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INTRODUCTION

The human cochlea and cochlear duct (CD), defined as the length of the scala media, are
fully formed at birth. In 1938, Hardy first reported the histologic measurements of the
cochlear duct length (CDL) in 68 cadaveric specimens via graphic reconstructions of serial
sections, measuring from the middle of the round window to the helicotremal. Since the
advent of cochlear implantation, multiple studies have assessed the role of using the CDL to
determine the appropriate electrode length for implantation. This is particularly important as
the length of the cochlea can vary between 25 — 45 mm in patients?~12,

Several studies have demonstrated that greater angular insertion depths result in improved
speech perception performance!3-16. Since the angular depth of insertion is dependent upon
CDL and the length of the implanted electrode, the variability in CDL and electrode options
can influence speech perception performance. In addition, as evidence suggests atraumatic
cochlear implantation preserves residual hearing and postoperative performance, knowing
the correct CDL is of paramount importance to ensure trauma caused by over-insertion (e.g.
scalar translocation) is avoided.

Recently, building on the work of Hardy® and others8, Alexiades et al. described a simplified
formula to calculate CDL at a given angular depth using computerized tomography (CT) and
by measuring the distance from the middle of the round window (RW) to the farthest point
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on the opposite wall of the cochlea, denoted Al7. However, this method remains time
consuming and operator dependent, and intra- or inter-observer variability in measurements
have not been studied.

Thus, herein we have developed an automatic method to measure both A and CDL at a given
angular depth using an active shape model-based, automatic cochlea segmentation
techniquel®. In the current work, we assess the inter-observer variability by computing
differences between measurements of A across expert observers. We also compare expert
measurements to automatic measurements of A, and investigate the sensitivity of the choice
of electrode type to the choice of CDL measurement method by counting how often the
choice of electrode would differ when different expert or automatic measurements are used
to estimate CDL.

After Institutional Review Board approval, we retrospectively reviewed a CT imaging
database to identify 275 pre-operative CT scans that were available for review for adult
patients who underwent cochlear implantation. As described in the following sub-sections,
CDL was measured in each of these CTs using manual and automatic measurement
methods.

Cochlear Duct Length from A

Previous literature has shown that A, the length of the line from the center of the round
window (RW) through the modiolus to the farthest point on the lateral wall of the basal turn
of the cochlea, can be used to calculate the length of the cochlear duct along the outer wall
of the cochlea from the center of the RW to a specified angular depth!®. The formula is
defined as follows:

CDL(A, 0)=2.62A log, (1.0+ )s

235°7" (1)

where 6 is the angular depth within the cochlea at which we want to estimate the CDL. The
angular depth of a point in the cochlea is defined as proposed by Verbist et al2?. It is
measured using the position of the mid-modiolar axis and the center of the round window
membrane, as shown in Figure 1, which are found automatically using the automatic image
processing methods described below. The middle of the round window membrane defines
the 0° depth, and the angular depth of a point is measured as its angle around the mid-
modiolar axis along the length of the cochlea spiral relative to the round window reference
angle. 0° to 360° corresponds to the first turn of the cochlea, 360° to 720° corresponds to the
second turn, etc. The angular depth where the cochlear duct ends is approximately 2.5 turns
but this varies across subjects. Since advancement of the arrays past 2 turns (2T) is rare, and
estimation of CDL at 2T is more reliable than that of the full CDLY’, in this work we choose
to estimate CDL at 2T rather than the full CDL. Measuring CDL along the outer wall of the
cochlea to a depth of 2T implies ® = 720°, and thus Eqgn. (1) simplifies to
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720
2.62A logc(1-0+ﬁ):3.67A. Further, Alexiades et al. showed that Eqgn. (1) could be
modified to calculate the length an electrode array with average diameter &would need to
have to reach a specified depth asl’:

E(A,0,d)=2.62(A — d) log, (1.0+

)

235°"  (2)

Manual Measurement of A

Manual measurement of patient-specific A values was done using a software package
developed in-house that allows for rotation of the CT volume to create oblique axial,
coronal, and sagittal reconstructions as well as 3D views and permits selecting the RW and
lateral wall points. Two fellowship-trained neurotologists independently reviewed each
patient’s imaging study, identifying the RW and the farthest point on the opposite wall of the
cochlea for which a straight line could be drawn through the modiolus. The manually
measured A values were denoted as Ag; for surgeon 1 and Ag, for surgeon 2. An example
result of this process is shown in Figure 2. Using equation (1) with 8 = 720°, the CDL along
the outer wall at 2T can be computed for both As; and Agy, and these quantities are denoted
as CDL g;and CDL gy, respectively.

Automatic Measurement of A

Automatic segmentation of the cochlea was achieved by implementing the model fitting-
based approach described by Noble et al., which was shown to localize highly accurate
surface models of cochlear anatomy in patient CTs821, This method permits accurately
identifying anatomical sites anywhere on the surface of the cochlea. Thus, we used this
approach to automatically identify a point on the middle of the RW and another point on the
lateral wall of the first turn of the cochlea that is farthest from the RW. We then computed
the distance between these two points for each patient. The automatically measured A values
were denoted as A 4,4, All automatic cochlea segmentations were visually inspected in the
patient CT image and confirmed to be accurate. Using equation (1), the corresponding CDL
at 2T can be computed for A4y as CDL A_auto-

Automatic Direct Measurement of CDL at 2T

In addition to computing the CDL at 2T automatically as CDL 4.4, by using equation (1)
with A 4,0, We can also use the automatic segmentation method to directly measure the
CDL at 2T. Points along the outer wall of the cochlea along the CD were identified in the
cochlea model to form the model CD curve. These points were automatically mapped to
each patient CT using the model?2. Then for each patient, we directly measure the outer wall
CDL at 2T, CDL pjrect-Auto BY computing the length of the CDL curve defined by the model
from RW to an angular depth of 2T.

Effect of CDL Measurement Approach on Selection of Array Type

While many factors go into the decision about what electrode array is most suitable for a
patient, we investigated whether the choice of CDL measurement could affect selection of
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the electrode array when only CDL is considered. ed. To do this, we assessed how often
CDL measurement would result in a different choice of electrode array between two array
types, the Med-El (Innsbruck, Austria) F/lex24™ (Array 1) and F/ex28™ (Array 2). Array 1
and Array 2 both have 12 electrodes and average diameter of approximately 0.6 mm, and
lengths of 24 and 28 mm, respectively. With lateral wall arrays, studies have shown a trend
of deeper implantation being associated with better outcomes, suggesting that in general
longer arrays are better, although several additional factors should be considered when
selecting the electrode array. A smaller CDL warrants a shorter electrode to ensure the base
of the array can be fully inserted and all basal electrodes are available for stimulation. Basal
contacts that are too shallow and lie either near the entrance of the cochlea or outside the
cochlea typically provide ineffective stimulation due to lack of access to neural populations.
Such contacts are sometimes deactivated during cochlear implant (CI) programming but
often are left at default values due to adequate volume perception potentially leading to sub-
optimal hearing outcomes by interfering with other electrodes. On the other hand, a larger
CDL warrants a longer electrode to ensure the tip of the array can reach apical stimulation
sites which has also been shown to be important in maximizing audiological outcomes?8.
Given that there has been little evidence on what electrode depth is best for optimal hearing
outcomes, the specific threshold value of A (#hresh-A) used to decide between Array 1 and
Array 2 is a matter of surgeon preference. Thus, in this work, we aim to show how often the
choice of array would differ over a range of choices of #resh-A across different techniques
for measuring cochlea size when only cochlea size is used to make this decision. We tested
the range of values of thresh-A from 8 mm (CDL at 2T = 29.54 mm) to 10.25 mm (CDL at
2T = 37.66 mm) as this matches the range of A values in our dataset. The different measures
of cochlea size described in the previous sub-sections, CDL s;, CDL 5o, CDL 4_a,t0, @nd
CDL pirect-auto Were each used to estimate A for each case. Then, for each value of thresh-A,
we counted how many times the different measures of cochlea size would lead to a different
choice in the array that is selected.

Statistical Analysis

Continuous features were described with means, ranges, and standard deviations. Analysis
of variance (ANOVA) with post-hoc comparison analysis was performed to compare means.
Inter-observer variability in measurement of cochlea size were assessed with mean
differences, mean absolute differences, and maximum absolute differences. Fisher’s exact
tests were used to determine if measurement techniques influenced appropriate electrode
selection. p-values less than 0.05 were considered statistically significant.

RESULTS

The mean, range, and standard deviations for length A for A4, Aszand Agzare shown in
Table 1. A one-way repeated measures ANOVA revealed significant differences between the
three different measurement means for the 309 ears (p < 0.001). Post-hoc analyses were
conducted in order to assess the significant difference between each of the measurements.
The three paired t-tests revealed that the means were significantly different (p<0.001)
between each pair of measurements. The mean difference, mean absolute difference, and the
maximum absolute difference between the manual measurements As; and A, were, 0.06
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mm, 0.18 mm, and 2.18 mm, respectively. The same measurements between A4z, and As;
were 0.18 mm, 0.25 mm, and 1.92 mm, and between A4, and Asowere 0.12 mm, 0.18
mm, and 1.92 mm, respectively.

The mean and standard deviations for CDL g5, CDL sp, CDL 4_ayto: aNd CDL pjrect-Auto Were
32.71£1.80, 33.07 £ 1.69, 33.87 + 1.61, and 34.14 + 1.75 mm, respectively. A box plot of
these measurements is displayed in Figure 3 where each of the box-plot represents a
different measurement. In each boxplot, the box represents the inter-quartile range, the black
line is the median, values that fall 1.5 times the interquartile range above the third quartile or
below the first quartile are considered outliers and shown as circles, and the “whiskers” at
the bottom and at the top represent the minimum and the maximum values excluding the
outliers, respectively. Comparing the means, an ANOVA test revealed a significant
difference between the four measurement means (p < 0.001). Post-hoc analyses were
conducted. The paired t-tests between the six combinations of measures showed that each
pair of measurements were significantly different (o< 0.001). Figure 3 illustrates that
manually measuring A tends to underestimate A in comparison to automated techniques,
resulting in an underestimation of the CDL. A comparison between different CDL
measurements is shown in Figure 4 where each boxplot represents the absolute values of the
differences between various CDL measurements. For instance, the first boxplot on the left
corresponds to the absolute difference between CDL pjrect-auto @Nd CDL 4_4,¢0 The boxplot
is defined in the same way as previously explained. As illustrated by the boxplot, the

CDL pjrect-auto and the CDL A_a,10 measurements are highly similar, with a mean difference,
mean absolute difference, and maximum absolute difference of 0.27 mm, 0.35 mm, and 1.35
mm, respectively. The same measurements between automatic and manual measurements,
on the other hand, have relatively high values, with mean absolute differences greater than
1.4 mm. In addition, the maximum and mean absolute differences between the manual CDL
estimations have relatively high values of 8 and 1.15 mm, respectively, showing high inter-
observer variability in the manual measurements.

In the left column of Figure 5, each panel corresponds to one measurement technique and
shows the number of ears for which a different electrode array would be selected when using
each other measurement method to measure A across the range of values of #resh-A. In the
right column of Figure 5, a histogram of cochlea size across subjects is shown as measured
using each of the measurement techniques. Equation (1) was used to map values between
CDL at 2T and A. It is clear from the two upper plots in the left column that using

CDL pjrect-Auto OF CDL 44,10 Measurements resulted approximately in the same electrode
array type selections, with the biggest difference of 38 ears out of 309 occurring at a thresh-
A of 9.74 mm. Automated techniques to measure length A and CDL did not lead to
significant differences in the selected electrode array type for any value of tfiresh-A smaller
than 9.5 mm (p > 0.68). Manual measurements by the first and second surgeon, on the other
hand, led to a larger number of differences in the selected electrode array type between each
other and the automated measures, as observed in Figure 5. The selections by the first
surgeon were significantly different than the selections by the CDL pjrect.auto fOr all values
of thresh-A smaller than 10 mm (p < 0.015). When comparing selections based on
measurements done by the second surgeon with those by CDL pjrec; autor Fisher’s exact test
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revealed statistically significant differences between these two selections for thresh-A
greater than 8.34 and smaller than 9.84 mm (p < 0.02).

DISCUSSION

Several studies have documented a correlation between the angular depth of insertion and
speech performance outcomes following cochlear implantation!3-16, The angular depth of
insertion is dependent on CDL and length of the electrode array'2-17. Choosing the
appropriate length CI electrode array could ensure the desired angular depth of insertion,
which in turn can improve postoperative hearing outcomes. The importance of the
relationship between CDL and electrode length deals with cochlear coverage. An ideal
electrode covers the entire frequency spectrum of the cochlea. Electrodes that are too short
fail to reach the apical cochlea, possibly leading to poorer patient outcomes. On the other
hand, electrodes that are too long may lead to cochlear trauma, leading to poorer patient
outcomes; or under-insertion at the basal end, leading to a loss of coverage of the high-
frequency spectrum also leading to poorer outcomes. Thus, an ideal fit between the electrode
and the CDL is desired. Given these findings, determining the CDL and selecting the most
appropriately sized electrode is important in maximizing patient benefit. Nonetheless, while
several studies have described techniques in determining CDL, these techniques remain
burdensome and time consuming with unknown intra-and inter-observer variability. Thus,
we developed an automatic method measuring both length A and 2T CDL using an
automatic model-based segmentation technique and compared it to previous reported
techniques.

The results presented herein will permit weighing the importance of choice of measurement
method when using cochlear size to choose between different array lengths for a specific
subject and choice of thresh-A. Our long-term goal is to develop a system to assist with
patient-customized selection of electrode arrays using comprehensive information including
but not limited to the patient’s CDL. In ongoing investigation, preliminary results indicate
that a reasonable choice for thresh-A would be 8.5 mm. To arrive at this value, we have
reviewed post-implantation CTs of 10 subjects in our CT imaging database who were
implanted by multiple surgeons and with Array 2. We found that the base of the array was
not fully inserted in 7 cases, leaving the most basal contact(s) ineffective. Further
advancement of the array was not done due to the perception of resistance to avoid the risk
of trauma. We speculate that deeper angular depths increase the likelihood resistance is
encountered due to the increased redirection of forces necessary to advance the array as the
coiling of the array increases (i.e. additive frictional forces as more of the electrode array
abuts against intracochlear anatomy).

The average depth of the apical electrode across these 10 cases was 560°, thus we assume
this is the angular depth at which resistance is encountered for the average cochlea. To
establish a minimum target insertion depth, we further examined insertion depth in relation
to consonant-nucleus-consonant (CNC) word scores24 for 16 subjects including the 10
subjects implanted with Array 2 mentioned above as well as other subjects implanted with
long electrodes from the same manufacturer. These data are shown in Supplemental Figure
1. As seen in the red curve in the figure, the trend is that increasing angular depth is
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associated with better CNC scores, however that trend appears to plateau once the insertion
depth passes 450 degrees, suggesting that this insertion depth is deep enough to expect
maximal outcomes. Thus, our strategy would be to choose #hresh-A such that the array we
select is long enough to at least reach a 450 degree depth at full insertion and is short enough
to permit having all basal electrodes inserted into the cochlea when the tip insertion depth
reaches 560 degrees. At thresh-A = 8.5 mm, eqn. (2) predicts the length of the intra-cochlear
path of Array 2 to reach depth to be 25 mm for cochleae of that size. For the reader’s
reference, angular insertion depths predicted by eqn. (2) for Array 1 and Array 2 for
cochleae of different sizes are shown in Supplemental Figure 2 for “full-insertion,” where
the depth marker on the array reaches the RW, as well as for an insertion where the 12t
electrode is located at RW, denoted as “under-insertion.” The lengths of the electrode arrays
between the tip and the 12t electrode are approximately 21 mm and 24 mm, for Array 1 and
Array 2, respectively. Thus, insertion depth for a full-insertion Array 1 and for an under-
insertion Array 2 is the same, as shown in the figure. Since Array 2 is 28 mm in length with
contacts distributed on the apical 24 mm of that length, it is likely that the array will be
under-inserted at the base for cochleae that are smaller than A=8.5mm. For smaller cochlea,
it is reasonable to consider Array 1 instead. At full-insertion, Array 1 would be predicted to
reach 515°, which is deep enough that we would not expect a detriment to outcomes due to
lack of insertion depth. For cochleae with A greater than 8.5 mm, Array 2 would be the
preferred choice to ensure greater insertion depths can be reached. From Figure 5, it can be
seen that Array 2 would be selected in 291/309 cases when using CDL 4_a.0, @nd it can be
seen that the choice of array would differ in 53 and 30 of the 309 cases when using CDL s;
and CDL s, respectively. For cochleostomy (C) insertion on the other hand, tiresh-A=9
mm (CDL at 2T = 33.1 mm) could be used as the intra-cochlear path of the array will be
around 1.5 mm shorter for cochleostomy insertions, and thus the #resh-A value needs to be
appropriately adjusted. With tiresh-A =9 mm, Figure 5 shows that Array 2 would be
selected in 211/309 cases when using CDL 4.4, and it can be seen that the choice of array
would differ in 115 and 80 of the 309 cases when using CDL sy and CDL s, respectively.
Future temporal bone studies would be necessary to assess the effectiveness of these choices
for thresh-A.

While Escude et al. described the length of the cochlear lateral wall based on the length AL°,
we noted significant inter-observer variability between manual measurements conducted by
fellowship trained neurotologists. When we automated the measurement, we noted further
significant differences between all three measurements. Rather than continuing to measure
an indirect metric of CDL, we automatically segmented CDL and measured its length
directly. There were significant differences between the automatic CDL measure and the
calculated CDLs utilizing the manual A measurements. Ignoring all other factors that
influence electrode selection, we found that the significant difference in CDL measurement
techniques might lead to different clinical decisions across the range of possible choices for
thresh-A.

Figure 3 and the histograms in Figure 5 illustrate that the surgeons tend to underestimate the
Avalue, in turn causing underestimation of CDL. Statistically significant differences
between surgeons for both approaches can be explained by multiple factors. First, the
measurement requires identification of the RW, modiolus, and the opposite lateral wall of the
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cochlea. However, the slice containing all three anatomic landmarks is not available within
normal coronal, axial or sagittal views, thus requiring specific reformatting; and difficulties
in reformatting can lead to possible measurement errors. Second, once familiar with the
reformatting approach, we estimate that it took approximately 90 seconds per ear to identify
the appropriate angle and measure A. We estimate an even longer process would be
necessary in clinical practice where less optimized CT analysis programs are available and
familiarity with the software is rare.

Because of the large variability in the measurement of A value and its possible implication
on the choice of the electrode clinically selected, a more consistent, less time consuming and
reproducible method to determine CDL would be of high utility. The current study shows
that an automatically selected A could achieve these desired qualities requiring ~30 seconds
processing time on a standard PC. In determining CDL, there was no significant difference
when using CDL pjrect-Auto O CDL a4 a0 Calculations regarding chosen electrode type when
thresh-A of less than 9.5 mm is used. While future studies will be required to better
understand the differences between the CDL 4.4, and CDL pjrect-auto Measurements, the
results presented highlight the role an automated system may have in selecting electrode
array types.

There were several limitations to our study. First, ideally these measurement techniques
should be correlated with histopathologic and/or microCT datasets. Second, we recognize
that multiple factors are considered in determining the appropriate electrode for each patient
including residual hearing, etiology of hearing loss, and duration of hearing loss to name but
a few. Volume and cross-sectional area of the scala tympani are other factors that might be
important for electrode selection, although recent studies have not found volume to be
significantly associated with scalar translocations23. In this study, those variables were
ignored as our aim was to evaluate variability due to choice of CDL measurement technique
alone. However, it is likely that volume and cross-sectional area are correlated with CDL,
and this relationship will be investigated in future work.

CONCLUSIONS

Choosing the best Cl electrode array for a patient is an important task for optimizing hearing
outcomes. A-values measured manually are user-dependent, and errors in measurement of A
impact upon the choice of length of Cl electrode array for certain patients. Measuring A and
CDL automatically is less time consuming and generates more repeatable results. Our
automatic approach could make the use of CDL for patient-customized treatment more
clinically adoptable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Explanation of angular depth. Scala Tympani is shown in red and mid-modiolar axis is

shown in black. Round Window (RW) is marked with 0°
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Figure 2.
Example of manual selection of A
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Box plots of the automatically measured and the estimated CDL
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Figure 5.

Panels in the left column show the number of times the selected electrode arrays differed
among measurement methods for different values of #resh-A. Right columns show
histograms of cochlea size across subjects using each measurement technique.
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Maximum, minimum, mean and standard deviation across automatically and manually measured A values

Maximum  Minimum Mean * standard

(mm) (mm) deviation
(mm)
Apio 10.25 8.04 9.22+0.44
Asy 11.56 7.58 8.91+0.49
Asy 10.99 7.97 9.00 + 0.46
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