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Chapter
Anatomy-Based Programming

Isra Aljazeeri, Yassin Abdelsamad and Abdulrahman Hagr

Abstract

The ultimate goal of a cochlear implant device is to mimic the hearing through
normal cochlea. A better understanding of normal cochlear function can help reaching
this goal. The normal cochlea has a tonotopic mapping of the frequency representation
in which each area on the cochlea is the most sensitive to a specific frequency. The
array of the cochlear implant device has a number of electrodes each presenting a
different frequency to the nearest area of the cochlea to where they are located. An
anatomy-based programming strategy aims to present the frequency by the electrode
contacts to which the cochlea is most sensitive to, according to the location of that
electrode contact inside the cochlea. This chapter explores the details of the current
understanding of the anatomy-based programming.

Keywords: cochlea, anatomy, anatomy-based, programming, fitting,
frequency-to-place mismatch

1. Introduction

Cochlear implant device is one of the most successful invented implants. It is used
in patients who have lost their hearing sensation and have sensorineural hearing loss.
The cochlear implant device has an external part containing a microphone and speech
processor and an internal part that is implanted surgically and contains an internal
receiver stimulator and an electrode array. The internal part of the multichannel
cochlear implant contains a number of electrode contacts arranged along its electrode
array which is inserted inside the cochlea. These electrode contacts stimulate different
locations inside the cochlea to achieve a frequency-based pitch perception which helps
in speech understanding. Once the patient is implanted, the audiologists start pro-
gramming the device to achieve the best hearing outcome. Cochlear implant pro-
gramming includes allocating specific frequencies to each electrode contact. And since
the cochlear implant is aiming to replace the normal cochlear sensation, the frequency
allocations are programmed in a way to simulate the exponential logarithmic function
of the normal cochlea’s frequency map. To have a better understanding of the con-
cepts behind anatomy-based programming, we need to understand the relevant
cochlear anatomy and physiology of pitch perception which will be discussed in this
chapter. Reaching a patient-specific anatomy-based programming then includes clin-
ical application of measuring the relevant anatomical variables that is not an easy task
to perform, and we will discuss the difficulties in this process in this chapter.
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2. Relevant cochlear anatomy

The cochlea is a hollow spiral structure in the inner ear that is responsible for the
hearing sensation. It is contained within the petrous portion of the temporal bone. The
spiral hallow of the cochlea turns around a central bony pyramid called modiolus. A
thin bony plate, called the osseous spiral lamina, is connected to the modiolus and
divides the bony cochlea incompletely. The cochlear lumen is divided into three
spaces by two membranes that are attached to the spiral lamina; the basilar membrane
that separates the scala tympani from the scala media and the Reissner’s membrane
that separates the scala media from the scala vestibuli. The organ of corti is supported
on the basilar membrane and contains the hearing sensory cells. From the basilar
membrane, nerve fibers travel to the spiral ganglion, a structure that is located closer
to the cochlear spiral’s axis of rotation and includes neuron cell bodies.

During cochlear implantation, an electrode array is placed in the scala tympani of
the cochlea to stimulate the cochlear nerve and induce action potentials. It is still
undetermined where these APs are evoked along the sensorineural pathway of the
hearing (Figure 1) [1].

2.1 Basilar membrane

The acoustic stimulus causes the vibration of the tympanic membrane and in turn the
ossicular chain, ending in the vibration of the footplate of the stapes that causes a wave in
the perilymphatic fluid inside the scala vestibuli which is transferred to the basilar mem-
brane. Von Bekesy in his Nobel Lecture, in the 1960s, was the first to introduce the

Figure 1.
Showing the anatomy of the cochlea as seen in a mid-modiolar view in a micro-CT image of the temporal bone.
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concept of this cochlear traveling wave along the basilar membrane. The maximum
vibration amplitude of this wave along the basilar membrane is located in a different place
according to the stimulus frequency, resulting in an increased sensitivity of that place in
the basilar membrane to that special frequency. The frequency to which the basilar
membrane shows the most sensitivity is called the characteristic frequency [2-4].

The physical properties of the basilar membrane and the cochlear fluids determine
the characteristic frequencies along the basilar membrane. Although the cochlear
structure maintains relatively the same along the length of the cochlea, there are three
changes to its physical properties. First, the cochlear lumen decreases from the base
toward the apex. Second, the basilar membrane mass is higher in the base in compared
to the apex due to the increased number and size of the supporting cells. Third, the
basilar membrane is stiffer by about 100-fold at the base in compared to the apex.
These changes in the physical properties of the basilar membrane result in a change of
the amplitude of the cochlear traveling wave. The wave increases in amplitude while
traveling from the base toward the apex, till it reaches the place of the maximum
amplitude, beyond which it declines. The place of the maximum amplitude is depen-
dent on the characteristic frequency for that place resulting in a spatial cochlear
frequency map. This spatial frequency sensitivity map is what is referred to as the
cochlear tonotopicity (Figure 2) [5].

The characteristic frequency of each place on the cochlea can be calculated using
an equation introduced by Greenwood. In this equation, the input is the vibratory
length of the basilar membrane containing the sensory organ of corti [6].

The standard of preoperative evaluation of cochlear implant patients have been either
computed tomography (CT), magnetic resonance imaging (MRI), or both for decades
now. However, both these imaging techniques lack the spatial resolution needed to
visualize the basilar membrane which is needed for the Greenwood frequency eq. [7].

Since the actual measurement of the length of the organ of corti is not feasible
during the routine imaging, an estimate is made through a number of steps. The organ
of corti on the basilar membrane runs closer to the lateral bony wall of the cochlea.

Lateral Wall

Figure 2.
Hllustrating the location of the spiral ganglion, the ovgan of corti, and the lateral wall as would be seen in a micro-
CT image.
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Although the lateral bony wall of the cochlea does not contain any special hearing
structures, it is of utmost clinical importance. This is because it is easily observed via
the routinely performed CT imaging studies that are performed for the evaluation of
cochlear implantation patients. Hence, its length has been used as an estimate to the
length of the basilar membrane.

2.2 Helicotrema

The helicotrema is the most apical part of the cochlea that lacks basilar membrane.
It starts where the scala tympani and the scala vestibuli merge, to the apical end of the
cochlear bony wall [8, 9].

An accurate measurement of the basilar membrane length is a prerequisite for
anatomy-based programming calculations. The lack of visible boundaries in the end point
of the cochlear apex using routine high-resolution CT resulted in an inaccurate estimation
of the length of the basilar membrane. Furthermore, the total cochlear rotation is highly
variable in the apex, resulting in an additional inaccuracy in the cochlear duct length
(CDL) measurement modeling techniques [10-12].

Using synchrotron radiation phase-contrast imaging, the length of the basilar
membrane has been found to be highly correlated to the bony cochlear duct length
using the following equation:

Basilar membrane length = 0.88(CDLyyp) + 3.71.

Helicotrema

Basilar Memb
Organ of Corti

Figure 3.

Illustrating the location of the hook region and the helicotrema in the cochlea. The hook region is the part of the
basilar membrane starting before the midpoint of the round window which is the anatomical part that is easily
seen in a high-vesolution CT. The helicotrema is the part of the cochlear length that lacks basilar membrane
structure.
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where CDLyyp refers to the length of CDL to the tip of the bony wall of the cochlea.
The use of this correction can help in a more accurate measurement of the basilar
membrane [13].

2.3 Hook region

The hook region is the most basal part of the cochlear bony canal, which forms a
curvature beyond the level of the round window [14, 15].

The basilar membrane continues in the hook region of the cochlea. This means that
for a more accurate calculation of the place-related tonotopic representation, the
length of the hook region needs to be considered and corrected. Furthermore, the
connective dendrites in the hook region follow a nonradial trajectory from the basilar
membrane to the spiral ganglion, which needs to be considered in evaluating the spiral
ganglion tonotopic map.

Using synchrotron radiation phase-contrast imaging, an addition of a 2.5 mm as an
average of the hook region length can improve the accuracy of the basilar membrane
measurement (Figure 3) [16].

3. Mechanisms of hearing
3.1 Pitch perception

The pitch of a sound is the subjective perception of that sound on a musical scale
[17]. The perception of sound pitch is believed to be determined through two func-
tions: the spatial and temporal cues of the sound. The spatial cues of the sounds are
elicited by the place where the peak of electrical stimulation is located in the tonotopic
map of the cochlea.

The temporal cues are determined by the precise timing of the action potentials at
a certain phase within the cycle of the sound tone, resulting in a specific time interval
between the action potentials [18]. The temporal cues have been found to be more of
importance in the lower frequencies, after which becoming difficult to detect experi-
mentally, in a phenomenon called phase locking. The level of phase locking has been
found to be at about 1-2 kHz depending on the species.

The electrical hearing in cochlear implanted recipients would result in a better
synchronization compared to the acoustic hearing, which might suggest a more reli-
able pitch perception with temporal cues [19, 20].

However, in cochlear implant recipients, 300 Hz was found to be the upper
boundary of temporal cue function in pitch perception. It needs to be mentioned that
the inability to discriminate temporal cues does not necessarily mean that the tempo-
ral information is not processed, as the physiological psychophysiacl studies shown
detection of temporal fluctuations as high as 4 kHz [21-23]. This upper limit can affect
the ability of CI recipients to recognize melodies and musical intervals and their ability
to detect minor changes in frequencies using temporal cues which is present in normal
hearing cochlea till up to 4-5 kHz [24-26].

The use of functional MRI in more recent studies have been used in a try to shade
more light on the understanding of pitch perception in human, specially that the invasive
nature of phase lock measurement has prevented its actual measurement in human. This
area however yet needs further study since no consensus has been reached on the
tonotopic organization of the auditory brain areas [27-31].
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4. Calculation of characteristic frequency
4.1 Calculation of characteristic frequency and anatomy-based frequency allocation

There are mainly two widely known methods to calculate the characteristic
frequencies, based on the tonotopic map of the two most probable areas where the
electrical stimulus first picked up along the sensorineural elements of the cochlea. First
is the Greenwood’s function that estimates the characteristic frequencies along the organ
of corti. The second is the Stakhovskaya frequency map for the spiral ganglion [32].

Greeenwood equation is a near-logarithmic function relating the frequency to the
relative position of the area being studied within the whole length of the organ of
corti. The equation is as follows:

§=165.4 (10*™ — 0.88)

where f is the characteristic frequency of the area of interest and x is fractional
length of the area or interest along the OC:

X = [CDLoe — CDLoe(0)]/CDLoc

Measuring the length of the organ of corti, which is needed for the Greenwood
equation, is still a matter of study. To estimate this length for a CI recipient, a CT
image is usually used. The CT image can show the bony boundaries of the cochlea. The
use of CT image for this estimation results in a number of inaccuracies. First, the OC is
not exactly located in the lateral bony wall, but rather more medially. To overcome
this inaccuracy, Alexiades has proposed an equation to correct for the medial position
of the OC in relation to the lateral cochlear bony wall as follows:

CDLoc = [1.71* [1*1 £ 18% (Acc) +2: 697 (Boe) — \/0.72*A0C*B0c)] +0:18

where value A, is corrected length of the OC for the linear measurement from the
round window to the furthest lateral wall on the opposite side of the basal turn of the
cochlea, and value B, is corrected length of the OC for the linear measurement
perpendicular to the cochlear opposite lateral walls’ diameter.

The second inaccuracy is due to the fact that the cochlear parameters used to
measure the CDL use the visible anatomy of the midpoint of the round window as the
start point for measurement. This start point disregards the presence of the OC in the
hook region, beyond the round window. Recent sychotron imaging-based anatomical
studies suggest adding a correction factor of 2.5 mm to the OC length as the mean of
hook region length [16]. Although there is a variability in the cochlear height, the
effect of this variability on the CDL is still poorly studied, which can be another source
of inaccurate CDL estimation [33-35].

Stakhovskaya map, which is the second method to calculate the characteristic
frequencies, was driven from the radial trajectory of the organ of corti Greenwood
map. This map suggests a constant frequency map according to the angle of the place
in the cochlea to be studied with disregard to the anatomical variations in the CDL,
OC, and SG lengths. In forming of Stakhovskaya map, two-dimensional cochlear
views were used that might not perfectly represent the three-dimensional reality of
the cochlea. Furthermore, the relation of the OC and SG does not continue as perfect
radial trajectories since the length of the OC continues beyond the level where the SG

6



Anatomy-Based Programming
DOI: http://dx.doi.org/10.5772/intechopen.111775

Dendrites of the
Radial Nerve F?ers

Spiral Ganglion
Modiols

Figure 4.

Stakhovskaya calculated the spiral ganglion tonotopicity map as a function of basilar membrane tonotopicity map,
by correlating the length of line A, representing the spival ganglion length, in relation to line B, representing the
basilar membrane length.

length ends, making the more apical areas of the SG highly condensed with OC
representing dendrites (Figure 4).

Using the 3D synchrotron radiation phase-contrast imaging, the spiral ganglion
angle-frequency function can be calculated using the following equation:

£ = 2(-0126+160/12)
where 6 stands for the angular depth, measured from the center of the RW.
These measures were not observed to significantly differ from that of Stakhovskaya

frequency map [36]. The spiral ganglion tonotopicity is highly compacted at its apex,
which makes it extremely difficult to selectively excite low-frequency neurons.

4.2 Calculation of the frequency-to-place mismatch

The amount of the frequency-to-place mismatch is calculated by determining the
difference in the frequency presented by each electrode contact and the characteristic
frequency of the place where this electrode contact is located.

4.3 Determinants of frequency-to-place mismatch

Frequency-to-place mismatch happens when the electrode presents a frequency
stimulus to a place in the cochlea that does not match the frequency to which that
place shows the highest sensitivity to.
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This discrepancy is due to the relative misplacement of two places with same frequency
to each other, namely the place of the electrode contact that is programmed to stimulate a
specific frequency and the place in the cochlea with that same characteristic frequency.

After surgical placing of the electrode contact, the place of the electrode contact is
determined and to match the frequency-to-place, the fitting of the electrode contact
can be changed to adjust to the characteristic frequency of the cochlea where the
contact is located.

Using a default frequency map for all patients has shown to result in a significant
mismatch.

The first determinant of the mismatch is the length of the electrode. The current
electrode designs have different active stimulating ranges in which the contacts are
located. The Greenwood equation takes into consideration the location of the electrode
contacts to calculate the characteristic frequency of that place. Given the same default
map for all designs, the different lengths of the electrode arrays result in different
insertion depth with full insertion, and therefore in different characteristic frequencies
they face, which in turn results in different extent of mismatch (Figure 5) [37].

The second determinant of the mismatch is the cochlear duct length, which is the
other variable in the Greenwood equation. There is a vast variability in the cochlear
duct length in normal population that ranges from 19.71 to 45.6 mm. To add more to
this complexity, there are a large number of cochlear implant recipients who have
cochlear anomalies that can affect the cochlear duct length (Figure 6) [32, 35, 38, 39].

Short Electrode Array ® 0 ° ) 73 3
[ | I -
Long Electrode Array ® O e © o )
| Im -
Figure 5.

The effect of the electrode length on the magnitude of the mismatch, illustrated as dashed black line, when default
frequency mapping is used.

Longer CDL €] (0] L ®
r
Shorter CDL [ ) O ® 'iD
[
Figure 6.

The effect of the cochlear duct length (CDL) on the magnitude of the mismatch, illustrated as dashed black line,
when default frequency mapping is used.

Shallow Electrode Insertion ® [0) 0]

II l-l +---

Deep Electrode Insertion ® 3 F F F

Figure 7.
The effect of the degree of insertion on the magnitude of the mismatch, illustrated as dashed black line, when
default frequency mapping is used.
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The last determinant is the surgical position of the electrode array according to the
depth of insertion (Figure 7).

5. The importance of frequency-to-place mismatch

As discussed in the previous section, the impact of frequency-to-place mismatch is
still under study. However, theoretically there are special scenarios where the
frequency-to-place mismatch is theorized to be of more importance.

One of them is in the patients who have any sort of hearing memory, where they
have had acoustic hearing that was lost afterward. This category includes a large
portion of implanted patients with various etiologies that can either be a progressive
hearing loss, presbycusis, sudden sensorineural hearing loss or patients who lost their
hearing after temporal bone trauma or ontological surgery. It is assumed that these
patients would remember the characteristic frequency of each location in their cochlea
and would compare the electric hearing to their memory of the acoustic hearing.

Normal contralateral car tonotopicity. I EH Il = ..

Electrode array with 9
seoitmap. |80 .*3-3 | - —

Electrode array with [
anatomy-based map.

L L ® i 9)

Figure 8.
The difference between default and anatomy-based map in a case of single sided deafness.

Assymetric insertion
depth with default map. -. +'-'_

e o o 0 >
Assymetric insertion .

depth with anatomy- r _ - g
—— ‘ %O | °+

Figure 9.
The difference between default and anatomy-based map in a case with asymmetrical insertion depth.
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Anatomy-based programming was found to be associated with a better auditory
outcome in postlingual adults [40].

The second category are patients with single-sided hearing, even if they do not
have any hearing memory in the deafened ear, and these patients could compare the
hearing in the implanted ear to the hearing in the contralateral normal ear with the
normal tonotopicity. And it has been shown that patients with single sided deafness
(SSD) have a high rate of nonuse and not all will cope to the use of CI (Figure 8).

The third category are patients with bilateral CI who have different insertion
depth, different electrode lengths, or different cochlear duct length in the two
cochleae. Giving an anatomy-based fitting to these patients would result in a more
balanced and symmetrical hearing and is theorized to have a more acceptable presen-
tation to the brain (Figure 9).

6. The clinical impact of frequency-to-place mismatch

Considering the three determinants of the frequency-to-place mismatch, the effect
of each of these determinants on the auditory and speech outcomes can be considered
as an indirect effect of a better frequency-to-place matching.

Numerous articles have shown a better outcome with longer electrodes and deeper
insertion including speech recognition scores. The studies also showed that these
superior auditory outcomes appear in the early post-activation period and were
sustained in long-term use [41-48]. Patients with single-sided deafness showed
improved head shadow benefits as well as better spatial release of masking with a
better frequency-to-place matching [49]. Better auditory outcomes have been found
in association with a better frequency-to-place matching in elderly adults, which may
be of particular benefit to them considering the age-related deficit in the auditory
processing [40].

7. Areas to explore

There is still unclear where the site of stimulation is in the cochlea, weather it is the
organ of corti, the spiral ganglion, a combination of both, or even somewhere else.

While the organ of corti continues till the level of the helicotrema in the apical
turn, the spiral ganglion does not go further than half of the second turn. Argue can be
made weather there is a need for a deeper cochlear insertion and longer electrodes to
cover all the length of the OC or is it enough that we reach up to the level where the
SG ends. And although the OC course and length is more predictable using the routine
CT imaging, the SG has an unpredictable and steep and condense tonotopic presenta-
tion at its more apical end and would be extremely difficult to achieve a proper
frequency-to-place matching at that area (Figure 10).

The other consideration for a perfect frequency-to-place matching is the fact that
to achieve that, we are losing some of the low-frequency perception that is not
covered with the electrode in the OC mapping specially. This area of noncoverage will
be more with shorter electrodes. However, it needs to be considered that the normal
hearing covers up to 20 Hz as the lower frequency limit, and the effect of covering this
low level of frequency with cochlear implant is not supposed to be high in speech
perception and intelligibility [50]. Future studies on the site of the first stimulus
generation are needed to shade light on this matter (Figure 11).
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Figure 10.
The difference between the frequency-to-place mismatch using the organ of corti map in compared to the spiral
ganglion map.
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Figure 11.
The difference between default and a perfect anatomy-based map in the ability to cover the lower frequencies.

8. Conclusion

A default frequency fitting results in a wide variability of frequency-to-place
mismatch. The variability of the magnitude of the frequency-to-place mismatch is
dependent on the degree of insertion, length of the electrode, and the cochlear duct
length. The anatomy-based fitting provides a personalized frequency map for the CI
users that aim to better imitate the tonotopocity of the normal cochlea. The current
evidence suggests that anatomy-based fitting can enhance the CI user benefit.
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