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To investigate cochlear implant (CI) performance, geometric computational models of the
cochlea have been used to assess and optimise electrode insertion strategies and to
investigate current flow through the cochlear volume as a result of intra-cochlear stimulation.
Most of these models are derived low-resolution computed tomography (CT) and
radiographic scans of humans or high-resolution histological sections of cochleae that are
not viable for in vivo studies. Often these models lack a significant set of detail, still use a
generic shape of the inner structures of the cochlea or obscured structures and are not
clinically translatable. A method for the predication of obscured landmarks from reference
landmarks is needed to generate user-specific computational models of the cochlea if the
data source is of low quality. A standard set of prediction polynomial functions derived from
high-resolution PCT scans needs to be developed and applied to clinically available CT

images of the cochlea. Although histological sections of the human cochlea provide the best
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resolution of the cochlear structures, midmodialar sequential sectioning of the cochlea is not
possible. uCT scans provide a solution, as the images are still of high quality and allow for
detailed measurement of cochlear parameters on midmodiolar sections. Secondly, the more
recent construction of a knowledge-based automated landmark computational model needs
to be refined. The search fields that the automated models template uses to place a landmark
need to be standardised and should have the ability to morph the cochlear shape together
with the inner bony structures. Such models are of great clinical importance, as they can be
generated much more quickly to inform CI surgeons on the individual cochlear anatomy of

a CI patient and maintenance of CI.

Lastly, the effect that taxonomic class has on the functional implications of an implanted
electrode array has yet to be determined. The cochlear geometry that best predicts the
location of the electrode array is important, as it has a significant implication for hearing

outcomes.

This thesis assesses the anatomical geometric factors that affect inter-person variations at
the peripheral-electrode interface by developing a pre-operative approach to person-specific
model design for implant candidates. This approach aims to increase the accuracy and details
of geometric parameters that are available for model construction and integrate the image
data into three-dimensional (3D) computational volume conduction models. The study used
a landmark-based approach to measure the cochlear parameters that contribute to cochlear
variation, as well as the development of algorithms to derive obscured landmarks from
consistently available cochlear landmarks. A workflow in the form of a custom script
UPCochlea.m that describes the technical aspects of landmark analysis was created to
describe each cochlea algorithmically and to extract spiral trajectories that describe cochlear
anatomy. Polynomial algorithms for the description of each spiral were created for use as
standard for determining each cochlear class and the prediction of obscured spirals on
clinically available data. This is the first study of its kind to describe all eight spirals that

constitute the cochlea and spiral lamina.

Automatic generation of user-specific landmark-based 3D computational models is a rapid
process that can easily be translated into a clinical tool that may inform surgeons,
manufacturers of CI’s and bio-engineers on the maintenance of such models. By refining the

search fields for the template that landmark-based automated cochlear computational models
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search for a landmark to be placed, more accurate automated computational models could

be generated.

Psychometric data from CI users are correlated with the anatomical dimensions, their
taxonomic classification and electrode locations derived from postoperative patient scans to
determine the factors, if any, that may affect electrode array locations and thus the functional
outcomes of CI users. The factors that contribute to speech and hearing outcomes may be

used to optimise the parameter settings for CI user device programming.
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LIST OF ABBREVIATIONS

uCT microCT

pm micrometer

3D three-dimensional

AL angular length

AMG automated model generator
BM basilar membrane

C- or M-level comfort level

CBCT cone beam computed tomography
Cl cochlear implant

CIMVW cochlear implant model validation workflow
CI’s cochlear implants

CL cochlear length

CSRF cochlear reference spiral framework
CN X vagus nerve

CNII olfactory nerve

CNVII facial nerve

CNVIII vestibulocochlear nerve
CT computed tomography

DR dynamic range

EM expectation maximum

IAC internal acoustic canal

IAM internal acoustic meatus
ILS inferolateral spiral

IS inferior spiral

LMS least mean squared

LS lateral spiral

LSH height of the lateral spiral
LSL lateral spiral lamina
Matlab matrix laboratory

mm millimeter
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MRI
MRM or uMR
MS
MSL
NECSA
MAE
NMAE
OoC
OSL
ow
PCA
PNE
PNMAE
RM
ROI
RW
RWM
SGC
SL

SLS
SM

SS

ST

SV
T-level
™

VC
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cubic millimeter

magnetic resonance imaging
magnetic resonance microscopy
medial spiral

medial spiral lamina

Nuclear Energy Corporation of South Africa
mean absolute error

normalized mean absolute error
Organ of Corti

osseous spiral lamina

oval window

principal component analysis
percentage normalized error
percentage normalized mean absolute error
Reisnner’s membrane

region of interest

round window

round window membrane

spiral ganglion cell

spiral lamina

superolateral spiral

scala media

superior spiral

scala tympani

scala vestibuli

threshold

tectorial membrane

volume conduction
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CHAPTER1 INTRODUCTION

1.1 CHAPTER OVERVIEW

1.1.1 Context of the problem

Cochlear implants (Cls) have been used as a rehabilitative tool for the treatment of severe
hearing loss. Over the last few decades, significant improvements in the design and
development of Cls have been made. Still, many users experience variable speech and
language outcomes, with some having no hearing benefit at all. Such variability makes
predicting hearing outcomes very difficult and has prompted further research in the hope of
finding solutions to optimise hearing restoration. To address the variance experienced by CI
users, computational modelling that describes how the biological cochlear system reacts in

an electrically stimulated environment has been used.

These geometrical computational models should represent the morphologies and dimensions
similar to the real cochlear structures. Recently user-specific models have been created to
understand the factors that may contribute to the variable outcomes better. The anatomical
details included in these user-specific models are however lacking, as they are mostly
derived from low-resolution images. A need exists for parameters that describe the cochlear
spirals that constitute the cochlea and that reflect individual variations, for the generation of

three-dimensional (3D) computational models of higher geometric accuracy.

Even though cochlear anatomy can be better visualised using higher resolution images, such
as those derived from histological sections, micro computed tomography (UCT) scans and
magnetic resonance microscopy (MRM) images, these modalities are not suitable for use

in in vivo and clinical settings. Most often, clinicians and researchers are presented with low-
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CHAPTER 1 INTRODUCTION

resolution data in the form of CT scans. The question then arises: How well and with what
accuracy can one determine the anatomical landmarks that describe the cochlear anatomy
and its variation? It is important to determine which of these landmarks are useful for
inclusion in user-specific model generation and which can be used to derive the smaller inner
structures that are obscured by either electrode or metal artefacts or are too small to visualise
on clinically available CT scans. A standardised method is needed to obtain obscured spirals
(from the measured landmarks that describe these spirals) from visible or reference spirals

and to assess the accuracy with which these spirals can be determined.

Three-dimensional modelling of the cochlea for volume conduction studies uses a few
landmarks that are visible on clinical CTs to reconstruct a detailed representation of a user's
cochlea. Since the inner structure of the cochlea is not visible, a fixed inner structure template
IS morphed onto these landmarks to fill in obscured structures. Whether the obscured
structures are placed in the correct locations is, however, unknown since the low-resolution
source images do not allow a direct assessment of the integrity of the model and ultimately
of a specific model generator process. A method is thus required to (i) assess the fidelity of
a model (and model generator process) against a known reference, and (ii) inform a strategy
for improvement if necessary. This is particularly important in the domain of automatic
model generators where manual landmark identification is replaced by an algorithmic
approach to landmark detection in an attempt to generate fast, accurate and detailed
computational models of the cochlea for clinical application. The search fields used by the
automated landmarks to place a valid landmark are still needed. These search fields need to
be quantified to improve landmark-based automated computational modelling of the cochlea
details. Manual generation of landmark-based computational models is a time-consuming
process and has been translated into an automated landmark-based modelling approach in

the work done by Bioengineering@UP.

In addition, the cause of the variable outcomes in psychoacoustic measures in CI users’
needs to be investigated. The anatomical factors that affect variation in outcomes, such as
cochlear taxonomy (class) and electrode position relative to the target neural elements, need

to be investigated to advise clinicians, manufacturers and bio-engineers on which parameters

Department of Electrical, Electronic and Computer Engineering 2
University of Pretoria
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CHAPTER 1 INTRODUCTION

need to be considered during the surgical approach, electrode array design and the

construction of 3D computational volume conduction models.

The thesis addresses the following:

Firstly, high-resolution uCT scans are used to define a standardised set of landmarks to
describe the 3D spiralling nature of the cochlea for model construction. This cochlear
reference spiral framework (CSRF) includes the spiral lamina, since this structure may be
used to adapt the inner-structure template better to the specific morphology of an individual.
Polynomial equations are derived to describe each spiral that constitutes the cochlea, as well
as those describing the spiral lamina. These polynomial equations are then used as reference
spirals for the derivation of obscured spirals when using an image source of low quality,
which is mostly the case when modelling the cochlea of live Cl users. The accuracy with
which obscured landmarks can be derived from visible parameters is given.

Secondly, a workflow is developed to apply the CSRF as a reference to test the integrity of
specific 3D models and that of model generation protocols. The CSRF model-integrity test
is applied to a specific automated landmark-based 3D model generator. Validation of the test
is performed against the full set of manually measured landmark spirals as identified on uCT
images for which automated landmark-based models were also created. Application of the
CSRF model-integrity test on low-resolution CT-images is then performed to assess the
fidelity of models constructed through this model generator for live users. Finally, analysis
of the performance of the automated model generator (AMG) against the reference spirals is
used to inform refinements to the current AMG that could improve the accuracy of the

models it produces.

Thirdly, the CSRF is applied to derive the location of a number of CI users' electrode arrays
relative to cochlear geometry. A comparison of electrode trajectory with the spiral
trajectories of the cochlea is used to determine which cochlear spirals may influence
electrode location. This section of the work further investigates the interrelation between

electrode location and psychoacoustic measures.

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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CHAPTER 1 INTRODUCTION

1.1.2 Research gap

The study addresses the need for an analytical description of anatomical cochlear variation
in terms of cochlear class, the prediction of obscured cochlear spirals as well as the accuracy
of this method. The application of the resulting CSRF addresses a gap in evaluating the
integrity of CI models and model generators, and it provides a reference that can inform the
steps that are required to develop new model generators or improve existing ones. Finally,
the CSRF provides a means to investigate the variation in cochlear implantation outcomes
by providing a more detailed comparison of the trajectory of the cochlear spirals of each
cochlear class and the spiral of the electrode array with the functional outcomes of a selected

Cl user than was previously possible.

1.2 RESEARCH OBJECTIVES AND QUESTIONS

The research objectives are to develop a tool
1. for the standardisation and extraction of the cochlear spirals that describe the

spiralling nature of the cochlea and its inner bony structures for each cochlear class;

2. to calculate obscured cochlear spirals when the data source is of low quality;

3. to assess the integrity of an automated landmark-based computational model of the
cochlea; and

4. to investigate the anatomical factors, including cochlear class, that affect electrode

position and the associated interrelation between anatomy and outcomes of cochlear

implantation.

The research questions addressed by the study are the following:

1.  How accurately can the spiralling nature of the cochlea be algorithmically described
from measured landmarks that describe these spirals? Can the cochlear spirals for each
cochlear class be standardised?

2. How well can the trajectory of obscured cochlear spirals be derived from reference
spirals for which all cochlear landmarks are visible? What is the accuracy of such a

method?

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria
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CHAPTER 1 INTRODUCTION

3. CanaCSRF be used to validate the integrity of an existing automated model generator
and what would such a workflow entail?

4. What is the outcome of the inclusion of refined search fields in landmark-based
automated computational models of the cochlea?

5. Which of the quantified cochlear spirals, if any, contribute to the functional outcomes
of cochlear implantation? Do the spiral trajectories of the cochlea predict the position
of the electrode array? What is the effect of the electrode position on the functional

outcomes influencing the objective outcomes after CI insertion?

1.3 APPROACH

The approach in this study was to construct a cochlear spiral reference database from a high-
resolution image set. High-resolution uCT images of a collection of temporal bones and dry
skulls were obtained. From these images, landmarks were manually digitised through the
use of open-source (Image J) and commercial (VGStudio?) image-processing software. The
raw measured landmark data were subsequently processed through custom Matlab® scripts
to produce a standardised set of cochlear spirals. These spirals were subsequently fitted with
sixth order polynomial equations to produce an analytical description of the spirals. The
analytical descriptors were used to derive a set of predictor coefficients that describe the
obscured spirals as a function of spirals that may readily be digitised from low-resolution
images. Furthermore, the reference spirals were used to classify cochleae according to
taxonomy with regard to the vertical trajectory of the cochlea. The CSRF thus constitutes
polynomial descriptors for the reference spirals as well as polynomial predictors for
obscured spirals according to cochlear taxonomy (for cases where this is known) as well as
for the pooled dataset where the cochlear class is unknown. The application of the CSRF is
then demonstrated as a tool to assess the integrity of 3D models that describe user-specific
cochlear geometry and to validate the particular model generation workflow that was used

to create these models. This is done through an analysis of the estimated error between the

1 https://imagej.nih.gov/ij/
2 https://www.volumegraphics.com/
3 https://www.mathworks.com/
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spirals produced for several cochleae by a specific automated 3D cochlear model generator,
the measured spirals for the same cochleae and the trajectories of the obscured spirals as
predicted by the polynomial predictors. The comparison is also performed by a custom
Matlab! script. Finally, the CSRF is used to calculate the location of several electrode arrays
implanted in live cochleae with information about the location of the spiral lamina, i.e.
presumably a more detailed description of the location of the neurons relative to the electrode
array than was previously possible. This allows assessment of the effect of cochlear anatomy

on thresholds and dynamic range outcomes in CI users.

Null hypothesis (HO): A CSRF can be constructed for the extraction and description of
cochlear spirals of each class that reiterates the anatomical variation in cochlear anatomy
and can be applied for the accurate prediction of obscured spirals. The CSRF can be used to
validate the integrity of an AMG. Algorithmically described cochlear spirals, cochlear
taxonomy and the position of the electrode array have a large influence on the functional
outcomes of cochlear implantation.

Alternative hypothesis (HA): The spirals that constitute the cochlea cannot be described
using polynomial equations, nor can these spirals be used as a reference for the prediction of
the trajectory of obscured cochlear spirals. An improved method is needed to validate search
fields for landmark-based automated computational modelling. Functional outcomes of
cochlear implantation are not significantly influenced by cochlea taxonomy or electrode

array position.

1 https://www.mathworks.com/

Department of Electrical, Electronic and Computer Engineering 6
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1.4 RESEARCH GOALS

The goal of this study was to create a detailed cochlear reference spiral framework from
landmarks measured from high-resolution data and to interpret the data by using custom
Matlab! algorithms for the classification of cochleae into the taxonomy and for the
interpretation of the cochlear spirals that constitute the cochlea and spiral lamina. The
reference spirals were subsequently processed in a second Matlab? script algorithmically
describing each spiral of the cochlea and spiral lamina. This script allowed for the prediction
of spirals, which may be obscured on data sources of low resolution. The goal of the study
was to develop a standard set of polynomial equations that can be used to refine the
development of user-specific computational modelling of the cochlea. The study further
aimed to define search fields for the creation of more rapid landmark-based automated
computational models that can be translated into a clinical setting. The anatomical class and
spirals that constitute the cochlea and spiral lamina are correlated with the functional

outcomes.

1.5 RESEARCH CONTRIBUTION

A first contribution is made in the form of detailed techniques that assist in extracting the
anatomical landmarks, data refinement and classification of cochleae. A method by which
obscured landmarks proposed for inclusion in 3D computational modelling of the cochlea is
given. The second contribution is made by proposing a validation tool for 3D cochlear model
integrity. The third contribution is made by evaluating which anatomical landmarks, if any,
are correlated with the electrode location and/or hearing performance data of Cl patients.

1 https://www.mathworks.com/
2 https://www.mathworks.com/
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1.6 RESEARCH OUTPUTS

1.6.1 Submitted peer-reviewed journal articles

Human-Baron, R., Hanekom, T. and Hanekom, J.J. (2019). “Non-invasive landmark-based
approach to computational reconstruction of the human cochlea. Variations in the
dimensions of the human cochlea using microCT and CT scans: implications for

computational modelling of the auditory periphery”, Journal of Medical Imaging Analysis.

1.6.2 Peer-reviewed journal articles in preparation

Human-Baron, R., Hanekom, T. and Hanekom, J.J. (2019). “Prediction of the trajectory of
obscured cochlear spirals for the development of three-dimensional computational

modelling.”

Human-Baron, R., Hanekom, T. and Hanekom, J.J. (2019). “Non-invasive landmark-based
approach to computational reconstruction of the human cochlea — Translation to automated

geometry reconstruction.”

Human-Baron, R., Hanekom, T. and Hanekom, J.J., “Functional consequences of human
cochlear taxonomy: Experimental assessments of the device performance of participating

implant users.” To be determined.

1.6.3 Conference outputs

Hanekom, T., Asvat, R., Baron, R., Malherbe, T.K., Badenhorst, W. and Hanekom, J.J.,
"Cochlear implants: Quantifying user-specificity in peripheral neural responses”, University

of Pretoria 4th Neuroscience Day, University of Pretoria, Pretoria, 9 May 2013.

Asvat, R., Human-Baron, R., Hanekom, T. and Hanekom, J.J. (2016). “User-specificity of

anatomical landmarks of the cochlea for use in computational models”, 44th Annual
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Conference of the Anatomical Society of Southern Africa, 8-12 May 2016, Bloemfontein,
Free State, South Africa.

Havenga, W., Asvat, R., Human-Baron, R., Hanekom, T. and Hanekom, J.J. (2017).
“Variations in the macro-anatomic structure of the cochlea”, 45th Annual Conference of the
Anatomical Society of Southern Africa, 23-26 April 2017, Langebaan, Western Cape, South
Africa.

Human-Baron, R., Asvat, R., Hanekom, T. and Hanekom, J.J. (2017). “Reconstruction of
the cochlea using geometric parameters: Technical aspects”, 45th Annual Conference of the
Anatomical Society of Southern Africa, 23-26 April 2017, Langebaan, Western Cape, South
Africa.

Human-Baron, R., Asvat, R., Hanekom, T. and Hanekom, J.J. (2017). “Determining the
number of turns of the human cochlea across imaging modalities”, 45th Annual Conference
of the Anatomical Society of Southern Africa, 23-26 April 2017, Langebaan, Western Cape,
South Africa.

Human-Baron, R., Hanekom, T. and Hanekom, J.J., and Uys A. (2019). “Accuracy with
which modalities suitable to image live CI users can represent cochlear anatomy”, 47th
Annual Conference of the Anatomical Society of Southern Africa, 07-10 April 2019,
Pilansberg, North West, South Africa.

1.7 OVERVIEW OF STUDY

An overview of the thesis is presented in Figure 1.1. The first part of the study involves the
derivation of a knowledge and predictor base Refer to figure 1.1a. The knowledge base is
derived from measurement of a set of predefined landmarks on puCT scans of dry skulls. The
knowledge base is optimised and used to inform a predictor base. The predictor base involves
the prediction of the different spiral trajectories that describe cochlear morphology from
known spiral trajectories in cases where a spiral may be obscured. Predictor polynomial
coefficients are determined. The next part of the study involves the application of the
predictor base to CT scans of live cochleae without and with an electrode array inserted.
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Validation of the knowledge and predictor base is performed using error analysis. Next the
knowledge and predictor base are applied to an automated model generator (AMG)
developed by the Bio-engineering research group at the University of Pretoria. The derived
knowledge base for the AMG for pooled cochlea and per cochlear class is compared to the
manual digitization of each cochlear spiral and the predictor base to test the performance and
integrity of the AMG, i.e. how well the AMG can predict cochlear morphology. Finally as
given in figure 1.1b, the user outcomes of CI users (dynamic range, threshold and comfort-
level) are correlated to the manually digitized spirals to determine which spiral influence
these outcomes. The spiral trajectory of the electrode array is also determined and correlated

to user outcomes.

In Chapter 2 a review of relevant literature is given to lay down a foundation for the study
presented. A literature study on the application of imaging in temporal bone assessment and
landmarks that have been used by other researchers in an attempt to describe cochlear
anatomy is given. The literature review includes cochlear variations reported in the literature,
methods to assess cochlear geometry, cochlear parameters that are required to construct
computational cochlear models, methods to determine electrode location and the anatomical

factors that have been found to contribute to hearing and speech outcomes.

In Chapter 3 a landmark set is defined and proposed to include in user-specific 3D
computational modelling of the cochlea. The landmarks describe the spiralling nature of the
cochlea. A method for the calculation of obscured landmarks that describe the spiralling of

the cochlea from references spirals are presented.

Chapter 4 provides recommendations validating the integrity of 3D computational models
by using a CSRF. The chapter includes the application of the CSRF on CT scans to test
whether the prediction algorithms for the spirals that constitute the cochlear geometry can

be applied to images available in a clinical setting.
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In Chapter 5 the relation between the anatomical class, spirals and functional outcomes of
the cochlea is presented. The chapter investigates which factors contribute to variability in

the functional outcomes of the Cls.
In Chapter 6 the findings of the preceding chapters are summarised and discussed in the
context of the relevant literature and the research objectives of the thesis. Application of this

study in future research is also discussed.

In Chapter 7 a final summary and conclusion of this study are provided.
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Figure 1.1 Overview of study. a) Graphical summary of how the CSRF is derived from
MCT datasets and validated against CT data and data from an automated model generator
(AMG). b) Graphical overview of how the CSRF can be applied to assess the questions in
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CHAPTER 2 LITERATURE STUDY

CHAPTER OVERVIEW

The objective of this chapter is to provide a foundation for the work presented in this thesis.
The chapter comprises a review of the relevant literature, which includes a brief overview in
the following sections: 2.2 Human cochlear anatomy, 2.3 Cochlear geometry and variance
reported in the literature, 2.4 Methods to assess cochlear geometry variance, 2.5 Imaging in
live CI users, 2.6 The origin and role of inter-person variance in CI performance, 2.7
Methods to determine electrode location, 2.8 Modelling in cochlear implantation, 2.9
Cochlear parameters used in modelling in CI, 2.10 Landmark-based methods to measure
cochlear parameters, 2.11 Methods to determine obscured landmarks, 2.12 Modiolar
correction methods and 2.13 Landmark-based automated computational modelling

approaches.

2.1 COCHLEAR ANATOMY

The human inner ear that is involved in the hearing and balance senses, is located within the
petrous part (pars petrosa) of the temporal bone. The inner ear complex includes the cochlea,
vestibule, semicircular canals and membranous labyrinth within a bony labyrinth (Coetzee
etal., 2003, Fatterpekar et al., 2006, Meng et al., 2007, Kirk and Gosselin-lldari, 2009, Gunz
et al., 2012, Shin et al., 2013). Perilymph is found within the bony labyrinth that surrounds
the membranous labyrinth filled with endolymph (Fatterpekar et al., 2006). Perilymph
communicates with the cerebrospinal fluid via the cochlear aqueduct (endolymphatic duct),
which can enable the spread of infections between these fluid compartments (Rask-Andersen
et al., 2012). The vestibuli and semicircular canals are responsible for balance while the

© University of Pretoria
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CHAPTER 2 LITERATURE REVIEW

cochlea is responsible for hearing (Coetzee et al., 2003, Fatterpekar et al., 2006, Drake et
al., 2010).

The cochlea is surrounded by the hardest bone in the body, the otic capsule. The compact
bone of the otic capsule consists of trilaminar arranged bone with high mineral content and
cartilage islands. The specialised bone is responsible for reflecting fluid sound vibrations so
that these are not absorbed by the temporal bone. The two mirrored human cochleae are
shaped like conical snail shells composed of a bony canal, which twists around a central axis,
the modiolus (Coetzee et al., 2003, Fatterpekar et al., 2006, Kirk and Gosselin-Ildari, 2009,
Rask-Andersen et al., 2012). The word modiolus is derived from the Latin word ‘hub of a
wheel’ (Coetzee et al., 2003, Kendi et al., 2004a). Usually the bony canals winds around the
cone-shaped modiolus 2 % times (Coetzee et al., 2003, Kendi et al., 2004b, Fatterpekar et
al., 2006) to 2 % times in an anticlockwise direction for left cochleae and a clockwise
direction for right cochleae (Kirk and Gosselin-Ildari, 2009), resulting in a basal, middle and

apical turn.

The basal turn begins between the oval (OW) and round windows (RW) and ends between
the geniculate ganglion and cochleariform process, resulting in the formation of a completely
closed ring surrounding two pouches. The medial pouch or cochlear fossa forms part of the
fundus of the internal auditory meatus (IAM) while the lateral pouch contains the middle
and apical cochlear turns with their smaller radii. The protrusion of the basal turn into the
middle ear cavity is overlaid by the bony promontory. This projection is represented by a
curved line. The basal turn has a characteristic projection in the horizontal plane where the
first portion lying between the OW and RW runs laterally. The basal turn then curves
medially to run posterior to the Jacobson’s canal or tympanic canaliculus. This portion forms
the apex of the promontory, which is the most superficial area of the basal turn (T6th et al.,
2006).

The basal end of the cochlea or cochlear hook is of great surgical importance. At this point
it curves in three dimensions, i.e. anterior-posterior, lateral-medial and inferior-superior in

three dimensions (Rask-Andersen et al., 2012). Several structural relationships exist in the
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hook region. The cochlear duct runs between the stapes footplate and RW. Here the scala
tympani (ST) terminates and the scala vestibuli (SV) opens into the vestibule. The saccule
of the vestibule is connected to the cochlear region via the ductus reuniens (Kirk and
Gosselin-lldari, 2009).

The inner aspect of the cochlea contains the spiral lamina (SL) or osseous spiral lamina
(OSL), which projects from the modiolus and twists around the axis of the basal turn. The
SL lies almost horizontally near the RW, then coils continuously, after which it turns to lie
in the longitudinal plane next to the carotid canal (T6th et al., 2006). The SL ends in the
hook-shaped hamulus at the apex (Fatterpekar et al., 2006). Near the outer edge of the SL, a
thickening of the periosteum forms the spiral limbus that is covered with a thin layer of
epithelial cells. A vestibular lip is caused by the extension of the upper outer lip of the spiral
limbus. An internal spiral sulcus is formed between the vestibular lip and basilar membrane
(BM). On the upper surface of the spiral limbus, a membrane called the tectorial membrane
(TM) extends over the organ of Corti (OoC). This membrane consists of a gelatinous matrix
containing thin keratinised fibres, which are in contact with the microvilli of the hair cells
(Coetzee et al., 2003). A second membrane, the Reissner’s or vestibular membrane (RM) is
found in the cochlear duct. The RM extends from the spiral limbus medially to the outer wall
of the cochlear duct laterally. This thin membrane consists of two layers of squamous
epithelial cells with a small amount of connective tissue in between. The spiral ligament and
stria vascularis are found in the lateral wall of the cochlear duct. A thickening of the
connective tissue layer of the periosteum is the cause of the spiral ligament. A groove called
the external spiral sulcus is found in the outer wall of the cochlear duct or spiral ligament.
Two spiral ridges, the upper prominentia spiralis and lower crista basilaris, are found on
both sides of the external spiral sulcus. The crista basilaris serves as attachment site for the
BM. The stria vascularis is found just above the prominentia spiralis and is responsible for
the production of endolymph. The stria vascularis consists of unique specialised epithelium

containing capillaries between the epithelial cells (Coetzee et al., 2003).

The SL divides the bony canal into two passages known as the SV and ST (Coetzee et al.,
2003, Kendi et al., 2004a, Fatterpekar et al., 2006). The SV and ST communicate through
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and opening, the helicotrema which is bounded by the hamulus located at the apex
(Fatterpekar et al., 2006, Kirk and Gosselin-Ildari, 2009). The SV and ST contain perilymph
(Coetzee et al., 2003, Fatterpekar et al., 2006). The scala media (SM) or cochlear duct which
is filled with endolymph, is found between the SV and ST. The SM is separated from the ST
below by the BM and from the SV above by the RM (Coetzee et al., 2003, Fatterpekar et al.,
2006, Kirk and Gosselin-Ildari, 2009).

The ST is the largest of the compartments (Rebscher et al., 1996), with the round window
membrane (RWM) found at the end of it where the hook bends posteromedially (Li et al.,
2007, Rask-Andersen et al., 2012). In the area adjacent to the RW, the width and height of
the ST are very small. These increase as one moves anteriorly and inferiorly away from the
RW. This is the area in which Cls are usually inserted. A cochleostomy is usually performed
in the otic capsule anterior to the RWM at the midpoint of its vertical axis. This allows for
direct insertion of the electrode array into the ST. This bony area adjacent to the RW is
referred to as the anteroinferior margin of the RWM (Li et al., 2007), the crista fenestra
(Adunka et al., 2004, Briggs et al., 2005, Clark et al., 2012), crista semilunaris or postis

anterior (Proctor et al., 1986).

The RWM is located from the exterior under the tegmen, a bony overhang that is formed by
the wall of the promontory. Surgically the RWM is difficult to see, as it is covered by the
RW niche and mucosal fold. At first, anatomists thought that the RWM was flat, but later it
was found that the membrane is conical in shape with a long and short diameter. It is believed
that the RWM plays a larger role than the tympanic membrane in sound transmission (Rask-
Andersen et al., 2012). On average the RWM is 2.3 by 1.87 mm in size and does not grow
postnatally (Proctor et al., 1986). It has an infero-anterior part that runs vertically and a
supero-posterior part that runs horizontally. The membrane lies very close to the SL
posteriorly. A small space with a maximal diameter of 2.98 + 0.23 mm, the fossula fenestrae
rotunda, is formed by the entrance of the RWM (Sato et al., 1991, Kirk and Gosselin-lldari,
2009). Important relations of the RWM include the BM, spiral ligament, SM and SL running
anteriorly from the posterior margin of the RWM. The inferior cochlear vein and cochlear
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aquaduct are related to the inferior margin, while the ductus reuniens is closely related to the
posterior margin (Li et al., 2007).

The SM or cochlear duct has a triangular appearance when viewed in cross-section. At the
bottom of the cochlear duct, the BM extends from the edge of the SL to the outer wall of the
cochlear duct. The cochlear duct terminates in the hook region near the posterior edge of the
stapes footplate, which coincides with the posterior edge of the RW. The duct is convex in
shape in relation to the stapes and lies closest to the footplate in the midline. Anteriorly the
duct angles away from the footplate with a narrowing of the ST. The OoC is located within
this cavity on the BM and is responsible for converting mechanical sound waves into
electrical nerve impulses (Coetzee et al., 2003, Kirk and Gosselin-lldari, 2009, Rask-
Andersen et al., 2012).

The OoC consists of hair cells and supporting cells arranged in a specific manner. The hair
cells are the receptor cells, while the support cells surround the hair cells. The first supporting
cells encountered are the border cells. These cells are either cuboidal or columnar epithelial
cells formed by the epithelial layer covering the spiral limbus. A single row of flask-shaped
inner hair cells lies next to the border cells. The inner hair cells contain microvilli on their
free surface that are arranged in a C- or U-shape. The microvilli are in contact with the TM.
At the bases of the inner hair cells, several nerve endings are present. Another layer of
support cells, the inner support or phalangeal cells, surround the inner hair cells. Two rows
of uniquely structured support cells, the pillar cells, are present on the outside of the inner
supporting cells. The pillar cells have broad bases with long, narrow pillars extending
obliquely upwards. The pillars contain longitudinal filaments and microtubules. The free
surfaces of the pillar cells come into contact with one another to form a triangular tunnel of
Corti. The pillar cells are followed by three to five rows of cylinder-shaped outer hair cells,
which rest on supporting cells called Dieter’s or outer phalangeal cells. Many microvilli
arranged in a Y- or W-pattern are found on the free surface of the outer hair cells. The
microvilli come into contact with the TM. Nerve endings are located at the bases of the outer
hair cells. The outer hair cells are bordered by tall supporting cells called Hensen’s cells.
These cells gradually decrease in height until they end at the crista basilaris. Here the cells

become cuboidal and no longer form part of the OoC and are known as the cells of Claudius.

Department of Electrical, Electronic and Computer Engineering 18
University of Pretoria

© University of Pretoria



4+

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETOR

I
1A

CHAPTER 2 LITERATURE REVIEW

The cells of Claudius are continuous with the epithelium lining the spiral ligament. The inner
hair cells function merely as mechanoreceptors, while the outer hair cells are responsible for

registering sound waves (Coetzee et al., 2003, Rask-Andersen et al., 2012).

The bases of the hair cells of the OoC are supported by the BM. The vibration of the BM
causes stimulation of the hair cells. The BM is divided into two sections. The thinner pars
arcuata, which contains blood vessels, extends from the SL to the outer pillar cells. The
thicker pars pectinata extends to the basilar crest. The BM is composed of transversely
arranged bundles of collagenous fibres. In the pars pectinata these bundles are known as the
auditory cords. These bundles vary from lengths of 65 to 500 um. The shortest bundles are
located closer to the base of the cochlea, while the longer bundles are located closer to the
apex. These bundles are tonotopically arranged and responsible for the registration of
different frequencies by the cochlea. The longer auditory cords register low frequencies,
while the shorter auditory cords register high frequencies (Kirk and Gosselin-lldari, 2009,
Rask-Andersen et al., 2012).

The BM is suspended between the modiolus and anchored at the lateral wall via the spiral
ligament. The membrane is narrow and thick at the basal end and becomes thinner and
broader towards the apex, making the risk of BM perforation during ClI insertion greater with
increased insertion depth. The part of the BM between the tunnel of Corti and OSL is
perforated (habenular perforatae), which allows for the passage of nerve fibres from the
OoC (Rask-Andersen et al., 2012). A tubular structure, the spiral ganglion canal or
Rosenthal’s canal, runs close to the ST inner wall. It parallels the basal turn but terminates
in the middle turn. Here the cells that innervate the upper region of the OoC are tightly
packed with their peripheral processes running vertically through the thin, apical modiolus
(Hochmair et al., 2015).

Figure 2.1 gives a diagrammatic representation of the cochlear anatomy and it’s surrounding

structures.
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Figure 2.1. Cochlear anatomy where a.) shows the relationships, connections and
labyrinths of the cochlea; b.) is a cross-section through a cochlear turn and c.) shows the

histological structure of the organ of Corti

When a sound enters the external acoustic meatus and reaches the tympanic membrane, it
moves and causes the auditory ossicles (malleus, incus and stapes) to move hereby
converting a sound wave to a mechanical wave. This conversion cause amplification of the
wave so that it can enter a dense fluid medium. The stapes is connected to the OW.
Movement of the stapes by a sound wave causes the OW to move medially, thereby
generating a wave in the perilymph of the SV. This wave moves along the cochlea until it
reaches the RW at the lower end of the SV. Sound vibrations are transferred to the cochlear
duct, causing vibrations of the BM, and causes stimulation of the underlying hair cells. These
stimuli are converted into electrical impulses and conducted by bipolar neurons. The cell
bodies of these neurons are located in the spiral ganglion, which is found in the modiolus.
The auditory nerve fibres are afferent fibres, which consist of two types of fibres, type I and

type 1l fibres. The thicker type I fibres are those that innervate the inner hair cells, while the
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type 1l fibres are those that innervate the outer hair cells. Both of these fibres leave the OoC
through an opening, the habenula perforata, as the cochlear nerve (Kendi et al., 2004a,
Fatterpekar et al., 2006, Kirk and Gosselin-Ildari, 2009). The dendrites terminate at the bases
of the hair cells, while the axons of auditory nerve fibres form the cochlear branch of the
vagus nerve (CN I1X) and terminate in the cochlear nucleus in the brainstem (Kendi et al.,
2004a, Fatterpekar et al., 2006). The pathway of sound transmission is given in figure 2.2.

Auditory cortex
recognizes and
processes sound

Signal travels through /4
brain and is decoded
along the way [ )

CNVIII passes signal from
cochlea to brainstem
Mechanical soundwaves

Cochlea sorts sound by enters the ear

frequency

Middle ear ossicles
amplify soundwaves

Figure 2.2. Sound transmission and interpretation pathway

CN VIII courses from the inner ear to the brainstem through an opening in the petrous part
of the temporal bone, the internal acoustic canal (IAC) or IAM. The facial nerve (CNVII)
also courses through the internal acoustic meatus (Fatterpekar et al., 2006). The medial
opening of the IAC is known as the porus acusticus. The lateral end or fundus is separated
from the inner ear by a perforated vertical plate. A horizontal ridge, the falciform crest,
divides the fundus into an upper and a lower portion. The upper portion of the fundus is
further divided by a vertical plate of bone known as the Bill bar. This results in the formation

of an anterior opening for the CNVII and a posterior opening for the superior vestibular
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nerve. The lower compartment of the fundus contains openings for the cochlear nerve
(Fatterpekar et al., 2006) anteriorly, and the inferior vestibular nerve posteriorly (Kendi et

al., 2004a, Fatterpekar et al., 2006). The opening for the cochlear nerve is the largest.

The cochlear nerve terminates at the cochlear nucleus of the pons. The cochlear nucleus
receives ipsilateral afferent input. Anatomically the cochlear nucleus is divided into three
parts, the antero-ventral cochlear nucleus, the postero-ventral cochlear nucleus and the dorsal
cochlear nucleus. Each part has different neural innervation. The antero-ventral cochlear
nucleus contains various cells that are sensitive to changes in intensity and frequency of
sounds and also processes the changes in the spectral profile of stimuli. The axons of the
neurons of the antero-ventral cochlear nucleus leave as a tract, the ventral acoustic stria, that
travels to the superior olivary complex of the pons. The nuclei of the superior olivary
complex receive input from both cochleae. The axons of the nuclei that make up the superior
olivary nucleus form a tract called the lateral lemniscus. The lateral lemniscus connects the
superior olivary complex to the inferior colliculus of the midbrain. From here the stimulus
travels to the ipsilateral thalamus and finally to the auditory area (Coomes Peterson and
Schofield, 2007).

Although the anatomy of the cochlea and auditory pathway has been well described, the
diverse morphological and physiological properties of auditory pathways (Lee and Sherman,
2011), as well as interindividual variability in the size and shape of the cochlea, among others
(Zrunek and Lischka, 1981, Kawano et al., 1996, Wysocki, 1999, Escudé et al., 2006a,
Erixon et al., 2009, Biedron et al., 2010, Verbist et al., 2010, Rask-Andersen et al., 2012,
Shin et al., 2013, Avci et al., 2014, Van der Marel et al., 2014), carry great clinical and
translational significance (Pelliccia et al., 2014).

2.2 COCHLEAR GEOMETRY AND VARIANCE REPORTED IN THE
LITERATURE

In the literature, researchers have confirmed the interindividual variability in cochlear

geometry. Dimopoulos and Muren (1990) evaluated 95 human cochlea casts of the Swedish
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population and found variations in the dimensions of the size and shape of the cochlea. The
researchers measured the transverse diameter from the RW to the opposite side (cochlear
length), vertical diameter across the basal turn (width of the basal turn) and the axial diameter
from the base to the helicotrema (total cochlear height). Ranges were 7.00 to 9.80 mm for
the transverse diameter, 6.00 to 7.50 mm for the vertical height and 3.10 to 5.00 mm for the
axial height. A positive correlation (p < 0.05) between the transverse and vertical diameters
were found. When comparing axial height diameters with the transverse and vertical

diameters, no correlations were found. The range of variation was not age-dependent.

Cochlear length dimensions on 120 CT scans from a German population reported ranges of
8.10 to 10.40 mm for right cochleae and 8.00 to 10.10 mm for left cochleae. The same study
reported a range of 0.90 to 2.20 mm for the height of the basal turn (Krombach et al., 2005).
A CT study of 42 cochleae of a French population group reported cochlea lengths of 9.23 +
0.53 mm, widths of the basal turn of 6.99 £ 0.37 mm and outer wall lengths of 34.40 £ 2.20
mm (Escudé et al., 2006a). A Filipino study reported smaller cochlear lengths of 7.55 mm
for right cochleae and 7.60 mm for left cochlea; however, the total cochlear heights were
larger when compared to other studies (4.36 for right cochleae and 4.34 for left cochleae,
showing that cochleae with shorter bases and lengths have a total cochlear height (Fernando
etal., 2011).

Erixon et al. (2009) studied 73 corrosion casts and found significant variations in the
dimensions and coiling characteristics in different cochleae. Figure 2.3 provides a summary
of the findings from the Erixon study. The relative scale of the figures in terms of angular
degrees, total height and width of the first turn is approximately correct to provide an
appreciation for the observed dimensional variations. On average (the mean representation
in Figure 2.2) the lengths of the first, second and third turns account for approximately 53%,
30% and 17% of total cochlear length respectively. The study also evaluated the number of
turns, RW diameter and the width and height of each turn. The authors found that each
cochlea was individually shaped, with large variations in the dimensions and coiling
characteristics. Variable coiling patterns had an influence on the shape of the first turn. If the
coiling started more distally, the basal part of the first turn was straighter, but if the coiling

pattern started more proximally the basal turn was shorter and the cochlea more compressed.
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In some cochleae, the various turns appeared to be tilted around the central axis. The half
diameter of the RW ranged from 0.3 to 1.6 mm (n=65). The length of the first, second and
third turns ranged from 20.3 to 24.3 mm (n=65), 10.7 to 13.3 mm (n=63) and 1.5 to 8.2 mm
(n=58) respectively, with the total length ranging from 38.6 to 45.6 mm (N=58). The height
of each turn ranged from 1.6 to 2.6 mm (n=73) for the first turn, 0.8 to 1.6 mm (n=67) for
the second turn, 0.3 to 1.1 mm (n=60) for the third turn and 3.3 to 4.8 mm (n=60) for the
total height. The width of the first turn ranged from 5.6 to 8.2 mm (n=71), that of the second
turn ranged from 3.3 to 4.3 mm (n=68) and that of the third turn ranged from 0.6 to 3.6 mm
(n=60). Differences of up to 7 mm in the length of the outer cochlear wall were also found.

Lower boundary Mean Upper boundary
2.2 turns 2.6 turns 2.9 turns

i Total height 4.8 mm

Total height
| Total height
3.9 mm

6.8 mm

Figure 2.3. Schematic representation of the variation in cochlear dimensions found by
Erixon, Hogstorp et al. (2009). The cochlear height, width of the first turn and number of
turns are approximately to scale relative to one another to provide a visual illustration of

the range of measured values.

Morphometric studies by Martinez-Monedero et al. (2011) using 124 CT scans of ClI
candidates of an American population showed considerable variability with regard to the

cochlear length (range 6.8 to 10.3 mm) and width of the base (range 5.2 to 7.8 mm), angle
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between the first and second turns (range 7.1° to 22.5°% and cochlear orientation. The
diameter of the modiolar inlet diameter of normal cochleae ranged from 3.42 to 3.82 mm.
Measurement of cochlear length on six cadaver cochleae using magnetic resonance imaging
(MRI) varied from 17 to 26.5 mm (Pochini Sobrinho et al., 2009).

When uCT scanning became more freely available, a study on one temporal bone reported
measurements of 7.70 mm for the width of the basal turn, 4.35 mm for the width of the
middle turn, 2.84 mm for the width of the apical turn, 4.06 mm for the total cochlear height,
1.90 for the height of the basal turn, 1.30 mm for the height of the middle turn and 0.80 mm
for the height of the apical turn (Braun et al., 2012). Shin et al. (2013) reported the mean
cochlear length of a Korean sample as 9.70 mm, width of the basal turn as 7.00 mm, width
of the middle turn as 3.90 mm, total cochlea height as 3.80 mm, height of the basal turn as
1.90 mm, height of the middle turn as 1.80 mm and height of the apical turn as 0.70 mm. A
German research group conducted two studies in 2014 and in 2017 on uCT scans of fresh
frozen temporal bones. Mean cochlear lengths were 9.20 £ 0.40 mm and 9.35 + 0.31 mm,
respectively. The widths of the basal turn were 7.00 £ 0.30 mm and 7.04 £ 0.34 mm (Avci
et al., 2014, Avci et al., 2017). A 3D analytical model of cochlear casts and uCT scans of
German origin found cochlea lengths of 9.30 + 0.30 mm for the casts and 9.20 £ 0.40 mm
for the uCT scans, basal urn widths of 7.00 £ 0.30 and 6.80 + 0.40 mm, total cochlear heights
of 4.40 £ 0.40 mm and 4.00 + 0.20 mm. The researchers defined outer wall length as the
metric length of the cochlea, which ranged from 36.00 to 46.00 mm (Pietsch et al., 2017).
Mean metric lengths have long been reported as 38.64 + 3.19 mm (Sato et al., 1991), 40.81
+ 1.97 mm (Kawano et al., 1996), 41.20 +1.86 mm (Erixon and Rask-Andersen, 2013) and
37.90 £ 1.98 mm (Wurfel et al., 2014).

The number of cochlear turns or angular length (AL) may influence the location and insertion
angle of the ClI array, which in turn may influence the alignment of the array to the intended
neural stimulation sites (Biedron et al., 2009). Variance in the number of turns of the cochlea,
determined by measurements of histologic sections, cochlear casts, CT images and uCT
images, has intermittently been reported in the literature (Hardy, 1938, Takagi and Sando,
1989, Kawano et al., 1996, Tian et al., 2006, Biedron et al., 2009, Erixon et al., 2009, Shin
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etal., 2013). There seems to be little agreement on the basic question concerning the number
of cochlear turns. In a detailed study by Biedron et al. (2009) more than 2.5 turns were found
in 65% of cases analysed. Other studies have mentioned the number of turns only as side
information without taking the frequency of variations into account (Hardy, 1938, Kawano
et al., 1996, Tian et al., 2006). Shin et al. (2013) found the mean number of cochlear turns
to be 2.54, with a range from 2.36 to 2.8 turns. Tian et al. (2006) reported three cases of
cochleae with three turns; these cochleae were longer, with a longer BM. Different methods
have been used to determine the number of cochlear turns. Biedron et al. (2009) counted the
number of segments present on mid-modiolar histological sections. In 54 to 74% of cases (n
= 157), more than 2% but fewer than 2% turns were found. Hardy (1938) used the same
method and found more than 2% turns in 74% of cases. Three-dimensional reconstruction
was used to count the number of turns by Kawano et al. (1996), who found 2.63 turns in
71% of instances. Erixon et al. (2009) divided cochlear casts into quadrants and the number
of quadrants was counted to determine the number of turns. The researchers reported a mean

of 2.6 turns for the cochlear casts.

Shin et al. (2013) used 3D reconstructions of UCT images to determine the angle between
the starting line of the cochlea and another line from the central axis of the cochlea to the
terminal point of the apical turn. The mean number of turns was found to be 2.54 + 0.09.
Fernando et al. (2011) found 2.5 turns in 92.3% of cases by determining the number of
quadrants present on the 3D reconstruction of CT scans. Tian et al. (2006) reported the
incidence of more than three cochlear turns in three cases by counting the number of
segments present on mid-modiolar histological sections. In a study by Pietsch et al. (2017)
on the spatial form of the human cochlea, the number of turns was defined as angular length
(AL). The authors expressed AL in degrees, with means of 965.00 + 40.00° for cochlear casts
and 967.00 * 45.00° for uCT scans of human cochleae.

The size and shape of the ST are especially important with regard to the final position of the
intracochlear array and the probability of insertion damage (Rebscher et al., 2008). In a study
conducted by Biedron et al. (2010) the cross-sectional diameter of the ST varied significantly
among individuals (n=20). Several researchers report dimensional variations of the ST

(Zrunek et al., 1980, Zrunek and Lischka, 1981, Walby, 1985, Rebscher et al., 1996,
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Wysocki, 1999, Rebscher et al., 2008). Research measuring the cross-sectional diameter of
the ST shows that the ST also tapers from the RW to the helicotrema, but that this is not a
continuous phenomenon and may show enlargements in some places, leading to even more
variation and unconformity (Zrunek et al., 1980, Zrunek and Lischka, 1981). Measurements
of the inner wall length of the ST ranged from 15 to 18.3 mm (n=5) (Johnson et al., 2012)
and outer wall length ranged from 32.94 to 36.57 mm (n=26) (Skinner et al., 2002).
Estimation of ST volume using MRI shows a range of 172.3 to 272.6 mm?® (Melhem et al.,
1998).

The hook region is of special interest. Researchers such as Gibson et al. (2012) have noted
inter-subject variability regarding the basal turn of the cochlea, cochlear hook region and
rotation and orientation of the SL, using high-resolution MRI. Sites inferiorly from the
cochleostomy site (hook region) showed the greatest variation, with sharp rotations of the
OSL near the hook region and tapering of the cross-sectional area of the ST, resulting in a
high-risk region for insertion trauma. Angular rotation of the OSL relative to the vertical
axis along the basal turn ranged from 17° to 55° for the right cochlea and 14° to 30° for the
left (Gibson et al., 2012).

As most of the current spreads via the ST and across the turns before leaving the cochlea
through the modiolus, variance in the modiolar dimensions should be noted (Micco and
Richter, 2006). Lemmerling et al. (1997) found that normal variations of the modiolus are a
constant feature. Area and volume measurements of the modiolus have been evaluated using

MRI, but researchers did not investigate variations among subjects (Naganawa et al., 1999).

Variations in cochlear morphology may influence the introduction and location of the
electrode array into the cochlea and the patterns of electric fields that are generated to
stimulate target neurons in the CI user (Ketten et al., 1998, Lane et al., 2007, Rebscher et
al., 2008, Martinez-Monedero et al., 2011), limit potential hearing preservation or cause
significant surgical trauma (Adunka et al., 2004, Wardrop et al., 2005, Erixon et al., 2009,
Biedron et al., 2010, Pelliccia et al., 2014, Avci et al., 2017). In addition, cognisance of these

variations is important for the creation of 3D volume conduction computational models that
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predict the electrical properties of the implanted cochleae (Frijns et al., 1995, Frijns et al.,
2000, Yoo et al., 2000, Briaire and Frijns, 2000b, Hanekom, 2001, Yifang and Collins, 2005,
Poznyakovskiy et al., 2008, Malherbe, 2009, Braun et al., 2012, Malherbe et al., 2013,
Hanekom and Hanekom, 2016, Kalkman et al., 2016, Nogueira et al., 2016, Seeber and
Bruce, 2016), manufacturing and selection of Cls (Balkany et al., 2002, Rebscher et al.,
2007, Rebscher et al., 2008, Eshraghi et al., 2012, Brant and Ruckenstein, 2016, Aschendorff
etal., 2017, Dhanasingh and Jolly, 2017) and surgical planning before CI (Téth et al., 2006,
Pelliccia et al., 2014).

All of the cochlear variations were studied using several techniques, each with its own

advantages and disadvantages. These techniques are discussed in the following section.

2.3 METHODS TO ASSESS COCHLEAR GEOMETRY VARIANCE

The cochlea is a small structure embedded within the dense otic capsule, and obtaining
accurate geometric and morphological data is a challenge (Fatterpekar et al., 2006). To
assess cochlear variations and obtain the geometrical data needed for the construction of
person-specific models and the estimation of the locations of the electrodes, several
techniques have been used. These include casting, dissection, histological sectioning,
videofluoroscopy, UCT imaging, cone-beam computed tomography (CBCT), magnetic

resonance microscopy (MRM or uMR), CT and MRI.

Cochlear casts are made using several materials such as metal alloys and plastic. The casts
are photographed and gross measurements are taken with a calliper. The casts allow for the
evaluation of gross morphological variations (Dimopoulos and Muren, 1990, Erixon et al.,
2009) and are valuable, as they provide a method to visualise the insertion path and position
of the electrode array in situ (Rebscher et al., 1996). The disadvantages of this method are
that it is very time-consuming and small integrate structures cannot be delineated; shrinkage

of the cochlea has been reported when casting methods are used.

Physical dissection can be used to investigate the integrate anatomy of the cochlea. Precise

data for use in surgical cochlear implantation can be obtained and the rotation of the SL can
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be determined (Toth et al., 2006). Small, fragile structures such as the RM cannot be
measured, as they are damaged during dissection and are too small to view with the naked
eye (Fernandez, 1952).

Histological sectioning provides detailed information on the soft tissue structures of the
cochlea. The temporal bone is decalcified, dehydrated, embedded, sectioned and stained.
The sections are viewed using light microscopy and digitised into a workstation connected
to the light microscope. The method provides excellent visualisation of the cochlear fine
structures. However, the process is destructive and the dehydration process causes the
cochlear structures to shrink, providing inaccurate parametric data. Histological sectioning
of cadaver temporal bones after electrode implantation provides information on electrode

position (Frijns et al., 2001b) and the degree of insertion trauma (Rebscher et al., 2008).

MRM or uMRI renders images with a voxel size of 25 um. It is an excellent imaging method
for the quantification of the cochlear fluid spaces and delineation of small structures (Salt et
al., 1995, Thorne et al., 1999). uCT imaging provides high resolution that enables the
visualisation of the fine bony labyrinth. Poznyakovskiy et al. (2011) used uCT with a
resolution of 8.41 um. uCT imaging with a voxel size of 0.062 to 0.109 mm?®has been applied
in a semi-landmark 3D geomorphometric approach to shape analysis to study the phylogeny
of different species by Gunz et al. (2012). uCT images of human temporal bones have added
value to the investigation of cochlear anatomy and electrode behaviour, as the high-
resolution technique can delineate fine cochlear structures not visible in lower resolution
studies (Postnov et al., 2006, Poznyakovskiy et al., 2008{Adunka, 2004 #121, Braun et al.,
2012, Shin et al., 2013, Avci et al., 2014, Van der Marel et al., 2014, Avci et al., 2017,
Pietsch et al., 2017).

Although uCT, uMRI and histology provide an accurate methodology, they are not always
practical or possible (Gunz et al., 2012). These techniques are not viable for in vivo
measurements of cochlear structures. CT and MRI are much faster and widely acceptable

alternatives, as long as reduced image quality is taken into account (Gunz et al., 2012).
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Medical CT of the cochlea is a widely accepted technique. It is used for the detection and
quantification of variations in cochlear anatomy, 3D reconstructions of the cochlea,
geometric modelling and postoperatively to assess implant placement and electrode position
(Ketten et al., 1998, Skinner et al., 2002, Fatterpekar et al., 2006, Connor et al., 20009,
Martinez-Monedero et al., 2011, Connor et al., 2012). Cochlear structures that can be
delineated with CT include the bony labyrinth, OSL and modiolus (Martinez-Monedero et
al., 2011).

When using imaging techniques, the cochlea is orientated in a manner called the cochlear
view. The cochlear view was developed to determine the electrode position postoperatively
by measuring the longitudinal and angular positions of the electrodes on radiographic images
(Cohenetal., 1996, Xu et al., 2000). Many modifications of this view exist, but all are based
on the method described by researchers (Cohen et al., 1996, Xu et al., 2000, Verbist et al.,
2009, Verbist et al., 2010). Reconstructions of the images are performed through software,
which converts the raw projections into tiff image stacks of two-dimensional (2D) cross-
sections for each sample cochlea. The slices are then stacked to produce a virtual voxel
volume that represents the sample in three dimensions. Software is used for the rendering,
segmentation and visualisation of the reconstructed data. Distances can then be measured by
integrating the information provided by the 3D image in the orthogonal planes (Johnson et
al., 2012). In accordance with international consensus, all cochlear measurements should

take place on the coordinate system, as described by Verbist et al. (2010).

In the 3D coordinate system, the basal turn of the cochlea is used as the x- and y-axes and
the centre of the modiolus as the z-axis. The 0°-landmark is defined as the most lateral point
of the horizontal semicircular canal. Reference lines can be drawn using this coordinate
system. According to this method, the RW lies on a reference line that passes through the
centre of the spiral at an angle of 10° to the horizontal plane (x-axis) (Biedron et al., 2010).
Using this method, all positions in the cochlear spiral can be described by using the reference
line drawn through the beginning of the RW and the centre of the cochlear spiral (Biedron
et al., 2009, Biedron et al., 2010, Verbist et al., 2010, Johnson et al., 2012). This method is
in line with cochleostomy surgery as performed at the RWM (Adunka et al., 2007).
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24 HUMAN COCHLEAR TAXONOMY

Variation in cochlear size and shape has prompted researchers to classify cochleae according
to the length of the ST and the total height of the cochlea. This is done by unrolling the ST
and plotting the z-coordinates of the largest diameter of the ST (height) against the lateral
wall distance of the cochlea, in other words, the height of the cochlea relative to the cochlea
versus angular position. A cochlea is defined as having a rollercoaster, sloping or
intermediate profile according to three critical anatomical features in the ST profile. A
rollercoaster profile presents with a dip seen as a local minimum, followed by an increase in
the vertical trajectory before the end of the first turn. A peak, seen as a local maximum
followed by a vertical jump before the end of the first turn, defines a sloping profile.
Cochleae with an intermediate ST profile present with a vertical jump (sudden increase in
the vertical trajectory of the ST), followed by a dip before the end of the first turn (Avci et
al., 2014, Demarcy et al., 2016, Pietsch et al., 2017).

2.5 IMAGING IN LIVE PATIENTS

Computed tomography provides images of both the implanted array and the cochlea and has
the advantage of providing aligned, sectional data that facilitate 3D reconstruction and
cochlear measurements. Spiral CT provides better longitudinal resolution and allows
retrospective slice reconstruction at multiple thicknesses from a single CT data set. Cochlear
and array details can be measured rapidly in vivo at a resolution sufficient for calculating
individual frequency distributions (Ketten et al., 1998). Cochlear structures that can be
delineated with CT include the bony labyrinth, SL and modiolus (Martinez-Monedero et al.,
2011). Computed tomography measures include cochlear size variability (Pelliccia et al.,
2014), cochlear length (Krombach et al., 2005, Escudé et al., 2006b, Connor et al., 2009,
Martinez-Monedero et al., 2011), mean transverse diameter or width of the basal turn
(Escudé et al., 2006a, Martinez-Monedero et al., 2011), total cochlear height and height of
the basal turn (Krombach et al., 2005).
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Magnetic resonance imaging is a useful tool to investigate the intra-cochlear fine structure,
as it provides improved image resolution at higher field strengths and has extended multi-
planar imaging capabilities (Gibson et al., 2012). Magnetic resonance imaging of the inner
ear provides a non-invasive demonstration of the structures of the inner ear and cochlea pre-
operatively. The modiolus is seen as a low signal intensity structure (Naganawa et al., 1999,
Ludman, 2000). Perilymph of the ST can be distinguished separated from perilymph and
endolymph within the SV and SM by the low signal of the bony spiral lamina. These fluid-
filled spaces have a bright signal that can be extracted and their length and volume can be
calculated (Melhem et al., 1998). Bony structures such as the SL appear as a small line in
cochlear turns (Arnold et al., 1996) with little signal. MRI is practical and efficacious in
gathering pre-operative data from large populations without a radiation penalty (Gibson et
al., 2012). Another advantage is the ability to apply virtual endoscopic techniques to MRI
data, enabling examination of the normal anatomy of the inner ear (Dimopoulos and Muren,
1990).

Anatomically based MRI studies can establish normative values for these variations derived
from a large population (Gibson et al., 2012). Magnetic resonance imaging is used to
determine modiolar area and volume (Naganawa et al., 1999, Kendi et al., 2004a) and
volume of labyrinth (Kendi et al., 2004a), cochlear nerve preservation (Ketten et al., 1998,
Lane et al., 2007), inner ear volumetric measurements (Melhem et al., 1998, Neri et al.,
2000) and length of the cochlea (Pochini Sobrinho et al., 2009).

Recently a high-resolution method CBCT has been used to assess cochlear length in a
clinical setting (Wurfel et al., 2014). Cone beam computed tomography provides a
significantly lower radiation dose and increased spatial relationship when compared to CT
(Vaid and Vaid, 2014). Cone beam computed tomography is a low-dose technique with

fewer artefacts in postoperative imaging (Ruivo et al., 2009).

Preoperative imaging modalities aid in diagnosing inner ear malformations, development of
normative values, assessment of cochlear anatomy, delineation of surgical access and
pathology using CT (Arnold et al., 1996, Nair et al., 2000, Veillon et al., 2001, Rodt et al.,
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2002b, Gleeson et al., 2003, Purcell et al., 2003, Karino et al., 2004, Krombach et al., 2005,
Chaturvedi et al., 2006, Fatterpekar et al., 2006, Lutz et al., 2007, Fishman, 2012, Vaid and
Vaid, 2014, Taha et al., 2015) and MRI (Arnold et al., 1996, Held et al., 1997, Davidson et
al., 1999, Diamantopoulos et al., 1999, Hans et al., 1999, Ludman, 2000, Schick et al., 2001,
Veillon et al., 2001, Gleeson et al., 2003, Chaturvedi et al., 2006, Ishida et al., 2007, Meng
et al., 2007, Fishman, 2012, Taha et al., 2015). Magnetic resonance imaging is used
especially for evaluating the luminal ossification and inner ear patency before Cl (Murugasu
etal., 1999, Seitz et al., 2001, Chaturvedi et al., 2006, Fishman, 2012, VVaid and Vaid, 2014,
Tahaet al., 2015).

Postoperative evaluation of Cl is used to establish electrode position using radiography and
CT (Ketten, 1994, Cohen et al., 1996, Ketten et al., 1998, Lawson et al., 1998, Gstoettner et
al., 1999, Xu et al., 2000, Skinner et al., 2002, Bettman et al., 2003, Copeland et al., 2004,
Verbist et al., 2005, Wardrop et al., 2005, Escudé et al., 2006a, van Wermeskerken et al.,
2007, van Wermeskerken et al., 2009, Verbist et al., 2010, Zaghloul et al., 2011, Connor et
al., 2012, Kong et al., 2012, VVan der Marel et al., 2014) and advancement of electrode array
during CI (Huttenbrink et al., 2002). Recently CBCT has been used as a postoperative
method (Zou et al., 2015a).

Many authors compare different types of imaging modalities in radiological diagnostics
(Sennaroglu et al., 2002, Jager et al., 2005, Chaturvedi et al., 2006) and co-register imaging
modalities (Neri et al., 2000). However, studies comparing the accuracy with which cochlear
landmarks are visible on low-resolution versus high-resolution data are lacking. A method
to quantify the effect of low-resolution scanning, such as blurriness and a low signal-to-noise

ratio and the effect of a soft tissue interface, is needed when planning ClI.
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2.6 THE ORIGIN AND ROLE OF INTERPERSON VARIANCE IN CI
PERFORMANCE

Patients suffering from sensorineural hearing loss have distorted sound perception, resulting
in a reduction in sensitivity, development of intensity sensation, reduction in frequency
selection, and reduction in the temporal resolution of sound (Oxenham and Bacon, 2003).
From the literature, it is clear that variability in speech and auditory performance has been
attributed to the characteristics of the peripheral and central auditory systems, resulting from
the impact of sensorineural hearing loss on the afferent neural structures (Tong et al., 1988,
Summerfield and Marshall, 1995, Blamey et al., 1996, Rubinstein et al., 1999, Leung et al.,
2005, Finley et al., 2008, Wanna et al., 2011, Meneses et al., 2014). Identification of the
mechanisms responsible for this wide range of performance could lead to directed efforts at
overcoming the fundamental factors limiting speech reception and performance (Khan etal.,
2005).

Mapping or programming of the CI helps to optimise the CI user’s access to sound by
adjusting the current input to the electrodes on the array that is implanted into the cochlea.
Several psychophysical precepts are measured to determine device performance and patient
outcomes, and to validate computational models of the cochlea (Khan et al., 2005, Yifang
and Collins, 2005, Cohen, 2009, Nicoletti et al., 2013). The softest sounds the user can
detect, or threshold (T-levels), and the loudness levels, or comfort level (C- or M-level), for
each electrode is set according to the levels tolerable for the user. These are expressed as
numeric values that designate the amount of current delivered by each electrode. The
dynamic range (DR) for each electrode is derived from the T- and C-values. The
psychophysical parameters T-level, maximum C-level and DR are correlated to speech
perception ability (Blamey et al., 1996), and to each other (Kawano et al., 1998). T- and C-
levels increase or decrease in parallel, with DR being more closely related to C-levels than
to T-levels (Kawano et al., 1998). These need to be optimised for speech and hearing
perception. As with all surgical processes, fibrous or scar tissue is a natural physiological
process that occurs around the electrode contacts. This process causes a change in the

resistive properties around the electrode contact, known as impedance. Increased impedance
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over time after Cl has been reported to cause an increase in electrode modiolar distance
(Tykocinski et al., 2001, Husstedt, 2002, Cohen et al., 2006, Micco and Richter, 2006,
Malherbe et al., 2015), which in turn will affect the excitation profile of the auditory neurons
(Malherbe et al., 2015). Higher resistivities of the surrounding bone structures shield a larger
component of the stimulating current into the lower resistivities’ cochlear spread, causing
wider spread, while lower resistivities allow more current to leak from the cochlear
structures, with resulting narrower current spread, a narrower electric field and neural

excitation processes (Micco and Richter, 2006, Malherbe et al., 2015).

Obijective and psychometric measures illustrate that there is considerable variability in the
auditory performance of Cl users (Meneses et al., 2014), which has been noted in both
speech and non-speech sounds (Peterson et al., 2010). This has been attributed to the
characteristics of the peripheral and central auditory systems, resulting from the impact of
sensorineural hearing loss on the afferent neural structures (Tong et al., 1988, Summerfield
and Marshall, 1995, Blamey et al., 1996, Rubinstein et al., 1999, Leung et al., 2005, Finley
et al., 2008, Wanna et al., 2011, Meneses et al., 2014).

Variation in performance has been found since the implantation of the earliest CI devices,
and has persisted in the newer generations of Cls, even when using similar devices. Such
variability between CI users makes predicting individual outcomes very difficult (Peterson
et al., 2010), and has prompted many investigations into the reasons why variations exist, in
the hope of finding possible solutions to improve hearing restoration optimally (Khan et al.,
2005). Factors such as unusual or variable cochlear anatomy, insertion depth of the electrode
array, proximity of the array to the modiolus and atraumatic insertion of the array may
influence electrode introduction and electrode location and ultimately the performance of
the CI at the peripheral neural electrode interface (Briggs et al., 2005, Rebscher et al., 2008,
Erixon et al., 2009, Martinez-Monedero et al., 2011, Gibson et al., 2012)

Although not all factors leading to hearing loss or undesirable outcomes are known, the
extensive anatomic variations of cochlear anatomy are most likely to play an important role

(Erixon et al., 2009). Of these factors, the anatomical inter-individual variations are a
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fundamental reason for the great variability in outcomes seen with CI surgery (Skinner et
al., 2002, Escude et al., 2006a, Erixon et al., 2009, Biedron et al., 2010, Martinez-Monedero
etal., 2011, Braun et al., 2012, Eshraghi et al., 2012, Shin et al., 2013, Malherbe et al., 2015,
Malherbe et al., 2016, Avci et al., 2017). Variations in cochlear anatomy have been widely
reported by many researchers (Dimopoulos and Muren, 1990, Ketten et al., 1998, Escudé et
al., 2006a, Erixon et al., 2009, Biedron et al., 2010, Martinez-Monedero et al., 2011, Avci
etal., 2014, Van der Marel et al., 2014, Wurfel et al., 2014). These variations have important
consequences for CI surgery, as individual variations ideally need to be addressed both pre-
and postoperatively, to ensure the best possible hearing outcome for the patient (Khan et al.,
2005). These cochlear variations influence the location of Cl arrays and affect the potential
of hearing preservation surgery and in turn the speech and hearing outcomes (Rubinstein et
al., 1999, Adunka et al., 2004, Gstoettner et al., 2004, Cosetti and Waltzman, 2012, Zohdi
et al., 2014, Brant and Ruckenstein, 2016, Khoza-Shangase and Gautschi-Mills, 2019). This
is intuitive when it is realised that the exact location of the electrode contacts within the
cochlea dictates the spread of neural excitation, and thus the perception that may be elicited

through electrical stimulation (Hanekom and Hanekom, 2016).

The interrelation between cochlear anatomy, electrode design and surgical approach is
intuitive, as the anatomical interindividual variations influence the final position of the
electrode carrier, the approach to Cl and electrode design (Erixon et al., 2009, Rask-
Andersen et al., 2012, Avci et al., 2014, Avci et al., 2017, Pietsch et al., 2017). The type of
and location of the electrode array, i.e. the proximity of the electrodes from the modiolar
wall, have important psychoacoustic implications (Frijns et al., 2001a, Balkany et al., 2002,
Husstedt, 2002, Saunders et al., 2002, Hughes and Abbas, 2006, Stickney et al., 2006,
Adunka et al., 2007, Rebscher et al., 2007, Rebscher et al., 2008, Connor et al., 2009,
Biedron et al., 2010, Kalkman et al., 2014, Kang et al., 2015, Brant and Ruckenstein, 2016,
Kalkman et al., 2016, Blchner et al., 2017, Dhanasingh and Jolly, 2017). Electrode array
position is necessary for the creation of 3D volume conduction computational modelling
(Finley et al., 1990, Briaire and Frijns, 2000b, Frijns et al., 2001a, Frijns et al., 2001b,
Skinner et al., 2002, Li et al., 2006, Van der Marel et al., 2014, Malherbe et al., 2015).
Various types of electrode arrays from different manufacturers are available for CI. The
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electrode carriers differ in size, length, number of electrode contacts and material

characteristics (Brant and Ruckenstein, 2016, Dhanasingh and Jolly, 2017).

Studies on the location of the electrode array, i.e. the proximity of the electrodes from the
modiolar wall and its psychoacoustic implications, have been conducted in animal studies
(Shepherd et al., 1993, Cords et al., 2000)., and computational modelling (Finley et al., 1990,
Briaire and Frijns, 2000a, Briaire and Frijns, 2000b, Skinner et al., 2002, Li et al., 2006,
Abdel Salam et al., 2013, Kalkman et al., 2014, Van der Marel et al., 2014, Malherbe et al.,
2015, Hanekom and Hanekom, 2016, Malherbe et al., 2016). Perimodiolar arrays, where the
electrodes lie closer to the modiolar wall and target ganglion cells, have been found to elicit
lower T- and C-levels than straight arrays, which lie closer to the outer wall (Kawano et al.,
1998, Saunders et al., 2002, Zou et al., 2015b). This has been extended to clinical trials,
where improvement in T- and C-levels was found with perimodiolar arrays (Tykocinski et
al., 2001, Parkinson et al., 2002, Pasanisi et al., 2002, Cohen et al., 2006, Hughes and Abbas,
2006). In contrast, researchers report that lateral wall electrode designs with longer electrode
arrays and deeper insertion angles improved outcomes after CI surgery (Abdel Salam et al.,
2013, Blchner et al., 2017, Dhanasingh and Jolly, 2017, O'Connell et al., 2017, Timm et al.,
2018). Shorter electrodes may improve both short- and long-term hearing preservation, but
randomised trials of short and standard-length electrodes are recommended (Abdel Salam et
al., 2013, Brant and Ruckenstein, 2016, Dhanasingh and Jolly, 2017). It is not yet clear what
cochlear coverage achieves the best possible speech perception, in other words, if electrode
contacts stimulate the neural fibre endings at the OoC or the SGCs directly (Timm et al.,
2018). Better frequency-to-place alignment in human cochleae may lead to improved
stimulating strategies and help develop individually shaped Cls (Biedron et al., 2010).
Because of inter-individual variations that may affect neural excitation patterns (Malherbe
et al., 2013) and the goal of residual hearing preservation (Rebscher et al., 2008), an
electrode array ideally needs to be tailored to the individual implantee (Biedron et al., 2009,
Avci et al., 2014).

Other than the anatomical factors and type of electrode array inserted, the surgical approach
to Cls also influences psychometric outcomes. A surgical approach, i.e. cochleostomy versus
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RW insertion, as well as surgical techniques, influences the final location of the electrode
array and incidence of intracochlear trauma (Briggs et al., 2005, Wardrop et al., 2005, Toth
et al., 2006, Martinez-Monedero et al., 2011, Avci et al., 2017). The insertion angle of the
electrode array characterises the frequency-position function or tonotrophy of the cochlea
better than the insertion depth of the electrode array (Biedron et al., 2010, Avci et al., 2017).
The insertion angle is a function of the surgical approach taken by the implant surgeon.
Recently, Avci et al. (2017) studied the dynamics of electrode carrier insertion. The authors
determined that the insertion force profile is dependent on individual geometry and insertion
trauma. The direction of insertion forces predicted the probability of intracochlear trauma
and was not always correlated with higher force amplitudes. This means that the insertion

angle and cochlear geometry play a significant role in CI forces and insertion trauma.

Other factors that have been investigated to affect excitation profiles, psychometric measures
and speech and language outcomes are briefly discussed. Factors such as age, chemical
composition of bone, sex and aetiology i.e. diseases that may cause hearing loss, affect bone
tissue and therefore its resistive properties (Bozorg Grayeli et al., 2005). Duration of hearing
loss, time span after CI, prelingual status of the user, age at implantation, sex of the patient,
education level, aetiology of hearing loss, level of residual hearing, use of personal
amplification device (hearing aid) before ClI, choice of electrode coupling (Peterson et al.,
2010, Cosetti and Waltzman, 2012), choice of processing algorithm or coding strategies,
speech materials and evaluation environment, and surgical, audiological and rehabilitative
procedures have all proven to contribute to variable speech and language outcomes (Blamey
et al., 1996). However, the biggest contributions to variability in psychoacoustic measures
in Cl have been attributed to individual cochlear anatomy and electrode position (Avci et
al., 2014, Van der Marel et al., 2014, Malherbe et al., 2015, Malherbe et al., 2016, Avci et
al., 2017, Pietsch et al., 2017).

2.7 METHODS TO DETERMINE ELECTRODE LOCATION

As discussed above, the final position of the electrode array and electrode contacts is

determined by various factors. To determine the surgically applicable position of the
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electrode carrier array postoperatively from the CT, CBCT, X-ray or CBCT scans of live
implant users and high-resolution scans of temporal bones, the cochlear view was developed
and modified by Cohen et al. (1996) and Xu et al. (2000). A 3D cylindrical coordinate
system is introduced using the basal turn of the cochlea as the x and y planes and the centre
of the modiolus as the z-axis. The 0° angle is defined by the most lateral point of the
horizontal semicircular canal (Cohen et al., 1996, Xu et al., 2000, Verbist et al., 2005,
Verbist et al., 2010). Several applications of this approach have been developed. Cohen et
al. (1996) determined a spiral template function that approximates the shape of a
radiographic image of the array. A template spiral was fitted to the radiographic array after
approximating the centre position of the modiolus. Angles were measured from this point to
the electrode. The cochlear view was used to measure the distance between the electrode
contacts and modiolus (Tykocinski et al., 2001, Balkany et al., 2002, Skinner et al., 2002,
Kos et al., 2005, Verbist et al., 2005, Escude et al., 2006a, Connor et al., 2009, Verbist et
al., 2010).

Other mathematical methods to determine the trajectory and electrode position have since
been used. Researchers such as Ketten et al. (1998) and Skinner et al. (2002) used
mathematical algorithms approximating 3D spiral functions to determine postoperative
electrode insertion depth and location. Since small structures such as the BM, OoC and RM
are not resolvable on CT images, their positions have to be estimated using known geometric
data of the cochlea. This was conducted in a study of the human cochlea by Skinner et al.
(2002), where the position of these structures was estimated using data obtained by Ketten
et al. (1998). Mathematical equations have also been used to correlate histologic and
radiographic reconstruction of intracochlear electrode position. Statistical models of
intracochlear anatomy have been applied to an active shape model optimisation approach to
identify the ST and SV. Array position is estimated by identifying its midline trajectory on
the post-intervention scan and superimposing it onto the pre-intervention images using rigid
registration (Noble et al., 2011, Wanna et al., 2015).

Reformatted images have been used to measure linear insertion depth by unfolding the
electrode array using a curvilinear reformatting method followed by direct linear
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measurement on the reformatted image, while angular insertion depth can be directly
measured on the oblique coronal reformat (Abdel Salam et al., 2013). Insertion depth angle
is thought to be a better reference for the position of Cl electrodes than the insertion length
of the electrode (Escudé et al., 2006a). The correlation between insertion angle, as
established by (Xu et al., 2000), and the insertion depth of the electrode is influenced by the
size of the basal turn of the cochlea. Although only a small part of the whole cochlear duct
is taken in by the apical turn, that is, 11 to 13% as stated by Hardy (1938) and Escudé et al.
(2006a), it may have considerable importance for cochlear implantation, as it influences the
correlation between insertion angle and electrode alignment to neural elements in the most

apical parts of the cochlea (Biedron et al., 2010).

Insertion depth has also been determined by counting the number of electrodes projecting
medially to the cochlear promontory. Electrode position was compared using radiography
and CT by evaluating the number of intra- and extracochlear electrodes (Zaghloul et al.,
2011). Insertion depth can be calculated by determining the linear depth in millimetres. Each
electrode is outlined from the most apical electrode contact to a platinum marker placed at
the RW using Canvase software. A grid is constructed around the electrode path to estimate

angular insertion depth (Wardrop et al., 2005).

Visual inspection of electrode array assesses the position at different locations within the
basal turn of the cochlea such as mid-inferior segment, ascending segment, mid-superior
segment and descending segment (Connor et al., 2012). Scalar localisation is determined by
the position of the array in reference to the SL, i.e. whether it is located below the BM in ST
or above it in the combined space of the SV and SM (Finley et al., 2008, Zou et al., 2015a,
Zou et al., 2015Db).

2.8 MODELLING IN CI

Anatomic and neural variations cannot be accurately measured by external observations.
Even patients who have equal components inserted do not necessarily have equal

intracochlear coverage or frequency distribution (Ketten et al., 1998). Reliable measures of
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intracochlear anatomy and intracochlear array position are needed for the generation of
person-specific computational models and to provide a search field for landmark-based
automated computational modelling of the cochlea. To create 3D volume conduction
computational models with higher geometric accuracy, detailed parameters that describe the

cochlea need to be assessed.

Volume conduction (VC) computational models were designed as a method to provide
insight into the underlying mechanisms of cochlear stimulation without performing
impractical or impossible in vivo experiments in Cl users (Kalkman et al., 2016). Volume
conduction models of the cochlear structures and the surrounding soft tissue that describe
the current distributions inside the cochlea are used to predict neural excitation
characteristics. In the past, generic computational models that predicted general trends were
used.

Computational modelling provides a quantitative, scientific method to facilitate a user-
specific approach to cochlear implantation and subsequent management of an individual's
hearing. The viability of such a modelling approach relies on a precise method of cochlear
reconstruction that incorporates user-specific characteristics of the cochlea. User-specific
computational modelling, which relies on accurate morphologic data, is a state-of-the-art
approach to study the biophysical interface between the electrode array and the neural
components. These person-specific computational models are now widely used and offer
improved prediction of user-specific outcomes when compared to generic models (Frijns et
al., 2001a, Hanekom, 2001, Poznyakovskiy et al., 2008, Malherbe, 2009, Kalkman et al.,
2014, Tran et al., 2015, Hanekom and Hanekom, 2016, Kalkman et al., 2016, Nogueira et
al., 2016, Wong et al., 2016, Pietsch et al., 2017). The development of these models is driven
by a translational research approach that aims to apply these in the form of clinical tools to
predict and maximise the final outcome of CI surgery (Kikidis and Bibas, 2014, Hanekom
and Hanekom, 2016, Pietsch et al., 2017).

While user-specific modelling is a better approach than those based on generic human or
guinea pig cochlear shapes, the incorporation of more landmarks, and a level of detail that

describes cochlear shape and size better, especially those of the inner structures that could
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validate these computational models better, would be of even greater benefit. Refinement of
these models to include user-specific traits may shed light on the factors that underlie
interperson variation. This is especially important in a clinical setting and in cases of low-
resolution scans. Clinicians may be able to gain insight into the workings of a user’s
electrically stimulated cochlea described by a user-specific 3D computational model. While
high-precision reconstruction of a specific cochlea may offer the option to individualise the
design of an electrode array for a user, it may also support the approach to implant surgery
for standard electrode arrays. Detailed morphometric studies of cochlear anatomy can guide
the approach to the cochleostomy and electrode array insertion to minimise insertion trauma,
optimise neuronal and hair cell preservation and ultimately present a method to control
electrode location within the ST (Martinez-Monedero et al., 2011). For this reason, there has
been a strong focus in current research in the field to develop novel approaches to improve
the restoration of hearing with Cls that would consider person-specific anatomical and

clinical data.

3D computational modelling forms an integral part of modern-day research in Cls and relies
on parameters that include the spatial dimensionality of the cochlea (Hanekom and
Hanekom, 2016). The landmarks that are derived for the creation of such user-specific
models are either extracted from low-resolution scans or only include a limited number of
landmarks (Briaire and Frijns, 2000a, Frijns et al., 2001a, Choi and Hsu, 2009, Malherbe,
2009, Malherbe et al., 2013, Choi and Wang, 2014, Kalkman et al., 2014, Dang et al., 2015,
Malherbe et al., 2016, Pietsch et al., 2017).

29 LANDMARK BASED METHODS TO MEASURE COCHLEAR
PARAMETERS

Anatomic and neural variations cannot be accurately measured by external observations.
Even patients who have equal components inserted do not necessarily have equal
intracochlear coverage or frequency distribution (Ketten et al., 1998). Reliable measures of
intracochlear anatomy and intracochlear array position are needed for the generation of

person-specific computational models and to provide a search field for landmark-based
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automated computational modelling of the cochlea. To create 3D volume conduction
computational models with higher geometric accuracy, detailed parameters that describe the

cochlea need to be assessed.

Volume conduction (VC) computational models were designed as a method to provide
insight into the underlying mechanisms of cochlear stimulation without performing
impractical or impossible in vivo experiments in Cl users (Kalkman et al., 2016). VC models
of the cochlear structures and the surrounding soft tissue that describe the current
distributions inside the cochlea are used to predict neural excitation characteristics. In the
past, generic computational models that predicted general trends were used. Several VC
models have been developed and include lumped parameter models (Suesserman and
Spelman, 1993, Jolly et al., 1996), boundary element models (Frijns et al., 1995, Frijns et
al., 2000, Briaire and Frijns, 2000a, Frijns et al., 2001b), finite element models (Hanekom,
2001, Lim et al., 2005) and finite difference models (Steele and Taber, 1979). These models
vary in detail and are based on the generic geometry of guinea pig and human cochleae,
which only predict generalised trends that may not be viable for all individuals. Generalised
models do not account for inter-subject variability in cochlear anatomy, electrode location,
neural survival patterns and insertion damage. To address the limitations of the generic
cochlear VC model, a need for the design of person-specific cochlear models that accurately

describe the cochlear geometry arose.

Computational modelling provides a quantitative, scientific method to facilitate a user-
specific approach to cochlear implantation and subsequent management of an individual's
hearing. The viability of such a modelling approach relies on a precise method of cochlear
reconstruction that incorporates user-specific characteristics of the cochlea. User-specific
computational modelling, which relies on accurate morphologic data, is a state-of-the-art
approach to study the biophysical interface between the electrode array and the neural
components. These person-specific computational models are now widely used and offer
improved prediction of user-specific outcomes when compared to generic models (Frijns et
al., 2001a, Hanekom, 2001, Poznyakovskiy et al., 2008, Malherbe, 2009, Kalkman et al.,
2014, Tran et al., 2015, Hanekom and Hanekom, 2016, Kalkman et al., 2016, Nogueira et
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al., 2016, Wong et al., 2016, Pietsch et al., 2017). The development of these models is driven
by a translational research approach that aims to apply these in the form of clinical tools to
predict and maximise the final outcome of CI surgery (Kikidis and Bibas, 2014, Hanekom
and Hanekom, 2016, Pietsch et al., 2017).

While user-specific modelling is a better approach than approaches based on generic human
or guinea pig cochlear shapes, the incorporation of more landmarks, and a level of detail that
describes cochlear shape and size better, especially those of the inner structures that could
validate these computational models better, would be of even greater benefit. Refinement of
these models to include user-specific traits may shed light on the factors that underlie
interperson variance. This is especially important in a clinical setting and in cases of low-
resolution scans. Clinicians may be able to gain insight into the workings of a user’s
electrically stimulated cochlea described by a user-specific 3D computational model. While
high-precision reconstruction of a specific cochlea may offer the option to individualise the
design of an electrode array for a user, it may also support the approach to implant surgery
for standard electrode arrays. Detailed morphometric studies of cochlear anatomy can guide
the approach to the cochleostomy and electrode array insertion to minimise insertion trauma,
optimise neuronal and hair cell preservation and ultimately present a method to control
electrode location within the ST (Martinez-Monedero et al., 2011). For this reason, there has
been a strong focus in current research in the field to develop novel approaches to improve
the restoration of hearing with Cls that would consider person-specific anatomical and

clinical data.

3D computational modelling forms an integral part of modern-day research in Cls and relies
on parameters that include the spatial dimensionality of the cochlea (Hanekom and
Hanekom, 2016). The landmarks that are derived for the creation of such user-specific
models are either extracted from low-resolution scans or only include a limited number of
landmarks (Briaire and Frijns, 2000a, Frijns et al., 2001a, Choi and Hsu, 2009, Malherbe,
2009, Malherbe et al., 2013, Choi and Wang, 2014, Kalkman et al., 2014, Dang et al., 2015,
Malherbe et al., 2016, Pietsch et al., 2017).
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2.10 CONSTRUCTION OF THREE-DIMENSIONAL COMPUTATIONAL
MODELS OF THE COCHLEA

Construction of landmark-based 3D computational cochlear models reported in the literature
rely on a few basic landmarks, such as the lateral-most point on the cochlear wall, lateral-
most and medial-most points on the SL, and the points that define the cochlear inlet (Frijns
etal., 1995, Frijns et al., 1996, Kral et al., 1998, Briaire and Frijns, 2000a, Briaire and Frijns,
2000b, Frijns et al., 2001a, Hanekom, 2001, Givelberg and Bunn, 2003, Hanekom, 2005,
Cohen, 2009, Malherbe, 2009, Gunz et al., 2012, Choi and Wang, 2014, Kalkman et al.,
2014, Dang et al., 2015, Malherbe et al., 2016). Further landmarks that have been measured

are described in section 2.9.

Givelberg and Bunn (2003) used the position of the centre line of the BM, its width and
cross-sectional area of the scalae to create a geometric model of the cochlear anatomy, while
Connor et al. (2009) constructed their model from the most distal boundary of the cochlear
wall and most superior boundary of the cochlear duct. Several authors employed
segmentation techniques to create 3D cochlear models by identifying the anatomical
structures that make up the cochlea (Seemann et al., 1999, Rodt et al., 20023, Li et al., 2007,
Poznyakovskiy et al., 2011, Rau et al., 2011, Kang et al., 2015, Tran et al., 2015, Wong et
al., 2016). The anatomical structures are selected using the colour or greyscale value of the
specific structures that make up the cochlea. Segmentation techniques can be manual (Voie
and Spelman, 1995, Wada et al., 1998, Seemann et al., 1999, Ghiz et al., 2001, Li et al.,
2006, Liu et al., 2007, Hofman et al., 2009), semi-automatic (Yoo et al., 2001, Xianfen et
al., 2005, Wang et al., 2006, Lee et al., 2010, Meshik et al., 2010, Tran et al., 2015) or
automatic (Noble et al., 2011, Reda et al., 2014). Structures that are segmented include the
ossicles, vestibulocochlear organ with cochlear aquaduct, CNVII, vestibulocochlear nerve
(CNVII) (Seemann et al., 1999, Wang et al., 2006), ST (Noble et al., 2011, Poznyakovskiy
etal., 2011), SV (Noble et al., 2011), tympanic membrane, middle ear muscles and internal
carotid artery (Wang et al., 2006). Some researchers based their segmentation of the ST, SV
and spiral ganglion on a previously active cochlear shape model using eigen analysis where

a reference model of the labyrinth is created manually, training volumes are registered to the
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reference model and the surfaces produced are manually adjusted, i.e the model-created
segmentation is smoothed out to correct any errors that may have occurred during the
segmentation process (Reda et al., 2014). Tran et al. (2015) created a cadaver head model
using specialised software to segment the perilymph, grey matter, white matter, cerebellum,
brainstem, spinal cord, CNII, CNVII, CNVIII, cerebrospinal fluid, bone, scalp, blood, eyes
and sinuses. The cochlear apparatus with implanted CI could then be extracted from the head

model.

Landmark-based geometric studies are used to summarise shape, using landmarks that offer
immediate visualisation of the shape and the morphological description of variation and
change in a structure. These landmarks are a multidimensional constellation of discrete
anatomical loci described by Cartesian coordinates and are points of correspondence on each
specimen that match between and within a population that is distinguishable in all specimens
in the study. These geometric parameters contain information on the spatial relationship
among landmarks in a specific organism (Bookstein, 1986, Bookstein, 1997, Gunz et al.,
2012). It is important to remember that landmarks should be digitised in the same order for
all specimens and that missing landmarks should be kept track of. Missing data i.e landmarks
that cannot be measured, cannot be included in an analysis involving that landmark.
Extraction of landmark coordinates is associated with some degree of measurement error,
which may result from inconsistent tilting of the specimen, non-coplanarity of landmarks or
difficulty in pinpointing the landmark locus. In other words, it should be possible to apply
the measurement protocol employed to a range of imaging methods (Gunz et al., 2012).
For 3D cochlear reconstruction, landmark-based techniques have a number of advantages
over segmentation-based techniques:

i.  Landmark-based techniques can accommodate small anatomical variations in
morphology and resulting shape deformation, especially those in small anatomical
structures such as the cochlea (Bookstein, 1986, Bookstein, 1997, Polly et al., 2016).
In contrast, segmentation techniques rely on knowledge of a set of pixels and voxels
of an average or generic structure of the organ in question and do not accommodate

variation in morphology (Noble et al., 2011)
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Landmarks offer a description of the spatial relationship between structures and
provide improved localisation over edge-based segmentation techniques (Kaur and
Kaur, 2014) and registration, while edge-detection algorithms used in segmentation
procedures may often fail to mark real edge points or produce distorted duplicate
and/or unconnected edges for the object boundary (Poznyakovskiy et al., 2008,
Poznyakovskiy et al., 2011). Segmentation techniques using region growing (Yoo et
al., 2000), active contours (Yoo et al., 2001), level-sets (Xianfen et al., 2005) or
principle flow filter algorithms (Baker and Barnes, 2004) result in segmentation of
the bony labyrinth as a whole, with no differentiation between the scalae, thereby
masking the inner details of the cochlear channels. Segmentation of cross-sections
by Poznyakovskiy et al. (2008) worked well in the medial cochlear region, but failed
in the basal and apical regions owing to the oblique angle of the image plane relative
to the borders of the scalae, again distorting the geometry.

Landmark-based techniques rely on landmarks that are easy to detect, stable and have
characteristics that do not alter to a great extent in the presence of abnormalities
(Bookstein, 1986, Bookstein, 1997). In comparison, segmentation can be especially
difficult in structures that appear homogenous, lack clear boundaries, have a
sufficient presence of noise, partial-volume effects and limitation of imaging
techniques (Pal and Pal, 1993, Kaur and Kaur, 2014). Furthermore, segmentation
techniques rely on prior knowledge of the expected size, shape, position and texture
of the organ in question.

Segmentation techniques have a high computational cost (Pal and Pal, 1993, Kaur
and Kaur, 2014) and require heavy user interaction, as highlighted by previous
studies (Voie and Spelman, 1995, Wada et al., 1998, Seemann et al., 1999,
Parthasarathi et al., 2000, Yoo et al., 2000, Ghiz et al., 2001, Yoo et al., 2001, Rodt
et al., 2002a, Baker and Barnes, 2004, Xianfen et al., 2005, Li et al., 2006, Wang et
al., 2006, Poznyakovskiy et al., 2008, Hofman et al., 2009, Lee et al., 2010,
Poznyakovskiy et al., 2011, Reda et al., 2014, Tran et al., 2015, Rivas et al., 2017),
while landmark-based methods may offer more efficient reconstruction algorithms

that account for anatomical variability (Gunz et al., 2012).
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v.  Another challenge for cochlear reconstruction via segmentation is the speckled
nature of tomography noise, which decreases the precision of cross-section
segmentations and contributes to the jitter of localisation centres. This can destabilise
the centreline estimation of the tangent vector, which causes poor image plane
definition and destabilises the whole algorithm (Poznyakovskiy et al., 2008). These
distortions can be smoothed out by applying additional filters (Poznyakovskiy et al.,
2011), which in turn adds to increased computational time and less efficient

reconstruction.

Landmark-based studies provide an alternative approach whereby anatomical structures can
be delineated by creating a wire framework that outlines the surfaces of each structure. Most
authors have created 3D computational models using only one mid-modiolar slice instead of
following these landmarks throughout the full rotations of the cochlea. Digitisation of
detailed landmarks on mid-modiolar slices measured at interval degree slices is needed to
provide a more detailed spiral trajectory of the landmarks and will prove more insightful on
capturing small anatomical variations. These authors use a limited set of parameters, making
it difficult to define the exact cochlear shape. Mathematically, the cochlear shape has been
approximated by different spiral functions based in Archimedean or logarithmic spirals
(Ketten et al., 1998, Yoo et al., 2000), which require elaborate post-processing procedures.
Landmark-based reconstruction of the cochlea thus provides a means to create a
reconstruction methodology that adapts the level of detail to the resolution of the available

source.

For these reasons, a landmark-based approach to cochlear reconstruction is followed in this
study, with the objective to define a standardised set of landmarks to serve as a reference for
3D model construction. Both higher-resolution uCT scans and low-resolution CT scans are
used to determine the relevant subsets of landmarks that may be reliably identified for a

specific image modality.
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2.11 LANDMARK-BASED AUTOMATIC COMPUTATIONAL MODELLING
APPROACHES

Currently user-specific models are used as a primary research tool. The development of 3D
computational models with high accuracy, which include detailed anatomical structures, is
a time-consuming process (Wang et al., 2006, Malherbe, 2009, Tran et al., 2015). The
generation of such models is important to provide accurate search fields needed for the
development of rapid landmark-based automated models that can be translated into a clinical
tool for the maintenance of these models. Studies focus on the outcomes of 3D computational
models rather than the development of the model (Yoo et al., 2000, Yoo et al., 2001, Rodt
et al., 2002a, Wang et al., 2006, Malherbe et al., 2016).

The development of user-specific computational models of the cochlea based on knowledge-
based landmark detection are of the highest accuracy (90.33%) as reported by Gupta et al.
(2015). Automated development of user-specific computational modelling based on
knowledge-based landmark detection uses pre-defined or pre-agreed definitions of
anatomical landmarks that describe cochlear shape and size. Therefore, this study focused
on the definition of such landmarks, quantification of the characteristics of landmark points,
definition of smaller, more accurately located search fields and derivation of obscured
landmarks from consistently present landmarks for use in automated landmark-based user-
specific model development. The landmarks were also used for the classification of the

cochlea and its correlation with psycho-acoustic outcomes of CI users.

2.12 METHODS TO DETERMINE OBSCURED LANDMARKS

In order to create models of greater accuracy, the relation among landmarks as a possible
means to derive important landmarks that may not be visible on low-resolution scans or
scans that contain artefacts from an implanted electrode array, movement artefacts or a soft
tissue interface needs to be addressed. A minimal set of landmarks that is required for the
calculation of obscured landmarks is needed. In this way provision for the improvement of
the integrity of the dimensional characteristics of computational modelling is made while

actively accommodating low-resolution data, thereby still generating models of great detail.
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It is intuitive that the presence of more visible landmarks can be used to derive obscured
landmarks and will generate more detailed cochlea. Literature on the calculation of obscured
landmarks in the field of cochlear research is lacking. Detection of anatomical landmarks
and obscured landmarks is well recognised in a wide range of medical image analyses
(Alansary et al., 2019), as well as anthropometry studies (Douglas, 2004, Lagravere et al.,
2010, Le-Tien and Pham-Chi, 2014). Normative data for landmark location and algorithms
for the extraction of obscured landmarks in terms of image processing are lacking when

measuring a specific feature or landmark.

2.13 MODIOLAR CORRECTION METHODS

Misalignment of the modiolar axis may cause non-reproducible measurements and results.

A modiolar correction method is needed for the exact extraction and interpretation of
measured landmarks on the cochlea. A standard method, the cochlear view (as described in
section 2.6), provides a standard and unambiguous reference system for anatomical studies
of the cochleae. The method used by Verbist et al. (2010) in itself presents with interobserver
errors, as there are two main alternatives for choosing the origin of the modiolar axis (z-
axis), i.e orientating the z-axis from the helicotrema/apex to the base of the cochlea or
choosing the base as the origin and the apex as the endpoint. Other methods used to define
the modiolar axis include manually adjusted multiplanar reconstruction (Van der Marel et
al., 2014) or setting two points (Poznyakovskiy et al., 2008, Verbist et al., 2009),
maximisation of the dark pixel area using minimum intensity projection (Escudé et al.,
2006a) or using three nonlinear least square minimisation based algorithms (Yoo et al.,
2000). Demarcy et al. (2016) used a method based on the intrinsic geometrical properties of
the cochlear centreline. The researchers based their equations on the logarithmic description
of the cochlear spiral and computed the modiolar axis by performing robust principal
component analysis using an extension of the expectation maximisation algorithm. The
procedure involves the calculation of the Student’s t-distribution, a maximisation step where
the mean and variance are updated by computing a weighted sum of the data, construction
of a cylindrical coordinate system based on the method proposed by Verbist et al. (2010)

and extraction of the centrelines for the tympanic and vestibular membranes (Demarcy et
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al., 2016). The method by Demarcy et al. (2016) is, however, not applicable to noisy images.
Recently, kinematic motion (natural growth) modelling of the spiral shape of the cochlea
was performed with the modiolar axis being extracted as the rotation component (Wimmer
etal., 2019).

2.14 CHAPTER SUMMARY

The literature discussed in the previous sections provided foundational anatomical, data-
processing and computational modelling techniques needed for the study. The overview of
the literature identified critical research gaps needed for the developmental stages of 3D
computational modelling of the cochlea by addressing cochlear morphing using different
approaches. Furthermore, the literature identified gaps in the translational approach to

cochlear modelling, which were investigated in this thesis.
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CHAPTER 3 PREDICTION OF THE
TRAJECTORY OF OBSCURED
COCHLEAR SPIRALS FOR THE
DEVELOPMENT OF THREE-
DIMENSIONAL
COMPUTATIONAL
MODELLING

3.1 CHAPTER OBJECTIVES

The objectives of this chapter are to define a set of landmarks that describe the cochlear
geometry, develop a workflow for the extraction of the cochlear geometry from the
predefined landmark set, classify cochleae according to taxonomy and describe the spirals
that constitute the cochlea. The chapter further describes each cochlea using analytical
equations and determines the absolute error with which cochlear spirals can be predicted
from the reference spirals derived from a set of high-resolution uCT scans. These data are
used to construct a CSRF that comprises a normalised description of the cochlear spirals, the
standard deviation for each spiral and a set of predictors for obscured spirals. The CSRF
contains frameworks for a pooled dataset, as well as datasets for different classes of cochleae

as classified according to the vertical trajectory of the cochlea spiral.
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3.2 ABSTRACT

The variability and uniqueness of the dimensions of the human cochlea among individuals
require a regular approach to describe the anatomy mathematically for inclusion in 3D
computational models of the auditory periphery. Cochlear shape variability was confirmed
by two findings that the vertical profiles of a cochlea can be classed into rollercoaster,
intermediate and sloping cochleae, based on landmarks placed on the lateral wall of the
cochlear spiral. Identification of landmarks on images of live cochleae is limited by the low
resolution of scans. A CSRF that describes each spiral for each cochlear class is needed to
serve as a reference for the derivation of spirals that may be obscured when constructing
computational cochlear models from clinically available scans. Therefore, the objective of
this study is to derive an analytical description of each spiral trajectory from high-resolution
data to develop a CSRF that provides equations enabling the prediction of obscured cochlear
spirals. This CSRF could serve as a reference for, and support the development of, person-
specific computational models of the cochlea. For this purpose, UCT scans of 31 cochleae
from dry skulls and temporal bones were collected. The images were reconstructed by
placing landmarks at 5° intervals on each mid-modiolar section for each cochlea (1800
landmarks per cochlea). These included landmarks that described the superior, inferior,
lateral, medial, superolateral, inferolateral, lateral spiral lamina and medial spiral lamina
spirals. Polynomial functions for each cochlear spiral and each cochlea were calculated using
custom algorithms programmed in Matlab (Mathworks)®. The normalised mean absolute
error (NMAE) was used as a measure to determine which spiral was the best predictor of an

obscured spiral. Predictions were validated against the measured data.

3.2 INTRODUCTION

The uniqueness of the human cochlea’s shape and variability in its dimensions (Dimopoulos
and Muren, 1990, Ketten et al., 1998, Escudeé et al., 2006c, Biedron et al., 2009, Erixon et
al., 2009, Martinez-Monedero et al., 2011, Avci et al., 2014, Van der Marel et al., 2014,
Wourfel et al., 2014, Pietsch et al., 2017) emphasises the need for methods to describe the

cochlear morphology in great detail if person-specificity needs to be accounted for when

1 www.mathworks.cm
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constructing 3D computational models of the cochlea (Erixon et al., 2009, Rask-Andersen
et al., 2012, Shin et al., 2013, Avci et al., 2014, Van der Marel et al., 2014, Avci et al.,
2017). In a review by Ni et al. (2014), it is clear that one of the objectives of 3D
computational models of the cochlea is to predict speech and language outcomes.. The
authors state that cochlear models need to be refined as assumptions and data fitting used in
modelling of the cochlea is largely empirical and difficult to validate.

Recently the vertical trajectory of the ST against the vertical height has been used to classify
variations in cochlear anatomy. The taxonomy of the human cochlea consists of three classes
according to three critical anatomical features in the vertical trajectory of the ST (dips, jumps
and peaks). Rollercoaster cochleae are characterised by a dip followed by an upward course;
sloping cochleae follow an upward trajectory without significant downward trends, while
intermediate cochleae are characterised by a vertical jump in the vertical trajectory of the ST
(Avci et al., 2017). Rollercoaster cochlea would appear to push the first and second turn
closer together. The study considered the first 720° of the cochleae, as this is the area of
interest in Cl surgery and 3D computational modelling of the cochlea. This study was further
expanded by Pietsch et al. (2017), who described cochlear shape mathematically from 3D
reconstructions of 108 cochlear casts and 30 uCT scans of cochleae. The authors digitised
the lateral spirals of the cochleae using 120 parameters and used polynomial and logarithmic
equations to describe the variation in the cochleae to show that polynomial equations are a
better fit, i.e. describe cochlear shape better. The authors classified human cochlea according
to shape, i.e. either having a rollercoaster or sloping profile, but did not address cochleae of
the intermediate class. The authors mathematically analysed which type of geometrical spiral
the cochlea really follows and indicated that one cochlea is not simply a blueprint or scaled
version of another. The method included only a small set of landmarks (120) measured on
the lateral spiral and did not indicateon the selection of landmarks required for more detailed
user-specific cochlear modelling or provide a method by which landmarks can be placed on
low-resolution scanning. These critical features are important for the development of more

accurate 3D computational models of a ClI user.

Currently, construction of landmark-based 3D computational cochlear models reported in
the literature (Frijns et al., 1995, Frijns et al., 1996, Briaire and Frijns, 2000a, Briaire and
Frijns, 2000b, Frijns et al., 2001a, Hanekom, 2001, Hanekom, 2005, Choi and Hsu, 2009,
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Malherbe et al., 2013, Choi and Wang, 2014, Kalkman et al., 2014, Dang et al., 2015,
Malherbe et al., 2015, Pietsch et al., 2017) rely on a few basic landmarks, such as the lateral-
most point on the cochlear wall, lateral-most and medial-most points on the SL, and the
points that define the cochlear inlet (Hanekom and Hanekom, 2016). Computational models
of the cochlea should typically include the perilymph (location of ST and SV), endolymph
(located in the SM), BM and spiral ganglion, as these affect current spread (Frijns et al.,
1995, Hanekom, 2001, Hanekom, 2005). Other structures that are important are RM, the
stria vascularis and very importantly, an accurate representation of the enveloping bone, as
the resistive properties of the bone in which the cochlea is embedded are one of the most
important computational modelling parameters (Malherbe et al., 2015). High-fidelity model
generation for live implant users remains a challenge, as the available imaging data are of
low resolution and thus need to be augmented with existing knowledge of the typical trends
and variations observed in cochlear morphological data (Malherbe et al., 2013, Malherbe et
al., 2016). Studies thus far do not make provision for the derivation of obscured landmarks
from visible landmarks and a standard set of prediction polynomial equations in the form of
a CSRF is much needed.

In this study, knowledge-based landmark techniques were chosen for 3D cochlear
reconstruction to describe the spiralling nature of the cochlea and the possibility of
determining obscured spirals from visible landmarks. Landmark-based techniques rely on
features that are easy to detect and remain stable, which can accommodate small anatomical
variations in morphology and resulting shape deformation, especially those in small
anatomical structures such as the cochlea (Bookstein, 1986, Bookstein, 1997, Gunz et al.,
2012, Polly et al., 2016). Landmarks offer a description of the spatial relationship between
structures, provide improved localisation and image registration and do not rely on prior
knowledge of the expected size, shape, position and texture of the organ in question (Pal and
Pal, 1993, Kaur and Kaur, 2014). With segmentation techniques, it may be difficult to
differentiate between the scalae, thus masking the inner details of the cochlea (Yoo et al.,
2000, Yoo et al., 2001, Baker and Barnes, 2004). This can destabilise the centreline
estimation of the tangent vector, which causes poor image plane definition and destabilises
the whole algorithm (Poznyakovskiy et al., 2008). While these distortions can be smoothed
out by applying additional filters (Poznyakovskiy et al., 2011), this adds to increased

computational time and therefore causes less efficient reconstruction (Yoo et al., 2000, Ghiz
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et al., 2001, Yoo et al., 2001, Baker and Barnes, 2004, Poznyakovskiy et al., 2008, Reda et
al., 2014, Tran et al., 2015).

Although histological sections are the most reliable way to visualise cochlear anatomy, these
sections cannot be sliced in a mid-modiolar way. uCT scans offer a solution, as the images
are of high quality and sufficient to view the cochlear structures with the possibility of
distinguishing fine mid-modiolar sections. Therefore, UCT scans were used to determine the
relevant subsets of landmarks (refer to figure 3.1) that define the different spirals, i.e. lateral
spiral (LS), medial spiral (MS), superior spiral (SS), inferior spiral (IS), superolateral spiral
(SLS), inferolateral spiral (ILS), lateral spiral lamina (LSL) and medial spiral lamina (MSL).
A workflow was developed to reconstruct each cochlea from the measured landmark data
and to provide cochlear dimensions, polynomial coefficients and cylindrical data points for

each cochlea.

The study investigated the relation among landmarks as a possible means to derive important
spiral trajectories that may be obscured on low-resolution scans. In this way, the study makes
provision for the improvement of the fidelity of the geometrical characteristics available for
computational modelling with improving imaging technology, while actively
accommodating low-resolution data in an attempt to allow the generation of models of great

detail, irrespective of the data source.

3.3 MATERIALS AND METHODS

Landmarks that define the cochlear walls, SL, and cochlear turns that could serve as a
reference for the analytical description of obscured landmarks on clinically available in vivo
imaging modalities were identified and measured on pCT scans. To validate the predicted
spirals, percentage normalised mean standardised error (PNMAE) was applied to determine
the error between experimental (measured) data and the reconstructed spiral data.

3.3.1 Materials

Twenty-seven cochleae from dry temporal bones and skulls were scanned at NECSA (South

African Nuclear Energy Corporation), which houses the Nikon XTH 225 ST micro-focuses
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X-ray tomography scanner (MIXRAD), according to the procedure of Hoffman and De Beer
(2012). The samples were placed in a polystyrene mould to ensure that each sample remained
stable. Because of the size of the samples in this study, a spatial resolution of 90 — 120
microns was achieved. Each of the 2D digitised radiographs per specimen, taken at different
angles, consisted of an array of 2048 x 2048-pixel elements (maximum for the current
detector at the uCT system) and each element with a different grey scale (up to 65536 grey
levels). Scanning parameters for the uCT scans were as follows: 33.33 min exposure time,

2 s rotation time, 100 KV tube voltage, 100 effective mAs, resolution of 120 pum.

3.3.2 Methods

3.3.2.1 Imaging

The volume files from the uCT scans were imported into VGStudioMAX-2.2 visualisation
software (Volume Graphics GmbH, Heidelberg, Germany) for the 3D rendering,
segmentation and visualisation of the reconstructed volume data (Volume Graphics, 2010)*.

3.3.2.2 Identification of landmark points for model reconstruction

The choice of landmarks was informed by the typical landmarks employed to construct 3D
models of the cochlea. For reconstruction of live cochlea, the choice landmarks are limited
by the anatomical features that are visible on clinical images. However, for the
reconstruction of the inner structures, model development still relies on a generic template
of a section through a cochlear spiral. A user-specific inner structure can potentially improve
the predictions from the models, as it would afford a better description of the location of the
electrode array relative to the anatomical structures. The only visible internal structure on
MCT is the SL, which could be used to adapt the inner structure template of the cochlea to
reflect person-specificity of the internal structures. The chosen landmarks inherently reflect
gross anatomical variations that have been observed and are located such that information
on the structures not visible on low-resolution scans can be derived. Most of the landmarks
describe the spiralling nature of the cochlear structures and may thus serve as a framework

to construct a computational description of the cochlear anatomy. These include the lateral-

L www.volumegraphics.com
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most, medial-most, superior-most, inferior-most, superolateral, inferolateral, superomedial
and inferomedial landmarks of each turn. As mentioned the lateral- and medial-most points
of the SL were measured, as this gives an indication of the internal structure of the cochlea.
The medial-most point of the cochlear wall was measured, as it gives an indication of the
location of the modiolar wall and in cases were an electrode array is inserted, it can be used
to determine the distance between the array and the modiolar wall. The inferior-most points
of the apical turn give an indication of the extent of the modiolus. The set of landmarks that
was identified also defines specific dimensions (i.e. metric length, width and base of each
turn, total cochlear height, length of the spiral lamina) of the cochlea for validation against
the literature. The landmarks that define the eight spirals of the cochlea, as well as
polynomial predictors for obscured spirals (MS, LSL, SSL) and spirals that are not
necessarily measured on low-resolution images but improve the fidelity of the reconstruction
(SLS and ILS), were chosen.

Table 3.1 provides a description of each of the landmarks selected for the 3D model
reconstruction framework, while Figure 3.1 shows the location of the landmarks on mid-

modiolar sections through the cochlea.

Given the coordinates of the landmarks in Table 3.1, as the cochlea is a rotational structure,
it follows that landmarks need to be digitised on 36 complete mid-modiolar sections only,
separated by 5° and corresponding to a rotation of 180° to obtain data to describe the full
trajectory of a point along the length of the cochlea. The 5°%measurement interval was
somewhat arbitrarily decided upon, as the change in location of landmarks is subtle;
measuring landmarks on smaller intervals is labour-intensive and does not show clear
changes in landmarks’ location, while measurements on larger spaced degree intervals could

miss local variations.

If one considers the lateral-most point on the right basal turn (point 1), it can be seen that as
the angle is increased, this point meets the lateral-most point on the left basal turn (point 8)
at 180°. Likewise, point 8 will meet the lateral-most point on the right middle turn (point 2)

at 360° (0°). The sequences of landmarks that describe specific spirals are given in Table 3.2.
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Table 3.1. List of landmarks placed on each mid-modiolar section at 5° intervals

Landmark | Area of placement

1 Lateral-most point on right basal turn

2 Lateral-most point on right middle turn

3 Lateral-most point on right apical turn

4 Lateral-most point on right apical turn (furthest from point 3)
5 Lateral-most point on left apical turn

6 Lateral-most point on left apical turn (furthest point from point 5)
7 Lateral-most point on left middle turn

8 Lateral-most point on left basal turn

9 Modiolar inlet on left

10 Modiolar inlet on right

11 Superior-most point on right basal turn

12 Superior-most point on right middle turn

13 Superior-most point on right apical turn (Between 3 and 4)
14 Superior-most point on left apical turn (Between 5 and 6)
15 Superior-most point on left middle turn

16 Superior-most point on left basal turn

17 Inferior-most point on right basal turn

18 Inferior-most point on right middle turn

19 Inferior-most point on right apical turn

20 Inferior-most point on left apical turn

21 Inferior-most point on left middle turn

22 Inferior-most point on left basal turn

23 Medial-most point on right basal turn

24 Medial-most point on right middle turn

25 Highest point on modiolius

26 Medial-most point on right apical turn

27 Medial-most point on left middle turn

28 Medial-most point on left basal turn

29 Lateral-most point on SL on right basal turn

30 Lateral-most point on SL on right middle turn

31 Lateral-most point on SL on right apical turn

32 Lateral-most point on SL on left apical turn

33 Lateral-most point on SL on left middle turn

34 Lateral-most point on SL on left basal turn

35 Medial-most point on SL on right basal turn
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36 Medial-most point on SL on right middle turn
37 Medial-most point on the SL on right apical turn
38 Medial-most point on SL on left apical turn
39 Medial-most point on SL on left middle turn
40 Medial-most point on SL on left basal turn
41 Between 1 and 11
42 Between 2 and 12
43 Between 7 and 15
44 Between 16 and 8
45 Between 1 and 17
46 Between 2 and 18
47 Between 7 and 21
48 Between 8 and 22
49 Between 9 and 22
50 Between 10 and 18

Table 3.2. Landmark sequences that form each spiral

Spiral Landmarks
Lateral spiral (LS) (Lateral-most points) 1,8,2,7,3,6
Medial spiral (MS) (Medial-most points) 23,28,24,27,4,5

Superior spiral (SS) (Superior-most points)

11,16,12,15,13,14

Inferior spiral (I1S) (Inferior-most points)

17,22,18,21,19,20

Lateral spiral lamina (LSL) spiral (Lateral-most point) | 29,34,30,33,31,32
Medial spiral lamina (MSL) spiral (Medial-most point) | 35,40,36,39,37,38
Superolateral spiral (SLS) 41,44,42,43
Inferolateral spiral (ILS) 45,48,46,47
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Figure 3.1. Illustration of the location of the complete set of landmarks on a schematic
representation of a mid-modiolar section through the cochlea.

3.3.2.3 Orientation of image data and manual digitization of landmarks

Each cochlea was orientated in the cochlear view according to the method described by
(Verbistetal., 2010). Landmarks were mapped on the mid-modiolar sections of each cochlea
at 5° intervals using the multipoint measuring tool in Image J*. Figure 3.2 shows the

placement of visible landmarks on uCT images.

To create a high-definition representation of the cochlear morphology, specifically the LS,
MS, SS, IS, SLS, ILS, LSL and MSL, the objective was to identify all the visible landmarks
in the set, as a reduced set of landmarks compromises the level of geometric detail that can
be included in the cochlear computational modelling and the accuracy with which predicted
spirals can be calculated. Figure 3.3 below illustrates this principle, where a sparser set of

landmarks is visible in Figure 3.3a and a more complete set in Figure 3.3b.

! https://imagej.nih.gov/ij/
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Figure 3.2. The identification and placement of the landmarks are shown on a uCT scan.
Landmarks that were not visible on the scan were placed outside the frame of the scan.

a.)

b.)

Figure 3.3. A CT scan with (a) a sparser and (b) larger set of landmarks shows that more
landmarks describe form better.
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3.3.2.4 Determination of angular lengths

VGStudioMAX-2.2 visualization software (Volume Graphics GmbH, Heidelberg,
Germany)® was used for the 3D reconstruction of the uCT and CT scans. The angular length
(AL) i.e. the number of turn was determined using the method of Shin et al. (2013) where
the angle (yellow) is determined by drawing a line from the RW (purple) to the terminal
point of the cochlea (demonstrated by the blue line) and another line from the central axis
cochlea to the helicotrema (demonstrated by the green line) is determined as demonstrated
in Figure 3.4.

VGStudioMAX-2.2 visualisation software (Volume Graphics GmbH, Heidelberg,
Germany)? was used for the 3D reconstruction of the uCT and CT scans. The angular length
(AL), i.e. the number of turns, was determined using the method of Shin et al. (2013), where
the angle (yellow) is determined by drawing a line from the RW (purple) to the terminal
point of the cochlea (demonstrated by the blue line) and another line from the central axis
cochlea to the helicotrema (demonstrated by the green line) is determined, as demonstrated
in Figure 3.4.

Rostral

Lateral + Medial

Dorsal

Figure 3.4. Method for determination of the angular length

3.3.2.5 Data processing and analysis

Data processing was performed by a custom script that extracted the radius, height and

angular location of landmarks initiated by importing the landmarks (the radius, height and

1 ywww.volumegraphics.com
2 www.volumegraphics.com
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angular location) into Matlab® (Mathworks). A script UPCochlea.m was initialised
through custom-made Matlab? (Mathworks) scripts and functions for the extraction of data
points, classification of cochleae, polynomial equations and cylindrical data points that
describe the cochlear geometry. Data processing was initiated by importing the raw
landmark data into a custom Matlab® (Mathworks) script for subsequent processing.

The first step involves importing the raw measured data, and defining the image scale factor
and angular extent of the measured cochlea into the UPCochlea .m* script. Plots for the
visualisation of the raw radial and raw height data of each spiral and up to where each spiral
was detected were generated. The script allows the data to be flipped to ensure that the
orientation of the cochleae all correspond. Such a standard convention is required so that the
spirals can be visually compared among cochleae. Furthermore, outliers (if any) can be
identified in the graphs and manually excluded. The cochlea is a rotational structure and data
points were measured up to 180° on both sides of the modiolar axis. To align the landmarks
for each spiral, modiolar stitching was needed for continuity of the measured landmarks. The
location of the modiolus was algorithmically detected and the data were offset along this
axis to provide a continuous radial trajectory. The height data were continuous as measured
as these data are measured along the modiolar axis.

Modiolar correction was based on an LMS fit of the radial data of the LS with an exponential
fit through this dataset. The entire dataset was iteratively rotated in the YZ and XZ directions
to optimise the LMS cost function. The data were padded to account for missing landmarks
that could not be measured. A moving average interpolation was used to fill missing internal
points, while the nearest-neighbour method was used to extrapolate missing data points at
the apical end of the spiral. Data alignment and modiolar axis correction are necessary for

1 www.mathworks.com

2 https://www.mathworks.com/

3 https://www.mathworks.com/

4 The UPCochlea . mscript is used to prepare and standardize data of an individual cochlea

for inclusion in the CSRF.
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the classification of cochleae as rollercoaster, sloping or intermediate taxonomy, depending
on the location of dips, peaks and vertical jumps in the vertical profile of the cochlea. To
construct each cochlear spiral, a sixth order polynomial function was fitted on the radius (R)
as well as the height (Z) data® over an AL of 900°. The polynomial fit was performed against
a scaled abscissa coordinate, i.e. (angle-mul)/mu2 where mul is the mean of the angle over
which the polynomial was fitted and muz2 is the standard deviation of the angle over which
the polynomial was fitted?. Sixth order polynomial equations corresponded well with the

radial and height trajectories of the spirals.

The final steps involved the visualisation of data by plotting each data set three-
dimensionally as a wire framework that outlines each of the anatomical structures. The
conversion of each data matrix into cylindrical polynomial coordinates and polynomial
coefficients that describe each spiral of each cochleae was exported for further processing.
The process is summarised in Figure 3.5.

The processing performed by the script (UPCochlea.m) comprise extraction of data
points, classification of cochleae, polynomial equations and cylindrical data points that

describe the cochlear geometry.

Load data
characteristics:

Data

1. Measurement

conditioning:
approach L Midmod ? Output
Measure Tmport info 2 UserID . ‘sﬁtdsngo ar Modiolar Classify Smoothing and 1. Sg\'e prgces_sed data
30 ; - = cotrection cochlea curve fitting for inclusion in CSEF
UFCochlea.m . Image scale factor r = .
landmarks 3 2 2. Correct BW 23D rendering of
4. AL of cochlea offset and wireframe cochlea
measuring

3. Define data
rejection conditions
(outhiers)

direction

Figure 3.5. Summary of the UPCochlea . m workflow

3.3.2.6 Obscured landmarks

In cases where some of the landmarks or cochlear structures are not visible because of poor

resolution or because of invisibility to the imaging modality, the study aimed to investigate

! The uPCochlea . m script allows for the user to choose any polynomial fit order.
2 https://www.mathworks.com/help/Matlab/ref/polyfit.html
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the viability of deriving the location of these obscured landmarks from visible landmarks.
The output data from the UPCochlea . m script, comprising the sixth order polynomial fits
to the radial and height data that describe the trajectory of the LS, MS, SS, IS, SLS, ILS,
MSL and LSL of each cochlea were pooled to derive the CSRF using a second custom
Matlab? script (Obscured.m).

First, the radius and height data of each spiral for each cochlea were calculated from the
polynomial coefficients derived in UPCochlea.m. The mean and standard deviation of
each of the spirals for each of the 31 cochleae in the reference uCT image set were calculated.
To obtain a polynomial description of the mean of each spiral, the mean of the coefficients
that describe the spiral over the cochleae in the dataset is calculated. To obtain a polynomial
description of the standard deviation of each spiral, a sixth order polynomial was fitted to
the standard deviation as a function of AL to conform with the sixth order fits on the spiral
data. This was done for the pooled data set as well as for each cochlear class. Because there
is variation in the dimensions of the cochlea among individuals, it is necessary to normalise
the mean polynomial description of the spirals relative to a measure that is visible on clinical
images. CL was chosen as the normalisation factor for radial data and the height of the LS
over 720° (LSH) was chosen as the normalisation factor over height. The resulting
normalised means and standard deviations form the core of the CSRF.

The predictor portion of the CSRF through which obscured spirals may be predicted was
constructed by calculating polynomial equations that describe the location of an obscured
spiral relative to a reference spiral. These predictor polynomials are normalised by default
since the data from which they were derived were normalised. The predictors, therefore,
need to be denormalised when applied to predict an obscured spiral for a specific cochlea,
as given in (3.1) and (3.2). Denormalisation factors need to be calculated for a specific
cochlea, i.e. CL for radius and LSH for height.

Coeffr = CoeffR,c; — ReconCoef fRypscurea X CL (3.0

Coeff; = CoeffZy.r — ReconCoef fZ,pscurea X LSH (3.2)

! https://www.mathworks.com/
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where Coeffy is the sixth order reconstruction coefficients for the radius, CoeffRrer is the sixth
order polynomial fit on the reference spiral data (assumed to be measurable),
ReconCoeffRobscured IS the normalised predictor coefficients relative to the reference spiral
radius and CL is the denormalisation factor for the predictor coefficients. Similarly, Coeff,
is the sixth order reconstruction coefficients for the height, CoeffZrs is the sixth order
polynomial fit on the reference spiral data (assumed to be measurable), ReconCoeffZobscured
is the normalised predictor coefficients relative the reference spiral height and LSH is the

denormalisation factor for the predictor coefficients.

The PNMAE between the polynomial fit on the original raw data and the prediction from
the CSRF was used to rank the reference spirals according to the accuracy with which they
can predict an obscured spiral, as given in (3.3). The error is normalised against CL alone to
make the error for radius and height comparable. The PNMAE ranking, as well as the
coefficients for the predictor spirals, are presented in Table A.2.

measured—predicted
E"( cL

n

x100)
PNMAE =

(3.3)

Lastly, a mean template was derived as a function of AL to adjust the relative offset of a
predicted spiral, should the spiral prove to be located outside its expected range. All radii in
the template were calculated as a fraction of the LS radius using (3.4), while height was

quantified as a fraction of the height between the SS and IS, using (3.6).

Rn
2., (%)
n Rps

n

k = (3.4)

Therefore, the location of an obscured spiral (of which the shape was predicted through the
predictor coefficients as discussed above) relative to the LS can be estimated by (3.5):

Risp = Rps* k. (3.5)

Template matching for the height data was performed by calculating the average relation
between the height of an obscured landmark relative to the height of the IS and the height of
the SS relative to the height of the IS, using (3.6):
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zzn(zobs_zls)
n \Zss—Z
ky = Sntssss (3.6)

Thus, an estimate of the location of the height of an obscured spiral relative to locations of
the heights of the SS and IS, using (3.7):

Zis, = k(Zss — Z15) + Zis (3.7)

The predictors were integrated into the UPCochlea.m script to allow prediction of
obscured spirals alongside processing of measured data. All the predictors are included and
reconstruction of obscured spirals is done in rank order of the prediction accuracy according
to the available measured spirals. If, for example, the reference spiral that provides the best
prediction was not measured, e.g. ILS, the second-best reference spirals will be used for

reconstruction.

3.4 RESULTS

3.4.1 Validation of polynomial fitted data

To validate the dimensions of the analytically described cochleae, a number of measures
were derived to allow a comparison with similar measures reported in the literature. This
comparison is presented in Table 3.3 below. All measures were derived at the 0° section, i.e.

the section that crosses through the RW.

Table 3.3 Comparison of cochlea dimensions in present study (italics) with reported literature

Dimension Researcher Method Populati | N Results [Mean + SD (Range)]
on
group
Cochlear length Avci et al. (2014) uCT German 16 | 9.20 £ 0.40 mm
Avci etal. (2017) ucCT German 10 | 9.35+0.31 mm (9.00 — 10.03 mm)
Dimopoulos and Muren Casts Swedish | 95 | 8.58 +0.45 mm (7.00 - 9.80 mm)
(1990)
Erixon et al. (2009) Casts Swedish | 51 | 9.30 mm
Escudé et al. (2006¢) CT French 42 | 9.23+£0.53 mm (7.9 - 10.8 mm)
Fernando et al. (2011) CT Filipino 38 | R=755mm
8 L =7.60 mm
Krombach et al. (2005) CT German 12 | R=9.12 £ 0.60 mm (8.10-10.40 mm)
0 L =9.11 + 0.60 mm (8.00-10.10 mm)
Martinez-Monedero et al. CT America | 12 | 6.80-10.30 + 1.41 mm
(2011) n 4
Pietsch et al. (2017) ucCT German 10 | 9.30 +£0.30 mm
Casts 8 9.20 +0.40 mm
30
Shin et al. (2013) uCT Korean 39 | 9.70 mm
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Current study UCT temporal South 27 | 8.03+1.47 (5.48 —10.16 mm)
bones African
Width of the basal Avci et al. (2014) uCT German 16 | 7.00+£0.30 mm
turn Avci et al. (2017) uCT German 10 | 7.04 £0.34 mm (6.71 — 7.63 mm)
Braun et al. (2012) uCT German 1 7.70 mm
Dimopoulos and Muren Casts Swedish | 95 | 6.77 £0.35 mm (6.00 - 7.50 mm)
(1990)
Erixon et al. (2009) Casts Swedish | 73 | 6.80 +0.46 mm (5.60 - 8.20 mm)
Escudé et al. (2006c) CT French 42 | 6.99+0.37 mm
Martinez-Monedero et al. CT America | 12 | 520-7.80 £ 1.13 mm
(2011) n 4
Pietsch et al. (2017) uCT German 10 | 7.00 +£0.30 mm
Casts 8 6.80 + 0.40 mm
30
Shin et al. (2013) uCT Korean 39 | 700 mm
Current study UCT temporal South 27 | 6.16 +1.09 mm (4.38 — 8.13 mm)
bones African
Width of the Braun et al. (2012) uCT German 1 4.35 mm
middle turn Erixon et al. (2009) Casts Swedish | 73 | 3.80 +0.25 mm (3.30 -4.30 mm)
Shin et al. (2013) uCT Korean 39 | 3.90mm
Current study UCT temporal South 27 | 3.80+0.63 mm (2.61 — 4.80 mm)
bones African
Total cochlear Avci et al. (2014) uCT German 16 | 440+0.30 mm
height Braun et al. (2012) uCcT German | 1 4.06 mm
Dimopoulos and Muren Casts Swedish | 95 | 3.93 +0.40 mm (3.10 -5.00 mm)
(1990)
Erixon et al. (2009) Casts Swedish | 73 | 3.90 + 0.37 mm (3.30 - 4.80 mm)
Fernando et al. (2011) CT Filipino 38 | R=4.36 mm (3.30 - 5.10 mm)
8 L =4.34 mm (3.40-5.20 mm)
Pietsch et al. (2017) uCT German | 10 | 4.40+0.40 mm
Casts 8 4.00 £0.20 mm
30
Shin et al. (2013) ucCT Korean 39 | 3.80mm
Current study UCT temporal South 27 | 5.01+1.01 mm (2.82 —6.93 mm)
bones African
Height of the basal Braun et al. (2012) ucCT German | 1 1.90 mm
turn Erixon et al. (2009) Casts Swedish | 73 | 2.10 +0.20 mm (1.60 -2.60 mm)
Krombach et al. (2005) CT German | 12 | 1.76 £ 0.03 mm (0.90 -2.20 mm)
0
Shin et al. (2013) ucCT Korean 39 | 1.90 mm
Current study UCT temporal South 27 | R=3.64 +0.55 mm (2.24 — 4.64 mm)
bones African L =2.65+0.51 mm (1.53 — 3.92 mm)
Height of the Braun et al. (2012) ucCT German 1 1.30 mm
middle turn Erixon et al. (2009) Casts Swedish | 73 | 1.20+0.17 mm (0.80 - 1.60 mm)
Shin et al. (2013) ucCT Korean 39 | 1.80 mm
Current study UCT temporal South 27 | R=2.49 +0.44 mm (1.57 — 3.65 mm)
bones African L=1.94+0.44 mm (1.02 — 3.10 mm)
Metric length Erixon et al. (2009) Casts Swedish | 58 | 42.00 +1.96 mm (38.60 — 45.60 mm)
Erixon and Rask- Casts Swedish | 51 | 41.20 +1.86 mm (37.60 — 44.90 mm)
Andersen (2013)
Escudé et al. (2006¢) CT French 42 | 34.40 +2.20 mm (30.76 — 37.41 mm)
Kawano et al. (1996) Histology Japanese | 8 40.81 £1.97 mm (37.93 — 43.81 mm)
Pietsch et al. (2017) Castsand pCT | German | 13 | 36.00 —46.00 mm
8
Sato et al. (1991) Histology America | 18 | 38.64 +3.19 mm (32.70 — 43.20 mm)
n
Waurfel et al. (2014) CBCT German | 43 | 37.90 £ 1.98 mm (30.80 — 43.20 mm)
6
Current study UCT temporal South 27 | 31.40 +4.83 mm (23.29 — 39.33 mm)
bones African
Modiolar inlet Martinez-Monedero et al. CT America | 12 | 3.67 £0.14 mm (3.42 - 3.82)
diameter (2011) n 4
Current study UCT temporal South 27 | 1.92+0.72 mm (0.79 — 3.17 mm)
bones African
Angular length Biedron et al. (2009) Histology German 15 | 2<2.50
7 54 =2.50
84>250and <2.75
17 >2.50 and < 3.00
Erixon et al. (2009) Casts Swedish | 73 | 2.60 turns (2.20 — 2.90 turns) /929°
(774° -1 037°)
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Fernando et al. (2011) CT Filipino 19 | 179=2.5turns
4 15=2.75 turns
Kawano et al. (1996) Histology Japanese | 84 | 2.69+0.11 turns
Pietsch et al. (2017) Casts German 10 | 965.00 + 40.00°
uCT 8 976.00 * 45.00°
30
Shin et al. (2013) uCT Korean 39 | 2.54+0.09 turns (2.36 — 2.80 turns) /
850.70° (916.20° - 1 007.70°)
Tian et al. (2006) Histology 9 6=25
3=3
Current study UCT temporal South 27 | 991.48 +44.20° (912.00 — 1078.00°)
bones African
n: Sample size SD: Standard deviation UCT: Micro Computed Tomography CT: Computed Tomography
R: Right L: Left

3.4.2 Cochlear reference spiral framework: mean spirals and standard deviations

Table 3.4 shows the frequency of a particular cochlear class within the dataset used to

construct the CSRF. Figure 3.6 shows the a.) radius and b.) height of the LS for the pooled

data as well as for data pooled over the different classes. Note the characteristic trajectories

that the mean height curves (red) display, which distinguish the different classes from one

another.

Table 3.4. Distribution of cochleae (n = 27) among classes

Rollercoaster

Intermediate

Sloping

Frequency

13

10

4
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Lateral spiral: radius
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Figure 3.6. The graphs represent the polynomial fits for the measured LSL of the a.) radius
and b.) height for each cochlear class and the pooled data. The red line represents the
mean.
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Examples of 3D wireframes based on the polynomial equations that were fitted to the raw
measurement data are presented in Figure 3.7.

c.)

Figure 3.7. Examples of the 3D generated wireframe representations of a.) sloping, b.)
rollercoaster and c.) intermediate cochleae.
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Table A.1 presents the polynomial coefficients that describe each mean normalised spiral,

as well as the standard deviation for the pooled, roller coaster, intermediate and sloping

datasets. The pooled reference data would be applicable if the taxonomy of the cochlea is

unknown, while the classified references may provide a better framework for cochleae where

a priori knowledge of the characteristics of the vertical trajectory of a cochlea is available.

The angular positions of critical changes in the vertical profile of the ST need to be

recognised in 3D cochlear modelling, as sudden dips and peaks in the ST profile are likely

to influence the position of the electrode array and may lead to insertion trauma if not

accounted for. The polynomial plots that describe the radius and height of each spiral are

shown in Figure 3.8, with the mean spiral data calculated for the pooled dataset
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Figure 3.8. Graphs of polynomial equations of the radius and height of the all measured

spirals for all the cochleae (n = 27). These spirals were used as reference spirals. The red

curve represents the mean of each spiral.
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3.4.3 Cochlear reference spiral framework: normalised predictor coefficients for

obscured spirals

Polynomial predictor equations for the obscured spirals for each cochlear class and the
pooled data from the reference spirals were ranked according to the PNMAE, with a smaller
PNMAE suggesting a better prediction. The PNMAE values, rankings and polynomial
equations calculated for the first 720° of each cochlea for each class, as well as the pooled
data, are presented in Table A.2. Figure 3.9 shows an example of the predicted spirals from
the different reference spirals. The thicker plot lines represent points where the original
landmarks were measured, while the thinner lines represent angles where the specific spiral
could not be measured, i.e. thicker lines indicate the presence of actual measured data that
underlie the fitted polynomials and predictions at these angles.
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Figure 3.9. Predicted spirals for the MS for a sloping cochlea a.) radius and b.) height also

showing the percentage normalized error (PNE) in the bottom panes.

The PNMAE was calculated by taking the mean of the absolute value of the PNE for each

cochlea and calculating the percentage relative to the CL.

3.5 DISCUSSION

This chapter described the construction of CSRF for the reconstruction of cochlear geometry
on a user-specific basis for application in 3D computational cochlear models. This study
made use of mid-modiolar views of the cochlea to measure a total of 1800 landmarks to
describe the cochlear structures. Measured landmarks from pCT scans were used to fit sixth

order polynomial curves using a custom Matlab® script. Although histological sections

1 https://www.mathworks.com/

Department of Electrical, Electronic and Computer Engineering 76
University of Pretoria

© University of Pretoria


https://www.mathworks.com/

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g

CHAPTER 3 PREDICTION OF OBSCURED COCHLEAR SPIRALS

would provide better resolution, mid-modiolar sectioning of a single cochlea at 5° intervals
Is not possible. uCT scans provide a suitable alternative as the images, next to those of

histological sections, are of high resolution.

The method accommodated the inclusion of obscured landmarks that are needed for the
development of more detailed 3D computational models of the cochlea by providing a
reference framework against which obscured spirals could be predicted. All the cochleae
were mirrored or flipped, as proposed by Avci et al. (2014), to represent right cochleae for
easier alignment and comparison of dimensions. This mirroring procedure does not impose
any significant bias on the data (Avci et al., 2014), as previous studies have shown that the
dimensional differences between the right and left ears are not significant (Hardy, 1938,
Miller, 2007). Cochlear dimensions were derived to compare and validate the method with

the available literature (as summarised in Table 3.2.)

3.5.1 Validation of source data

The basic dimensions of the cochlea describe its base width and length and their intersection
by the modiolus, as well as angular and metric length and total height (Pietsch et al., 2017).
These parameters, which are observable on pCT images, can be used to predict the spiralling
trajectory of individual cochleae through parametric models (Frijns et al., 2001b, Hanekom,
2001, Malherbe et al., 2013, Kikidis and Bibas, 2014, Tran et al., 2015, Hanekom and
Hanekom, 2016, Kalkman et al., 2016, Malherbe et al., 2016, Wong et al., 2016). The basic
cochlear dimensions determined in this study were similar to those reported in the literature
(Dimopoulos and Muren, 1990, Kawano et al., 1996, Skinner et al., 2002, Escude et al.,
20064, Erixon et al., 2009, Martinez-Monedero et al., 2011, Shin et al., 2013, Avci et al.,
2014), thus validating the methodology of UPCochlea .m.

3.5.2 Visible landmarks

Parametric models of the cochlea, such as the Pietsch et al. (2017) model, frequently
approximate the cochlear duct with a generic shape, such as a circle. However, a detailed 3D
representation of a specific person's cochlear geometry for the purpose of predicting current

distributions and the consequent neural excitation characteristics would require an accurate
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description of the shape of the cochlear canals. This would include the height profiles of the
individual turns, as well as the division of the cochlear duct into the ST and the SV. To
translate models into a clinical setting, the algorithms that describe the calculation of

obscured landmarks are of great significance.

In clinical settings, landmarks needed for model construction are often obscured, as scans
are either of low resolution or contain movement and electrode array artefacts with an
additional soft tissue interface that needs to be accounted for. The present study included the
parameters that define the medial and lateral-most point of the SL. Superolateral and
inferolateral points of the first two turns of the cochleae were also measured to give a better
indication of the shape of the outer wall. All landmarks needed to create the LS, MS, SS,
SLS, IS, ILS, LSL and MSL were visible on the uCT scans. The UPCochlea.m script
allowed for the generation of each spiral and therefore the generation of 3D wireframe works

of each cochlear geometry.

3.5.3 Taxonomy of the cochlea

The available space that can be occupied by the cochlea is influenced by embryological
development, as the cochlear spaces differentiate according to the nervous structures that are
present in and around the petrous part of the temporal bone (Raft et al., 2004, Wu and Kelley,
2012). This causes cochleae to have different vertical trajectories owing to the close relation
of other structures, i.e. facial nerve, internal carotid artery, internal jugular vein, stapedius

and tensor tympani in the petrous part of the temporal bone (Pietsch et al., 2017).

In a study by Avci et al. (2014), the vertical profile of 16 uCT scans was calculated. Seven
cochleae fell within the rollercoaster class, seven within the sloping and two within the
intermediate class. A second study by Pietsch et al. (2017) reported that almost half of the
cochleae had a rollercoaster profile. The study did not define cochleae of the intermediate
class. The authors used fourth order polynomial equations for the radial and third order
polynomial fits for the height trajectories of the LS of each cochlea and more robust
definitions of cochlear class. The researcher in this project, however, used polynomial fits
order to the power of six for both radius and height data, with very precise definitions of

cochlear class. This allowed determination of the best fit (especially in the height data) for

Department of Electrical, Electronic and Computer Engineering 78
University of Pretoria

© University of Pretoria



4+

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETOR

I
1A

CHAPTER 3 PREDICTION OF OBSCURED COCHLEAR SPIRALS

each cochlea, in order words the polynomial equations fitted the manually measured data
points for each spiral better. This study found eight rollercoaster, ten intermediate and 12
sloping profile cochleae. The scalae in the rollercoaster category had clear dips near the start
of the second turn, were smaller in size but taller and more tightly wrapped. Rollercoaster
cochleae tended to be prone to cochlear damage, as the CI in such cases would first need be
orientated downward and then upward at the point where the cochlea turns to the side, as the
sudden dip followed by a vertical jump tends to push the CI toward the BM. Cochleostomies
in such cochleae should not be placed too far anteriorly from the RW and deep insertions
should be avoided. In cochleae of intermediate and rollercoaster types, there are vertical
jumps at the point where the first and second turns are close together and the ST deflects
upward, which may cause the electrode array tip to buckle or translocate. In scalae of the
sloping category, the cochleae were larger and flatter, and in such cases the electrode array
needs to follow the vertical trajectory of the scalae to avoid damage to the BM (Avci et al.,
2014, Avci et al., 2017, Pietsch et al., 2017). This needs to be considered when constructing
these models and when predictions from the models are interpreted. This is consistent with
findings in a study by Pietsch et al. (2017), who found that cochlea wrapping is consistent

with spatial constraints in the petrous bone.

The PNMAE between the reference spirals and the predicted spirals in this study is low (refer
to Table A.1). This indicates that the researcher’s predictions are valid. When considering
the best reference spirals (according to the rankings given in Table A.2), one can deduce that
different reference spirals predict obscured spirals better. This can be ascribed to the fact
that cochlear anatomy is variable (Dimopoulos and Muren, 1990, Ketten et al., 1998, Escudé
et al., 2006c¢, Biedron et al., 2009, Erixon et al., 2009, Martinez-Monedero et al., 2011, Avci
et al., 2014, Van der Marel et al., 2014, Wurfel et al., 2014, Pietsch et al., 2017).

When referring to cochlear anatomy, one can see that the reference spirals that best predict
the geometry of the rollercoaster class follow the dip and peak present in the vertical
trajectory of LS. The radius of the rollercoaster category as predictor may be a result of the
shorter basal turn and the dip followed by a peak in this class. The distal end of the LSL
seems to be angulated inferolaterally, while the medial end or MSL leans in a superolateral
fashion. The spirals that predict the spirals of the intermediate class follow the clear vertical

jump in the profile of this class. The LSL is angulated superiorly, while the MSL lies
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superolaterally. Reference spirals for the sloping class follow a more lateral course,
indicating the long basal turn in this class with the turns loosely wrapped. In this class the
LSL is angulated inferiolaterally and the MSL trajecting laterally. This has great translational
importance in the construction of 3D models, indicating that the MSL changes its course

when moving further from the RW.

The polynomial predictions for the height coordinates of each cochlear spiral were less fitted,
as can be seen in Figure 3.9. This is intuitive, as the scans are taken in an axial direction
while measurements are made in an oblique sagittal view, thus obscuring the landmarks

taken in a vertical direction.

3.5.4 Prediction of obscured landmarks

The present study used mid-modiolar sections with a sequence of thin, consecutive
orthogonal slices at 50 intervals, which allowed for detailed placement of landmarks. More
accurate landmarks could be placed and derived from the uCT images of the dry skulls, as
the cochlear boundaries could be better delineated because of less interference from the soft
tissue interface and as a result of better image resolution (Hanekom and Hanekom, 2016).
Avci et al. (2014) showed that uCT allows for higher precision measurements. The cochlear
parameters derived from CTs are, however, clinically important, as these are often (other
than CBCT and MRI) the only available data from which computational models may be
constructed for live CI users. The effectiveness with which the models may be translated to
clinical application thus depends on the integrity of such data. Clinically, cochlear
dimensions tend to be underestimated by 1.15 mm (Rivas et al., 2017) to 2.34 mm (Demarcy

et al., 2016) when deriving the dimensions from CT images.

Algorithms were calculated to derive polynomial equations that describe the trajectories of
LS, MS. SS, IS, SLS, ILS, LSL and MSL when only a few parameters are available. It is
intuitive that cochleae with obscured landmarks derived from only one visible landmark will
generate less user-specific cochleae. It is beneficial to have more measured landmarks
available for any measure spiral to account for and correct any offset between the measured

spiral and the predicted spiral. Predictions of the cochlear spirals was performed up to 720°,
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as Cl insertion depth rarely reaches beyond this point and 3D computational cochlear models
are constructed up to the degrees mentioned on interest.

Template-fitting of the measured radius and height data of each cochlear spiral resulted in
the morphing of the inner structures as well. This provided reference frameworks for the
construction of the inner cochlear structures from measured data. Such morphing is
important in the context of the refinement of user-specific 3D cochlear modelling, as well as
application in the development of clinically available knowledge-based automated landmark
models. Template fitting was applied for radial data (R-values) at 0° and for height data (z-
values) at 180°. These angles were arbitrarily decided upon to visualise a better fit between
the reference and obscured data at the beginning of the cochlear spirals. The Obscured.m
code does allow for the use of other template angles. Template fitting was used to check
whether the predictions were in bound if large PNMAES were present. In such cases template

fitting could be applied to move the reference spiral to the template point.

The position of the inner structures of the cochleae is important in the context of 3D
computational modelling of the cochlea. Landmarks that could provide a description of the
internal structure of the cochlea, i.e. the separation of the cochlear canal into the SV and ST,
and the profile of the medial wall of each turn, are the SL landmarks and the medial-most
landmarks of each turn. Even in user-specific cochlear models, a generic template for the
determination of the inner cochlear spirals is used and the model outcomes do not explain
the variability in psychoacoustic outcomes. By including the inner structures, neural survival
patterns and the location of electrode relative to the basement membrane, the DR of CI users
can be predicted better. Predictions of the spiral trajectories of each cochlear class are
important to include in cochlear modelling, as the occurrence of BM damage and electrode
translocation will affect modelling outcomes. This can give one a better understanding of
the variability seen between model outcomes and patient outcomes (Ni et al., 2014).
Sakellarios et al. (2017) presented a methodology to validate the 3D reconstruction of cochlear
anatomy, but found similar accuracies to those reported in the literature. The errors reported
between model predictions and reality in the literature (Steele and Taber, 1979, Finley et al.,
1990, Frijns et al., 2000, Frijns et al., 2001b, Givelberg and Bunn, 2003, Li et al., 2006,
Poznyakovskiy et al., 2008, Malherbe, 2009, Noble et al., 2011, Agrawal and Newbold,
2012, Braun et al., 2012, Malherbe et al., 2013, Ni et al., 2014, Aneja et al., 2015, Kang et
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al., 2015, Malherbe et al., 2015, Hanekom and Hanekom, 2016, Kalkman et al., 2016,
Malherbe et al., 2016, Seeber and Bruce, 2016) are larger than those found in this study.

The location of the SL is important, as it gives an indication of the partitions of the cochlear
canals. In this study the SL on mid-modiolar sections was mostly seen in the basal and
middle turns of the cochlea. In low-resolution scans or obscured scans, which are often found
when an electrode array is implanted, the point of the SL can be used to estimate the length
of the BM (Erixon et al., 2009, Erixon and Rask-Andersen, 2013, Koch et al., 2017). The
width of the BM has been well documented in the literature (Wada et al., 1998, Agrawal et
al., 2018). Since cochlear duct length gives an indication of the length of the BM, the
measure has important implications for the prediction of place pitch. In the absence of a
more proximal measure, such as the distal point of the SL, cochlear duct length may thus be
used to estimate the tonotopic coordinates along the length of the cochlea through the
Greenwood equation. It is important to note that the terminology used by Pietsch et al. (2017)
for ML or length along the outer lateral wall does not reflect the length of the OoC or BM
when compared to other studies (Kawano et al., 1996). In this study the prediction of the
LSL can be extrapolated to that of the known width of the BM from the literature to predict
the position of the stria vascularis. The position of the RM, which indicates the separation
of the SM and SV, can be derived from the lateral-most point of the SL and the superolateral-
most point of each turn. The lateral-most points on the SL, together with the lateral-most and
superomost points of the turns to describe the size, location and cross-sectional area of the
SM and the endolymph as it effects current spread. neural elements relative to the other

cochlear structures.

The superior-most, superolateral, medial-most and lateral-most points of each turn with the
lateral-most point of the SL give an indication of the size and position of the SV and can be
used to derive the cross-sectional area of the SV and the location of the perilymph, as it
affects current spread, while the inferior-most, lateral-most and inferolateral-most points of
each turn together with the lateral-most and medial-most points of the SL give an indication
of the size and position of the ST and can be used to drive the cross-sectional area of the ST
and locate the perilymph as it effects current spread. This may lead to more information on
cross-turn stimulation leading to perceptual difficulties (Frijns et al., 2001b).

Department of Electrical, Electronic and Computer Engineering 82
University of Pretoria

© University of Pretoria



Pt
&
ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
P ¥

UNIBESITHI YA PRETORIA

CHAPTER 3 PREDICTION OF OBSCURED COCHLEAR SPIRALS

The predictions for the MS were variable for all cochlear classes, as seen in Table 5. The
reason for this is that the definition of the medial-most point of the turn did not make
provision for placement of this point at the medial edge of the SV and ST. In other words,
the landmarks were placed merely where the wall of the turn was medial-most. The medial-
most points of each turn give the location of the modiolar wall and thus the location of the
surviving neural elements. Medial-most points of the basal and middle turns will provide
important information on the location of the modiolus, which is used to determine the

distance of the current source from the modiolus.

The PNMAE error for each spiral that was calculated becomes larger as one moves towards
the cochlear apex. This can be explained by the fact that fewer landmarks are placed (or
placed with difficulty) in the apical turns, as they are small, even on high-resolution data.
Fewer landmarks are thus available in this region to extrapolate the spirals from. This may
lead one to place a landmark on the edge of the SV or ST. This landmark needs to be

investigated, as it is important for the determination of the modiolar wall.

The prediction algorithms for pooled data (i.e. where one does not classify the cochlea)
remain valid, as the PNMAE remains small, although data may be skewed as the distribution
of each class among the cochleae differs. To improve the reference spirals used for the
predictions of an obscured spiral, a more even spread of cochleae between classes is

recommended.

The details of the apical turns are not yet a noteworthy consideration in user-specific 3D
computational modelling of the cochleae, as the electrode array will not reach the apical turn.
Furthermore, the modiolus in the apical regions consists mostly of dendrites, which are often
not present in hearing-impaired individuals. When the ILS is obscured, PMAE is high and
the researcher suggests that the parameters that describe the ILS be measured manually

wherever possible.

Research has also shown that as one moves along the length of the cochlea toward the apex,
the cochlear inner structures tend to rotate inwards, towards the centre of the cochlea (Gibson
et al., 2012). When using all the landmark spirals, rather than only one, to scale and rotate
the template models, details such as the rotation of the cochlear structures along the length

of the cochlea become more visible.
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3.6 CONCLUSION

A standard set of landmarks was defined and measured on uCT scans, reconstructed into 3D
polynomial models using polynomial equations to the power of 6 for both height and radius,
and each spiral was normalised and fitted to the same size for comparison. This serves as a
CSREF for the prediction of spirals that may obscured. The PMAE values for each spiral
were calculated and used to predict obscured spirals from visible landmarks. A standard set
of polynomial equations that can be used to determine obscured landmarks in cases of low-
resolution scans or owing to blurring caused by an implanted electrode array and that may
inform the development of 3D computational cochlear models was proposed. Although
cochlear variations and studies on the cochlear shape are well noted, this is the first study of
its kind to quantify polynomial equations for each spiral for each type of cochlea and to
propose a CSRF that may be used to predict obscured spirals (including an error range). The
proposed landmark-based method reduces the complexity required to digitise a specific
user's cochlear morphology. It is translational for the in vivo reconstruction of human
cochleae where only low-resolution images are available, 3D computational model
development that includes the inner bony structures of the cochlea, and validation of

cochlear models.
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CHAPTER 4 WORKFLOW FOR
VALIDATING 3D
COMPUTATIONAL COCHLEAR
MODEL INTEGRITY

41 CHAPTER OBJECTIVES

The objectives of this chapter are to apply the CSRF as a tool to quantify the fidelity of either
a single user-specific 3D cochlear model or to extend this application to quantify a 3D
cochlear model generation workflow or algorithm. The proposed CI model validation
workflow (CIMVW) is applied to three variations of a first-generation automated model
generation tool, developed at Bioengineering@UP. It is shown that the quality of a model
may be quantified according to user-defined criteria. Default criteria are proposed as a
standard reference according to which 3D CI models may be rated. This is an important
contribution to efforts in 3D modelling of Cls as the CIMVVW, firstly, provides a reference
to compare the quality of various approaches to generate models and secondly, may also

point out strong and weak areas of the model generation strategy.

42 ABSTRACT

Automated landmark-based 3D computational models of the cochlea provide an innovative

approach to the laboursome process of measuring geometric parameters. The development
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of automated model generators is important for the translation of user-specific modelling
tools to a clinical setting, as rapid reconstruction of computational CI models is required to
service users on demand and outside the scope of a research study. However, automated
model generators suffer the same major limitation as manual model construction workflows:
low-resolution source image data. Construction of these models is based on a few cochlear
landmarks, thus causing lack of morphologic detail. Furthermore, the robustness and
subsequent performance of a model generator will depend on the underlying strategy that is
employed to extract the geometric information from the image stack. A method that can
validate both the approach and individual models that are produced by a model generator
could thus be a valuable tool in the development of such models.

Currently, studies on the standardised validation of such models of the cochlea are lacking.
The objectives of this chapter are to develop a CIMVW based on the CSRF presented in
Chapter 3 and to apply this workflow to a first-generation 3D ClI AMG to determine criteria
that may be used to quantify the fidelity of a cochlear model and to rate the performance of
the model generator through which it was produced. The ability of the CIMVW to inform
subsequent improvements to the AMG is investigated. The study employs both uCT and CT
scans to analyse the performance of the CIMVW.

4.3 INTRODUCTION

Knowledge-based automated landmark computational modelling of the cochlea is a rapid
technique based on pre-defined definitions of anatomical landmarks that are integrated into
an algorithm to detect the landmarks automatically. These models need to be accurate and
rapidly translated to be of clinical importance and to inform the design, maintenance and
troubleshooting of Cls. Currently, studies focus on the results, rather than the design of such
automated 3D computational models (Yoo et al., 2000, Yoo et al., 2001, Rodt et al., 20023,
Wang et al., 2006, Hanekom and Hanekom, 2016).

In the literature, automation techniques have been based on selected portions of the cochlea
(Rodt et al., 2002a, Wang et al., 2006, Erixon et al., 2009, Noble et al., 2011, Agrawal and
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Newbold, 2012, Reda et al., 2014, Aneja et al., 2015, Tran et al., 2015, Hanekom and
Hanekom, 2016, Malherbe et al., 2016), not the cochlea as a whole. The reason for this could
be the time-consuming nature of the model-generation workflow that relies on various levels
of automation and manual techniques to convert anatomical data into 3D geometric entities
for simulation purposes (Wang et al., 2006, Malherbe, 2009, Tran et al., 2015).

Although several automation techniques have been published, knowledge-based landmark
detection uses predefined or pre-agreed definitions of the landmarks that are integrated into
an algorithm. The method is more accurate than other automation methods as proved in a
study done by Gupta et al. (2015) and Aneja et al. (2015), who applied the method to cranio-
cephalic landmarks and mouse mandibles, respectively. An accuracy of 90.33% was
achieved by Gupta et al. (2015). A study by Crous et al. (2018) employed a knowledge-
based landmark detection technique in the development of a first-generation CI AMG. This
AMG was shown to perform reasonably well on a few image stacks that were used to develop
the landmark-detection algorithms when compared to manual measurements. However, the
generalisation of this AMG has not been investigated and furthermore, there was no method
that could be used to quantify the AMG's performance on determining the trajectories of
unmeasured (SLS, ILS) or obscured (MS, LSL, MSL) landmarks.

Quantitative studies, which may form the basis for an assessment of model integrity, mostly
employ basic linear measurements and angles (Hardy, 1938, Fernandez, 1952, Zrunek and
Lischka, 1981, Walby, 1985, Ketten et al., 1998, Diamantopoulos et al., 1999, Wysocki,
1999, Skinner et al., 2002, Krombach et al., 2005, Escudé et al., 2006a, Miller, 2007, Connor
et al., 2009, Erixon et al., 2009, Biedron et al., 2010, Fernando et al., 2011, Martinez-
Monedero et al., 2011, Gunz et al., 2012, Erixon and Rask-Andersen, 2013, Wurfel et al.,
2014). These include studies based on high-quality datasets such as uCT scans. A few more
advanced analytical methods have been developed to date (Gunz et al., 2012, Johnson et al.,
2012, Abdel Salam et al., 2013, Pietsch et al., 2017); however, they are limited in the type
and number of landmarks used to describe the complex shape of the inner ear apparatus
(Gunz et al., 2012). Extraction of landmark coordinates is associated with some degree of
measurement error, which may result from inconsistent tilting of the specimen, non-

coplanarity of landmarks or difficulty in pinpointing the landmark locus (Webster and
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Sheets, 2010). The measurement error may also be affected by characteristics of the imaging
method, e.g. low-resolution CT vs high-resolution uCT images. Absolute measurements
may also vary among imaging modalities, e.g. it may be noted for the dimensions reported
in Table 3.3 that measurements from CT images tend to be smaller than dimensions
measured from uCT images. This is of particular interest in construction of 3D models of
live cochleae (cochleae from live CI users), since it might be difficult to gauge the
measurement error especially when the scale of the measurements is affected by the imaging

modality (Avci et al., 2014, lyaniwura et al., 2018).

This chapter will aim to develop a CIMVVW that will then be applied to a first-generation

AMG to provide criteria that would qualify a model or model generator as "good" or "poor™.

44 MATERIALS AND METHODS

4.4.1 Sample description, orientation and scanning procedures

Twenty-seven dry temporal bones were obtained from the Department of Anatomy,
University of Pretoria under the auspices of the National Health Act 61 of 2003. Ethical
clearance was obtained from the Ethics Committee of the Faculty of Health Sciences,
University of Pretoria (protocol number 174-2013). CT scans were retrospectively collected

from seven live cochleae.

4.4.2 uCT of dry skulls and temporal bones and CT of live cochleae

The scanning protocol of the temporal bone samples was discussed in Chapter 3.

CT scans of the live cochleae were retrospectively collected. All the scans were taken at the
same facility using a Siemens sensation 64 CT scanner (Siemens, Munich, Germany). The
scanning parameters for the live cochleae were acquisition 12 x 0.6 mm, rotation time 1s,
pitch 0.8, 120 kV tube voltage. Reconstruction parameters were 0.3 mm reconstruction

increment, 90 mm reconstruction FOV and U90u kernel.
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4.4.3 Image processing, digitisation of parameters and segmentation

The CT scans were processed in the same way as the pCT scans for Chapter 3 to obtain a
set of landmark measurements describing their 3D geometry. The main difference in the
outcome was the number of landmarks that could typically be digitised as a result of the poor
resolution of the CT images relative to that of the uCT scans. In most cases the MS, LSL
and MSL were obscured, especially for cochleae that were implanted with an electrode array.
The artefacts caused by the metal electrode contacts frequently obscure most of the internal
landmarks and sometimes also distort the location of landmarks that may be routinely visible

on pre-operative CTs.

The CT scans were processed in the same way as the UCT scans for Chapter 3 to obtain a
set of landmark measurements describing their 3D geometry. The main difference in the
outcome was the number of landmarks that could typically be digitised as a result of the poor
resolution of the CT images relative to that of the uCT scans. In most cases the MS, LSL
and MSL were obscured, especially for cochleae that were implanted with an electrode array.
The artefacts caused by the metal electrode contacts frequently obscure most of the internal
landmarks and sometimes also distort the location of landmarks that may be routinely visible
on pre-operative CTs.

Manual data refinement was necessary, as the image resolution of the CT data was low.
Manual data refinement allowed for the reconstruction of high levels of anatomical details
as opposed to an automatic approach (Malherbe et al., 2015). Image data of low resolution
introduces a significant amount of noise, which may make landmark placement troublesome
(Malherbe, 2009, Hanekom and Hanekom, 2016) and may lead to measurement error
(Webster and Sheets, 2010). For instance, structures parallel to the modiolar axis were noisy
in the direction parallel to the axis, while structures were more easily resolved in a direction
perpendicular to the axis. This led to ambiguity in the measurement dimension, necessitating
data refinement. Curve fitting on the measurements was employed to correct this ambiguity.
In this way the trajectory of a specific landmark along the cochlear spiral can be described.

The application of reference spirals on the CT scans without and with an electrode insertion
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predicted the trajectory of the obscured inner bony landmarks of the cochlea. In this way the
spiral trajectories of the inner spirals could be predicted.

4.4.4 Construction of the Cl model validation workflow

The CSRF constructed in Chapter 3 serves as the core of the CIMVW. The first data sets
that are constructed for the development of the CIMVW are three variations of the AMG.
The AMG searches for the location of the LS, SS and IS on mid-modiolar CT images of a
cochlea. It uses a custom-developed pixel-based search algorithm to identify landmarks in a
predefined search box. The location of the search box is derived from a knowledge base that
contains a template search trajectory for the radius and height of a particular spiral. The mean
spiral information captured in the CSRF could serve as this reference. The size of the search
box is determined by the standard deviation of the dataset from which the knowledge based
CSRF was derived. The standard deviation as a function of CL as captured for each spiral in
the CSRF could serve as this reference. The AMG uses pixel values to search for the cochlea
and automatically places the SS, IS and LS.

The first-generation AMG (Crous et al., 2018) used a knowledge base that was constructed
from a selection of the 31 pCT image stacks that were used to construct the CSRF. This
original implementation of the AMG is henceforth denoted AMGO. The complete
knowledge base as pooled over the 31 cochleae in the uCT sample (and the basis for the
CSRF) was used to create the second variation of the AMG, which is henceforth referred to
as AMGP. The third variation was implemented using pre-knowledge of the class of cochlea
in the uCT data set and the class parameters from the CSRF were used as the knowledge
base to construct the search fields. This version of the AMG is called AMGC.

To create the CIMVW, the main aim was to test how well the AMG data performed against
the CSRF. The output of the CIMVVW gives a prediction or estimation of how well the AMG

model performs.

The CIMVW is broken down into six steps, as described below.
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Step 1: Generate spiral data from the model generator or model generation workflow that
conforms with the format of the CSRF

The AMG outputs spiral data in Cartesian coordinates. These data must be converted to
cylindrical coordinates, i.e. to the radius (R) and height (Z) of each spiral. Furthermore, the
spatial sampling resolution of the test and reference datasets needs to be aligned. The AMG
outputs 444 data points over 720 degrees. In this study the AMG data were interpolated to

values at 5° intervals and the CSRF data were also calculated at 5° intervals.

Step 2: Construct a reference cochlea from the CSRF
The CSRF was constructed over 900°, but was only valid over 720° owing to scarcity of
measured data beyond 720°. The reconstructed reference framework for each cochlea over
900° (mul, mu2) was truncated at 720°. An ideal cochlear reference for each cochlea was
reconstructed by:
1) de-normalising the radius of the mean spirals in the CSRF with the CL as determined
from the AMG data
2) de-normalizing the height of the mean spirals in the CSRF with the LSH as
determined from the AMG data.
If the cochlear class is unknown, the pooled reference spirals from the CSRF are used for
reconstruction; if the cochlear class is known, the reference spirals from the CSRF are used

for reconstruction.

Step 3: Test the integrity of AMG auto-measured spiral output

The integrity of the AMG spirals can only be tested against measured data in a research
setting, i.e. in clinical application manual measurements would normally not be available. In
this step the AMG spirals are tested against the reference constructed in Step 2. The
percentage of data points that fall within 20 of the reference spiral is used to discriminate
between a “good” and a “poor” outcome. If the AMG auto-measured spirals (LS, SS and IS)

pass the integrity test, proceed to Step 4.
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Step 4: Generate predicted data for obscured spirals for AMG measurements

Use the "measured” AMG data from step 1 (LS-SS and IS) and process through
UPCochlea.m script to obtain the predicted values of obscured spirals. Thus, predicted
AMG data are obtained.

Step 5: Determine whether predicted obscured spirals from step 4 comply with the reference
cochlea criteria; if not, step 3 on the predicted spirals should be repeated. If they do, accept
them as the reference to test against for obscured points. If not, retain reference cochlea as

reference.

Step 6: Test the AMG-generated obscured spirals against the reference chosen in step 5, i.e.
against the CSRF reference spirals or predicted spirals. If the AMG-generated obscured

spirals fall within two standard deviations of the reference spirals, the model is valid.

4.45 Validation of CIMVW

To validate the CIMVW, the outcome of the AMG was compared to the original measured

data. This tested how well the AMG preformed against the measured data.

45 RESULTS

The results of the CIMVVW are discussed in Sections 4.5.1 to 4.5.6.

45.1 AMG performance and integrity (Step 1)

One weakness of the first-generation AMG is that its performance depends on the starting
points of the three spirals (LS, SS and IS). These starting points need to be manually placed
before the landmark identification algorithm is started. In the present study no optimisation
of the starting values of the AMG was performed, i.e. the AMG's performance is assessed
without manual intervention to improve its output models. Several cochleae could not be

generated from the AMG in this study. Examples of cochleae that could be generated and of

Department of Electrical, Electronic and Computer Engineering 92
University of Pretoria

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g

CHAPTER 4 WORKFLOW FOR MODEL INTEGRITY

cochleae that could not be reconstructed are given below. This is done to explain the
recommended steps for the CIMVW.

Figure 4.1 shows the correspondence of the AMS detected trajectory for the LS, SS and IS
(radius and height) with the manually measured data, as explained in step 1. For this
particular cochlea, the mean error between the AMG data and the polynomial fit to the
manually measured data calculated as a percentage of the CL as determined from the AMG's
data is -2.39%, -2.60% and -2.41% for the LS radius for the AMGO, AMGC and AMGP
respectively. For the SS radius the mean errors are -2.42%, -3.14% and -2.41% and for the
IS radius the mean errors are -4.76%, -5.13% and -4.80% for the AMGO, AMGC and AMGP
respectively. For the heights, the errors are -3.87%, -3.26% and -3.96% for the LS, -1.77%,
-1.06% and -1.87% for the SS and 0% for three models for the IS. The zero error for the IS
is the result of removing the height offset between the measured dataset and the AMG data
sets by aligning the mean values of the IS among the data sets. From these predictions, the
AMGO and AMGP perform similarly on radius, with the AMGC performing slightly worse,
while the AMGC performs better than the other two on the height. This is to be expected, as
the class of a cochlea is determined by the height trajectory of the vertical profile of the LS.
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Figure 4.1. Reconstructed spirals for cochlea XCT9A that was successfully reconstructed

by the AMG and compared with the manually measured spiral trajectories

Figure 4.2 shows the AMG and measured data for a model that exhibits a scaling problem;
the data are given to inform the development of model generators. For this model the errors
for the LS height are -10.3%, -14.79% and -15.73% for the three models respectively, while
the radius errors for this spiral are -14.62%, -17.83% and -18.58% for the different versions
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of the AMG. Figure 4.3 gives an example of a CT scan of a cochlea with a scaling and
rotation problem.

6003R
LS (radius) LS (height)

AMG arig Measured
. — — —AMG Class — — — Polynomial

0 200 400 G600 BOO 0 200 400 G600 BOOD

AL (degrees) AL (degrees)
SS (radius) S8 (height)

radius {mm)
height {mm)

0 200 400 600 BOO 0 200 400 600 BOOD

AL (degrees) AL (degrees)
IS (radius) IS (height)

0 200 400 600 800 0 200 400 600 800
AL (degrees) AL (degrees)

Figure 4.2 Reconstructed spirals for cochlea 6003L plotted with the manually measured

spiral trajectories that exhibit a scaling problem
4.5.2 Reconstruction of a reference dataset for a cochlea (Step 2)

The CSRF reference spirals were compared to the AMG to evaluate the fidelity of the LS,
SS and SS of the AMG. By doing this, it could determine that the percentage of landmarks
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for the radial and height data of the LS, SS and IS fell within 2c of the reference spirals.
Therefore, 95.4% of the landmarks should fall within 2c of the reference spirals if the
cochlea is normal. A plot for each spiral was constructed to determine where the AMG data
were erroneous. Figure 4.3 shows an example of a reconstructed CSRF cochlea where the
AMG generated data can be seen relative to the reference spirals.

S51R
. LS ({radius) 5 LS (height)
AMG orig Me asured
6 — — —AMG Class — — —Polynomial

AMG Pool

0 200 400 600 800 0 200 400 G600 800
AL (degrees) AL (degrees)
35 (radius) 38 (height)

0 3.5
0 200 400 600 800 0 200 400 600 800
AL (degrees) AL (degrees)
5 IS {radius) 5 IS {height)

0 200 400 G00 800 0 200 400 G00 BOO
AL (degrees) AL (degrees)

Figure 4.3. Reconstructed spirals for cochlea S51 plotted with the manually measured

spiral trajectories

Figure 4.4 demonstrates an example of a reconstructed CSRF cochlea where the AMG
generated data did not comply with the CIMVW. Figure 4.5 and 4.6 demonstrates an

Department of Electrical, Electronic and Computer Engineering 96
University of Pretoria

© University of Pretoria



4+

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETORIA

CHAPTER 4 WORKFLOW FOR MODEL INTEGRITY

example of a reconstructed CSRF of a CT scan of a cochlea where only some of the spirals

I.e. LS generated by the AMG generated data complied with the CIMVW.

XCT9A
LS (radius)

LS (height)

0 200 400 600 800 1] 200 400 600 800

AL (degrees) AL (degrees)
SS (radius) SS (height)
5] T 6.5 .

radius {mm)
height (mm)

0 : : : 35 : - -
1] 200 400 600 800 0 200 400 600 800
AL (degrees) AL (degrees)
IS (radius) IS (height)
. & .

Reference

radius (mm)

] 200 400 600 BOO ] 200 400 600 BOO
AL (degrees) AL (degrees)

Figure 4.4. Reconstructed CSRF spirals for cochlea XCT9A with 2¢ indicated as dotted

lines. The AMG measured data are shown relative to the reference.
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6003L

LS (radius) LS (height)

10

radius (mm)
height {mm)

2 - ! ! 2t ! - !
0 200 400 600 BOO 0 200 400 600 BOO
AL (degrees) AL (degrees)
SS (radius) SS (height)
] T 7 T

W

-

radius (mm)
height {mm)

0 : : : 3 : : :
0 200 400 600 800 0 200 400 600 800
AL (degrees) AL (degrees)
IS (radius) IS (height)
8 . [ .

0 200 400 600 BOO 0 200 400 600 BOO
AL (degrees) AL (degrees)

Figure 4.5. Reconstructed CSRF spirals for cochlea 6003L with 2¢ indicated as dotted
lines. The AMG measured data are shown relative to the reference.
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Figure 4.6. Reconstructed CSRF spirals for cochlea CT51L with 26 indicated as dotted

lines. The AMG measured data are shown relative to the reference.
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4.5.3 Integrity of the AMG auto-measured spiral output and validation of the
CIMVW

The percentage of LS-SS-IS data points of a specific model (AMGO, AMGC, AMGP) that
fall within 20 of the reference spiral used to discriminate between a “good” and a “poor”
outcome is given in Table 4.1. This indicates how good the starting points are. In other
words, if the LS-SS-IS data points do not adhere to the 2c rule, the CSRF cannot describe
the cochlea accurately. The polynomial data that have been fitted on the measured data can
be seen in column four for the pooled data and column eight for the class data. These data
demonstrate how many of the unknown cochleae can be described with the CSRF at the
beginning of reconstruction. The lowest value for a cochlea reconstructed from pCT data is
80% for the radius (R) and height (Z) on both the pooled and class data. Thus, 80% and more
is a good measure to decide whether a cochlea can be described well with the AMG. A

criterion of 60% is a fair measure to decide if a cochlea can be described with the AMG.

Radius data for the CT data indicate that only two of the cochleae, which did not form part
of the CSRF, performed well against the pooled CSRF and five of the cochleae performed
relatively well if a criterion of 60% and more is used. For CT data compared to the pooled
CSRF data, three of the cochleae performed very well, while four of the cochleae performed
relatively well. For the height (Z) of the CT cochleae, three cochleae performed relatively
well against the pooled CSRF, while three of the cochleae performed well and four of the
cochleae performed well against the CSRF class data. When considering the measured AMG
data, it can be seen that these data do not indicate good performance against the measured
CSREF. A “good” model should perform at 80% or more. This table validates the integrity of
the CIMVW.
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Table 4.1. Percentage of LS-SS-IS landmarks of a specific model (AMGO, AMGC,
AMGP) that lie within 26 within the POOLED CSRF and CLASS CSRF

Measure re CSRF POOLED (LS-SS-1S) Measure re CSRF CLASS (LS-SS-1S)
AMGO AMGP PFIT AMGO AMGC PFIT
RADIUS RADIUS
XCT9A 89.9 89.9 100.0 XCT9A 90.1 713 98.2
XCT14A 74.9 75.4 86.4 XCT14A 83.2 88.5 80.5
5026R 44.6 46.0 100.0 5026R 52.6 44.1 97.2
5056L 36.1 43.7 100.0 5056L 40.0 45.3 100.0
6003R 66.9 54.3 93.6 6003R 74.3 59.8 93.8
S51R 51.3 63.9 83.7 S51R 60.7 67.1 88.7
S52R 315 35.6 87.1 S52R 37.7 36.6 84.6
S32LP 60.2 9.7 51.7 S32LP 66.7 57.2 48.5
S45P 70.8 83.4 36.8 S45P 77.0 17.5 32.9
S53R 52.6 41.6 69.0 S53R 56.1 35.9 60.9
S54R 30.6 31.7 68.5 S54R 32.4 33.3 80.0
S39LP 16.1 15.9 61.4 S39LP 17.2 18.4 57.9
HEIGHT HEIGHT

XCT9A 75.9 72.4 83.9 XCT9A 74.3 74.0 80.0
XCT14A 79.1 79.5 84.1 XCT14A 78.9 77.9 86.4
5026R 80.7 83.7 67.4 5026R 86.2 79.5 80.2
5056L 59.1 69.0 97.5 5056L 63.7 68.3 93.3
6003R 425 70.8 94.0 6003R 49.2 70.8 100.0
S51R 57.7 61.8 63.4 S51R 58.9 64.6 85.1
S52R 69.0 73.3 74.0 S52R 73.3 76.1 92.0
S32LP 74.7 50.8 25.5 S32LP 79.8 79.8 33.3
S45pP 80.2 74.3 56.8 S45P 78.9 80.0 55.6
S53R 69.0 76.3 39.5 S53R 74.7 86.4 57.0
S54R 50.3 54.3 79.8 S54R 53.1 64.1 80.9
S39LP 7.7 73.3 55.6 S39LP 84.4 76.8 63.7

45.4 AMG data for measured and predicted AMG spirals

The AMG spirals were compared with the measured data and predicted AMG spirals. The
results are given in Table 4.2. Here the data are given similar to those of Table 4.1, but are
the data measured for cochleae and AMG (the real measures). If the 80% plus criterion is
used to evaluate how well the cochleae performed, four cochleae performed well, three
cochleae performed relatively well and four cochleae did not adhere to the criteria for the
radii of the measured AMG data for the pooled CSRF data. For the height data, seven
cochleae performed very well, one performed relatively well and four cochleae failed to
adhere to the criteria. When considering the performance of the radii of the measured AMG
data for CSRF class, four cochleae performed very well, four cochleae performed relatively
well and four cochleae did not perform well. When considering the CSRF height class data,
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eight cochleae adhered to the 80% criterion, while five cochleae did not adhere to the 60%

or 80% criteria.

Table 4.2. Frequency of how well measured AMG data performed against the predicted

XCT9A
XCT14A
5026R
5056L
6003R
S51R
S52R
S32LP
S45P
S53R
S54R
S39LP

XCT9A
XCT14A
5026R
5056L
6003R
S51R
S52R
S32LP
S45P
S53R
S54R
S39LP

AMG data for pooled and class data

Measure re CSRF POOLED

AMGO
RADIUS
62.6
59.7
45.2
37.5
45.9
47.2
35.5
49.2
60.9
47.8
32.5
15.1
HEIGHT
83.2
88.0
84.7
68.2
47.6
66.2
74.1
75.0
88.9
76.5
52.7
83.0

AMGP

61.8
59.7
45.1
43.4
37.8
51.6
36.2
8.9
64.0
39.3
30.5
19.1

81.8
88.4
86.2
80.1
58.5
75.0
79.3
64.8
86.1
82.2
62.1
82.6

PFIT

92.3
76.6
97.8
78.5
90.4
72.8
81.7
38.1
26.9
55.3
71.7
47.3

83.4
89.5
85.0
84.6
97.8
75.7
75.9
26.7
40.6
52.7
79.3
49.1

XCT9A
XCT14A
5026R
5056L
6003R
S51R
S52R
S32LP
S45P
S53R
S54R
S39LP

XCT9A
XCT14A
5026R
5056L
6003R
S51R
S52R
S32LP
S45P
S53R
S54R
S39LP

Measure re CSRF CLASS

AMGO AMGC

RADIUS
62.8 58.2
62.8 64.7
49.1 44.2
39.0 41.9
52.7 43.3
53.1 56.6
36.9 34.1
52.7 431
60.2 21.6
49.2 351
325 27.8
17.8 20.4

HEIGHT
83.9 845
88.2 89.0
89.1 84.8
70.9 75.5
51.6 57.7
64.8 70.9
77.2 81.6
82.8 83.5
88.1 73.9
82.2 90.4
51.2 62.8
91.5 86.0

PFIT

93.1
72.8
95.9
80.6
96.4
76.5
78.4
38.4
255
47.2
75.9
46.1

84.1
94.9
83.5
81.9
100.0
88.2
92.0
31.5
40.4
59.2
81.5
54.1
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CHAPTER 4 WORKFLOW FOR MODEL INTEGRITY

4.6 DISCUSSION

4.6.1 Recommended workflow for the construction of 3D computational models of

the cochlea

Comparison of manual vs automated modelling techniques is well described in the literature.
However, such comparisons have been conducted between datasets of the same origin, i.e.
CT scans, or focus on measurements of the locations of the electrode array (Noble et al.,
2011, Reda et al., 2014, Wanna et al., 2015, Cakir et al., 2016, Rivas et al., 2017). The
spirals that are obscured are not included, nor is a standardised reference set. The models
given in the literature only include a few landmarks (Avci et al., 2014, Pietsch et al., 2017)
of the outer cochlea bony labyrinth and do not accommaodate inner bony structures that can
be predicted with high accuracy from a high-resolution reference dataset. The CSRF

accommodates this gap in the literature.

Although several automation techniques are available, knowledge-based landmark detection
uses predefined or pre-agreed definitions of the landmarks that are integrated into an
algorithm. An accuracy of 90.33% was achieved by Gupta et al. (2015) when comparing
landmark-based automated landmark 3D modelling techniques with manual 3D
computational modelling of craniocephalic landmarks. The accuracies of the current study
could only achieve 80% accuracy. However, craniocephalic landmarks in the Gupta study
are of high quality and can be measured manually with ease. The CRSF only used puCTs as
baseline, while CTs with and without an electrode inserted were included in the AMG, as
these scans cannot be used as baseline for a framework because of the presence of obscured

landmarks.
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Construct cochlear computational
model i.e, AMG

L

Determine trajectory of obscured
spirals with predictions algorithms

k
Determine cochlear class if possible
otherwise used pooled data

Apply modiolar correction

h 4 Check scale
Compare with C5RF database i.e factor and
determine if error ranges of include in
constructed 30D computational maodel
models fall within the error ranges development
of CRSF for pooled data and/or
cochlear class 4+

F 3

Y

Do errors of all spiral trajectories
fall within error ranges of CSRF?

Yes .—

Reconstruct model spirals
with predicted spirals of
CSRF to test for robustness
of 30 computational model

v

Yes -

L 4

Mo

3D computational model of cochlea valid

Figure 4.5. Validation of 3D computational models of the cochlea: Workflow to determine

robustness and integrity
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CHAPTER 4 WORKFLOW FOR MODEL INTEGRITY

4.6.2 Validation of process

To the best of the researcher’s knowledge, knowledge-based automation detection of
cochlear landmarks has yet to be validated against known reference spirals. Even though
user-specific 3D computational models are widely used (Briaire and Frijns, 2000a, Givelberg
and Bunn, 2003, Malherbe, 2009, Braun et al., 2012, Hanekom and Hanekom, 2016,
Kalkman et al., 2016, Malherbe et al., 2016), they lack robustness, need validation and still

employ a generic template for the inner cochlear structures.

Through application of the CSRF that includes more landmarks, as well as those of the inner
structures (SL and modiolar wall) to the AMG model, one can validate the integrity of the
AMG. The output of the CIMVW results in an estimated or predicted model performance.
Criteria to determine the quality of the AMG model were more than 80% for “well
performing” cochleae, 60% to 80% for relatively well-performing ones and less than 60%
for “poorly” performing cochleae. The researcher speculates that these criteria can be
improved by including more uCT data that describe more of the cochlear variations for the
CSRF. None of the fitted height data for the CT performed well with the pooled CSRF, while
only three out of the seven CT cochleae performed well against the class CSRF. The better
performance of the height data for the CSRF class provides motivation for the investigation
of defining subclasses for cochlear taxonomy. When considering the height data, it
performed better on the AMG, i.e. the data were biased. This could be improved by including
a larger dataset in the CSRF.

By comparing the measured data, an exact value of how well the CIMVW performs is
obtained. The AMG only includes the LS-SS-IS of each cochlea; by including more
landmarks that are contained in the CSRF, such as the MS, SLS, ILS, LSL and MSL, the
AMG could morph the outer wall as well as the inner bony structures of the cochleae better.
These data are validated by the CSRF data. The CSRF was validated by comparing the
derived measures of the CSRF with the literature in Chapter 3. The CIMVW was thus

validated.
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CHAPTER 4 WORKFLOW FOR MODEL INTEGRITY

4.6.3 Improving model accuracy

This study obtained a model accuracy of more than 80% for the “well-performing”, 60% to
80% for the “fairly performing” and less than 60% for the “poorly performing” cochleae.
The cochlea structures produced by the AMG included only the landmarks that define the
LS, SS and IS. More accurate model outcomes are proposed by including landmarks that
define the SLS, ILS, MSL, MS and LSL. Improving the AMG will produce models closer
to the manually measured data. A larger sample size for the construction of the CSRF is
recommended as well. The developmental stage of 3D computational modelling of the
cochlea is a time-consuming process. This study makes provision for the validation of model
integrity against a CSRF and provides ways to improve landmark-based automated

computational modelling of the cochlea.

4.7 CONCLUSION

To validate the integrity of 3D computational models of the cochlea, this study found that
the following steps should be recommended:
e Predict, if possible, the cochlear class beforehand.
e Orientate the cochleae within a mean (z std) from the reference for the pooled data
(if multiple cochleae from different classes are to be modelled).
e Ensure that the scale factor used for each cochlea is correct.
e Employ modiolar correction techniques such as LMS to ensure correct orientation.
e The integrity of a 3D computational model is 80% and more for “well-performing”,
60% or more for “fairly performing” and less than 60% for “poorly performing”

cochleae.
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CHAPTER S5 ANATOMICAL RELATION TO
ELECTRODE LOCATION AND
PSYCHOMETRIC OUTCOMES

5.1 CHAPTER OBJECTIVES

The objectives of this chapter are to determine if correlations between cochlear geometry,
electrode array location, cochlear implant type T-levels and DR exist. In this chapter, the
spiral trajectory of the electrode array for each CI user was extracted and compared to
electrode location and psychometric outcomes. The CSRF was used to determine the height
location of the electrode contacts.

The work presented in this chapter was submitted for publication.

5.2 ABSTRACT

Cl users experience great variability in functional outcomes after cochlea implantation.
Researchers have investigated many possible reasons for variation in psychometric
measures. Individual cochlear anatomy identified to be one of the biggest factors that may
influence the degree to which CI users benefit from electrode array insertion. The
consequences of variable cochlear anatomy are intuitive as anatomical factors such as
individual cochlear length affect the electrode placement, and therefore insertion depth and
insertion dynamics of the electrode array, leading to a frequency-place mismatch. Most

studies focus on the radial location, i.e. distance from the modiolar wall of the electrode
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CHAPTER 5 ANATOMICAL RELATION

array. This gives a one-dimensional view of the placement of the electrode contacts.
Researchers and clinicians use this measure to determine if the electrode contacts are located
in the ST.

The aim of this study is to determine electrode location in two dimensions, by considering
the height placement of the electrode contacts. The relation of the spiral trajectory to that of
the electrode array was analysed for each cochlear spiral (LS, SS, IS, SLS) and obscured
spirals (MS, LSL and MSL) predicted from the CSRF to determine which spiral, if any, may
influence the electrode array spiral (ES) and, in turn, psychometric measures.

53 INTRODUCTION

The development of user-specific 3D volume conduction computational models of the
cochlea that could better estimate the degree to which an individual will benefit from the
implantation of specific Cl devices has been the focus of many researchers in recent years
(Malherbe, 2009, Malherbe et al., 2013, Kalkman et al., 2014, Malherbe et al., 2015,
Hanekom and Hanekom, 2016, Kalkman et al., 2016, Malherbe et al., 2016, Nogueira et al.,
2016, Seeber and Bruce, 2016). The variables that affect speech outcomes need to be
incorporated into these models to understand better why CI users experience variations in
threshold levels (T-levels), comfort-levels (C-levels) and DR.

Variables that affect speech outcomes have been ascribed to

i) factors relating to the patient, such as:

e duration of hearing loss (Gstoettner et al., 2004, Cosetti and Waltzman,
2012, Zohdi et al., 2014),

e time-span after CI insertion (Adunka et al., 2004, Cosetti and Waltzman,
2012, Zohdi et al., 2014),

e prelingual status (Blamey et al., 1996, Rubinstein et al., 1999, Cosetti and
Waltzman, 2012, Vargas et al., 2013, Zohdi et al., 2014),

e age at implantation (Clark et al., 2012, Vargas et al., 2013),

e sex of the patient (Sato et al., 1991, Miller, 2007),

e education level (Meneses et al., 2014, Zohdi et al., 2014),

e aetiology (Cosetti and Waltzman, 2012, Zohdi et al., 2014),
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CHAPTER 5 ANATOMICAL RELATION

e amount of residual hearing present (Rubinstein et al., 1999, Adunka et al.,
2004, Gstoettner et al., 2004, Brant and Ruckenstein, 2016, Khoza-Shangase
and Gautschi-Mills, 2019) and number of spiral ganglion cells (SGCs)
present (Blamey et al., 1996, Incesulu and Joseph B. Nadol, 1998, Khan et
al., 2005);

ii.) factors related to the CI, namely:

e surgical approach, insertion depth, insertion angle, type of implant, electrode
location (Davis Timothy, Shepherd et al., 1993, Cohen et al., 1996, Dorman
et al., 1997, Ketten et al., 1998, Gstoettner et al., 1999, Rubinstein et al.,
1999, Friesen et al., 2001, Frijns et al.,, 2001a, Pfingst et al., 2001,
Tykocinski et al., 2001, Husstedt, 2002, Huttenbrink et al., 2002, Parkinson
et al., 2002, Saunders et al., 2002, Skinner et al., 2002, Bettman et al., 2003,
Briggs et al., 2005, Kos et al., 2005, Mens and Berenstein, 2005, Cohen et
al., 2006, Fayad and Linthicum, 2006, Hughes and Abbas, 2006, Stickney et
al., 2006, Lane et al., 2007, van Wermeskerken et al., 2007, Finley et al.,
2008, Rebscher et al., 2008, Connor et al., 2009, van Wermeskerken et al.,
2009, Meshik et al., 2010, Wanna et al., 2011, Nicoletti et al., 2013,
Kalkman et al., 2014, Hochmair et al., 2015, Kang et al., 2015, Vermeire et
al., 2015, Demarcy et al., 2016, Kalkman et al., 2016, Aschendorff et al.,
2017, Buchner et al., 2017, Dhanasingh and Jolly, 2017, Timm et al., 2018,
Khoza-Shangase and Gautschi-Mills, 2019) and insertion trauma (Adunka et
al., 2004, Wardrop et al., 2005, Biedron et al., 2010, Vargas et al., 2013,
Avci et al., 2017).

Of these factors, anatomical inter-individual variations are a fundamental reason for the great
variability seen in Cl surgery outcomes (Skinner et al., 2002, Erixon et al., 2009, Biedron
etal., 2010, Martinez-Monedero et al., 2011, Braun et al., 2012, Shin et al., 2013, Malherbe
et al., 2015, Malherbe et al., 2016, Avci et al., 2017). These cochlear variations have been
found to influence the location of CI arrays and affect the potential of hearing preservation
surgery and in turn speech and hearing outcomes (Rubinstein et al., 1999, Adunka et al.,
2004, Gstoettner et al., 2004, Erixon et al., 2009, Cosetti and Waltzman, 2012, Zohdi et al.,
2014, Brant and Ruckenstein, 2016, Khoza-Shangase and Gautschi-Mills, 2019). This is
intuitive when it is realised that the exact location of the electrode contacts in the cochlea
dictates the spread of neural excitation, and thus the perception that may be elicited through

electrical stimulation (Hanekom and Hanekom, 2016).
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CHAPTER 5 ANATOMICAL RELATION

The effect of individual cochlear geometry on the variations in T-level, pitch perception, and
DR is well illustrated in a study by Malherbe et al. (2016), where the researchers constructed
five user-specific cochlear computational models derived from the users’ cochlear anatomy.
The effects of cochlear geometry were quantified by comparing these to the effect of
intrascalar electrode location. Cochlear anatomy affected electrical potential distribution and
neural excitation profiles to a similar extent as electrode-modiolar distance. The mean effect
of morphology on T-levels between different cochleae was found to be 4 dB, while the mean
difference between the T levels of the medial and lateral arrays was 6.4 dB. Variation in the
cochlear frequencies as a function of cochlear length for the medial and lateral electrodes
was found to be 2.1 and 1.6 mm between users respectively. Spread of excitation also varied
between the medial and lateral arrays, with an increase from 4.3 mm (1.0 octaves) for the
medial to 7 mm (1.6 octaves) for the lateral arrays 3 dB above T-levels. The increase in
spread of excitation 10 dB above T-levels was 9.8 mm (2.3 octaves) for the medial to 14.2
mm (3.3 octaves) for the lateral arrays. This study demonstrated that variations in T-levels,
characteristic frequencies and bandwidth resulting from cochlear morphology are almost as

large as those resulting from electrode location (Malherbe et al., 2016).

The effect of the radial distance of the electrode array has been well documented in the
literature (Saunders et al., 2002, Skinner et al., 2002, Adunka et al., 2004, Wardrop et al.,
2005, Biedron et al., 2010, Wanna et al., 2011). However, the effect of the height location
of the electrode contacts needs to be addressed, as this may indicate translocation of the
electrode array. For this study, live cochleae from CI users implanted with perimodiolar or

modiolus-hugging arrays were chosen.

The CSRF in Chapter 3 of this thesis can be used to describe the electrode location in two
dimensions (i.e. height and radius) relative to the SS, LS, IS, SLS and MS and to predict the
spiral trajectories of obscured spirals MS, LSL and MSL in low-quality scans where an
electrode artefact is present. The aim of this study was to investigate which cochlear spiral
trajectories could determine the final location of the trajectory of the inserted electrode array

and in turn, the psychometric outcomes of CI users
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54 MATERIALS AND METHODS

CT scans of eight live cochleae i.e scans of Cl users implanted with perimodiolar arrays were
retrospectively collected. Procedures for the scanning of the live cochleae with electrode
arrays are explained in Chapter 4. The psychometric measures T-level, DR and the array

type implanted for each CI user from the cochlear database were retrospectively collected.

5.4.1 Image processing

The images were processed as explained in Chapters 3 and 4.

5.4.2 Digitisation of parameters and segmentation

The procedure for the measurement of the anatomical landmarks of each cochlea is explained
in Chapter 3. The predefined landmarks are given in Table 3.1. In addition, landmarks for
the electrode array were digitised as given in Table 5.1 and illustrated by the red dots in

Figure 5.1.
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CHAPTER 5 ANATOMICAL RELATION

Table 5.1. Summary of the landmarks of the electrode contacts as placed on each 5° slice
for each cochlea

Point  Definition

51 Electrode position in right basal turn
52 Electrode position in left basal turn
53 Electrode position in right middle turn
54 Electrode position in left middle turn

Figure 5.1. Schematic representation of the points that were placed on puCT scans of
temporal bones and skulls. Landmarks that were not visible on the scan were placed

outside the frame of the scan.

The mapped landmarks were used to define the parameters that describe the spatial
relationship of the cochlea in a spiral-like manner, as explained in Chapter 3 and Table 3.2.
The landmarks that describe the spiral trajectory of the electrode array were constructed by
landmarks 51, 52, 53 and 54.

5.4.3 Data processing

The UPCochlea . mscript was used to extract each spiral (LS, MS, SS, IS, LSL, MSL, SLS,
ILS and ES). Obscured spirals (MS, LSL and MSL) were determined from the CSRF. The

Department of Electrical, Electronic and Computer Engineering 112
University of Pretoria

© University of Pretoria



Pt
&
ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
P ¥

UNIBESITHI YA PRETORIA

CHAPTER 5 ANATOMICAL RELATION

trajectory of the ES was determined using the custom script UPCochlea .m. Regression
analysis was used to determine which the spiral (LS, MS, SS, IS, SLS, ILS, LSL and MSL)
influences the trajectory of the electrode array. The location of the electrode contacts over
all the spirals of all the cochleae were determined using regression analysis. Each spiral was
compared to the T-levels and DR of each CI user, as well as the implant type (perimodiolar
versus lateral wall). Electrode arrays of the same type were pooled and analysed separately.
The sample size was small and the cochlear class could not be compared individually, thus

only the pooled cochleae were analysed.

55 RESULTS

5.5.1 Reconstruction of live cochleae and insertion depth

Reconstruction of the 3D wireframes based on the polynomial equations that were fitted to
the raw measurement data are presented in Figure 5.2. The inserted electrode array is
represented by the red line. The final location and trajectory of the perimodiolar electrode

arrays could be visualised. The insertion depths of the cochleae are represented in Table 5.2.

Table 5.2. Insertion depth in degrees of each electrode array

User Insertion depth
S5P 360
S31P 410
S32LP 360
S32RP 385
S38P 495
S42P 340
S43R 395
S45P 465
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S5P S3z2LP

S43RP S45P

c) d.)

Figure 5.2. A representation of four live cochleae implanted with perimodiolar arrays.
The different insertion depths in a.) 360°, b.) 360° ¢.) 395° and d.) 465° can be visualised,

red spirals indicate the electrode array while green spirals refer to the cochlear spirals

5.5.2 Location of the ES in relation to the cochlear spirals

Regression analysis for the radius and height was performed to determine if a there is a
correlation between the ES spiral and the measured spirals LS, SS. The IS, SLS and ILS, as
well as the predicted MS, LSL and MSL, are shown in Table 5.3.

Department of Electrical, Electronic and Computer Engineering 114
University of Pretoria

© University of Pretoria



o
e
-

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

CHAPTER 5 ANATOMICAL RELATION
Table 5.3. Correlation of the ES to the cochlear spirals
Electrode radius regression with spirals
LS MS SS 1S LSL MSL SLS ILS
R? 0.854057 | 0.695185 | 0.807725 | 0.823767 | 0.797225 | 0.666393 | 0.84632 0.849943
F 1018.247 | 396.8386 | 730.9558 | 813.3272 | 684.0943 | 347.5713 | 958.2194 | 985.5577
p-value | 1.26E-74 | 9.33E-47 | 3.37E-64 | 1.71E-67 | 3.47E-62 | 2.45E-43 | 1.13E-72 | 1.41E-73
estimate
c;frrtg;a 0.413972 | 0.864616 | 0.545393 | 0.499891 | 0.575177 | 0.946287 | 0.435919 | 0.425642
variance
Electrode height regression with spirals
LS MS SS 1S LSL MSL SLS ILS
R? 0.587726 | 0.283149 | 0.568913 | 0.373313 | 0.533584 | 0.439502 | 0.577683 | 0.469735
F 248.0492 | 68.72815 | 229.6311 | 103.6505 | 199.0578 | 136.438 | 238.0126 | 154.1379
p-value | 2.61E-35 | 2.96E-14 | 1.28E-33 | 2.16E-19 | 1.25E-30 | 1.21E-23 | 2.13E-34 | 9.40E-26
estimate
c;frrtgre 0.194492 | 0.338177 | 0.203367 | 0.295642 | 0.220033 | 0.264417 | 0.19923 | 0.250154
variance

Regression analysis for the radii and heights of the cochlear spirals and ES was used to
determine if a correlation exists between electrode array location and psychometric
outcomes, i.e DR and T-level; is shown in Table 5.4. The psychometric measures of the T-
level (THR1) and DR (DR1) immediately after the CI were switched on and the most recent
T-level (THR2) and DR (DR2) were used.
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Table 5.4 Correlation of the ES to the psychoacoustic outcomes
THR1 regression with radius
LS MS SS 1S LSL MSL SLS ILS EL
R? 0.2385 0.1611 0.2246 0.2473 0.2528 0.2376 0.224 0.2498 0.2758
F 52.916 32.4471 | 48.9559 | 55.5394 57.173 52.6552 | 48.7866 | 56.2613 | 64.3528
p-value 0 0 0 0 0 0 0 0 0
estimate
C;frrtgf 455.227 | 501.4824 | 463.4984 | 449.9084 | 446.6588 | 455.7628 | 463.8586 | 448.4667 | 432.916
variance
THR1 regression with height
LS MS SS 1S LSL MSL SLS ILS EL
R? 0.0002 0.2045 0.0423 0.0904 0 0.0007 0.0198 0.0532 0
F 0.0356 43.4408 7.4636 16.7917 0.0037 0.1162 3.411 9.5009 0.0006
p-value 0.8505 0 0.007 0.0001 0.9515 0.7336 0.0665 0.0024 0.9807
estimate
%frrtgf 597.6384 | 475.5309 | 572.4818 | 543.7388 | 597.7513 | 597.3537 | 585.9382 | 565.9479 | 597.7623
variance
DR1 regression with radius
LS MS SS 1S LSL MSL SLS ILS EL
R? 0.0041 0.0016 0.0062 0.0032 0.0043 0.0005 0.0042 0.0037 0.0165
F 0.6995 0.2642 1.0526 0.5409 0.7322 0.081 0.7213 0.634 2.8397
p-value 0.4041 0.6079 0.3064 0.4631 0.3934 0.7763 0.3969 0.427 0.0938
estimate
%frrtgf 227.3644 | 227.9491 | 226.8922 | 227.5771 | 227.3206 | 228.1961 | 227.3352 | 227.4522 | 224.5326
variance
DR1 regression with height
LS MS SS 1S LSL MSL SLS ILS EL
R? 0.0135 0.0367 0.0217 0.0072 0.0226 0.0146 0.02 0.0003 0.0211
F 2.3059 6.4366 3.7432 1.2253 3.906 2.4978 3.4512 0.0457 3.645
p-value 0.1308 0.0121 0.0547 0.2699 0.0497 0.1159 0.0649 0.8309 0.0579
estimate
Zfrrt(r)]f 225.2323 | 219.9291 | 223.3583 | 226.6621 | 223.148 | 224.9803 | 223.7365 | 228.2437 | 223.4853
variance
THR2 regression with radius
LS MS SS 1S LSL MSL SLS ILS EL
R2 0.3656 0.2898 0.3326 0.273 0.2756 0.136 0.3674 0.3185 0.4507
F 96.7969 | 68.5597 | 83.7351 63.094 63.9015 | 26.4413 | 97.5525 | 78.5188 | 137.8577
p-value 0 0 0 0 0 0 0 0 0
estimate
Oefr:g]f 283.2171 | 317.0235 | 297.9123 | 324.5216 | 323.3916 | 385.6947 | 282.4111 | 304.2161 | 245.1957
variance
THR2 regression with height
LS MS SS 1S LSL MSL SLS ILS EL
R? 0.2786 0.0063 0.5169 0.0223 0.3086 0.3692 0.4544 0.0212 0.1265
F 64.8914 1.0652 | 179.7372 | 3.8328 74.9721 | 98.3111 | 139.8915 | 3.6434 24.3404
p-value 0 0.3035 0 0.0519 0 0 0 0.058 0
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estimate

C;frrtgf 322.0171 | 443.5862 | 215.6657 | 436.4417 | 308.6568 | 281.6067 | 243.5761 | 436.9234 | 389.9077
variance

DR2 regression with radius
LS MS SS IS LSL MSL SLS ILS EL

R? 0.0879 0.0332 0.089 0.0327 0.0665 0.0132 0.0857 0.0632 0.0028

F 16.1992 5.769 16.4178 5.6779 11.9723 2.2526 15.7488 | 11.3422 0.4721
p-value 0.0001 0.0174 0.0001 0.0183 0.0007 0.1353 0.0001 0.0009 0.493
estimate

C;frrtgf 355.1944 | 376.5145 | 354.7734 | 376.7118 | 363.5367 | 384.2909 | 356.0651 | 364.8138 | 388.3524
variance

DR2 regression with height
LS MS SS IS LSL MSL SLS ILS EL

R? 0.013 0.0009 0.0637 0.164 0.0234 0.0248 0.0594 0.027 0.0115

F 2.2051 0.1522 11.4313 | 32.9455 4.0205 4.2671 10.6172 4.6598 1.9511
p-value 0.1394 0.697 0.0009 0 0.0466 0.0404 0.0014 0.0323 0.1643
estimate

%frrtgf 384.3982 | 389.0912 | 364.6327 | 325.5933 | 380.3414 | 379.7969 | 366.2946 | 378.9332 | 384.9726
variance

5.6 DISCUSSION

The interrelation between cochlear anatomy, electrode design and surgical approach is
intuitive, as the anatomical inter-individual variations influence the final position of the
electrode carrier, the approach to Cl and electrode design (Erixon et al., 2009, Rask-
Andersen et al., 2012, Avci et al., 2014, Avci et al., 2017, Pietsch et al., 2017). The type and
location of the electrode array, i.e. the proximity of the electrodes to the modiolar wall, have
important psychoacoustic implications (Frijns et al., 2001a, Balkany et al., 2002, Husstedt,
2002, Saunders et al., 2002, Hughes and Abbas, 2006, Stickney et al., 2006, Adunka et al.,
2007, Rebscher et al., 2007, Rebscher et al., 2008, Connor et al., 2009, Biedron et al., 2010,
Kalkman et al., 2014, Kang et al., 2015, Brant and Ruckenstein, 2016, Kalkman et al., 2016,
Biichner et al., 2017, Dhanasingh and Jolly, 2017). This is intuitive when it is realised that
the exact location of the electrode contacts in the cochlea dictates the spread of neural
excitation, and thus the perception that may be elicited through electrical stimulation
(Hanekom and Hanekom, 2016).
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5.6.1 Insertion depth

In longer cochleae and those with a wider basal turn, electrode array bands will be positioned
more laterally. Such electrode bands will produce more broadly spreading electrical fields
and lower activation function amplitudes, suggesting higher neural thresholds and larger
spread of excitation (Finley et al., 1990, Kalkman et al., 2016). A longer cochlear base length
will result in the implant array lying closer to the outer cochlear wall, which may affect the
separation distance of the electrode contacts and the target neurons and cause strain on the
lateral wall and BM (Rask-Andersen et al., 2012, Van der Marel et al., 2014). Shorter
cochleae need shallower insertion depth to reach low-frequency areas, while longer cochleae
need deeper insertion to reach low-frequency areas. In shorter cochleae implanted with
longer electrode arrays, insertion depth is thought to be deeper, thus reaching the higher-
frequency areas. In order words, with smaller cochleae the high-frequency areas of the
cochlea will be reached much sooner than with larger cochlea (Rask-Andersen et al., 2012).
Similarly, the height of each cochlear turn will affect the position of the electrode array
within the ST, with a larger cochlear height leading to an array position far more separated
from the OoC. A current source placed underneath the SL will produce lower neural
excitation thresholds (Wilson et al., 1991, Frijns et al., 1995, Frijns et al., 1996, Hanekom,
2001, Kalkman et al., 2016). This was seen especially in cochleae of the rollercoaster profile.
The insertion depths as visualised in Figure 5.2 clearly show that smaller cochleae have a
deeper insertion depth. However, the final location of the electrode array depends on the

individual cochlear geometry.

5.6.2 The effect of cochlear anatomy

In a study by (Avci et al., 2017), the force profiles during electrode insertion are statistically
significantly correlated with individual geometry. The presence of dips, peaks and vertical
jumps that define cochlear taxonomy may cause translocation of the electrode array from the
ST to the SV, damage to the BM and tip fold-over (Avci et al., 2014, Pietsch et al., 2017).
By investigating the location of the electrode location in two dimensions, rather than one,
the present study showed that a strong relationship between the radii of the individual spirals
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LS, SS, IS, SLS and ILS exists. This means that the final location of the electrode arrays in
this study is dependent on these spirals. A weaker correlation between the obscured spirals
MS and MLS predicted by the CRSF in this study exists and could be explained by the
definition of the landmarks. The MS landmarks were placed at the medial-most wall of each
turn and varied, as these were sometimes placed at the medial-most point of the ST and at
other times the medial-most point of the SV. The medial edge of the SL is difficult to discern
and could thus contribute to the results shown above. For the height data of each spiral, a
weaker et important, correlation between the z-location of the electrode contact in the
cochlear canals exists. This should be quantified in further studies by including more CT
scans with electrode arrays inserted. This confirms that individual cochlear anatomy affects

electrode location in two dimensions.

5.6.3 Relationship between electrode location and psychometric outcomes

Perimodiolar electrode array designs result in a closer relationship between the array and
target neurons, but carry a potential insertion trauma risk (Rask-Andersen et al., 2012).
Current sources placed closer to the modiolar wall in smaller, shorter, narrower cochleae
produce lower neural excitation thresholds (Frijns et al., 1995, Frijns et al., 1996, Kalkman
et al., 2016). In addition, the electrodes in an array will span a smaller pitch range and have
greater separation when implanted in longer cochleae. Greater separation between electrodes
is said to contribute to better speech understanding, as the channels are better separated into
a larger number of physiologically effective independent channels (Dorman et al., 1997,
Friesen et al., 2001, Hochmair et al., 2015). With shorter cochleae the channels will be
placed closer together, which may cause channel interference (Wilson et al., 1991, Stickney
et al., 2006). Electrical field interactions are one such form of channel interaction, which
may result in an electrical-field summation occurring prior to nerve fibre activation. This
would produce an altered stimulus with a different intensity than what was originally
intended, consequently causing a different neural firing pattern and possibly a distorted
speech signal (Stickney et al., 2006, Hanekom and Hanekom, 2016). A negative correlation

exists between electrode number, radial distance of the electrode contact from the modiolar
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wall and T-levels, with higher T-levels for the more basal electrodes, and lower ones for the
more apical electrodes. A significant correlation between DR and radial distance exists, with
DR being lower with larger radial distances. DR is lower for the more basal electrodes, and
higher for the more apical electrodes (WardSaunders et al., 2002, Adunka et al., 2004,
Wardrop et al., 2005, Cohen et al., 2006, Biedron et al., 2010, Wannaet al., 2011). However,
this study showed that perimodiolar arrays had only a weak correlation of radius and height
for DR and T-levels. This could be explained by a few theories. Firstly, live cochleae in this
study had a wide range of inactive electrodes (i.e. the first 130°), meaning that no current
was available for stimulation of the basal end of the cochleae. Secondly, the psychometric
readings were taken on two occasions, immediately after CI activation and subsequently the
most recent readings. The time spans between readings were not considered and variable
outcomes were instinctive. Other studies measured the linear distance between the electrode
contact and modiolar wall, whereas this study compared a polynomial description of the ES
with a predicted polynomial MS trajectory. The MS, which gave an indication of the
modiolar wall, did not account for all the variation seen in cochlear geometry. This means
that variation in the definition and placement of the medial-most parameter of each cochlear
turn existed and may account for the very weak correlation of DR to ES for both radius and
height. The strongest correlation between psychometric outcomes and the ES was seen in
the THR-electrode distance. This correlation became stronger over time as more fibrous
tissue was formed and an increase in threshold would be needed to maintain similar hearing

outcomes.

Other factors, such as traumatic electrode array insertion, amount of residual hearing,
different surgical techniques used by CI surgeons, duration of hearing loss, aetiology, type
of cochlea (taxonomy), sex of the CI user and postlingual status, could provide better insight

into the results for each specific user.

The surgical implications of variations in cochlear geometry during array insertion may
result in difficulties in reaching the second turn without causing trauma, particularly with
respect to the spiral ligament at the junction of the first and second turn, the BM and the OSL

(Martinez-Monedero et al., 2011). In cochleae with a smaller cochlear base length, this area
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may be reached earlier during surgical array insertion, increasing the risk of surgical
perforation of the cochlear membranes and wall when the electrode tip moves from the first
to the second turn (Martinez-Monedero et al., 2011, Rask-Andersen et al., 2012).

Surgical technique plays an important role in electrode array position (Huttenbrink et al.,
2002, Saunders et al., 2002, Peterson et al., 2010, Cosetti and Waltzman, 2012, Zohdi et al.,
2014) and, together with cochlear morphology, accounts for the variable functional
outcomes in CI users. Therefore, a future study of the electrode positions of an inserted
cochlear implantation for different clinician is needed to advise on the technique needed for
a particular cochlear class.

5.7 CONCLUSION

This study found that:
e Cochlear geometry effects the insertion depth of an electrode array.
e The radius of the electrode location is strongly correlated to the LS, SS, IS, SLS, ILS
and LSL.
e Even though a weak correlation between the height of the electrode location and the
cochlear spirals exist, more research is warranted. This can be improved upon by

increasing the sample size.
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6.1 RESEARCH REVIEW

The goal of this study were to provide detailed algorithmic descriptions of the cochlear
spirals that constitute the cochlear morphology. Reference spirals were algorithmically
described to use as a reference for spirals that may be obscured owing to low-resolution
scanning or the presence of artefacts. The PMAE was determined for each cochlear spiral
over the different turns. Secondly, the study aimed to translate the manually measured
landmarks into rapid knowledge-based automated cochlear computational models. These
landmarks are important for finding the cochlear boundaries and define the search fields
needed by the automated model to place landmarks for each cochlear type. Lastly, the
functional implications of the cochlear class needed to be investigated. The DR of CI users
was correlated with cochlear class and implant type (perimodiolar). The trajectory of the

electrode array was also described.

6.2 GENERAL DISCUSSION

6.2.1 How accurately can the spiralling nature of the cochlea be algorithmically
described from measured landmarks that describe these spirals? Can the

cochlear spirals for each cochlear class be standardised?

The study showed that the manually measured landmarks could be used to describe the

spiralling nature of each cochlea and to classify the cochleae as rollercoaster, sloping or
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intermediate, depending on whether critical anatomical points were present. The description
of each spiral allowed for the derivation of obscured spiral trajectories from the measured

(reference) spirals.

6.2.2 How well can the trajectory of obscured cochlear spirals be derived from
reference spirals for which all cochlear landmarks are visible? What is the

accuracy of such a method?

By normalising each reference spiral to the lateral spiral of each cochlea, an average spiral
trajectory for each spiral could be calculated. This allowed for the calculation of the MAE
between the reference spirals for each cochlea. The PMAE was determined to establish how
accurately the spirals can be distinguished from each other to make the determination of
obscured spirals possible. By ranking the PMAE from best predictor to second and third best
predictor for each cochlear turn, the behaviour of each spiral trajectory could be described.
The reference spiral trajectories were translated to CT scans.

6.2.3 Can a CSRF be used to validate the integrity of an existing automated model

generator and what would such a workflow entail?

The manually measured landmarks used to create the CSRF were translated for the
development of a workflow to inform on the criteria need to test the integrity of a model and
to validate the workflow. The criteria used for validating the integrity of a model was found
to be more than 80% for a “good” model, more than 60% for a “fair” model and less than
60% for a “poor” model. The CIMVW was validated by comparing the measured CSRF
against the measured outcomes of the model to be tested. The inclusion of more cochleae for

the refinement of the CSRF could potentially increase the accuracy of the resulting criteria.

6.2.4 Which of the quantified cochlear spirals, if any contribute to the functional
outcomes of cochlear implantation? Do the spiral trajectories of the cochlea
predict the position of the electrode array? What is the effect of the electrode

position on the functional outcomes influencing the objective outcomes after
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Cl insertion?

This study investigated the effect of cochlear geometry (expressed in polynomial equations)
on electrode location in two dimensions. A strong relationship between the radii of the LS,
SS, IS, SLS, ILS and LSL and ES trajectory of perimodiolar Cls was found. Thus, the final
location of the electrode array is influenced by these spirals. A weak correlation between the
heights of the electrode spirals was found which could mean that the height placement of the
electrode array is influenced by cochlear geometry. This relation may become stronger if a

larger sample size is included.

6.3 LIMATATIONS OF THE STUDY AND FUTURE RESEARCH

e The study used a selection of different types of cochleae; however, an increase in
sample size for the construction of the CSRF and for the improvement of the accuracy
with which each landmark is calculated, as well as the optimisation of smaller search
fields for the placement of cochlear landmarks in the knowledge-based automated
landmark computational models of the cochleae.

e The distribution among the three classes cannot be determined before the selection
of cochleae to be measured are selected. An equal distribution will refine the
algorithms that describe each cochlea.

e The application of the polynomial equations that describe each obscured spiral needs
to be applied to low-resolution scanning modalities.

e The landmarks employed in this study are type 11l (Bookstein, 1991). These types of
landmarks are dependent on reference orientations of other parts of the labyrinth.
This was addressed to some degree by orientating the cochlea in the cochlear view.
Such type Il landmarks are, however, not truly homologous, as they cannot
accommodate torsion and asymmetrical shapes.

e The investigation of more critical anatomical points and the refinement of clear

places in the trajectory of the lateral spiral where dips, peaks and vertical jumps take
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place to classify the cochlea better and the definition of subclasses will further refine
cochlear taxomomy.

e The implementation of thinly sliced histologically sectioned cochleae is necessary
for the exact measurement of landmark parameters in the apical region to describe
the spiral trajectories of each spiral of each cochlea better.

e The inclusion of the SLS and ILS landmarks in the AMG needs to be investigated to
refine cochlear geometry in a clinical setting.

e Further investigation of the functional outcomes of cochlear type is required, by
comparing cochlear class to more psychoacoustic factors such as threshold level,
comfort level and impedance. This can be further expanded by separating electrode
types into manufacturer types as well.

e Correlations between the final electrode location and the cochlear spirals in two
dimensions are promising and need further investigation.

e Other than cochlear morphology, surgical technique affects electrode array position.
A blind study involving a variety of Cl surgeons is needed to inform clinicians of the
appropriate surgical technique required for CI.

e The functional implications of cochlear class need further attention, as the sample
size was too small. However, the method addressed the validity of our findings and
deductions. The radial position of the electrode contacts was investigated in two
dimensions, rather than one. The present study showed that a strong relationship
between the radii of the individual spirals LS, SS, IS, SLS and ILS and electrode
location exists. By using a larger sample size, validity to the correlations can be
deduced, as well as, the correlation between height positions of the electrode location
and the cochlear spirals.

e Future studies on the electrode positions of an inserted cochlear implantation by
different surgeons is needed to advise surgeons on the technique needed for a

particular cochlear class.
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CHAPTER 7 CONCLUSION

The following conclusions were drawn from this study:

This study presented a predefined set of anatomical landmarks that describe cochlear
geometry, classify each cochlea and offer a way to extract these anatomical
landmarks.

Algorithms that describe each cochlear spiral of each cochlear class were developed
and can be used to derive mathematical descriptions of each spiral in circumstances
where a spiral may be obscured.

The study provided a workflow (CIMVW) for validating the integrity of 3D
computational models of the cochleae. An accuracy of 80% and above is
recommended to decide if a 3D computational cochlea model is valid.

The study calculated the trajectory of electrode arrays of CI users to determine if
cochlear morphology affects the position of the electrode contact in two dimensions.
A strong correlation between the radii LS, SS, IS, SLS, ILS and LSL and the radial
location of the electrode was found. A weak relation (R? <0.05) between the heights
of the cochlear spirals and electrode location was found.

The correlation between the electrode location and psychometric outcomes was weak,
with the strongest correlation, which increases with time after cochlear implantation, seen
in T-levels. Individual factors could play a role in the relationship seen between electrode

location and psychometric outcomes.
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ADDENDUM A CSRF TABLES

Table A.1. CSRF for the a.) radius (mean and std) and b.) height (mean and std) for each
spiral of the pooled data and for each cochlear class

a.)

Radius (mean)
Spiral LS MS SS 1S LSL MSL SLS ILS

Pooled data (mean)

Coeff 6 0,021729 0,009557 -0,00601 0,033769 0,00891 0,003193 0,00766 0,026996
Coeff 5 -0,01903 -0,0139 -0,02001 -0,02103 -0,01409 -0,0053 -0,01871 -0,0171
Coeff 4 -0,09849 -0,04879 0,032841 -0,14522 -0,04011 -0,01389 -0,02714 -0,1175
Coeff 3 0,044477 0,031837 0,050079 0,069206 0,035856 0,005608 0,054372 0,05699
Coeff 2 0,160133 0,113918 -0,00698 0,195332 0,097858 0,058196 0,074634 0,179186
Coeff 1 -0,10652 -0,0594 -0,09922 -0,13084 -0,08286 -0,04515 -0,11537 -0,12842
Coeff 0 0,208721 0,059214 0,167348 0,098267 0,140437 0,085452 0,20108 0,167919

Rollercoaster (mean)

Coeff 6 0,016082 0,009206 -0,00831 0,032362 0,004047 0,002228 0,004217 0,023692

Coeff 5 -0,02723 -0,01652 -0,03051 -0,02547 -0,01772 -0,00517 -0,02677 -0,02147
Coeff 4 -0,07765 -0,04702 0,044297 -0,14447 -0,01939 -0,00979 -0,01003 -0,10366
Coeff 3 0,069942 0,037022 0,082649 0,086156 0,049019 0,005471 0,081346 0,073301
Coeff 2 0,14245 0,113565 -0,02047 0,203072 0,074418 0,052239 0,05572 0,167729
Coeff 1 -0,12044 -0,05829 -0,11608 -0,14444 -0,09034 -0,04445 -0,1304 -0,14128

Coeff 0 0,215695 0,064846 0,175457 0,102042 0,149676 0,099842 0,210089 0,173632

Intermediate (mean)

Coeff 6 0,020738 0,005823 -0,00893 0,030347 0,006632 0,000785 0,005758 0,026789
Coeff 5 -0,00922 -0,00509 -0,00747 -0,0133 -0,00851 -0,00198 -0,00796 -0,00703
Coeff 4 -0,09277 -0,03424 0,043815 -0,12684 -0,03007 -0,00415 -0,02259 -0,11751
Coeff 3 0,015277 0,005279 0,011409 0,041313 0,017037 -0,00611 0,019857 0,022603
Coeff 2 0,153352 0,101837 -0,01656 0,172559 0,087049 0,051744 0,072142 0,175002
Coeff 1 -0,09507 -0,05447 -0,08279 -0,11332 -0,0718 -0,04206 -0,10261 -0,11145
Coeff 0 0,20604 0,055612 0,162821 0,096252 0,14795 0,066082 0,19595 0,165902

Sloping (mean)

Coeff 6 0,039456 0,017248 0,005726 0,043881 0,026729 0,009731 0,020799 0,036701
Coeff 5 -0,01346 -0,02232 -0,01286 -0,02234 -0,01384 -0,0109 -0,01525 -0,02285
Coeff 4 -0,1676 -0,07989 -0,0192 -0,18034 -0,11661 -0,04085 -0,08366 -0,15656
Coeff 3 0,024957 0,064848 0,027484 0,071382 0,032448 0,024641 0,040121 0,072626
Coeff 2 0,222242 0,136595 0,048327 0,214335 0,183448 0,084802 0,13252 0,21905
Coeff 1 -0,08773 -0,07139 -0,08107 -0,12385 -0,08157 -0,05162 -0,09583 -0,12256
Coeff 0 0,193837 0,049773 0,152568 0,091222 0,100864 0,074959 0,184841 0,155402

Radius (standard deviation)

Spiral LS MS Ss IS LSL MSL SLS ILS
Pooled data (Standard deviation
Coeff 6 0,05406  -0,00495  0,021563  0,061981  0,041264 0,05589  0,044899 0,051922
Coeff 5 -0,01706  -0,02149 -0,0368  -0,02192  -0,00894  -0,04377 -0,02494 -0,02204
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Coeff 4 -0,23298 -0,04302 -0,09533 -0,28401 -0,15913 -0,24883 -0,18683 -0,2303
Coeff 3 0,021919 0,056674 0,084315 0,059134 -0,01274 0,086237 0,06158 0,061012
Coeff 2 0,311407 0,227962 0,158595 0,385836 0,207415 0,308452 0,26336 0,337011
Coeff 1 -0,08488 -0,09184 -0,082 -0,11886 -0,06852 -0,08374 -0,09931 -0,11384
Coeff 0 0,348213 0,180685 0,31004 0,22666 0,26187 0,15137 0,33234 0,294125

Rollercoaster (standard deviation)

Coeff 6 0,05988 0,004003 0,076321 0,051785 0,067723 0,010072 0,071683 0,047221
Coeff 5 0,018739 0,001406 0,004287 0,004665 -0,00479 -0,05021 0,004921 0,009544
Coeff 4 -0,25143 -0,06772 -0,31936 -0,23855 -0,30914 -0,03525 -0,30977 -0,21495
Coeff 3 -0,07633 0,002558 -0,03589 -0,04593 -0,05753 0,161111 -0,0312 -0,04549
Coeff 2 0,311003 0,231126 0,369069 0,33517 0,404601 0,127484 0,382593 0,31071
Coeff 1 -0,06437 -0,10685 -0,03728 -0,04541 -0,0499 -0,134 -0,07145 -0,06967
Coeff 0 0,342292 0,167734 0,271655 0,233782 0,210007 0,140544 0,312178 0,301883
Intermediate (standard deviation)
Coeff 6 -0,04444 -0,0612 -0,1055 0,054744 -0,08169 0,015783 -0,0221 0,027962
Coeff 5 -0,07721 -0,03659 -0,07429 -0,0351 -0,03359 0,008879 -0,03837 -0,0214
Coeff 4 0,170138 0,240607 0,452448 -0,25504 0,392711 -0,02578 0,127545 -0,10703
Coeff 3 0,202624 0,096031 0,183103 0,13631 0,052169 -0,10088 0,087376 0,061612
Coeff 2 -0,06559 -0,13682 -0,39761 0,365436 -0,44208 0,020572 -0,10306 0,153698
Coeff 1 -0,16841 -0,11974 -0,1211 -0,21645 -0,10429 0,009587 -0,12731 -0,15326
Coeff 0 0,380299 0,22671 0,370924 0,205327 0,338111 0,146136 0,362099 0,293851
Sloping (standard deviation)
Coeff 6 0,05406 -0,00495 0,021563 0,061981 0,041264 0,05589 0,044899 0,051922
Coeff 5 -0,01706 -0,02149 -0,0368 -0,02192 -0,00894 -0,04377 -0,02494 -0,02204
Coeff 4 -0,23298 -0,04302 -0,09533 -0,28401 -0,15913 -0,24883 -0,18683 -0,2303
Coeff 3 0,021919 0,056674 0,084315 0,059134 -0,01274 0,086237 0,06158 0,061012
Coeff 2 0,311407 0,227962 0,158595 0,385836 0,207415 0,308452 0,26336 0,337011
Coeff 1 -0,08488 -0,09184 -0,082 -0,11886 -0,06852 -0,08374 -0,09931 -0,11384
Coeff 0 0,348213 0,180685 0,31004 0,22666 0,26187 0,15137 0,33234 0,294125
b.)
Height (mean)

Spiral LS MS SS IS LSL MSL SLS ILS

Pooled data
Coeff 6 0,02629 0,012696 0,039144 0,028694 0,007762 -0,00996 0,045764 0,032742
Coeff 5 -0,00066 -0,09592 -0,03887 -0,04523 -0,01122 -0,01183 -0,01659 -0,03467
Coeff 4 -0,07225 -0,05563 -0,11136 -0,1403 -0,00556 0,039585 -0,17379 -0,12841
Coeff 3 -0,08207 0,262752 0,047161 0,107837 -0,03681 0,008606 -0,04583 0,026012
Coeff 2 0,023568 0,158205 0,036148 0,180812 -0,05231 -0,04487 0,147231 0,102224
Coeff 1 0,572713 0,329682 0,399249 0,460179 0,395385 0,241042 0,490923 0,536724
Coeff 0 1,527706 1,454267 1,892887 1,014085 1,405112 1,343265 1,7331 1,201293

Rollercoaster
Coeff 6 0,047305 0,043398 0,057302 0,044967 0,007479 -0,00798 0,063758 0,058962
Coeff 5 -0,0124 -0,10707 -0,05417 -0,0645 -0,02197 -0,0187 -0,03483 -0,05899
Coeff 4 -0,14254 -0,18326 -0,16924 -0,2094 0,01219 0,035047 -0,23881 -0,22892
Coeff 3 -0,06955 0,276433 0,0818 0,152972 -0,02145 0,024438 -0,00522 0,087323
Coeff 2 0,076142 0,306813 0,072265 0,256603 -0,09077 -0,0393 0,208704 0,205917
Coeff 1 0,64302 0,40338 0,435522 0,515548 0,439884 0,25609 0,533995 0,580826
Coeff 0 1,620103 1,533795 2,044165 1,043886 1,467088 1,40707 1,855044 1,248544

Intermediate
Coeff 6 -0,00247 -0,01997 0,015901 0,005316 0,001263 -0,01487 0,02072 0,001536
Coeff 5 0,0116 -0,06969 -0,02094 -0,01425 0,010471 0,001725 0,000639 -0,01451
Coeff 4 0,035087 0,069107 -0,03128 -0,03839 0,013169 0,053783 -0,08109 0,000485
Coeff 3 -0,09293 0,195138 0,00856 0,027802 -0,0855 -0,02767 -0,07935 -0,02356
Coeff 2 -0,07313 0,028329 -0,0295 0,064053 -0,08936 -0,06491 0,057424 -0,04436
Coeff 1 0,508684 0,286796 0,369457 0,438051 0,356241 0,24437 0,451964 0,495698
Coeff 0 1,480329 1,436185 1,789234 1,034318 1,391632 1,317249 1,658855 1,202342

Sloping
Coeff 6 0,01929 -0,01557 0,029994 0,025407 0,021135 -0,00739 0,04058 0,014984
Coeff 5 0,010591 -0,11337 -0,02795 -0,0477 -0,02111 -0,01461 0,004408 -0,00124
Coeff 4 -0,0703 0,083193 -0,09372 -0,13144 -0,09441 0,028564 -0,15929 -0,0782
Coeff 3 -0,09834 0,352478 0,018646 0,128024 0,011399 0,023701 -0,10187 -0,06062
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Coeff 2 0,053783 -0,03304 0,055393 0,180699 0,133473 -0,02686 0,137703 0,076695
Coeff 1 0,48722 0,193333 0,34889 0,338277 0,338608 0,189578 0,438031 0,484755
Coeff 0 1,344439 1,252756 1,643133 0,886491 1,246898 1,192473 1,513825 1,058828
Height (standard deviation)
Spiral LS MS SS IS LSL MSL SLS ILS
Pooled data
Coeff 6 0,043235 0,019366 0,044384 0,058911 0,011811 -0,03055 0,048205 0,044453
Coeff 5 0,00236 0,01099 -0,04096 -0,00246 -0,00676 -0,08695 -0,03929 0,0041
Coeff 4 -0,18463 -0,14525 -0,15567 -0,36651 -0,09162 -0,04038 -0,19421 -0,25996
Coeff 3 -0,0528 -0,05215 0,08518 -0,0014 0,006119 0,169939 0,075563 -0,03842
Coeff 2 0,244895 0,32592 0,155959 0,72511 0,231592 0,304922 0,236246 0,490638
Coeff 1 0,180116 0,157469 0,132354 0,074594 0,12017 0,119395 0,143166 0,124082
Coeff 0 0,349272 0,362459 0,518918 0,057004 0,341982 0,341134 0,428056 0,174642
Rollercoaster
Coeff 6 0,010293 -0,02284 0,014505 0,082686 0,05974 0,032864 0,032986 0,049806
Coeff 5 0,000902 -0,0323 -0,05111 0,014961 0,042824 0,032203 -0,03418 0,009478
Coeff 4 -0,07515 0,019108 -0,06188 -0,46165 -0,36522 -0,29051 -0,1436 -0,30544
Coeff 3 -0,01459 0,137493 0,139089 -0,04662 -0,21008 -0,11661 0,090125 -0,01967
Coeff 2 0,167648 0,204378 0,117765 0,771972 0,532695 0,657088 0,197077 0,559607
Coeff 1 0,076999 -0,05584 0,031046 0,032745 0,151703 0,181417 0,038695 0,026987
Coeff 0 0,351448 0,253283 0,47267 0,046022 0,240416 0,205022 0,394755 0,132482
Intermediate
Coeff 6 -0,02144 0,027171 0,008697 0,078928 -0,04924 0,184707 -0,00888 -0,01737
Coeff 5 0,024657 0,070668 0,011105 0,041658 -0,03667 0,073498 0,009434 0,019685
Coeff 4 0,096145 -0,16717 -0,02296 -0,37715 0,197288 -0,77643 0,030144 0,031176
Coeff 3 -0,11369 -0,25059 -0,07283 -0,16254 0,127594 -0,36282 -0,0809 -0,11184
Coeff 2 -0,07453 0,225095 0,013515 0,621871 -0,12655 0,720194 0,003948 0,118155
Coeff 1 0,21266 0,256764 0,226593 0,17613 0,051108 0,344886 0,254926 0,215328
Coeff 0 0,318454 0,486468 0,401455 0,062181 0,325004 0,233657 0,365701 0,225798
Sloping
Coeff 6 0,043235 0,019366 0,044384 0,058911 0,011811 -0,03055 0,048205 0,044453
Coeff 5 0,00236 0,01099 -0,04096 -0,00246 -0,00676 -0,08695 -0,03929 0,0041
Coeff 4 -0,18463 -0,14525 -0,15567 -0,36651 -0,09162 -0,04038 -0,19421 -0,25996
Coeff 3 -0,0528 -0,05215 0,08518 -0,0014 0,006119 0,169939 0,075563 -0,03842
Coeff 2 0,244895 0,32592 0,155959 0,72511 0,231592 0,304922 0,236246 0,490638
Coeff 1 0,180116 0,157469 0,132354 0,074594 0,12017 0,119395 0,143166 0,124082
Coeff 0 0,349272 0,362459 0,518918 0,057004 0,341982 0,341134 0,428056 0,174642
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Table A.2. PNMAE ranked in order of error. The polynomial equation for each reference

spiral is also given for a) radius and b.) height of each obscured spiral.

a)
To predict MS
Class Intermediate Rollercoaster
Reference LS SS IS SLS ILS LS SS IS SLS ILS
PNMAE 0,519 0,487 0,684 0,493 0,558 1,043 0,885 0,957 0,953 0,943
720°
Rank 3 1 5 2 4 5 1 4 3 2
PNMAE
Predictor coeff
Coeff 6 0,014 -0,014 | 0,023 0,000 0,020 0,007 -0,017 0,022 -0,005 | 0,014
Coeff 5 -0,004 | -0,002 -0,008 -0,003 -0,002 -0,010 | -0,014 | -0,009 -0,010 -0,005
Coeff 4 -0,056 0,075 -0,089 0,011 -0,080 -0,030 | 0,089 -0,094 0,036 -0,055
Coeff 3 0,010 0,006 0,035 0,014 0,017 0,032 0,044 0,048 0,043 0,035
Coeff 2 0,049 -0,113 | 0,068 -0,028 0,070 0,028 -0,130 | 0,087 -0,056 | 0,053
Coeff 1 -0,039 -0,027 -0,056 -0,046 -0,055 -0,060 | -0,056 -0,084 -0,070 -0,080
Coeff 0 0,144 0,103 0,039 0,134 0,106 0,146 0,107 0,036 0,141 0,105
Class Sloping Pooled
Reference LS SS IS SLS ILS LS SS IS SLS ILS
PNMAE 0,518 0,329 0,296 0,452 0,417 2,021 1,860 2,068 1,906 1,905
720Q°
Rank 5 2 1 4 3 4 1 5 3 2
PNMAE
Predictor coeff
Coeff 6 0,027 -0,014 0,032 0,004 0,023 0,012 -0,016 0,024 -0,002 0,017
Coeff 5 0,011 0,011 0,000 0,008 -0,001 -0,005 -0,006 -0,007 -0,005 -0,003
Coeff 4 -0,105 0,073 -0,121 -0,005 -0,092 -0,050 0,082 -0,096 0,022 -0,069
Coeff 3 -0,048 -0,045 | 0,008 -0,030 | 0,009 0,013 0,018 0,037 0,023 0,025
Coeff 2 0,103 -0,106 | 0,093 -0,005 0,099 0,046 -0,121 0,081 -0,039 | 0,065
Coeff 1 -0,020 -0,012 -0,063 -0,029 -0,061 -0,047 -0,040 -0,071 -0,056 -0,069
Coeff 0 0,173 0,123 0,050 0,162 0,127 0,150 0,108 0,039 0,142 0,109
To predict SS
Class Intermediate Rollercoaster
Reference LS 1S SLS ILS LS 1S SLS ILS
PNMAE 0,400 0,706 0,262 0,536 0,565 0,934 0,357 0,696
720°
Rank 2 1 3 4 2 1 3 4
PNMAE
Predictor coeff
Coeff 6 0,028 0,038 0,014 0,034 0,024 0,039 0,012 0,031
Coeff 5 -0,002 -0,006 0,000 0,000 0,003 0,005 0,004 0,009
Coeff 4 -0,131 -0,163 -0,064 -0,155 -0,118 -0,183 -0,053 -0,143
Coeff 3 0,004 0,029 0,008 0,011 -0,012 0,003 -0,001 -0,009
Coeff 2 0,163 0,181 0,085 0,184 0,158 0,217 0,074 0,182
Coeff 1 -0,012 -0,029 -0,019 -0,027 -0,004 -0,028 -0,014 | -0,024
Coeff 0 0,041 -0,064 0,032 0,003 0,039 -0,071 0,034 -0,002
Class Sloping Pooled
Reference LS 1S SLS ILS LS 1S SLS ILS
PNMAE 0,270 0,229 0,190 0,214 1,149 1,932 0,745 1,495
720Q°
Rank 3 1 2 4 2 1 3 4
PNMAE
Predictor coeff
Coeff 6 0,041 0,046 0,018 0,037 0,028 0,040 0,014 0,033
Coeff 5 -0,001 -0,011 -0,003 -0,012 0,001 -0,001 0,001 0,003
Coeff 4 -0,178 -0,194 -0,077 -0,165 -0,131 -0,178 -0,060 -0,150
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Coeff 3 -0,003 0,053 0,015 0,054 -0,006 0,019 0,004 0,007
Coeff 2 0,209 0,199 0,101 0,205 0,167 0,202 0,082 0,186
Coeff 1 -0,008 -0,051 -0,018 -0,050 -0,007 -0,032 -0,016 -0,029
Coeff 0 0,050 -0,074 0,039 0,003 0,041 -0,069 0,034 0,001
To predict IS
Class Intermediate ollercoaster
Reference LS SS SLS ILS LS SS SLS ILS
PNMAE 0,511 0,698 0,563 0,440 0,819 0,933 0,897 0,414
720°
Rank 2 3 4 2 3 1 4
PNMAE
Predictor coeff
Coeff 6 -0,009 -0,038 -0,024 -0,003 -0,016 -0,039 -0,027 -0,008
Coeff 5 0,004 0,006 0,005 0,006 -0,002 -0,005 -0,001 0,004
Coeff 4 0,033 0,163 0,100 0,009 0,065 0,183 0,130 0,040
Coeff 3 -0,025 -0,029 -0,021 -0,018 -0,016 -0,003 -0,005 -0,012
Coeff 2 -0,018 -0,181 -0,096 0,002 -0,059 -0,217 -0,143 -0,034
Coeff 1 0,017 0,029 0,010 0,002 0,023 0,028 0,014 0,003
Coeff 0 0,105 0,064 0,096 0,067 0,110 0,071 0,105 0,069
Class Sloping Pooled
Reference LS SS SLS ILS LS SS SLS ILS
PNMAE 0,354 0,229 0,292 0,235 1,510 1,925 1,712 0,997
720Q°
Rank 3 2 4 2 3 1 4
PNMAE
Predictor coeff
Coeff 6 -0,005 -0,046 0,000 -0,028 -0,009 -0,012 -0,040 0,000 -0,026 -0,007
Coeff 5 0,011 0,011 0,000 0,009 -0,001 0,002 0,001 0,000 0,002 0,004
Coeff 4 0,015 0,194 0,000 0,116 0,029 0,047 0,178 0,000 0,118 0,028
Coeff 3 -0,056 -0,053 0,000 -0,038 0,001 -0,025 -0,019 0,000 -0,015 -0,012
Coeff 2 0,009 -0,199 0,000 -0,098 0,006 -0,035 -0,202 0,000 -0,121 -0,016
Coeff 1 0,043 0,051 0,000 0,034 0,002 0,024 0,032 0,000 0,015 0,002
Coeff 0 0,123 0,074 0,000 0,112 0,077 0,110 0,069 0,000 0,103 0,070
To predict LSL
Class Intermediate ollercoaster
Reference LS SS IS SLS ILS LS SS IS SLS ILS
PNMAE 0,718 0,812 0,778 0,745 0,864 1,471 1,589 1,394 1,497 1,346
7200
Rank 1 4 3 5 3 5 2 4 1
PNMAE
Predictor coeff
Coeff 6 0,014 -0,015 0,023 -0,001 0,019 0,012 -0,012 0,027 0,000 0,019
Coeff 5 -0,001 0,001 -0,005 0,001 0,001 -0,009 -0,012 -0,008 -0,009 -0,004
Coeff 4 -0,060 0,071 -0,093 0,007 -0,084 -0,056 0,062 -0,121 0,009 -0,082
Coeff 3 -0,002 -0,005 0,023 0,003 0,005 0,020 0,033 0,036 0,031 0,024
Coeff 2 0,064 -0,099 0,082 -0,014 0,084 0,066 -0,092 0,125 -0,018 0,090
Coeff 1 -0,022 -0,011 -0,040 -0,030 -0,038 -0,029 -0,025 -0,052 -0,039 -0,049
Coeff 0 0,056 0,014 -0,050 0,046 0,017 0,064 0,025 -0,046 0,059 0,023
Class Sloping Pooled
Reference LS SS 1S SLS ILS LS SS 1S SLS ILS
PNMAE 0,295 0,160 0,162 0,233 0,201 2,322 2,643 2,473 2,450 2,290
720Q°
Rank 5 1 2 3 2 5 4 3 1
PNMAE
Predictor coeff
Coeff 6 0,015 -0,025 0,021 -0,007 0,012 0,013 -0,015 0,025 -0,001 0,018
Coeff 5 0,000 0,001 -0,010 -0,002 -0,011 -0,005 -0,006 -0,007 -0,005 -0,003
Coeff 4 -0,061 0,117 -0,077 0,040 -0,048 -0,058 0,073 -0,105 0,013 -0,077
Coeff 3 -0,009 -0,006 0,047 0,009 0,048 0,009 0,014 0,033 0,019 0,021
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Coeff 2 0,047 -0,162 0,037 -0,061 0,043 0,062 -0,105 0,097 -0,023 0,081
Coeff 1 -0,007 0,001 -0,051 -0,017 -0,049 -0,024 -0,016 -0,048 -0,033 -0,046
Coeff 0 0,112 0,062 -0,012 0,101 0,066 0,068 0,027 -0,042 0,061 0,027
To predict MSL
Class Intermediate ollercoaster
Reference LS SS 1S SLS ILS LS SS 1S SLS ILS
PNMAE 0,535 0,525 0,767 0,513 0,632 1,466 1,433 1,415 1,428 1,383
720°
Rank 3 1 5 4 5 4 2 3 1
PNMAE
Predictor coeff
Coeff 6 0,015 -0,014 | 0,026 0,002 0,023 0,013 -0,010 0,029 0,002 0,021
Coeff 5 -0,008 -0,005 -0,012 -0,005 -0,006 -0,021 -0,025 -0,020 -0,021 -0,016
Coeff 4 -0,065 0,065 -0,105 -0,003 -0,098 -0,066 0,052 -0,131 0,000 -0,091
Coeff 3 0,026 0,016 0,050 0,023 0,030 0,062 0,075 0,078 0,074 0,066
Coeff 2 0,075 -0,086 0,100 0,001 0,105 0,087 -0,070 0,146 0,003 0,112
Coeff 1 -0,052 -0,035 -0,067 -0,055 -0,066 -0,074 -0,069 -0,097 -0,083 -0,094
Coeff 0 0,132 0,093 0,029 0,123 0,093 0,112 0,073 0,002 0,107 0,072
Class Sloping Pooled
Reference LS SS IS SLS ILS LS SS IS SLS ILS
PNMAE 0,454 0,260 0,249 0,367 0,328 1,939 2,162 2,418 2,061 2,101
720°
Rank 5 2 1 3 1 4 5 2 3
PNMAE
Predictor coeff
Coeff 6 0,036 -0,005 0,041 0,013 0,032 0,017 -0,010 0,030 0,004 0,023
Coeff 5 -0,003 -0,002 -0,014 -0,005 -0,014 -0,014 -0,015 -0,016 -0,014 -0,012
Coeff 4 -0,152 0,026 -0,168 -0,051 -0,139 -0,079 0,052 -0,128 -0,009 -0,101
Coeff 3 0,000 0,003 0,056 0,019 0,058 0,042 0,046 0,066 0,050 0,054
Coeff 2 0,165 -0,044 | 0,156 0,057 0,161 0,096 -0,071 0,133 0,011 0,117
Coeff 1 -0,043 -0,035 -0,087 -0,053 -0,085 -0,062 -0,054 -0,086 -0,070 -0,084
Coeff 0 0,143 0,093 0,020 0,132 0,097 0,123 0,082 0,013 0,116 0,082
To predict SLS
Class Intermediate ollercoaster
Reference LS SS 1S ILS LS SS 1S ILS
PNMAE 0,217 0,262 0,569 0,370 0,782 1,068 1,527 1,438
720°
Rank 1 2 3 4 1 2 4 3
PNMAE
Predictor coeff
Coeff 6 0,014 -0,014 | 0,024 0,020 0,012 -0,012 0,027 0,019
Coeff 5 -0,001 0,000 -0,005 0,001 0,000 -0,004 0,001 0,005
Coeff 4 -0,067 0,064 -0,100 -0,091 -0,066 0,053 -0,130 -0,091
Coeff 3 -0,004 -0,008 0,021 0,003 -0,011 0,001 0,005 -0,008
Coeff 2 0,078 -0,085 0,096 0,099 0,084 -0,074 0,143 0,109
Coeff 1 0,007 0,019 -0,010 -0,008 0,010 0,014 -0,014 -0,011
Coeff 0 0,010 -0,032 -0,096 -0,029 0,005 -0,034 -0,105 -0,035
Class Sloping Pooled
Reference LS SS IS ILS LS SS IS ILS
PNMAE 0,120 0,190 0,291 0,116 0,666 0,745 1,719 1,127
720°
Rank 1 2 3 4 1 2 4 3 5
PNMAE
Predictor coeff
Coeff 6 0,022 -0,018 0,028 0,019 0,014 -0,014 0,026 0,019
Coeff 5 0,002 0,003 -0,009 -0,009 0,000 -0,001 -0,002 0,002
Coeff 4 -0,101 0,077 -0,116 -0,088 -0,071 0,060 -0,118 -0,090
Coeff 3 -0,018 -0,015 0,038 0,039 -0,010 -0,004 0,015 0,003
Coeff 2 0,108 -0,101 0,098 0,104 0,085 -0,082 0,121 0,105
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Coeff 1 0,010 0,018 -0,034 -0,032 0,009 0,016 -0,015 -0,013
Coeff 0 0,011 -0,039 -0,112 -0,035 0,008 -0,034 -0,103 -0,033
To predict ILS
Class Intermediate ollercoaster
Reference LS SS 1S SLS LS SS IS SLS
PNMAE 0,361 0,538 0,448 0,373 0,489 0,697 0,414 0,582
720°
Rank 1 4 3 2 2 4 1 3
PNMAE
Predictor coeff
Coeff 6 -0,006 -0,034 0,003 -0,020 -0,007 -0,031 0,008 -0,019
Coeff 5 -0,002 0,000 -0,006 -0,001 -0,006 -0,009 -0,004 -0,005
Coeff 4 0,024 0,155 -0,009 0,091 0,025 0,143 -0,040 0,091
Coeff 3 -0,007 -0,011 0,018 -0,003 -0,003 0,009 0,012 0,008
Coeff 2 -0,021 -0,184 -0,002 -0,099 -0,025 -0,182 0,034 -0,109
Coeff 1 0,016 0,027 -0,002 0,008 0,020 0,024 -0,003 0,011
Coeff 0 0,038 -0,003 -0,067 0,029 0,041 0,002 -0,069 0,035
Class Sloping Pooled
Reference LS SS IS SLS LS SS 1S SLS
PNMAE 0,146 0,217 0,234 0,115 0,982 1,493 1,006 1,127
720°
Rank 2 3 4 1 1 4 2 3
PNMAE
Predictor coeff
Coeff 6 0,003 -0,037 0,009 -0,019 -0,005 -0,033 0,007 -0,019
Coeff 5 0,011 0,012 0,001 0,009 -0,002 -0,003 -0,004 -0,002
Coeff 4 -0,013 0,165 -0,029 0,088 0,019 0,150 -0,028 0,090
Coeff 3 -0,057 -0,054 -0,001 -0,039 -0,013 -0,007 0,012 -0,003
Coeff 2 0,004 -0,205 -0,006 -0,104 -0,019 -0,186 0,016 -0,105
Coeff 1 0,042 0,050 -0,002 0,032 0,022 0,029 -0,002 0,013
Coeff 0 0,046 -0,003 -0,077 0,035 0,041 -0,001 -0,070 0,033
b.)
To predict MS
Class Intermediate ollercoaster
Reference LS SS IS SLS ILS LS SS IS SLS ILS
PNMAE 1,119 1,164 1,210 1,192 1,207 2,392 2,481 1,894 2,312 2,169
720°
Rank 1 2 5 3 4 4 5 1 3 2
PNMAE
Predictor coeff
Coeff 6 0,017 0,035 0,025 0,040 0,021 0,004 0,014 0,002 0,020 0,015
Coeff 5 0,080 0,048 0,054 0,069 0,054 0,092 0,051 0,041 0,070 0,047
Coeff 4 -0,033 -0,098 -0,105 -0,147 -0,067 0,040 0,014 -0,025 -0,054 -0,044
Coeff 3 -0,282 -0,183 -0,164 -0,269 -0,214 -0,336 -0,189 -0,120 -0,274 -0,184
Coeff 2 -0,099 -0,057 0,035 0,029 -0,071 -0,224 -0,228 -0,049 -0,095 -0,098
Coeff 1 0,218 0,081 0,148 0,162 0,205 0,233 0,031 0,109 0,127 0,172
Coeff 0 0,043 0,346 -0,394 0,218 -0,229 0,084 0,496 -0,476 0,312 -0,277
Class Sloping Pooled
Reference LS SS IS SLS ILS LS SS IS SLS ILS
PNMAE 0,441 0,563 0,621 0,504 0,564 4,271 4,405 4,373 4,119 4,395
720°
Rank 1 3 5 2 4 2 5 3 1 4
PNMAE
Predictor coeff
Coeff 6 0,040 0,052 0,047 0,064 0,035 0,014 0,026 0,016 0,033 0,020
Coeff 5 0,142 0,098 0,075 0,135 0,128 0,095 0,057 0,051 0,079 0,061
Coeff 4 -0,176 -0,202 -0,246 -0,277 -0,185 -0,017 -0,056 -0,085 -0,118 -0,073
Coeff 3 -0,516 -0,382 -0,257 -0,520 -0,473 -0,345 -0,216 -0,155 -0,309 -0,237
Coeff 2 0,099 0,101 0,245 0,195 0,126 -0,135 -0,122 0,023 -0,011 -0,056
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Coeff 1 0,336 0,178 0,166 0,280 0,333 0,243 0,070 0,130 0,161 0,207
Coeff 0 0,105 0,447 -0,419 0,299 -0,222 0,073 0,439 -0,440 0,279 -0,253
To predict SS
Class Intermediate ollercoaster
Reference LS 1S SLS ILS LS IS SLS ILS
PNMAE 0,446 0,835 0,232 0,673 0,888 2,114 0,481 1,585
720Q°
Rank 2 1 3 4 2 1 3 4
PNMAE
Predictor coeff
Coeff 6 -0,018 -0,010 0,005 -0,014 -0,010 -0,012 0,006 0,002
Coeff 5 0,032 0,007 0,021 0,006 0,041 -0,010 0,019 -0,005
Coeff 4 0,065 -0,007 -0,049 0,031 0,026 -0,039 -0,068 -0,058
Coeff 3 -0,100 0,019 -0,086 -0,031 -0,147 0,069 -0,085 0,005
Coeff 2 -0,043 0,092 0,085 -0,015 0,004 0,179 0,133 0,130
Coeff 1 0,137 0,067 0,081 0,124 0,202 0,078 0,096 0,141
Coeff 0 -0,303 -0,740 -0,128 -0,575 -0,412 -0,972 -0,184 -0,773
Class Sloping Pooled
Reference LS 1S SLS ILS LS 1S SLS ILS
PNMAE 0,298 0,607 0,113 0,523 2,487 5,224 1,126 4,159
720°
Rank 2 1 3 4 2 1 3 4
PNMAE
Predictor coeff
Coeff 6 -0,012 -0,005 0,012 -0,017 -0,013 -0,010 0,007 -0,006
Coeff 5 0,044 -0,023 0,037 0,031 0,038 -0,006 0,022 0,004
Coeff 4 0,027 -0,043 -0,075 0,018 0,039 -0,029 -0,062 -0,017
Coeff 3 -0,134 0,125 -0,138 -0,091 -0,129 0,061 -0,093 -0,021
Coeff 2 -0,002 0,143 0,094 0,024 -0,013 0,145 0,111 0,066
Coeff 1 0,158 -0,012 0,102 0,155 0,173 0,061 0,092 0,137
Coeff 0 -0,342 -0,866 -0,148 -0,668 -0,365 -0,879 -0,160 -0,692
To predict IS
Class Intermediate ollercoaster
Reference LS SS SLS ILS LS SS SLS ILS
PNMAE 0,647 0,834 0,776 0,404 1,400 2,117 1,749 0,715
720°
Rank 2 3 1 4 2 3 1 4
PNMAE
Predictor coeff
Coeff 6 -0,008 0,010 0,015 -0,004 0,002 0,012 0,018 0,014
Coeff 5 0,025 -0,007 0,015 0,000 0,051 0,010 0,029 0,005
Coeff 4 0,072 0,007 -0,042 0,038 0,065 0,039 -0,029 -0,019
Coeff 3 -0,118 -0,019 -0,105 -0,050 -0,216 -0,069 -0,154 -0,064
Coeff 2 -0,135 -0,092 -0,006 -0,106 -0,175 -0,179 -0,047 -0,049
Coeff 1 0,069 -0,067 0,014 0,057 0,124 -0,078 0,018 0,063
Coeff 0 0,437 0,740 0,612 0,165 0,560 0,972 0,788 0,199
Class Sloping Pooled
Reference LS SS SLS ILS LS SS SLS ILS
PNMAE 0,370 0,607 0,535 0,163 2,995 5,236 4,297 1,519
720°
Rank 2 3 1 4 2 3 1 4
PNMAE
Predictor coeff
Coeff 6 -0,007 0,005 0,017 -0,012 -0,002 0,010 0,017 0,004
Coeff 5 0,067 0,023 0,060 0,053 0,045 0,006 0,029 0,011
Coeff 4 0,070 0,043 -0,032 0,061 0,068 0,029 -0,033 0,012
Coeff 3 -0,259 -0,125 -0,263 -0,216 -0,190 -0,061 -0,154 -0,082
Coeff 2 -0,145 -0,143 -0,049 -0,119 -0,157 -0,145 -0,034 -0,079
Coeff 1 0,170 0,012 0,114 0,168 0,113 -0,061 0,031 0,077
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Coeff 0 | 0524 0866 | | 0,718 04197 [0514 [0879 | | 0,719 | 0,187
To predict LSL
Class Intermediate Rollercoaster
Reference LS SS 1S SLS ILS LS SS IS SLS ILS
PNMAE 0,882 0,935 0,871 0,948 0,805 1,968 1,802 2,480 1,859 2,129
720°
Rank 3 4 2 5 1 3 1 5 2 4
PNMAE
Predictor coeff
Coeff 6 -0,004 0,014 0,004 0,019 0,000 0,039 0,048 0,036 0,055 0,050
Coeff 5 0,001 -0,031 -0,024 -0,010 -0,024 0,009 -0,031 -0,041 -0,012 -0,036
Coeff 4 0,021 -0,044 | -0,051 -0,092 -0,012 -0,150 | -0,176 -0,215 -0,244 | -0,234
Coeff 3 -0,007 0,092 0,111 0,006 0,061 -0,047 0,100 0,169 0,016 0,106
Coeff 2 0,016 0,059 0,150 0,144 0,044 0,162 0,158 0,337 0,291 0,288
Coeff 1 0,149 0,013 0,080 0,094 0,137 0,197 -0,004 | 0,074 0,091 0,137
Coeff 0 0,087 0,390 -0,350 0,262 -0,186 0,149 0,561 -0,411 0,377 -0,212
Class Sloping Pooled
Reference LS SS 1S SLS ILS LS SS IS SLS ILS
PNMAE 0,223 0,297 0,467 0,251 0,386 3,136 3,856 3,978 3,407 3,361
720°
Rank 1 3 5 2 4 1 4 5 3 2
PNMAE
Predictor coeff
Coeff 6 -0,002 0,010 0,005 0,022 -0,007 0,019 0,031 0,021 0,038 0,025
Coeff 5 0,036 -0,008 -0,030 0,029 0,023 0,011 -0,028 -0,034 -0,005 -0,023
Coeff 4 0,028 0,001 -0,042 -0,074 | 0,019 -0,067 -0,106 -0,135 -0,168 -0,123
Coeff 3 -0,126 0,008 0,133 -0,130 -0,082 -0,045 0,084 0,145 -0,009 0,063
Coeff 2 -0,091 -0,089 0,054 0,005 -0,065 0,076 0,088 0,233 0,200 0,155
Coeff 1 0,170 0,012 0,000 0,114 0,167 0,177 0,004 0,065 0,096 0,141
Coeff 0 0,112 0,453 -0,412 0,305 -0,215 0,123 0,488 -0,391 0,328 -0,204
To predict MSL
Class Intermediate Rollercoaster
Reference LS SS 1S SLS ILS LS SS 1S SLS ILS
PNMAE 0,681 0,814 0,668 0,790 0,690 1,537 1,381 2,346 1,447 1,824
720°
Rank 3 5 1 4 2 3 1 5 2 4
PNMAE
Predictor coeff
Coeff 6 0,013 0,029 0,013 0,033 0,014 0,054 0,063 0,051 0,070 0,065
Coeff 5 0,012 -0,021 -0,013 0,001 -0,014 0,006 -0,034 | -0,044 -0,016 -0,039
Coeff 4 -0,026 -0,079 -0,063 -0,126 -0,044 -0,173 -0,198 -0,237 -0,266 -0,256
Coeff 3 -0,067 0,033 0,051 -0,055 0,002 -0,091 0,056 0,125 -0,029 | 0,061
Coeff 2 0,006 0,033 0,104 0,116 0,014 0,112 0,108 0,287 0,241 0,238
Coeff 1 0,247 0,112 0,175 0,191 0,231 0,376 0,174 0,252 0,270 0,315
Coeff 0 0,149 0,448 -0,277 0,324 -0,115 0,207 0,619 -0,353 0,435 -0,154
Class Sloping Pooled
Reference LS SS 1S SLS ILS LS SS 1S SLS ILS
PNMAE 0,330 0,513 0,389 0,423 0,375 2,842 3,376 4,168 2,914 3,388
720°
Rank 1 5 3 4 2 1 3 5 2 4
PNMAE
Predictor coeff
Coeff 6 0,031 0,043 0,038 0,055 0,026 0,038 0,050 0,038 0,056 0,043
Coeff 5 0,029 -0,015 -0,038 0,022 0,015 0,011 -0,027 -0,034 -0,005 -0,023
Coeff 4 -0,113 -0,140 -0,183 -0,215 -0,122 -0,118 -0,153 -0,175 -0,215 -0,171
Coeff 3 -0,140 -0,006 | 0,119 -0,144 | -0,096 -0,091 0,039 0,101 -0,055 | 0,019
Coeff 2 0,092 0,094 0,237 0,188 0,118 0,076 0,083 0,223 0,194 0,151
Coeff 1 0,340 0,182 0,170 0,284 0,338 0,331 0,156 0,216 0,248 0,293
Coeff 0 0,174 0,516 -0,350 0,368 -0,153 0,184 0,550 -0,329 0,390 -0,142
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To predict SLS
Class Intermediate Rollercoaster
Reference LS SS 1S ILS LS SS 1S ILS
PNMAE 0,312 0,232 0,777 0,603 0,561 0,483 1,753 1,213
720°
Rank 2 1 3 4 2 1 3 4
PNMAE
Predictor coeff
Coeff 6 -0,023 -0,005 -0,015 -0,019 -0,016 -0,006 -0,018 -0,005
Coeff 5 0,011 -0,021 -0,015 -0,015 0,022 -0,019 -0,029 -0,023
Coeff 4 0,114 0,049 0,042 0,080 0,094 0,068 0,029 0,010
Coeff 3 -0,013 0,086 0,105 0,055 -0,062 0,085 0,154 0,090
Coeff 2 -0,128 -0,085 | 0,006 -0,100 -0,129 -0,133 0,047 -0,003
Coeff 1 0,056 -0,081 -0,014 0,043 0,106 -0,096 -0,018 0,045
Coeff 0 -0,175 0,128 -0,612 -0,448 -0,228 0,184 -0,788 -0,589
Class Sloping Pooled
Reference LS SS 1S ILS LS SS 1S ILS
PNMAE 0,215 0,113 0,537 0,446 1,567 1,129 4,296 3,198
720°
Rank 2 1 3 4 2 1 3 4
PNMAE
Predictor coeff
Coeff 6 -0,024 | -0,012 -0,017 -0,029 -0,019 -0,007 -0,017 -0,013
Coeff 5 0,007 -0,037 -0,060 -0,006 0,016 -0,022 -0,029 -0,018
Coeff 4 0,102 0,075 0,032 0,093 0,102 0,062 0,033 0,045
Coeff 3 0,004 0,138 0,263 0,047 -0,036 0,093 0,154 0,072
Coeff 2 -0,096 -0,094 0,049 -0,070 -0,124 -0,111 0,034 -0,045
Coeff 1 0,056 -0,102 -0,114 0,053 0,082 -0,092 -0,031 0,046
Coeff 0 -0,194 0,148 -0,718 -0,520 -0,205 0,160 -0,719 -0,5632
To predict ILS
Class Intermediate Rollercoaster
Reference LS SS 1S SLS LS SS 1S SLS
PNMAE 0,495 0,670 0,403 0,600 0,846 1,584 0,719 1,211
720°
Rank 2 4 1 3 2 4 1 3
PNMAE
Predictor coeff
Coeff 6 -0,004 | 0,014 0,004 0,019 -0,011 -0,002 -0,014 0,005
Coeff 5 0,026 -0,006 | 0,000 0,015 0,045 0,005 -0,005 0,023
Coeff 4 0,034 -0,031 -0,038 -0,080 0,084 0,058 0,019 -0,010
Coeff 3 -0,068 0,031 0,050 -0,055 -0,152 -0,005 0,064 -0,090
Coeff 2 -0,028 0,015 0,106 0,100 -0,126 -0,130 0,049 0,003
Coeff 1 0,013 -0,124 | -0,057 -0,043 0,060 -0,141 -0,063 -0,045
Coeff 0 0,273 0,575 -0,165 0,448 0,361 0,773 -0,199 0,589
Class Sloping Pooled
Reference LS SS 1S SLS LS SS 1S SLS
PNMAE 0,245 0,522 0,154 0,443 1,885 4,167 1,503 3,199
720°
Rank 2 4 1 3 2 4 1 3
PNMAE
Predictor coeff
Coeff 6 0,005 0,017 0,012 0,029 -0,006 0,006 -0,004 0,013
Coeff 5 0,014 -0,031 -0,053 0,006 0,034 -0,004 -0,011 0,018
Coeff 4 0,009 -0,018 -0,061 -0,093 0,056 0,017 -0,012 -0,045
Coeff 3 -0,043 0,091 0,216 -0,047 -0,108 0,021 0,082 -0,072
Coeff 2 -0,026 -0,024 0,119 0,070 -0,079 -0,066 0,079 0,045
Coeff 1 0,003 -0,155 -0,168 -0,053 0,036 -0,137 -0,077 -0,046
Coeff 0 0,327 0,668 -0,197 0,520 0,326 0,692 -0,187 0,532
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