Bulen, Arehart, & Burns, 1993; Sanford &447

Feeney, 2008; Merchant et al., 2010; Aithal, Kei, & Driscoll, 2014). Differences among448

the four data sets collected at birth might be explained by similar circumstances that449

were discussed above for the differences among the referred ears, as these data were from450

the same experimental conditions for the respective authors. Taken collectively, all data451

sets measured at birth show systematic increases in power reflectance from all data sets452

taken at one month over the frequency range of approximately 2000-5000 Hz.453

Among the data sets collected at age one month, the method of determining nor-454

mal hearing varied. Keefe et al. (1993) assumed normal hearing based on behavior and455

parental interviews, Sanford and Feeney (2008), Merchant et al. (2010) and Aithal et al.456

(2014) screened for hearing loss via DPOAEs, and the current work employed diagnostic457

ABR testing. Also, different instruments were used to collect the reflectance measure-458

ments. The Mimosa Acoustics MEPA system was used by Merchant et al. (2010) and459

the current work, whereas a version of what is now marketed by Interacoustics as the460

Titan was used for the measurements reported by Keefe et al. (1993), Sanford and Feeney461

(2008) and Aithal et al. (2014). Again, no trend is apparent that depends on the screening462

method or the measurement equipment.463

One data set exists that was measured on babies at one week old (Merchant et al.,464

2010) (Fig. 7, right). These measurements at one week appear more similar to the465

measurements at one month than to the newborn measurements at zero to two days.466

The differences are consistent with an observation by Keefe et al. (2000), which suggests467

over the first few days of life a subset of newborn ears has a relatively high reflectance468

that decreases over a few days. One hypothesis that would explain these observations469

would be that the middle ear of a newborn “dries out” over the first few days of life so470

that by age one week ears are usually dried out and the reflectance resembles that at age471
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one month.472

This observation that ears on the order of a few days of age have higher reflectance473

than those at one week is also consistent with Hunter et al. (2010) who concluded: (1)474

“Reflectance improved significantly during the first 4 days after birth with normaliza-475

tion of the middle-ear function”, and (2) “Newborns with high reflectance ... should476

be rescreened within a few hours to a few days because most middle-ear problems are477

transient and resolve spontaneously.”478

Association of ear’s newborn state with ear’s power reflectance479

at one month480

Our experimental design – with measurements taken near birth on subjects with a uni-481

lateral refer and repeated at one month when normal hearing is measured in both ears –482

allow for comparison of reflectance measurements made at one month between ears from483

the same subject that passed near birth and referred near birth. The right column of484

Fig. 4 compares these measurements and suggests that there are no differences, except485

possibly at the very lowest frequencies (less than 700 Hz). These results suggest that486

when newborn ears are affected by transient middle-ear conditions and those conditions487

clear by age one month, the affected ear exhibits normal power reflectance at age one488

month.489

Clinical Significance490

This work contributes to a growing body of research that suggests that some newborn491

ears appear to exhibit a middle-ear transient state, likely associated with fluid and other492

debris within the middle ear, that can be detected by a noninvasive wideband acoustic493

immittance measurement such as power reflectance. The work also suggests that the494

transient state typically resolves over the course of hours to several days (i.e., the newborn495

ear dries out). For some newborns, the state of the middle ear causes a shift in hearing496

threshold and a refer on the newborn hearing screening.497

Based on similar findings to those reported here, some researchers have suggested that498

a reflectance measure could be used in conjunction with a newborn screening refer to add499

additional information to the status of the ear near birth, leading some to recommend a500

rescreen of that ear during the newborn period (e.g., Keefe et al., 2000; Sanford et al.,501
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2009; Hunter et al., 2010). In some cases, a rescreening might make sense in that the502

ear would “dry out” and subsequently pass the screening. At the same time, there are503

additional issues to consider related to recommending a rescreening: (1) The inclusion of504

an additional test after the first newborn screening would increase the cost of screening505

programs and (2) rescreening could increase the likelihood that a child with a marginal506

or slight hearing loss who referred on the first screen could pass on the second screen and507

not be identified (Dedhia, Kitsko, Sabo, & Chi, 2013).508

This work also proposes a preliminary set of criteria for determining when reflectance509

measures on young babies are corrupted by acoustic leaks, probes against the ear canal, or510

other measurement problems. Specifically proposed are “data selection criteria” that de-511

pend on the power reflectance, impedance magnitude, and impedance angle. Additional512

data collected in the future are needed to improve and test these proposed criteria.513
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Figure Captions585

1. Power reflectance (left), impedance magnitude (center), and impedance angle (right).586

UPPER: Data from Merchant et al. (2010) from 15 newborn (3-5 days) ears (black587

lines) and 19 month-old (28-34 days) ears (gray lines). LOWER: Model predictions588

for an entirely fluid-filled ear, based on rigid termination of the ear canal and values589

described in the text.590

2. Examples to illustrate the application of the data selection criteria from Table591

1. Data from four subjects are presented, specifically, power reflectance (upper592

plots), impedance magnitude (middle plots), and impedance angle (lower plots).593

LEFT: All eight measurements from Subject 39 meet the DSC and are similar on594

both channels. Thus all of this data is accepted and channel 2 is used for further595

analysis. LEFT-MIDDLE: The measurements from the left ear of Subject 7 within596

two days of birth meet the DSC on only channel 2 and not channel 1; thus, data597

on channel 2 is used for further analysis. This left ear passed its newborn hearing598

screening. It is hypothesized that measurements such as the one on channel 1 here599

might be affected by an acoustic leak since the impedance magnitude is relatively600

low, consistent with a large volume, and the measure itself appears affected by601

noise. MIDDLE-RIGHT: The DSC were not met for either channel from Subject602

29’s right ear at followup; on both channels the impedance magnitudes were larger603

than the required range for a normal ear. This ear passed an ABR hearing test.604

It is hypothesized that the probe tip was up against the ear canal in cases such as605

this, resulting in measuring the response of a volume of air instead of the eardrum.606

RIGHT: Measurements from Subject 25 at birth from the left ear, which referred.607

Both channels meet the DSC, but the measurements differ on the two channels; as608

a result these data are rejected.609

3. Power reflectance and impedance magnitude and angle measured near birth on610

15 subjects in which one ear passed and one ear referred on the newborn hearing611

screening. For each subject, the left column is the power reflectance, the middle612

column is the impedance magnitude and the right column is the impedance angle.613

Solid black lines are measurements made near birth on the ear that passed the614
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newborn hearing screening, and measurements in the dashed gray lines are those615

made on the ear that referred at the newborn hearing screening.616

4. Power reflectance comparisons between ears that passed and referred at the new-617

born screening. Solid lines are means and shaded regions include the 25 to 75%618

range for the data. LEFT: Effect of ear’s state near birth (refer vs. pass) on power619

reflectance near birth. Left-upper: Power reflectance measured near birth on the620

ear that referred (cyan) and the ear that passed (pink). Left-lower: Mean difference621

between the ears that referred and passed (black) and the corresponding 95% confi-622

dence interval (shaded orange) for the difference (p< 0.05). MIDDLE: Effect of age623

(birth or one month) on ears that pass near birth. Middle-upper: Power reflectance624

measured near birth (pink) and at one month (green) on ears that passed hearing625

screening at both birth and one month. Middle-lower: Mean difference between626

the power reflectance near birth and one month (black) and the corresponding 95%627

confidence interval, which is shaded orange at frequencies where it does not include628

zero and hashed when it includes zero. RIGHT: Effect of ear’s state near birth629

(refer vs. pass) on power reflectance at one month. Right-upper: Power reflectance630

measured at one month on the ear that referred near birth (cyan) and the ear631

that passed near birth (pink). Right-lower: Mean difference between the power632

reflectance at one month on the ear that had referred near birth and passed near633

birth (black) and corresponding 95% confidence interval, which is shaded orange634

at frequencies where it does not include zero and hashed when it includes zero.635

5. Power reflectance and impedance magnitude and angle measured near birth and636

again near age one month on 19 subjects for the ear that passed hearing screening637

at both ages. For each subject, the left column is the power reflectance, the middle638

column is the impedance magnitude and the right column is the impedance angle.639

Solid lines are measurements made near birth and dashed lines are those made near640

one month of age.641

6. Power reflectance and impedance magnitude and angle measured at one month642

of age on 17 subjects with both ears passing a hearing screening at one month;643

solid lines are measurements on the ear that passed a hearing screening near birth644

and dashed lines are measurements made on the ear that referred at the newborn645
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hearing screening. At one month both ears passed a full hearing evaluation. For646

each subject, the left column is the power reflectance, the middle column is the647

impedance magnitude and the right column is the impedance angle.648

7. Power reflectance comparisons between the work reported here (current work) and649

comparable work reported in the literature. Scanning left-to-right one can compare650

reflectance measurements from ears that referred at birth (left) to ears that passed651

at birth (right solid lines) to normal hearing ears at one month (right dashed lines).652

LEFT: Power reflectance measurements made on newborn ears that referred at653

birth and are assumed to have conductive loss. Reflectances measured by Hunter654

et al. (2010) and Sanford et al. (2009) were from ears that referred on DPOAE655

screenings, whereas those from Aithal et al. (2015) referred on ABR, DPOAE,656

and TEOAE screenings. The “current work” measurements are from ears that657

referred at birth on both ABR and DPOAE screenings and are the only data set658

that was confirmed to have normal hearing at one month and thus confirmed to659

have conductive loss at birth. Measurements by Hunter et al. (2010) and the660

current work were made with the Mimosa system and measurements by Sanford661

et al. (2009) and Aithal et al. (2015) were made by similar systems that are now662

marketed by Interacoustics. RIGHT: Power reflectance measurements made on663

newborn, one week, and one month old ears that were assumed to have normal664

hearing at the time of measurement. Specifically, DPOAE screenings were passed665

for measurements made on ears by Aithal et al. (2015, 2014), Hunter et al. (2010),666

Merchant et al. (2010), Sanford et al. (2009), Sanford and Feeney (2008) and the667

current work. Additionally, ABR measurements demonstrated normal hearing in668

the ears reported as normal by the current work and Aithal et al. (2015). The data669

from “this work” shows the power reflectance from the same set of ears at birth670

and one month; thus they are both plotted in red. All other data at the two ages671

are from different populations.672
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Table 1: Data selection criteria (DSC) categorized by measurement type and ear status. “All ears”
refer to both normal and referred ears.

Measure Ear Status Data Selection Criterion (DSC)

Reflectance Normal
ears

Decreases systematically as frequency increases
for some frequency range within about 500-2000
Hz

Impedance Referred
ears

Less than 109 mks below 1kHz

magnitude Normal
ears

Less than 5 × 108 mks below 1kHz

Impedance
angle

All ears Bounded between -0.25 and 0 cycles over the
majority of low frequencies (i.e., below 1kHz)

Normal
ears

Relatively flat or gradually increasing with fre-
quency below 1kHz

All mea-
sures

All ears Do not rapidly change with frequency

All ears If two channels are similar and both channels
meet the above DSC, then choose channel 2.

All ears If two channels differ and one channel meets the
above DSC, then use that channel.

All ears If two channels differ and both channels meet
the above DSC, then reject the measurement.
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