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Assessing the Effect of Middle Ear Effusions
on Wideband Acoustic Immittance Using Optical
Coherence Tomography
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Michael A. Novak,** Ryan G. Porter,** Darold R. Spillman,? Eric J. Chaney,’
Ronit Barkalifa,? and Stephen A. Boppart'3¢

Objectives: Wideband acoustic immittance (WAI) noninvasively
assesses middle ear function by measuring the sound conduction over
a range of audible frequencies. Although several studies have shown
the potential of WAI for detecting the presence of middle ear effusions
(MEEs), determining the effects of MEE type and amount on WAI in vivo
has been challenging due to the anatomical location of middle ear cavity.
The purpose of this study is to correlate WAl measurements with phys-
ical characteristics of the middle ear and MEEs determined by optical
coherence tomography (OCT), a noninvasive optical imaging technique.

Design: Sixteen pediatric subjects (average age of 74 years) were
recruited from the primary care clinic at Carle Foundation Hospital
(Urbana, IL). A total of 22 ears (normal: 15 ears, otitis media with effu-
sion: 6 ears, and acute otitis media: 1 ear, based on physician’s diagnosis)
were examined via standard otoscopy, tympanometry, OCT imaging, and
WAI measurements in a busy, community-based clinical setting. Cross-
sectional OCT images were analyzed to quantitatively assess the pres-
ence, type (relative turbidity based on the amount of scattering), and
amount (relative fluid level) of MEEs. These OCT metrics were utilized
to categorize subject ears into no MEE (control), biofilm without a MEE,
serous-scant, serous-severe, mucoid-scant, and mucoid-severe MEE
groups. The absorbance levels in each group were statistically evaluated
at a = 0.05.

Results: The absorbance of the control group showed a similar trend
when compared with a pediatric normative dataset, and the presence of
an MEE generally decreased the power absorbance. The mucoid MEE
group showed significantly less power absorbance from 2.74 to 4.73kHz
(p < 0.05) when compared with the serous MEE group, possibly due to
the greater mass impeding the middle ear system. Similarly, the greater
amount of middle ear fluid contributed to the lower power absorbance
from 1.92 to 2.37kHz (p < 0.05), when compared with smaller amounts
of fluid. As expected, the MEEs with scant fluid only significantly affected
the power absorbance at frequencies greater than 4.85kHz. A large var-
iance in the power absorbance was observed between 2 and 5kHz, sug-
gesting the dependence on both the type and amount of MEE.
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Conclusions: Physical characteristics of the middle ear and MEEs
quantified from noninvasive OCT images can be helpful to understand
abnormal WAI measurements. Mucoid MEEs decrease the power ab-
sorbance more than serous MEEs, and the greater amounts of MEE
decreases the power absorbance, especially at higher (>2kHz) frequen-
cies. As both the type and amount of MEE can significantly affect WAI
measurements, further investigations to correlate acoustic measure-
ments with physical characteristics of middle ear conditions in vivo is
needed.

Key words: Imaging, Middle ear effusion, Otitis media, Optical coher-
ence tomography, Wideband acoustic immittance.
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INTRODUCTION

Otitis media (OM) is a prevalent middle ear infection caused
by bacteria or viruses. OM is one of the most common diagno-
ses in pediatrics and otolaryngology due to the immature Eusta-
chian tube and immune system of children (Teele et al. 1989;
Monasta et al. 2012), and the financial and societal burden re-
lated to OM remains substantial (Tong et al. 2018). OM is char-
acterized by a middle ear effusion (MEE), fluid accumulation
in a normally air-filled middle ear cavity. The most common
complication of OM is conductive hearing loss (CHL) from per-
sistent MEEs, which may lead to speech and language develop-
ment delays in early childhood (Qureishi et al. 2014). Treatment
options include watchful waiting, antibiotic prescription, and
surgical removal of MEEs via myringotomy, an incision in the
tympanic membrane (TM). However, the recurrence of MEEs
is as high as 40%, depending on age (Casselbrant & Mandel
1999). Thus, it is critical for clinicians to accurately diagnose
and monitor OM as well as to evaluate middle ear function.

The recommended diagnostic method by the American
Academy of Otolaryngology is pneumatic otoscopy (Lieber-
thal et al. 2013; Rosenfeld et al. 2016), which allows for sur-
face visualization of TM (im)mobility when both positive and
negative pressure is applied to the sealed ear canal. Decreased
TM mobility and an altered resting position of the TM (bulg-
ing or retracted) may indicate the presence of a MEE and the
type of OM (mainly acute OM [AOM] or OM with effusion
[OME]). However, diagnosis and interpretation vary, largely
based on physician expertise, resulting in an overall accuracy
of 40 to 70% (Blomgren & Pitkdranta 2003; Pichichero 2003;
Pichichero & Poole 2005). Furthermore, in practice, it is more
common to perform standard otoscopy alone, as the standard
otoscope is readily available and the results are easier to inter-
pret compared with pneumatic otoscopy (Watson et al. 1999;

0196/0202/2018/XXXX-00/0 « Ear & Hearing *« © 2019 The Authors. Ear & Hearing is published on behalf of
the American Auditory Society, by Wolters Kluwer Health, Inc.s Printed in the U.S.A.

1

<zdoi; 10.1097/AUD.0000000000000796>


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 WON ET AL./ EAR & HEARING, VOL. XX, NO. XX, 00-00

Jones & Kaleida 2003; Cullas Ilarslan et al. 2018). However,
standard otoscopy may be sufficient for the diagnosis of OM
only when the signs of a MEE are obvious (Sassen et al. 1994).
To provide more objective and quantitative diagnostic in-
formation, conventional tympanometry can be used to acous-
tically determine the presence of a MEE (Palmu et al. 1999;
Onusko 2004; Harris et al. 2005). Tympanometry sends a single
frequency (typically 226 or 1000 Hz, depending on age) sound
wave into the sealed ear canal, and measures the magnitude of
the admittance by monitoring the change in sound pressure level
of the probe tone as the ear-canal pressure is varied, thereby
generating a tympanogram. The peak, sharpness, and width of
a tympanogram trace can identify the presence of a MEE, with
a sensitivity and specificity of around 80%, comparable to or
slightly lower than that of correctly performed pneumatic otos-
copy (Nozza et al. 1994). However, tympanometry is capable of
measuring only middle ear transmission properties at a single
low frequency. In addition, it is often difficult to properly or suf-
ficiently pressure-seal the ear canal, the presence of earwax can
cause measurement artifacts, and no visual information is pro-
vided, requiring additional otoscopy. Furthermore, CHL cannot
be thoroughly assessed from standard tympanometry (Haggard
2009), because the acoustic response at one frequency can-
not detect subtle changes experienced in middle ear disorders.
Thus, although tympanometry provides a quantitative measure
of middle ear function, tympanometry alone is not a reliable di-
agnostic tool to detect MEEs or assess hearing function.

Wideband Acoustic Immittance

To evaluate middle ear function and potential hearing loss,
an ear canal-based reflectance measurement, also known as
wideband acoustic immittance (WAI), utilizes a range of au-
dible frequencies (in this study from 0.2 to 6kHz) with a
calibrated probe. WAI can be considered as extending the capa-
bilities of tympanometry, as it collects reflected sound waves
from a wide range of frequencies. WAI collects reflected sig-
nals from the middle ear to noninvasively compute physical
quantities, including but not limited to reflectance, admittance,
impedance, power absorbance, and power reflectance. In this
article, WAI refers to the collective acoustic reflectance meas-
ures, as the terms are interrelated (Feeney et al. 2013; Rosowski
et al. 2014). To date, WAI measurements in both pediatric and
adult populations have shown that WAI is a promising nonin-
vasive method to assess and diagnose various middle ear disor-
ders, including OME, otosclerosis, extreme middle ear pressure
(MEP), TM perforation, ossicular discontinuity, developmental
changes, acoustic reflex, CHL, and others (Feeney et al. 2003;
Allen et al. 2005; Feeney & Sanford 2005; Shahnaz et al. 2009;
Beers et al. 2010; Keefe et al. 2012; Voss et al. 2012; Robinson
et al. 2016).

The presence of MEEs generally results in reduced power
absorbance across all frequencies (Beers et al. 2010; Ellison et
al. 2012; Keefe et al. 2012). However, the effect of different
presentations of MEEs has not yet been thoroughly investigated
in vivo. It is largely because numerous variables can affect these
measurements in practice, such as the presence of a MEE, a
thickening of the TM that may be related to the infectious pro-
cess or the presence of a biofilm on the TM, the volume of the
middle ear cavity, MEP, amount of MEE, viscosity of the MEE,
TM thickness, instrumentation, gender, age, and even ethnicity

(Feeney et al. 2003; Beers et al. 2010; Ellison et al. 2012;
Nguyen et al. 2013; Shahnaz et al. 2013). The effects of these
variables on WALI in vivo are largely unknown because noninva-
sively acquiring physical characteristics of the middle ear and
MEE:s is nearly impossible with current diagnostic tools.

To address the limitation of defining middle ear conditions,
many studies have performed the WAI measurements on cadav-
eric ears to control the amount of MEE (Voss et al. 2012) and
the viscosity of the MEE (Ravicz et al. 2004), and on human
subjects performing the Valsalva maneuver to vary MEP (Rob-
inson et al. 2016). In vivo ear studies have measured WAI quan-
tities before myringotomy to surgically verify the presence of
MEEs (Ellison et al. 2012). However, the stricter inclusion cri-
teria for myringotomy and tympanostomy tube insertion lim-
ited the subject pool to those with severe and/or recurrent OM
for those studies. Although some studies have correlated WAI
measurements with a physician’s diagnosis (Beers et al. 2010),
TM mobility from pneumatic otoscopy (Ellison et al. 2012), or
tympanometry (Sanford & Brockett 2014), the physical char-
acteristics of MEEs, such as the presence, amount, and type,
were still qualitatively determined or unknown from otoscopy-
based methods. To the best of our knowledge, there is currently
no in vivo, noninvasive study investigating the effect of the
amount and type of MEE on WAI measurements. If the state of
the middle ear cavity and the physical characteristics of MEEs
can be quantitatively defined in vivo, WAI measurements can
be more effectively understood in relation to various middle ear
pathologies.

Optical Coherence Tomography

Optical coherence tomography (OCT), developed in the
early 1990s (Huang et al. 1991), is a noninvasive imaging tech-
nique that utilizes near-infrared light. As an optical analogue
to ultrasound imaging, OCT creates high-resolution cross-sec-
tional images by measuring back-scattered light from the tissue.
The contrast in OCT images originates from the differences in
refractive indices, enabling the visualization of different layers
and contents inside the tissue. Unlike ultrasound imaging, OCT
does not require a conductive medium (e.g., coupling gel), en-
abling more convenient and efficient in vivo imaging. OCT has
been intensively utilized and commercialized in ophthalmology
to visualize sublayers of the cornea and retina and is being ac-
tively investigated in oncology, dermatology, cardiology, and
others (Vignali et al. 2014; Wang et al. 2017; Welzel 2001).

OCT imaging of the human middle ear started in the early
2000s when it was first used to visualize the TM and middle
ear cavity ex vivo (Pitris et al. 2001). To further examine the
capability of OCT as a diagnostic tool, a portable and hand-held
OCT system was integrated with an otoscope to quantify the
presence of MEEs, middle ear biofilms, and the thickness of the
TM in the exam room and the operating room (Nguyen et al.
2013; Hubler et al. 2015; MacDougall et al. 2015; Monroy et
al. 2015, 2018). These studies have shown that OCT can quan-
titatively characterize middle ear conditions for both adult and
pediatric subjects, and noninvasively provide helpful diagnostic
criteria for differentiating types and stages of OM (Monroy et
al. 2015; Tan et al. 2018). Furthermore, functional measure-
ments have been possible with OCT, including quantifying TM
displacements with pneumatic pressure inputs (Shelton et al.
2017; Won et al. 2018), assessing TM vibrational patterns with
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sound (Chang et al. 2013; MacDougall et al. 2016), and estimat-
ing MEE viscosity (Monroy et al. 2017a).

Currently, OCT for clinical middle ear imaging is still far
from broad clinical use, and its diagnostic performance (accu-
racy, sensitivity, and specificity) has not been validated with
larger patient trials. However, one study with 20 patients showed
higher diagnostic sensitivity (83%) and specificity (98%) in
diagnosing chronic OM, compared with standard otoscopy
(74% sensitivity and 60% specificity) (Nguyen et al. 2012).
Furthermore, one study with 34 pediatric subjects (Monroy et
al. 2015) and another study with 39 subjects (Cho et al. 2015)
both suggested that the TM thickness precisely measured with
OCT is a promising metric to differentiate AOM from chronic
OM. A recent surgical follow-up study also demonstrated that
OCT can detect the clearance of biofilms as well as the pres-
ence of biofilms and MEEs, which correlated well with clinical
findings from otologists (Monroy et al. 2017b). Furthermore,
several review articles suggest that OCT middle ear imaging
has advantages over other diagnostic imaging tools, such as
magnetic resonance imaging, computed tomography, and ultra-
sound, due to noninvasiveness, high speed, and high resolution,
extending the diagnostic capabilities in otology (MacDougall et
al. 2015; Ramier et al. 2018; Tan et al. 2018).

In this study, OCT is used to classify the condition of middle
ear into various types and stages of OM to help better under-
stand abnormal WAI measurements in the presence of MEEs.
More specifically, OCT was employed to quantitatively deter-
mine the physical characteristics of MEEs, including the pres-
ence, type (relative turbidity), and amount (relative fluid level)
of MEEs. These characteristics of MEEs were used to catego-
rize the subjects, and then statistically correlate these findings
with their corresponding absorbance levels to determine the
effect of MEEs on WAI measurements.

MATERIALS AND METHODS

Study Protocol

The study was performed under a protocol approved by
the Institutional Review Boards (IRBs) at both the Univer-
sity of Illinois at Urbana-Champaign (Urbana, IL) and Carle
Foundation Hospital (Urbana, IL). Outpatients visiting the pri-
mary care clinic at Carle Foundation Hospital were randomly
recruited from November 2016 to April 2017. Subjects were
first examined by their pediatricians. The subjects with an ex-
isting tympanostomy tube, otitis externa, or perforated TM were
not considered for the study. There was no restriction on gender,
race, or ethnicity. A total of 16 pediatric outpatients (average and
SD of 744 years) were examined for the study. Once informed
consent and assent were acquired, standard otoscopy, 226 Hz
tympanometry (TM286 AutoTymp, Welch-Allyn, Skaneateles
Falls, NY), WAI measurements (HearID, Mimosa Acoustic,
Champaign, IL), and OCT imaging (in the order of the tests)
were performed in a typical examination room during the reg-
ular, busy clinical setting. All measurements required less than
Smin for each ear. Out of 32 ears from 16 pediatric outpatients,
10 ears were excluded for the analysis due to unstable and noisy
absorbance measurements (n = 7), severe cerumen blocking the
ear canal and/or eardrum (n = 1), or an acutely angled, tortuous,
and long ear canal (n = 2). The study was considered minimal
risk as the optical power of the OCT system on the TM (<~3
mW) was well within the American National Standards Institute

laser safety standard. Deidentified physician notes from the
examinations were collected after data analysis and correlated
to the results. See Table 1 for the detailed subject summary.

WAI Measurements

A commercial WAI system (HearID, version 5.1, Mimosa
Acoustic, Champaign, IL) was used to collect the data from 248
frequencies over a range from 0.2 to 6kHz, at 23 Hz intervals.
The standard calibration method using a four-cavity device was
performed before the measurements to convert Thevenin param-
eters, source pressure, and impedance in the ear canal (Allen et
al. 1986). For this study, absorbance level, Abs, was primarily
analyzed, and is defined in terms of the pressure reflectance R as

Abs(f)=1-|R(/), (1

where fis frequency in Hz, and| R( f) |* is the power reflectance
computed as the square of the magnitude of the pressure reflect-
ance. The measurements were repeated when there was an un-
certainty in the measurements, specifically when the impedance
suggested significant air leak or when the measurements were
noisy (Groon et al. 2015). Any measurement with an absorb-
ance level greater than 1, excessive noise at low frequencies, or
an unstable impedance phase (Henriksen 2008; Rosowski et al.
2012) was considered as an unreliable measurement, and was
not included for further analysis.

Optical Coherence Tomography System

A custom-built hand-held OCT system was utilized for this
study to capture images of the middle ear cavity, as shown
in Figure 1. The system used a superluminescent diode as
the light source with a center wavelength of 830nm and a
bandwidth of 135nm. The light reflected from the tissue was
detected to generate a depth-resolved cross-sectional image.

TABLE 1. Subject summary

Number of Ears
%

Age (yrs)

1-6 13 (59.1)

7-12 5(22.7)

13-18 4(18.2)
Gender

Male 8 (37.4)

Female 14 (63.6)
Diagnosis

Normal middle ear 15 (68.2)

OME 6 (27.3)

AOM 1(4.5)
Categorization with OCT

No MEE 5(22.7)

MEE 12 (54.5)

Biofilm without MEE 5(22.7)
Tympanogram type

A 11 (50.0)

B 5(22.7)

C 6 (27.3)
Total 22 (100)

AOM, acute otitis media; MEE, middle ear effusion; OCT, optical coherence tomography;
OME, otitis media with effusion.
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Fig. 1. Portable, hand-held, optical coherence tomography (OCT) system.
Hand-held probe (green box and inset) of the custom-built portable OCT
system resembles a standard otoscope. The head of a standard otoscope is
integrated to utilize a disposable ear speculum.

Axial (depth) and lateral resolutions were determined to be 2.4
pm and 15 pm in air, respectively. One cross-sectional image
(B-scan) had an imaging depth and lateral scanning distance
of around 2 to 3 mm and 3 to 4 mm, respectively. Each B-scan
consisted of 1000 line-scans (A-scan), collected at a rate of
approximately 30 B-scans per second. The OCT system simul-
taneously displayed OCT B-scans as well as the color video
surface image of the TM, as in standard video otoscopy, both
in real-time on a monitor. The surface visualization allowed
users to target OCT scan beams near the light reflex on the
TM for measurement consistency between subjects. A total of
200+ B-scans were acquired from each ear to provide multiple
2-dimensional views of the middle ear near the light reflex.
Any B-scans with motion artifacts were discarded, although
motion artifacts rarely occurred during imaging due to the
high speed of OCT compared with the rate of body drift and
hand-held probe motion. The hand-held OCT probe utilized
a standard disposable otoscope speculum (Welch-Allyn, Ska-
neateles Falls, NY) that was interchanged between subjects.
More details on the system instrumentation and specifications
have been discussed in previous publications (Hubler et al.
2015; Monroy et al. 2015).

Physician’s Diagnosis
All ears (number of ears, n = 22) were diagnosed by pediatri-
cians before all measurements:

1. Normal middle ear group (n = 15)
2. OME group (n=6)
3. AOM group (n=1).

Each physician diagnosis was made based on standard otos-
copy, physical examination, and patient history (Casey & Pich-
ichero 2015; Rosenfeld et al. 2016). Clinically normal ears were
recruited from the outpatients visiting the Pediatrics Clinic for
non—ear-related issues. The ears in the normal group showed a
clear and transparent TM without signs of MEEs, while the ears
in the OM group presented opaque TMs with signs of MEEs,
and ears with AOM had bulging TMs with signs of acute in-
flammation according to the guideline at the time of the clinic
visit (Lieberthal et al. 2013; Rosenfeld et al. 2016).

Subject Categorization With OCT

To study the effect of physical MEE characteristics on WAI
measurements, different categories were established based on
OCT images. The primary metrics established for OCT images
included the presence, type, and amount of MEE, and the pres-
ence of any middle ear biofilm. The first category divided all
ears based on the presence of a MEE and/or biofilm. The second
category divided the OCT-identified MEE group from the first
category into serous and mucoid groups using an estimated op-
tical attenuation coefficient extracted from the OCT A-scans.
The third category divided the OCT-identified MEE group from
the first category into scant and severe MEE amount groups
by analyzing consecutive OCT images. Finally, the last cate-
gory incorporated both metrics used in the second and third
categories, and therefore established four groups: serous-scant,
serous-severe, mucoid-scant, and mucoid-severe MEE groups.
The subject categorizations are graphically summarized in
Figure 2. The criteria for each category are described herein.

Category 1: Three subject groups were defined based on the
presence of a MEE by OCT:

1. Control group, no MEE identified by OCT (n=15)

2. MEE group, MEE:s identified by OCT (n = 12)

3. Biofilm group, biofilms without MEEs identified by
OCT (n=)5).

Figure 3 shows representative OCT images of a normal middle
ear, an ear with a MEE, and an ear with a biofilm, but without
a MEE. The normal TM in Figure 3A shows a thin, smooth
structure, with no optical signals in the middle ear cavity. The
presence of MEEs in OCT images can be determined when ad-
ditional optical scattering signals from the MEE are visualized
in the middle ear cavity, as in Figure 3B. In Figure 3C, a thin
middle ear biofilm structure with an inconsistent thickness is
affixed to the inner surface of the TM, but without the pres-
ence of scattering features from a MEE in the middle ear cavity.
In general, biofilms tend to exhibit a stronger (brighter) OCT
signal than the TM, and frequently appear as a distinct, addi-
tional, and layered structure affixed to the TM, based on OCT
A-scan profiles (Guder et al. 2015; Nguyen et al. 2010, 2012).
Nonetheless, in this study, the presence of MEEs and/or biofilm
has not been biologically confirmed via invasive sampling as in
the study from Monroy et al. (2018). Subjects in this study were
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Fig. 2. Graphical representation of subject categorization with OCT images. A total of 22 subject ears were categorized based on the presence, relative tur-
bidity, and fluid level of MEEs determined from OCT images. The ears without OCT-identified MEEs were defined to be the control group, and four categories
were established. AOM indicates acute otitis media; MEE, middle ear effusion; OCT, optical coherence tomography; OME, otitis media with effusion.

outpatients who did not undergo any surgical procedure at the
time of the visit.

To further characterize MEEs, OCT images were used to
assess the type (relative turbidity based on the amount of scat-
tering) of MEE. In previous studies, we observed that more
serous MEEs can be noted by lower-brightness signals in
OCT due to the lower amount of optical scattering and greater
light-absorbing water content (Fig. 4A), whereas more vis-
cous MEEs are visualized by brighter backscattering signals
from the denser, tissue-like clusters of proteins, cells, cell
debris, and bacteria that reflect/backscatter a greater amount
of light (Fig. 4B) (Monroy et al. 2015, 2017a). In addition,
the optical scattering profiles in Figure 4 suggest that serous
MEEs show spiky and fluctuating decaying trends, whereas
mucoid MEEs exhibit more continuous and exponentially
decaying trends. To quantify this difference between serous
and mucoid MEEs, the attenuation coefficients in each depth-
scan (A-scan) of the OCT images were estimated based on
(Vermeer et al. 2013):

1[i]

2057 1[i] @

where p is an attenuation coefficient in pm™, 7 is the OCT signal
intensity in arbitrary units, and 7 is an index for depth in pixels.
Attenuation coefficients are often calculated from OCT images
to examine tissue properties based on how the OCT signals
decay with increasing depth. A greater attenuation coefficient
indicates a higher attenuation from scattering (Vermeer et al.

ulil=

A Normal

Ear canal

2013), implying thicker and denser MEE:s in this study. The av-
erage attenuation coefficient over 100 pixels along the depth was
calculated for each A-scan. Figure 4C shows the distribution of
estimated attenuation coefficients for the subjects with MEEs. An
experimentally determined threshold attenuation coefficient of
2.2 nm™! was used to differentiate serous and mucoid MEEs for
Category 2. The threshold is an arbitrary value that separates the
data into two groups with ¢ test statistical significance (p < 0.05).

Category 2: The OCT-identified MEE group (n = 12) from
Category 1 was further categorized based on the attenuation
coefficients estimated from the OCT images:

1. Serous MEE group (n = 6)
2. Mucoid MEE group (n = 6).

Because the OCT beam is very narrow (20 to 30 pm), and can
be scanned in real-time, OCT acquires images over multiple
spatial regions around the light reflex. Thus, by acquiring many
different views near the anterior-inferior TM quadrant, the
amount of the MEE can be estimated by analyzing consecutive
spatially off-set OCT B-scans. Figure 5 illustrates the variation
in the presence of the MEE within the different B-scans from
2 subjects. In Figure 5A, optical scattering from the MEE is
visualized only in a portion (yellow arrows) of the OCT image,
whereas the MEE in Figure 5B is visualized throughout the en-
tire scanning region (white arrows) between multiple images.
Here, the amount of the MEE may represent the fluid level in
the middle ear cavity. The fluid level is critical in hearing, as
several studies indicate that the volume of a MEE relative to the
middle ear cavity largely affects WAI measurements (Sanford &

C Biofim
Ear canal

Biofilm

I Middle ear

Fig. 3. OCT images of a normal middle ear compared with an ear with a MEE and biofilm. Representative cross-sectional OCT images with an inset surface
otoscopy TM image of a (A) normal subject, (B) subject with a MEE, and (C) subject with middle ear biofilm without a MEE are shown. The white dotted lines in
the inset images indicate the OCT scanning regions. In (B), scattering from the MEE (red arrows) is visualized, and a middle ear biofilm (blue arrows) is shown
in (C). Scale bars represent 200 pm. MEE indicates middle ear effusion; TM, tympanic membrane; OCT, optical coherence tomography.
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Fig. 4. Determining type of MEE using estimated attenuation coefficients from OCT. Representative OCT cross-sectional images and A-scans of (A) subject with
a serous MEE, and (B) subject with a mucoid MEE. (C), Estimated attenuation coefficients of the subjects in the MEE group with an experimentally determined
attenuation coefficient threshold (2.2 pm™'). Scale bars represent 200 pm. a.u. indicates arbitrary units; MEE, middle ear effusion; TM, tympanic membrane.

Brockett 2014; Voss et al. 2012). For this study, when the pres-
ence of a MEE is visualized to a greater depth in the middle ear
cavity from more than 50% of the OCT B-scans acquired, the
ear was defined as having a “severe amount of MEE.” On the
other hand, if the presence of a MEE is only partially visualized
in the middle ear cavity from only a few (<25%) OCT B-scans,
the ear was defined as having a “scant amount of MEE.”

Category 3: OCT-identified MEE group (n = 12) from Cate-
gory 1 was again divided based on the amount of MEE from the
consecutive OCT images:

1. Scant MEE group (n = 8)
2. Severe MEE group (n = 4).

Category 4: The middle ear conditions can be dependent on
both the type and amount of MEE. To consider both effects

A Scant MEE

B Severe MEE

separately, the MEE group from Category 1 was divided into
four groups based on both the type and amount of MEE from
Categories 2 and 3:

1. Serous-scant MEE group (n =4)

2. Serous-severe MEE group (n = 2)
3. Mucoid-scant MEE group (n = 4)
4. Mucoid-severe MEE group (n =2).

The OCT-based subject categorizations (Category 4), physician
diagnosis, and tympanometry measurements are tabulated in
Table 2.

Statistical Analysis
For the statistical comparison of the absorbance levels, the
control group in Category 1 was used as the control (normal)

Fig. 5. Determining amount of MEE using consecutive spatially off-set OCT B-scans. Representative OCT cross-sectional images of (A) subject with a scant
MEE, and (B) subject with a severe MEE. Scale bars represent 200 pm. In (A), a MEE is partially visualized (yellow arrows) in only a few images. In (B), a MEE
(white arrows) is visualized throughout the scanning region between multiple images. MEE indicates middle ear effusion; OCT, optical coherence tomography;

TM, tympanic membrane.
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TABLE 2. OCT-tympanometry data summary
226 Hz Tympanometry
Ear-Canal Peak Gradient Middle Ear
Subject* OCT Category Volume (cm?) (cm?) (daPa) Pressure (daPa)
Normal 1 No MEE 1.1 0.4 95 10
Normal 2 No MEE 0.7 0.2 80 -5
Normal 3 No MEE 1.9 0.4 110 -15
Normal 4 No MEE 0.7 0.1 125 -255
Normal 5 No MEE 0.8 0.2 65 -255
Normal 6 Biofilm 0.8 1.2 45 -65
Normal 7 Biofilm 1.4 0.5 45 -10
Normal 8 Biofilm 1.1 0.4 85 -15
Normal 9 Biofilm 0.8 0.4 50 -165
Normal 10 Biofilm 1.0 Type BT
Normal 11 Serous-scant 0.7 0.3 85 -40
Normal 12 Serous-scant 1.2 1.2 70 20
Normal 13 Serous-scant 1.0 1.0 65 15
Normal 14 Serous-scant 0.7 0.8 70 -145
Normal 15 Mucoid-scant 0.8 0.3 75 -40
OME 1 Serous-severe 1.0 0.4 90 -330
OME 2 Serous-severe 0.7 Type BT
OME 3 Mucoid-scant 0.9 0.1 115 -255
OME 4 Mucoid-scant 0.9 0.5 85 -275
OME 5 Mucoid-severe 1.3 Type BT
OME 6 Mucoid-severe 0.7 Type BT
AOM 1 Mucoid-scant 0.8 Type BT

*Subject infection determination made by the initial otoscopic examination.

1Type B tympanogram does not provide peak, gradient, and middle ear pressure (not determined).
AOM, acute otitis media; MEE, middle ear effusion; OCT, optical coherence tomography; OME, otitis media with effusion.

middle ear condition. A one-way analysis of variance (ANOVA)
and posthoc Tukey honestly significant difference (HSD) test
were performed for all individual 248 frequencies, from 211 to
6kHz, on each category using MATLAB. The « level was set at
0.05 for all statistical methods. In addition, descriptive statistics
of absorbance (mean and SD) at 1/3 octave bands center fre-
quencies (1.6, 2.0, 2.5, 3.15, 4.0, 5.0kHz) along with ANOVA
and posthoc Tukey HSD test results are tabulated in Tables 3-5.

RESULTS

In this study, an otoscope-integrated OCT system was
employed to capture high-resolution, depth-resolved, and

cross-sectional images of the middle ear cavity in vivo. OCT
metrics quantitatively determined the presence, type, and
amount of MEEs, which were used to categorize the subject
ears (n = 22). For each category, absorbance levels between
subgroups were statistically correlated to investigate the altered
levels due to different MEE presentations.

Control Group: Category 1

Figure 6 compares the power absorbance levels measured
for the study based on physician’s diagnosis and Category 1.
Due to the small number in the diagnosis-based normal group
(n = 15) and the OCT-identified control group (n = 5), a

TABLE 3. Summarized statistical analysis at 1/3 octave bands center frequency: effect of relative MEE turbidity on absorbance

(Category 2)
OCT-
Confirmed Serous Group  Mucoid Group
Control (n = 5) (n=16) (n=6)
Power Absorbance ANOVA Posthoc Tukey HSD (p)
Frequency
(Hz2) Mean (SD) Mean (SD) Mean (SD) F(df=2) p Control-Serous  Control-Mucoid  Serous-Mucoid
1600 0.647 (0.098) 0.586 (0.174) 0.526 (0.208) 0.69 0.517 ANOVA not significant
2000 0.747 (0.126) 0.684 (0.198) 0.650 (0.142) 0.51 0.609
2500 0.776 (0.109) 0.828 (0.225) 0.634 (0.198) 1.68 0.222
3150 0.800 (0.169) 0.772 (0.229) 0.412 (0.226) 6 0.013* 0.973 0.023* 0.028*
4000 0.655 (0.088) 0.647 (0.241) 0.246 (0.143) 10.52 0.0021 0.997 0.0041 0.0041
5000 0.530 (0.120) 0.284 (0.095) 0.151 (0.233) 7.45 0.006t 0.064 0.005t 0.362

*Significant (p < 0.05).
THighly significant (p < 0.01).
ANOVA, analysis of variance; df, degree of freedom; HSD, honestly significant difference; MEE, middle ear effusion; OCT, optical coherence tomography.
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TABLE 4. Summarized statistical analysis at 1/3 octave bands center frequency: effect of relative MEE amount on absorbance

(Category 3)
OCT-
Confirmed Scant Group Severe group
Control (n = 5) (n=8) (n=4)
Power Absorbance ANOVA Posthoc Tukey HSD (p)
Control-
Frequency (Hz) Mean (SD) Mean (SD) Mean (SD) F(df = 2) p Control-Scant* Severe* Scant-Severe
1600 0.647 (0.098) 0.608 (0.194) 0.453 (0.131) 1.85 0.194 ANOVA not significant
2000 0.747 (0.126) 0.743 (0.097) 0.514 (0.175) 5.16 0.0211 0.998 0.03871 0.0251
2500 0.776 (0.109) 0.820 (0.164) 0.554 (0.248) 3.24 0.070 ANOVA not significant
3150 0.800 (0.169) 0.697 (0.286) 0.382 (0.146) 3.89 0.0451 0.720 0.0441 0.102
4000 0.655 (0.088) 0.525 (0.307) 0.289 (0.151) 2.79 0.096 ANOVA not significant
5000 0.530 (0.120) 0.229 (0.191) 0.195 (0.193) 5.74 0.015t 0.023t 0.031t 0.947

*OCT-confirmed control group is the same as in Table 3.
1Significant (p < 0.05).

ANOVA, analysis of variance; df, degree of freedom; HSD, honestly significant difference; MEE, middle ear effusion; OCT, optical coherence tomography.

normative (n = 144) pediatric absorbance measurement
from Beers et al. (2010) was included. Beers et al. measured
the energy reflectance from 144 ears (78 subjects; average
age of 6.15 years), and the normal middle ear condition
was primarily determined by a screening criterion from the
American Speech-Language-Hearing Association (ASHA)
(1997). According to Figure 6, the average absorbance of
the OCT-identified control group (n = 5) in this study was
close to the normative dataset. There were four ears diag-
nosed as normal, but MEEs were identified by OCT (black
dash dot line in Fig. 6). Three of the four ears showed the
absorbance peak between 0.8 and 2 kHz. In addition, the av-
erage absorbance of the biofilm group (n = 5) showed a re-
verse (decreasing) slope occurred between 0.5 and 2kHz,
as supported by a previous study (Nguyen et al. 2013), but
not every measurement had a positive slope followed by a
reverse slope. The difference might be from small subject
numbers, different structures, and amounts of biofilms be-
tween subjects, and also from a much younger (pediatric)
age than the study with adults (older than 25 years) from
Nguyen et al. (2013).

Effect of Relative MEE Turbidity: Category 2

Figure 7 illustrates the effect of MEE type on absorbance
measurements (A) and admittance phase in degrees (B). Cate-
gory 2 divided the subjects into serous (n = 6) and mucoid (n =
6) MEE groups using the estimated attenuation coefficient from
OCT images. Representative OCT images from the serous and
mucoid groups of MEEs are shown in Figure 4A, B. In general,
the absorbance of the mucoid MEE group was less than that of
the serous group. The absorbance of these groups was statis-
tically different from 2.72 to 6kHz (p < 0.05), as determined
by ANOVA. To compare multiple groups and determine the
frequency range that the difference occurred, a posthoc Tukey
HSD test was performed. Note that the analysis is done for all
248 frequencies, but only statistical results (ANOVA, posthoc
Tukey, and descriptive statistics) for the 1/3 octave band center
frequencies are shown in Table 3. A posthoc Tukey HSD test
showed that the absorbance of the mucoid group was signifi-
cantly less than the control group from 2.90 to 6kHz (p < 0.05).
However, the absorbance of serous MEEs was significantly dif-
ferent from the control group only at frequencies greater than
5.09kHz. This indicates that mucoid MEEs may decrease power

TABLE 5. Summarized statistical analysis at 1/3 octave bands center frequency: effect of relative MEE turbidity and amount on

absorbance (Category 4)
Serous-Scant Serous-Severe Mucoid-Scant Mucoid-Severe
(n=4),A n=2),B n=4),C (n=2),D
Power Absorbance ANOVA Posthoc Tukey HSD (p)
Frequency (Hz) Mean (SD) Mean (SD) Mean (SD) Mean (SD) F(df = 4) P Ctrl-C* Ctrl-D* A-B A-C A-D
1600 0.689 (0.058) 0.381(0.137) 0.527 (0.259) 0.524 (0.166) 1.78 0.199 ANOVA not significant
2000 0.796 (0.048) 0.460 (0.140) 0.691 (0.111)  0.568 (0.178) 3.15 0.055
2500 0.949 (0.023) 0.585(0.190) 0.690 (0.131)  0.524 (0.212) 3.54 0.040f 0.913 0.339 0.105 0.183 0.0491
3150 0.912 (0.065) 0.491 (0.242) 0.482(0.253) 0.272(0.213) 7.46 0.003f 0.090 0.018t 0.081 0.0231 0.006%
4000 0.782 (0.135) 0.378 (0.192) 0.268 (0.130)  0.201 (0.132) 12.9 0.0003f 0.006F% 0.009% 0.0241 0.001% 0.002%
5000 0.321 (0.066) 0.211 (0.106) 0.137 (0.241)  0.180 (0.182) 3.52 0.0401 0.0341 0.172 0.942 0.572 0.873

Note that posthoc Tukey HSD test for Ctrl-B group is significant (p < 0.05) only at around 3.9kHz, and thus not included in the table. All other possible comparisons showed no statistical

significances for posthoc Tukey HSD test.
*OCT-confirmed control group is the same as in Table 3.
1Significant (p < 0.05).

1Highly significant (p < 0.01).

ANOVA, analysis of variance; df, degree of freedom; HSD, honestly significant difference; MEE, middle ear effusion.
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Fig. 6. Power absorbance curves of normal subjects compared with subjects with MEEs. Plot of power absorbance levels of normative pediatric datasets from
Beers et al. (2010), compared with the average power absorbance levels of the diagnosis-based normal group, no OCT-identified MEE group, and the biofilm
group (Category 1). Normative datasets were used with permission from Ear Hear, 2010;31, 221-233. MEE indicates middle ear effusion; OCT, optical coher-
ence tomography.

hearing measurements in cadaveric ears (Ravicz et al. 2004).
The admittance phase among the normal, the serous, and the
mucoid group was statistically different from 2.3 to 2.9 kHz and
5.0 to 6.0kHz (p < 0.05) determined from ANOVA. A posthoc
Tukey HSD test indicated that the phase of the serous group and

absorbance more than serous MEEs. In addition, the absorbance
level of mucoid MEEs was statistically less than that of serous
MEE:s from 2.74 to 4.73 kHz (p < 0.05). However, note that this
result is not consistent with a previous study, which showed
that the viscosity of MEEs does not have a significant effect on
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Fig. 7. Effect of relative MEE viscosity on power absorbance measurements. Comparison of power absorbance levels (A) and the admittance phase (B) for the
control, serous, and mucoid MEE groups (Category 2). MEE indicates middle ear effusion; OCT, optical coherence tomography.
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Fig. 8. Effect of relative MEE fluid level on power absorbance measurements. Comparison of power absorbance levels (A) and the admittance phase (B) for the
control, scant, and severe MEE groups (Category 3). MEE indicates middle ear effusion; OCT, optical coherence tomography.

the control group was not statistically different. However, the
phase of the mucoid group was significantly less than that of the
serous and the control group from 2.3 to 2.9kHz and from 5.0
to 6kHz (p < 0.05).

Effect of Relative MEE Amount: Category 3

Figure 8 illustrates the effect of the amount of MEE on ab-
sorbance measurements (A) and admittance phase in degrees
(B). Category 3 defined the groups of scant amount (n = 8§) and
severe amount (n = 4) of MEE based on the consecutive OCT
B-scans. Representative OCT images from the scant and severe
amount groups of MEEs are shown in Figure 5A, B. Again, the
analysis is done for all individual 248 frequencies, but statistical
results (ANOVA, posthoc Tukey, and descriptive statistics) at
1/3 octave band center frequencies are shown in Table 4. The
absorbance of these groups was statistically different from 1.73
to 2.34kHz, from 2.91 to 3.30kHz, and from 4.71 to 6kHz, as
determined by ANOVA. As expected, a posthoc Tukey HSD re-
vealed that the power absorbance of the severe amount group
was significantly less than that of the control group from 1.76
to 2.09kHz, from 2.95 to 3.50kHz, from 3.75 to 3.94kHz, and
from 4.73 to 6 kHz (all p <0.05), likely due to the greater mass
impeding the middle ear system. However, the scant amount
group was statistically different from the control group only at

frequencies greater than 4.85kHz. This indeed agrees with pre-
vious cadaveric studies that a small amount of MEE relative
to the volume of the middle ear cavity has a minimal effect on
WAI measurements (Voss et al. 2012). When comparisons are
made between the scant and severe amount groups, the absorb-
ance of the severe amount group was significantly less than that
of the scant group between 1.92 and 2.37kHz (p < 0.05). This
implies that the greater amount of MEE may decrease the power
absorbance more at frequencies around 2 kHz. However, the ad-
mittance phase between the control, the scant, and the severe
group was not statistically significant from ANOVA.

Effect of Relative MEE Turbidity and Amount:
Category 4

It is intuitive that ears within the serous MEE group can
have different amounts of middle ear fluid and vice versa. To
further understand the effect of the type and amount independ-
ently, Category 4 divided the subjects into four groups (serous-
scant [n = 4], mucoid-scant [n = 4], serous-severe [n = 2], and
mucoid-severe [n = 2] MEE groups). Statistical comparisons
between the groups were performed (shown in Fig. 9) to de-
termine if absorbance measurements can uniquely define each
group. As a result, the absorbance of these 5 groups (1 control
group and 4 MEE groups) was statistically different at around
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Fig. 9. Effects of different types and amounts of MEE on power absorbance curves. Comparison of the average power absorbance curves for the control group
and four different subgroups of subjects with MEEs (Category 4). MEE indicates middle ear effusion.

1.9kHz and from 2.48 to 6kHz, as determined by ANOVA. A
posthoc Tukey HSD test revealed that the absorbance of the
mucoid-severe group was significantly less than that of the con-
trol group from 2.77 to 4.66kHz (p < 0.05), and less than the
serous-scant group from 2.51 to 4.64kHz (p < 0.05). Similarly,
the absorbance of mucoid-scant group was less than that of the
control group from 3.68 to 5.25kHz (p < 0.05), and less than the
serous-scant group from 2.65 to 4.71kHz (p < 0.05). In addi-
tion, the absorbance of serous-severe group was less than that of
the serous-scant group from 3.75 to 4.41 kHz (p < 0.05), but less
than that of the control group at around 3.9 kHz. Other possible
correlations between groups showed no statistical differences.
Statistical results (ANOVA, post hoc Tukey, and descriptive sta-
tistics) at 1/3 octave band center frequencies for Category 4 are
shown in Table 5. However, it is important to note that this ex-
ploratory study is conducted with a limited number of subjects,
and the comparison of 5 different groups (control and 4 MEE
groups) using Category 4 is statistically underpowered.

In general, the serous-scant group showed similar power ab-
sorbance levels as the control group, whereas the severe group
showed a decreased and flatter shape of the power absorbance
curve. The four groups were more uniquely distributed at around
1.9 and 4.1 kHz. This result again agrees with other studies that
indicated a large variation at higher frequency (Beers et al.
2010; Ellison et al. 2012; Sanford & Brockett 2014), and sug-
gests that this variation indeed depends on the type and amount
of MEE. In addition, the similar trends were observed between
the mucoid-scant and serous-severe groups, and between the
mucoid-severe and serous-severe groups, based on the p values.
This may indicate that these groups have a similar effect on
mass and stiffness of the middle ear system.

DISCUSSION

Because WAI measurements can noninvasively provide
functional acoustic measurements over a wide range of fre-
quencies, many investigations have correlated abnormal WAI
measurements with pathological conditions of the middle ear
to determine existing relationships. However, noninvasively
accessing the physical characteristics of the middle ear and
any MEE has been challenging due to the limitations of cur-
rent middle ear diagnostic tools. For instance, to examine the

effect of MEEs on WAL for in vivo human ears, the presence
of a MEE may need to be confirmed by myringotomy (gold
standard) and visual inspection, and the extracted MEE may
be analyzed after the surgery. This process, however, is not
only invasive and time consuming but also limits the subjects
to more severe stages of OM. For this study, the effects of
the types and amounts of MEEs on WAI measurements were
investigated by correlating power absorbance levels with
physical characteristics of MEEs determined noninvasively
from OCT images.

Performance of OCT in Describing Middle Ear Space

It is worthwhile to first discuss the sensitivity of OCT in
determining middle ear conditions. For this study, in vivo
subject categorization with OCT images was compared with
physician diagnosis and tympanometry. Overall, the physician
diagnosis and tympanograms agreed well with OCT images
for the more severe stages of OM. However, some inconsis-
tencies among physician diagnosis, tympanometry, and OCT
images were observed for the early stages of OM. For ex-
ample, while a total of 7 ears were diagnosed with OM by
primary care physicians, 12 ears (an increase of 71%) were
identified with MEEs from OCT images, highlighting a poten-
tially greater sensitivity of OCT for detecting the presence of
a MEE, compared with otoscopy. In terms of tympanometry,
5 (42%) of 12 ears with OCT-identified MEEs showed a “type
A” tympanogram, due to the low specificity of tympanometry
and its tendency to underestimate the presence of a MEE. On
the other hand, 4 (80%) of 5 ears with “type B” tympanograms
did show MEEs in OCT, emphasizing the high sensitivity of
tympanometry. One remaining ear with a “type B” tympano-
gram contained a middle ear biofilm. Furthermore, 5 (33%)
of 15 ears diagnosed as normal showed biofilms in OCT, and
another 5 (33%) showed scant MEEs in OCT. The OCT abnor-
malities may indicate the presence of latent localized TM
thickenings in normal ears, and it may be a result of previous
ear infections. Nonetheless, these inconsistencies suggest that
a more accurate diagnostic tool is needed to more precisely
define middle ear pathologies. The detailed comparison of
tympanometry, physician diagnoses from otoscopy, and OCT
findings is also included in Table 2.
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Effect of MEEs

Although several studies have suggested a common profile
of ears with any type of MEE in WAI measurements, an ap-
preciable amount of variability is still observed among ears,
especially at mid-to-high frequencies (Beers et al. 2010; El-
lison et al. 2012; Feeney et al. 2003; Sanford & Brockett 2014;
Voss et al. 2012). The possible reasons for this large variability
mainly include the amount and type of MEE as well as the rela-
tive volume of the middle ear cavity. According to Figure 9, the
large variation between the four groups in Category 4 occurred
between 2 and 5kHz, and the statistical analysis suggested that
this variation may depend on both the type and amount of MEE.
A narrow, high absorbance peak of the serous-scant group is
similar to some of the findings from Sanford and Brockett
(2014), where they defined “sOME” (suspected otitis media
with effusion) to represent loosely defined OME group (San-
ford & Brockett 2014). They noted a narrow absorbance peak
at approximately 4kHz, but with varying magnitude across
subjects. We believe that this narrow peak absorbance at 3 to
4kHz may be inversely related to the amount of MEEs. How-
ever, the average trend of the OCT-identified MEE groups from
this study did not show the same pattern as in previous studies
(Ellison et al. 2012; Sanford & Brockett 2014), likely because
subjects with a wide range of ages (1.3 to 15 years) and subjects
with various types and stages of OM were included. Thus, a
more narrowly defined inclusion criteria for middle ear condi-
tions and ages with a greater number of subjects is necessary for
further validation and investigation.

This preliminary study also focused on understanding power
absorbance measurements of pediatric subjects with varying
stages of OM. The subjects were pediatric outpatients from a
primary care clinic, including normal subjects, subjects with
early stages of OM, recurrent OM, and advanced stages of OM,
who could potentially be referred to specialists. The serous-
scant group of Category 4 may best represent an early stage of
OM. All subjects in this group were indeed diagnosed as hav-
ing a normal middle ear by their primary care physicians and
were found to have a “type A” tympanogram; however, MEEs
were identified in their OCT images. Thus, it was not surprising
that there was no statistically significant difference in power ab-
sorbance levels between the control group from Category 1 and
this group. This also suggests that the power absorbance is not
sensitive enough to detect small amounts of fluid in a MEE.
On the other hand, the mucoid-severe and the serous-severe
groups of Category 4 may best represent a more advanced
stage of OM. They showed the greatest statistical differences
between all other groups and showed the most deviated and flat
trend of power absorbance compared with the control group, as
expected.

Study Limitations

While this early exploratory study examined the effect of
MEEs on WAI measurements with a novel imaging system that
noninvasively characterized the middle ear state, there were
several limitations. First, this study is conducted with a limited
number of subjects. The possibility of significant type II errors
in hypothesis testing implies that there may exist statistical dif-
ferences at more frequencies. The appropriate sample number
to have a statistical power of 0.8 depends on the frequency, be-
cause some frequencies are more sensitive with the presence

of MEEs than other frequencies. The number also depends on
which groups to compare, as comparing the control group with
the serous-scant MEE group may need a greater sample number
than comparing with the mucoid-severe MEE group, due to the
smaller mean difference. For example, the sample number of
greater than 12 and 14 is necessary to compare the control group
with the serous-scant MEE group with a statistical power of
0.8 at 2 and 4kHz, respectively. The larger datasets are required
to determine the precise diagnostic value of sound absorbance
spectrum in describing different middle ear conditions.

Second, the age range (1.3 to 15 years) of the subjects was
large and possibly contributed to some of the variability in the
WAI measurements. Third, the measurements were all per-
formed in a typical examination room during a short period of
time to ensure the clinic schedule was not disturbed. However,
the examination room was not noise-free, which may have in-
duced subtle background noise in the WAI measurements. Next,
WAI measurements were not repeated in all subjects due to time
constraints. However, WAI measurements were repeated when
an air-leak was indicated. Because of these factors, datasets
with greater air-leak artifacts and noise were not included in the
analysis. In addition, the statistical significance was observed
only at higher frequencies (>1kHz), where the effect of an air-
leak is less significant compared with lower frequencies (Groon
et al. 2015).

Finally, the MEP of subjects was not utilized to categorize
the ears, as “type B” tympanograms cannot determine the MEP.
In addition, there were some disagreements among physician
diagnosis, OCT categories, and tympanometry, as shown in
Table 2, which required more subgroups with the MEP to un-
derstand the effect of MEP and MEEs on the sound absorbance.
Although it is clinically normal to have slightly negative MEP,
several studies have discussed the effects of negative MEP on
WAI measurements, and showed that the effects are dominant
around 1 to 2kHz (Voss et al. 2012, Shaver & Sun 2013, Rob-
inson et al. 2016). This present study has not found strong sta-
tistical significance with MEE categories around 1 to 2kHz,
and the variations from the MEP could be one reason, with the
small sample size being another reason. However, Robinson et
al. (2016) also showed that the effects of MEP on the sound
absorbance are indeed minor, unless the pressure is very ex-
treme as —400 daPa (Robinson et al. 2016). For a future study, a
greater number of subjects with more narrowly defined middle
ear pathologies will be necessary to study the effects of MEP
along with the presence of MEE:s.

In terms of imaging limitations, because OCT images were
only acquired near the light reflex area with an imaging depth
of a few millimeters, OCT cross-sectional images may not rep-
resent the conditions throughout the entire middle ear cavity.
For example, if a small amount of MEE were present deeper or
lower in the middle ear cavity, OCT would not be able to detect
the presence of MEE. However, as all subjects were asked to
sit during the measurements, we believe that scanning around
the light reflex region, typically located on the bottom of the
TM, was a consistent and sufficient way to visualize MEE ac-
cumulation. Furthermore, OCT can distinguish between MEE
in contact with the TM from MEE not in contact with the TM,
if the MEE is within the imaging depth of OCT. In the future,
with an additional 3D scanning mechanism to scan the entire
TM, the effect of the percentage of the TM contacted by fluid
on hearing levels can be investigated in vivo, as Ravicz et al.
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(2004) previously showed with a human cadaver temporal bone
(Ravicz et al. 2004).

CONCLUSIONS

By using OCT as a depth-resolved imaging technique for the
middle ear, this preliminary study has noninvasively correlated
power absorbance levels with the presence, type, and amount of
MEE. The power absorbance levels of mucoid MEEs were statis-
tically less than that of serous MEEs from 2.74 to 4.74kHz (p <
0.05). Furthermore, the power absorbance of the severe amount
MEEs was statistically less than that of the scant amount from 1.92
t0 3.27kHz (p <0.05). The correlations between the four subgroups
in Category 4 indicate that the large variance of the WAI measure-
ments in the 2 to 5kHz range may depend on the type and amount
of the MEE. In addition, the serous-scant MEE group showed no
statistical significance from the control group, suggesting that per-
haps power absorbance alone is not sensitive enough to detect early
stages of OM. As OCT can provide a higher sensitivity by nonin-
vasively detecting and assessing MEESs, studying abnormal WAI
measurements in conjunction with OCT may be a beneficial way to
better understand the complex acoustic responses of the middle ear.
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