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Objective: To develop techniques for measuring the positions
ofthe individual electrodes of a multiple channel cochlear im
plant and for estimating associated characteristic frequencies.
Background: Information concerning the positions of the in
dividual electrodes of a cochlear implant array is important
for analyzing speech perception or psychophysical data and
for optimizing speech-processing strategies. This study pre
sents two techniques for obtaining such information from
postoperative plain film radiographs.
Methods: A template spiral shape, derived from analysis of the
radiographs of 30 cochlear implant patients, is used to obtain
measurements of the angular positions of the electrode bands
within scala tympani. A research technique measures angular
positions and estimates characteristic frequencies for all elec
trode bands but requires that the positions of two cochlear land
marks and all electrode bands be digitized. A clinical technique
provides similar angle and frequency estimates but requires a

minimum of information to be extracted visually from the ra
diograph. The lateral positions of the bands are estimated, in
the research technique, using mean outer and inner wall nmc
tions obtained from 11 Silastic molds of scala tympani.
Results: The mean position ofthe implanted array relative to
the mean scala tympani outer wall function was consistent
with published histologic observations of implanted tempo
ral bones. Measured angles did not vary greatly with experi
menter or with rotation of the cochlea relative to the radi
ographic beam by up to 20°.
Conclusions: The techniques described allow, principally,
measurement of the longitudinal positions of the bands of a
cochlear implant in scala tympani and estimation of corre
sponding characteristic frequencies. Key Words: Cochlear
implant array-Electrode bands-Radiology.
Am J OtoI17:859-865, 1996.

Precise specification of the positions of the individ
ual electrode bands of a multichannel cochlear implant
is important for several reasons. In studies of patient
speech performance and psychophysics, it is desirable
to quantify individual electrode insertion depth as one
of the variables. This study arose primarily from that
need. Speech-processing strategies may require such
data for the optimum presentation of place information.
Furthermore, postoperative slippage of the electrode
array may be detected. Marsh et al. (I) described a tech
nique for estimating electrode position from analysis of
plain film radiographs. The two methods to be described
are extensions of their approach and are intended, pri
marily, to provide information on the longitudinal po
sition of the electrode bands along the scala tympani.
However, one method also gives useful information on
the lateral position of the bands. It also estimates the

position of the round window (RW) and the point of
entry through a cochleostomy.
Recent developments in three-dimensional (3-D) re
construction from spiral computed tomographic (CT)
scans show great promise for the visualization of
cochlear structures (2). However, the present simpler
and more generally applicable techniques, although more
limited in scope, allow the extraction of detailed infor
mation concerning electrode position. Although the
methods presented use 2-D projections, the errors in
troduced for normal insertions are small. Kawano et al.
(3) calculated the length of the human organ of Corti
both from 3-D reconstruction and from reconstruction
of 2-D projection onto an axial plane at right angles to
the modiolar axis. They found that the latter gave an es
timate on average 2.6% less than the former. For some
other species a 2-D projection may introduce greater er
rors (4), although it has been shown to result in an error
of only 2.8% in the cat (5).
Marsh et al. (1) observed that electrode position may
be more usefully specified in terms of angle than length.
The present methods calculate angle, although length
information is implicit. The use of angle facilitates the
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comparison of data for electrode arrays that follow dif
ferent intracochlear trajectories. For example, one array
might follow the outer wall of the scala tympani, where
as another might follow the inner wall. Furthermore,
cochleas differ in diameter, and, as is indicated by our
data, there is a significant difference between mean di
ameters of male and female cochleas. On the assump
tion that cochleas of different diameters have similar
total angles, equal insertion lengths would result not
only in different angular positions (insertion angles) for
the individual electrode bands, but in different charac
teristic frequencies.
The method of Marsh et al. (I) involved the analysis
of a patient radiograph taken using a modified Stenver's
view (cochlear view) (6). Two anatomic features were
identified, corresponding to the apex of the superior
semicircular canal (SSC) and the mid-point of the
vestibule (V) (Fig. I). A line drawn through the points
marking these features served as a reference line for
analysis of the radiograph. They observed that such a
line passed close to the RW Further lines were drawn,
tangential to the radiographic image of the electrode
spiral and either parallel to or at right angles to the ini
tial reference line. The center of the spiral was taken to
be midway between both the horizontal tangent lines
and the vertical tangent lines. This construction enabled
the cochlea to be divided into quadrants, and the posi
tion of an electrode band to be specified in terms of
quadrant and approximate angle within a quadrant.
Although this method is useful, it has disadvantages
in terms of accuracy and convenience. Taking the spi

ral center to be midway between tangent lines introduces
a systematic error that would substantially impair the
accuracy of angle estimates. Furthermore, if the array
insertion was shallow, it would be difficult to define the
center of the spiral. If one were to use the method rou·
tinely to estimate the angles of all 22 conducting bands
of a Cochlear limited array, the task would prove te
dious, arguably deterring clinicians from applying it.
The proposed methods address these issues. The first
(research) method, which involves the fitting of a tern·
plate spiral to the digitized positions of the electrode
bands (and requires also the positions of SSC and V),
provides a more accurate estimate of the center of the
spiral and, therefore, more accurate estimates of inser
tion angles. It also can accommodate, albeit with re
duced accuracy, shallow array insertions. The second
(clinical) method is derived from the first but is simple
and fast enough to be used routinely in the clinical setup
of speech processors for cochlear implants.
In practice, the orientation of the patient's head during
the radiographic procedure may differ somewhat from
the ideal of the cochlear view (6). Furthermore, estimates
of the positions ofSSC and V vary for different observers.
In order to assess the variation of calculated insertion an
gles and RW position with orientation of the cochlea rel
ative to the radiograph and with experimenter, six im
planted temporal bones were radiographed in various
orientations, and numerical estimates were obtained in
dependently by three experimenters.

MATERIALS AND METHODS
Patient radiographs and temporal bones
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FIG. 1. Diagram of radiograph of implanted cochlea. Outline of
vestibular system is shown, with superior semicircular canal (SSG)
and vestibule (V). Electrode array is shown inserted through RW.
Geometric construction involves drawing reference line through
SSG and V, estimation of center of electrode spiral, and con
struction of a line perpendicular to the reference line and passing
through the spiral center. e is the resulting insertion angle. Also
shown are the axes about which six temporal bones were rotat

Radiographs of 30 patients were selected from the records
of the Cochlear Implant Clinic of the Royal Victorian Eye and
Ear Hospital (17 male, 13 female). The patients included most
of the current volunteers for psychophysics research in the
Department of Otolaryngology (University of Melbourne).
The radiographs had been taken using the cochlear view (1,6)
or similar orientations. The patients were implanted with the
standard Cochlear Ltd. receiver-stimulator and electrode array,
whereas the temporal bones were implanted with similar ar
rays. All but two of the patients had been implanted through
a cochleostomy.
A total of nine temporal bones were used in the study. Six
had been dried and cut away from the apex to expose the scala
tympani of the basal and middle turns and some of the apical
turn. Electrode arrays were placed in the scala tympani of
these, passing through the RW and positioned against the outer
wall. The most basal stiffening band was positioned in the RW
niche; therefore, the position of the RW was indicated ap
proximately by a point midway between the two most basal
stiffening bands. Radiographs were provided (courtesy Mar
tin Donnelly) for an additional three temporal bones, which
had been implanted through cochleostomies and in which the
position of the RW had been labeled.

Silastic molds of scala tympani
Silastic molds of II temporal bones had been made for a
previous study (6). Briefly, II cadaver adult human temporal
bones were fixed and resected to a proper size. The whole bony
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COCHLEARIMPLANTARRAY
labyrinth was maintained intact. The oval window was opened,
and the RW membrane was incised using a 3D-gauge needle.
Silastic MDX-4-4210 was gradually injected with minimum
pressure into the scala tympani via the RW The bony labyrinth
with Silastic inside was kept at room temperature for at least 3
days until the Silastic cured. The bony wall ofthe labyrinth was
trimmed away so that an intact Silastic mold could be removed
from the labyrinth. The scala tympani part of the Silastic mold
was dissected from the rest with ease. The molds were so close
to the actual size of the scala tympani that the impression of
the membranous labyrinth was clearly visible on them. The spi
ralligament was fairly intact when the molds were made.

Radiography of cochlear view
The patient sat in front of a vertical device. The head was
rested on the forehead, nose, and zygomatic bone on the im
planted side, and the midsaggital plane was adjusted to form
an angle of 50° with the plane of the film. The flexion of the
neck was adjusted to make the infraorbital plane perpendic
ular to the film. The central ray was directed to exit from the
skull at a point 3.0 cm anterior and 2.0 cm superior to the ex
ternal auditory meatus at a right angle to the film. Because
the electrode array is small, it is important to use macroradi
agraphic techniques.

Image processing techniques
For each patient or temporal bone radiograph, an image of
512 x 512 pixels was captured using a microscope, a video
camera (Panasonic WV-CD20), a Data Translation DT285 I
frame-grabber card, and an IBM AT-compatible computer. The
position of each conducting and stiffening band along the elec
trode array was then digitized and stored using custom soft
ware. In addition, the positions of the apex of the superior semi
circular canal, the midpoint of the vestibule, and any relevant
markers were stored. The resulting data were processed using
further custom software to fit a suitable mathematical spiral
expression to the positions of the electrode bands. Images of
II Silastic molds of scala tympani were captured using simi
lar techniques. Each mold was viewed from the base, the ori
entation being adjusted manually under the microscope until
the axis of the spiral was judged to be parallel to the optical
axis. An exponential spiral function was fitted to the outer wall
on the image of each of the molds, thereby providing an esti
mate of the center position. Each image was rotated until the
angle of its approximate RW position corresponded to a known
mean angle for the RW The mean outer and inner wall radii
were then calculated as functions of angle.

Determination of template spiral for patient
radiographs
In order to quantify the positions of the electrode bands of
an implanted electrode array, it was useful to determine a spi
ral template function approximating the shape of the radi
ographic image of the array. In fitting such a template func
tion to a particular radiograph, both the position and the size
of the template would be adjusted. The center position of the
fitted template spiral, approximating the modiolus, would be
the point about which angles would be measured. The tem
plate should describe well the shape of the array in the region
where it is close to or in contact with the outer wall of the scala
tympani, say for angle e > I00° (Fig. I), regardless of whether
the insertion was through the RW or a cochleostomy. For small
er angles, the template should follow the mean trajectory of
an RW insertion, thus indicating the position of the RW
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Variation of electrode angle and RW estimates
from study of temporal bone radiographs
In order to study the effects of cochlear orientation on es
timates of electrode band insertion angles and RW position,
the six temporal bones for which electrode arrays had been
placed through the RW were radiographed in different orien
tations relative to the plane of the radiographic film. The dis
tance of the temporal bone from the film was similar to that
of a patient's temporal bone, although magnification was not
a critical factor because size could be determined using the
known separation between the bands of the array. Each tem
poral bone was mounted on a specimen dish so that the modi
olar axis appeared to be perpendicular to the dish. Radiographs
were taken with the specimen dish either parallel to the film
or tilted relative to it by angles of ±I 0° and ±20° about one
of two perpendicular axes (Fig. I).
For all temporal bone radiographs (nine different orienta
tions for each of the six bones) template spirals were fitted
independently and in random sequence by each of the first
three investigators (L.T.C, IX, S.A.X.) in order to estimate
spiral center positions and thus calculate insertion angles and
RW positions by the research method. Each experimenter in
dependently chose positions for SSC and vestibule. The com
puter image of each radiograph had been modified so that
they were unable to determine the position of the most basal
band of the array (and hence the RW position).
For each temporal bone aligned with modiolus perpendic
ular to the film, reference angles were calculated for all elec
trode bands. For this purpose, a mean reference line passed
through the mean of the positions for SSC estimated by the
three experimenters and through the actual position of the R\V,
midway between the two most basal stiffening bands. Varia
tion was calculated relative to these reference angles. The po
sition of the RW was measured along the array relative to the
mean reference line in an apical direction.

RESULTS

Determination of template spiral for patient
radiographs
The outer wall of the scala tympani can be described
well by a Cornu spiral (7). However, we found that the
shape of the radiographic image of an implanted cochlear
limited array could be described well by the following
simpler expressions:
100 0 : R = A exp (-B 8)
8 < 100 0 : R = C [I - D loge (8 - 80)]

8

~

(1)
(2)

where R is the radial distance from the spiral center,

8 is the angle in degrees (Fig. I), and A, B, C, D, and
80 are constants.
The optimum value for B (0.001317) was that which
resulted in the minimum mean error, among 30 patients,
in fitting the exponential function to each of the patient
radiographs, for electrode bands with angles of~IOO°.
The corresponding mean value for A, the size parame
ter, was 3.762 mm. It was significantly larger for male
than for female cochleas (two-sided t test: p < 0.05). For
males the mean value was 3.84 mm (SD = 0.19), where
as for females it was 3.66 mm (SD = 0.20). The para
meters D and 80 (0.12869 and 5.0) were chosen so that,
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when the logarithmic function was made equal to the
exponential function at 100°, the spiral would pass, on
average, through a mean RW position. The mean RW
position was determined from analysis of II radiographs
(nine temporal bones, two patients) for which the RW
position was known. In the geometric framework of Fig.
1, the mean angle for the RW position was 13.47°. [The
corresponding mean angle for the point of entry of the
cochleostomy insertions of this study was approximately
23°, estimated using the mean function for the outer
wall of the scala tympani (Fig. 3).] Once the mean tem
plate shape had been determined, B. D and 80 remained
constant. To fit the template to a radiograph, the size
parameter A and the spiral center coordinates were ad
justed for minimum mean error. The size parameter for
the logarithmic function (C) was always such that the
radii of the two functions were equal at 100°.
The mean template function is plotted against angle
in Fig. 2. Also shown are the mean RW position and the
mean radial position for the 28 patients whose arrays
were inserted through a cochleostomy. The data for the
latter were obtained by fitting the template to the indi
vidual patient radiographs and measuring relative to the
centers so estimated. The same results are presented on
an x-y plot in Fig. 2 (inset), where the spatial relation
ships can be better appreciated.

Comparison of mean electrode position with scala
tympani wall positions estimated from silastic
molds
The mean radial position for the 28 patients implanted
through a cochleostomy was compared with mean func
tions for the outer and inner walls of scala tympani, ob
tained from II Silastic molds of scala tympani (Fig. 3).
As angle increases beyond -270°, the curve represent
ing the electrode array passes through the outer wall

boundary. This apparent anomaly is explained by the
fact that the Silastic outer wall represents approximate
ly the inner boundary of the spiral ligament. The
Cochlear Ltd. electrode array is known to penetrate the
spiral ligament, making first contact at -9-14 mm (or
-140-237°) for an RW insertion (8). In the present data,
because the radius of the array is at least 0.2 mm, the
array would contact the spiral ligament at about 215°.

Variation of electrode angle and RW estimates
from study of temporal bone radiographs

Position ofRW
The mean estimated position of the RW was 0.51 nun
apical of its true position (SD = 1.07 mm). Analysis of
variance indicated that the distance between the RW po
sition and the reference line did not vary significantly
with orientation [F(8, 146) = 0.58; P = 0.795] but varied
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FIG. 3. Plots of mean radial distance versus insertion angle for
Silastic outer and inner walls of scala tympani (n = 11) in addition
to mean radial distance for cochleostomy insertion (28 patients)
and mean RW position (nine temporal bones, two patients). Inset:
Identical data plotted in x-y coordinates.

FIG. 2. Plots of radial distance versus insertion angle for the
mean template function, mean cochleostomy insertion (28 pa
tients), and mean RW position (nine temporal bones, two patients).
Inset: Identical data plotted in x-y coordinates.
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Angles ofElectrode Bands
Analysis of variance indicated that angular error var
ied significantly with experimenter [F(5, 146) = 9.50; P
< 0.001], with orientation [F(8,146) = 21.14; P < 0.001],
and with temporal bone [F(5,146) = 55.57; P < 0.001].
However, the mean angular errors differed little between
experimenters or with orientation. For the three experi
menters, mean errors were -2.83° (LC), _1.10° (SX), and
-3.44° (JX). For 0° rotation, the mean error was -1.94°.
For rotations of up to 10°, the mean error was -2.26°,
whereas for rotations of up to 20°, the mean error was
-2.46°. The mean angular error for one bone (bone 10)
was -9.69°, which was much larger than for the other
bones and resulted from the fact that the experimenters
reference lines passed some distance from the RW These
results indicate that estimates of insertion angle did not
vary greatly with experimenter or with rotation of the
cochlea relative to the radiographic film of up to 20°.
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,'lith experimenter [F(5,146) = 12.04; P < 0.001] and
,'lith temporal bone [F(5,146) = 66.47; P < 0.001]. How
:ver, the mean distances for the three experimenters did
lot differ greatly [0.51 mm (LC), 0.22 mm (SX), and
J.79 mm (JX)]. The mean distance for one temporal
Jone (bone 10) was 2.18 mm, which differed substan
tially from those for the other bones. If the data for this
temporal bone were deleted, the mean distance, over all
orientations and experimenters, would become 0.18 mm
(SD = 0.67 mm). These results indicate that estimates
ofRW position did not vary greatly with experimenter
or with rotation of the cochlea relative to the radi
ographic film by up to 20°. They confirm that the ref
~rence line passes close to the RW.

Clinical method of angle estimation
A second method was developed for estimating the
insertion angles of the bands of a cochlear implant array.
This method is simple and clinically applicable and is
derived from the research method above. It assumes that
the electrode spiral on the radiograph has the form of
the template spiral derived above, and that the bands are
spaced uniformly. The two unknowns are the size of the
spiral and the point on the electrode array where it cross
es the reference line drawn through the SSC and V (Fig.
4). The latter is easily found by counting the bands from
the basal end ofthe array to the reference line (5.5 bands
at point PO in Fig. 4). In order to determine the size of
the spiral, the number of bands is counted between ref
erence points on the radiographic spiral. The length be
tween the reference points is given by the number of
bands multiplied by the band separation (0.75 mm for
the Cochlear Ltd. array). The reference points used are

sse

P6

P2( 19.5)
P 1(12.0)

FIG. 4. Clinical method of estimating insertion angles from a ra
diograph. The electrode bands are counted from the basal end of
the array, starting with the most basal stiffening ring. The counts are
noted at the points shown, from point 0 where the array cuts the ref
erence line to the most apical tangent point (point 4 in this exam
ple). A computer then calculates what spiral size would give these
band counts, and estimates the insertion angles for all the bands.
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the point where the array crosses the reference line (PO
in Fig. 4) and the points where tangents to the spiral are
either parallel or perpendicular to the reference line
(P I-P6 in Fig. 4). Because the length along the tem
plate spiral can also be calculated between correspond
ing points, the size of the template spiral can be adjust
ed so that it matches that of the actual radiographic
spiral. In Fig. 4, the length would be measured between
points PO and P4, the most apical tangent point (18.83
mm = 25.1 bands x 0.75 mm). Once the size of the tem
plate spiral has been determined, angles for all electrode
bands can then be calculated from the template spiral.
At PO, we know both the angle and the band number on
the array. To find the angle for a particular band, we cal
culate the length around the array from PO to the band
and then calculate the change in angle around the tem
plate spiral that would correspond to that length. An
gles obtained using the two methods (research and clin
ical) are in good agreement.
In practice, a clinician would need the radiograph, a
light box, and a transparency that was marked with a
bold line to represent the reference line and a grid to
help visualize the tangents. He or she would superim
pose the transparency on the radiograph, align the bold
line so that it passed through the SSC and vestibule (Fig.
4), and then count the bands, starting with the most basal
stiffening ring, noting the number on crossing the ref
erence line (5.5 in Fig. 4) and the number at the most
apical tangent point reached by the array (30.6 in Fig.
4). These band counts would be entered into a comput
er, which would then perform all other calculations au
tomatically, including angles and associated character
istic frequencies for all electrode bands. This information
could then be used to assist in programming the patient's
speech processor.
Estimation of characteristic frequencies
corresponding to electrode band positions
Insertion angle data can be used to estimate charac
teristic frequencies corresponding to the bands of an
implanted electrode array. The data of Bredberg (9) pro
vide a relationship between angle and percentage length
along the organ of Corti, whereas the expression of
Greenwood (10) gives frequency as a function of frac
tional length along the organ of Corti. Therefore, fre
quency can be expressed as a function of angle, pro
vided the angles measured by Bredberg can be related
to the angles used in the present analysis.
The zero angle of Bredberg (9) corresponded to the
basal end ofthe organ of Corti. We used the mean Silas
tic mold measurements, described above, and data from
a 3-D reconstruction of a cochlea (3) to estimate the po
sition of the basal end of the organ of Corti in our frame
work. The image obtained from the 3-D reconstruction
indicated positions of the outer and inner walls of scala
tympani and of the organ of Corti. The position of the
RW could be estimated in the image, which was scaled
and aligned with the present data (Fig. 5). The resulting
position of the basal end of the organ of Corti-0° in
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FIG. 5. Superposition of 3-D reconstruction [Kawano et al. (3)]
on our mean data for outer and inner walls of scala tympani and
RW position (e). The 3-D reconstruction image was scaled and
positioned so that it was approximately consistent with our data.
This gave an estimate of the angular position of the basal end of
the organ of Corti in our geometric framework. Note the basal end
of the organ of Corti lies at 10.3 0 relative to the angular origin in
our framework.

Bredberg's (9) scheme--eorresponded to an angle of
-10° in the present scheme.
The percentage length versus angle data of Bredberg
(9) was smoothed and combined with the expression
relating fractional length to frequency given by Green
wood (10). The resulting relationship between angle (in
the present scheme) and characteristic frequency is plot
ted in Fig. 6.
2000O'T'----------------------,
1000
5000
~

N

:r:

~

2000

~ 10001

c

<V

:J
CT

500

~ 200

li-.

100
50
20'

a

,
90

'
180

,
270

I

I

I

,

!

,

360

450

540

630

720

810

I

90

Insertion Angle (degrees)
FIG. 6. Characteristic frequency versus insertion angle. Angle
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quency using the expression of Greenwood (10).

The techniques described allow researchers and clir
icians working with cochlear implant patients to de
termine insertion angles, and thence characteristic fre·
quencies, for the individual bands of implanted
electrode arrays, Angle may be a more appropriate
measure of fractional position along the organ of Corti
than length because there is some variation in the length
of the human cochlear duct (9,1 1,12). Perhaps more
importantly, different electrode arrays may occupy dif
ferent lateral positions in the scala tympani. As our
data for the inner and outer walls of the scala tympa
ni indicate, an array that followed the inner wall would
traverse a considerably larger range of angle than would
one that followed the outer wall, given equal insertion
lengths.
The research method provides useful information
on the lateral position of the bands in the scala tym
pani. When the spiral has been fitted to the band po
sitions, outlines of the mean outer and inner wall po
sitions (ideally appropriate to the sex of the cochlea)
can be superimposed on an image of the electrode
array, giving a visual impression of the lateral place
ment of the array. The mean scala wall positions are
unlikely to differ greatly from the true wall positions
for a radiograph because, among cochleas for a single
sex, our data indicate that the size parameter lies with
in a fairly small range about the mean (-tl 0%). This
technique also allows the position of a cochleostomy
to be estimated.
Comparison of the mean trajectory for electrode ar
rays inserted through cochleostomies and the mean po
sition of the outer wall of the scala tympani, as derived
from Silastic molds, corroborated previous findings
that the Cochlear Ltd. array penetrates the spiral liga
ment from about half way around the basal turn (8).
This agreement indicates that the lateral position data
obtained from the new research method is accurate, at
least on average. The research method can be applied
readily to arrays that follow different trajectories with
in the scala tympani, provided their band separations
are known, and their shapes are fairly regular and give
rise to reasonably accurate estimates of the position of
the modiolus. The clinical method also can be adapted
to other arrays.
It should be stressed that both research and clinical
methods need to be applied with care if satisfactory re
sults are to be obtained. Although our measurements
with temporal bones show that estimates of insertion
angles do not vary greatly with orientation of the head.
good results are obtained only if the radiologic land
marks (SSC and V) are visible on the radiograph. Vis
ibility depends on several factors, including the orien
tation of the skull and the degree of otosclerosis. The
orientation of the patient's head must be fairly close to
that prescribed by Xu et al. (6) and as summarized
above. The radiographer should follow those guidelines
regarding orientation but must be sufficiently experi-
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enced to recognize an unsatisfactory radiograph and to
adjust the position ofthe patient's head to obtain a sat
isfactory result. Of approximately 100 patient radi
ographs, only two had otosclerosis so severe as to make
it impossible to locate the radiologic landmarks. Irreg
ularities in array trajectory (e.g., kinks) result in erro
neous angle and frequency estimates unless due al
lowance is made.
The methods described allow the convenient acquisi
tion of position information for the bands of a cochlear
implant array. That information is valuable in speech per
ception and psychophysical studies, as well as for the
optimization of speech-processing strategies. Whitford
et a1. (13) have shown that improvements in speech per
ception can result from more nearly matching the spec
tral frequencies of speech to the characteristic frequen
cies of the sites of cochlear stimulation. The data provided
by the methods are fairly independent of the orientation
of the patient's head during the radiographic procedure,
subject to the visibility of two radiologic landmarks on
the radiograph, and of the judgment of the experimenter
in estimating the positions ofthose landmarks.
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