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gression was used to identify whether subsets of six metrics 
associated with insertion depth (DI, DI/AEL, DI/CDL, IL, IL/AEL 
and IL/CDL), duration of deafness, sound-processing strate-
gy, potential for central impairment and age at implantation 
accounted for significant across-subject variance in the last 
recorded NU-6 word score measured during each subject’s 
life. Age at implantation and potential for central impair-
ment account for significant percentages of the across-sub-
ject variance in NU-6 word scores for the 27 subjects studied. 
None of the insertion metrics accounted for significant per-
formance variance, even when the variance associated with 
the other variables was controlled. These results, together 
with those of previous studies, are consistent with a relative-
ly weak association between electrode insertion depth and 
speech reception.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 The depth of insertion (DI) of a multichannel cochle-
ar implant has been suggested as a clinical variable that 
may be correlated with word recognition. A number of 
reasons for such an association have been postulated. For 
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 Abstract 
 The depth of electrode insertion of a multichannel cochlear 
implant has been suggested as a clinical variable that may 
correlate with word recognition using the implant. The cur-
rent study evaluates this relationship using the human tem-
poral bone collection at the Massachusetts Eye and Ear Infir-
mary. Twenty-seven temporal bones of subjects with co-
chlear implants were studied. Temporal bones were removed 
at autopsy, fixed and prepared for histological study by stan-
dard techniques. Specimens were then serially sectioned, 
and reconstructed by two-dimensional methods. Three 
measures of length were made from each subject’s recon-
struction: (1) depth of insertion (DI) of the cochlear implant 
electrode array, from the round window to the array’s apical 
tip; (2) inserted length (IL) from the cochleostomy to the api-
cal tip of the array, and (3) cochlear duct length (CDL) from 
the round window to the helicotrema. The active electrode 
length (AEL) was defined as the distance between the most 
apical and most basal electrodes of the array. Stepwise re-
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instance, the hypothesis that deeper insertion may allow 
stimulation of spiral ganglion cells serving lower fre-
quencies has motivated a number of studies like that of 
Geier and Norton [1992] where the effect of varying pro-
grammed electrodes on speech perception was evaluated. 
They reported a decrease of 27% in Central Institute of 
the Deaf (CID) sentence score when the five most apical 
electrodes were eliminated. Tong and Clark [1985] re-
ported that greater depths of insertion led to lower place 
pitch sensations and more natural speech sounds pro-
duced by the implant. Blamey et al. [1992] suggested that 
deeper insertion of the electrode array may improve the 
perception of speech because of accessing better pre-
served apical regions of the cochlea. Friesen et al. [2000] 
measured speech recognition performance as a function 
of electrode location and reported that CUNY sentence 
scores decreased significantly as the electrodes were 
shifted basally, but other speech measures (12 vowels, 16 
consonants, NU-6 words, NU-6 phonemes) did not show 
a significant change with electrode location. Hochmair et 
al. [2003] carried out acute speech testing of 10 users of 
the MED-EL COMBI 40+ implant to evaluate the effect 
of the insertion depth of the cochlear implant electrode 
on speech perception and reported that average monosyl-
labic word test scores when stimulating only the basal 
region of the cochlea were significantly poorer than the 
scores for all other conditions (12 channels and two dif-
ferent 8-channel arrangements distributed over the whole 
length of the cochlea). They concluded that stimulation 
of the apical region of the cochlea supports a significant 
degree of speech understanding, and that distributing 
the contacts over the whole length of the cochlea im-
proves speech perception. In contrast, Gani et al. [2007] 
found that subjects with the deepest insertions performed 
better on consonant and vowel identification when the 
two or three most apical electrodes were deactivated.

  Direct tests of the hypothesis that electrode insertion 
depth influences speech reception are relatively few and 
do not present a consistent picture. Four types of data 
have been used to estimate the intracochlear position of 
implanted electrodes. First, using surgeon’s reports of the 
length of the array inserted into the inner ear, Hartrampf 
et al. [1995] reported poorer monosyllabic word recogni-
tion for short ( ̂  12.75 mm) than deep ( 6 19.5 mm) inser-
tions. Blamey et al. [1992] did not find a significant asso-
ciation between CID sentence reception and insertion 
lengths ranging from 10 to 25 mm in the 64 subjects stud-
ied. Hodges et al. [1999] reported that insertion lengths 
ranging from 17 to 25 mm did not correlate with NU-6 
word recognition.

  A second type of data, two-dimensional radiographs 
of the patient’s implanted temporal bone made during 
life, have been used to estimate (1) the total angle of inser-
tion by visualizing the array’s tip position from a modi-
fied Stenver’s view and (2) the length of array inserted by 
counting the number of electrode contacts from the 
round window to the electrode tip and multiplying by the 
known distance between electrodes. Using this approach, 
Yukawa et al. [2004] reported that duration of deafness 
and total angle of insertion together accounted for 37% 
of the variance in 48 subjects’ consonant-vowel nucleus-
consonant (CNC) word score.

  A third data type used to estimate array insertion 
depth is cochlear reconstruction based on high-resolu-
tion spiral computed tomography scans. Using this ap-
proach, Skinner et al. [2002] demonstrated a significant 
correlation between NU-6 word scores and insertion 
depth as a percentage of total cochlear length. Finley et 
al. [2008] using preoperative and postoperative high-res-
olution CT images to determine the electrode position in 
each subject’s implanted cochlea, reported that increases 
in insertion depth (basal electrode angular depth) were 
significantly related to greater numbers of electrodes be-
ing located in scala vestibuli, which significantly corre-
lated with reduced CNC scores.

  A fourth class of data used to estimate DI is two-di-
mensional reconstruction of histopathologically pre-
pared human temporal bones. Using this method, Khan 
et al. [2005] did not find a significant correlation between 
the DI of the electrode array and the postoperative NU-6 
word score in 15 subjects.

  The current study was an effort to reevaluate the as-
sociation between the histopathologically determined DI 
with the last documented NU-6 word score measured 
during life. By combining results from the initial Khan et 
al. [2005] study with those from more recently donated 
temporal bones, the subject population is increased from 
15 to 27.

  Material and Methods 

 The temporal bones were fixed in 10% buffered formalin and 
decalcified in ethylenediaminetetraacetic acid. Those specimens 
in which the electrode array was left in situ were postfixed in 2% 
osmium tetroxide. All specimens were dehydrated in graded al-
cohols. The specimens in which the electrode array was left in situ 
were exchanged with propylene oxide and embedded in Araldite, 
whereas specimens in which the electrode array had been re-
moved before fixation were embedded in celloidin. The embed-
ded specimens were serially sectioned in the horizontal (axial) 
plane at an average thickness of 20  � m. Specimens embedded in 
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Araldite with the electrode array left in situ were sectioned by a 
technique previously described [Nadol et al., 1994]. Every tenth 
section of the specimen embedded in Araldite was either left un-
stained or stained in toluidine blue O before mounting on a glass 
slide. The serial sections were reconstructed by conventional two-
dimensional methods [Guild, 1921; Nadol, 1988; Schuknecht, 
1993]. The total length of the cochlea and the DI of the electrode 
as measured from the round window were determined from the 
two-dimensional reconstruction. The DI of the cochlear implant 
electrode was evaluated by direct microscopic determination of 
the most apical section in which the electrode was visible. In spec-
imens in which the electrode had been removed prior to histo-
logical preparation, the electrode’s track was easily identified by 
a lumen in the remaining fibrotic and/or boney tissue.

  In order to assess whether the depth of electrode insertion or 
the inserted electrode length are associated with speech-recep-
tion performance, two electrode-insertion metrics were mea-
sured for each subject’s two-dimensional reconstruction: DI as 
the distance from the round window to the most apical tip of the 
electrode array and inserted length (IL) as the distance from the 
cochleostomy to the most apical tip of the array. In addition, two 
lengths used to normalize the IL and DI measures were also de-
fined: cochlear duct length (CDL) as the distance from the round 
window to the helicotrema as measured in the two-dimensional 
reconstructions and the active electrode length (AEL) as the dis-
tance between the most apical and basal electrodes of the elec-
trode array ( fig. 1 ). The interelectrode spacing specified by the 
electrode manufacturer was used to compute the following AELs 
for the implants included in this study: 15.75 mm (Nucleus 22 and 
Nucleus 24M), 11.73 mm (Nucleus 24R), 20 mm (Ineraid, Richard 
Symbion), and 15 mm (Advanced Bionics, Clarion). Four normal-
ized electrode-insertion metrics were computed: IL/AEL, IL/
CDL, DI/AEL and DI/CDL. In the case of IL/AEL, values  ! 1 im-
ply not all contacts are within the cochlea. Even though the six 
electrode-insertion metrics are each highly correlated with the 
other, all are included to facilitate comparison with the results 
from other studies.

  The postimplantation NU-6 word scores listed in  table 2  were 
the last available before death. Only postlingually deafened native 
English speakers were selected. For some subjects, an NU-6 score 
was not available but was estimated from other speech-reception 
test results based on a technique described by Rabinowitz et al. 
[1992].

  Stepwise regression was used to identify combinations of the 
six electrode-insertion metrics (IL, IL/AEL, IL/CDL, DI, DI/AEL, 
DI/CDL), duration of deafness, sound-processing strategy, poten-
tial for central impairment and age at implantation to build re-
gression models that account for significant amounts of the 
across-subject variance in the NU-6 word scores.

  Results 

 Clinical Demographics 
 As shown in  table 1 , the causes of deafness were un-

known in 8 cases, meningogenic labyrinthitis in 4 cases, 
temporal bone fracture in 3 cases, otosclerosis in 3 cases, 
sudden sensorineural hearing loss in 3 cases, endolym-

phatic hydrops in 2 cases, genetically determined hearing 
loss in 1 case, chronic otitis media in 1 case, mumps and/
or chemotherapy in 1 case, and acoustic schwannoma in 
1 case. Bilateral cochlear implants were done in subjects 
14 and 17. However, in both, NU-6 word scores were 
available only for one side. In subject 11, two separate co-
chleostomies were made during the implantation sur-
gery: a standard Ineraid six-electrode array was inserted 
through a basal cochleostomy and the Ineraid promon-
tory electrode was placed in the cochlear apex via a sepa-
rate cochleostomy anterior and inferior to the cochleari-
form process. However, since stimulation of the promon-
tory electrode was not done clinically, only data for the 
standard electrode area were used in this study.

  Details of implantation and performance are shown in 
 table 2  for each subject: implant type, sound-processing 
strategy, six electrode-insertion metrics and NU-6 word 
score. The range and mean for each electrode-insertion 
metric and the NU-6 score are given at the bottom of 
 table 2 . The time from implantation to the day of the
last NU-6 test ranged from 3 to 181 months (mean: 57 
months).

  In the case of subject 2, the data are based on a multi-
channel cochlear implant placed after explantation of a 

  Fig. 1.  Specimens and the electrode track were reconstructed by 
two-dimensional methods. Four measures were calculated: CDL 
from the round window (RW) to the helicotrema (H); IL from the 
cochleostomy (C) to the apical tip of the array (T); DI from the 
round window to the array’s apical tip, and AEL from the most 
apical electrode (ae) to the most basal electrode (be). The solid 
curved line represents the basilar membrane of the cochlear duct, 
the dashed line the electrode carrier and filled circles the elec-
trodes. 
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Table 1. Clinical demographics

Subject Etiology Sex Ear
implanted

Age
became
deaf, years

Age
implanted
years

Age at
death
years

Years
deaf

Years
implanted

Months between
implantation and 
last NU-6 test 

1 Unknown M L (CL) 47 83 90 36 7 6

2 Temporal bone fracture M L (HS)]
L (N22)

47 53 (L),
57 (L)

67 6 14 14

3 Temporal bone fracture M R (I)]
R (I)]
R (N22)

71 71 (R),
72 (R),
75 (R)

88 0.25 17 30

4 Temporal bone fracture M R (N22) 65 65 67 0.5 2 25

5 Genetics M L (N24) 49 71 72 22 1 3

6 Mumps, chemotherapy F R (N22)]
R (N22)

72 75 (R),
76 (R)

79 3 4 16

7 Meningogenic labyrinthitis M R (I) 20 65 72 45 7 66

8 Unknown F R (N22) 71 82 85 11 3 144

9 Sudden SNHL F R (N22) 47 59 74 12 15 181

10 Otosclerosis F L (N24) 51 65 69 14 4 16

11 Meningogenic labyrinthitis M L (I) 60 68 71 8 3 25

12 Chronic otitis media F R (3M)]
R (N22)

50 65 (R),
74 (R)

80 15 15 60

13 Unknown M R (N24) 67 82 94 15 12 84

14 Otosclerosis F R (N22)]
L (N24)

56 56 (R),
69 (L)

73 0.17 12 (R),
4 (L)

7

15 Otosclerosis M L (I) 65 74 84 9 10 117

16 Sudden SNHL F R (I) 38 40 55 2 15 155

17 Meningogenic labyrinthitis M R (NS)]
L (N22)

65 68 (R),
70 (L)

73 3 5 24

18 Unknown F L (N22) child 54 64 54 10 20

19 Sudden SNHL M R (I) 20 30 47 10 17 144

20 Unknown F L (N24) 84 85 92 1 7 3

21 Ménière’s disease M L (N22) 61 81 92 20 11 27

22 Schwannoma M R (N22) 50 59 70 9 11 26

23 Ménière’s disease M R (N24) 67 67 70 0.17 3 10

24 Meningogenic labyrinthitis M L (I) 27 61 77 34 16 147

25 Unknown M R (N22) 47 77 84 30 7 48

26 Unknown M R (N22) 55 63 75 8 12 125

27 Unknown M L (CL) 68 72 78 4 6 28

N22 = Nucleus 22; N24 = Nucleus 24; CL = Clarion; I = Ineraid (Richards Symbion); NS = Nucleus single-channel device; HS = 
House single-channel device; 3M = 3M House single-channel device; SNHL = sensorineural hearing loss.
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single-channel device. In subject 27, because the elec-
trode buckled from the scala vestibuli into the scala tym-
pani in the basal turn, the IL was calculated using the 
distances between active electrodes.

  Sound-Processing Strategy, Duration of Deafness and 
Age at Implantation 
 Given the small number of subjects associated with 

most of the sound-processing strategies, it is not surpris-
ing that a one-way analysis of variance (ANOVA) on the 
25 subjects with known sound-processor strategy found 
the effect of strategy on NU-6 word score not to be sig-
nificant [F(7, 17) = 1.31, p = 0.30]. The effect of strategy 
was also not significant [F(1, 23) = 2.86, p = 0.10] when 
the data were grouped by modern sound-processing 

strategies (ACE, CIS, SPEAK) and older strategies (CA, 
F0/F1/F2, MPEAK).

  While correlational analysis did not show a signifi-
cant association between across-subject variance in the 
duration of deafness and NU-6 scores (r 2   !  0.001, p = 
0.89), variance in age at implantation accounted for 24% 
of the performance variance (p = 0.01).  Figure 2  is a plot 
of performance as a function of age at implantation and 
suggests that the significance of the association between 
these two variables is not very robust and due mainly to 
the data of the 2 highest performing subjects (subjects 
16 and 19). When these 2 subjects are eliminated from 
the analysis, the association between performance and 
age at implantation no longer exists (r 2   !  0.001, p = 
0.94).

Table 2. Implantation and performance information

Subject Implant type Strategy Cochleosto-
my, mm

DI 
mm

IL 
mm

CDL 
mm

IL/AEL IL/CDL DI/AEL DI/CDL NU-6 
%

1 Clarion CIS 3 21.0 18.0 29.5 1.20 0.61 1.40 0.71 48
2 Nucleus 22 unknown 1.5 20.2 18.7 28.5 1.19 0.66 1.28 0.71 01

3 Nucleus 22 SPEAK 4.5 22.5 18.0 34.3 1.14 0.52 1.43 0.66 10
4 Nucleus 22 MPEAK 1.7 19.5 17.8 30.0 1.13 0.59 1.24 0.65 30
5 Nucleus 24R ACE 4.5 23.2 18.7 33.0 1.59 0.57 1.98 0.70 8
6 Nucleus 22 SPEAK 4.5 21.0 16.5 31.6 1.05 0.52 1.33 0.66 16
7 Ineraid CA 3 24.0 21.0 31.0 1.05 0.68 1.20 0.77 2
8 Nucleus 22 SPEAK 4.8 20.8 16.0 33.2 1.02 0.48 1.32 0.63 34
9 Nucleus 22 SPEAK 4 19.8 15.8 32.8 1.00 0.48 1.26 0.60 26

10 Nucleus 24M SPEAK 5 22.0 17.0 25.5 1.08 0.67 1.40 0.86 58
11 Ineraid CIS 4 23.0 19.0 33.9 0.95 0.56 1.15 0.68 16
12 Nucleus 22 SPEAK 3.4 18.2 14.8 28.9 0.94 0.51 1.16 0.63 4
13 Nucleus 22 SPEAK 4 20.0 16.0 33.4 1.02 0.48 1.27 0.60 40
14 Nucleus 24M SPEAK 4.8 18.5 13.7 26.1 0.87 0.52 1.18 0.71 24
15 Ineraid CIS 3.8 21.3 17.5 34.0 0.88 0.51 1.07 0.63 22
16 Ineraid CIS 5 22.3 17.5 32.8 0.88 0.53 1.12 0.68 90
17 Nucleus 22 MPEAK 5 18.0 13.0 28.1 0.83 0.46 1.14 0.64 10
18 Nucleus 22 unknown 3.5 16.2 12.7 28.0 0.81 0.45 1.03 0.58 56
19 Ineraid CIS 6.8 22.8 16.0 30.4 0.80 0.53 1.14 0.75 70
20 Nucleus 24M SPEAK 3.3 16.7 13.4 30.7 0.85 0.44 1.06 0.54 6
21 Nucleus 22 SPEAK 4 16.0 12.0 30.8 0.76 0.39 1.02 0.52 12
22 Nucleus 22 F0/F1/F2 3 15.0 12.0 28.4 0.76 0.42 0.95 0.53 14
23 Nucleus 24M CIS 3.5 15.8 12.3 30.9 0.78 0.40 1.00 0.51 58
24 Ineraid CA 1 14.5 13.5 28.8 0.68 0.47 0.73 0.50 6
25 Nucleus 22 SPEAK 3 12.0 9.0 32.6 0.57 0.28 0.76 0.37 30
26 Nucleus 22 MPEAK 4 11.9 7.9 35.1 0.50 0.23 0.76 0.34 181

27 Clarion CIS 0 9.0 9.0 29.0 0.60 0.31 0.60 0.31 111

maximum 6.8 24.0 21.0 35.1 1.20 0.68 1.47 0.86 90
minimum 0.0 9.0 7.9 25.5 0.50 0.23 0.60 0.31 0
mean 3.7 18.7 15.1 30.8 0.91 0.49 1.13 0.61 26.6

NU-6 = Percentage word score for the last recorded NU-6 word test.
1 Word score estimated by the method of Rabinowitz et al. [1992].
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  Potential for Central Impairment 
 Nine subject histories suggested potential for a central 

impairment before performance testing that might influ-
ence the NU-6 score. Subjects 7, 11, 17 and 24 suffered 
from meningitis. Subject 2 had a history of grand mal 
seizure, craniocerebral trauma, reactive depression and a 
4-day coma. Subject 8 suffered from Alzheimer’s disease, 
subject 15 from a cerebral vascular accident and subject 
20 from dementia. Subject 22 experienced normal-pres-
sure hydrocephalus, ventriculoperitoneal shunt and sub-
arachnoid hemorrhage. Whether or not the subject’s his-
tory suggested possible central impairment accounted for 
20% of the across-subject performance variance [F(1,
25) = 6.27, p = 0.02] with the mean word score (12%) of 
the subjects with possible central impairment signifi-
cantly lower than for the other subjects [34%; t(25) = 3.18, 
p = 0.004].

  Electrode-Insertion Metrics 
 Correlation analyses were used to determine whether 

the association between each of the six electrode-inser-
tion metrics (IL, IL/AEL, IL/CDL, DI, DI/AEL and DI/
CDL) and NU-6 word score was strong enough to be sig-
nificant without controlling for the variance associated 
with other factors. The Pearson’s coefficients of determi-
nation (r 2 ) and probabilities for the analyses are given in 

 table 3  and show that the very small variance in the NU-
6 word score accounted for by variance in each of the 
electrode-insertion metrics was not significant.  Figure 3  
illustrates the lack of correlation with a plot of the NU-6 
score as a function of the DI/CDL metric and the associ-
ated regression line.

  Stepwise regression was used to identify combinations 
of the six electrode-insertion metrics (IL, IL/AEL, IL/
CDL, DI, DI/AEL, DI/CDL) with processing strategy, du-
ration of deafness, duration of strategy use before NU-6 
testing, age at implantation or possible central impair-
ment to identify regression models that account for sig-
nificant amounts of the across-subject variance in the 
NU-6 word scores. None of the electrode-insertion met-
rics paired with these variables resulted in combinations 
in which the effect of the insertion metric was a signifi-
cant factor in explaining across-subject performance 
variance.  Table 4  illustrates this result by presenting anal-
ysis outcomes of six two-parameter models: each of the 
six insertion metrics paired with possible central impair-
ment. The statistics for the overall model fit show that 
four of the models account for a significant fraction of 
performance variance. That this is due to the central-im-
pairment variable with little contribution from the inser-
tion-metric variable is clear when the statistics associated 
with the effect of the insertion metric (rightmost two col-
umns of  table 4 ) are examined. The insertion-metric ef-
fect is not significant for any model.
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  Fig. 2.  NU-6 word score plotted as a function of the age at implan-
tation with a linear regression line. While the linear model ac-
counts for 24% of the performance variance (p = 0.01), it can be 
seen from the plot that the significant correlation is mainly the 
result of the 2 subjects (16 and 19) with age at implantation young-
er than 50. When these 2 subjects are removed, the age at implan-
tation no longer accounts for a significant fraction of the across-
subject performance variance (r 2   !  0.001, p = 0.94). 
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  Fig. 3.  NU-6 word score plotted as a function of DI normalized by 
each subject’s CDL with a linear regression line. The linear mod-
el does not account for a significant fraction of the across-subject 
performance variance (r 2  = 0.05, p = 0.27).   



 Depth of Electrode Insertion and 
Postoperative Performance 

 Audiol Neurotol 2010;15:323–331  329

  Discussion 

 Electrode Insertion Depth and Performance 
 The present analysis of 27 subjects does not reveal any 

association between electrode-insertion metrics and per-
formance even when the performance variance associ-
ated with other variables is controlled. The present re-
sults stand in contrast to those of Skinner et al. [2002], the 
only study reporting a sufficiently strong effect of an elec-
trode-insertion metric (insertion depth normalized by 
cochlear length) to show a significant correlation (r 2  = 
0.20, p = 0.02) with speech reception without controlling 
for the variance of another predictor variable. Our analy-
sis of the Skinner et al. [2002] data shows that age at im-
plantation was not significantly correlated with perfor-
mance (r 2  = 0.08, p = 0.16), but when combined with their 
insertion-depth metric, the percentage of speech-recep-
tion variance predicted increases from 20 to 42% (overall 
model p = 0.002) with each effect being highly significant 
(age at implantation: p = 0.007; depth: p = 0.001).

  We are unable to identify a methodological difference 
between our study and that by Skinner et al. [2002] that 
might account for the very different results. It is possible 
that a reduction in variability associated with the subjects 
of Skinner et al. [2002] – who all used the same implant 
system (Nucleus 22) and speech-processing strategy 
(SPEAK) – increased the relative saliency of the inser-
tion-metric’s effect. Separate analysis of the 8 subjects 
from our population with Nucleus 22 implants using the 
SPEAK strategy and the 11 subjects with straight Nucleus 
electrodes using the SPEAK strategy did not reveal a sig-
nificant association of an electrode-insertion metric with 
NU-6 score.

  Skinner et al. [2002] used subject-specific, three-di-
mensional cochlear reconstructions based on data from 

spiral CT scans (100- � m slice intervals) to estimate co-
chlear canal length and electrode insertion depth. The 
CT reconstruction methods used to estimate electrode-
array length and interelectrode distance have been shown 
to be in close agreement with measures made using stereo 
microscopy [e.g., Skinner et al., 1994]. However, the use 
of radiological data for identification of the cochlear base 
and the cochleostomy site and the use of Archimedean 
and equiangular spirals [Ketten et al., 1998] to estimate 
human cochlear duct length and insertion length have 
not been tested against direct histological methods. Thus, 
it is difficult to assess the degree to which the CT meth-
odology might diverge from the histopathological meth-
ods used in the present study.

  One potential advantage of the radiographic method-
ology is that measurements are based on premortem data. 
In the case of histologic preparation of temporal bones 
removed at autopsy, the specimens are subject to the pos-
sibility of some motion or disruption of the in vivo elec-
trode position. We do not think this was an issue in the 
bones of this study because the electrode track was clear-
ly visible in every bone. Even in bones in which the elec-
trode was removed before processing, the electrode track 
was easily recognized by a lumen within the electrode’s 
fibrous sheath. A lumen also marked the electrode track 
in cases where larger masses of soft or boney tissues pro-
liferated around segments of the array.

Table 3. Pearson’s coefficients of determination (r2) and probabil-
ities (p) of obtaining a greater correlation by chance (d.f. = 26) 
computed between each of the six electrode-insertion metrics and 
the NU-6 score

Electrode-insertion metric correlated
with NU-6 score

r2 p

IL <0.01 0.82
IL/AEL 0.01 0.70
IL/CDL <0.01 0.74
DI 0.04 0.33
DI/AEL <0.01 0.89
DI/CDL 0.05 0.27

Table 4. Statistics for the multiple regression models computed 
for the association between the NU-6 word score and the two pre-
dictor variables: possible central deficit and the six electrode-in-
sertion metrics

Electrode-inser-
tion metric

Overall model fit Effect of insertion 
metric

R2 F(2, 24) p F(1) p

IL 0.22 3.39 0.05* 0.60 0.44
IL/AEL 0.21 3.18 0.06 0.28 0.60
IL/CDL 0.22 3.47 0.05* 0.73 0.40
DI 0.26 4.20 0.03* 1.91 0.18
DI/AEL 0.20 3.02 0.07 0.02 0.88
DI/CDL 0.27 4.39 0.02* 2.21 0.15

For the overall model fit: squared multiple correlation coeffi-
cients (R2), F ratios [F(2, 24)], and probabilities (p) of obtaining a 
greater F value by chance are shown. F ratios [F(1)] probabilities 
(p) associated with the insertion metric. Significance (*) based
on a p ≤ 0.05 criterion.
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  Yukawa et al. [2004] combined angular insertion 
depth with the duration of deafness in their multiple re-
gression analysis of 48 subjects to show a significant ef-
fect of insertion depth (t = 2.38, p = 0.02) and duration of 
deafness (t = –4.27, p  !  0.0001). However, our estimate of 
the correlation between the CNC word-score measures 
and the measures of angle of insertion from their  figure 
1  (excluding the same ‘outlier’ they excluded from their 
analyses) shows that the effect of insertion depth alone 
was not strong enough to reach significance (r 2  = 0.06,
p = 0.17) and is similar to our result for insertion depth 
( table 3 ; DI: r 2  = 0.04, p = 0.33). These results are also 
similar to those reported by Hodges et al. [1999] for inser-
tions ranging from 17 to 25 mm in 31 subjects where the 
correlation with NU-6 word score was not significant
(r 2  = 0.05, p = 0.28).

  A relatively weak electrode-insertion effect is also con-
sistent with studies reporting associations between speech 
reception and IL or DI that are just sort of significant. The 
Blamey et al. [1992] study of 64 subjects reported a cor-
relation of r 2  = 0.23 (p = 0.08). The data reported by Fin-
ley et al. [2008, fig. 1, 4] allowed us to estimate individual 
CNC word scores and angular DI measures for the 14 
subjects studied. Our estimate of the correlation between 
word score and DI was also just short of significant (r 2  = 
0.26, p = 0.06).

  Taken as a whole, the current study’s results and those 
of previous studies are consistent with a relatively weak 
association between electrode insertion depth and speech 
reception that is sometimes revealed when the perfor-
mance variance associated with other factors (e.g., age
at implantation) is controlled, but rarely of sufficient 
strength to be documented with bivariate analysis.

  Impact of Short Insertions on Performance 
 The results of Hartrampf et al. [1995] suggest the pos-

sibility that the association between performance and in-
sertion length may be stronger when the subject popula-
tion is limited to implantees with relatively shallow and 
relatively deep insertion depths. Hartrampf et al. [1995] 
compared Freiburger monosyllabic word scores between 
a group of 7 subjects with electrode IL  ̂  12.75 mm
(range: 3.75–12.75 mm) and a group of 7 matched (by du-
ration of deafness and age at onset of deafness) subjects 
with IL  6 23.25 mm. They reported a lower mean score 
for the short IL group (24%) than for the deeper insertion 
group (37.8%). While we could not select matched groups, 
we did group our subjects into IL quartiles to test wheth-
er the mean NU-6 score of the first-quartile group (7.9 
mm  ̂   IL  !  12.7 mm) was lower than any of the other 

quartile groups. The first-quartile group’s mean NU-6 
score (21%) was not significantly different from the mean 
scores of the second (21%, t = 0.02, p = 0.98) or fourth-
quartile groups (16%, t = –0.45, p = 0.66), but did differ 
significantly from the third-quartile group (47%, t = 2.33, 
p = 0.03) with 16.0 mm  ̂   IL  !  17.8 mm. Because similar 
quartile group analyses for the other electrode-insertion 
metrics used in this study (DI, DI/AEL, DI/CDL, IL/AEL 
and IL/CDL) did not show significant differences be-
tween the mean NU-6 scores of the first and third quar-
tiles, we suspect that the significant difference found be-
tween mean NU-6 score for the first- and third-quartile 
IL groups reflects a characteristic of the specific popula-
tion rather than a general characteristic associated with 
electrode IL or depth.

  Other Factors 
 In the analyses of our subjects, only age at implanta-

tion (24%, p = 0.01) and possible central impairment 
(20%, p = 0.02) explained a significant percentage of 
across-subject performance variance. Our analysis of the 
Finley et al. [2008] results also show a significant asso-
ciation between age at implantation and performance
(r 2  = 0.43, p = 0.01), but the Skinner et al. [2002] results 
do not (r 2  = 0.08, p = 0.16).

  The duration of deafness has been identified by others 
as a factor explaining significant across-subject perfor-
mance variance [e.g. Blamey et al., 1996]. No such asso-
ciation was found in the subjects of the present study
(r 2   ! 0.001, p = 0.89) or in our analysis of the results of 
Skinner et al. [2002] (r 2  = 0.07, p = 0.17) or in the report-
ed results (no statistics given) of Finley et al. [2008].

  Conclusions 

 A significant percentage of across-subject perfor-
mance variance was explained by age at implantation 
(24%, p = 0.01) and possible central impairment (20%,
p = 0.02) in the 27 subjects of this study. But a significant 
fraction of the performance variance could not be ac-
counted for by any of the six electrode-insertion metrics 
(IL, IL/AEL, IL/CDL, DI, DI/AEL, DI/CDL) measured in 
the subjects’ temporal bones, even when the variance as-
sociated with other variables like age at implantation, po-
tential central deficit, duration of deafness, processing 
strategy and duration of strategy use were controlled. 
These results, together with those of previous studies, are 
consistent with a relatively weak association between 
electrode insertion depth and speech reception. For the 
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relatively small populations studied to date, this weak as-
sociation is only sometimes revealed when the perfor-
mance variance associated with other factors is controlled 
and is rarely of sufficient strength to be documented with 
bivariate analysis.
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