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Abstract

Objective: Characterize differences in adult cochlear implant outcomes and programming
parameters for a straight (C1422/522) and a precurved (C1532) electrode array.

Setting: Cochlear implant (CI) program at a tertiary otologic center.

Patients: Fifty-eight adults were included in the study; 29 were implanted with C1422 or C1522
and 29 were implanted with C1532. Each C1532 recipient was matched to a C1422/522 recipient in
terms of age and preoperative hearing thresholds for comparison purposes.

Main Outcome Measures: Consonant-Nucleus-Consonant (CNC) words, AzBio sentences,
residual audiometric thresholds, and Speech Spatial Qualities (SSQ) questionnaire collected 6
months postoperatively were used to characterize outcomes. Pulse duration, maxima, impedances,
and overall charge measurements were used to characterize programming parameters.

Results: Postoperative unaided low frequency pure-tone average (LFPTA) was significantly
better for the C1532 group. CNC scores were significantly better for the C1532 group. Impedances
and pulse duration were significantly lower for the CI1532 group, but there was no difference in
overall charge between the groups.

Conclusion: The C1532 group showed either similar or statistically superior results on all
measures when compared with the C1422/522 suggesting that the CI1532 electrode may be an
advantageous substitute for the C1522.
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In adults with moderate to profound sensorineural hearing loss, cochlear implants (Cls)
improve communi-cation abilities following implantation; nevertheless, Cl recipients
continue to show high variability in outcomes (1-3). Many patient-specific factors are
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known to influ-ence audiologic outcomes such as duration of deafness, age at implantation,
preoperative hearing aid use, and preoperative hearing thresholds, however, these factors
account for less than 30% of the variability in patient outcomes (3-8). In addition to patient-
specific factors, factors associated with implant technology, surgical technique, and
placement of the device are also known to impact outcomes. These factors include electrode
design, intrascalar location, surgical approach, and atraumatic insertion technique (2,3,8—
15).

The two main types of electrode arrays, precurved and straight, have been designed for two
very different use cases. ldeal placement of precurved arrays results in closer proximity to
the modiolus and spiral ganglion cells. Closer proximity is thought to improve stimulation
specificity (16) and reduce charge required for upper stimulation levels (17-20). However,
several previous studies have shown that precurved electrodes are prone to scalar
translocation (Wanna et al. (21) reported 42%) and intracochlear trauma, which is not
conducive to structure, and subsequently, hearing preservation (15,21-24). Con-versely,
straight arrays are inserted into the cochlea and track along the lateral wall during insertion,
which reduces the frequency of scalar translocation and improves odds of hearing
preservation (15,23,24). However, the resting place of the straight electrode is further from
the spiral ganglion cells, potentially necessitating higher charge for upper stimulation levels
and lower channel specificity (17-19,25-29). Additionally, straight arrays may in theory be
more prone to variability in impedances due to a greater amount of fluid between the
electrode and the neural tissue and because bone has a higher resistivity than tissue. Overall,
precurved devices are thought to provide higher stimulation specificity (16) using lower
stimulation levels (18-20), which results in better speech recognition scores in the electric
only condition (3,19,30,31). However, there are studies which diverge with these findings
(32,33), which are largely focused on poorer hearing preservation and trauma inflicted by
previous generation precurved electrodes.

Atraumatic electrode insertion is of particular interest due to an increasing number of
patients with significant residual hearing pursuing CI (34). When low frequency hearing is
preserved, the addition of an acoustic compo-nent can be used present the low frequency
portion of a signal acoustically. When combined with the electrical stimulation from the
implant (Electric Acoustic Stimulation), higher levels of speech understanding in noise
(12,35) and improvement in music appreciation (36) are observed. Because straight
electrodes are associated with higher rates of acoustic hearing preservation (15,23,24),
patients with significant preoperative hearing are typically implanted with straight arrays.
This general practice has resulted in a lack of hearing preservation outcome data with
precurved electrodes. As Fabie et al. (1) point out in their recent electrode array evaluation
study, there is a need for “future studies comparing hearing performance between array
designs to consider underlying preoperative auditory discrepancies among [electrode array]
groups,” which is a key motivator for the current study.

Cochlear Ltd. currently offers two precurved electrodes, the Nucleus C1512 electrode and
the Nucleus C1532 electrode, and one primary conventional length straight electrode, the
Nucleus slim straight array used in the Cl1422 and C1522. The C1512 and CI1532 differ in
their insertion technique; the CI512 uses an advanced off-stylet technique, while the C1532
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uses a sheath—based delivery system. Cochlear’s initial clinical trial found 100% of CI1532
electrodes maintained scala tympani placement (37). Postoperative CT scans from patients
implanted with C1532 at our center yielded similar results, which indicate much lower
translocation rates compared with previous studies of precurved devices (42% [21]). This
information suggests that the C1532 is less traumatic to the inner ear structures and thus
could offer the surgeon better opportunity to preserve acoustic hearing than traditional
precurved arrays, including the CI512.

In addition to electrode location, some previous studies have shown differences in
programming parameters between the C1512 and C1422/522 electrodes (17,18,27-29), while
others have not (28,30). For exam-ple, the default programming parameters are different for
the two devices; the C1422/522 device defaults to a pulse duration of 37 ps per phase and the
CI532 and 512 devices default to a pulse duration of 25 us per phase. Due to the inherent
limitations of the present system, patients that require wider pulse durations are unable to
take advantage of the highest maxima settings, which have been preliminarily shown to
provide an average 12-percentage point improvement for sentence recognition in noise (16).
A better understanding of how electrode type affects these programming parameters and
subsequent patient outcomes is necessary when choosing the best device for an individual.

The current study aims to compare a newer generation precurved electrode, C1532, with a
straight electrode, C1422/522. A single manufacturer was chosen to limit the impact of
signal processing as a confounding variable. CI532 recipients were matched to C1422/522
recipients with respect to age and preoperative hearing thresholds. Outcomes measured
included acoustic hearing preservation, speech understanding, and programming parameters.
We hypothesized that in comparison to the Cl1422/522, the CI532 electrode array would
provide 1) compa-rable hearing preservation due to similar rates of scalar translocation, 2)
better speech understanding scores due to lower electrode to modiolus distance, and 3)
preferable programming parameters due to lower electrode to modiolus distance.

MATERIALS AND METHODS

Participants

Data were collected with Vanderbilt’s IRB approval in a prospective manner for all adults
undergoing implantation with the Cochlear Nucleus C1532 ClI electrode (n = 29, 17 men).
Eleven C1532 recipients were excluded from this study for the following reasons: non-
English speaking (1/11), less than 6 months of postoperative audiologic follow-up (7/11),
devel-opmental disability (1/11), stroke (1/11), and/or revision surgery (1/11). Included
participants were matched with adults who underwent CI with a Cochlear Nucleus
Cl422/522 Cl electrode (n = 29,12 Cl1422, 19 men) by retrospectively reviewing our
aggregate clinical database developed and maintained in conjunction with a National
Institute of Health (NIH) funded study (R01 DC13117). CI532 recipients were individually
matched with C1422/522 counterparts in age and preoperative hearing thresholds to create
similar groups for comparing the two electrodes.

Etiology of the participants’ hearing losses was variable. Patient report was used to
determine etiology when physician diagnosis was not present. The majority of the
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participant’s etiology was due to a progressive hearing loss of unknown cause (43/58),
followed by sudden sensorineural hearing loss (6/58), Meniere’s disease (5/58),
Labyrinthitis (2/58), Otosclerosis (1/58), and hereditary cause (1/58). All patients underwent
cochlear implantation through a standard mastoid-ectomy/facial recess approach and
electrode insertion via round window (RW), extended round window (ERW), or cochleos-
tomy (C). For the C1422/522 group the insertion approach was as follows: RW = 23, ERW =
3, and C = 3. For the CI532 group the insertion approach was as follows: RW = 18, ERW =
5C=6.

Audiologic Procedures

Each participant underwent postoperative evaluation and programming according to
Vanderbilt University Medical Center’s standard CI protocol as outlined below. Outcome
data including residual acoustic hearing thresholds, speech recognition scores, and
questionnaire data were prospectively collected. Additionally, programming software
parameters such as pulse duration, impedances, maxima, and datalogging were recorded and
analyzed retrospectively. Data were collected and managed using the Research Electronic
Data Capture (REDCap) secure data management tool (38).

Audiometric Thresholds—Pre and postoperative acoustic hearing thresholds were
obtained in a double-walled sound treated booth. For the purposes of characterizing hearing
preservation, the low frequency pure-tone average (LFPTA, average of 125, 250, and 500
Hz) was recorded for each participant preoperatively and 6 months postoperatively.

Speech Recognition—Speech recognition results reported herein follow the revised
Minimum Speech Test Battery (MSTB) for adult ClI recipients (39). Speech recognition
testing was completed in a double-walled sound treated booth with a presentation level of 60
dBA through a single loud speaker positioned at 0 degree azimuth approximately 1 m from
the listener. To ensure appropriate calibration, rooms were equipped with Larson Davis LXT
sound level meters positioned at the level of the patient’s head. For all materials, the
participant was instructed to repeat as much as possible and encouraged to guess when
necessary. Participants completed CNC word recognition (50 word list) (40) and AzBio
sentence recognition (20 sentence list) (41). Sentences were presented in quiet and +5 dB
signal-to-noise ratio (SNR). Scores were recorded as the percentage of words correctly
repeated. Our rationale for selecting +5 dB SNR for assessing candidacy criteria and
postoperative performance is based on the following: 1) patients’ most frequent complaint is
speech understanding in noise (42), 2) +5 dB is the most common SNR present in real-world
circumstances (43,44), and 3) our own clinical data and data reported by Mudery et al. (45)
show that listeners meeting candidacy criteria at +5 dB SNR demonstrate significant
improvement in quiet and noise following implantation (34).

Speech Spatial Qualities (SSQ)—The SSQ questionnaire assesses subjective hearing
abilities across three listening domains: speech understanding, spatial hearing, and overall
quality of speech using a visual analog scale ranging from 1 (poor) to 10 (perfect) (46). The
overall score, which is an average of these three subscales, was reported. Note that SSQ data
were only available for 28 out of the 58 participants.
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Programming Software Parameters

Pulse duration, maxima, and upper stimulation levels (clinical levels/c-levels) were recorded
for all participants from the program they were using 6 months post-activation. The
following formula was provided by Cochlear Ltd. and used to convert clinical levels to
charge per phase [nanocoulombs (nC)]:(100(clinicallevel = 255) x 17 5) x (pulsewith + 1000).
Additionally, impedance data were collected from the clinical software at the 1, 3, and 6
months post-activation time points on all active electrodes in the common ground mode to
measure variability across the electrode and over time.

Statistical Analysis

RESULTS

Independent-samples #tests were used to compare paramet-ric data between the two groups.
A mixed-effects general linear model was used to compare impedances between the two
groups over time. All statistical analyses were performed with SPSS (IBM, Armonk, NY).

Participant Matching

Age, preoperative LFPTA, preoperative CNC scores, and daily processor usage are reported
in Table 1. The average age for the C1422/522 and C1532 groups were 66.90 and 67.00
years, respectively. The average preoperative LFPTA was 84.54- and 83.62-dB HL for the
Cl422/522 and CI532 groups, respectively. The average preoperative CNC word score was
5.51 and 7.31% for the Cl422/522 and CI532 groups, respectively. Lastly, the average daily
usage reported in hours was 12.75 and 12.27 for the CM22/522 and CI532 groups,
respectively.

Audiologic Outcomes

Outcome measures were obtained at approximately 6 months after activation (422/522
average = 6.70 mos, 532 average = 6.90 mos). All outcome measures are summarized in
Table 1 and illustrated in Figures 1 and 2. Postoperative acoustic hearing LFPTA was
available for all 58 participants. Preoperatively, there was no significant difference between
the groups, ¢(56) = 0.176, p =0.861; however, postoperatively, the C1532 group had a
significantly lower (i.e., better) LFPTA (M= 94.71 dB HL, standard error [SE] = 2.75) than
the C1422/522 group (M= 102.13dB HL, SE = 1.78), #(47.96) = 2.266, p= 0.028 (Fig. 1).
Twenty five of 58 participants had a LFPTA of less than 80 dB HL preoperatively, and nine
patients (C1532 = 7) maintained a LFPTA of less than 80 dB HL at 6 months following
surgery. CNC word scores were available for 58 participants with an overall mean score of
50.16%. The 532 group’s mean CNC score (56.97%), was found to be significantly higher
than the mean score for the 422/522 group (43.34%), £(56) = —2.478, p =0.016. AzBio
sentence scores were available for 58 participants with an overall mean score of 60.81%.
The 532 group’s mean AzBio score (67.17%) was found to be higher than the mean score
for the 422/522 group (54.44%); however, this 12.7-percentage point difference did not
reach statistical significance #(56) = -1.884, p =0.065. AzBio +5dB SNR sentence scores
were available for 37 (C1422/522 = 14) participants with an overall mean score of 19.38%.
The 532 group’s mean AzBio +5 score (21.48%) was found to be higher than the mean score
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for the 422/522 group (15.93%); however, this 5.6-percentage point difference was not
found to be statistically significant, #(35) = —0.844, p =0.404 (Fig. 2). It should be noted
that the AzBio +5 dB SNR scores were not available for all participants (Cl1422/522 = 14, CI
532 = 23), which could have affected the comparison for this measure. Part of this
discrepancy can be explained by our clinical protocol, which states that if the patient scores
less than 30% on AzBio sentences in quiet, AzBio sentences in noise are deferred. No
significant differences were observed for the available SSQ data (n = 29), ¢£(27) =0.141, p =
0.889.

Programming Software Parameters

Impedance data were available for 53 participants at 6 months post-activation. The average
impedance at 6 months post-activation was 9.46 kQ for the 422/522 group and 7.39 kQ for
the 532 group. Impedances were found to be significantly lower for the 532 group (F1 3138 =
400.7, p <0.0005). A mixed-effects general linear model was conducted to analyze change
in impedance over time for each electrode group (Fig. 3). The model revealed a significant
effect of measurement time point (F1 1992 = 25.9, p <0.0005) for both groups. Follow-up
analyses revealed that for the C1422/522 group, impedances were significantly lower at 3
months than at 1 and 6 months, and for the C1532 group, impedances were significantly
lower at 3 and 6 months than at 1 month.

Charge data were available for 57 participants at 6 months post-activation. On average,
charge was higher for the C1422/522 (M =13.88nC, SE = 1.17) than CI1532 (M =12.29nC,
SE =0.79); however, the difference of 6nC was not significant, £(55) = 1.140, p =0.225.
When comparing charge for each of the primary electrodes (1, 6, 11, 16, and 22), there were
also no significant differences (Fig. 4).

Pulse duration data were available for all 58 participants. The average pulse duration was
32.39 ps overall, 36.00 ps for the 422/522 group, and 28.79 ps for the 532 group. The
difference in pulse duration was found to be significant, ¢(56) = 2.570, p =0.013. Maxima
data were also available for all 58 participants. The average maxima was 10.69 overall, 9.59
for the 422/522 group, and 79 for the 532 group. The difference in maxima was significant, ¢
(56) = —3.185, p =0.002.

DISCUSSION

Several previous studies have compared audiologic outcomes and programming parameters
for Cochlear’s earlier precurved and straight devices (15,29,31,32); however, previous
precurved electrodes were especially prone to scalar translocation resulting in poor hearing
preservation due to intracochlear trauma (15,21-24). O’Connell et al. (15) reported that
earlier precurved electrodes are 22.4 times more likely to translocate than straight electrodes,
which despite many reports of higher speech recognition outcomes for precurved electrodes
(3,19,30,31), remains a disadvantage of previous designs. In light of Cochlear’s release of
the C1532 precurved electrode and report of low rates of translocation (37), the aim of the
current study was to evaluate the newer generation CI532 in terms of audiologic outcomes
and programming parameters and describe how it compares to the C1422/522, Cochlear’s
straight electrode typically recommended for hearing preservation.
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The most notable finding of the current study is that the C1532 group had significantly better
postoperative acoustic LFPTA than the C1422/522 group even when age and preoperative
LFPTA were matched across groups. Previous studies comparing LFPTA for straight versus
precurved electrodes have shown much poorer hearing preservation for precurved arrays
(15,21-24). This difference in results could be explained by lower rates of translocation for
the CI532, which suggests less trauma on the cochlear structures. Of note here is that only
25 of 58 participants had a LFPTA of less than 80 dB HL before surgery, and nine patients
(C1532 = 7) maintained a LFPTA of less than 80 dB HL following implantation. Future
work should investigate hearing preservation with C1522 and C1532 for individuals with
much greater preoperative acoustic hearing.

Similar to Park et al. (30), the current results demon-strated significantly higher CNC word
scores for the CI1532 group. These findings support the notion that precurved electrodes
provide more focused stimulation required to encode individual words in the absence of
context (20,26), but when context clues are provided, such as with the AzBio sentences, the
listener can employ “top-down” processing resulting in more similar performance between
the two groups on sentence recognition measures.

Contrary to Telmesani and Said (27) who found no difference between Cl1422 and CI24RE
(previous generation precurved array), the current precurved group’s impedances were
significantly lower than the straight array group. Impedance measurements are important for
estimating the voltage compliance limits for the CI system. Should the upper stimulation
levels exceed compliance on a channel, the channel will cease to deliver additional current
beyond said limit. Thus, higher impedances increase the likelihood of exceeding
compliance. Additionally, the straight array recipients showed greater variation in
impedances over time. Changes in impedances occurring between Cl mapping appointments
can result in exceeding compliance and/or changes to performance and sound quality for the
recipient. The C1532 group’s impedances showed an expected decrease over time, while the
Cl1422/522 group showed unpredictable variation in impedance values. As shown in Figure
3A, impedances at 6 months post-activation are significantly higher than 3 months post-
activation for the C1422/522 group. Impedance levels are often affected by changes to the
resistive properties of the surrounding fluid and tissue. It is reasonable to conclude that
straight electrodes showed higher impedances than the precurved group due to greater
distance between the electrode and neural tissue (30). Similarly, previous studies may have
found no difference in impedances (27) due to higher rates of translocation with precurved
electrodes resulting in greater separation between the electrode and neural tissue than the
current precurved group.

The programming software for these 58 patients indi-cated that significantly longer pulse
durations were used for the C1422/522 group. Although we found significantly higher
impedances and pulse durations for the 422/522 group, the difference in overall charge was
not significant between groups. This finding related to overall charge is incongruent with our
clinical experience and the experience of other clinics, but it is supported by Park et al. (30).
A possible explanation for this finding is related to the software defaults. It is possible that in
this subset of patients, the clinical default pulse duration (37 ps) is longer than necessary to
achieve comfortable loudness and that these patients may be adequately served by the
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default pulse duration of the C1532 (25 s per phase). This is an important consideration in
light of recent findings from our lab, which indicate that patients can improve speech in
noise scores by approximately 12-percentage points on average by using 16 maxima (16).
Note that 16 maxima can only be achieved while using a 25-ps pulse duration. Study in this
area is currently ongoing in our lab.

CONCLUSION

The current study design matched participants in terms of age and preoperative hearing
thresholds, variables known to affect residual hearing and speech recognition outcomes, to
more precisely assess the effect of electrode choice (C1532 versus C1522). The C1532
electrode showed equal or better outcomes on all measures of audiometric outcomes
including hearing preservation and speech understanding. Additionally, C1532 impedances
and pulse duration were significantly lower allowing for the imple-mentation of greater
maxima, which has recently been shown to positively impact speech understanding in
complicated listening situations. Overall, in comparison to a matched cohort, the C1532
group showed favorable or similar results on all measures when compared with the
Cl422/522 suggesting that the C1532 electrode may be an advantageous substitute for the
Cl522.
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FIG. 1.

Preoperative (dashed line) and postoperative (solid line) acoustic hearing are shown for 125,
250, and 500 Hz.
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FIG. 2.

Individual speech recognition outcomes collected at approximately 6 months after
implantation are shown as percent correct. Bars represent mean data. Difference in
Consonant-Nucleus-Consonant (CNC) was found to be statistically significant (4=0.016).
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Mean impedances measured from each electrode contact are shown for 1 month, 3 months,
and 6 months post-activation. A, shows the 422/522 data, and (B) shows the 532 data.
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FIG. 4.

Mean charge levels are shown for five primary electrode contacts, as well as the average
across the array for each electrode array type.
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