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Early Sentence Recognition in Adult
Cochlear Implant Users

Chris J. James,'? Chadlia Karoui,'* Marie-Laurence Laborde,' Benoit Lepage,*
Charles-Edouard Molinier,' Marjorie Tartayre,' Bernard Escudé,® Olivier Deguine,'?
Mathieu Marx,!? and Bernard Fraysse'

Objective: Normal-hearing subjects listening to acoustic simulations
of cochlear implants (Cl) can obtain sentence recognition scores near
100% in quiet and in 10 dB signal-to-noise ratio (SNR) noise with acute
exposure. However, average sentence recognition scores for real Cl lis-
teners are generally lower, even after months of experience, and there
is a high degree of heterogeneity. Our aim was to identify the relative
importance and strength of factors that prevent Cl listeners from achiev-
ing early, 1-mo scores as high as those for normal-hearing-listener
acoustic simulations.

Design: Sentence recognition scores (100 words/list, 65 dB SPL) using
Cl alone were collected for all adult unilateral Cl listeners implanted
in our center over a 5-yr period. Sentence recognition scores in quiet
and in 10 dB SNR 8-talker babble, collected from 1 to 12 mo, were
reduced to a single dependent variable, the “initial” score, via loga-
rithmic regression. “Initial” scores equated to an improved estimate
of 1-mo scores, and integrated the time to rise above zero score for
poorer performing subjects. Demographic, device, and medical data
were collected for 118 subjects who met standard Cl candidacy crite-
ria. Computed tomography of the electrode array allowing determina-
tion of the insertion depth as an angle, and the presence or absence of
scala dislocation was available for 96 subjects. Predictive factors for
initial scores were selected using stepwise multiple linear regression.
The relative importance of predictive factors was estimated as partial
r> with a low bias method, and statistical significance tested with type
Il analysis of variance.

Results: The etiologies chronic otitis and autoimmune disease were
associated with lower, widely variable sentence recognition scores
in the long-term. More than 60% of Cl listeners scored >50/100
in quiet at 1 mo. Congenital hearing loss was associated with sig-
nificantly lower initial scores in quiet (r> 0.23, p < 0.001), as was
longer duration of hearing loss (r? 0.12, p < 0.001, -0.76 pts per
year). Initial scores were negatively correlated with insertion depth
(r2 0.09, p < 0.001, -0.1 pts per degree), with the highest initial
scores being obtained for insertion depths of 300° to 400°. A much
greater proportion of scala dislocations was found for perimodiolar
arrays compared with straight arrays. Scores were negatively corre-
lated with the proportion of the active electrode array found in scala
vestibuli for Nucleus perimodiolar devices (r> 0.14, p < 0.01, coef-
ficient -25). Similar overall results were obtained for sentence rec-
ognition scores in noise (+10 dB SNR). The intercept value for the
obtained regression functions indicated that Cl listeners with the least
limiting factors generally scored ~95/100 in quiet and ~90/100 in
noise. In addition, Cl listeners with insertion angles as low as 315°
to 360° could obtain sentence recognition scores >80/100 even at
1 day after activation. Insertion depths of 360° were estimated to
produce frequency-place mismatches of about one octave upward
shift.

'Service ORL, CHU Toulouse, Toulouse, France; *Cochlear France SAS,
Toulouse, France; *Centre de recherche Cerveau et Cognition, University
Paul Sabatier, Toulouse, France; “Service d’Epidémiologie, CHU Toulouse,
Toulouse, France; and *Radiologie, Clinique Pasteur, Toulouse, France.

Conclusions: Patient-related factors etiology and duration of deafness
together explained ~40% of the variance in early sentence recognition
scores, and electrode position factors ~20%. Cl listeners with insertion
depths of about one turn obtained the highest early sentence recogni-
tion scores in quiet and in noise, and these were comparable with those
reported in the literature for normal-hearing subjects listening to 8 to 12
channel vocoder simulations. Differences between device brands were
largely explained by differences in insertion depths. This indicates that
physiological frequency-place mismatches of about one octave are rap-
idly accommodated by CI users for understanding sentences, between
1 day to 1 mo postactivation, and that channel efficiency may be signifi-
cantly poorer for more deeply positioned electrode contacts.

Key words: Cochlear implant, Frequency Allocation, Insertion depth,
Patient-related factors, Sentence recognition.

(Ear & Hearing 2019;40;905-917)

INTRODUCTION

Cochlear implants (CI) can restore sensitivity to sound in
deaf patients. The main aim for clinicians and manufacturers
alike is to restore speech understanding in adult patients and
allow the development of spoken language communication in
children. In adult postlinguistically deaf patients, a primary out-
come measure is the level of sentence recognition in quiet. This
requires the complete integration of auditory information pro-
vided by the CI into the recipient’s existing linguistic processing
capacities.

Speech recognition outcomes are known to be variable in
CI recipients and depend on patient-related factors such as
etiology of deafness, duration of deafness, and in some cases
age and cognitive function (Blamey et al., 1996; Holden et al.,
2013; Lazard et al., 2012; Lazard & Giraud, 2017). Outcomes
in terms of sentence recognition scores are seen to improve over
time from the first day of CI activation; however, while some
CI listeners rapidly achieve high scores others may only obtain
limited understanding of speech even after many months of
experience. In the words of Holden et al. (2013), the highest
performing CI listeners are those with the least limiting fac-
tors. Limiting factors may be patient related. However, device-
related limiting factors may also play a role, as discussed below.

Normal-hearing (NH) subjects listening to acoustic vocoder
simulations of CIs (e.g., Friesen et al., 2001) can achieve high
sentence recognition scores even after only limited exposure.
Parameters in CI simulations such as the number of channels,
channel overlap, the type of carrier, and the mismatch in fre-
quency-to-place mapping have been investigated, but scores
for NH listeners remain consistently high for all but the most
degraded conditions (e.g., <4 channels, considerable frequency
mismatch). Even in some conditions that produce low scores in
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acute testing, NH listeners can adapt to some distortions after
relatively modest amounts of exposure or training (Fu & Gal-
vin, 2007; Rosen et al., 1999).

In a landmark study by Friesen et al. (2001), the number of
channels was varied for NH listeners and CI listeners to infer
the number of effective channels that may be accessed via a CI.
For NH listeners, average sentence recognition scores reached
near 100% correct for 6-8 channels in quiet, and for 8-10
channels in noise [+10 dB signal-to-noise ratio (SNR)]. Aver-
age scores for CI listeners reached only 80% correct in quiet
and 60% in noise for eight channels or greater. These findings
implied that CI listeners cannot access more than about eight
effective channels even when using a higher number of physical
channels (e.g., all 16-22 electrodes). However, the authors did
note that the best CI listeners achieved maximum scores similar
to those of NH listeners while using similar numbers of physi-
cal channels.

Patient-Related Factors

Different durations of severe or profound deafness and there-
fore different exposures to sound before CI has been shown
to explain some of the variability seen in speech recognition
scores among patients (Blamey et al., 1996, 2013). Indeed, the
use of hearing aids during a period of progressive hearing loss
improves outcomes compared with nonuse for similar durations
of deafness (Lazard et al., 2012). Once sensitivity to sound is
restored using a CI, we would predict that recipients may take
some time to accommodate to the new sound sensations, and
to associate speech sounds processed via the CI with those
they remember. Furthermore, learning to decode aural speech
sounds may require a longer period for individuals who had
limited hearing during childhood. Thus, sentence recognition
scores early after CI activation may be low or zero and take
some time to improve to a useful level. In addition, loss of
cognitive function, due to aging, may slow the reacquisition of
speech understanding, or limit it. (Schneider et al., 2010).

Cl listeners’ sentence recognition scores also vary according
to the etiology of deafness (Blamey et al., 1996, 2012; Lazard
et al., 2012): The physiological condition of the cochlea and
its suitability for electrical stimulation may be significantly
degraded, and this may also apply to the auditory nerve and
higher centers. Leaving aside central processing deficits, such
as those produced by auditory neuropathy spectrum disorder
and acoustic neuromas, the cochlea structure itself may be dam-
aged by physical trauma or specific disease such as meningitis
and labyrinthitis. This may induce fibrosis, and in the extreme,
considerable structural and neural damage (Schuknecht, 1974).
Aberrant current paths may result, which distort consistent
frequency-to-place percepts or simply degrade neural represen-
tation of frequency and temporal modulation (Garadat et al.,
2012, 2013).

In the absence of substantial auditory deprivation, we might
expect sentence recognition scores obtained by CI listeners
ecarly after activation to be similar to those measured for NH
listeners. That is, if electrical stimulation channels in CI listen-
ers worked equally well across the frequency range, similar to
acoustic channels in vocoders. However, additional peripheral
physiological factors that are common across CI listeners may
limit performance to below that of NH listeners. These factors
are generally assumed to produce fewer effective channels than

the number of physical electrodes. Some relevant aspects of
peripheral hearing physiology that may be analyzed in vivo are
addressed in the following sections.

Spiral Ganglion Morphology

The most parsimonious frequency band to electrode allo-
cation in a CI would reproduce natural cochlear tonotopy. A
normal human frequency-place function for the human spiral
ganglion (SG) was derived by Stakhovskaya et al. (2007). The
SG is considered the primary site of neural excitation produced
by electrical stimulation of the cochlea (e.g., Kalkman et al.,
2014). Tracing of dendritic processes has allowed conversion
of the distance-to-frequency function for the Organ of Corti
(Greenwood, 1990) to an angular function of frequency specifi-
cally for the SG. While in a typical human cochlea, the Organ
of Corti and therefore the scala tympani (ST) extend to two and
a half turns, Rosenthal’s canal containing the SG extends to two
turns or less (Ariyasu et al., 1989; Kawano et al., 1996; Stak-
hovskaya et al., 2007). Most of the compression occurs from
the end of the first turn toward the low-frequency, apical end
with increasing spatial density of SG neurons (Sridhar et al.,
2006). In addition, Rosenthal’s canal is only well defined in the
first turn and ends in a terminal bulb at the level of the medial
turn with disordered innervation to both the 2nd and 3rd turns
of the Organ of Corti (Rask-Andersen et al., 2010). The abso-
lute diameter of the SG is also substantially reduced in the 2nd
turn (Figure 1, short dashed line taken from Stakhovskaya et al.,
2007), contributing to the potential for reduced spatial selectiv-
ity for electric stimulation. There is some evidence from electri-
cally evoked compound action potentials that electrode contacts
in the 2nd turn of the ST produce channels that overlap consid-
erably (Biesheuvel et al., 2016) and therefore reduce their effi-
ciency in transmitting independent information. They can also
produce pitch confusions (Kalkman et al., 2014; Kenway et al.,
2015) such that speech recognition scores may be improved by
deactivating the most apical contacts for longer electrode arrays
(Gani et al., 2007 and for a review see Boyd, 2011).

Frequency-Place Mismatches

Frequency-place mismatches in Cls are influenced by two
parameters: the physical position of the electrode array contacts
and the frequency-to-electrode allocation used in the sound
processor program. Using measurements from postopera-
tive X-ray images in a clinical population, Landsberger et al.
(2015) found an average upward basal shift of one octave rela-
tive to the SG function. Greater average mismatches were seen
for low frequencies, with variation across devices. For a given
frequency-to-electrode allocation, variations in frequency-place
mismatches are produced by complex interactions between the
design of the array (i.e., precurved perimodiolar or free-fitting
straight), including the spacing of electrode contacts, the size of
the cochlea (Escudé et al., 2006) and surgical technique (e.g.,
round window versus inferior cochleostomy opening of the
cochlea, Briggs et al., 2006). The effects on speech recognition
of mismatches between the place of stimulation associated with
acoustic frequency and the actual mapping of frequency to elec-
trode locations have been explored in normal-listener acoustic
simulations. NH subjects listening to vocoded speech, where
the synthesis bands are shifted upward in frequency relative to
the analysis bands, initially exhibit reduced speech perception
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Figure 1. Four examples of electrode contact positions derived from postoperative CT imaging. Frequency-place shifts are indicated by the curved arrows, for a
subset of electrode contacts for clarity; 90° corresponds to approximately one octave. Solid line lateral wall, dashed lines medial wall, and SG (to scale +15%

schematic from Fig. 3, Stakhovskaya et al., 2007).

compared with aligned bands. However, NH listeners are able
to adapt to <1.5 octave basal shifts with prolonged exposure,
within the order of tens of minutes, or with specific training
(Faulkner et al., 2006; Fu & Galvin, 2003; Li et al., 2009; Rosen
et al., 1999). Similarly, CI listeners are able to adapt to new fre-
quency-to-electrode allocations over time, at least for consonant
recognition and high-context (i.e., HINT) sentence recognition
(Fu et al., 2002; McKay & Henshall, 2002). We may infer from
these results that CI listeners may accommodate frequency-
place mismatches within a relatively short time of having their
sound processor activated, provided that channels transmit
information effectively, and that there are no factors that may
negatively affect their ability to process information. This type
of short-term accommodation may be complemented by long-
term re-normalization to pitch differences between electric
hearing and residual acoustic hearing, that may be induced by
the specific mapping of frequencies to electrode positions by
the sound processor (McDermott et al., 2009; Tan et al., 2017).

In Figure 1, panels A to D, we illustrate frequency-place mis-
matches estimated for four CI recipients. Individual electrode
contact positions were measured from ConeBeam computed
tomography (CT) images using the cochlear view schema of Xu
et al. (2000). The four arrows in each case indicate the degree of
basal shift between a given frequency on the SG and the actual
position of the electrode allocated to that frequency in the sound
processor. Using the round window as the reference (0°), 90°,
180°, 270°, and 360° on the SG correspond to frequencies of
approximately 6193, 3174, 1539 and 785 Hz (Stakhovskaya
et al., 2007, Table 3). Basal shifts of between half and one
octave, or a reduction in angle of 60-90° along the SG, are

seen in cases A, B, and C, with lower shifts seen for the more
deeply inserted Nucleus perimodiolar electrode (most apical
contact at 475°, panel D). The shifts for the MEDEL electrode
(C) are about the same as for Nucleus straight electrode (A)
despite a much greater angle for the most apical contact (580°).
The default center frequency allocated to the most apical elec-
trode in the Nucleus processor is ~250 Hz, and ~150 Hz in the
MEDEL FS4/FSP processing strategies (Landsberger et al.,
2015); this is a difference of 0.75 octaves. Further, center fre-
quency spacings across the processor bandwidths are not neces-
sarily comparable; for example, the spacings are not generally
twice as large in the MEDEL processor as in the Nucleus pro-
cessor, as might be expected from having roughly half as many
channels in the 12-channel MEDEL system compared with the
22-channel Nucleus system. In fact, the default spacings are
logarithmic in the MEDEL processor. The Nucleus processor
uses a linear spacing up to approximately 1kHz, followed by
a logarithmic spacing for higher frequencies. The end result of
these differences in sound processing, and particular electrode
contact positions, is that the place-frequency mismatches are
approximately equal for C and D in Figure 1 despite a differ-
ence of 105° in insertion depth.

Two examples are given in Figure 1 (B and D) for the same
perimodiolar array type (Nucleus Contour Advance) with dif-
ferent insertion depths. Using the same frequency-to-electrode
allocation, the mismatches would be different as indicated by
the lengths of blue arrows. There can also be different fre-
quency-place mismatches with approximately the same inser-
tion depth: In panels A and B in Figure 1, the angle for the most
apical electrode contact is approximately 360°. However, the
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mismatches for the perimodiolar electrode (B) are nearly twice
as large as those of the straight “lateral wall” electrode (A). This
is due to differences in the design of the arrays such as the par-
ticular electrode contact spacings and the lateral versus medial
position (note that both arrays have 22 electrode contacts and
use the same default frequency-to-electrode allocation). Using
the examples in Figure 1 as a guide, to obtain <1.5 octave basal
shift the apical contact would need to be inserted to greater than
300° for Nucleus devices. For the MEDEL device, a deeper than
490° insertion would be required to obtain mismatches <1.5
octave.

The Effect of Electrode Insertion Depth on Speech
Recognition Performance

If channel efficiency is reduced for electrode contacts >360°,
then we expect to see reduced speech recognition performance
for more deeply inserted electrodes. Indeed, lower speech rec-
ognition scores have been associated with greater insertion
depths in several studies (Finley et al., 2008; Holden et al.,
2013; Lazard et al., 2012).

However, several studies have reported the opposite effect
with higher speech recognition scores associated with greater
insertion depths: For example, in a study by Buchman et al.
(2014), speech recognition scores were compared between
two small groups of patients implanted with similar MEDEL
electrode arrays of different active lengths of 26.4 mm (N = 7)
and 20.9 mm (N = 6), resulting in mean apical insertion depths
of 658° and 423°. Average sentence recognition scores 1 to
2 mo postactivation were ~30% points higher for the longer
electrode group compared with the shorter electrode group.
As well, O’Connell et al. (2016) found a positive correlation
with word recognition scores for MEDEL CI listeners over
insertion depths of 317° to 710°. In these two studies, the
frequency-place shifts would range from much greater than
+2 octaves, for the shallowest insertions, down to below +0.5
octaves for the deepest. In these studies, CI listeners with elec-
trodes positioned at the shallowest angles may not have been
able to adapt to the large basal shifts and hence had poorer
speech recognition. Furthermore, in the study by O’Connell
et al., it is not clear why insertion depths of only 360° to 450°
were obtained for some subjects with standard arrays of 28 to
32mm, which are designed to extend over two full turns of the
cochlea. Thus, other surgical or anatomical factors may have
had an influence on the performance of these cases. A study
by Yukawa et al. (2004) also reported a positive correlation
between speech recognition scores and insertion depth, this
time for Nucleus CI listeners with a minimum depth of 211°.
We note in the study by Yukawa et al. that there appeared to
be a peak in word scores for angles 300 to 400°, with much
poorer scores for very low insertion angles and the largest
angles often producing poorer scores.

In summary, the positive effect of increased insertion
depth seen in these three studies may have been due to the
presence of extreme basal shifts for the lowest insertion
depths. To better understand this, we may consider studies
of within-subject experimental manipulation of active inser-
tion depth for CI listeners. These studies have deactivated
a number of apical electrodes and varied the frequency to
electrode allocation. Bagkent and Shannon (2005) measured
speech recognition in MEDEL CI listeners as a function of

acute variations of insertion depth from deep insertion with
10 electrodes at 29 mm to shallow insertion with a single
electrode at 7mm. Speech recognition improved with deeper
insertion, reaching an maximum at 19.2 to 21.6 mm, corre-
sponding to ~360°, with no further improvement for greater
simulated depths. In this condition, which used matched
frequency-to-place channels, information was also progres-
sively added as insertion depth increased. This suggests that
channels >360° may have been very ineffective in convey-
ing information and that CI listeners may potentially ignore
these channels with experience.

Bagkent and Shannon (2005) also included conditions
where the entire frequency range was compressed across fewer
activated channels. Speech recognition generally decreased
compared with using the >360°, frequency-place matched con-
ditions. Another acute study by Hochmair et al. (2003) had also
tested a compressed condition using the eight most basal chan-
nels of the 12-channel MEDEL array, corresponding to ~360°
insertion depth: Their compressed condition showed poorer
speech recognition scores than when using the full length of
the array. In their compressed condition, the upward frequency-
place shift would have been >1.5 octaves, which is known to
produce reduced speech recognition in acute vocoder experi-
ments (e.g., Faulkner et al., 2006), and duplicated the result
seen for similar compressed conditions in the study by Bagkent
and Shannon. In addition, vowel discrimination was lowest in
the study by Hochmair et al. using the four most apical elec-
trode contacts compared with using the middle or basal four
contacts, supporting the hypothesis that channel efficiency is
reduced toward the apex.

The aforementioned studies appear to indicate that there may
be two opposite effects of insertion depth on the speech rec-
ognition scores for CI listeners: one positive, where increased
insertion depth may reduce place-frequency mismatches to <1.5
octaves, and one negative where channel efficiency is signifi-
cantly reduced for electrode positions >360°, possibly due to
SG morphology. Either effect may reduce the performance of
CI listeners to below that of NH listeners, as can the patient-
related factors mentioned in previous sections.

Aims of the Study

As indicated in the Friesen et al. (2001) study, speech rec-
ognition scores for the best CI listeners are close to those for
NH listeners in vocoder experiments, and it is important to
identify the limiting factors that may prevent CI listeners from
achieving the best level of performance (Holden et al., 2013).
We examined the effect of etiology, auditory experience, type
of device, and electrode position factors on sentence recogni-
tion in quiet and in noise. We analyzed the sentence recogni-
tion scores of adult CI listeners collected longitudinally over
12 months, as part of our standard clinical follow-up. To avoid
selection bias, data were collected for all 118 adult patients
implanted in our center between May 2009 and May 2014 who
met the inclusion/exclusion criteria as indicated in the Meth-
ods section. Sentence recognition was tested in quiet and in
10 dB SNR multi-talker babble. The aim of the analysis was
to establish the best level of sentence recognition that can be
achieved by CI listeners early after activation and identify the
relative importance and strength of factors associated with
poorer performance.

Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



JAMES ET AL./ EAR & HEARING, VOL. 40, NO. 4, 905-917 909

MATERIALS AND METHODS

Population

We collected standard clinical data for all adult patients who
were unilaterally implanted in our center over the 5-yr period.
Those patients who underwent a revision surgery or received
a second implant, either simultaneously or within the 12-mo
follow-up period, were excluded. Also excluded were patients
with significant cerebral trauma, with ossification preventing
complete insertion of electrode arrays, and those who were not
native French speakers. In addition, those patients participating
in a CI program to treat single-sided deafness with tinnitus were
excluded. Therefore, included patients met the standard criteria
for cochlear implantation in France, with <50% correct word
recognition in quiet with appropriately fit hearing aids, and at
least severe levels of bilateral hearing loss.

Biographical data, device type, and electrode position data
that were available from CT were collected from case notes
for each patient. CT imaging data were acquired via two sys-
tems: A helical scanner with 0.67 mm slices reconstructed every
0.1 mm (Philips, collimation 20 % 0.625, FO.V. 160 mm, 140kV
300 mAs, pitch 0.313 pm, high resolution 1024 x 1024 matrix,
rotation 0.75, exposure 9.9 sec), and a flat panel “Cone Beam”
volume tomograph producing 0.125 mm isometric voxels (New
Tom, detector 200 mm X 25 mm, source distance 650 mm, F.O.V.
8mm % §mm, 110kV 30mA, 360° rotation in 36 sec, exposure
9.0sec). Both these systems produced 3D image sets with
voxel spacing <0.2 mm and allowed visualization of the major-
ity of individual electrode contacts in each case. Imaging had
been performed for 96 CI recipients (Table 3) of the total 118
included.

Author B. E., an experienced neuroradiologist, made sag-
ittal oblique reconstructions perpendicular to the plane of the
basal turn according to the technique described by Marx et
al., (2014). Then a series of mid-modiolar reconstructions and
reconstructions in the plane of the ascending part of the basal
turn were produced. Detecting dislocations from ST to scala
vestibuli (SV) relied on visualizing the change in the trajectory
of the electrode array with identification of the electrode in the
inferior part of the basal turn for its proximal portion (i.e., ST),
and in the superior part of the basal turn for its distal tip (SV).

Using a projection in the plane of the basal turn, the center
of the modiolus to the round window was used as the refer-
ence 0° line to measure the insertion depth of electrodes (Xu et
al., 2000). Using similar methods, the inter- and intrarater vari-
ability has been measured as within £10° (e.g., Svrakic et al.,
2015). If dislocation occurred, the angle at the point of entry of
the electrode into SV was determined. The proportion of elec-
trode contacts in SV was determined for Nucleus perimodiolar
electrodes.

All Nucleus devices had 22 intracochlear contacts/channels,
Advanced Bionics (AB) sixteen and MEDEL twelve. The man-
ufacturer’s latest sound processor and recommended sound cod-
ing parameters, as commercially available at the time, were used
in all cases (ACE, HiRes120, FS4, respectively). Activation of
CIs was performed according to the manufacturers’ instructions
approximately 1 mo after surgery. In two ¥ hour sessions, over
2 days, psychophysical threshold (T) and comfort (C) levels for
each electrode were determined, followed by fine-tuning, for
example, by using a counted T level method for Nucleus users.
Sound field thresholds were also checked.

In addition to counseling on the use of the CI system, sub-
jects were given two ¥ hour sessions of aural rehabilitation.
Where there was some difficulty finding comfortable sound
processor stimulation levels, subjects were seen again for fitting
2 weeks later. Subjects received a further two to five ¥ hour
aural rehabilitation sessions following activation. All subjects
were seen at 1 mo after activation for sentence recognition test-
ing followed by checking of stimulation levels. Aural rehabilita-
tion varied across subjects after 1-mo postactivation. Subjects
were asked about their sound processor use, with the majority
reporting regular use. However, no data logging systems were
included in sound processors at the time to verify subjective
reports.

Sentence Test Scores

Sentence recognition testing was routinely performed at 1,
3, 6,9, and 12-mo postactivation visits. Sentence testing was
also performed for 25 subjects just 1 day after activation based
on them performing well in rehabilitation sessions. Sentence
recognition scores were obtained for the French MBAA2 lists
each comprised of 15 “everyday” sentences of variable length;
3 to 15 words per sentence with a total of 100 to 103 words per
list. The material was spoken by a female speaker with a neutral
accent. The MBAA2 lists are used in every CI center in France,
and closely resemble the English language CUNY sentence lists
(Boothroyd et al., 1988). Lists were randomly selected per sub-
ject and per condition from the 34 test lists available. Several
sentences from the two practice lists were used to familiarize
the subject in each listening condition before testing.

The MBAA2 lists were scored by word with a maximum
score of 100 words (common liaisons are counted as single
words). Speech recorded on compact audio disks was presented
in a soundproof booth at 65 dB SPL from a single loudspeaker
placed 1.5 m in front of the subject. French eight-talker babble,
recorded on the same disks at fixed SNRs, was presented from
the same loudspeaker as a competing noise. At each visit, CI
listeners were tested with one list in quiet and one list in noise at
10 dB SNR using their implant alone, with the contralateral ear
plugged if there was residual hearing. The test-retest reliability
of MBAA2 lists for CI listeners has previously been measured
as eight points (Perrault, 2011).

Longitudinal Data Reduction

Sentence recognition scores obtained over time for each
subject, in each test condition, quiet and noise, were reduced
to an underlying single variable “Initial score” obtained from
logarithmic regression: Four examples are shown in Figure 2.
Logarithmic functions (i.e., Score = A x log(months) + C, with
slope A and intercept C) fitted the longitudinal data better than
straight lines and were more appropriate than S-curves, such as
logits, because the earliest scores, at 1 mo or earlier, were often
much greater than zero (Figure 2, S1) while others, especially in
noise, did not reach ceiling level even at 12 mo (Figure 2, S2).
Mathematically, the “Initial score” was the intercept of the score
versus the logarithm of the number of months after activation
(Figure 2, bold crosses). This equates to an improved estimate
of the 1-month score (log(1) = 0). Zero scores and scores after
the first score >95 were not included in the logarithmic regres-
sion (e.g., Figure 2, series S1). The initial score was set equal to
the 1-mo score if fewer than three points could thus be included.
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Figure 2. Example logarithmic regression fits (lines) to four series of longi-
tudinally collected scores (points). Note that the horizontal scale is loga-
rithmic. From top to bottom: S1, rapid early progression with scores later
than the first score >95, at 6 mo, were not used in the regression; S2, slow
progression over the entire follow-up period; S3, rapid progression; S4,
zero score at 1 mo (open point). Initial scores (bold crosses) corresponded
to where the regression line intercepted at 1 mo. Zero scores were not used
in the logarithmic regressions: In the bottom series, S4, the initial score was
less than zero, indicating very slow acquisition of sentence understanding
(bottom series, bold circle/cross indicates derived initial score).

The initial score integrated the time to rise above zero score
for poorer performing subjects, such that initial scores could
be less than zero for patients with slow acquisition of speech
understanding (Figure 2, series S4, bold circle/cross).

Multiple Regression Analyzes

An exploratory approach, followed by stepwise multiple
regression was used to assess the relationships between sen-
tence recognition scores and predictive factors. The technique
produces a linear analysis of covariance model (Chen & Peace,
2011; Verzani, 2005) that allows the combination of continuous
(e.g., years of hearing loss, insertion depth angle, etc.) and cate-
gorical variables (e.g., etiology) as factors. Factors were entered
into the stepwise procedure with no-interactions between them
(R Core Team, 2017, step and Im functions). Those factors that
were maintained by the stepwise procedure were then tested
for independent statistical significance using type II analysis of
variance to avoid sequence-testing bias, due to potential covari-
ance between predictive factors. Normal probability quantile-
quantile plots were used to assess the validity of the regression
models. The authors considered arcsine transformation of the
scores (e.g., Studebaker, 1985); however, the distribution of
residuals for regression models of initial scores was satisfactory
and transformation did not provide any further improvement.
The relative importance of factors was estimated as the partial
r? obtained using the Lindeman, Merenda and Gold method,
implemented in the relaimpo function described by Gromping
(2006), which also removes sequence bias. When the partial r2
values calculated in this way are added up, they give a value
equal to the total 1 for the multiple regression unlike when

TABLE 1. Summary Statistics for Age, and Duration of Severe
to Profound Hearing Loss of the 118 Cl Users Included in the
Study

Mean 1st 3rd
Measure/yrs (SD) Min Quartile Median Quartile Max
Age 57.8 (16.1) 19 50 62 71 85
Duration of severe- 10.6 (12.6) 0 2 5 14 68

to-profound HL

using conventional calculations for partial r*. These 1* values
can be interpreted as the proportion of the sample variance,
which is explained (or converted to a percentage) and thus the
relative importance of factors can be determined such that one
factor has perhaps twice as much influence on the test measure
as another.

Age and duration of deafness were entered into the regres-
sion analyzes both as continuous variables and as quartile cat-
egories (Table 1) along with the other factors given in Table 2.
Models I included all factors except those for electrode posi-
tion. Models IT and III included electrode position factors.

RESULTS

Sentence recognition scores in quiet varied considerably
at all intervals postactivation with an overall growth in scores
with time and convergence toward ceiling scores at 9 to 12 mo
(Figure 3). Across 118 CI listeners more than 60% scored
>50/100 in quiet at 1-mo postactivation. There were a number
who had very high scores at 1 mo while others scored at or near-
zero even at 12 mo.

Twelve-Month Sentence Recognition Scores

Multiple regression analysis of 12-mo sentence recognition
scores in quiet (according to model I) revealed Etiology (r*=0.21,
p <0.01), CI Brand and Design (1> = 0.08, p <0.01), and duration

TABLE 2. Summary of Factors Entered into the Stepwise
Multiple Regression Analyses by Model

Model
Factor I i
Patient related
Age at implantation in years X X X
Age at implantation quartile X X X
Etiology (14 classifications®) X X X
Duration of severe-to-profound X X X
hearing loss in years
Duration of severe-to-profound X X X
hearing loss quartile
Brand and design of Cl (see Table 3) X X
Electrode position factors
Insertion depth of apical X X
electrode in degrees E,
ST or translocated ST->SV or SV X
Proportion of active electrode X
array in SV

*Etiologies were unknown, chronic otitis, congenital hearing loss, genetic hearing loss,
autoimmune disease, infection, Meniere’s disease, meningitis, miscellaneous, noise, oto-
sclerosis, ototoxicity, sudden hearing loss, and trauma. Model Il used data for Nucleus
Perimodiolar devices only.
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Figure 3. Exploratory analysis of the distribution of sentence scores in quiet
vs follow-up visit for 118 patients: More than 60% of Cl listeners had 1-mo
scores >50 in quiet. There were a number of patients who had very high
scores at T mo, while others continued to have near-zero scores even at
12 mo. Mid lines are medians, box limits 25th/75th and whisker limits
10th/90th percentiles; circles are outliers (some overlaps occurred).

of deafness (> = 0.09, p < 0.001, -0.46 pts/yr) to be significant
factors. Chronic Otitis and autoimmune disease groups were asso-
ciated with significantly lower scores and considerable variability
(Fig. 4, ¥***p < 0.001, *p < 0.05, respectively), and therefore the
12 subjects in these two groups were removed from subsequent
analyses.

Electrode Array Position and Early Sentence
Recognition Scores

The insertion depth of the apical electrode contact varied
significantly across Brand and Design (Table 3) (Kruskal-Wal-
lis, x*=21.9, df =3, p <0.001), with median angles for Nucleus
devices being 150° less than those for AB and MEDEL devices.
Most of the differences between average insertion depths could
be attributed to the length and design of the electrode arrays
(Landsberger et al., 2015). Based on the range of observed
insertion depths, frequency-place mismatches would not have
been greater than ~1.5 octaves upward shift for any Nucleus

device. However, the lowest angles seen for MEDEL devices
(e.g., 360°) would have produced upward shifts >2 octaves, and
the median insertion depth of 560° for MEDEL devices would
represent a shift of ~0.5 octaves (i.e., similar to Fig. 1, bottom
left). A range of shifts was seen across the small number of AB
devices. Overall, basal ward shifts were estimated to be <1.5
octaves across the population, apart from four MEDEL CI lis-
teners with apical electrodes positioned <450°.

Brand-design had statistically significant effect on ini-
tial scores in quiet and in noise when insertion depth was not
included as a factor (models I, Tables 2 and 4), but was not
selected by the stepwise procedure when insertion depth was
included (model II). Increasing insertion depth was associated
with significantly decreasing initial scores in quiet and in noise
(Table 4 and Fig. 5) including all devices (models II), and for
Nucleus Perimodiolar devices alone (models III).

A separate multiple regression analysis was performed for
model II using raw 1-mo scores in quiet as the dependent vari-
able, instead of initial scores. Similar statistically significant
effects were still found for Etiology (> = 0.31, p < 0.01) and
duration of deafness (r> = 0.05, p < 0.05), and raw 1-mo scores
were negatively correlated with insertion depth (r* = 0.09, p <
0.01, coefficient -0.09).

A large number of dislocations from ST to SV were seen
only for the Nucleus Perimodiolar designs (Table 3). (We note
that the small absolute number of AB devices makes it difficult
to infer the likelihood of dislocation in the general population.)
The proportion of the electrode array in SV was selected by
the stepwise procedure over the binary factor of ST-SV or SV,
versus complete ST: An increasing proportion of electrodes in
SV was associated with a progressive reduction in initial scores
(model III, Table 4 and Fig. 5 - crossed points). At the same
time, the effect of insertion depth on initial scores remained
statistically significant. This indicates that insertion depth and
scala location had independent effects on scores. Holden et al.
(2013) and Finley et al. (2008) also reported that larger propor-
tions of electrode contacts in SV were associated with lower
long-term speech recognition scores, in addition to a negative
effect of increasing insertion depth.

The minimum insertion depths encountered here of <360°
(for eight Nucleus CIs) would have produced basal ward shifts
of slightly more than one octave. Given that the initial scores
for these CI listeners were among the best, this indicates that a
one octave frequency-place mismatch does not prevent a high
level of sentence recognition with CI. Furthermore, increasing
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Figure 4. Distributions of sentence scores by Etiology for the 12-mo visit for 118 patients. Scores for Chronic Otitis and Immune disease groups were signifi-
cantly different from the reference group with “Unknown” etiology. ***p < 0.001, *p < 0.05 significantly different contrast coefficients from a multiple linear

regression model.
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TABLE 3. Numbers of Specific Cl Devices by Device Brand and
Design Category (ltalics), and Results of Radiological Analysis:
ST-Completely in Scala Tympani, ST-SV/SV-Dislocated from
Scala Tympani to Scala Vestibuli or Completely in SV

Median ST-SV/
Brand and Design All Imaged (Range)E, ST 8V
Nucleus perimodiolar: 62 53 410° 33 20

CI24RE Contour Advance 43 49
CI512 Contour Advance 16

(320°-560°) 30 19

CI24RE Modiolar 3
Research

Nucleus straight: 28 23 410° 21 2
CI24RE Standard 3 20 (315°-570°) 19 1
Cl422 Slim Straight 25

AB straight: 7 4 560° 2 2
HiRes 90k HiFocus 1j (360°-630°) 2

MEDEL straight: 21 16 570° 15 1
Concerto / Sonata 16 13  (360°-720°) 12 1
Standard

Concerto / Sonata Flex 2
Concerto / Sonata EAS
All 118 96 450° 71 25
106 86  (315°-720°) 63 23

Numbers in italics exclude chronic otitis and autoimmune disease etiology groups. E, —
insertion depth of apical electrode contact.

the insertion depth past ~360° may be distorting the signal for
ClI listeners.

Optimal Performance: The Intercept Values Obtained
from the Regression Models

The intercept values for models I, II, and III (Table 4) can be
interpreted as the optimum initial score given no limiting factors

such as etiology, long duration of deafness, or disadvantageous
electrode position. The intercept values for models II and III
in Table 4 incorporate the minimum insertion depth angle,
315°, so that they can be compared with model I. Intercept val-
ues increased slightly between model I and II, with a further
increase for model III, approaching or actually just exceeding
100/100 (standard error ~20) for model I, This indicated that
near-perfect scoring occurred for CI listeners when factors were
optimal. For example, increasing insertion depths were associ-
ated with a progressive reduction in initial scores by 0.10 to
0.19 points per degree across models, reducing initial scores
by 18 to 25 points over 180° in quiet, and 23 to 34 points in
noise. In Figure 5, we illustrate the effect of insertion depth on
scores; residuals for initial scores (points) from model II_ (so
taking into account etiology and duration of deafness) are plot-
ted against insertion depth, along with the regression lines for
models II and III .

Effect Sizes and the Overall Influence of Factors on
Scores

Progressively more variance was explained from models I to
11, with 67% and 60% explained for initial scores in quiet and
in noise, using model III. The absolute effect of scala disloca-
tion on sentence recognition scores was large (up to 25 in quiet
and 35 points in noise), and similar to insertion depth. For com-
parison, the models indicate scores varied by ~6 to 15 points
over the interquartile range of duration of severe to profound
deafness. Across the models, only scores for congenital hear-
ing loss were significantly lower than the reference “Unknown”
etiology, with the 44 to 55 point differences producing the larg-
est overall effect size, r2. As well, the Meniere’s group showed
a tendency for lower scores across models, with scores in noise
for model III being on average 41 points lower (p < 0.01) than

TABLE 4. Summary of Stepwise Linear Regression Analyses for Initial Scores in Quiet and in Noise: Model |—All Subjects Excluding
Chronic Otitis and Autoimmune Disease; Model Il—Remaining Subjects with Imaging Data; Model Ill—Remaining Subjects with

Nucleus Perimodiolar Electrode and Imaging Data

Quiet 10 dB SNR
Factors for Initial Scores | et Il et 1 et | oise e Mo
N 106 86 49 106 86 49
Intercept 88 91 103 71 78 98
Etiology-ref. “Unknown” 0.23f 0.34+ 0.371 0.168 0.257 0.318
Congenital hearing loss -43% -50% -54% -44* -507 -531

Meniere’s +7NS -8ns -197 -5Ns =217 -411
Brand-Design-ref. Nucleus Straight 0.08f X 0.117 X

AB -33t -617

MEDEL -291 -28t

Nucleus perimodiolar -gns -11Ns
Duration of S-P deafness 0.12¢ 0.065 0.05"s 0.12¢ 0.08" 0.097
- per year 0.76 -0.67 -0.47 -1.11 -1.07 -0.77
Insertion depth Apical contact 0.09¢ 0.108 0.08* 0.078
- per degree (°) -0.10 -0.14 -0.13 -0.19
Proportion of array in SV 0.141 0.13"
- fraction 0-1 -25 -35
Total / Multiple R? 0.43¢ 0.49* 0.67+ 0.39% 0.41% 0.60*
Adjusted R? 0.33 0.40 0.55 0.29 0.30 0.46

Partial r? are in bold with significance levels from type Il analysis of variance. Partial coefficients are in italics with significance levels.

Tp<0.10, 'p < 0.01, *p < 0.001, Sp < 0.05. NS, not significant.
“Intercept scores for models Il and Ill were corrected for the minimum insertion depth to allow comparison with model I. “X” marks that the factor was entered into the analysis but rejected by

the stepwise procedure, empty cells indicate the factor was not entered as summarized in Table 2.
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and Nucleus Perimodiolar alone (N = 49, dashed). Crossed points indicate where the array was partially or totally located in SV. ***p < 0.001, *p < 0.05.

for the reference. Despite starting off nearly half-way down the
scoring scale, both groups caught up by the 12-mo visit (Fig. 4).

Very Early Sentence Recognition: Scores at 1-day
Postactivation

Sentence recognition scores were collected for 25 CI listen-
ers, just 1 day after activation of their sound processor: 15 were
tested in quiet, and 10 in quiet and in noise, giving a total of
35 data points. Due to the potential for selection bias, we can-
not make a general statement about the distribution of sentence

recognition scores across all CI listeners. However, we per-
formed within-subject comparisons of the actual scores mea-
sured after 1 day with extrapolations based upon the logarithmic
growth in scores from 1 to 12 mo (e.g., Figure 2). Figure 6 gives
the extrapolated scores plotted against the actual score, with
insertion depths indicated to the upper left of each point where
available. Points above the diagonal line indicate early improve-
ment in scores faster than expected or, in other words, a more
rapid, “steep” learning curve from 1 day to 1 mo, compared
with the progression after 1 month.
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Figure 6. Predicted vs actual scores at 1-day postactivation. The predicted scores were obtained by extrapolation from the regression of 1 to 12 mo scores
against the logarithm of the delay after activation (circles). Where too few longitudinal points were available for extrapolation/linear regression (see text), the
raw 1-mo score is indicated (squares). Numbers next to points indicate insertion depth angles; underlining indicates ST-SV/SV position. Open points are for

scores in quiet, filled points scores in 10 dB SNR.
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We note a broad range in insertion depth across most sec-
tors, except the lower left quadrant. The total exposure time for
these CI listeners would have been of the order of 8 to 16 hours.
Thus, accommodation to basal shifts, which were generally the
rule, can be very rapid. In the lower left quadrant of Figure 6,
we see insertion angles exceeding 400°. In this quadrant, the
actual scores as well as extrapolated scores are low, indicating
some hindrance to short-term, as well as to long-term learning.
These data collected very early after activation strengthen the
result seen for the 1-mo and initial scores in that they indicate
that frequency-place mismatches do not appear to be a factor
limiting performance, and that greater insertion depths (gener-
ally resulting in smaller frequency-place mismatches) slow the
acquisition of sentence recognition in CI patients.

DISCUSSION

In the present study, we aimed to identify the relative impor-
tance and strength of factors that prevent CI listeners from
achieving early, 1-mo sentence recognition scores as high as
those for NH listener, acoustic simulations. The highest French
MBAAZ? sentence scores obtained at 1-mo postactivation, indi-
cated by the intercept values obtained from the multiple regres-
sion (Table 4), are comparable with maximum HINT sentence
scores obtained by NH subjects listening acutely to acoustic
simulations with 8 to 10 channels in quiet and 10 to 12 channels
in 10 dB SNR noise (Friesen et al., 2001). The HINT sentences
are composed of 5 to 7 words with relatively simple structure
and vocabulary, whereas the MBAA?2 sentences are more vari-
able length “everyday” sentences with perhaps more linguistic
and semantic difficulty, similar to the English language CUNY
sentences. Thus, we would expect slightly higher performance
with the HINT sentences than MBAA2 sentences, all other
things being equal. Therefore, the best 1-mo MBAA?2 sentence
recognition scores seen here for CI listeners would indicate lev-
els of performance at least as high as those for the NH vocoder
conditions cited above.

At least some of our CI listeners achieved optimal sentence
recognition scores even at 1 day after activation, or in many
cases within 1 month of activation. The short-term results of CI
listeners are more appropriately compared with the results of
vocoder experiments, which usually only allow limited expo-
sure to the stimuli (of the order of tens of minutes maximum).
In some cases, CI listeners’ scores rose quickly from 1 day to
1 mo after activation, compared with longer term growth rates
over 1 to 12 mo (Fig. 6). In others, scores either started low and
remained low, such was generally true for etiologies associated
with labyrinthitis (chronic otitis or autoimmune disease, Fig. 2),
or increased relatively slowly over 12 mo as for congenital
hearing loss (Table 4 and Fig. 4, and also Fig. 2, square points
from a single subject). In the labyrinthitis cases, the cochlea
and supporting neural structure may be sufficiently damaged
to significantly limit the efficiency of stimulation channels, and
these limitations cannot be overcome with time and experience.
Linguistic and phonetic experience, and more generally sound
processing experience, would be significantly reduced with
congenital hearing loss so that language and sound processing
capabilities may have to be learned, rather than just relearned.
Therefore, in these cases, sentence recognition scores may take
a considerably longer time to reach functional levels compared
with CI listeners who only encountered hearing loss in adult life

and were implanted relatively soon after profound hearing loss
was diagnosed.

Proportions of Variance Explained by Factors

Parametric multivariate analyses is useful to understand the
absolute differences in sentence recognition scores between
NH-listener acoustic simulations and CI listeners rather than
analyzing rank order. In addition, it allows estimation of the
proportion of the total variance contributed by factors that may
limit performance, using a reduced bias r? estimate. Subject-
related factors etiology and duration of deafness together
explained ~40% of the variance for initial scores in quiet, and
30 to 40% in noise (partial > values, Table 4). Device type or
electrode position parameters explained up to a total of 20% of
the variance or were only half as important as patient-related
factors. This implies, for studies looking for the effects of elec-
trode position, that care should be taken to control for stronger
factors such as etiology. A good example is the presence of
labyrinthitis, such as chronic otitis and autoimmune disease,
which often severely limited sentence recognition scores in
the long-term (Figure 4). We note that in the present study,
the variance in scores explained by the regression models was
at a minimum of ~40%, ranging up to >60%, which is higher
than that reported in the studies conducted by Blamey et al.
(20-30%) employing nonparametric analyses. This may be due
to the single-center data and parametric technique employed in
the present study, and using a single device type when consid-
ering data for Nucleus Perimodiolar users alone (i.e., regres-
sion models III). The large Holden et al. (2013) study, and the
two very large, multicenter studies by Blamey and coauthors
(Blamey et al., 1996, 2012; Lazard et al., 2012) involving
1000, and slightly more than 2000 subjects, respectively, have
substantially contributed to our understanding of long-term
outcomes for adult CI listeners, including patient-related fac-
tors such as auditory experience, cognitive function and etiol-
ogy, as well as electrode position. Factors such as preoperative
hearing, cognitive function, auditory attention, and verbal pro-
cessing capacity may go some way to explaining the remain-
ing ~40% of the variance (Heydebrand et al., 2007; Moberly
et al., 2016). The results from the present study are generally
in line with the results from the two large studies cited above
with respect to the effects of patient-related factors, but provide
some further insights.

The Effects of Etiology

Chronic otitis and autoimmune disease groups largely rep-
resented poor scoring at 12 mo (Fig. 4). These etiologies can
generally be described as forms of labyrinthitis with varying
levels of severity (Schuknecht, 1974), which can affect laby-
rinth structure as well as neural tissue. We hypothesize that
the physical damage would produce varying current paths, or
a reduction in the amount of responsive neural substrate. Poor
overall results for Meningitis and Trauma were not observed in
the present study, perhaps due to the exclusion of cases with
partial insertion, usually due to fibrous tissue or bone growth.
Further research to identify and quantify poor channels should
allow us a better understanding of the electro-neural interface,
especially in poor-performing groups, and may indicate meth-
ods for improving performance (Bierer & Litvak, 2016; Garadat
etal., 2012; Long et al., 2014; Pfingst et al., 2015).
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Removing cases that may involve significant cochlear trauma
allowed us to model the growth of sentence recognition scores
over time on an individual basis. The regression of scores against
the logarithm of postactivation delay generally produced only
small RMS errors, certainly within test-retest reliability. Initial
scores, that is, the intercept of the individual log functions (log
(1)=0), ranged from negative values to at or near ceiling values.
Negative initial scores indicated that subjects took a number of
months to be able to recognize any words in sentences. This tech-
nique was particularly useful for analyzing scores in noise where
Cl listeners more often required at least 3 mo to achieve nonzero
scores. The congenital hearing loss group started approximately
halfway down the initial score scale compared with other etiol-
ogy groups (Table 4), with some suggestion that Meniere’s was
also associated with overall lower initial scores, particularly in
noise (model Il _, Table 4). We consider that the congenital
hearing loss group’s low initial scores indicate language pro-
cessing impairment due to long-term auditory deprivation. We
saw that reduced speech recognition scores were associated with
longer durations of hearing loss, to the degree of less than one
point per year in quiet, and more than one point per year in noise.
In the present study, we saw no significant effect of age, even
though one-quarter of CI listeners were older than 70 and would
tend toward some cognitive decline that may be detrimental to
understanding spoken language (Schneider et al., 2010). We also
found no effect of age on early scores in 10 dB SNR multi-talker
babble. A recent study by Holden et al. (2016) indicated a nega-
tive correlation between scores in noise and age, for a group of
subjects with on average 5 years’ experience using a CI. Cog-
nitive decline associated with aging may, therefore, influence
CI listeners’ ability to improve scores in noise over longer time
frames. At 12 mo, the scores for the congenital HL group were
not significantly different from the group average despite being
substantially lower (~50 pts) than for other groups at 1 month
(Table 4). It is unclear at this stage whether long-term perfor-
mance for congenital HL patients may remain limited by these
factors for more difficult material, or in higher levels of noise.

The Effect of Electrode Position

A significant, negative correlation between insertion depth
and initial score was found across all devices as well as for
Nucleus Perimodiolar devices alone. Therefore, the intercept
values indicate optimal performance (Table 4) and correspond
to initial scores for the lowest angles encountered in the data
set. The effects of insertion depth seen in models II largely
explained the differences seen in initial scores when only con-
sidering device brand (models I). The association of increasing
insertion depth with poorer speech recognition scores with CI
has been observed previously (Finley et al., 2008; Holden et al.,
2013; Lazard et al., 2012). As the basal ward shifts in this popu-
lation would not have generally exceeded ~1.5 octaves, the fre-
quency-place mismatch would not have significantly impacted
performance according to the results of vocoder experiments
where subjects had been given extended listening experience
(Li et al., 2009). The proportion of scala dislocations seen with
Nucleus Perimodiolar electrodes was significantly higher than
for straight electrodes (~40% versus ~12%), and a separate
analysis for Nucleus Perimodiolar electrodes revealed that scala
dislocation was associated with a reduction in initial scores, and
that this was separate effect from the effect of insertion depth.

These results have a direct bearing on surgical technique and
electrode design; first, that insertion depths should not exceed
approximately 360° and, second, that scala dislocation must be
avoided. Preformed, perimodiolar electrodes are generally more
prone to scala dislocation, especially when surgical technique
is not optimal, but also new perimodiolar designs should aim to
reduce or remove their occurrence (Aschendorff et al., 2017).
The use of 300° to 360° as an optimal insertion depth for elec-
tric hearing is serendipitous for the application of CIs in residual
hearing cases, in that, shallower insertion depths are generally
associated with better, and longer lasting hearing preservation
(Jurawitz et al., 2014; Skarzynski et al., 2014)

A negative correlation between insertion depth and sentence
recognition scores appears to support the hypothesis of reduced
channel effectiveness for positions greater than 360°, which
could be due to the tight coiling and bulb like form of the SG in
the terminal part of Rosenthal’s canal, at the level of the second
turn. The effect may depend on individual cochlear morphol-
ogy, for example, how tightly wound are the scalae or the SG
(for an excellent histologic exhibition of SG morphology we
recommend the article by Rask-Andersen et al., 2010, which
is available on the PubMed Central system as PMC2821077).
Early speech recognition performance may rely more heavily
on a full set of efficient channels such that it takes time for CI
listeners to learn to interpret, or even learn to ignore, certain
channels where information is mixed, as suggested by Baskent
and Shannon (2005).

Perimodiolar placement, or reduced distance between the elec-
trode contacts and the modiolus, has been associated with higher
long-term word scores (Esquia Medina et al., 2013; Holden et al.,
2013). However, in the present study, we observed no significant
difference between perimodiolar designs and straight lateral wall
designs, taking other factors into account. The morphology and
neural distribution in the SG may also explain the lack of benefit
observed in speech recognition scores when attempts have been
made to increase spatial selectivity; for example, by moving elec-
trode contacts closer to the modiolus, or by current focusing using
multipolar stimulation to cancel out the flanks of the current field
generated by each contact (e.g., Kalkman et al., 2015). As shown
in Figure 1, the less tightly rolled basal turn of the cochlea already
presents a relatively favorable stimulation target even for contacts
placed at the lateral wall (Kalkman et al., 2014); however, for
the second turn, the small distance across the diameter of the SG
and bulb-like structure would tend to produce cross-turn stimula-
tion for both lateral and medial positioned contacts (indeed, the
actual medial-lateral distances within the ST are also reduced). In
addition, approximately 80% of the length of the SG is found in
the first turn, containing 60% of nerve cells compared with 20%
and 40%, respectively, for the second turn (Sridhar et al., 2006).
Thus, cell density in the second turn is three times that in the first
turn. Generally, in the first turn, the spread of current required to
give equal loudness between different current focusing strategies
would be similar; however, in the second turn, the potential to
limit flanking currents may be offset by the penetration of cur-
rents further into the center of the SG such that cross-turn stimu-
lation could occur, and remove the benefit of current focusing
(Kalkman et al., 2015). Thus, current focusing or sound coding
strategies that are aimed at improving frequency selectivity for
CI listeners may be more successful if stimulation is limited to
locations <360°, and if the cochlea is in a healthy physiological
state. Alternatively, the lack of a significant difference between
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Nucleus straight and perimodiolar electrode designs may just
be due to the difficulty of the sentence recognition task: Only
~10 effective channels would be required to produce near-perfect
scoring even at 10 dB SNR, and we can suppose that both designs
can provide at least this number for the best CI listeners. We cur-
rently plan to reduce long-term scores for fixed SNRs to speech
recognition thresholds in noise (SNR50) to further understand CI
listeners’ performance in higher levels of noise, and also eluci-
date the question whether initially poorer performers can catch
up with those who rapidly achieve high scores.

Based on the results of this study of 118 unilateral CI listen-
ers, the best solution for CI listeners would be placement of the
deepest, most apical electrode contact at 300° to 360°. Further
work is required to understand if limiting active insertion depth
by selectively deactivating apical electrode contacts >360° may
improve performance early after activation, as has been seen for
some studies in the long-term (Gani et al., 2007; Kenway et al.,
2015). Any such attempt should take into account the poten-
tially limiting effects of large frequency-place mismatches. We
note here that the current results were obtained with the default
sound coding strategies and frequency allocations. Future work
should investigate different sound coding methods, such as cur-
rent focusing, and investigate frequency allocations that may
reflect more natural frequency-to-place matches, and could thus
change the results for deeper insertions.

In addition, further physiological work is required to under-
stand the variability of individual cochlear morphology in CI
listeners, either using high-resolution imaging or other mea-
sures of “cochlear health” (Pfingst et al., 2015). It is important
to note that, the results of this study indicate that the relative
level of performance of CI listeners can be estimated very early
on, and this can be used to customize rehabilitation programs,
as well as identify unexpected poor performance. Finally, the
relationship of early sentence recognition scores of CI listeners
to long-term performance, especially in noise, should be further
elucidated.

CONCLUSIONS

The patient-related factors etiology and duration of deafness
together explained ~40% of the variance in early sentence recog-
nition scores, for this population of 118, unilaterally implanted CI
users. Device type or electrode position parameters explained up
to a total of 20% of the variance, and so were only half as impor-
tant as patient-related factors. Thus, patient-related factors should
be accounted for when examining electrode position factors. CI
listeners with insertion depths of ~360° obtained the highest early
sentence recognition scores in quiet and in noise, and the scores
were comparable with those found in the literature for normal-
hearing listeners listening to 8 to 10 channel acoustic simulations.
This indicates that physiological frequency-place mismatches
of about one octave are rapidly accommodated by CI users for
sentence understanding, between 1 day to 1 mo postactivation,
and that channel efficiency may be significantly poorer for more
deeply positioned electrode contacts.
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