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Eustachian tube dysfunction can cause fluid to collect
within the middle ear cavity and form a middle ear effu-
sion (MEE). MEEs can persist for weeks or months and
cause hearing loss as well as speech and learning delays in
young children. The ability of a physician to accurately
identify and characterize the middle ear for signs of fluid
and/or infection is crucial to provide the most appropriate
treatment for the patient. Currently, middle ear infections
are assessed with otoscopy, which provides limited and
only qualitative diagnostic information. In this study, we
propose a method utilizing cross-sectional depth-resolved
optical coherence tomography to noninvasively measure
the diffusion coefficient and viscosity of colloid suspen-
sions, such as a MEE. Experimental validation of the pro-
posed technique on simulated MEE phantoms with vary-
ing viscosity and particulate characteristics is presented,
along with some preliminary results from in vivo and
ex vivo samples of human MEEs.

In vivo Optical Coherence Tomography (OCT) image of -~
a human tympanic membrane and Middle Ear Effusion
(MEE) (top), with a CCD image of the tympanic mem-
brane surface (inset). Below is the corresponding time-
lapse M-mode OCT data acquired along the white dotted
line over time, which can be analyzed to determine the
Stokes—Einstein diffusion coefficient of the effusion.
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1. Introduction

A middle ear effusion (MEE) is a collection of fluid
within the middle ear, and is indicative and charac-
teristic of inflammation in the ear. An effusion com-
monly results from the blockage, constriction, or
dysfunction of the Eustachian tube commonly asso-
ciated with otitis media (OM), or middle-ear infec-
tion. This dysfunction causes negative pressure to
develop in the middle ear cavity, which draws out
fluid from the surrounding middle ear and mastoid
tissue. At least 75% of children under 3 years of age
have experienced some form of OM and MEE [1].
Depending on the infectious conditions of the ear
and the immune response of the body, MEEs can
become increasingly purulent and mucous-filled. Ty-
pically, MEEs can persist for weeks or months, and
can eventually lead to the formation of a “glue ear”,
or a thick, mucoid effusion. The altered viscosity of
a MEE prevents efficient clearance by middle-ear ci-
lia [2], and likely is related to repeated episodes of
OM [3].

It is therefore critical to accurately diagnose and
characterize the many different presentations of
OM, including MEEs, to ensure that appropriate
and sufficient treatment is provided to the patient.
Generally, MEEs may be serous or mucoid, can
eventually become purulent [4], and may present
with a host of other OM related symptoms (e.g. in-
jection, inflammation, or pain). Clinically, MEEs can
cause varying degrees of hearing loss in the short
term. In the long term, MEEs can cause even more
serious complications such as structural damage to
finer structures in the middle ear, and speech or
learning delays if left untreated. Prescribing an effec-
tive treatment for MEEs is difficult, as antibiotics
may not immediately clear an effusion, and surgery
may be an unnecessary risk if there is not sufficient
cause for concern (e.g. hearing loss, speech delay,
damage to middle ear bones, persistence for longer
than 3-6 months, etc.) [S, 6]. However, the persis-
tence and prevalence of OM is the reason why it is
one of the most common surgically treated condi-
tions in children under anesthesia [7, 8].

The presence and the degree of severity of a
MEE is not always clear when observed with stand-
ard otoscopic methods, which is why pneumatic oto-
scopy is often cited as the “gold-standard” to assess
the presence of MEEs [5], although rarely per-
formed in practice. Tympanometry and acoustic re-
flectometry techniques are also useful to help identi-
fy MEEs [9-11], but are recommended to be com-
pared alongside pneumatic otoscopy results. Tympa-
nocentesis, the removal of a MEE by aspiration
through a needle, can be performed to remove and
directly examine a MEE [12], but it is rarely per-
formed in most primary care clinics as it is consid-
ered an invasive procedure that carries additional

risk to the patient. Ultrasound-based methods for as-
sessing for the presence of a MEE have excellent ac-
curacy [13], but lack the ability to spatially resolve
middle ear biofilms, and typically require unob-
structed water-based coupling through the outer ear
canal. As a result, there is an unmet need for a tech-
nique in the clinician’s toolbox that can visually
identify and quantitatively characterize a MEE, as
well as assess the middle ear for infection noninva-
sively and in vivo.

Presented here is the application of an optical co-
herence tomography (OCT)-based dynamic light
scattering (DLS) technique for an objective assess-
ment of MEEs. DLS is a widely applicable technique
in many fields, including medicine [14, 15] and bio-
physics [16, 17], and is used to determine the Stokes—
Einstein (S-E) diffusion coefficient of particles un-
dergoing Brownian motion by analyzing the inten-
sity-autocorrelation of the light scattered from the
diffusing particles. Since the backscattering cross-
section is the primary source of contrast in OCT,
DLS measurements can be readily performed using
OCT data [18-24]. While these measurements can
also be made using low-coherence interferometry
(non-scanning OCT), the combination of cross-sec-
tional OCT images and DLS measurements of a
MEE can be used to rapidly identify spatial non-uni-
formities across the tympanic membrane (TM) and
MEE, compared to the single depth scans provided
by LCI (non-scanning OCT). In this study, we pre-
sent the application of OCT-based DLS measure-
ments to observe MEEs in vivo and characterize
their physical properties, such as viscosity. The pro-
posed method is first validated by estimating the
S-E diffusion coefficient of suspensions of varying
viscosities and particulate characteristics, as well as
phantoms developed to mimic OM with MEE. Final-
ly, this method is used to characterize several in vivo
and ex vivo MEE samples from human subjects.

2. Methods and materials

2.1 Portable, handheld, optical coherence
tomography system

The portable, handheld, OCT system used in this
study was developed in-house for clinical use, and is
shown in Figure 1. The system has a broadband op-
tical source (Superlum) centered at 860 nm with a
bandwidth of approximately 135 nm full width at
half maximum (FWHM). The axial and transverse
resolutions of the system are 2.4 pm and 15 pm, re-
spectively, in air. Each cross-sectional image (B-
scan) is 2048 pixels in depth, given by the line scan
camera-based spectrometer (Wasatch Photonics,
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Figure 1 Handheld optical imaging system utilizing OCT.
System is designed to be portable and can be easily trans-
ported to and from clinical sites. Handheld probe utilizes in-
terchangeable tips to allow for both a wide field-of-view dur-
ing benchtop imaging as well as compatibility with speculum
tips used during human subject imaging. Inset: Handheld
probe in a mounted configuration used to take measure-
ments of phantom samples and aspirated ex vivo middle ear
effusions.

Basler), with 1000 adjacent columns (A-lines), col-
lected at a frame rate of approximately 30 frames
per second (FPS). Transverse beam scanning for ac-
quiring B-scans was performed using a MEMS scan-
ning unit (Advanced MEMS). To collect DLS data,
a non-scanning (low-coherence interferometry) con-
figuration was used, with the beam incident on the
sample. Subsequently, a commercial USB video oto-
scope (Welch Allyn) was used to collect high resolu-
tion surface images of the TM. Further details about
the system dimensions and specifications can be
found in earlier publications [25, 26].

M-mode (repeated A-lines acquired at a fixed
transverse position over time) OCT data was obtained
from the microparticle suspensions and MEE phan-
toms by fixing the probe in a mounted configuration
(Figure 1, inset). Before imaging, all samples were al-
lowed to equilibrate to room temperature, approxi-
mately 25 °C, to reduce the unwanted effects of stir-
ring or turbulence from sample handling. Twenty se-
quential M-mode images, each consisting of a total of
4,000 sequential A-lines (each A-line taken at a 31 ps
exposure) were acquired from each of the samples.

The handheld probe illuminates the TM with a
2.5mW beam. Taking into account the dwell time
needed for each of these non-scanning measure-
ments (124 ms) and the central wavelength of
860 nm, our system provides a radiant exposure to
the TM that is approximately 420 times lower than
the ANSI Maximum Permissible Exposure (MPE)
limit for skin [27]. This optical exposure is further
reduced during normal OCT imaging, as the beam
rapidly sweeps over tissue at approximately 30 FPS,
with far less single-point dwell time. This system,
therefore, operates well below the ANSI MPE limit
in either mode.

2.2 Microparticle suspensions and middle
ear phantoms

To calculate an accurate value of the diffusion coef-
ficient, particles undergoing Brownian motion at a
known temperature and in a medium of known
properties, including refractive index and viscosity,
were needed. Therefore, to independently study the
effect of particle size and viscosity on the S-E coeffi-
cient, two sets of three microparticle suspensions
were created. For the first set, to vary the particle
size, suspensions of non-functionalized polymer mi-
crobeads (Bangs Labs) of three different average
diameters, 0.54 pm, 1.14 pm, and 1.73 pm, were pre-
pared by mixing the microparticles in distilled water.
The second set was prepared by mixing 1.14 pm mi-
crobeads in three different water-glycerol mixtures
(90710, 70/30, 50/50, %vol/vol), to obtain suspensions
of varying viscosity. To ensure accurate mixing ra-
tios, stock solutions of the water-glycerol mixtures
were first created using a large diameter syringe to
pipette glycerol, which was then diluted down to
meet the specified mixture parameters [28]. Micro-
particles were subsequently added to form the sus-
pension and were thoroughly mixed with a standard
touch vortex mixer for approximately two minutes.
Two types of phantoms were created to simulate
the in vivo conditions of two infections by varying
the viscosity of the MEE and the overall appearance
and thickness of a simulated biofilm. A biofilm is de-
fined as an group of bacterial micro-organisms with-
in a self-produced extracellular polymer matrix that
has been found affixed to the TM and middle ear
mucosa and is commonly found in chronic or recur-
rent OM [7, 26, 29]. The phantoms were created
using two of the same microparticle suspensions de-
scribed previously using 1.14 ym microbeads and
water-glycerol mixtures (90/10 and 50/50, %vol/vol).
Thin plastic sheets typically used in a head/ear train-
ing model for pneumatic otoscopy exams (Nasco)
were used as a TM phantom, and petroleum jelly
was used as a moderately scattering biofilm phan-
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tom. These phantoms were used to ensure that it
would be possible to recover the diffusion coefficient
in a more complex, multi-structured sample.

2.3 Algorithm requirements and testing

For this study, a reformulated version of the tradi-
tional method of cumulants [30] was used, which is
one of the most commonly used technique for data
analysis in DLS. In the method of cumulants, the in-
tensity autocorrelation function of the scattered light
is expressed in terms of a distribution of decay rates.
Since this formulation takes into account the varia-
bility in the decay rate of the sample, and the fitting
is performed around the mean utilizing the moments
of the autocorrelation function, it is generally more
robust to noise in the data [30].

Figure 2 describes how the S-E diffusion coeffi-
cient is calculated for a sample. First, the raw spec-
tral domain M-mode OCT data is resampled to be
linear in wavenumber (k), and processed with a cus-
tom dispersion correction and FFT algorithm [31].
Next, the temporal intensity autocorrelation function
is calculated for each depth over a user-specified
depth range:

g% () == (1)

Then, an average of the resulting autocorrelation
functions is taken over repeated measurements to
calculate a mean value for each depth. This helps to
reduce the inherent statistical variation otherwise
present. This data is then fit using the method of cu-
mulants to estimate the parameter I' = Dg*. The
parameter I, called the decay rate, characterizes the
rate of decay of the intensity autocorrelation func-
tion. The expression for I” contains see both the (S-E)
K,T
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fined as the scattering angle. These parameters are
used to fit the data according to:

scanning parameter g = , where 0 is de-
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The intensity autocorrelation of a suspension of
higher viscosity decays at a slower rate (has smaller
I') than a suspension of lower viscosity. This means
that in general, more viscous MEEs would be char-
acterized by a smaller value of I', compared to less
viscous MEEs.

If we assume that the directly backscattered light
from the sample (0 = 180°) is collected with OCT,

. (0 . .
the sin <§> term becomes unity and the expression

. o 4nn
for the scanning parameter simplifies to ¢ =

Once q is known, an average value and standard de-
viation can be estimated for the diffusion coefficient
D (cm?/s). If D is accurately estimated and the parti-
cle size r is known, 7 can then be determined. When
imaging in vivo, data for analysis was collected from
regions near the TM-MEE interface. This site selec-
tion helped to standardize data analysis between
subjects by identifying a common feature, and
helped reduce the contribution from multiple scat-
tering effects that can alter the detected decay time
(18, 32].

2.4 Clinical human subject imaging

Clinical imaging and data acquisition was performed
under a protocol approved by the Institutional Re-
view Boards of Carle Foundation Hospital in Urba-
na, IL and the University of Illinois at Urbana-
Champaign, and under the supervision of the attend-
ing surgeon and staff. Human subjects with chronic
OM and in need of surgical placement of tympanos-
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o
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Figure 2 Data analysis and processing flow: (Left) Starting with time-lapse axial depth scans (A-lines), a depth is selected
and the intensity autocorrelation decay curve (Blue) is calculated (center). The analytical expression for the second order
intensity autocorrelation is fitted (Red) to the experimentally obtained temporal intensity autocorrelation data (Blue) to
estimate the diffusion coefficient D. M-mode OCT scale bar is approximately 200 ym in depth. g® (7): averaged temporal
intensity-based autocorrelation function, D: Stokes—Einstein diffusion constant and g: scanning parameter as defined in the
text.
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tomy tubes to treat their infection as per the stand-
ard-of-care participated in this study, following in-
formed consent.

The subjects were imaged in the surgical suite
with a handheld OCT probe (Figure 1). If present,
effusions were first imaged in vivo immediately after
the induction of anesthesia, but prior to myringo-
tomy (incision in the TM) and tympanostomy tube
placement. After myringotomy, the MEE was aspi-
rated using a small metal cannula and vacuum line
that fed to an exudate trap. The aspirated ex vivo
MEEs were then observed and imaged in the trap
using the handheld probe in the mounted configura-
tion as described previously.

3. Results and discussion

3.1 Phantoms of varying particle size
and viscosity

Figure 3 describes the results from the experimental
calculation of particle size and viscosity of the sus-
pensions using this technique. The theoretical curve
(blue) displays the expected value based on the
known properties of the samples: viscosity, room
temperature, and particle diameter, while the aver-
age and standard deviation of the experimentally ob-
tained S-E diffusion coefficient data points are
shown in black. The experimentally determined data
closely matches the expected theoretical values.

E-S Diffusion coefficient vs. Particle Size (water, 25°C)
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In general, the agreement between the experi-
mental and theoretical values depends on the accu-
racy of the known parameters of the S-E coefficient
D, namely, the hydrodynamic particle size (r) and
viscosity (7). In the presented experiments, the var-
iance in the experimental estimates can be mainly
attributed to the accuracy of the suspension prepara-
tion and volume mixing, as well as any variability in
particle size diameter due to manufacturing toler-
ances, stated by the manufacturer to be near 5-10%
[33]. Gray shaded regions in both plots of Figure 3
show the variation in the theoretically estimated S-E
coefficient resulting from a 7% variance in particle
diameter from the product specification. Moreover,
viscosity can change with temperature, although this
is less of a concern in these well controlled samples.

3.2 Middle ear phantoms

To investigate the feasibility of the proposed method
for characterizing MEEs non-invasively, it is impera-
tive to image through other interfaces or tissue,
namely the TM and any potential biofilm-related
structures that may be affixed to the TM. The pro-
posed technique has the benefit of depth-resolved
measurements by using OCT, which is detailed in
Figure 4. The four marked depth ranges were pro-
cessed through the algorithm, showing no appreci-
able signals from the static non-moving portions of
the phantom, namely, the air within the ear canal,
the TM tissue, or the thick adherent biofilm phan-

E-S Diffusion coefficient vs. Viscosity (1.14um, 25°C)
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Figure 3 Experimentally determined Stokes-Einstein diffusion coefficients for microparticle solutions of varying particle
sizes or viscosity. Blue curves show the theoretical trend for both cases, and the gray shaded areas define the approximate
accuracy of the estimated S-E coefficient, which is a function of microparticle manufacturing tolerances. Left: Observed
microparticles of increasing diameter (A = 0.54 pm, B = 1.14 pm, C = 1.73 um) suspended in water at room temperature.
Right: Observed 1.14 pm particles suspended in water and glycerol mixtures of varying increasing viscosity (B = 100/0, D =
90/10, E = 70/30, F = 50/50; % vol/vol) at room temperature. Average and standard deviation of measured data are displayed
(N =20). Note: Point B in both plots reflects the same data point.
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Figure 4 Results of testing the feasibility of the proposed method for non-invasive characterization of MEEs in a middle ear
phantom. Different depth ranges corresponding to air above the phantom (Dark Blue), simulated TM (Green), simulated
biofilm (Red), and simulated effusion (Teal) were analyzed using the proposed technique. As expected, only the simulated
effusion provides a meaningful decay curve (right). Scale bar is 100 micron in depth.

with simulated TM and biofilm. The cross-sectional
OCT images of the phantoms shown in Figure 5A

tom. This demonstrates that any meaningful signals
are acquired only from the effusion, and not from

other fixed structures or potential sources of error
Or noise.

Subsequently, we tested the proposed method on
MEE phantoms (Figure 5) based on phantom sam-
ples D and F from Figure 3, which were selected to
more closely mimic the biomechanical properties of
MEE:s. This phantom served as a final proof-of-con-
cept measurement using water- and glycerol-based
samples observed through a more realistic phantom

and B clearly show the additional biofilm-like struc-
ture and the scattering effusion-like features. The
experimental S-E coefficient of each phantom was
determined and found to match the theoretical value
of the MEE phantom, as shown in the right panel of
Figure 5. It is important to note that by looking so-
lely at the static OCT images, no obvious determina-
tion can be made to differentiate these samples. A
prior study of roughly 100 subjects used a commer-

Middle ear Biofilm / Effusion phantom (1.14um, 25°C)
6 ; ’ . ’ : : .

Theoretical
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3 4 5 6 7 8
Viscosity (mPa-s)

Figure 5 Stokes-FEinstein diffusion coefficient measurements of middle ear phantoms. The phantoms (A, B) each contain a
different effusion-like suspension (suspension of water, glycerol, and micro-particle mixtures) to mimic the physiological
qualities of a ‘serous’ and ‘mucoid’ middle ear effusion. Scale bars represent 100 pm in depth. Right: Calculated S-E diffu-
sion coefficients from effusions plotted against the theoretical trend. Measurements taken near teal-colored brackets (N = 15).
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cial magnetic rheometer to observe MEE samples
and showed a measurable difference in human MEE
viscosity between serous and mucoid effusion types
[34]. The findings of this previous study, along with
the analysis of MEE phantoms presented here, lends
credibility that this technique can effectively analyze
different types of MEE samples.

3.3 Analysis of in vivo and ex vivo
clinical data

To test the utility of this technique in a clinical set-
ting, human MEEs were evaluated with representa-
tive results shown in Figures 6 and 7. Figure 6 shows
the comparison between two separate MEE samples.
Figure 6A shows an in vivo cross-sectional OCT im-
age and inset high-resolution otoscope image from a
patient with an effusion, while Figure 6B shows an
effusion from another patient. Figure 6C and D
show cross-sectional images of the respective aspi-
rated ex vivo MEESs in an exudate trap, with the sub-
sequently measured time-lapse M-mode OCT data.
The plot in Figure 6 (right) shows the comparison of
the normalized second order correlation plots of the
aspirated ex vivo MEEs, where the data from Fig-
ure 6A has a decay constant of 101.58 s~!, while the
data from Figure 6B has a value of 48.01 s-1. These
quantitative results suggest that the effusion from

(z) wdeq

(2) wdeg

(z) wdeg
Normalized second order correlation (a.u.)

(2) wdeg

M-mode time lapse

the subject shown in Figure 6B has a more viscous
effusion than the subject in Figure 6A, which is in
agreement with the qualitative clinical assessment.
Figure 7 shows the comparison of a MEE ob-
served in vivo and then ex vivo after aspiration. Fig-
ure 7A shows the cross-sectional OCT image and in-
set high-resolution otoscope image of the ear. Fig-
ure 7B shows the aspirated MEE within the cylindri-
cal transparent exudate trap. The white dotted-lines
in Figure 7A and B define the location of time-lapse
M-mode OCT scans, shown below and bordered
blue and green, respectively. The decay curves show
the comparison of the normalized second order cor-
relation plots, where the in vivo data from Figure 7A
has a decay constant of 434.26 s~1, while the autocor-
relation function in Figure 7B has a decay constant
of 243.01 s~1. The discrepancies in the two measure-
ments can be partly explained by the differences in
the imaging conditions of the two samples — within
the middle ear and after aspiration within the exu-
date trap. These sample conditions will differ mainly
in structure and temperature. The aspiration process
will disturb the biofilm structure affixed to the TM
and rapidly cool the total contents of the MEE, in-
cluding any fluid and bacterial components, from
body temperature to operating room temperature
(from approximately 37 °C to 22 °C as measured
with an in-room thermometer). As in most fluids or
colloids, a drop in temperature will cause an increase
in viscosity, which most likely caused the lengthen-

|
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Figure 6 Comparison of two ex vivo MEEs. (A, B) In vivo cross-sectional OCT images and inset video otoscope stills. (C,
D) Corresponding ex vivo cross-sectional OCT images of MEE in exudate trap after aspiration, with M-mode time-lapse
data (OCT A-scans taken repeatedly at the white dotted line over time) displayed below. All scale bars are approximately
100 pm in depth. Right: Decay curves for both (C) (Blue, I' = 101.58 s!) and (D) (Green, I" = 48.01 s™!) ex vivo MEE

samples.
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Figure 7 Comparison of MEE in vivo, and ex vivo after aspiration. (A) In vivo cross-sectional image and inset video oto-
scope still. (B) Ex vivo cross-sectional image from a cylindrical transparent exudate trap. Below: M-mode time-lapse data,
single OCT A-scans taken repeatedly at the white dotted line through time. Scale bars approximately 100 pm in depth.
Right: Decay curves for both (A) (Blue, I = 434.26 s71) and (B) (Green, I" = 243.01 s7') MEE. Although observing the same
sample, changes in the decay constants shows the viscosity related changes induced after aspiration and cooling.

ing of the decay time in the ex vivo MEE sample
with respect to the in vivo MEE sample.

3.4 Limitations and future work

Since this study is based on the principle of DLS, it
suffers from the inherent limitations of DLS. For in-
stance, it is assumed that the particles undergoing
undisturbed Brownian motion are spherical in shape
and are suspended in a uniformly viscous solution.
However, MEEs can be complex, perhaps aggre-
gated mixtures of different sized and likely non-
spherical particles (e.g. immune cells, blood cells,
and bacteria), which could potentially introduce er-
rors in our analysis. While this problem was partially
mitigated by employing the cumulants method for
analyzing the data, which takes into account the pos-
sible polydisperse nature of the MEE, further stu-
dies on a larger subject pool are warranted to better
understand the effect of varying particle sizes and
shapes on the estimation of the S-E diffusion coeffi-
cient. Despite the heterogeneous composition of the
MEE:g, the results of this study are promising in that
they suggest that the proposed method is able to
quantitatively evaluate or grade different types of
chronic viscous and mucopurulent effusions, and do
SO in vivo.

As a part of future work, the proposed method
will be further validated in a larger number of pa-
tients with a broader range of types of MEEs and
viscosities. In this patient population, subjects with

more chronic mucoid MEEs associated with chronic
OM that require surgery are common, however, few,
if any, serous MEEs are regularly found. Surgical in-
terventions are also postponed, if possible, until no
active infection is present, which further limits the
incidence of serous effusions encountered during
surgery. Additional subjects, therefore, will be
needed to observe and characterize statistical differ-
ences between serous and mucoid MEEs from pa-
tients, both in vivo and ex vivo.

Currently, for benchtop scans, motion and posi-
tional stability is required for at least 124 ms per M-
mode image to collect sufficient data to adequately
sample the decay. In this regard, increasing the
speed of the algorithm is needed, as avoiding motion
artifacts resulting from either patient or probe move-
ment can be a challenge. To ensure the stability of
the handheld probe over a sufficiently long period of
time, the probe could be mounted on a rigid or ar-
ticulated arm to reduce operator movement. Addi-
tionally, no measures were taken to minimize ambi-
ent noise within the operating room, although stand-
ard noise levels were low-to-moderate. Any auditory
stimulus within the room may provide additional
and unwanted stimulus to the TM, ossicle chain, and
subsequently the MEE. Future studies will investi-
gate the effects of varying levels of auditory stimuli
to better understand the overall requirements
needed for this technique. Similarly, further bench-
top simulations will be performed to study the effect
of probe and sample movement on the performance
of the proposed method, as well as explore methods
to reduce the required number of points needed for
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each measurement. Implementation of a recently de-
veloped phase-correction method could be beneficial
in this regard [35-37] to ensure phase-stability in
these measurements.

4. Conclusion

OCT-based ear imaging shows strong potential for
clinical impact. In addition to the already established
use of OCT for structural imaging and characteriza-
tion of the middle ear, it is feasible using this pre-
sented technique to characterize the viscosity of
MEEs non-invasively and in vivo. Eventually, this
expanded set of information may be used to more
accurately diagnose the wide spectrum of OM infec-
tion, and help physicians improve clinical decision
making.
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