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a b s t r a c t
The human cochlea has a highly individual microanatomy. Cochlear implantation therefore requires an
evaluation of the individual cochlear anatomy to reduce surgical risk of implantation trauma. However,
in-vivo cochlear imaging is limited in resolution. To overcome this issue, cochlear models based on exact
anatomical data have been developed. These models can be ﬁtted to the limited parameters available
from clinical imaging to provide a prediction of the precise cochlear microanatomy. Recently, models
have become available with improved precision that additionally allow predicting the 3D form of an
individual cochlea. The present study has further improved the precision of modelling by incorporating
microscopic details of a large set of 108 human cochleae from corrosion casts. The new model provides
a more ﬂexible geometric shape that can better predict local variations like vertical dips and jumps and
provides an approximation of frequency allocation in the cochlea. The outcome of this and ﬁve other
models have been quantiﬁed (validated) on an independent set of 20 μCTs of human cochleae. The new
model outperformed previous models and is freely available for download and use.
© 2020 Published by Elsevier B.V.

1. Introduction
The spiral shape of the cochlea and its variation has been the
topic of scientiﬁc investigations for several decades. After the early
discovery of the role of the basilar membrane (BM) as the natural
frequency analyzer of the inner ear (Zwistocki, 1953; Geisler, 1976),
Hardy was the ﬁrst to focus on remarkably large interindividual anatomical differences between human cochleae in 1938
(Hardy, 1938). Her study and succeeding work (Bredberg, 1968;
Kawano et al., 1996; Erixon et al., 2009; Lee et al., 2010) gained
particular importance in the ﬁeld of cochlear implantation.
The knowledge of individual cochlear morphology may prevent
trauma during cochlear implantation, as a given cochlear implant
(CI) electrode will more likely cause trauma in small than in large
✩
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cochleae. The “vertical” cochlear proﬁle is particularly variable as
it does not steadily increase on the way from base to apex, but often shows inhomogeneity in the slope, with local minima (referred
to as dips) and sudden increases (referred to as jumps) (Avci,
Nauwelaers, Lenarz, Hamacher, & Kral, 2014). More than half of
the cochleae have such “rollercoaster” vertical proﬁles (Avci et al.,
2014; Pietsch et al., 2017). Vertical inconsistencies may guide the
CI electrode toward delicate intracochlear structures, which could
potentially be harmful for hearing preservation. Indeed, anatomical variations have been responsible for a portion of variability in
insertion force proﬁles during cochlear implantation (Avci et al.,
2016). Individual differences in size and shape of the cochlea may
thus explain the large variation observed in hearing preservation
outcomes after CI surgery (Suhling et al., 2016; Dillon et al., 2020).
Recent studies document that spatial constraints inside the cochlea
inﬂuence the radial postoperative location of CI electrode arrays
(Salcher, Boruchov, Timm, Steffens, Lenarz, & Warnecke, 2019).
In addition to reducing intracochlear trauma, knowledge on
individual cochlear morphology substantially increases the precision of the allocation of CI electrodes to frequency bands. After
Greenwood derived a method to quantify the frequency distribu-
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tion along the BM (Greenwood, 1990), it became possible to determine the cochlear place frequency at any given location. However, implementation of the Greenwood function relies upon the
knowledge of an individual’s cochlear duct length. The information on where speciﬁc sound frequencies are represented along
the cochlear spiral can be used to better determine the effect
of stimulation patterns onto the hearing perception with a CI
(Helpard et al., 2020a, 2020b; Stakhovskaya et al., 2007), e.g. to
achieve a more natural hearing impression (Landsberger et al.,
2015) or to avoid masking effects in CI users with residual hearing (Imsiecke et al., 2019a, 2019b).
Based on these ﬁndings, information about size and shape
of the cochlea to be implanted (Li et al., 2020; Avci et al.,
2014) should always be determined during preoperative planning.
This allows for the realization of a desired cochlear coverage
(Timm et al., 2018; Lenarz et al., 2019; Erixon et al., 2009; Erixon
& Rask-Andersen, 2013) and individualized CI maps. However, both
the clinical estimation of individual frequency maps as well as the
preoperative prediction of CI electrode array location and corresponding cochlear coverage require an accurate and reliable, threedimensional description of the lateral wall (LW). The LW is one of
few cochlear features that can be identiﬁed with the limited resolution of clinical computed tomography (CT) imaging. Hence, spatial offsets of the LW must be employed to approximate the location of the BM (Alexiades et al., 2014; Koch et al., 2017) and the
CI array (Alexiades et al., 2014; Salcher et al., 2019). An accurate
description of the LW, which is the foundation of the two approximations, is therefore crucial.
While tracings of the LW (Wuerfel et al., 2014; Meng et al.,
2016; Timm et al., 2018) are the most accurate way to identify the
LW proﬁle in clinical CT data (Schurzig et al., 2018b), it is also the
most time consuming and labour-intensive approach. Furthermore,
low resolution imaging can make the LW identiﬁcation beyond the
basal turn imprecise and often impossible. Other approaches approximating the LW based on just a few measures within the basal
cochlear turn are hence an attractive alternative (Escudé et al.,
2006; Koch et al., 2017; Cohen et al., 1996; Schurzig et al., 2018a).
Here, knowledge on the general principles of cochlear geometry
is a precondition (Avci et al., 2014; Schurzig, 2020; Pietsch et al.,
2017), since it allows extrapolating the overall geometry from few
measurements. Thus, analytical or numerical models are used that
are subsequently individualized by few measurements from the
given subject’s cochlear imaging. The analytical model is, for example, a polynomial 3D spiral that is individualized by ﬁtting the
formula to a few parameters obtained in the cochlear base during
imaging (Pietsch et al., 2017). An example of a numerical scaling
alternative is the surgical planning platform Otoplan® (CAScination AG, Switzerland) that individualizes a mean numerical spiral
based on 4 points placed on the LW of the cochlear basal turn
and an additional 2 points to deﬁne the overall cochlear height
(Canfarotta et al., 2019).
Models whose fundamental shapes are based on the true
cochlear anatomy yield more accurate results than ones whose spiral shape is not related to the cochlea (Schurzig et al., 2018a).
A very recent modelling approach aimed at the derivation of an
analytical model (a cochlear “formula”, in what follows called
Pietsch model) based on a large set of anatomical measurements
(Pietsch et al., 2017) to capture the majority of anatomical variations. As an analytical model, it represents the helical geometry of
the cochlea as a simple mathematical formula (a polynomial 3D
spiral) that can be derived from four parameters measured in the
clinical CT. Since it is of mathematical (analytical) nature, it fundamentally differs from models that aim to deﬁne a mean shape
which is subsequently numerically scaled to the given cochlear
shape (in what follows the “scaling models”). The Pietsch model
generates the 3D spiral for each individual cochlea without the

need of a “mean spiral” required in numerical scaling. While the
analytical Pietsch model captures a lot of general properties of the
cochlear shape, which is an advantage, it has the disadvantage that
such shape cannot incorporate local – often systematic – variations
including the vertical cochlear jumps described in the detailed microanatomy in 50% of cochleae investigated in (Avci et al., 2014).
The same holds true for simple, scaled numerical mean cochlear
shapes since they need to operate within a geometrical frame as
well.
In order to avoid these restrictions, the aim of the present study
was to generate a novel scaling model with a higher degree of ﬂexibility. In order to still allow for the adjustment of the model to
a speciﬁc target shape based on just a few anatomical measures,
further analyses were conducted on the substantial set of anatomical measurements taken in 108 corrosion casts which are also the
foundation of the Pietsch model (Pietsch et al., 2017). These measurements allow identiﬁcation of the closest match to a speciﬁc
target shape by (i) looking through a database of shapes using the
principle of nearest neighbour; this approach will be called lookup
model in what follows. As an alternative, (ii) regression analyses
were performed to extrapolate all parameters necessary to adjust
the mean model based on few anatomical measures (regression
scaling - RS - model). These two novel approaches therefore have
the same statistical base as the Pietsch model but are fundamentally different in design.
These models and some previously proposed approaches were
then evaluated using the same, independent reference dataset consisting of 20 μCTs of human cochleae (Schurzig et al., 2018a).
The results show that previous and recent 3D models provide a
substantial improvement in predictive precision compared to former approaches. The high precision of the recent approaches was
essentially similar, with the advantage of better predicting local
changes in the vertical cochlear proﬁle with the here described regression scaling approach (RS model).
2. Materials and Methods
All presented computations were performed in Matlab (version
R2018a, The MathWorks Inc., USA). Statistical analyses were conducted in Python (version 3.7, Python Software Foundation, USA)
using the Scipy library (version 1.2.1).
2.1. Cochlea datasets
The independent validation data used to evaluate the present
models consists of 20 μCTs of the cochlea in which LW tracings were performed using OsiriX MD (version 2.5.1 64bit,
Pixmeo SARL, Switzerland). The dataset was previously used in
(Schurzig et al., 2018a) and includes cochleae ranging from 874–
1039° in angular and 37.10–45.01 mm in metric length, well
covering the range of values described in large datasets before
(Pietsch et al., 2017).
For the development of the new model, we used 108 corrosion casts of human cochleae (59 left, 49 right) from the Hanover
Human Cochlea Database (Pietsch et al., 2017). This database contains corrosion casts of human labyrinths from temporal bones
harvested in autopsies. The procedures have been previously described in detail in (Pietsch et al., 2017) and are only brieﬂy recapitulated here: After preparation of a concise ﬁtted block of the
bony labyrinth, specimens were dehydrated by an ascending alcohol row, then brimmed with epoxy in vacuum for 5 min. The
epoxy remained for 8 hours in room temperature. Subsequently,
the bony structures were corroded in alkaline solution until the
plastic casts were completely uncovered. The shrinkage factor of
the epoxy resin is below 0.5%.
2

D. Schurzig, M. Pietsch, P. Erfurt et al.

Hearing Research 403 (2021) 108166

Imaging was performed by digital-microscopy (Keyence VHX600, 18 Megapixel 3CCD-Camera, 30x zoom, in HDR mode) with
a resolution of 12 μm/pixel. The corrosion casts were reproducibly
and consistently aligned in space according to the Consensus
Cochlear Coordinate System (CCCS, (Verbist et al., 2010)). For this
purpose. an in-house developed positioning tripod allowed crosshair-laser-assisted manipulation of the fragile casts. After free positioning in space the specimens were exactly rotated in 90°-steps
for standardized imaging along perpendicular spatial axes.
Five standardized aspects were recorded for each specimen:

r90 , r180 , …] and [h0 , h90 , h180 , …] respectively in the within this
manuscript.
The fundamental idea for the parameterization is the following:
if a speciﬁc cochlear spiral had to be approximated and the radii
and heights of this cochlea were known at every 90 deg from base
to apex, then an initial shape (the raw cochlear model) could be
scaled according to these radii and heights in a stepwise push and
pull manner. A depiction of this stepwise scaling approach is given
in Fig. 1. The top left image shows the initial status in which the
unmodiﬁed raw model does not match the target spiral. In Step 1,
the ﬁrst raw model quadrant (shaded area) is scaled in x such that
its r0 value matches the target shape. This is repeated in Step 2 for
the ﬁrst 2 quadrants where the raw model is scaled in y to match
the target r90 value and so on, and the same can be done for the
height values of the target spiral.
Although the foundation of this scaling approach is still a mean
cochlear shape (the raw model), this approach offers a higher degree of anatomical ﬂexibility with very loose geometrical restrictions. Unfortunately, radii and heights of the cochlea are often difﬁcult to identify in clinical CTs beyond the basal turn. However,
the ﬁrst 4 radii r0 , r90 , r180 and r270 as well as the cochlear height
H can typically be well measured or extracted from clinical imaging (see e.g. Canfarotta et al., 2019). These 4 radii, in combination
with the overall cochlear height H, must hence be used to deﬁne
all radii and heights ri and hi from 360 deg on forward. Two different approaches to do so are presented in the following.

(1) rostral: “top view” on the cochlea along the modiolar axis, a
perpendicular line to the modiolar axis was aligned horizontally through the midpoint of the round-window. This view is
matching the ‘plane of rotation’ of the CCCS and is equivalent
to the deﬁned radiographic projection of the ‘Cochlear View’.
(2) caudal: “base view” on the cochlea, exact opposite view to rostral.
(3) lateral: “round-window-view” on the cochlea, perpendicular
view from the vestibule on the modiolar axis, which is aligned
horizontally through the midpoint of the round-window.
(4) medial: “ascending spiral view” on the cochlea, exact opposite
view to lateral.
(5) ventral: “side view” on the cochlea, perpendicular view from
ventral on the modiolar axis, which is aligned horizontally.
The dorsal view was not possible, as the positioning tripod was
ﬁxed from this side. The labeling according to the deﬁned anatomical terms of location (rostral, caudal, lateral, medial, ventral) was
used for reasons of clarity and comprehensibility. It must be kept
in mind that for true anatomical aspects the modiolar axis is tilted
37.5° to lateral and slightly to anterior-inferior.
Measurement of 120 points in each of the 108 cochleae resulted
in 11324 total measurements due to 818 missing values, mainly
because the measurement point exceeded the given cochlea (e.g.
measures at 990° were only available in cochleae that reached
this angular length, in cochleae with smaller angular lengths these
measurements were not available). Measurements of distances, angles and areas were performed with the microscope manufacturers analysis software in maximal magniﬁcation (Keyence VHX600). Further details can be found in the original publication
(Pietsch et al., 2017).
Measurement of cochlear length was performed with ImageJ
software (Image Processing and Analysis in Java, freeware, available
at http://rsbweb.nih.gov/ij/), which was calibrated for the pixel resolution. Cochlear length was assessed from the center of the round
window along the lateral wall up to the most apical point of each
individual cochlea. In 25 cochleae one or few measurements had to
be adjusted manually due to slight damage of the corrosion cast.
The cochlea outer wall length was measured in rostral view for
each quadrant. Thus, the length of the cochlea corresponds to the
lateral wall length.

2.3. Nearest neighbour parameterization (lookup model)
The ﬁrst approach to determine the radii and heights necessary
to fully adjust the raw model to a target shape was to use the data
of the 108 cochleae in (Pietsch et al., 2017) as a lookup table. In
order to exclude the size of the cochleae in this investigation and
only focus onto the shape, all cochlear radii were normalized using the respective cochlear diameter A. Normalized radii are highlighted with an overbar within this manuscript, and an example of
the normalization for the radius at 0° is given in the following:

r̄0 = r0 /A.

(1)

The hypothesis for this parameterization approach is the assumption that cochleae whose shapes are similar in the basal turn
(BT) also agree well in the middle and apical turn. The similarity
of two cochleae C1 and C2 within the BT can be quantiﬁed using a
discrepancy factor dBT based on the difference of the four BT radii
according to

dBT =

270


(r̄i,C1 − r̄i,C2 )2

(2)

i=0

where i represents the angle (in 90° steps) while r̄i,C1 and r̄i,C2 are
the normalized radii for the i-th angle of C1 and C2, respectively.
If the four BT radii of a speciﬁc target cochlea (denoted Ct) are
measured, dBT can hence be computed for each one of the 108
cochleae , and the closest match in basal turn shape corresponds to
the smallest discrepancy factor dBT . The radii r̄360,Cnn , r̄450,Cnn , … of
this nearest neighbour (Cnn) in basal turn shape can then be used
to approximate the corresponding mid and apical turn radii of the
target cochlea r360,Ct,a , r450,Ct,a and so on. Note that approximated
values are marked with the index a. The approximated radius of
the target cochlea at 360 deg would hence be computed according
to

2.2. Raw model and fundamental parameterization method
The initial “raw model” of the cochlea for the proposed approach was derived from 15 μCTs in which the individual LW
proﬁles were identiﬁed using OsiriX MD and then averaged using Matlab (version R2015a, The MathWorks Inc., USA), yielding
the fundamental 3D curve corresponding to the mean cochlear
shape as used in (Schurzig et al., 2018). The dataset for parameterization of this raw model was taken from Pietsch et al., 2017,
and contains the set of anatomical measurements in 108 corrosion casts described above. This includes radii and height values
of the cochlear spiral from round window to apex in 90 deg steps
for all specimens. These radii and heights will be referred to as [r0 ,

r360,Ct,a = ACt · r̄360,Cnn .

(3)

The height values hi and total cochlear angle  (i.e. the apical
end of the spiral at the tip of the helicotrema) can be adopted from
this nearest neighbour as well such that the approximated spiral
proﬁle is fully deﬁned.
3
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Fig. 1. Stepwise adjustment of a raw cochlear model to a target shape using the target radii. Such iterative approach is deemed to include more degrees of freedom and
thus a better ﬁt than a simple spiral formula.

2.4. Multiple linear regression scaling (RS model)

(Escudé et al., 2006): Escudé et al. proposed that the individual,
radial proﬁle of a human cochlea could be approximated by only
taking the respective measurement of the basal diameter A into
account:

In (Pietsch et al., 2017), multiple linear regression analysis was
performed for model creation. The matrices derived by the author’s
regression approach can be used to compute the coeﬃcients of
polynomial functions to describe the cochlear spiral’s radial and
height proﬁle respectively. The same approach can be used for
each of the discrete radii and heights from 360 deg up to the apex.
For instance, linear correlation coeﬃcients p1 to p5 can be computed (e.g. by using the regress function in Matlab) to approximate
the radius of the target cochlea Ct at 360 deg as

rCt,a (θ ) = ACt ·



C LCt,a (θ ) = 2.62 · ACt · ln 1 +

These coeﬃcients can be derived for each radius r360,Ct,a ,
r450,Ct,a and so on and combined within matrices Mr and Mh , yielding the desired radii and height values in the following manner:

T
Ct,a

ˆ h · [1, r0 , r90 , r180 , r270 ]T Ct
=M

θ
235

C LCT,a = 1.71 · (2.43 · ACt ) + 0.18



(9)

(10)

This approximated length value also yields the approximated
full cochlear angle Ct,a which was used in (Schurzig et al., 2018b)
to extend Escudé’s originally two-dimensional model employing a
linearly increasing height proﬁle adapted to a measurement of the
individual cochlear height HCt :

(5)
(6)

The deﬁnition of the total cochlear angle Ct,a was performed
in a subsequent step according to the correlation of total cochlear
length CLCt,a and basal turn length (BTL) along the LW as proposed
by Koch et al. (2017):

C LCt,a = 1.59 · BT LCt,a + 4.99

(8)

Alexiades et al. (2014) suggested the use of a different version
of Eq. (7) in combination with the Escudé model to determine the
overall cochlear length:

(4)

[h0 , h90 , h180 , . . .]

1

θ + 4.1

Based on this radial approximation they derived an analytical equation that allows for the calculation of the cochlear length
along the lateral wall:

r360,Ct,a = p1 ∗ r0,Ct + p2 ∗ r90,Ct + p3 ∗ r180,Ct + p4 ∗ r270,Ct + p5 .

T
ˆ r · [1, r0 , r90 , r180 , r270 ]T Ct
[r360 , r450 , r540 , . . .] Ct,a = M

4.1 ( 4.1 + π )
·
( 8.2 + π )

HCt

hCt , a(θ ) =

Ct,a

·θ

(11)

2.5.2. ABH model
The raw model also used within this manuscript could be
scaled independently in x, y and z based on measurements of the
cochlear diameter ACt , width BCt and height HCt (as suggested in
Schurzig et al., 2018b). This “ABH” model was found to perform
quite well in both shape and length approximations. If positioned
according to the consensus deﬁned in (Verbist et al., 2010), the raw
model parameterized based on ACt , BCt and HCt is hence adapted
according to

(7)

Note that if a measurement value for the overall height HCt is
available as well, the height proﬁle of the adapted model approximation can additionally be scaled according to the value of HCt .
This measurement can typically be conducted in clinical CT imaging and may increase the approximation accuracy.
2.5. Previously proposed approaches

xCt,a = ACt/A

In addition to the above raw model parameterizations denoted
lookup and RS, three older approaches were included in the comparisons:

yCt,a = BCt/B

model

model

zCt,a = HCt/H

2.5.1. Escudé model
This model represents one of the ﬁrst approaches that was used
to approximate the length of the cochlea based on simple, anatomical measurements such that it could be used in a clinical setting

model

· xmodel

(12)

· ymodel

(13)

· zmodel

(14)

The apical end was then again deﬁned in a subsequent step according to the abovementioned correlation of BTL and CL (Eq. (7)).
4
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2.5.3. ECA model
The ECA model proposed in (Schurzig et al., 2018a) was included into the study as well since length approximations yielded
substantially better results than previously proposed algorithms
even if the overall height H is not taken into account. The fundamental idea of this model is to ﬁrst approximate the BTLCt,a according to an elliptic-circular approximation (ECA):

center of the round window, i.e. within the hook region of the
cochlea. Since this BM section is not yet considered in Eq. (22), its
average length of 2.5 mm (Helpard et al., 2020a, 2020b) has to be
added for a comprehensive approximation of the total BM length.
The relative BM length (counting from apex to base as required
by the Greenwood function (Greenwood, 1990)) can hence be
computed as

BT LCt,a = 1.18 · ACt + 2.69 · BCt −

C LBMrel (θ ) = 1 − (CL(θ ) + 2.5)/(C LBM + 2.5)



0.72 · ACt · BCt

(15)

(23)

In a second step, the raw model with a known BTLmodel is then
uniformly scaled such that it matches this approximation:

Using this relative length, the frequency distribution along the
cochlear spiral can then be computed as

xCt,a = BT LCt,a/BT L

model

yCt,a = BT LCt,a/BT L
zCt,a = BT LCt,a/BT L

model

model



· xmodel

(16)

f (θ ) = 165.4 · 102.1∗C LBMrel (θ ) − 0.88

· ymodel

(17)

3. Results

· zmodel

(18)

3.1. Cochlear shape similarity

Finally, the apical end of the approximation was again deﬁned
according to (Eq. (7)). Note that the authors of (Schurzig et al.,
2018a) aimed at improving length estimation methods more so
than at representing the actual cochlear shape. That is why instead of implementing the above scaling of cochlear spiral coordinates (Eqs. (16)–(18)), they used percentage BTL (pBTL ) values derived from an average cochlear spiral. While the result is absolutely
identical to the abovementioned scaling approach, the use of these
so-called pBTL values only allows for computing the cochlear length
(CLCt,a ) at a speciﬁc angle θ .

The nearest neighbour parameterization of the lookup model
assumes that cochleae with a similar basal turn geometry have
also a similar shape throughout the rest of the cochlear spiral. In
order to investigate this hypothesis, a second discrepancy factor
dMT was deﬁned similar to the one for the basal turn dBT (Eq. (2)):

dMT(x ) =



T 



T 

hCt,a (θ ) = [1, r0 , r90 , r180 , r270 ]Ct,a · Hˆ pol

· 1, θ , θ 2 , θ 3

T

· 1, θ , θ 2 , θ 3 , θ 4

(19)

T

The authors also proposed a multiple linear regression result
ˆ deg ) capable of estimating the total cochlear angle  ac(matrix M
cording to

(21)

2.6. Cochlear place frequency calculation

(25)

3.2. Spiral shape approximation

Frequency calculations were performed according to the latest
release of the Otoplan system: ﬁrst, the trajectory of the basilar
membrane is computed by projecting the respective LW trajectory
0.5mm toward the modiolus (Alexiades et al., 2014). The length
of this basilar membrane trajectory within the basal turn (BTLBM ,
from 0–360 deg) is then used to compute the basilar membrane
length from the center of the round window to its apical end. This
is done using the correlation of BTL to total length also stated in
Eq. (10):

CLBM = 1.71 · BTLBM + 0.18

(r̄i,C1 − r̄i,C2 )2

Here the squared differences of the normalized radii were
summed over the angular position i from 360 deg to 810 deg in
90 deg steps, i.e. for the mid and apical cochlear turn. Note that
810 deg was chosen as the highest cochlear angle to be considered since it is the highest common angle of all cochleae assessed
within the dataset of Pietsch et al. (2017).
If the similarity hypothesis was true, low values of dBT should
hence coincide with low dMT values and vice versa. That is why for
each one of the 108 cochleae of (Pietsch et al., 2017), the smallest
dBT for the remaining 107 cochleae was found and plotted against
the corresponding dMT value, as is depicted in Fig. 2A. Herein, a
good match of two cochleae corresponds to points located in the
bottom left corner of the graph, and an example of a good match
(denoted m1 ) is shown in Fig. 2B. Note that points lying at the top
left corner in Fig. 2A represent pairs of cochleae matched in the
base, but not in the middle turn and the apex (e.g. m2 in Fig. 2C).
On the other hand, two cochleae may match within the mid and
apical turn while a noticeable deviation in shape occurs at the base
(e.g. m3 in Fig. 2D). This result suggests that the hypothesis behind
the lookup model may not hold true. Hence, this model might suffer from higher imprecisions by relying on such a relation (see below).

(20)

Ct,a = [1, r0 , r90 , r180 , r270 ]Ct,a · Mˆ deg .

810

i=360

2.5.4. Pietsch model
The ﬁnal approach additionally included the analytical model
proposed by Pietsch et al. (Pietsch et al., 2017). The authors used
measurements conducted in the above 108 corrosions casts of human cochleae to derive polynomial descriptions of the cochlear radius and height. These descriptions can be adapted to a speciﬁc
cochlea using measurements of the 4 basal radii r0,Ct to r270,Ct :

ˆ pol
rCt,a (θ ) = [1, r0 , r90 , r180 , r270 ]Ct,a · M

(24)

Differences of model approximations and reference shapes were
computed independently for the spiral radius and height in 1 deg
steps along the entire spiral proﬁles (e.g. for 0° ro = r0,approx −
r0,re f ) for all individual 20 μCTs and all models. In order to more
clearly visualize the meaning of approximation errors for reconstructions of the cochlear spiral, Fig. 3 shows these radial (top)
and height (bottom) deviations with respect to the mean spiral of
the 20 reference cochleae (dashed line). A perfect reconstruction
would hence yield a grey line which coincides with the dashed
one while a radial deviation of 1mm would result in a grey spiral whose radius is 1 mm larger than the dashed line. The ﬁgure
demonstrates that most models show systematic deviations from

(22)

The full trajectory of the basilar membrane is then cut off
apically according to this length. An additional factor to be taken
into account is the part of the BM from its most basal end to the
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Fig. 2. (A) Similarity analysis results within the dataset of (Pietsch et al., 2017) where low dBT and dMT values describe a high similarity of two cochleae within the basal
and mid/apical region respectively. The highlighted points demonstrate that (B) the shape of two cochleae can match along the entire spiral proﬁle as is the case for m1 , but
the pairs m2 and m3 show that this agreement may in some cases be limited to the (C) basal or (D) middle and apical cochlear regions, respectively.

the mean shapes in different portions of the cochlea. For example, the Escude (Fig. 3A), the ABH model (Fig. 3B) and the ECA
model (Fig. 3C) overestimated the cochlear height, whereas the
Pietsch model (Fig. 3D) underestimated it. Lookup (Fig. 3E) and RS
(Fig. 3F) were most evenly distributed both around the 2D spiral
shape as well as the cochlear height, whereas the lookup model
showed large deviations from mean proﬁle. In this illustration, the
RS model qualitatively outperformed all the other ones.
The absolute values of the deviations were subsequently
summed up to be able to quantitatively assess the precision of
the approximations. These deviations were grouped turn wise, i.e.
from 0–360 deg (basal turn), 360–720 deg (mid turn) and 720 deg
to the individual tip (apical turn) and compared using the twosided Mann–Whitney–Wilcoxon test (Fig. 4). The quantitative analysis also included the displayed deviations in absolute angular (C)
and metric length (D) of approximation and reference.
In terms of the radial deviation, the Escude model approximates
the reference signiﬁcantly and substantially worse than all other
approaches. The other models performed well and the errors were
below 1 mm in total. The Pietsch model showed slightly higher
deviations of cochlear radius within the basal turn and in cochlear
height in the apex. Cochlear height showed smallest deviations in
the RS model. However, in this model the total height is an input
parameter and not an estimation. Obviously, this has the important
consequence that the estimation of the vertical positions is more
precise in this model as well.
No signiﬁcant differences between the models could be observed for estimating the angular length. The most consistent and
obvious ﬁnding regarding metric length approximations was that
the Escude model was outperformed by all other approaches.
The poorest predictions were observed with absolute angular
length, where the errors were well above 45° for all models. Here

the differences between models did not reach statistical signiﬁcance. In conclusion, angular length is still not well predicted by
any model.
One important issue wss the relation between the cochlear
height approximated by the models (Hs ) and the total cochlear
height H. The predicted height Hs is based on the lateral wall spiral, and we were interested to ﬁnd out whether this spiral indeed
correlates with the cochlear height H, as widely assumed. For the
comparison we used the 108 corrosion casts (Fig. 5). Indeed, the
lateral wall spiral underestimated the cochlear height, but the two
values were signiﬁcantly correlated (r2 = 0.39). The new RS model
incorporates this correction.
Finally, we noted that the RS model outperformed the other
models in predicting local variations in cochlear height (vertical
dips and jumps). Compared to the Pietsch model, the RS model
was more ﬂexible and could better assess local changes in the
course of the cochlea. Also, the rollercoaster proﬁles (Avci et al.,
2014) were most accurately ﬁtted by the RS model. We did, however, notice that while some reference height proﬁles matched
very well (see Fig. 6A), the vertical dip of the cochlea was overestimated in some cases (Fig. 6B). It is likely that this overestimation may be a result of the fundamental data of the RS model: the
tracing of the external cochlear contour in (Pietsch et al., 2017) was
not performed by tracing the most lateral cochlear location but the
trajectory of the spiral ligament. The cochlea is twisted within its
basal turn (Schurzig, 2020), which causes the spiral ligament to lie
below the cochlear lateral wall. An example of this deviation is depicted in Fig 6C (see Sieber et al., 2019). The image also includes a
CI electrode array within the scala tympani, showing that the spiral ligament (and hence the RS model) lies below the LW causes
the vertical RS trajectory to lie closer to where a CI array would be
situated. What appears to be an overestimation of vertical jumps
6
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Visualization of differences in radius r (top) and height h (bottom) of the model approximations with reference to the average shape, i.e. an exact match corresponds
individual curves (in grey) coinciding with the dashed proﬁles. Cochlear height (h) was evaluated in addition to the spiral shape. Dashed line represents the mean
real cochleae, grey lines represent the deviations of the approximations of individual cochleae. The evaluations are shown for the different models in the following
(A) Escude, (B) ABH, (C) ECA, (D) Pietsch, (E) Lookup and (F) RS.

by the RS model is hence actually the path a CI array would follow
during insertion.
Finally, a Matlab based program was developed which is essentially an extended version of the tool proposed in (Pietsch et al.,
2017) and includes both the Pietsch model as well as the novel
RS model (freely available from https://neuroprostheses.com/AK/
RS_Model.html). The idea is that by both models the range of
the possible true form of the cochlea is approximated such
that the two conceptual approaches can be compared. Furthermore, the relation of metric and angular length can be assessed
quantitatively, also with the relation to the Greenwood function
(Greenwood, 1990), an important tool for surgeons. The application of the Greenwood function was implemented according
to Section 2.6. Fig. 7 shows an example of the output of the
tool.

4. Discussion
The present study demonstrates that the new RS model further improved the precision of previous 3D models of the human cochlea. It is to the best of our knowledge the ﬁrst study
that evaluates the predictions of different models using the same
fully independent set of μCT data. As such, it provides a validation of these models and allows comparing their outcomes. The
set of 20 μCTs used for this validation is similar to many previous
studies and covers the range of sizes observed in larger datasets
well (Pietsch et al., 2017; Meng et al., 2016; Wuerfel et al., 2014;
Timm et al., 2018). We assume the mean and the range of possible
variations to be well covered with this dataset.
The present analysis focused on the representation of cochlear
size, shape and metric and angular length, all of which are major
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Fig. 4. Comparison of absolute deviations of model approximations and reference shapes in (A) radius, (B) height, (C) angular and (D) metric length. Outliers are shown as
diamonds. ∗ : p ≤ 0.05; ∗ ∗ : p ≤ 0.01; ∗ ∗ ∗ : p ≤ 0.001; ∗ ∗ ∗ ∗ : p ≤ 0.0 0 01, two-tailed Wilcoxon-Mann-Whitney test.

Escude approach was signiﬁcantly less precise than all 3D models
used here in both shape and length approximation. From this perspective, the more recent approaches present a major advance in
cochlear modelling. The present results demonstrate that all recent
models, both scaling and analytical, have a high precision in predicting cochlear dimensions. However, one feature that separated
the newly introduced RS model from all other approaches was the
estimation of the vertical (height) proﬁle of the cochlea. Jumps in
the cochlear height proﬁle may indicate a higher risk of potentially traumatic array trajectories during insertion (Verbist et al.,
2009), which is particularly important for patients with functional
residual hearing. Hence, accurately predicting the vertical cochlear
proﬁle is important, and the RS model outperformed all other approaches in this task.
The cochlear shape models provide a quantiﬁed view on the
variability of cochlear microanatomy useful for surgical planning.
While the previous data suggest that it is the eﬃcient packing hypothesis that explains the cochlear shape variability by the space
available for the cochlea in the petrous bone (Pietsch et al., 2017),
the consequences of this variability on psychophysics is still unknown. It is unclear if subjects with larger cochleae have more hair
cells, or larger distance between the hair cells and thus a better
frequency discrimination (Avci et al., 2014).
The impact of this variability for cochlear implantation is, however, substantial. Models like the present one provide a better estimation of the best electrode to use for the given subject, also with
respect to the optimal cochlear coverage. Furthermore, predictions
of local dips (rollercoaster cochleae, (Avci et al., 2014)) and jumps
and their cochlear position are useful for prevention of cochlear

Fig. 5. Correlation of total cochlear height H and height of the lateral wall spiral
Hs.

factors for the surgical planning of cochlear implantation. Preoperative determination of size and shape may facilitate an individualized approach in electrode array selection (Timm et al., 2018)
and may help to estimate how deeply the array should be inserted (Lenarz et al., 2019). Clinically, insertion depth angles have
been initially predicted using simple formulas based on measurements of 42 human cochleae (Escudé et al., 2006; Alexiades et al.,
2014). Within this study we used the Escude approach and compared its performance to the more recently reﬁned 3D anatomical approaches using the same set of independent μCT data. The
8
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Fig. 6. Vertical cochlear height proﬁles and their approximation by the respective models. (A) While the Escude model approximates the vertical course of the given μCT
(black) with a line, ABH, ECA, Pietsch, Lookup and RS models predict the shape. Lookup overestimates the vertical dip at 180 deg, whereas Pietsch model has fewer degrees
of freedom and therefore does not catch the details of the course. The RS model (red) ﬁts very well with the course. (B) An example where the RS model overshoots in the
vertical dip (red arrows). (C) visualization of the reference and RS proﬁles of case B within the reconstructed cochlear lumina of a CT scan shows that the reason for the
overshoot is likely that the RS model is ﬁtted to the position of the spiral ligament, whereas the lateral wall is slightly higher.

Fig. 7. Output of the software showing the top and side views of the cochlear spiral reconstructions by the Pietsch and RS models (top and bottom left respectively), the
corresponding height proﬁles (top right) and the metric to angular length relation including Greenwood frequencies (bottom right).

damage. The models inform the surgeon on the relation between
insertion depth, implantation angle and the frequency allocation –
key information not only for soft surgery, but also for programming
the speech processor. However, the precision of the frequency allocation used in the RS model could not be assessed in the present
study.

4.1. Methodology
The present study evaluated the predictions of the models on
the same, fully independent set of μCT data. As such it provides
a validation of these models and allows for comparing their outcomes.
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An important observation was that the basal turn is not always predictive of the middle and apical turns (Fig. 1). Yoo et al.
(20 0 0) attempted to ﬁt a logarithmic spiral to the cochlear shape.
The authors noticed that this is only possible using two different logarithmic spirals for the different turns, corresponding to
our present ﬁnding. Furthermore, Pietsch et al. (2017) required a
polynomial spiral for the same reason, again consistent with the
present conclusion. This implies that precise cochlear modelling
cannot rely only on the basal turn. Here we used data from all
turns of the corrosion casts for the RS model. Since the basal
turn of the cochlea constitutes 53–55% of the whole cochlea (RaskAndersen et al., 2011; Pietsch et al., 2017), previous approximations
of the cochlear metric length provided reasonable estimates and
therefore did not realize this relation. It needs to be emphasized
that this relates to the derivation of the model; once the model has
been derived from all turns – by either the analytic or RS models
- measures of the basal turn are suﬃcient to provide the correct
estimate.

a better estimate of local shape variations. Knowledge of cochlear
jumps may be clinically relevant in cochlear implantation, as insertion trauma is more likely in these regions. This trauma could risk
damage to delicate intracochlear structures in patients with residual hearing. Analytical models cannot provide this ﬁne-grained detail: the Pietsch model can predict the rollercoaster proﬁle, but not
the size and the location of cochlear jumps in the vertical proﬁle
that frequently accompany rollercoaster shapes (Avci et al., 2014).
This is a standout advantage of the RS model.
The present study documents the excellent performance of the
3D models with respect to the shape and size of the individual
cochlea. The next step is to relate the anatomy to function, particularly to the frequency map of the cochlea. That is of key importance for placement of the electrode and frequency mapping of the
processor. We incorporated a ﬁrst attempt in our model. However,
this is not straightforward, since the resolution of many techniques
does not allow to visualize the helicotrema and the complete hook
region of the cochlea. This causes a substantial difference between
the cochlear duct length and the metric length of the cochlea, as
used here. Synchrotron measurements of few cochleae allowed assessing the size of the helicotrema to 0.7–3.8 mm and the hook region of 2.5 mm on average, which requires to correspondingly correct the metric length to the cochlear duct (87% based on Kawano
et al., 1996; formula by Helpard et al., 2020a, 2020b). In the corrosion cast the size equals the diameter of the turn in the apex (not
shown). Furthermore, another deviation is the basilar membrane in
the hook portion of the cochlea that in the present models is not
included (0 ~ center of the round window). Our model used the
ﬁndings of these synchrotron studies the same way they were also
implemented into the commercial Otoplan system. Further studies
are required to quantify these factors more precisely and with respect to the individual variation.

4.2. Scaling vs. analytical models: pros and cones
Among the scaling models the proposed RS model further improved the performance and reached the nominally smallest errors
in most comparisons. However, the mean difference was < 1 mm
in cochlear height and <45° in angular length. This shows the high
precision of all recent models and the solid predictive power that
can be used in clinical applications. From the scaling models, the
lookup model had the weakest predictive precision.
When comparing the scaling models to the analytical model,
the differences were in most cases not signiﬁcant. In cochlear
height, the analytical (Pietsch) model was outperformed by the RS
model (Fig. 3). But this is an inappropriate comparison, since the
cochlear height is predicted in the Pietsch model, whereas it is assessed and used as an input parameter in the RS model. Furthermore, the comparison in Fig. 4B fails to capture the true difference
since the Pietsch model is based on corrosion casts that consider
the cochlear spaces, whereas μCT-based models orient themselves
on the bony wall. Soft tissue is omitted in both, and therefore
the comparison, particularly for cochlear height, needs to additionally include the difference in cochlear height compared to μCT (in
mean corrosion casts predict a slightly smaller cochlear height by
about 400 μm; see Table S1 in (Pietsch et al., 2017)), corresponding
to the whole error reported here. Nonetheless, even though comparing two fundamentally different approaches, in terms of absolute error the RS model performed better than the analytical prediction.
D’Arcy Thompson (Thompson, 1961) suggested that mathematical descriptions of biological forms are informative regarding
factors that inﬂuenced the creation of these forms. Indeed, the analytical approach allowed making suggestions on the sources of
variability in the cochlear shape before (Pietsch et al., 2017). While
the analytical solution includes a mathematical elegance in predicting the cochlear shape, and also provided clues for the reasons of this variability, there is also an advantage for the scaling
models by allowing more parameters and therefore a better ability to capture local aspects of the individual shape of the cochlea.
Both approaches adapt a parametric function (either a mathematical formula, or a set of datapoints that are scaled) using individually measured parameters. By that, they allow individualized prediction based on general models.
When comparing the concepts it becomes clear that only four
input parameters in the analytical models are used to adapt the
parameters of the polynomial equations of the model. In the scaling models 12 input parameters are used for a push-and-pull adaptation of the mean shape to the individualized cochlea. This gives
the scaling model substantially more ﬂexibility, and thus provides

5. Conclusion
The present study compared and validated cochlear models on
an independent set of twenty μCTs. It demonstrated the high precision that has been achieved using these models. Furthermore, it
extended the most recent scaling model using a large set of corrosion cast measurements and by that provided the most precise
prediction of cochlear shape, size and also of smaller-scale anatomical features like vertical jumps that other models do not include.
Finally, the model predicts the frequency allocation in the individual cochlea that can be used for speech processor programming.
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