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Abstract

Hypothesis—Electrode-to-modiolus distance is correlated with clinically-programmed
stimulation levels.

Background—Conventional wisdom has long supposed a significant relationship between
cochlear implant (CI) stimulation levels and electrode-to-modiolus distance; however, to date, no
such formal investigation has been completed. Thus the purpose of this project was to investigate
the relationship between stimulation levels and electrode-to-modiolus distance. A strong
correlation between the two would suggest that stimulation levels might be used to estimate
electrode-to-modiolus geometry.

Methods—Electrode-to-modiolus distance was determined via CT imaging using validated ClI
position analysis software in 137 implanted ears from the three manufacturers holding FDA
approval in the United States. Analysis included 2,365 total electrodes, with 1,472 from pre-
curved arrays. Distances were compared to clinically-programmed C/M levels which were
converted to charge units.

Results—Mean modiolar distance with perimodiolar and lateral wall electrodes was 0.47 mm
and 1.15 mm, respectively. Mean suprathreshold charge values were significantly different

between each manufacturer. When combining all data, we found a moderate positive correlation (r

=0.367, p <0.01) that was driven both by the different charge values across companies, and that
the company with the highest mean charge values only offers straight electrode arrays. When
grouped by electrode type, however, we found a weak correlation (r = 0.12, p <0.01) for
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perimodiolar array electrodes only. When considering a single array type from any one
manufacturer, only one was observed where distance mildly predicted charge.

Conclusion—Our results suggest that electrode distance minimally contributes to the current
level required for suprathreshold stimulation.

Cochlear implant electrode arrays are in a constant state of evolution. From the number of
electrodes, to the length and shape of the arrays, various designs are currently implemented
across and within implant manufacturers. Cochlear implant teams are tasked with making a
decision as to which electrode style will be best suited for a given patient. One variable to
consider is whether to select a pre-curved electrode array or a straight array. Two of the
three implant manufacturers holding FDA approval in the United States currently offer both
pre-curved and straight electrode arrays. Early cochlear implant designs utilized straight
arrays, while pre-curved arrays were approved in the United States in the late 1990’s.

Shepherd et al. (1) measured electrically-evoked auditory brainstem responses (EABR) in
cats with the electrode array in four positions — with the two extreme positions including a
lateral wall placement and a modiolar hugging placement. They reported that EABR
thresholds decreased significantly as the array was positioned progressively closer to the
modiolus in 9 of the 10 cats in this sample. Growth rates of the EABR function were also
steeper when arrays were positioned along the lateral wall. A number of early human studies
also confirmed that so-called perimodiolar electrode array designs resulted in reduced
electrode-to-modiolus distances and lower programmed threshold and comfortable levels
than comparable arrays designed for lateral wall placement (2-3). Balkany et al. (4)
measured modiolar proximity in perimodiolar electrode arrays from all three FDA approved
manufacturers in 15 adult human temporal bones using videofluoroscopic imaging and
computer morphometrics. They found that all three designs were effective at positioning
electrodes in close proximity to the modiolus, with average distance across all three array
designs being < 0.5 mm. Thus there is no doubt that pre-curved designs are effective in
positioning electrodes in a perimodiolar orientation, as designed.

The majority of current literature evaluating effects of charge on array type reports that
perimodiolar placements result in reduced charge for equivalent stimulation at threshold and
at suprathreshold comfort levels (3, 5-6) and lower EABR thresholds (7-8). There are,
however, a few published studies that have reported contrasting results. Hughes & Abbas (9)
evaluated behavioral thresholds in ten adult Nucleus 24 recipients, half of which received a
straight array while the other five received the perimodiolar Contour array. They found no
significant difference in behavioral threshold between the two electrode types. While a fairly
small sample size was used in this study, these findings (9) call into question the extent to
which charge levels can be predicted by modiolar proximity and/or electrode types. Van
Weert et al. (10) compared intra-operatively-obtained electrically evoked compound action
potential (ECAP) data in 14 subjects with a perimodiolar electrode array before and after the
surgical stylet was removed. No significant difference was found in ECAP responses before
and after the stylet was removed.

Studies evaluating relationships between electrode type and an objective neural response
(e.g. eSRT, EABR, ECAP, etc.) are certainly of value as they can demonstrate how modiolar
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proximity relates to neural stimulation. Indeed, the majority of studies show that decreased
modiolar distance results in increased neural responses for the same stimulation. However,
electrophysiological measures such as EABR and ECAP do not necessarily correlate with
behavioral threshold or comfort levels. Several studies have evaluated the relationship
between eSRT, EABR, and ECAP and behavioral threshold and comfort levels (11-13) and
found that ECAP threshold data were highly variable and tended to underpredict behavioral
comfort levels. EABR was found to better predict behavioral threshold levels than comfort
levels.

Although there is consensus in the literature that perimodiolar electrode arrays are effective
in placing individual electrodes closer to the modiolus, it is unclear to what extent this
relationship holds across implant manufacturers. Also, there still remains some question as
to the influence of electrode array type (and by extension, modiolar distance) on behavioral
charge levels. Based on the findings that pre-curved arrays are associated with lower
behavioral threshold and comfort levels as well as EABR thresholds, it would not be
unreasonable to assume that modiolar distance is correlated with charge. But this
relationship has yet to be explicitly reported in the literature. Thus the primary goal of this
study was to directly measure electrode-to-modiolar distance and compare to charge levels
in a large sample of all three FDA approved manufacturers and several electrode types. Our
hypothesis was that electrode-to-modiolus distance would be positively correlated with
charge units calculated from clinically programmed stimulation levels.

Subject information is provided in Table 1. Analysis was conducted on 137 implanted ears.
80 subjects (58%) received Cochlear brand electrodes, 27 had Advanced Bionics devices
(20%), and 30 ears were implanted with MED-EL devices (22%). Seventy-three arrays
(53%) in this study were pre-curved, which encompasses all designs not intended to be
positioned along the lateral wall. For example, Advanced Bionics produces both the helix
and mid-scala array. The helix and mid-scala are shown in Table 1 and for analysis purposes
here, both were characterized as pre-curved. One subject received a Cll HiFocus device with
positioner and was included in this precurved group, as well. Balkany and colleagues (4)
showed that this device achieved modiolar proximity in line with other perimodiolar array
designs. There were no efforts to specifically recruit subjects with a specific electrode type
or manufacturer. A total of 2,375 electrodes were initially analyzed for this study. However,
10 electrodes were rejected as they were determined to be extracochlear. After discarding
those 10 electrodes, 2,365 electrodes remained for analysis. Many subjects came to
Vanderbilt from other cities and were implanted in other centers.

Distance Calculation

Methods for calculating electrode-to-modiolar distance are explained in detail in two
previous studies (14-15). Briefly, pre- and post-implantation CT scans were processed using
a Cl image analysis software suite developed by Noble et al. to identify the location of
individual electrodes relative to the modiolar wall. CT scan analysis consists of three steps:
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(i) the electrodes are first localized in post-implantation CT using the previously reported
techniques (15), (ii) the modiolus is accurately localized in the pre-implantation CT where
there are no implant related artifacts distorting the cochlea using the automated processing
techniques (14), and (iii) the two CTs are aligned so that the location of the electrodes can
be quantified relative to the modiolus. This approach for quantifying electrode position has
been validated in a histological study (16). An example result of this process is shown in
Figure 1. Once the electrodes and modiolus are localized, the distance from each electrode
to the closest point on the modiolar wall is computed.

Charge Calculation

Results

Currently, two implant manufacturers (Advanced Bionics and Cochlear) do not directly
report charge levels in the programming software. Rather, the value shown is in clinical
units/levels. The third company (MED-EL) provides charge level information in the
programming software. Since the reported values in the programming software vary from
company to company, clinical programming units for Advanced Bionics and Cochlear were
converted to charge [nanoCoulombs (nC)] using formulas provided by the manufacturers, as
shown in Table 2. Clinical C/M levels were collected from each subject’s clinical MAPs that
were routinely used when they enrolled in the study. No modifications or measurements
were made to any clinical MAPs as part of this study.

All protocols were approved by the Vanderbilt University Institutional Review Board (IRB#
090155).

All Electrodes Combined

Array Type

A total of 2,365 electrodes were analyzed from 137 implanted ears. Combining all
electrodes of both array types across all three manufacturers, there was a moderate,
significant correlation between charge and distance (Pearson r = .367, p < 0.001). We are
using Cohen’s operational definitions for determining correlations strength (17).The mean
electrode-to-modiolus distance was .729 mm (sd = .45), and the mean charge was 14.258 nC
(sd = 7.45). Correlations for all electrode and manufacturer groups are shown in Table 3.

Separating the data into two general electrode types, straight and pre-curved, yielded groups
of 893 and 1,472 electrodes respectively. Although the number of straight vs pre-curved
arrays in this sample were very similar, there were many more electrodes on pre-curved
arrays in this analysis given the high number of pre-curved arrays from Cochlear which has
22 intracochlear electrodes as compared to 16 and 12 for Advanced Bionics and MED-EL,
respectively. The combined pre-curved group contains electrodes from both Cochlear and
Advanced Bionics. A total of 1,349 electrodes on 65 Cochlear arrays were analyzed. Of
these, 52 were CI24RE (Contour Advance) and the remaining 13 were CI512 arrays. Mean
distance and charge for the Cochlear pre-curved arrays was .511 mm (sd = .45; range: 0.1 —
1.68) and 11.43 nC (sd = 5.14; range: 2.43 — 36.33). There was a small but significant
correlation between distance and charge for the Cochlear pre-curved array electrodes (n=
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1,349; r= 0.118, p<0.001). There were 123 electrodes on 8 pre-curved arrays from Advanced
Bionics in this study and the arrays were primarily helix (n=4) and mid-scala (n= 3). One
Clarion CII HiFocus array with positioner was also included in the analysis. Mean distance
and charge for the Advanced Bionics pre-curved array electrodes was 0.601 mm (sd = .31;
range: .02 — 1.40) and 15.93 nC (sd = 5.14; range: 6.64 — 27.34). There was no observed
correlation between charge and distance for Advanced Bionics pre-curved array electrodes
(r=-0.018, p = 0.85). However, a small but highly significant positive correlation was found
between charge and distance when combining pre-curved electrode arrays from both
Cochlear and Advanced Bionics (n=1,472; r= 0.117, p<0.001).

All three manufacturers are represented in the straight array-only analysis. Advanced
Bionics was represented by 271 electrodes on 19 electrode arrays. All straight arrays from
Advanced Bionics were 1j. Mean distance and charge estimates were 1.077 mm (sd = .26;
range: 0.38 — 1.77) and 18.11 nC (sd = 6.99; range: 3.75 — 43.36), respectively. Straight
arrays from Cochlear included 288 electrodes from 15 implanted ears. Eleven were Cl422,
and 4 were CI24RE(ST) arrays. Mean distance and charge for the Cochlear straight array
electrodes was 1.175 mm (sd = .32; range: 0.17 — 2.06) and 12.27 nC (sd = 5.13; range: 6.81
— 31.61), respectively. The entirety of the MED-EL electrodes in this study are included in
this portion of the analysis given that MED-EL only offers straight electrode arrays. Four
MED-EL electrode types were included (Flex28 = 15, Flex24 = 3, Standard = 10, Medium =
2). In all, 334 electrodes from 30 arrays from MED-EL were included in the analysis. Mean
distance and charge for MED-EL electrodes was 1.201 mm (sd= 0.28; range: 0.04 — 2.02)
and 23.64 nC (sd= 8.82; range: 8.93 — 76.50), respectively. Altogether, 893 electrodes on
straight arrays are included here. The correlation for the combined straight array electrodes
(n=893, r = 0.07, p = 0.037) did not meet Cohen’s (17) criteria for a small correlation (r =
0.10-0.29) so although it reached statistical significance, it is not considered to be
meaningful in this context. None of the three manufacturer-specific correlation analyses for
straight array electrodes were significant on their own.

Manufacturer

Looking just at Advanced Bionics electrode arrays and combining straight and pre-curved,
394 total electrodes were compared. A small, but significant correlation was found between
charge and distance (r = 0.141, p = 0.005). Advanced Bionics produces two pre-curved
arrays with different intended scalar locations. The helix electrode is intended to be
modiolar-hugging, while the mid-scala is intended to rest approximately in the center of the
scala tympani. Although the sample size of each array is small in this study, a post-hoc t-test
found that the electrode-to-modiolar distance not significantly differ for the helix and mid-
scala electrodes (p = .765).

Electrodes from Cochlear comprised 69% of the total data set and 81% of these arrays were
pre-curved. Combining both array types, a small but significant correlation was observed (r=
0.106, p < 0.001). The correlation for the combined array types was essentially the same as
for pre-curved arrays alone. Again, no significant correlation was observed for MED-EL
electrodes which are all straight in design.
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Distance data are shown for all electrode array types and manufacturers in Figure 2A. Mean
distance for pre-curved arrays (mean = 0.471 mm) was significantly smaller than straight
arrays (mean = 1.15 mm, t = 53.27, df = 2363, p < 0.0001). A one-way ANOVA for straight
electrode arrays showed a highly significant effect of manufacturer on both charge (F2 ggo =
15.130, p<0.001) and distance (F» ggp = 191.137, p<0.001). Post-hoc Tukey HSD tests found
distances were significantly lower for Advanced Bionics straight array electrodes than either
of the other manufacturers (p< 0.01), and Cochlear and MED-EL were not significantly
different from each other (p = 0.50). For pre-curved arrays, an unpaired t-test found
Advanced Bionics arrays were significantly further from the modiolus, on average, than
Cochlear pre-curved arrays (p<0.001).

Charge data for each array type and manufacturer are shown in Figure 2B. Charge varied
significantly within a manufacturer and across manufacturers. Because of the large sample
of Cochlear arrays, a small difference in mean charge between straight and pre-curved array
electrodes was found to be significant (mean difference = 0.84 nC, p = 0.006). Advanced
Bionics straight array electrodes were associated with significantly higher charge than pre-
curved array electrodes (mean difference = 2.18 nC, p = 0.002). Highly significant
differences were observed between manufacturers (p < 0.001). Five outliers from MED-EL
straight array electrodes were removed from Figure 2B but are shown in Figure 3E.

Discussion

The results of this study show that pre-curved arrays from both manufacturers tend to have
significantly reduced electrode-to-modiolar distances compared to straight arrays. This
finding is in agreement with several previous studies (2—4). To quantify or estimate
differences in electrode-to-modiolus distance, previous studies have largely relied on either
histology (2,4) or surrogate in-situ measures such as EABR (8) or ECAP (10) which do not
directly measure distance. Studies using surrogate markers of electrode-to-modiolus distance
have suggested that pre-curved arrays—and the presumed reduced distance to the modiolus
—yield lower EABR thresholds. Our results confirm that pre-curved arrays were positioned
closer to the modiolus and were associated with lower charge levels. However, significant
correlations between distance and charge were not observed for straight arrays alone. When
evaluating pre-curved arrays in isolation, only Cochlear arrays demonstrated such a
correlation, though it was rather small (r =.12) When electrodes were combined across
manufacturers, other correlations emerged, which are due, in part, to systematic differences
in charge requirements across companies.

In a typical clinical setting, behavioral comfort levels are programmed for each patient and
for each active electrode. These settings are known as “C” levels for Cochlear, and “M”
levels for Advanced Bionics and MED-EL. Manufacturers have slightly different
recommended criteria for patient instruction during C/M level programming. For example,
Cochlear instructs that C levels should be set at the level for which the patient perceives a
stimulus as “loud but comfortable,” while MED-EL instructs that M levels should be set to
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the patient’s upper limit of comfort. Indeed, charge levels for MED-EL electrodes were the
highest of any group in this study. Mean manufacturer charge levels in this study for
Advanced Bionics and MED-EL were very similar to previously reported charge levels (18),
while mean Cochlear charge levels were lower in this study.

Scatter plots of all data are shown in Figure 3. It is evident from these figures that distance is
generally a poor predictor of clinically-programmed C/M levels for any particular electrode
array manufacturer and type. Even when nearly 1,400 electrodes from a single manufacturer
were compiled, only a small correlation was observed (r = 0.12). It is further evident from
the scatter plots that for a given charge, electrode geometry can vary from essentially 0.1
mm to as much as 2.0 mm—which is nearly the entire possible range of distances expected
for intracochlear electrodes. Pre-curved array electrodes from Cochlear were, on average,
closest to the modiolus and needed the lowest charge for C/M level stimulation. MED-EL
array electrodes were, on average, the furthest from the modiolus and required the greatest
charge. These two groups together drive the overall moderate correlation of the full data set.
When only these two groups of arrays are combined, the observed correlation increases (r =
0.486).

The correlations observed when grouping electrodes across manufacturers should therefore
be interpreted carefully. Distance does not predict charge for any group of straight electrode
arrays. Only pre-curved arrays from Cochlear showed a small but significant correlation
between distance and charge. The combined straight and pre-curved array comparison of
Cochlear arrays showed a significant correlation but was weakened slightly by the addition
of the straight arrays, compared to the pre-curved arrays alone. In contrast, for the combined
group of Advanced Bionics arrays, the small but significant correlation (r = 0.14) is likely
due to the greater range of charge in the straight array group which had significantly greater
mean distance. This finding is more in line with conventional thinking since neither the
straight nor pre-curved groups showed significant correlations on their own, but when
combined a trend emerged. Given the relatively weak or absent correlations observed for a
given electrode type, clinically-programmed charge levels should be taken only as a limited
resource in estimating electrode-to-modiolus geometry.

There are notable differences between this study and previous reports of a significant
relationship between distance and charge. Saunders et al. (2002) reported that C levels were
12 CL lower for pre-curved arrays, and that comfort levels were predictive of radial distance
in 10/18 participants with Nucleus Contour electrode arrays. However, a relationship was
not reported for straight electrode arrays in that study and only one manufacturer was
included. While Parkinson et al. (2002) reported a significant reduction in C levels for
Contour arrays compared to straight CI124M, electrode to modiolus distances were not
evaluated. Neither study included a large sample of straight and pre-curved arrays from all
three manufacturers, or used a precise measure, if any, of electrode to modiolus distance.
Shepherd et al. (1993) used a precise measurement of electrode position in the scala tympani
of cats. They reported a significant relationship between distance and charge, but only for
threshold values. It is important to note that many of the previously cited reports of a
significant relationship between electrode to modiolus distance and charge levels evaluated
behavioral threshold levels and EABR thresholds, rather than comfort levels. It remains
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unclear to what extent threshold and comfort levels may be differentially affected by
electrode distance. Clinically programmed threshold levels were not considered in this study
as such values are not routinely obtained in the clinic for two of the three included
manufacturers.

In addition to electrode to modiolus distance, there are several other possible variables that
may contribute to the electrical current needed to stimulate neural structures. These variables
include the density of surviving spiral ganglion cells, fibrous tissue growth around the
electrodes, and bone impedances. In addition to these physiological variables, variability in
the clinical assessment of suprathreshold levels may also contribute to the weak relationship
observed here between distance and charge. It is possible that some of these variables may
have contributed to the generally weak relationship observed in this study between charge
and distance. We hope to continue this line of research and assess to what extent threshold
charge values may predict distance, as well as how electrode distance and other electrode
and demographic variables may predict various clinical outcomes.

Conclusion

This study measured distances between implanted electrodes and the modiolar surface and
compared these values to behavioral C/M levels. Straight electrode arrays showed no
significant correlation between distance and charge. Pre-curved arrays from one company
and the combined array designs from each of two companies showed a small but highly
significant correlation between distance and charge. Observed correlations when combining
electrode arrays from multiple manufacturers were likely driven, in part, by systematic
differences in charge levels across companies. When considering only a single array type
from one manufacturer, only one instance was observed where distance mildly predicted
charge.
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Figure 1.
Example image analysis result showing position of electrode array relative to modiolus

(green) extracted from CT images.
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Figure2.

(A) Electrode to modiolar surface distances are shown for each array type and manufacturer.
(B) Charge values (converted from C/M levels) are shown for each array type and
manufacturer. Horizontal lines are median values, boxes represent 25M and 75! percentiles,
whiskers denote 5" and 95t percentiles, and dots indicate outliers.
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Figure 3.

Scatter plots of distance and charge for each electrode array type and manufacturer.

Otol Neurotol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Davis et al.

Table 1

Number of implanted ears with each electrode type

Number of Ears
Cochlear
Straight
Cl422 11
CI24RE (ST) 4
Pre-Curved
CI512 13
Freedom CI24RE(CA) 52
SubTotal 80
Advanced Bionics
Straight
1 19
Pre-Curved
Mid-Scala 3
Helix 4
Cll HiFocus 1
SubTotal 27
MED-EL
Straight
Flex 28 15
Flex 24 3
Standard 10
Medium 2
SubTotal 30
Total 137
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Table 2

Formulasfor converting clinical unitsto charge

Advanced Bionics

Clinical unit/0.0128/1,000

Cochlear

(100 (clinical level/255) x 17 5 * (pulse width/1,000)
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Table 3

Correlations between electrode distance and charge (nC) for each electrode type and several other groupings.
Significant correlations (p < 0.05) are shown in bold. “C” denotes pre-curved arrays and “S” denotes straight
arrays.

Category n r P
Cochlear C 1349 118 <0.001
Cochlear S 288 0.030 613
All Cochlear 1637 .106 <0.001

Advanced Bionics C 123 | -0.018 .847

Advanced Bionics S 271 .090 0.141

All Advanced Bionics | 394 141 0.005

MED-EL 334 .058 0.289
AllC 1472 | 0.117 | <0.001
All' S 893 .070 0.037
Full 2365 .367 <0.001
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