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Abstract
pressure of the endolymphatic system of the inner ear. In cochlea, endolymphatic hydrops can cause stretching in the scala me-

Endolymphatic hydrops is a disorder in which an excessive amount of endolymph fluid causes an increase in the

dia, a tubular construction that, along with two other similar structures, the scala vestibuli and scala tympani, runs through the
cochlea from the base to the top. Visualizing the enlargement of the scala media has traditionally been done by histological study
of tissue sections, and the degree can be calculated by comparing the ratio of the area of the scala media to the combined total
area of the three compartments. However, this requires the obtainment of tissue samples, and thus is not suited for in vivo mea-
surements, and is a labor intensive process in general. Imaging modalities that have been used to measure endolymphatic hy-
drops include MRI, uMRI and uCT. Recently, optical coherence tomography (OCT) has been applied for visualizing cochlea of
mice in vivo. However, just visually discriminating between healthy and afflicted cochlea, and judging the degree of affliction
can be difficult. Thus, we aim to establish a new technique for estimating the degree of enlargement of the scala media. We mea-
sured two healthy and two diseased cochlea using conventional area calculation, as well as our method, and present results that
show that our technique correlates with established standards for measuring the degree of endolymphatic hydrops in cochlea
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1. Introduction

Méniere's disease is a disease of the inner ear, with symptoms
such as hearing loss, vertigo, tinnitus and a sensation of fullness
in the ears. Méniere’s disease is believed to be caused by endo-
lymphatic hydrops, which refers to the accumulation of excess
endolymphatic fluid in the inner ear. Genetic knock out of the
Slc26a4 gene is also known to cause endolymphatic hydrops in
the inner ear [1].

Traditionally, the diagnosis of Méniére's disease has been
through the clinical route, based on observations by a medical
professional of the patient’s clinical history and symptoms [2].
From histological sections, calculating the degree of endolym-
phatic hydrops (dhya) can be done by comparing the size of the
scala media (A,eq) to the combined sizes of the three vestibules:
the aforementioned scala media, the scala vestibuli (Ays), and the
scala tympani (Aym), i.€.

Amed
Aves + Amed + Alym

Recently however, methods for directly imaging the cochlea
in vivo have emerged. Magnetic resonance imaging (MRI) has
been used to image cochlear structure [3]. However, the internal

dhya =
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structures including the Reissner’s and the basilar membranes
have been difficult to visualize with MRI because of their small
size and thinness. The use of local contrasting agent has started to
enable this visualization [4]. Attempts to visualize cochlear struc-
ture in vivo using a technique known as optical coherence tomog-
raphy (OCT) have been made with success [3, 6].

OCT is an imaging technique based on near-infrared light
that utilizes low-coherence interferometry and the soft-tissue pen-
etrating properties of near-infrared light to measure the reflectiv-
ity profile of different points inside tissue samples. Thus it can be
used to rapidly obtain micrometer resolution volumetric images
of samples. Obtaining these images using OCT, the angle be-
tween the Reissner's membrane and the outer wall of the cochlea
(the spiral ligament) can be calculated. This study was conducted
to find out if the angle between these two planes could be used as
a measurement for the existence of endolymphatic hydrops.

To achieve this, we took cochlea samples from mice with
and without the Slc26a4 gene, obtained images from them using
an OCT machine, and did histology study on the cochlea to obtain
a ground truth for the degree of endolymphatic hydrops. After
that we compared the results to find out if a correlation exists.

2. Related works

Endolymphatic hydrops in Méniére's disease was first discovered
independently and simultaneously both by Hallpike & Cairns [7],
and Yamakawa [8]. It has since been imaged by uMRI in [9] as
well as MRI in [3, 10, 4]. In [3], the focus was on visualizing
fluid progression in the inner ear by injecting gadolinium hydrate
diluted with saline in the perilymphatic space. Recently, cochlea
have been imaged by OCT devices in [5, 6]. In the former the
authors were interested in imaging the microvascular perfusion in
mice using OCT, and in the latter visualizing the effects of endo-
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lymphatic hydrops in cochlea using OCT. The authors in [10] also
proposed a scaling method for assessing the degree of endolym-
phatic hydrops. Grading was based on the relative size of the sca-
la media, with the grades being none (dnyq < 33%), mild (33% <
dnya < 50%) and severe (50% < dhya).

Kakigi et al. [11] used isolated and decalcified guinea pig
cochlea to obtain full thickness midmodiolar images of cochleae
by OCT. With their image, it was possible to apply classical meth-
od of calculating the area ratio. However, it is not always possible
to obtain such images. Due to the limited imaging depth, normal-
ly OCT images include only the lateral area without the modiolus,
thus making it difficult to measure the areas of each scala, and to
validate if these images are midmodiolar. With our method, only
the lateral cochlear areas are required for the calculation and the
images do not have to be midmodiolar.

Within the realm of otorhinolaryngology, imaging tech-
niques for diagnosis are increasingly used. MRI and CT scans are
common for detecting tumors in cases such as acoustic neuro-
ma [12], dural sinus thrombosis [13] and many others. In ophthal-
mology, OCT has proven as a superior technique for retinal imag-
ing, such as in detection of macular edema [14] and for detecting
macular holes [15], among others. It is also often used for obtain-
ing high resolution cross sectional and volumetric images in eye
check ups. Many algorithms have also been developed for auto-
matic retinal layer segmentation, which can help medical profes-
sionals in diagnosis, as the amount of data produced by a single
volumetric OCT scan can be quite large. A good overview of the
different algorithms used for segmentation and their clinical uses
can be found in [16].

3. Theory

In this section we will go through the structure of the cochlea, as
well as an explanation of endolymphatic hydrops. The structure
of the cochlea varies depending on the species, and in this study
cochlea from mice were used, so in some parts the explanation of
the anatomy and the figures will focus on that. After the anatomi-
cal background, a short overview of the theory behind OCT is
presented, as well as the fundamentals of optical flow.

3.1 Cochlea

The cochlea is a spiral structure in the inner ear responsible for
converting sound waves into electrical impulses. Together with
the vestibular system, which is responsible for the sense of bal-
ance, it forms the innermost part of the ear. The cochlea is split
into three compartments that run through the length of the spiral
structure, the scala vestibuli, scala media, and scala tympani. In
humans, the cochlea makes 2.5 turns around it's central axis, the
modiolus, while in mice the cochlea is shorter and only makes
about 1.5 turns. Sound is transmitted to the cochlear ducts by the
stapes, a tiny bone connected to the oval window, which itself is
connected to the scala vestibuli. This vibration then travels
through to the tip of the cochlea, the helicotrema, where the scala
vestibuli and scala tympani are connected, and travels back down
the length of the tunnels, vibrating the round window at the end.
This vibration, and the connection at the tip of the scala vestibuli
and scala tympani causes movement of the two walls separating
the three tunnels, the Reissner's membrane and the basilar mem-
brane. This movement peaks at a certain point within the cochlea,
depending on the frequency of the sound. This movement is
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Fig. 1 The structure of the inner ear, including a cross section of the

cochlear spiral. Here, the cochlea makes 1.5 turns around the

central axis. Important structures are labeled accordingly. Ves-
tibular & cochlear nerve are missing from the picture.

picked up by the inner hair cells in the organ of Corti, which con-
vert it into electrical impulses that are then eventually sent into
the brainstem for processing. [17] The structure of the inner ear
and how the cochlea is positioned, as well as structures of the
cochlea relevant to this research are shown in Fig. 1.

3.1.1 Endolymphatic hydrops

The structure of the cochlea is very delicate, and imbalance in the
pressure between the chambers can disturb the function of the ear.
This is the case in endolymphatic hydrops, where the pressure in
the cochlear duct that houses the endolymph rises, distorting the
shape of the walls surrounding it. Symptoms related to endolym-
phatic hydrops include vertigo, tinnitus, hearing loss and a feeling
of congestion in the ear. The symptoms are caused by a buildup of
fluid in the inner ear, giving it the name endolymphatic hydrops.
This buildup can impair both the aural and vestibular functions
provided by the ear. A definite reason for the appearance of endo-
lymphatic hydrops is unknown, but theories range from constric-
tions in blood vessels, viral infections and genetic variations that
cause abnormalities. [18]

No definitive diagnosis exists for endolymphatic hydrops. It
is often diagnosed by confirming the existence of specific symp-
toms and by ruling out other diseases. Treatment includes medi-
cation, dietary changes, congnitive therapy and in the worst case,
surgery. Prognosis for people suffering from the disease is gener-
ally good. [18]

3.2 OCT

OCT is an imaging method that utilizes the near-infrared light
spectrum and a phenomenon known as interference to capture
three-dimensional images from optical scattering media. OCT is
analogous to ultrasound, in that the reflection of the light wave is
used to measure the distance of the interface from which it reflect-
ed. The main difference is that with light the propagation speed is
too high to measure the time it took for the light to bounce back.
Instead, the phase difference of the light, and the fact that the co-
herence length of the light source is very short, are used to filter
out other light that arrives at the detector. This incoherent, i.e.
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Fig.2 An illustration of optical flow as a principle. (1-4) The frame-

by-frame movement of an object in a scene. (a-d) The calculat-
ed optical flow vector field by using the expressed 9 points in
the image.

wide-spectrum light, allows the obtainment of micrometer-reso-
lution images from samples. Traditionally, OCT machines have
worked in the time domain, by scanning over a single column of
the tissue by moving a reference mirror. This approach with its
moving parts is relatively slow, however, and recently frequency
domain OCT (FD-OCT) devices have been manufactured, which
allow for real-time capturing of volumetric images with voxel
counts in the tens of millions.

3.3 Optical flow
Optical flow, in a general sense, is the apparent movement of ob-
jects in a scene. In image processing, it is the movement of pixels
between two sequential images. An illustration of this is present-
ed in Fig. 2. In this sense, it is often used to track some features
over time or space. The general optical flow algorithm is based on
two constraints: the brightness constancy constraint [19]:

E(x,y,t) = E(x+6x,y + 0y, t + 0t),

which essentially confirms that between two sequential sam-
ples of a scene (images), the brightness of a certain feature stays
unchanged. Another form for the equation is as follows:

VEXxv+E; =0,

where VE is the spatial intensity gradient, and v the image
velocity. This equation has two unknowns and thus cannot be
solved as is. Different approaches for calculating optical flow thus
introduce additional constraints to the equation. The method used
in our approach is known as the Lucas-Kanade method [20],
which calculates optical flow locally in a window, overdetermin-
ing the above equation, and using the least squares principle to
calculate the best optical flow vector. Because it calculates the
movement in a local neighbourhood, it is less sensitive to noise
than some other optical flow calculation methods. In particular
we use an iterative version of the method that utilizes image pyr-
amids and affine transformations for more robust tracking [21]. It
was selected over feature- and pure pixel based methods because
of the relative robustness to noise (calculates movement in local
patches) and large scale movements.

4. Method

Five months old laboratory mice were used for cochlea harvest-
ing. In total, two mice had their cochlea harvested, one of which
was morphologically normal (SIc26a4/7)), and the remaining
presenting endolymphatic hydrops (Slc26a4~'7). Cochlea from
both ears were used. After harvesting the cochlea, they were en-

Fig.3 Upper: Cochlear structures visible in a histological frame.
Lower: an OCT slice of the cochlea, from roughly the same
area as the above histological image.

cased in a 4% paraformaldehyde solution overnight, after which
they were immersed in 10% ethylenediaminetetraacetic acid
(EDTA) for 7 days for decalcification. After that they were im-
aged using the OCT machine. Following, they were encased in
paraffin solution for a week and histological slices were obtained.
7-10 slices per cochlea were obtained to ensure that the measur-
ing would be a success. The slices were 4 ym thick with 20 ym
spacing. Histological slices were stained using hematoxylin and
eosin, and imaged using a microscope (Olympus BX50). From
the images obtained, the areas of the particular compartments of
the cochlea were calculated using Image] software [22] by
hand-drawing borders around the three structures, and having the
software calculate the areas. The experiment was approved by the
animal experiment ethics committee at Kyoto University prior to
conducting the experiments (Approval number: MedKyo15155).
An example that shows both the OCT image as well as the dyed
histological slice from roughly the same area is shown in Fig. 3.
From the OCT volumetric image series, the angle facing the
scala media between the Reissner’s membrane and the spiral lig-
ament was calculated using custom software. To obtain a more
reliable result for the angle, as a preprocessing step the algorithm
applies a bilateral filter to remove noise in the image. Bilateral
filter was selected because it is good at reducing noise while
maintaining the edges present in the image. Then, the software
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Fig.4 Example of the apparent movement of the structures between
two frames. Due to the oblique angle of the Reissner's mem-
brane in comparison to the axes, it exhibits apparent move-
ment when browsing from frame to frame. The optical flow
algorithm keeps track of the position of the membrane.

Fig. 5 An example of an OCT image with the user inputted points
and the planes the software calculates

prompts the user to draw points on a slice corresponding to the
two different structures. From these points, using an optical flow
algorithm, the software calculates the movement of the points
over several frames to both directions along the Z-axis (refer to
Fig. 6). An example of the movement of the points and the track-
ing by optical flow is illustrated in Fig. 4. This mitigates the effect
a single slice has on the angle. As the angle can be hard to see, two
rules for the point selection were made: 1) the connection be-
tween the Reissner's membrane and the spiral ligament has to be
clearly visible, and 2) since the exact point of attachment can be
hard to discern, the point of steepest angle around the area is used
as the point between the two planes. The slice as close as possible
to the center of the cochlea was used, to ensure that all of the
structures would be visible, and that the angles would be as close
to right as possible. Two planes are then fitted using all of the
points, and the angle between the planes is used as the measure-
ment of endolymphatic hydrops. An illustration of the user in-
putted points as well as the calculated lines can be seen in Fig. 5.
From the slices, the ratio between the area of the scala media and
the total area of the three vestibules was calculated. Using these
two measures, the angle and the ratio were compared to find out
if there exists a correlation between the two variables. Also, using
the calculated ratio, the degree of hydrops was assigned by using
the scale mentioned in section 2.

To summarise, the workflow is as follows:
1. Load the data.
2. Navigate to the center slice of the data.
3. Assuming the structures are clearly visible, mark the points on

Fig. 6 The dimensions of the captured data. X is the amount of axial
scans, which in our study was 1024 over 6 mm physical length.
Y is the depth of the scan, and Z the amount of slices scanned.
Both were set as 256 over 1.5 mm.

the two different structures.

4. Calculate the positions on the n adjacent slices.

5. Fit two planes on these points using a least squares plane fit-
ting algorithm.

The size & resolution of the OCT images obtained are illus-
trated in Fig. 6. The machine used was a Thorlabs OCS1300SS
OCT system, with a central wavelength of 1300 nm, a spectral
bandwidth of 100 nm, and an average output power of 10 mW.
The axial scan rate of the machine is 16 kHz. Thus it can obtain
the measured 1024 column by 256 slide volumes in about 16 sec-
onds.

5. Results

The results of the measurements are shown in table 1, and further
visualized in Fig. 7. The data is comprised of three sets of mea-
surements made by different researchers, as well as the calculated
averages and standard deviations. Two of the researchers men-
tioned were qualified medical professionals, and one was familiar
with the proposed method. The grades are assigned according to
the method explained in section 2. As can be seen, there is a clear
difference between the ratios of the cochlear ducts, as well as the
angles, between the healthy and the diseased cochlea. Further-
more, two clear groups can be seen in the scatter plot, indicating
that there is indeed correlation between the angle and the ratio.

Using the Kruskal-Wallis test to check if the angles between
the normal and the hydrops groups differs gives y* = 8.3077 with
p =0.004, indicating that the mean ranks between the two groups
are different. This suggests that there is a significant difference
with the angle between the cochlea with and without hydrops.

Calculating the Pearson correlation coefficient using the val-
ues provided gives R = 0.977 with p = 0.5 x 1077, indicating that
there exists a statistically significant correlation between the an-
gle of the Reissner’'s membrane, and the degree of endolymphatic
hydrops as measured by the ratio of the different scalae. Howev-
er, with the low amount of samples caution should be exercised
when interpreting the numbers.

6. Discussion

This research shows that the angle between the Reissner's mem-
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Table 1 Results of the measurements. NO = morpholog-
ically normal type, HY = presenting hydrops.

ratio [%] angle assigned

[deg] grade
NO left 0.258 109.239 none
NO right 0.270 106.195 none
HY left 0.953 150.214 severe
HY right 0.932 148.891 severe
NO left 0.242 116.913 none
NO right 0.267 107.191 none
HY left 0.946 152.723 severe
HY right 0.923 146.321 severe
NO left 0.233 108.279 none
NO right 0.253 99.675 none
HY left 0.952 150.239 severe
HY right 0.938 142.022 severe
NO mean 0.254 + 107915 =+
& st. dev. 0.014 5.554
HY mean 0.941 + 148402 =+
& st. dev. 0.012 3.758

brane and the outer cochlear wall can be used as a metric for
measuring the existence of endolymphatic hydrops using OCT
imaging. Traditionally, measuring it in vivo has been difficult.
Measuring the degree of endolymphatic hydrops with MRI needs
to be carried out with the aid of some shadowing agent, which
carries the risk of nephrogenic systemic fibrosis [23] and relies
heavily on the clinical expertise of the operating physician to de-
termine the locations and sizes of the various structures inside
cochlea. With OCT the structures are also more clear. However,
completely imaging the cochlear shape with OCT is difficult be-
cause of the rapid drop off in intensity as deeper structures are
imaged. Combining OCT with our technique, these measure-
ments are made possible by replacing the traditionally used met-
ric of the ratio with a metric more useful concerning the limita-
tions of OCT. Together with previous research done on in vivo
OCT imaging of the cochlea, this suggests the viability of in vivo
measurement of endolymphatic hydrops. The fact that OCT does
not penetrate hard tissue such as bone very well implies that com-
pletely non-invasive visualization cannot be done, and that surgi-
cal procedures are needed to gain access to the cochlea.

Despite the correlation present in the results, more data
should be collected for more robust testing. Due to the relative
simplicity in obtaining mice with and without severe endolym-
phatic hydrops, the two groups were fairly well separated, as can
be seen from Fig. 7. Indeed, using the scale mentioned in section
2, the measurements would be classified either as none or as se-
vere, depending if they were done on mice with the gene intact, or
removed, respectively. Thus, imaging various degrees of hydrops
would be fruitful for seeing in what way the data is distributed
between these two extremes.

From the data obtained, and as can be seen from Fig. 3, it
can be difficult to discern exactly where the Reissner's membrane
actually connects to the spiral ligament. In our study, this was
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Fig.7 Plotting the obtained angle & ratio values in a scatter plot. Two
distinct groups can be seen, indicating correlation between the
two different measures.

taken into account by starting the two different planes from the
sharpest point in the inner curve, but cannot completely be allevi-
ated as the problem raises from the limited resolution & noise
floor of the images. Also, due to the curvature of the Reissner’s
membrane, the angle depends somewhat on how long of a stretch
of the membrane one uses as an input to the algorithm. This is
because the algorithm fits a plane to the points. This could be al-
leviated by trying to fit a parabolic surface instead.

Atrophy of the lateral wall also affects the angle measured,
thus modifying the ratio between the angle and the area. Properly
determining the effect of lateral wall atrophy on the ratio will re-
quire more measurements. In microscope images of the cochlea,
the surface of the Reissner's membrane is often not completely
smooth, but exhibits irregularities and is sometimes completely
separated from one side. It is likely that this is caused by the his-
tological slicing, rather than being actually present in the cochlea
before separation. The method presented using OCT and angle
calculation is less disruptive to the cochlea, thus in effect giving a
higher chance for the membrane to be of normal condition. How-
ever, the case where the membrane is disrupted but continuous is
a limitation of our method, as the angle is difficult to calculate but
area calculation should still be achievable.

More robust handling of noise could also be attempted, as
optical flow is considerably sensitive to it. Either a noise model
that takes better in to account the multiplicative nature of the
noise in OCT images could be developed, such as the one de-
cribed in [24], or a method for tracking the positions that is less
sensitive than optical flow to noise could be implemented. The
tradeoff for these potentially better performing algorithms likely
is speed however. The relatively substantial amount of data that
OCT produces makes it costly to do any kind of complicated pro-
cessing.

Optical flow as a method for object tracking has been used
widely and is regarded as a reliable method. Extensive evalua-
tions on the accuracy of different optical flow algorithms (includ-
ing the one we used) can be found in [25]. Validation of the accu-
racy of the optical flow method as pertains to the angle
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measurements was considered out of scope for mainly two rea-
sons: 1) the accuracy was deemed sufficient by the doctors that
used the application, and 2) accurately measuring the accuracy is
in itself a problem with no clear solution, as calculating the move-
ment by hand is very time consuming and will not necessarily
produce the right answer.

Future work could also include automatically detecting the
position of the Reissner’'s membrane. This would allow for com-
pletely automatic measurement of endolymphatic hydrops from
OCT images.

7. Conclusion

In this paper, we presented a method for indirectly measuring the
degree of endolymphatic hydrops by calculating the angle be-
tween the Reissner’'s membrane and the spiral ligament inside the
cochlea as imaged by optical coherence tomography. Preliminary
results indicate that there exists a correlation between the angle
and the degree of the hydrops.
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