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ABSTRACT

The development of cochlear implants for use in very young children (1-2 years
old) will require techniques designed to accommodate temporal bone growth. Previous
anatomic studies have shown that the leadwire of a cochlear implant must be capable
of expanding up to 20 mm between the round window and the implanted receiver
stimulator in response to skull growth. In the present study morphologic and
biomechanical evaluation of five expandable leadwire designs was conducted follow
ing their implantation in young cats. Two helical shaped leadwire designs frequently
exhibited extensive fibrous tissue adhesions and broke during long-term implantation.
In contrast, thin, flexible Silastic envelopes were effective in minimizing tissue adhe
sions. Residual V- and Z-shaped leadwires, placed in these envelopes, showed little
evidence of fibrous tissue adhesions following implantation periods of up to 2 years.
Moreover, these leadwires readily expanded both during the growth of the animal and
when biomechanical expansion studies performed at the completion of the implant
period. These expandable leadwire designs appear to be appropriate candidates for use
in pediatric cochlear implants.
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During the past 2 decades, cochlear implants
have been used clinically to aid people, mainly adults,
who suffer from profound to total sensorineural
hearing loss. A cochlear implant consists of several
componen ts (Fig. 1). First, a microphone and speech
processor, which is designed to extract the important
components of the speech signal. Second, a radio
frequency link providing power and data communi
cation between the external and implanted compo
nents of the device. And finally the implanted re
ceiver-stimulator, which delivers, via a leadwire,
appropriate electrical stimuli to a specific bipolar
electrode pair within the cochlea,' thereby stimulat
ing residual auditory nerve fibers within the tonotopi
cally organized cochlea. Our previous research 2 has
demonstrated the safety and efficacy of the Mel
bourne/Cochlear multiple-channel cochlear im-

Figure 1. The Melbourne/Cochlear implantable in
tracochlear electrode array (EA), leadwire (lW), receiver
stimulator (RS), external wearable microphone (M), and
speech processor (SP). (Reproduced with permission, from
Cochlear Corporation Surgical Manual.)
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plant in adults. Recently the importance of cochlear
implants for young children has been emphasized.
For example, a number of deaf young children have
been shown to obtain significant improvements in
speech perception and language production after
cochlear implantation. 3

There are a number of special considerations in
developing such a device for use in children younger
than 2 years of age. One of them is skull growth.
While the human cochlea has been shown to be
anatomically mature at birth,4 previous radiographic
studies4.5 have indicated that a leadwire expansion of
between 10 and 30 mm should be allowed for, to
accommodate the growth ofthe temporal bone from
1 year of age to adulthood. Anatomic studies per
formed in our laboratory have shown that growth
between the round window of the cochlea and the
site of the receiver-stimulator, is in the order of 15 to
20 mm from birth to adulthood.6

In the future, if very young children « 2 years of
age) become cochlear implant candidates, skull
growth may result in electrode displacement. In
these patients an expandable electrode leadwire de
sign may be necessary. Electrode displacemen t could
result in a number of problems. For example, the
gradual withdrawal of an electrode array from the
cochlea would continually alter the relationship be
tween an electrode pair and residual auditory nerve
fibers, resulting in a continual variation in the pa
tient's clinical performance, frequent adjustments of
the patient's speech processor, and a gradual reduc
tion in the number of available electrodes. These
problems could ultimately result in the loss of the use
of the device. An additional risk would be the contin
ual breakdown of an effective seal around the elec
trode entry point into the cochlea. This could in
crease the chance of infection spreading from the
middle ear to the cochlea, compromising the resid
ual neural elements. Furthermore, the gradual with
drawal of an intracochlear electrode would result in
the space occupied by the electrode being filled by
either fibrous tissue or new bone, making a successful
insertion of a second electrode array in that cochlea
difficult.

Experience with cardiac pacemakers and ventri
culoatrial shunts has demonstrated the need for ef
fective expandable systems when these are implanted
in infants. Sato and Glenn,7 studying the effects of
growth on heart pacemaker electrodes, observed that
fixation of the looped Jeadwire by subcutaneous scar
tissue was prevented by enclosing the residual lead
wire in a thin Teflon envelope. A gradual release of
the enveloped leadwire was observed during the
growth of the experimental animal. In contrast, un
protected leadwires became fixed by tissue adhe
sions, which finally resulted in the electrode being
pulled from the myocardium during the animal's
growth. WiseS implanted telescopic ventriculoatrial
shunts that elongated with growth in children with
hydrocephalus. This prevented the problem of re-
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moving the distal shunt from its implant site and the
subsequent obstruction caused by tissue ingrowth.

A small number of experimental studies have
investigated expandable leadwire systems for use in
pediatric cochlear implants. O'Donoghue et al9 im
planted coiled wires both subcutaneously and in air
containing spaces such as the auditory bulla. The
results showed that coils implanted in subcutaneous
tissue became encased in dense fibrous tissue adhe
sions, which prevented their expansion, while coils
within air-eontaining spaces expanded freely. Marks
et al 10 implanted expandable leadwires across the
calvaria of piglets. The residual part of these expand
able leadwires were either a sinusoid or a single loop.
Both designs were protected by Teflon (PTFE,
polytetrafluoroethylene) envelopes. The results
showed that there was evidence of tissue ingrowth in
37.5 percent of the PTFE envelopes following im
plantation period of 3 mon ths. The expansion of all
residual leadwires was still considered satisfactory.
However, there was no attempt to compare their
results with unenveloped controls.

In the present study, five enveloped leadwire
designs and their controls (not enveloped) were im
planted in animals for periods of up to 2 years.
Morphologic and biomechanical studies were con
ducted to investigate the degree of tissue adhesion
and the mechanical behavior of the leadwires.

MATERIALS AND METHODS

Thirteen cats were used in these experiments.
Their ages at implantation ranged from 49 days to
181 days.

Five leadwire designs (Fig. 2) were fabricated. In
leadwire designs I and II, the expandable section of
the leadwire was a Teflon-eoated, multistranded 3-0
(USP) Flexon stainless steel suture wire (Davis +
Geck) that had been formed into helix. The ends of
the leadwire were glued into 2-mm OD Silastic tub
ing. The protective envelope was an 8-mm OD Silastic
tube. In design I the ends of this envelope formed a
tight fit around the exiting leadwire (see Fig. 2, arrow
in design I). Design II was identical to design I except
that the leadwire exited the protective envelope via a
loose fit (see Fig. 2, arrow in design II). In leadwire
designs III, IV, and V, the leadwire was completely
covered with I-mm outer diameter Silastic tubing.
The residual portion of each leadwire was shaped as
either a loop (design III), a "V" (design IV) , or a "Z"
(design V). The leadwire was placed in a 30 mm x 28
mm bag made of 125-~1.m thick Silastic sheet. The
leadwire exited through loose (4 mm wide) openings
at both ends of the bag. Each of these five designs
had a corresponding control consisting of the lead
wire without the protective Silastic envelope. X-ray
opaque markers were fixed to the leadwire enve
lopes. In order to evaluate leadwire expansion with
growth of the animal, dacron mesh was glued using
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Design Enveloped Leadwlre Control Table 1. Summary of Leadwire Implantation
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Figure 2. Five electrode leadwire designs and their
controls. The x-ray opaque markers were located at the
corners of each Silastic bag or at the ends of each Silastic
tube. Dacron mesh was glued to the ends of each leadwire
for fixation to bone.

In Vivo Expansion Measurement
of Implanted Leadwire

Force Measurement of Unimplanted Leadwires
during In Vitro Expansion

Following implantation, the animals were peri
odically sedated "'lith xylazine and ketamine for x-ray
examination to monitor the expansion of the fixed
leadwires. The distances were measured between the
two ends of the leadwire on the x-ray films of antero
posterior (A-P) view. At explantation, the distance
was directly measured between the two ends of the
leadwire. The percentage ofleadwire expansion rela
tive to its original length was calculated.

respect to the enveloped leadwire) (Figs. 4 and 5).
Six design IV enveloped leadwires were fixed to the
temporal bone and the parietal bone of the skull.
These six leadwires were used only to study tissue
ingrowth. After an implantation period that varied
from 3 months to 2 years, the leadwires were surgi
cally explan ted.
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Silastic type A to both ends of each leadwire to be
fixed to the bone.

Leadwire Implantation

A total of 50 leadwires were implanted in young
cats (Table I). The animals were anesthetized with
xylazine 2 mg/kg and ketamine 20 mg/kg. Aseptic
surgical techniques were used to implant the lead
wires. Twelve leadwires were implanted subcutane
ously with both ends free. These leadwires were used
only to study tissue ingrowth and were not used in the
biomechanical studies.

Of the 38 fixed leadwires implanted, eight pairs
(16 leadwires) of enveloped and control leadwires
were fixed on the spinous process of the lumbar
vertebrae, eight pairs (16 leadwires) were fixed on
the spine of the scapulae. The distance between the
two fixation points was measured during the surgery.
To maintain uniformity in the amount of bone
growth, the enveloped leadwire and control of each
pair were implanted in a similar site in the same
animal (i.e., the control leadwire was implanted on
the con tralateral scapula or on the next vertebra with

To compare the mechanical properties of the
five leadwire designs and provide reference data for
expansion of the implanted leadwires, the forces
required to expand two pairs of unimplanted lead
wires ofeach design were measured and force/ expan
sion curves were plotted. One end of the leadwire was
fixed and the other end was connected to a load cell
(120T-50B, Kyowa Electronic Instruments) via a silk
suture. The load cell was fixed to a stepping motor
(Narishige SM-221), which provided controlled ex
pansion of the leadwire at a constant rate of I mm
per minute. The leadwires were expanded approxi
mately 20 mm. The output of the load cell was fed
into a low-gain dc amplifier, which drove an x-y chart
recorder (YEW 3022) . A block diagram of the experi
mental procedure is illustrated in Figure 3. Prior to
each experiment the measuring equipment was cali
brated using standard weights (Analite APTI55Q-l).

Force Measurements of Implanted Fixed Leadwire
during In Situ Expansion

Prior to explantation, the two ends of each fixed
leadwire were surgically exposed to examine the fixa-
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Tissue Ingrowth

No tissue ingrowth within the Silastic
envelope

Slight tissue at one or both ends of the
Silastic envelope or small amount of tissue
ingrowth within the envelope

Fine tissue ingrowth along the leadwire

General tissue reaction present throughout
the envelope

Leadwires bound by dense fibrous tissue
adhesions

Table 2. Grade of Tissue Ingrowth

In Vivo Expansion Measurement
of the Fixed Leadwires

RESULTS

The in vivo expansion of fixed leadwires meas
ured during the growth of the animal is summarized
in Table 3. All the six fixed helical leadwires envel
oped by a Silastic tube (designs I and II) were broken
within 1 week to 3 months following implantation
(Fig. 4). The A-P view of x-rays indicated that some
of them had partially expanded before breaking and
some had slight retraction after breaking. Four were
broken where the dacron mesh was glued to the
Silastic tubing, and two were broken at a point along

During explantation the envelopes of the fixed
and the unfixed leadwires were dissected and the
tissue ingrowth in the envelopes was recorded and
graded. The degree of tissue ingrowth was classified
into five grades (Table 2). Tissue surrounding the
leadwire was processed for histology.

Grade 5

Grade 3

Grade 4

Grade 1

Grade 2

Table 3. In Vivo Expansion of Implanted Fixed leadwires

Design

Expansion Ie II lie III IIIe IV IVe V Ve

mm B B B B 5.0 4.5 6.5 4.0 6.5 7.0
% B B B B 21% 31% 29% 36% 25% 35%

mm B 19.0 B N 18.0 15.5 12.5 13.5 23.0 23.0
% B 48% B N 82% 94% 52% 59% 77% 77%

mm B 30.0 B B 3.0 7.0 BE BE BE BE
% B 86% B B 9% 20% BE BE BE BE

mm 10.0 N
% 29% N

l(AOUIR(
UNO[I
TCST

'\,I DC

Note: In vivo expansions of the five leadwire designs and their controls, (e.g., I and Ie) are presented
as expansion in millimeters and as a percentage increase over original length. Among 16 pairs of
leadwires, there were three pairs of designs I, II, III, and V, and four pairs of design IV leadwires
examined.

B = leadwire was broken; BE = leadwire was broken afterfull expansion; N = leadwire did not expand.

Figure 3. Block diagram of force measurement pro
cedure during leadwire expansion. The thick lines repre
sent physical connections. The arrow shows the direction
of the movement of the stepping motor during expansion.

tion points. The remaining leadwire was still covered
by the subcutaneous tissue. One fixation point was
dissected and connected to a load cell (120T-50B or
120T-200D, Kyowa Electronic Instruments) via a silk
suture. The other end of the leadwire remained fixed
to bone. The experimental procedure was identical
to that described for in vitro expansion (see Fig. 3).
The leadwire was expanded until the force measured
by the load cell reached approximately 50 g (the
maximum load for the 120T-50B load cell), or 120 g
for the 120T-200D load cell, or before the maximum
displacement of the stepping motor (20 mm) was
reached. The result of each measurement was ex
pressed as force in grams as a function of leadwire
expansion in millimeters. For comparative purposes
this function was simplilied to a ratio of maximum
force to expansion in gram per millimeter units,
although it should be noted that a linear relationship
did not exist between the applied force and leadwire
expansion, and the ratio can only be used as a gross
indicator of relative leadwire performance. The
maximum force was adopted because this force rep
resented the worst case situation.
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Figure 4. A-P view of x-ray of a design Ileadwire and
its control, 99 days postimplantation on the vertebrae. The
enveloped helical leadwire was broken (arrow). In con
trast, the control had expanded and was intact. The arrow
head illustrates the x-ray opaque marker at one end of the
envelope.

the stainless-steel suture. Three of the six control
helical leadwires were broken within 3 months of
implantation. Two of the six control leadwires had

expanded by 19 mm (48%), and 30 mm (86%). One
controlleadwire did not expand.

The in vivo expansion of three pairs of design III
leadwires (loop-shaped) varied from 3 to 18 mm.
Enveloped and control leadwires were expanded by
similar distances (see Table 3). No leadwires broke
during the implantation period.

Of the four pairs of fLXed design IV leadwires
(V-shaped), one pair had fu\ly expanded before
breaking at the dacron mesh tie. One control lead
wire did not expand. The remaining leadwires ex
panded from 4 to 13.5 mm (Fig. 5).

Of the three pairs of design V leadwires (Z
shaped), two pairs expanded between 6.5 and 23 mm.
The enveloped and corresponding control leadwires
had expanded by similar distances. The remaining
leadwire pair had fu\ly expanded before breaking at
the dacron mesh tie.

Force Measurement of Unimplanted leadwire
during In Vitro Expansion

Two pairs of unimplanted lead wires from each
design were expanded in vitm. These data are illus
trated in Figure 6. The forces required to expand
each leadwire by 17 mm are shown in Table 4. A
number of points can be noted regarding these data.
First, designs I and II (a helical leadwire inside a
Silastic tube) and controls required greater force to
expand compared with the other leadwire designs.
Second, leadwires with a Silastic envelope required a
slightly greater force for expansion compared with
their corresponding controls. Third, the force re
quired to expand two design IV leadwires showed a
sma\l but abrupt change during expansion (Fig. 6D).
In this case, as the leadwire was initially placed under

A B c
Figure 5. A-P view of x-rays of design IV (right) and control (left) on the scapulae, A, one day; B, 64 days; and C,

120 days post implantation, showing extensive expansion of both leadwires. X-ray opaque markers can be seen at the
corners of the protective Silastic envelope (A).
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liZ"

14.0 ± 5.0g

10.0 ± 4.0g

IIv n

20.0 ± 2.0g

10.5 ± 2.5g

loop

6.5 ± 0.5g

3.5 ± 0.5g

Force Measurement of Implanted Leadwire
during In Situ Expansion

During in vivo expansion in response to growth,
design I and II helicalleadwires broke before explan
tation and were therefore not used in the in situ
expansion experiments. In addition, a number of

In addition, as the diameter of the loop reduced
during expansion of design III leadwires and their
controls, the two ends of the loop were displaced
away from each other in the direction perpendicular
to the original plane of the loop. In contrast design
IV and V leadwires exhibited expansion in only one
plane.

helical

30.0 ± 3.0g

23.5 ± 0.5g
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0
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c

Table 4. Force Required to Expand Unimplanted Leadwires by 17 mm
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tension, it appeared to adhere, via static friction, to
the Silastic bag. Mter a force of 11 g was developed,
the static friction was overcome, resulting in an
abrupt drop in the force to approximately 2 g. The
force then gradually increased again as the leadwire
underwent further expansion. Small but abrupt
changes of force were also observed during in situ
expansion of other leadwires enclosed within a thin
Silastic bag. No control leadwire showed an abrupt
change of force during in vitro expansion.
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EXPANDABLE LEADWIRES FOR PEDIATRIC COCHLEAR IMPLANTS Xu et al
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Exponsion (mm l

Figure 7. Force/expansion in situ for a design II con
trol leadwire, following a period of 714 days of implanta
tion (solid curve). Considerably more force is required to
expand this leadwire than that for an unimplanted leadwire
(dotted line). A slight reduction in the leadwire tension
(arrow) resulted from the release of part of the leadwire.

leadwires had fully expanded during the growth of
the animal and therefore could not be used in these
experiments.

Three control helical leadwires required large
forces to expand. The forces varied from 58 g per 14.5
mm (4.0 g/mm) to 120 g per 7 mm (17.14 g/mm).
The influence of tissue adhesions on the ability of the
helical leadwire to expand is illustrated in Figure 7.
In this example, the helical leadwire was firmly
bound by fibrous tissue adhesions. During the expan
sion, part of the leadwire became free from the sur
rounding tissue, slightly reducing the leadwire ten
sion. This type of leadwire does not appear to be
capable of expanding in the presence of fibrous
tissue adhesion.

The results of force measurements from one pair
of leadwires (designs III, IV, and V) are illustrated in
Table 5 and Figure 8. These three leadwire designs
required far less force to expand than the control
helical leadwires. Comparison between enveloped
and control leadwire showed that the force/expan
sion ratio (g/mm) of the enveloped leadwires was less
than that of their respective controls (see Table 5).

Tissue Ingrowth

Following implantation, the protective enve
lopes showed tissue ingrowth that varied from none
to extensive. The tissue adhering to leadwire was
examined histologically and found to be either im
mature or mature fibrous tissue with chronic inflam
matory cells. In some cases degenerated or necrotic
tissue was observed. Tissue ingrowth was often exten
sively distributed inside the Silastic tubes (designs I
and II). In contrast, if present in the thin Silas tic bag
(designs III, IV, and V). the tissue ingrowth was always
very fine and closely associated with the leadwire.
Within most of the envelopes there was also fluid that
was biochemically identified as serum. There was
significantly more fluid present in Silastic tubes when
compared with thin Silastic bags.

Tissue ingrowth of enveloped leadwires was clas
sified into five grades (Table 6) on the basis of the
extent and location of the tissue ingrowth observed
(see Table 2). Of the nine design I and II leadwires
examined, eigh t showed evidence of tissue ingrowth.
While the majority of leadwires showed small
amounts of tissue ingrowth at one or both ends of the
leadwire (grade 2), or a fine tissue sheath along the
entire length of the leadwire (grade 3), one showed
evidence of tissue adhesions throughout the Silastic
tube (grade 4). Of the five design III leadwires exam
ined, two had no tissue ingrowth (grade 1), one had
slight tissue ingrowth (grade 2), and two had fine
tissue ingrowth along the entire leadwire (grade 3),
especially in the region where the loop-shaped lead
wire crossed (Fig. 9). Of the 12 design IV leadwires,
three exhibited slight tissue ingrowth (grade 2) and
nine had no tissue ingrowth (grade 1, Fig. 10)} even
though the leadwires had been implanted for periods
of up to 16 months. This leadwire design had the
smallest incidence of tissue ingrowth. Of the five
design V leadwires, one showed no evidence of tissue
ingrowth (grade 1), three had sligh t tissue ingrowth
(grade 2), and one showed fine tissue along the
leadwire (grade 3) . All the con trolleadwires ofall the
designs were completely surrounded by fibrous tissue
and were classified as grade 5. Finally, analysis of our
data showed no relationship between the degree of
tissue ingrowth and the period of implantation.

Unimplanled

Implanted

Design II Control )1-__-'

40

80

160

.c.

.~
<II
• 120
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0>

<II
U
L
a

lL

Table 5. Maximum Force Required during In Situ Expansion
of Three Pairs of Leadwires

Design

Ratio III /lie IV IVe V Ve

F/E (g:mm)

Ratio (g:mm)

20/19

1.05

39/19

2.05

12/20

0.60

20/13

1.54

23/16

1.44

34/18

1.88

Note: Ratios of maximum force required (F) to expansion (E) of pairs of leadwire designs III, IV, and
V during expansion in situ are presented. For ease of comparison these ratios were also expressed in
a simplified form in the line below the FIE values.
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Table 6. Number of Enveloped leadwires of Each
Design (I-V) with the Tissue Ingrowth Grade (1-5)

Design (Shape)

I /I 11/ IV V
Classification (helical) (helical) (loop) ("V") (liZ")

Grade 1 0 1 2 9

Grade 2 1 2 1 3 3

Grade 3 3 1 2 0

Grade 4 0 0 0 0

Grade 5 0 0 0 0 0

Note: Tissue ingrowth was classified according to the grading in
Table 2, following periods of implantation ranging from 3 months
to 2 years.

Our results indicated that there was more tissue
ingrowth in the semi-rigid Silastic tube compared

Figure 9. Tissue reaction associated with a design III
leadwire following a period of 471 days of implantation.
After the bag was opened fibrous tissue was found at the
point where the loop-shaped leadwire cross (arrow),

Comparison of Tissue Ingrowth

The nature of the helical leadwire arrangemen t cor
responds to the geometry of a simple spring. Because
of this, the system possesses a natural elastic stiffness
that stores su'ain energy during expansion. This en
ergy is not dissipated and results in a constant force
being maintained in the expanded leadwire. On the
other hand, the V- and Z-shaped leadwires were ex
panded by means of a far more passive mechanism
with little "springiness" involved. These leadwires do
not store significant elastic energy when expanded.

All five enveloped leadwire designs required
greater force to expand than their controls. The
force difference between an enveloped leadwire and
its control was in a range from 3 g per 17 mm to 10 g
per 17 mm (see Table 4). This is likely to be attribut
able to the friction between the protective Silastic
envelopes and the Silastic coated leadwire. Using
material with less friction resistance should reduce
this friction and will be considered in future studies.
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Comparison of Force Measurement of
Unimplanted Leadwires during In Vitro Expansion
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Figure 8. A, The force required to expand a design III
leadwire and its control following a period of 471 days of
implantation. The arrow indicates the abrupt reduction of
force due to the release from the static friction of the Silastic
leadwire on the Silastic envelope. B, The force required to
expand a design IV leadwire and its control following a
period of 471 days of implantation. The enveloped lead
wire required less force to expand than its control. C, The
force required to expand a design V leadwire and its
control following a period of 383 days of implantation. The
enveloped leadwire required less force than its control.
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Figure 10. A design IV leadwire was implanted for a
period of 383 days. After explantation the envelope was
opened showing no evidence of tissue ingrowth within the
envelope. Bar =10 mm.

tissue binding and would not be expected to restrict
the expansion of the leadwire. Furthennore, this
flexible implant will conform to a shape dictated by
the local tissue environment and therefore presum
ably evoke a minimal tissue reaction.

Reasons for the Breakage of Enveloped
Helicalleadwires

During in vivo expansion, all six helicalleadwires
enveloped by a Silastic tube were broken within 1
week to 3 months following implantation. Breakage
of the helical leadwires before they were fully ex
panded could be caused by one or a combination of
the following reasons: (1) there is more chance of
tissue ingrowth to bind the leadwire in the tube than
in the bag, resulting in greater tensions in the lead
wire in response to growth; (2) helical leadwires
required greater forces for expansion than the other
leadwires, because of a natural elastic stiffness that
stores strain energy when expanded, especially when
it is bound by fibrous tissue during expansion; (3)
due to growth and muscle movement, there might be
excessive tension, with poin ts of stress con cen tration,
leading to material fatigue and fracture.

Perpendicular Displacement of the
Design III leadwire

Figure 11. Schematic diagram illustrating a cross
section view (left) of the design IlIleadwire (right), showing
a small space next to the single leadwire (arrow) and a
larger space adjacent to the point where the loop-shaped
leadwire crosses (double arrow).

As the loop leadwire was expanded, the diameter
of the loop became smaller and tensile defonnation
of the ends of the loop resulted in displacement
perpendicular to the plane of the loop. This phe
nomenon was observed during both in vitro and in
situ expansion. There are a number of reasons why
we believe that perpendicular displacement of lead
wire is undesirable. First, this tendency would be
restricted by pressure of the tissue around either the
Silastic bag or the unprotected leadwire. This may
result in increased leadwire tension during expan
sion. Second, perpendicular displacement would
tend to increase the free space within the Silastic bag.
This extra space could potentially become occupied
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with the thin Silastic bag. This observation implies
that any rigid or semi-rigid protective envelope would
not be an effective design. Although the Silastic tube
used in design I had a tight seal around the exiting
leadwire, the results showed more tissue ingrowth
than the other designs. On the contrary, the thin
Silastic bag, used in designs III, IV, and V, with the
loose leadwire exits (4 mOl wide) showed significan tly
less tissue ingrowth than the well sealed design I
leadwire.

We observed that the semi-rigid Silastic tube,
used in designs I and II, does not collapse after
implantation. Presumably, as air inside the tube is
absorbed by the surrounding tissue, negative pres
sure created in the tube will result in an accumulation
of a transudate. This could also lead to the ingress of
fibroblasts and the creation ofa medium suitable for
the production of fibrous tissue. In con trast, the thin
flexible Silastic envelope will collapse after implanta
tion, resulting in tittle free space within the envelope
and the collection of only small amounts of tran
sudate. The only free space within the Silastic bag is
a small region parallel to the leadwire (Fig. 11). It is
possible for fine fibrous tissue to occupy these small
spaces. This is supported by the observation that
tissue ingrowth, when present, was observed only as
a fine tissue sheath along the leadwire and was not
generally distributed throughout the Silastic bag.
This may explain why there was generally a greater
accumulation of tissue at the cross-over region of
design III loop leadwires (see Figs. 9 and 11). If this
assumption is correct, any fine fibrous tissue along V
or Z-shaped leadwires would not fonn an extensive
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by additional fibrous tissue, resulting in increased
tissue binding, further restricting the expansion of
the leadwire. Based on the extent of tissue ingrowth
and the perpendicular displacement of the leadwire
during expansion, we consider that the loop-shaped
leadwire is not a good candidate for an expandable
leadwire.

Comparison of Design III, IV, and V Leadwires
with Their Controls

The present results ofthe in vivo expansion meas
urement study, in which periodic x-rays recorded
leadwire expansion (see Table 3), showed that ten
leadwires enveloped in the thin Silastic bags ex
panded during the animals' growth, and the thin
Silastic envelope used in designs III, IV, and Veffec
tively protected the leadwire from fibrous tissue ad
hesions for periods up to 2 years. Similar in vivo
expansions were observed from nine control lead
wires corresponding to designs III, IV, and V, butone
control design IV leadwire did not expand. During in
situ expansion of three pairs of implan ted designs III,
IV, and V leadwires, the force:expansion ratio of the
enveloped leadwire was less than that of the control
leadwire without an envelope (see Table 5), because
the control leadwire was totally surrounded by fi
brous tissue. It appears that less force is required to
expand an enveloped leadwire than a leadwire with
out a protective envelope, although the limited num
ber of leadwires examined in the present study is not
enough to draw a statistical conclusion.

CONCLUSIONS

A number of conclusions can be drawn from the
results of this study. First, a helical-shaped leadwire is
not suitable as an expandable leadwire, because it
becomes bound down with fibrous tissue adhesion
and a large force is required for its expansion. Sec
ond, following implantation, thin flexible protective
bags tend to collapse and provide minimal space for
fibrous tissue ingrowth. They are more effective in
minimizing tissue ingrowth than the semi-rigid tubes.
Third, a loop-shaped leadwire is not a suitable design
as it tends to be displaced perpendicularly to the
plane of expansion. Such a displacement may result
in increased leadwire tension and the possibility of
an increase in tissue ingrowth. Fourth, V- and Z-
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shaped leadwire designs exhibit adequate expansion
during growth and minimal tissue adhesion, when
placed within a thin Silastic bag. Furthermore, less
force was required during expansion of these lead
wires than their unprotected controls. Therefore, V
and Z-shaped leadwires, protected from fibrous tis
sue adhesion by a thin flexible protective envelope,
appear to be appropriate candidates for use as an
expandable leadwire in pediatric cochlear implants.
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