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Abstract

Otitis media (OM), a common ear infection, is characterized by the presence of an accumulated middle ear effusion (MEE)
in a normally air-filled middle ear cavity. While assessing the MEE plays a critical role in the overall management of OM,
identifying and examining the MEE is challenging with the current diagnostic tools since the MEE is located behind the
semi-opaque eardrum. The objective of this cross-sectional, observational study is to non-invasively visualize and character-
ize MEEs and bacterial biofilms in the middle ear. A portable, handheld, otoscope-integrated optical coherence tomography
(OCT) system combined with novel analytical methods has been developed. In vivo middle ear OCT images were acquired
from 53 pediatric subjects (average age of 3.9 years; all awake during OCT imaging) diagnosed with OM and undergoing a
surgical procedure (ear tube surgery) to aspirate the MEE and aerate the middle ear. In vivo middle ear OCT acquired prior
to the surgery was compared with OCT of the freshly extracted MEEs, clinical diagnosis, and post-operative evaluations.
Among the subjects who were identified with the presence of MEEs, 89.6% showed the presence of the TM-adherent biofilm
in in vivo OCT. This study provides an atlas of middle ear OCT images exhibiting a range of depth-resolved MEE features,
which can only be visualized and assessed non-invasively through OCT. Quantitative metrics of OCT images acquired prior
to the surgery were statistically correlated with surgical evaluations of MEEs. Measurements of MEE characteristics will
provide new readily available information that can lead to improved diagnosis and management strategies for the highly
prevalent OM in children.
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Introduction OM can be clinically described by the presence of a middle

ear effusion (MEE), the accumulated middle ear secretion
Otitis media (OM), or a middle ear infection, is a common  in an aerated middle ear cavity, with common symptoms
pediatric disease caused by bacterial and/or viral pathogens  of ear pain (otalgia), feeling of ear fullness, and fever. The
associated with upper respiratory infections (URIs) [1, 2].  prolonged presence of the MEE can obstruct the middle ear
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vibratory system, leading to conductive hearing loss, which
may negatively impact speech and language development in
children. Primary treatment strategies include antibiotic pre-
scription for acute OM, and if indicated, surgical myringot-
omy with tympanostomy tube placement (M&T, or ear tube
surgery) for chronic and recurrent OM [3]. Myringotomy
creates an incision in the tympanic membrane (TM, or ear-
drum) to place a tympanostomy tube that can drain a persis-
tent MEE and aerate the middle ear. Around 31% of children
aged 3 to 17 years with frequent ear infections received M&T
in 2014 [4]. OM has an estimated US medical expenditure
of > $4 billion annually [5, 6] and M&T as a result of OM is
the leading cause of ambulatory surgery requiring a general
anesthetic during childhood in the USA [7].

Assessing MEEs is a key diagnostic challenge because
current middle ear diagnostic tools are limited in their ability
to provide direct measurement and visualization of MEE:s.
The presence of a MEE behind the TM needs to be confirmed
to establish a diagnosis of OM [8, 9]. MEEs can also be
clinically categorized into serous (watery and clear), mucoid
(mucus-containing), or purulent (pus-containing) types, and
can be assessed in terms of its relative fluid volume (air-fluid
level), such as scant or filling MEE. However, standard otos-
copy has an overall diagnostic accuracy of 50-70%, depend-
ing on physician experience and expertise [10, 11].

To improve the diagnostic capability by non-invasively
imaging the middle ear cavity, optical coherence tomog-
raphy (OCT) has been proposed and investigated for its
clinical utility during the past decade [12, 13]. OCT is
an optical analogue of ultrasound imaging and generates
depth-resolved cross-sectional images of tissue by detecting
light-echoes [14] and does not require contact with the TM
nor any impedance matching gel. OCT can provide multi-
dimensional images at a video rate with a depth resolution
of 2—10 um. Recent studies showed that MEEs can be visu-
alized with OCT in Pediatric, Primary Care, and Ear, Nose,
and Throat (ENT) outpatient clinics [15—17] and in an oper-
ating room during M&T [18, 19], with a reported accuracy
of 90.6% for detecting a MEE in pediatric patients [20].
Quantitative assessments allowed the estimation of relative
viscosity [21] and fluid level, which has been correlated with
the acoustic responses of the middle ear [15]. Non-invasive
detection of a thin bacterial biofilm affixed to the TM dur-
ing chronic OM has also been demonstrated [12, 18]. The
biofilm, composed of aggregated bacteria enclosed within
an adherent matrix, is thought to be responsible for ineffec-
tive antibiotic treatments, leading to the repeated episodes of
OM [22, 23]. The role of biofilms as a hallmark of chronic
and recurrent OM has been actively investigated [24, 25].

Though widely applied to various presentations of OM, a
systematic study that correlates OCT-based features of MEEs
with pre-operative and post-operative assessment to validate
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its clinical feasibility has not been performed. In this study, a
portable OCT system with a handheld probe has been devel-
oped to non-invasively characterize the MEEs in pediatric
subjects before and after M&T. Overall, this work has two
main objectives: (1) bridging optical information about the
MEEs with biologically and clinically validated information
and (2) expanding the OCT database of MEEs during OM,
all to further translate the OCT technology to otology.

Materials and Methods
Human Subjects and Sample Collection

Investigational oversight followed an approved protocol
from the Institutional Review Boards (IRBs) at both the
University of Illinois Urbana-Champaign and Carle Foun-
dation Hospital (Urbana, IL). Written informed consents and
assents (if eligible) were obtained from parents/legal guard-
ians and subjects. Pediatric subjects older than 12 months
undergoing M&T with intact TM were recruited for the
study from April 2019 to August 2020. Exclusion criteria
were subjects with tubes present bilaterally and subjects who
had M&T in the past 3 months. A total of 53 subjects (aver-
age age of 3.9 years) participated in the study.

In vivo middle ear OCT imaging and standard otoscopy
were performed 1 h prior to M&T in a pre-operative room
at Carle Foundation Hospital, adjacent to the surgery suite.
Note that the OCT imaging was performed while the sub-
jects were awake (before anesthesia). The handheld OCT
probe resembles a standard otoscope in shape and size
(Fig. l1a), and utilizes regular, disposable ear specula.
Each OCT imaging session required < 10 min per subject
(5 min/ear) to minimize interruption for surgery sched-
ules. For each subject, > 40 OCT frames (B-scans) cap-
tured around the light reflex region on the TM for each ear
were collected. All subjects sat on either an exam chair or
a parent’s lap. Two ENT specialists performed the M&T
procedures, and collected the MEEs using a Juhn Tym-Tap
middle ear fluid aspirator (Medtronic, Minneapolis, MN).
Each extracted MEE sample was freshly imaged again
shortly after in the Juhn Tym-Tap fluid container with the
same OCT system that had been used to acquire in vivo
middle ear OCT prior to the surgery. A photo of the gross
appearance of the MEE sample was acquired under con-
stant and consistent illumination and background, and a
rough volume of the MEE sample was estimated using
a graduated container. The samples were then stored
at— 80 °C until further testing. The pre- and post-operative
reports were obtained after the study to correlate with the
OCT-derived metrics.
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Handheld High-Resolution Optical Coherence
Tomography for Middle Ear

A custom-built, portable, handheld spectral-domain OCT
system was employed in the study. The system integrates
standard video otoscopy and OCT in a handheld probe. A
superluminescent diode (T-860HP; Superlum, Carrigtwo-
hill, Ireland) with a center wavelength of 860 nm and a
full-width-half-maximum (FWHM) bandwidth of 130 nm
was utilized, providing an axial and lateral resolution of
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extracted MEEs, where green indicates scant volume or dry. M&T:
myringotomy with tympanostomy tube placement, MEE: middle ear
effusion, pre-op: pre-operative, post-op: post-operative, qPCR: quan-
titative polymerase chain reaction, and RSOM: recurrent suppurative
otitis media

3.1 um and 20 pm, respectively. A spectrometer (Cobra-S
800; Wasatch Photonics, Morrisville, NC) with a 4096-pixel
line scan camera was used to generate an imaging depth
of approximately 2.9 mm at an A-scan rate of 32 kHz. A
microelectromechanical (MEMS) mirror (MTI-MZ; Mir-
rorcle Technologies, Richmond, CA) was used to provide
a lateral scanning range of approximately 2.5 mm. Simul-
taneous camera imaging (MU9PC-MH; XIMEA, Miinster,
Germany) was performed to visualize the TM as in stand-
ard otoscopy and to provide guidance while collecting OCT
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images. Detailed schematics of the OCT system can be
found in previous publications [26].

Quantitative Metrics for Middle Ear OCT Images

The OCT images were semi-automatically segmented to
detect the TM and TM-adherent biofilm, as well as the
MEEs, after the OCT images were median filtered and thres-
holded by the normalized image intensity (Fig. 3). The thick-
ness of the TM was computed assuming a refractive index
of 1.44 [27]. Next, a binary mask to select the TM, TM-
adherent biofilm, and MEEs was generated, and the relative
fluid level was measured using the segmented MEEs. The
ratio of the selected binary mask for the MEEs to the over-
all imaging depth in OCT was calculated to determine the
relative fluid level as a percentage (%). As the image can be
located at a slightly different depth, a total of 700 pixels in
depth was arbitrarily chosen to represent the overall middle
ear cavity that can be visualized with OCT for all images.

Texture analysis to assess the intensity distributions of the
MEEs was performed on regions of interest (ROI). Each ROI
had a width of 150 pixels and a length of 100 pixels in size,
equivalent to around 600 um by 290 pm (width by depth).
The raw intensity distribution (before log-compression)
within the ROI was fitted to the gamma distribution,
described by the following:

— L aa—1 —fx

Jx e, p) = F(a)ﬁ xe (1)
where alpha and beta represent the shape and scale param-
eter, respectively. The ratio (%) was computed and used to

represent the effective tissue scatterer density within the
ROIs [28, 29]. As the ROI was spatially moved across lateral
regions in each B-scan, the mean ratio of% was calculated.

The estimated attenuation coefficient was computed
along each A-scan, and a pseudo-color map was generated.
The optical attenuation coefficient was estimated by [30]

ulil v — 2
MY I @)

where I denotes the signal intensity, and A indicates the pixel
size. OCT-derived metrics (texture analysis and estimated opti-
cal attenuation coefficients) were calculated for both in vivo
and extracted MEEs. An additional metric, named a pocket
ratio, was developed to represent the ratio of more low-scat-
tering components (clear fluid or trapped air) of the extracted
MEE:s. For example, MEEs observed with OCT are highly het-
erogenous, containing different ratios of scattering and more
transparent components. The pocket ratio was calculated by
thresholding the estimated attenuation coefficients. A total of
200 pixels in depth from the top boundary of the extracted
MEE:s was selected as a ROI (Fig. 3b). Then, a binary mask was
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generated to convert and compute a ratio of the pocket (more
transparent region) to the selected region of interest. It is
hypothesized that the lower pocket ratio indicates a thicker
MEE with a greater amount of mucus.

Mechanical Viscosity Measurement

On the day of the biological and mechanical measurements,
the MEE samples were thawed at room temperature. For
MEE volumes greater than 70 pL, the viscosity of the MEE
samples was mechanically measured at room temperature
(22 °C) using a commercial rheometer (Merlin VR, Rheosys,
Princeton, NJ), under a biosafety cabinet. Measurements at
26 revolutions per minute (rpm) using the 2-degree cone/
plate following the manufacturer's protocol were used. The
viscosity was calculated from shear stress and shear rate
using the provided software (MICRA, Rheosys, Prince-
ton, NJ). No significant difference in the measured viscos-
ity of the MEEs was expected from one cycle of freezing
to— 80 °C and thawing, as a previous study with mucoid,
mucopurulent, and purulent sputum showed that the deg-
radation of the mechanical viscosity measurement can be
prevented by freezing and storage at—70 °C [31]. Since
the higher temperature results in a lower viscosity, the
viscosity of the extracted MEEs measured at 22 °C may
overestimate the viscosity of the MEEs present in the mid-
dle ear cavity. The viscosity was not measured at body
temperature (~37 °C) in this study to prevent evaporation
and dehydration of the samples that already comprised a
small volume.

Bacterial Load From Quantitative PCR

When the total volume of the sample was greater than
50 uL, DNA in the MEE was extracted and purified from
a 50-pL aliquot of the MEE samples using a commercial
QIAamp UCP Pathogen mini kit, following the manufac-
turer’s protocol. Genomic DNA of one of the OM-causing
strains, Pseudomonas aeruginosa (ATCC 49619, Manas-
sas, VA), was extracted from overnight cultures using the
QIAamp UCP Pathogen mini kit for calibration purposes.
DNA concentrations and purities were determined with a
spectrophotometer (GeneQuant 1300, GE Healthcare Life
Sciences, Piscataway, NJ).

Total bacterial loads were determined using a universal
bacterial primer [32]. The forward (5'-TCCTACGGGAGG
CAGCAGT-3" at 300 nM) and the reverse (5'-GGACTA
CCAGGGTATCTAATCCTGTT-3" at 300 nM) primers
were used. Purified DNA of P. aeruginosa in the range of
200 fg to 2000 ng was used to standardize the measurements.
Quantitative PCR (qPCR) was performed with a commercial
QuantStudio 7 Flex system (Applied Biosystems, Waltham,
MA) using 384-well plates in a reaction volume of 20 uL



In Vivo Optical Characterization of Middle Ear Effusions...

329

using Power SYBR Green PCR Master Mix (Thermo Fisher,
Waltham, MA). The conditions across all sample measure-
ments were 50° for 2 min and 95° for 10 min, followed by
40 cycles of amplification at 95° for 15 s and 60 °C for
1 min. The software supplied by Applied Biosystems was
used to analyze qPCR data. The reactions were triplicated,
and the mean values were determined.

Wright-Giemsa Stain on MEE Smears

When the volume of the MEE sample was not sufficient
for DNA extraction (<50 pL) and viscosity measurement
(<70 pL), or when the remaining MEE sample after ali-
quoting for the DNA extraction and viscosity measurement
was available, Wright-Giemsa staining (#9990710; Thermo
Fisher Scientific, Waltham, MA) was performed on MEE
smears to visualize immune cells, bacteria, and mucus in
the effusion by differential staining. The slides were exam-
ined under a standard brightfield microscope (Zeiss Axio
Observer D1; Zeiss, Oberkochen, Germany).

Statistical Method

All statistical analysis was performed in MATLAB R2017b
(MathWorks, Natick, MA). A two-tailed Student’s z-test
was used to compare the means of the measurements in two
groups. For comparing the means of measurements in more
than two groups, a one-way analysis of variance (ANOVA)
with a multiple comparison test was performed. The Tukey’s
honestly significant difference (HSD) test was performed to
further examine which specific groups were significantly
greater or less than one another, after ANOVA statistics
detected a significant effect (p <0.05). A significance level
(a) was set at 0.05 for all statistical analysis.

Results

A graphical overview of the study is illustrated in Fig. 1.
A total of 53 pediatric subjects (104 ears, average age of
3.9 years; 49% male) undergoing M&T were recruited for
this study. Clinical diagnoses of the subjects include various
subtypes of recurrent and chronic OM, such as chronic OM
with effusion (chronic OME), recurrent acute OM (RAOM),
and recurrent or chronic suppurative OM (persistent ear dis-
charge) without rupture [1]. RAOM is defined by at least
3 episodes of acute OM (AOM) in 6 months or at least 4
episodes in 12 moths with 1 or more episode in the previous
6 months [1, 9]. In vivo middle ear OCT was collected~1 h
prior to the M&T in the pre-operative room from 70 ears
out of 104 ears (67%). All subjects were awake and sitting
on a chair during OCT imaging. Some subjects were not
able to be imaged with OCT because (in order of decreasing

frequency): (1) parents or legal guardians only agreed to
provide the collected samples, not imaging prior to the
M&T; (2) subjects were not tolerant of otoscopic imaging
as determined by parents or legal guardians, physicians, or
research coordinators; and (3) delayed clinic schedules did
not allow additional time for pre-operative imaging. Out of
67% (70 ears) in which pre-operative OCT images were col-
lected, 15% (16 ears) had dry ears, determined by the sur-
geons who performed the M&T. The fresh, extracted MEE
samples were received immediately after M&T and imaged
using the same OCT instrument from 43 ears out of 104 ears
(41%). MEE samples were not collected from the remaining
61 ears either because they were dry (43 ears), or the MEE
samples were too thick (glue ear) and/or scant (18 ears) to
be extracted from the thin suction tube.

OCT Atlas of Middle Ear Conditions During OM

While individual middle ear conditions and compositions
of the MEEs may vary, quantitative structural information
of the MEEs can help in generating a new way of character-
izing the state of the diseases regarding the properties of
the MEEs. Figure 2a—c show representative OCT images of
the middle ear conditions prior to the M&T. The presence
of the TM-adherent biofilm (ranging from 50 to 200 um
thick in Fig. 2a, c), the air-MEE boundary, and different
textures and features of the MEEs can be assessed and visu-
alized. Under OCT, serous MEE:s are characterized by more
particulate-like scattering features in a darker background,
whereas mucoid MEEs are presented with more uniform
and densely scattering materials. The air-MEE boundary is
hypothesized to correlate with relative fluid volume. For
example, the middle ear in Fig. 2a may contain serous MEE
and have less fluid volume than those in Fig. 2b, c. Standard
otoscopy (bottom right insets) cannot provide the same level
of detailed visualization and quantitative information for the
middle ear contents behind the TM.

To better appreciate the broad range of the MEEs
observed across these 70 ears, an atlas of in vivo middle ear
OCT was generated. In Fig. 2d, the horizontal axis indicates
the relative fluid level (volume) of the MEEs from scant
to filling, whereas the vertical axis represents the relative
optical turbidity that can categorize the MEEs, from serous
to mucoid type. Varying sizes of particulate features in the
serous MEEs are also shown (white arrowheads), and dif-
ferent morphologies of the TM-adherent biofilms are high-
lighted by yellow arrowheads in Fig. 2d.

Development of Quantitative OCT Metrics
Figure 3 describes the custom-developed OCT metrics for

the in vivo middle ear and the extracted MEEs. The binary
mask to select the TM, TM-adherent biofilm, and MEE
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Fig.2 OCT atlas of middle ear conditions in recurrent and chronic OM.
Representative OCT and otoscopy (bottom right inset) of a 4-year-old
female diagnosed with recurrent OM (ROM), b 17-year-old female
diagnosed with recurrent acute suppurative OM (RASOM) without rup-
ture, and ¢ 1-year-old female diagnosed with chronic OM with mucoid
effusion (OME). The white dotted line on the otoscopy surface image
indicates the scanning region of OCT. d Middle ear OCT atlas of OM.
Clinical diagnoses and subject ages are shown in the top right corner of

was generated based on the normalized image intensity
and depth profiles. The relative fluid level (%) was cal-
culated using the ratio of the binary mask in depth to the
partial middle ear cavity that can be visualized with OCT.
Next, texture analysis (a/f) was performed in selected
regions of interest by fitting the OCT intensity distribu-
tion to a gamma distribution. The estimated optical attenu-
ation was computed to examine the signal decay along the
depth [30], which can be used to assess the reflectivity and
heterogeneity of the optical scattering properties. While

@ Springer

Relative fluid level

Filling

each image, and the blue framed images indicate that no obvious bound-
ary of the TM-adherent biofilm is visualized with OCT. Yellow arrow-
heads indicate varying thickness of TM-adherent biofilms, and white
arrowheads show different sizes of particulate features in the serous
MEEs. TM: tympanic membrane, MEE: middle ear effusion, ROM:
recurrent OM, and RAOM.: recurrent acute OM

the MEE is generally categorized into serous and mucoid
type in the current clinical management of OM, OCT of
the extracted MEEs revealed a third category (‘combined’
type), containing optical properties of both the serous and
mucoid MEEs. A pocket ratio represents the ratio of more
transparent components (i.e., water) within the MEEs,
compared to more dense materials (i.e., mucus). A lower
pocket ratio (%) indicates a higher content of optically
dense materials, such as mucus and biofilm, and high
homogeneity of the sample.



In Vivo Optical Characterization of Middle Ear Effusions...

331

a
Biomarker Eardrum inflammation Fluid volume Fluid density Fluid type Chronic/recurrent OM
?O OCT feature Eardrum thickness Fluid level Texture analysis (/f3) Optical attenuation Middle ear biofilm

ol

In vivo middle ear images 2
i
= § Biofilm
T

Scant fluid

200 ym

1 2 3 4 5 6 7 8
Estimated attenuation
coefficient (mm-?)

Negative/undetermined

Biomarker Fluid density + homogeneity

Fluid type Relative composition

OCT feature Texture analysis (a/B)

Optical attenuation Pocket ratio

5
4
B @ i = Serous Serou_s ———
3 i =3 Mucoid 4 Mucoid s
@ 3; =3 Combined — Combined
(%]

OCT of extracted MEE

Pixel count (x10%)

Combined Mucoid

Fig. 3 Illustration of the OCT-derived quantitative metrics in the mid-
dle ear. The left-most column indicates representative OCT of a in vivo
middle ear and b extracted MEE. Each OCT feature is indicated and
linked to the potential biomarker in OM. In b, regions of interest (red
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In Vivo Optical Middle Ear Characterization

To determine the diagnostic feasibility of non-invasive OCT
imaging prior to M&T, the quantitative OCT metrics were
correlated with the pre-operative diagnosis and post-operative
reports. The optical attenuation coefficient was the most
effective parameter for statistically differentiating the serous
from the mucoid MEEs (p=0.0015 based on pre-operative
diagnosis and p=0.0004 based on post-operative report, in
Fig. 4a). There were four cases (ears) pre-operatively diag-
nosed with serous OM, but mucoid MEEs were identified dur-
ing the M&T. Interestingly, OCT of these four cases showed
the presence of serous-like MEEs near the TM (anteriorly,
yellow arrows in Fig. 4), whereas a thicker substance was
found > 0.5 mm deeper (posteriorly, white arrows in Fig. 4)
inside the middle ear cavity. This may explain the discordance
between pre-operative diagnosis and surgical interpretation
of the MEEs, and reaffirms the diagnostic challenge using
otoscopy-based methods due to the lack of depth-resolved
visualization. We believe that the thicker substance (white
arrows) is likely the bulk biofilm biomass, which can build
up and move around in the middle ear cavity as the disease

0 04 08
Normalized intensity

w

~

=

Attenuation coefficient (mm)

o

Depth (pixels)

where the texture analysis was performed by fitting distributions of the
normalized intensity. The estimated optical attenuation coefficient was
calculated and pseudo-colored to highlight different types of the MEEs,
and to indicate the pocket ratio in the extracted MEEs

progresses. In addition, this suggests that the in vivo mid-
dle ear contents can be highly heterogeneous, where sub-
categorization of MEE types might be beneficial. The ears
with bilateral OM often exhibited similar OCT characteris-
tics of the middle ear contents, as expected, with an example
shown in Fig. 4c. The thickness of the TM-adherent biofilm
was greater with the presence of mucoid MEEs than with
serous MEEs, with a marginal significance (p =0.0407). The
thicknesses of the TM-adherent biofilm and the TM were not
statistically correlated within the type of chronic OM (i.e.,
recurrent acute suppurative OM compared to chronic OM),
while a previous study [13] showed significant differences in
the overall thickness of the TM when comparing chronic OM
to that of normal ears and ears with acute OM.

Next, the fluid level (%) non-invasively estimated from
OCT was correlated with the fluid volume described in the
post-operative reports (dry, scant, and filling MEEs) and
shown in Fig. 4e. Note that this study was not designed as
interventional so surgeons were not informed of this esti-
mate prior to surgery, and the surgeons may perform and
surgeons may perform myringotomy for short-term ventila-
tion of dry middle ears. The OCT-estimated fluid levels in
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Fig.4 Comparison of the quantitative OCT parameters from the
in vivo middle ear and the clinical evaluations. a Comparison of the
estimated optical attenuation coefficient between serous and mucoid
MEE:s following pre-operative diagnosis. *When following post-operative
report, p=0.0004. b OCT of pre-operatively diagnosed with serous
OM, but mucoid MEEs were post-operatively identified. Yellow arrows
indicate serous-like MEEs, whereas white arrows indicate bulk tissue-
like materials. ¢ Subject with bilateral recurrent acute OM (RAOM)
showing similar heterogeneous characteristics of the MEEs between

these groups were statistically different (p <0.0001), where
the scant group showed a statistically higher estimated fluid
level than that of the dry group, while showing a statis-
tically lower estimated fluid level than that of the filling
group. The estimated fluid level was also compared with
the measured fluid volume (uL) of the collected MEEs, as
shown in Fig. 4f. Note that the entire MEE volume may not
have been aspirated during M&T, and it was not practical
to non-destructively recover the entire sample content from
the suction trap after the M&T. Nonetheless, these results
suggest that the cross-sectional OCT B-scans may provide a
means to non-invasively estimate the relative MEE volume.

Optical Characterization of the Extracted Middle Ear
Effusions

Immediately after M&T, the extracted MEEs were imaged
using the same OCT system as well as a standard smart-
phone camera (iPhone7, Apple, Cupertino, CA). The OCT
of the extracted MEEs revealed more comprehensive infor-
mation than in vivo OCT, as direct optical measurement
of the MEE was possible without the TM and without the
spatial and angular dependence of the probe imaging in the
ear canal, which can decrease the signal-to-noise ratio (see
Fig. 4c). However, the extracted MEEs no longer represent
the in vivo conditions in the middle ear due to the surgical
aspiration procedure. Representative OCT images indicating
each type of the extracted MEEs are shown in Fig. 5a.
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right and left ears. Bottom right insets represent otoscopy and standard
digital camera view of the TM and the extracted MEE, respectively.
d Comparison of the TM-adherent biofilm thickness between ears with
serous and mucoid MEEs. e The estimated fluid level compared with
the post-operative report. f Plot of the measured MEE volumes after
the M&T with the estimated fluid level from in vivo OCT. The larger,
bold markers indicate the averaged OCT metrics from three representa-
tive OCT B-scans from each ear, whereas the smaller markers indicate
OCT metrics from each OCT B-scan

The serous MEE group was determined based on the
post-operative interpretations of the extracted MEEs by
the surgeons. The remaining datasets were all described as
mucoid type on the surgical report; however, these data-
sets were further divided into the mucoid (homogeneous,
likely mucus) and combined (heterogeneous containing both
serous- and mucoid-like features) types. The serous MEEs
were the least common type in this study, and were found
from the statistically older pediatric subjects (Fig. 5c). These
findings agree with a previous study [33]. In Fig. 5d, the
custom-developed OCT metrics of the three MEE types are
plotted. The larger, bold markers indicate the averaged OCT
metrics from three representative OCT B-scans from each
ear, whereas the smaller markers indicate the OCT metrics
from each OCT B-scan. The averaged OCT metrics were
used for the statistical analysis because the middle ear con-
tents can be heterogeneous in the middle ear cavity. The
statistical analysis revealed that the estimated attenuation
coefficient (p =0.008) and the pocket ratio (p=1.32e —04)
can differentiate the serous from non-serous MEE type, and
the pocket ratio can further distinguish the mucoid MEE
from the combined MEE type (p =4.05e — 04; Fig. Se).

OCT to Estimate Relative Viscosity of Effusions
Since the clinical interpretations of the MEE types (serous

and mucoid) are associated with the relative viscosity,
mechanically measured viscosities of the extracted MEEs



In Vivo Optical Characterization of Middle Ear Effusions...

333

b C e
25
g _ p=0.008 25
—6 i -
= £ !
g4 E 2 ' > -
F e ' =
22 8 15
. 815 .
Serous Mucoid Combined ] Q -
d < 1
50 |
Os 5 6 T
6 erous (;o ey g : 6
e T /\ Mucoid °8 = b
X f X,
= Combined o E
g 30 ° s 4 [ 4
© o g -~ :
< o El
T 204 2 4 2
S ¥ o p <0.001
° ° S TP <" <0.001
Combined R & o 3 % 40 W0 p
LS —
on -<] ‘r-u‘ -T
= . 04 s < p i@ o 20 I 20
0 q g < 3 < 2 s El
S —
5000 4 < o=
o/B 1.5 1 =
10000 55 2 : Serous Mucoid + Mucoid Combined

Fig.5 Three different subtypes of extracted MEEs from the M&T.
a Representative OCT of the extracted MEEs observed immediately
after the M&T. Bottom right insets show standard camera photo-
graphs. The distribution of b the collected MEE types and ¢ the sub-
ject age in each MEE type. d The custom-developed OCT metrics are

were compared with the OCT-derived parameters. The num-
ber of samples was limited because not every extracted MEE
resulted in sufficient volume (> 70 uL) for the mechanical vis-
cosity measurement. Thus, the extracted MEEs were divided
into more mucoid (n=10) and less mucoid (n=2) groups
using a thresholding viscosity (1000 cP) that can statistically
separate the two groups. All samples included in this analy-
sis were categorized as the combined type. The OCT-derived
metrics, particularly the pocket ratio and the estimated attenu-
ation coefficient, were able to statistically differentiate the
viscosity group. This is likely because the two parameters
are more sensitive in detecting differences between optically
transparent and dense materials, which may also contribute
to the differences in the mechanical viscosity.

The estimated optical attenuation coefficients from both
in vivo and extracted MEEs were available from 23 ears, and
were compared between the MEE types (serous and mucoid)
determined by the post-operative reports, shown in Fig. 6c.
A similar trend of higher attenuation coefficients in mucoid
MEEs was found, suggesting that this metric may be sen-
sitive to OCT acquired from both in vivo middle ear and
extracted MEEs. However, one case (yellow arrow) contain-
ing the scant serous MEE in vivo showed the additional bulk
materials in the extracted MEEs, which resulted in greater
optical attenuation coefficient from the extracted MEEs.

Wright-Giemsa staining was performed with the remain-
ing MEE. The smeared and stained effusion samples were
inspected under a standard brightfield microscope, and the
OCT of in vivo middle ear and the extracted MEEs were

Attenuation Coeff. (mm?)

(n=7) Combined (n=36) (n=8) (n=28)

plotted for different types of the MEEs. Larger, bold markers indicate
averaged metrics from three representative OCT B-scans in each ear,
whereas smaller markers are plotted from each OCT B-scan. e Statis-
tical comparison of each OCT metric in MEE subtypes

compared, as shown in Fig. 6d. The stained images indi-
cate the presence of various immune cells (green arrow)
and mucus (blue arrow), as well as clusters of bacteria (red
arrow). While OCT cannot provide the specific, biochemi-
cal information on different components in the MEEs, high
structural similarities in OCT and Wright-Giemsa-stained
images might explain why the OCT-derived parameters
are relevant to the clinically meaningful properties, such as
viscosity.

Next, total bacterial loads in the extracted MEE samples
were compared with the OCT-derived parameters. It was
hypothesized that the dense, uniform textures of the MEEs,
indicated by the greater a/f ratio from the texture analysis,
will indicate high mucus content with less bacteria present.
However, while a few samples followed this hypothesis, the
OCT parameters were not statistically correlated with the
measured amount of bacterial DNA in all samples. This is
not entirely unexpected because a single bacterium and small
clusters of bacteria in highly heterogeneous samples are not
resolvable with the current system resolution of OCT.

Proposed Decision Tree Using Middle Ear OCT Images

Based on the wide variety of in vivo middle ear OCT
images and the capability of generating quantitative infor-
mation on MEEs, a decision tree is proposed in Fig. 7.
To reflect the current clinical guidelines [3, 9, 34, 35],
the OCT images are first divided using the presence or
absence of a MEE. The middle ear conditions can then
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Fig.6 OCT-derived parameters correlated with mechanically meas-
ured viscosity and clinical interpretation of the MEEs. a Correla-
tion map of the three OCT-derived parameters with the measured
viscosity group. b Plot of the OCT-derived parameters from OCT of
the extracted MEEs. ¢ Plot of the estimated attenuation coefficients
calculated from the in vivo OCT and OCT of the extracted MEEs.

Yellow arrow shows an outlier where in vivo OCT did not show addi-

be subdivided into scant and filling MEESs, determined by
the air-MEE boundary in the depth-resolved OCT images.
Next, the MEEs can be divided into serous or mucoid
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tional bulk materials located deeper in the middle ear cavity, and thus
showing greater attenuation coefficient from the extracted MEEs.
d Comparison of in vivo OCT, OCT of the extracted serous MEE, and
Wright-Giemsa-stained MEE. White arrows indicate the presence of
serous MEE in OCT, and green, blue, and red arrows show immune
cells, mucus, and cluster of bacteria, respectively

types. Lastly, the presence of a TM-adherent biofilm can
be considered, which may indicate a more chronic state
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Fig.7 A decision tree of middle
ear OCT during OM, depend-
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Discussion

In this study, varying presentations of OM-related middle
ear contents were captured in vivo and assessed using the
custom-developed, handheld OCT system and algorithms
to correlate optical images with clinically validated infor-
mation. Among 104 ears from 53 subjects (average age of
3.9 years), in vivo imaging was performed on 70 ears (67%),
and the effusions from 54 ears were analyzed using OCT
images. When MEEs were identified, the presence of a TM-
adherent biofilm was identified from most ears (89.6%). The
estimated optical attenuation coefficients from OCT images
differentiated the types of MEEs, which showed agreement
with surgical interpretation of the MEEs.

Previous studies have biologically characterized the
extracted MEEs after M&T to understand the pathogenesis,
recurrence, and susceptibility of otopathogens responsi-
ble for OM. For example, studies have shown that serous
MEE may indicate shorter duration of OM than mucoid
MEE [36], and may correspond to better medical outcomes
than mucoid MEE [37]. The capability of estimating the
fluid volume may help determine treatment strategies, as
the greater volume will affect hearing, indicating immedi-
ate interventions [38, 39], and may be associated with the
recurrence rate after M&T [40]. Nevertheless, physicians
currently do not have sufficient access to such information,
and thus integrating the above research findings into clinical
practice is challenging. Furthermore, the presence of middle
ear bacterial biofilms has been identified in recurrent acute
OM (RAOM), chronic OM, and chronic OM with effusion
(COME) [22-25], while comprehensive understanding of
biofilm-related pathogenesis for different subtypes of OM is

still largely unknown, partly due to the lack of non-invasive
detection techniques that can enable in vivo and longitudinal
investigations. Thus, the ability to directly examine in vivo
MEE and biofilm characteristics demonstrated in this study
will facilitate understanding of the heterogenous MEE types
and their impacts on the medical outcomes of OM, leading
to personalized clinical management and biofilm-related
in vivo research investigations.

Among the subjects who were scheduled for M&T and
were identified with the presence of MEEs in in vivo OCT,
89.6% showed the presence of the TM-adherent biofilm,
again reasserting the role of bacterial biofilms in chronic
and recurrent OM. In addition, this number is likely under-
estimated because only the biofilm adhered to the TM was
considered, as determined by OCT. The presence of the TM-
adherent biofilm was not biologically validated in this study;
however, our previous studies have confirmed that the thin,
highly scattering layer adhered to the TM, which can be
detected by OCT, is bacterial biofilm [18, 41]. While no
statistical relationship between the OCT-derived parameters
and the total bacterial load in MEEs was found, similarities
between the OCT and Giemsa-stained MEE images imply
that OCT has the potential to non-invasively provide detailed
structural characteristics of the MEEs containing various
immune cells, mucus, and biofilm.

One major strength of this study is the correlation between
in vivo middle ear OCT acquired 1 h prior to M&T and
OCT of the freshly extracted middle ear contents. Quantita-
tive analysis showed that the in vivo middle ear OCT met-
rics exhibited high correspondence with the post-operative
assessment of the MEEs, suggesting that in vivo OCT data,
which captures microstructures adjacent to the TM and a
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few millimeters behind, can be representative of the MEEs
in the middle ear cavity. Compared to otoscopy-based esti-
mation of air-fluid level, quantifying the relative fluid level
using OCT will offer an additional dimension of the MEEs in
depth and other optical scattering characteristics. Over time,
with acquisition of additional data, the OCT device will be
able to provide a useful grading system [40] that assesses the
likely viscosity, quantity of fluid, and degree of biofilm. With
additional clinical studies, this grading system can further be
linked to patient outcomes and help predict which patients
are more likely to benefit from M&T placement, and which
patients may more likely resolve their MEE with a period of
watchful waiting. A follow-up study to investigate the long-
term outcomes of the combined MEE type compared to the
mucoid MEEs in chronic and recurrent OM is ongoing.

There are several challenges that need to be discussed
for future studies. First, the limited volume of the extracted
MEEs made it challenging to measure mechanical viscosity
and bacterial load. A microfluidic device that can measure
viscosity may be an alternative option for smaller volumes
of MEEs. Second, the limited imaging depth of OCT may
not represent the entire middle ear cavity. Development of
high-speed, long-range, swept-source-based OCT at longer
wavelengths that enable real-time volumetric imaging of the
middle ear will be beneficial for many clinical imaging stud-
ies, including longitudinal investigations, and to visualize
a greater extent of the ossicles and mucosa deeper in the
middle ear cavity. Though blood-dominated MEE samples
were excluded, the presence of blood from M&T might have
affected the measurements with the extracted MEEs. Lastly,
a greater number of subjects with serous MEEs is needed.
In the future, quantitative metrics will benefit from machine
learning-based approaches [16, 17] to further characterize
middle ear content and interpret the OCT images. In addi-
tion, our recent studies [42, 43] combining OCT with Raman
spectroscopy (RS-OCT) has shown promise for differentiat-
ing bacteria-based OM from viral OM, which can further
impact the clinical decision-making process.

With development of low-cost and compact OCT devices,
OCT can be utilized as a longitudinal imaging tool to moni-
tor OM progression and treatment response [19, 41]. While
not yet considered in the clinical management of OM, the
extended information about the middle ear contents (sub-
types and relative volume of MEEs and TM-adhered bio-
film) can potentially help clinical management in the future,
and may dramatically improve the diagnostic tools avail-
able in Pediatric, Primary Care, and ENT clinics. For exam-
ple, understanding and defining the treatment failures of
AOM [44] can be quantitatively described by MEE character-
istics, in addition to symptoms. Another possibility is to help
establish consensus guidelines for M&T in recurrent acute
OM [45] by correlating a recurrence rate with the OCT-derived
biomarkers in MEEs and middle ear biofilms after M&T

@ Springer

or antibiotic treatment. Overall, this work demonstrated the
potential clinical utility of middle ear OCT imaging technol-
ogy and generated an atlas of middle ear OCT in OM, which
will be utilized in future studies to help develop personalized
medicine approaches for OM.
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