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Abstract

In order to analyze the entry of solutes through the round window membrane, a quantitative description of round window
anatomy in relationship to scala tympani is required. High-resolution magnetic resonance microscopy was used to visualize the fluid
spaces and tissues of the inner ear in three dimensions in isolated, fixed specimens from guinea pigs. Each specimen was represented
as consecutive serial slices, with a voxel size of approximately 25 um?. The round window membrane, and its relationship to the
terminal portion of scala tympani in the basal turn, was quantified in six specimens. In each image slice, the round window
membrane and scala tympani were identified and segmented. The total surface area of the round window membrane averaged 1.18
mm? (S.D. 0.08, n=6). The length and variation of cross-sectional area as a function of distance for the cochlear aqueduct was
determined in five specimens. The cochlear aqueduct was shown to enter scala tympani at the medial limit of the round window
membrane, which corresponded to a distance of approximately 1 mm from the end of the scala when measured along its mid-point.
These data are of value in simulating drug and other solute movements in the cochlear fluids and have been incorporated into a
public-domain simulation program available at http://oto.wustl.edu/cochlea/. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The delivery of drugs into the cochlear fluids across
the round window membrane is increasingly becoming
used in both research experiments and in clinical prac-
tice. In humans, direct round window membrane appli-
cation of gentamicin is now widely used in the treat-
ment of Meniere’s discase (Commins and Nedzelski,
1996; Blakley, 1997). Other applications include the
administration of steroids or other agents for sudden
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hearing loss or autoimmune deafness (Blakley, 1997).
Implantable drug delivery systems for therapy to the
inner ear have also been developed (Silverstein, 1999;
Lehner et al., 1997), including the use of a catheter
positioned near the round window membrane such as
the u-Cath, marketed by Durect Inc., Cupertino, CA,
USA. In animals, application of drugs and solutes
across the round window membrane is being performed
for many different experimental situations (Brummett et
al., 1976; Zheng et al., 1997; Conlon et al., 1998;
Hoffer et al., 1999; Parnes et al., 1999).

Advances in high-resolution magnetic resonance mi-
croscopy (MRM) have enabled visualization of the spi-
ral, fluid-filled spaces of the cochlea (Henson et al.,
1994; Salt et al., 1995; Wilson et al., 1996). In a pre-
vious study (Thorne et al., 1999), lengths, areas, and
volumes of the three cochlear scalae were derived for
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the cochleae of six species from 3-D reconstructions of
high-resolution MRM data sets. These data are of par-
ticular value in modeling drug and other solute move-
ments in the cochlear fluids and have been incorporated
into a public-domain simulation program (http://oto.
wustl.edu/cochlea/). The major value of high-resolution
MRM data sets is that the true 3-D geometry of the
specimen is maintained in a non-destructive technique
so that high-resolution MRM is an ideal technique for
quantitative analysis of the complex geometry of inner
ear structures. MRM data sets are comprised of up to
256 slices, which can be manipulated as required for the
data analysis. The possibility of orienting and then dig-
itally reslicing a specimen in a specific plane is an im-
portant feature that enables the consistent detailed
analysis of specific structures, as required for this study.

In order to determine the actual drug concentrations
achieved by round window application, mathematical
simulation of solute entry through the round window
membrane is required. Such analysis requires an accu-
rate quantitative anatomic description of the structures.
It is not adequate to know just the diameter and area of
the round window membrane, as has been reported
previously (Fernandez, 1952), but rather it is necessary
to determine how the 3-D structure of the round win-
dow relates to the varying dimensions of scala tympani
(ST). A determination of how the area of segments of
the round window membrane vary as a function of
length along the basal turn of ST enables accurate sim-
ulations of solute movement across the round window
membrane and into ST perilymph. In addition, to bet-
ter simulate the role of fluid movements through the
cochlear aqueduct on perilymph composition, knowl-
edge of the dimensions of the cochlear aqueduct and
where the aqueduct enters ST are required. The anato-
my and dimensions of the cochlear aqueduct and how
they relate to function has been studied in human tem-
poral bones (Gopen et al.,, 1997). A morphometric
study has also been performed using histologic sections
of the inner ear of guinea pigs (Shinomori et al., 2001).

The present study was designed to quantify the 3-D
geometry of the round window membrane and the co-
chlear aqueduct and how the area of each varies as a
function of length.

2. Materials and methods
2.1. Tissue preparation

Six pigmented, NIH-strain guinea pigs were utilized
in the study. The guinea pigs were anesthetized with a
combination of sodium pentobarbital (25 mg/kg given
intraperitoneally) and Innovar vet (0.35 ml/kg given
intramuscularly). The ears were fixed by whole-head

vascular perfusion using Heidenhain—Susa fixative.
While under anesthesia, the ascending aorta was cannu-
lated and the descending aorta was clamped. Approx-
imately 100 ml saline was perfused through the vascu-
lature to wash out the blood. This was followed by
perfusion with 200 ml of fixative. The Heidenhain—
Susa fixative consists of a stock of solution containing
45 g HgCl,, 5 g NaCl, 20 g trichloroacetic acid, 40 ml
of glacial acetic acid, and 800 ml of distilled water.
Immediately prior to use, 240 ml of the stock solution
was mixed with 60 ml of 37% formaldehyde. After fix-
ation, the temporal bones were removed, the auditory
bullac were opened, and the ears were immersed in
fixative for 48 h at 4°C with periodic agitation. After
this time, the temporal bones were transferred to 4%
phosphate-buffered formaldehyde and stored at room
temperature. One guinea pig ear was fixed with 3.1%
glutaraldehyde in phosphate-buffered Hank’s balanced
salt solution, and after 6 days was post-treated for 24 h
with solution containing HgCl, at 10% of the concen-
tration in Heidenhain—Susa. In these procedures, treat-
ment with HgCl, was necessary to enhance the contrast
of the membranous structures, including the round win-
dow and Reissner’s membranes, making them appear
black against the light fluid spaces.

2.2. Magnetic resonance imaging

After fixation, the temporal bones were carefully
trimmed until the cochlear portion would fit into a
cubic space with 6.4 mm on each side. Approximately
24 h prior to scanning, the specimen was placed in so-
lution containing Magnevist (a commercially available
contrast agent; Berlex Laboratories, Wayne, NJ, USA;
dilution of 1:500). MRM was performed at the Center
for In Vivo Microscopy at Duke University, Raleigh,
NC, USA. The MRM system was a GE Omega System
with a 7.1 T, 15-cm-diameter horizontal bore supercon-
ducting magnet, with 85 gauss/cm shielded gradients.
The radiofrequency coil was a Helmholtz pair, 15 mm
in diameter and with variable separation, as specially
designed for imaging small specimens (Banson et al.,
1992). Cochleae were placed within the well of a 6-
mm-thick plexiglass slide (5X 1.5 cm) which was cus-
tom-made to fit into a small radiofrequency coil. The
well was filled with fluid containing contrast agent. The
acquisition parameters were: 13.5 h acquisition time,
6.5 ms echo time, 375 ms repetition time, 2 excitations,
and 6.4 mm field of view in each dimension. The acqui-
sition array size was 256 X256 X256, generating cubic
voxels 25 um on each side.

2.3. Analysis

The segmentation and reconstruction of the fluid
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spaces (base of ST and cochlear aqueduct) and the
round window membrane utilized methods that have
been documented previously (Salt et al., 1995; Wilson
et al., 1996). Analysis of MRM images was performed
using the public-domain program NIH Image (written
by Wayne Rasband at the NIH and available on the
Internet at http://rsb.info.nih.gov/nih-image/) on a
Power Macintosh 6400. Specific spaces and structures
were segmented from the original gray-scale image
stack, using suitable density thresholds to allow outlin-
ing of the structure or space. In cases where boundaries
could not be automatically selected, they were defined
by the investigator. Outlined structures were colored
white in each image slice, following which the entire
stack was converted to a binary form to simplify further
analysis. The binary stack representing the 3-D struc-
ture maintained registry with the original data set. De-
termining the cross-sectional areas (CSA) of fluid-filled
spaces has previously been performed using custom
macros for NIH image that section the binary volumes
in arbitrary planes until a section is obtained orthogo-
nally to the long axis of the scala (Salt et al., 1995).
Using this automated algorithm, it was apparent that
the basal 2-3 mm of ST could be closely approximated
as a straight tube. An axis was therefore defined along

Raw Data
Slice 105/ 183

Slice 123/ 183

the mid-point of ST that was extended through the
region of the round window. The specimen was subse-
quently rotated and resliced with the plane of sectioning
orthogonal to this defined long axis of the scala. Each
resulting slice showed segments of ST and round win-
dow, from which the CSA of both were determined in
each segment by voxel counts.

CSA and length measurements of five cochlear aque-
ducts of five specimens were determined using a custom
macro as previously detailed (Salt et al., 1995). An ad-
ditional macro had been written previously (Thorne et
al., 1999) to derive the total fluid space volume from the
total voxel count, with each voxel representing a vol-
ume of 15.62 pl.

The care and use of guinea pigs in this study were
approved by the Animal Studies Committee of Wash-
ington University, St. Louis, MO, USA (approval num-
bers 91062 and 95069).

3. Results
An initial analysis of round window membrane area

was performed by segmenting the round window mem-
brane from the original gray-scale image stack. Fig. 1

Slice 138 / 183

Fig. 1. Three representative sections of the 3-D image stack showing the relationship of the round window to ST in the guinea pig. The speci-
men has been orientated so that the round window is orthogonal to the section. Each specimen is also shown with the round window mem-

brane identified and segmented, as shown in white.
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Slice 10/ 182

Slice 15/ 182

Slice 21 /182

Fig. 2. The same specimen as Fig. 1 which has been oriented with the plane of sectioning orthogonal to the longitudinal axis of ST. The exam-
ple sections show six of the approximate 40 slices in which the round window membrane is visible (shown black and the middle ear surface in-
dicated by an arrow). The slice number is indicated in each case. The corresponding CSA of ST is segmented white. The remaining specimen is
shown in low contrast. Slice 10 is close to the limit of the round window at the limit of the scala (upper left). Slice 42 shows a section of the
round window at the greatest distance from the end of the scala (lower right). In some sections (slice 27) the round window is more than one
voxel wide in some regions due to the tangential plane of sectioning with this orientation.

shows the data set of one specimen oriented so that the
round window (delineated by the arrow) was orthogo-
nal to the plane of slicing. The round window surface in
each slice was segmented by the investigator, and is
shown as white in the figure. The surface area of the
round window segment in each section was quantified
for each slice of the specimen in which it was visible.
This was determined by analyzing the line fitted
through the membrane using the ‘perimeter measure-
ment’ algorithm, a routine that takes the geometry of
voxels into account. Half of the perimeter value, which
corresponds to one surface of the membrane, multiplied
by the voxel width, gave the round window area in that
section. The area values for each section were then
summed to obtain a total surface area for each speci-
men. The mean round window area for the guinea pig
determined for six specimens by this method was 1.18
mm? (S.D. 0.08).

The relationship of the round window to ST was
established using specimens oriented so that the plane
of sectioning was orthogonal to the long axis of ST, as
shown in Fig. 2. Each resulting slice contained a seg-
mented portion of ST (shown white) in contact with a
corresponding segment of the round window membrane
(shown black). Voxel counts of both ST and the round
window were performed for each section. The CSA of
ST was derived using an area of 6.25X 10~* mm?/voxel.

Due to the fact that the round window was in some
areas sectioned obliquely in this orientation, the area
assigned to each section was determined as the propor-
tion of the total round window area based on the num-
ber of round window voxels found in the segment rel-
ative to the total count summed across all segments.
The findings derived from an analysis of six specimens
in this manner are summarized in Fig. 3. The upper
part of the figure shows the mean CSA of the ST in
the basal turn derived from six specimens. The lower
part of Fig. 3 shows corresponding areas of the round
window membrane segments in contact with each seg-
ment of ST of the same specimen. These data define the
area versus distance relationship between the round
window membrane and perilymphatic fluid space of
ST. One notable feature of the relationship is that
much of the area of the round window is associated
with the terminal region of ST where the CSA is rela-
tively narrow. This finding is highly relevant to our
understanding of drug movements across the structure
as this relationship may limit the ability of the solutes
to diffuse into the wider regions of ST more distant
from the round window. It is also apparent that the
highest variability between specimens was associated
with the terminal region, probably resulting from differ-
ences in the resting position of the membrane in differ-
ent specimens.
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Fig. 3. Summary of the CSA of ST in the basal region of the cochlea (upper panel) and the area of the round window membrane in contact
with each corresponding ST fluid segment averaged for six specimens. Bars indicate standard deviation. Note that a considerable proportion of
the round window area contacts the terminal portion of ST where CSA is small.

Three views of the 3-D geometric relationships be-
tween the round window, the ST, and the cochlear
aqueduct are illustrated in Fig. 4. An important consid-
eration is the definition of the terminal region or ‘end’
of ST. In our analysis, the terminal limit of the scala is
not, as commonly believed, at the ‘hook’ region of the
basilar membrane which lies on the medial side of the
scala. Rather, the limit represents the lateral portion of
the scala, corresponding to the tympanic lip of the
round window. Thus, in Fig. 3, it is apparent that the
narrowing of ST at the end of the basal turn results

from the angle of the round window membrane, in
which the medial portion extends along the scala as it
widens from the terminal region. Furthermore, it is
clear in Fig. 4 that the ostium where the cochlear aque-
duct joins ST is not at the terminal limit of the scala,
but is rather at the medial limit of the round window,
which corresponds to a distance of 1 mm from the tip
of the scala.

To measure the volume and area relationships of the
cochlear aqueduct, similar techniques were employed.
The cochlear aqueduct was once again segmented as

Fig. 4. 3-D rendition of ST (gray) with the round window membrane (RW: white) and the cochlear aqueduct (CA: light gray) showing the
geometric relationships. The cochlear aqueduct runs at a shallow angle to ST, joining the scala at the margin of the round window membrane
that is approximately 1 mm from the end.
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shown in Fig. 4 where the cochlear aqueduct is seen to
join ST at some distance from the tip of the scala. One
can see that the aqueduct follows a path at a shallow
angle to the terminal region of ST until it connects with
the sub-arachnoid space. The CSA and length measure-
ments of five cochlear aqueducts of five specimens were
determined using the custom macro that followed the
mid-point of the tubular structure (Salt et al., 1995), as
shown in Fig. 5. The reference point for distance mea-
surements was the point at which the aqueduct joined
ST. The area of the duct is lowest as it approaches ST
and widens dramatically as it approaches the sub-arach-
noid space. The average length of the cochlear aqueduct
was measured to be approximately 2 mm (rn=15), but an
exact measure was not possible because the junction
between cochlear aqueduct and sub-arachnoid space is
not well delineated. Based on the area—distance rela-
tionship shown, the volume of the aqueduct would be
0.08, 0.11 or 0.14 ul if the aqueduct is taken as termi-
nating at 2.0, 2.1 or 2.2 mm, respectively. Thus, volume
alone, without documenting the area—distance relation-
ship, is of limited value unless the limit of the aqueduct
is carefully defined.

4. Discussion

High-resolution MRM has become an effective tool
for imaging the complex 3-D structures of the inner ear,
generating images in a form that permits detailed quan-
titative analysis. Based on these data sets, the relation-

ship of the round window membrane to the terminal
region of ST in the basal turn has been more closely
defined. In addition, the geometry of the cochlear aque-
duct has also been determined.

Fernandez (1952) had previously quantified the
round window area of the guinea pig cochlea to be
1.02 mm?. This figure was based on the assumption
that the round window was elliptical in shape, and
was derived by measures of the long and short axes
of the ellipse. In our study, we found the area (mean
1.18 mm?) to be slightly larger than that reported by
Fernandez. To determine how much of this difference
was caused by Fernandez’ assumption of an elliptical
round window, with no consideration of the membrane
curvature, we too quantified the round window assum-
ing an elliptical shape based on our measures of the
vertical and horizontal axes. The area computed in
this manner for our specimens was 1.09 mm? (S.D.
0.13, n=6), which is quite comparable to Fernandez’
study. We can conclude that a failure to consider to
curvature of the round window membrane results in a
small (approximately 8%) underestimation of the actual
area.

The data relating the CSA of the round window
membrane to that of the ST are also of considerable
value. They show that the round window is not simply
an oval at the flat end of a tube. As can be seen in Figs.
3 and 4, the round window membrane extends a little
over 1.0 mm from the terminal limit of ST, with the
largest area between 0.2 and 0.3 mm from the end.
These measures provide a foundation for the calcula-
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Fig. 5. Summary of the CSA of the cochlear aqueduct as a function of distance from the point where it joins ST for five specimens. Bars indi-

cate standard deviation.
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Fig. 6. Calculated influence of round window anatomy data on simulations of solute entry into the cochlea. The curves show three conditions;
the round window (RW) simulated as an ellipse extending 1.1 mm from the base of ST (dotted); the RW as the specified area applied to the
base of ST (thin line); the RW area distribution and projection along ST established by the data collected in this paper. Solute entry is based
on an applied concentration of 1 mM to the round window and is calculated for two locations along ST, 1 mm (ST 1 mm) and 5 mm (ST 5

mm) from the basal end.

tion of the diffusion of drugs and solutes through the
round window membrane and into the perilymph of the
basal turn of ST. The data have been incorporated into
our cochlear fluids simulation program that is used for
the design and interpretation of experiments. The sim-
ulator was developed and written by Alec Salt and has
been made publicly available on the Internet at http://
oto.wustl.edu/cochlea/. The findings concerning the ge-
ometry of the cochlear aqueduct will also enable simu-
lation of interactions occurring between the cerebrospi-
nal fluid in the sub-arachnoid space and the cochlear
fluids of the inner ear. Demonstration of the quantita-
tive influences of the data derived from the present
analysis on calculated findings are summarized in Fig.
6. In the example shown, the application of a solute
with a diffusion coefficient of 0.65X% 10~° m?/s (compar-
able to gentamicin) to the round window at an arbitrary
concentration of 1 mM has been simulated. Solute en-
try is calculated for a round window permeability value
of 0.1 X107 m/s and concentration time courses are
shown for ST perilymph at sites 1 mm and 5 mm
from the basal limit of the scala, with distances mea-
sured along the mid-point of the scala. No solute clear-
ance was incorporated into these calculations. Entry is
shown for three different implementations of the round
window in the model, including that based on the data
obtained in this study (heavy line). For comparison, the
round window has also been modeled as a simple ellipse
having an identical area to that measured for the ani-
mal (1.18 mm?) and extending an identical distance
along ST (1.1 mm). This allows the specific influence
of the documented round window area as a function
of distance to be assessed. Also shown is the calculated
entry for the round window implemented as an identi-
cal area at the terminal region of ST. For this latter

simulation, the end of ST was modified slightly so
that the area of the scala was no smaller than that of
the round window. This permitted the influence of the
orientation of the round window with respect to ST to
be assessed. The curves show that both the round win-
dow area data and the orientation with respect to ST
influence the calculated concentration profiles. Even
excluding the initial period, calculated concentration
differences of up to 30% can occur depending on how
the round window is modeled. This calculation confirms
the necessity of accurate anatomic data for accurate
simulations of solute entry into the perilymphatic
space.

The anatomic data generated by the present study
have already been used in the interpretation of physio-
logic experiments in which the rate of solute entry
across the round window was quantified (Salt and
Ma, 2001). Marker was applied in the form of a dilute
solution that was continuously irrigated across the
round window membrane. Based on the time courses
of a marker solute measured by ion-selective electrodes
sealed into the first and second turns of ST, we were
able to estimate the permeability of the round window,
the rate of longitudinal flow in ST, and the rate of
solute clearance from ST. Such studies provide a scien-
tific basis for our understanding of drug and other sol-
ute movements in the inner ear fluids.

The cochlear aqueduct data reported here compares
very well with that reported recently based on 3-D re-
construction of histologic material (Shinomori et al.,
2001). In that study, the volume of the cochlear aque-
duct was estimated to be 0.113 mm?>, which is close to
the volume we observed. The additional documentation
of CSA with distance for the cochlear aqueduct in the
present study is of value for the simulation of fluid
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interactions between perilymph in ST and the cerebro-
spinal fluid in the sub-arachnoid space.

Our measurements were made in isolated, fixed speci-
mens and are therefore only an approximation of the
actual state in vivo. The dimensions of ST are unlikely
to be influenced by fixation, since no decalcification of
the otic capsule is necessary for MRM. However, the
position of the round window membrane could well be
somewhat different in the live specimen, and is likely to
vary according to pressure differences between peri-
lymph and the middle ear cavity. Small changes in peri-
lymphatic volume in the basal region are undoubtedly
associated with such round window membrane move-
ments. Such factors would be expected to have only a
minor influence on solute entry into ST.
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