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INTRODUCTION 

It is conceivable that the vanatlOns of performance of 
cochlear implant patients can be related to several factors. 
Shiroma et all investigated which factors contributed to the 
speech recognition ability of cochlear implant patients; mul
tiple regression analysis showed that postoperative psycho
physical percepts such as threshold level (T level), maximum 
comfortable loudness level (C level), and dynamic ranges 
(DR) may play an important role in speech recognition ability. 
In this paper, we focus on determining which intracochlear 
factors contribute to these postoperative psychophysical per
cepts of the 22-channel cochlear implant system. We made a 
three-dimensional (3-D) computer reconstruction2 from the 
temporal bone of a cochlear implant patient and measured the 
following factors: distance between the electrode ring's cen
ter and the Rosenthal's canal center (dis); the cross-sectional 
areas of loose and dense fibrous tissue (1ft, dft), their sum, 
fibrous tissue (ft), and new bone (nb) as inner ear pathologic 
changes; and the density of residual spiral ganglion cells 
(sgc). The interrelationship between the postoperative psy
chophysical percepts and these factors is analyzed and dis

cussed. 

CASE REPORT 

The 74-year-old patient had a history of sensorineural 
hearing loss of unknown cause from childhood, and became 
totally deaf at age 68 (average hearing threShold: right, 101.3 
dB; left, 103.7 dB). He was implanted in the left ear at age 71, 
and received significant benefit from the use of the multichan
nel implant. The patient died of heart failure 33 months after 
implantation. A glutaraldehyde-formalin solution was in
jected into the middle ear and around the implanted receiver
stimulator package witrun 6 hours postmortem, and the left 
temporal bone was removed within 24 hours. At this time, the 
electrode array was removed from the temporal bone. 

TEMPORAL BONE AND PREPARATION OF IMAGES 

The temporal bone was prepared for light mkroscopy 'by 
the standard methods of decalcification, celloidin embed
ding, horizontal serial sectioning at 30 f.!m, hematoxylin and 
eosin stain, and mounting on glass slides. There was some 
fibrous tissue and new bone along the electrode array (Fig I). 

Fig I. Lower basal tum, showing full fibrous tissue and 
new bone in scala tympani. SM - scala media, E 
electrode array tract, 1ft -loose fibrous tissue, nb - new 
bone. 
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Fig 2. Plain f11m postoperative radiograph showing electrode array in 
cochlea. + - center of electrode rings, number - electrode number 
on mapping. 

A 3-D computer model was created from the 107 sections 
including the cochlea; every third section including Rosenthal's 
canal was used to count the number of spiral ganglion cells. 

Input for the reconstruction can be any series of histologic 
slices. Temporal bone sections were viewed through a micro
scope, and a video camera (the Panasonic WV-CD20) was 
connected to the personal computer via a Data Translation 
DT2851 frame-grabber card.2 We marked and stored coordi
nates of the loose and dense fibrous tissue, new bone, the 
centerpoint of spiral ganglion cells, and the midpoint of the 
basilar membrane and the organ of Corti (OC). Borders of 
each feature could be outlined manually via the screen cursor 
or detected automatically with an algorithm based on gray 
levels. Single-point features such as the position of spiral 
ganglion cells and OCs were entered manually with the 

cursor. After all relevant points and borders of a given section 
had been stored, they could be displayed as a red overlay on 
the real-time image of the next serial section. Thus, the next 
section could be maneuvered until the best visual fit with all 
the borders of the previous section had been obtained. The 3
D reconstruction was made after all features obtained from 
sequential sections were sorted; the area plus perimeter calcu
lations were added in the file, and the positions were con
firmed by the plain film postoperative radiograph (Fig 2). 
This temporal bone was cut at an angle of 62° between the 
plane of section and the plane of radiograph. Total volumes 
were calculated as the sum of areas times section intervals (30 
fAm). 

The position of the OC was used as the abscissa for map
ping all data. A distancemapofthe OC was made by summing 
the distances belween successive pairs of poinls, starting at 
the osteotomy site (as zero) and continuing to the apical end. 
The position of each electrode's ring was calculated by filling 
the model to the radiograph. One program module can calcu
late the relative cross-sectional area (CSA) of features and the 
density of spiral ganglion cells. To find the CSA, each feature 
in each section is projected onto the display of the Oc. The OC 
position of each endpoint, as found by the orthogonal projec
tion, is noted. The contribution of each feature to the CSA is 
its volume (area times section interval) divided by the OC 
distance over which it is distributed. For the total CSA at a 
given OC point, the contributions of all features overlapping 
that point are summed. The sgc was calculated similarly, with 
ganglion ceIl counts (measured by the Konigsmark formula3) 

used instead of volumes, and densities per millimeter instead 
ofCSA. In this study, we calculated the average CSA ofloose 
fibrous tissue, dense fibrous tissue, and new bone at 0.3- to 
OA-mm intervals centered around the point corresponding to 
each electrode ring's center. The dis was measured directly as 
a point-to-pointdistance. Three psychophysical percepts were 
assessed for the bipolar + I mode, so all the anatomic factors 
were calculated for the electrode ring in the middle of bipo
lar + I stimulation. Furthermore, the psychophysical per
cepts' values were converted from the relative numbers to 
milliamperes. 

Fig 3. Three-dimensional reconstruction of organ of 
Corti, fibrous tissue, new bone, and spiral ganglion 
cells. 
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Fig 4. Graphic representation of threshold level (T 
level), maximum comfor1able loudness level (C 
level), dynamic range (DR), and three factors: 
distance between electrode's center (c.) and Ro
senthai's canal center (R.c.c.), cross·sectional area 
of fibrous tissue (ft) and new bone (nb), and 
density of spiral ganglion cells. 

STATISTICAL METHOD 

To correlate the psychophysical percepts with the anatomic 
factors, Pearson's correlation coefficients were calculated. 
Multiple regression analysis was also performed to find the 
combination of factors that contribute to the performance. In 
the multiple regression analysis, T and C levels and DR were 
used as dependent variables, and the anatomic factors as 
independent variables. Furthermore, the correlation among 
independent variables was taken into consideration. 

RESULTS 

Values ofAnatomical Factors. The length of the OC was 
32.96 rom, the electrode array was inserted in the cochlea 
18.04 rom, and Rosenthal's canal center was 15.63 mm long. 
There was fibrous tissue and new bone along the electrode 
array; their total volumes were 12.12 and 2.00 rom,3 respec
tively, and the scala tympani was almost filled with them at the 
lower basal tum (Figs 1,3, and 4). The electrode array tract 
was surrounded by dense fibrous tissue. Values for dis were 
between 1.23 to 2.47 rom and tended to be shorter toward the 
apex of the cochlea (higher number of electrodes). The total 
number of spiral ganglion cells was 5,591, and the average 

density at I-mm intervals ofOC was 172.6 cells per millime
ter. The spiral ganglion cells tended to be clustered near 
electrodes 13 through 16 and 19 (Figs 3 and 4). 

Simple Correlation. The correlation coefficients among T 
level, C level, and DR and all factors are shown in Table 1. 
There was a strong positive correlation between the T and C 
levels but no significant correlation between either level and 
DR. The T level showed higher correlations with dis, ft + nb, 
ft, 1ft, and nb. Similarly, there was a significant correlation 
between dft and ft + nb and C level, and a moderately high 
negative correlation between sgc and DR. Among the ana
tomic factors, there were especially high positive correlation 
coefficients among ft + nb, ft, 1ft, dft, and nb. 

Multiple Regression. The ft + nb was selected as an inde
pendent variable because of the high correlation coefficients 
among ft + nb, ft, 1ft, dft, and nb. Thus, dis, sgc, and ft + nb 
were used as independent variables. All standard regression 
coefficients (13) and multiple regression coefficients (R) are 
shown in Table 2. For the T level, a shorter dis and a smaller 
ft + nb contributed significantly to its reduction; its coefficient 
of determination (R2) was quite high (.876). The same com-

TABLE I. RESULTS OF SIMPLE CORRELATION ANALYSIS (PEARSON'S CORRELAnON COEFFICIENTS) 

T level C level DR dis sgc It + nb ft 1ft dft nb 

T level 

C level .823* I 

DR -.338 .2S6 I 

dis .814* .71St -.197 I 

sgc -.S23§ -.154 .638t -.285 I 

ft + nb .736* .655t -.169 .409 -.519§ 

ft(lft + dft) .823* .741* -.174 .448 -.505§ .958* 

1ft .644t .624t -.066 .191 -.497§ .934* .938* 

dft .896* .772* -.235 .617t -.469 .893* .961 * .805* I 

nb .543§ .473 -.142 .292 -.477 .936* .796* .822* .705t 

See lext for abbreviations. 'p < .001. tp < .01. §p < .05. 
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TABLE 2. RESULTS OF MULTIPLE REGRESSION ANALYSIS 

Dependent Variables 

Tlevel Clevel DR 

(3(l) (3(l) (3(2) (3(1) (3(2) 

Independent 
variables dis .W7" .569t .54t -.085 -.016 

ft + nb .428t .593t .44§ .252 

sgc -.127 .317 .745t .633t 

Multiple correlation 
coefficient (R) .936" .864" .821" .67§ .638§ 

See text for abbreviations. ~ are standard regression coefficients: ~(l) is from three 
independent variables and ~(2) is from two independent variables. 'p < .001. tp < 
.01.1p < .05. 

bination also contributed to reduction of the C level. But we 
may consider that these factors indirectly affected the C level 
through the T level, because of a strong positive correlation 
between the T and C levels. For the DR, a higher sgc 
contributed to an increase, and its R2 was .404. 

DISCUSSION 

A lower T level with a wider DR was considered to be 
related to sensitivity and function of the inner ear and speech 
recognition ability. I Hence, which cochlear factors contribute 
to these psychophysical percepts? Shepherd et al4 observed 
significant reductions in electrical auditory brain stem re
sponse threshold as the electrode array was moved from the 
outer wall toward the modiolus in acute animal experiments. 
Our result corroborates this, so we can say a closer position of 
the electrode array to the modiolus is a more efficient design 
for implantable electrodes. The more histopathologic changes 
are found in the cochlea, the higher are the electrical auditory 

brain stem response thresholds, and the number of spiral 
ganglion cells is lower.5 Our data corroborate this quite well. 
Marsh et al6 investigated a human implanted temporal bone 
and reported that a marked reduction in spiral ganglion cell 
count was responsible for the elevated T level. Our study has 
just a weakly significant correlation between sgc and T level 
in the simple correlation test, and no significant result in 
mUltiple regression analysis. On the other hand, it is of par
ticular interest that a higher density of spiral ganglion cells 
shows a wider DR. In this case, DR had increased during 
about 6 months of implantation. In other words, the DR may 
be narrow shortly after implantation, but it may increase if 
there are sufficient residual spiral ganglion cells. This could 
lead to an improvement in speech recognition ability. 
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INTRODUCTION 

With the destruction of inner hair cells (IHCs) there is 
auditory nerve degeneration. Changes in peripheral elements 
(scar formation) 1-3 and distal neural processes lA.5 begin within 
hours after IHC loss. Degeneration of spiral ganglion cells 
(SPGs) after IHC loss follows a course of weeks to months in 
lower mammals, such as guinea pigs,6.7 but may extend to 

-11years in humans.8 The mechanisms that underlie these 
changes are not clear at this time, although a number of 
theories have been proposed to account for these degeneralive 
changes, 12 including lossofsurvival orgrowth factors, changes 
in the cytoarchitecture, and loss of activity in the auditory 
nerve fibers that occurs with denervation (IHC loss). In the 
last case, it is proposed that because of the elimination of 
spontaneous and evoked activity in the SPGs, the cell recog
nizes an unnatural state and processes begin that lead (with 
time) into a necrotic or apoptotic cell death cycle. At this time 

it is not clear what these processes might be or which cell 
death cycle is elicited. Nor is it clear that the loss of activity 
is the prime initiating agent, although this notion is supported 
by studies that demonstrate a reduction in SPG degeneration 
following IHC loss in the presence of chronic electrical 
stimulation, via a cochlear implant. 13-16 A clear definition of 
the mechanisms that are involved in SPG cell death following 
IHC destruction is important, both to increase our understand
ing of neuronal cell death with deafferentation and from a 
very practical clinical concern. The data are strong that a 
greater survival of auditory nerve elements in the profoundly 
deaf is associated with improved performance with the co
chlear implant in animal psychophysical studies,I7.J8 and 
with greater speech recognition and understanding benefits in 

20human studies. 19. If we understand the mechanisms in
volved and the factors that determine the effectiveness of 
electrical stimulation in preserving SPGs, we should be able 
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