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Abstract--The objective of the study was to exp/ore the effect of e/ectrode encapsu/a- 
tion by fibrous scar tissue on electrical potential distributions and auditory nerve 
fibre excitation patterns. A finite element model in combination with an auditory 
nerve fibre model was used to predict changes in threshold currents and auditory 
nerve fibre excitation patterns. The model showed that electrical potentials at the 
target nerve fibres and the electrode contacts changed in the presence of encapsulation 
tissue. This led to changes in threshold currents and spread of excitation. The effect of 
electrode encapsulation on threshold currents and spread of excitation depended on the 
thickness of the perilymph layer separating the fibrous tissue encapsulation and the 
electrode array, nerve fibre survival status, electrode geometry and configuration, 
and array location. Model results suggested that arrays located close to the modiolus 
were most sensitive to threshold changes caused by electrode encapsulation (changes 
were between - 0.26 and 2.41 dB), whereas encapsulation of an electrode array had less 
effect on threshold currents when the array was located in a lateral position in the scala 
tympani (changes were between -0.64 and 1.5 dB). For medially located arrays, 
changes in the spread of excitation varied between an increase of 0.21 mm and a 
decrease of 0.33 mm along the length of the basilar membrane, and an increase of 
O. 18 mm and a decrease of 0.66 mm along the length of the basilar membrane were 
calculated for laterally located arrays. 

Keywords--Cochlear implants, Fibrous scar tissue, Thresholds, Neural excitation 
patterns, Finite element model 
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1 Introduction 

COCHLEAR IMPLANT subjects often experience changes in 
threshold current during the first few months after implantation. 
During one study, PFINGST (1990) reported that, in 88 % of cases, 
thresholds were highest during a period some time during the 
first month after implantation and then decreased by 8 - 3 7  dB 
during the following weeks. EDD~GTON et  al. (1988) and 
MILLER et  al. (2000) also found threshold reduction over the 
first two to three months after surgery. PFINGST (1990) suggested 
that threshold reduction results from either changes in conduc- 
tivity between the electrodes and the neural elements or 
changes in the sensitivity of  the neural elements themselves. 
This study explores electrode encapsulation as a possible mech- 
anism for causing threshold changes during the first few months 
after implantation. 

Fibrous scar tissue and new bone often grow around intraco- 
chleax electrode arrays in animals and humans (LEAKE e t  al.,  
1992; LINTHICUM et  al., 1991; WEBB et  al., 1988; ZAPPIA 
et  al., 1991). Tissue reaction to implanted materials can vary 
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from toxic reactions (where inflammation and infection occur 
as a result of  degradation of  the implant material and/or  
implant orientation or geometry), to vital reactions, where 
the body detects the foreign object and incorporates it 
into the body by covering it in a vascularised fibrous scar 
tissue encapsulation (NANAS, 1988). Perfect biocompatibility 
does not exist in the true sense of  the word (BERTOLUZZA 
et  al.,  1992), as tissue reactions always occur to a greater 
or lesser extent at the biomaterial-tissue interface. Vital 
tissue reaction to intracochleaJc electrode arrays is thus the 
desired tissue response and also the most frequently observed 
response. 

Tissue reactions to intracochleaJc electrode arrays range from 
very little fibrous tissue (LINTHICUM e t  al.,  1991; ZAPPIA et  al., 
1991) to a dense, connective tissue cuff surrounded by loose, 
less dense tissue (ZAPPIA et  al.,  1991) around the implant 
inside the scala tympani. New bone sometimes envelops the 
electrode array in the scala tympani of  the basal mrn 
(LINTHICUM et  al.,  1991). GRILL and MORTIMER (1994) 
reported that the resistivity of encapsulation tissue is sufficient 
to alter the shape and magnitude of the electric field generated 
by chronically implanted electrodes. CLARK et  al. (1995) also 
suggested that bone and fibrous tissue formation in the 
cochlea could account for variations in patients' speech percep- 
tion. Changes in the tissues surrounding cochlear implant elec- 
trodes could thus affect the neural excitation patterns and 
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therefore detection thresholds and dynamic ranges of electrical 
stimulation overall. 

PFINGST (1990) found at most a weak correlation between 
implant impedances and threshold changes during the first 
months after implantation, whereas DE SAUVAGE et al. 
(1997) reported that compound action potential amplitudes 
and electrode impedance increased in correlation with each 
other. KAWANO et al. (1998) found that threshold T levels cor- 
relate with the presence of  intracochlear fibrous tissue. 

The objective of  this study was to explore the effect of 
encapsulation tissue around cochlear implant electrodes on 
electrical potential distributions and auditory nerve fibre exci- 
tation patterns during electrical stimulation. 

2 M o d e l  and m e t h o d s  

2.1 Combined  finite e l e m e n t - n e r v e  f ibre model  

A three-dimensional finite element (EE) model  of  the first 
one-and-a-half  turns of  the electrically stimulated cochlea 
was used to determine the effect of  electrode encapsulation 
on the electrical potential distributions and thus neural exci- 
tation patterns during electrical stimulation. The cochlear 
model  was created by first creating the geometry of  a transverse 
plane through the cochlea in an FE software environment. This 
two-dimensional  geometry is shown in Fig. la .  The two- 
dimensional geometry was then extruded into three dimensions 
around the axis of  the modiolus (Fig. lb) .  The diameters of  the 
structures were not tapered towards the apical end of  the 
model. For  this study, the effect of the untapered nature of  
the model  was negligible, as electrodes in an electrode pair 
were usually closely spaced. The model led cochlea was 
embedded into a cylinder consisting of  bone elements. The 
location of  the bone cylinder is shown by broken lines in 
Fig. lb.  

The axons were extended so that the nerve fibres originating 
from the upper half-turn of  the model extended downwards to at 
least below the scala tympani of the lower half-turn of the 
model. To be a true representation of  the anatomy, the axons 
should combine into one nerve bundle. In the model, this was 
realised by 'filling' the volume enclosed by the medial axonal 
processes with nerve tissue, i.e. setting the material properties 
of  elements in this volume to that of  nerve tissue. The volume 
of  nerve tissue extended to the end of  the bone cylinder, 
thereby creating a low conductance path along the modiolus. 
Fig. lb  does not show the nerve tissue enclosed by the medial 
axonal processes (which are protruding below the scalae). 

The materials in the model  were purely resistive, because it 
has been shown that, to a first approximation, cochlear tissue 
impedances are well approximated by pure resistances 
(BLACK e t  al., 1981; SPELMAN et al., 1980; 1982). This 
assumption implies undistorted propagation of  the excitation 
waveform and allows the field calculation to be treated as a 
steady-state conduction problem (FINLEY e t  al., 1990). The 
reader is referred to the paper by HANEKOM (2001) for 
further details about the model. 

The encapsulation tissue was model led as a material  layer 
with a resistivity of  627 ~ - c m  around the electrode array. 
The resistivity of  the encapsulation tissue was based on the 
measurements by GRILL and MORTIMER (1994) on encapsula- 
tion tissue around electrodes implanted subcutaneously in cats. 
In the FE model, an encapsulation tissue thickness of  50 Ixm 
was used, based on observations of  an average intracochleaJc 
fibrous tissue thickness around silastic electrode carriers of  
48.5 # m  (NELDON e t  al., 1994) and to allow two electrode 
arrays surrounded by encapsulation tissue to fit within the 
scala tympani (i.e. to allow two electrode array locations). 
Simulation results were generated for three encapsulation 
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(a) Two-dimensional plane through one turn of  r E  cochlear 
model to show two array locations and location of 
encapsulation tissue. Bold line shows location of  neural 
sheet on which electrical potential distribution was cal- 
culated to determine thresholds and neural excitation 
patterns. (b) Oblique view of three-dimensional geometry of 
cochlear model. ( -  - - )  Outlines of  bone cylinder in which 
cochlear model is embedded Nerve tissue in modiolus is 
not shown. (c) Top view of  one of modelled electrode 
arrays showing various electrode configurations 

variations: an electrode without encapsulation tissue (called 
'c lean ') ,  an electrode array surrounded by a 50 Ixm layer of  
encapsulation tissue in direct contact with the electrode 
carrier (direct encapsulation (DE)) and an electrode array sur- 
rounded by a 50 Ixm layer of  encapsulation tissue separated 
from the electrode carrier by a 50 Ixm layer of per i lymph 
(separated encapsulation (SE)). 

Two electrode arrays (using banded or point electrode con- 
tacts) and two array locations (one medial  and one lateral in 
the scala tympani relative to the modiolus) were modelled. 
Banded electrode contacts refer to contacts that are formed 
by rings that are located on the surface of  the electrode 
carrier. Point electrode contacts is a general term to refer to 
small disc- or ball-shaped or square-planar electrode contact 
geometries. The banded array at a medial  location in the 
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scala tympani was called banded medial  (BM), and the array at 
a more lateral location in the scala tympani was called banded 
lateral (BL). Likewise, the point electrode arrays were called 
point medial  (PM) and point  lateral (PL). The locations of  
the medial  and lateral electrode arrays axe shown in Figs l a  
and b. The contacts of  the point electrode arrays were in a 
medial-superior orientation. The radial  orientation of  the 
elements in the model led electrode array that were used to 
create the point electrodes is indicated by a shaded element (tri- 
angle) in the medial  electrode array on the two-dimensional 
plane through the model  (Fig. la) .  

Only one array existed during a specific simulation. An array 
was selected by the material properties of  its elements being 
changed to those of an insulator or a conductor, and the material 
properties of  the other array were changed to that of  perilymph. 
In Fig. la ,  it can be seen that an electrode array in the model  con- 
sisted of  a core and two layers around it. The core was defined as 
the electrode carrier (elements in lateral electrode array lightly 
shaded in Fig. la) ,  i.e. the resistivity of  the elements in these 
components was set to that of  an insulator). The electrode 
contacts were defined on the surface of  the core by defining 
banded or point equipotential surfaces and applying the stimu- 
lation current to these surfaces. 

The first layer surrounding the core was used to define either 
the encapsulation tissue for the DE case or the layer of  peri- 
lymph separating the electrode array and the encapsulation 
tissue for the SE case. The second layer of elements around 
the core (i.e. the layer not directly in contact with the core) 
was used to define the encapsulation tissue (darkly shaded in 
Fig. l a )  for the SE case. 

Six electrode configurations were modelled. Details of  the 
electrode configurations axe listed in Table 1, and their 
locations in the model  axe shown in Fig. lc .  

Table 1 Details of electrode configurations in FE model 

Description of electrode Electrode 
Abbreviation configuration separation*, mm 

NBP near bipolar, longitudinal 0.29 
bipolar configuration 
with electrode 
separation 
approximately half the 
separation between 
neighbouring electrodes 
in Nucleus cochlear 
implant (CLARK, 1996) 

bipolar refers to electrode 0.83 
configuration consisting 
of two neighbouring 
electrodes in Nucleus 
cochlear implant 

bipolar plus 1: electrode 1.65 
configuration consisting 
of two electrodes 
separated with one 
electrode in Nucleus 
cochlear implant 

bipolar plus 2: similar to 2.72 
BP+ 1 

bipolar plus 3: similar to 3.78 
BP+ 1 

monopolar mode where not applicable 
return electrode is 
located outside scala 
tympani at remote site 

BP 

B P + I  

BP+2 

BP+3 

MONO 

*Model geometry only allows for approximate electrode separations 
relative to electrode separations for Nucleus electrode array 
(HANEKOM, 2001) 

Electrical potential distributions generated by electrical 
stimulation with a 200 p~A DC current were calculated on a 
plane in the model  (HANEKOM, 2001) containing the auditory 
nerve fibres. A section through the neural plane is indicated 
with a bold line in Fig. la .  

2.2 Modelling of  auditory nerve fibre excitation 

The FE model  of  the cochlea consisted of  90 segments 
(Fig. lc) .  Electrical potentials were calculated on the bound- 
aries of  the segments, producing 91 sets of potential values. 
Consequently, 91 nerve fibres (forming a nerve fibre array) 
were modelled. If a uniform nerve fibre density of 13 600 
nerve fibres per  cochlear turn (calculated from SPOENDLIN 
and SCHROTT (1989), based on a cochlear length of  30 mm) 
was assumed throughout the model led cochlea, each model led 
nerve fibre represented approximately 224 real nerve fibres. 

Thresholds were determined with the generalised Schwaxz-  
E ikhof -Fr i jns  (SEF) auditory nerve fibre model  (FRIJNS et al., 
1995). Two types of  nerve survival were modelled: one where 
the nerve fibres were intact and thus included the peripheral  
dendrites (as would be expected for implantees with significant 
residual hearing and /o r  relatively short duration of deafness) 
and another where the peripheral dendrites of  the nerve fibres 
had degenerated (as would be expected after a long period of  
deafness). To simulate loss of peripheral  dendrites after a 
long period of deafness, a truncated version of the generalised 
SEF model  (FRIJNS et al., 1996; HANEKOM, 2001) was used. 

The stimulus was a 200 Ixs per phase, chaxge-balanced, 
biphasic current pulse. Although electrical potential distri- 
butions calculated with the FE model  were generated with 
a 200 ixA DC stimulus, biphasic stimuli with any amplitude 
could be created by scaling because of  the resistive nature of  
the FE model  (HANEKOM, 2001). The threshold current for a 
nerve fibre was defined as the lowest current level that 
excited the nerve fibre during a single stimulation cycle. 
Nerve excitation was assumed when a propagating action 
potential occurred (REILLY et aL, 1985). The occurrence of  
an action potential was detected by an iterative process. An 
interval was defined in which the threshold current was 
expected to occur. The current level was then stepped 
down or up by halving of  the interval with each iteration, 
depending on whether the current level caused an action 
potential or not. The final resolution of  the iterative 
process was 1 ixA. 

3 Results 

Fig. 2a shows representative results for potential distri- 
butions generated by the finite element model, and Fig. 2b 
shows representative results for neural excitation patterns 
obtained with the combined F E - n e r v e  fibre model. Potential 
distributions for bipolar electrode configurations always 
exhibit a maximum and a minimum, as shown in Fig. 2a, 
corresponding to the polarity of  the electrode located at the 
specific position. In Fig. 2a, the locations of  the electrodes 
along the length of the basilar membrane axe indicated with 
two blocks at the top of the Figure. Horizontal dotted lines indi- 
cate the location of  the nodes in the nerve fibre model, and ver- 
tical dotted lines indicate the boundaries between the first and 
second, and second and third half-turns of  the finite element 
model. Potential distributions for a monopolar  electrode con- 
figuration only exhibit  a minimum or a maximum, depending 
on the polarity of  the active electrode. 

The reference (0 dB) for the graphs in Fig. 2b was taken as 
the minimum threshold current intensity that evoked a response 
(reported in Fig. 3), to facilitate comparison of  spread of  exci- 
tation for various electrode configurations, geometries and 
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(a) Potential distribution for PM array for BP+ I (upper 
graph) and MONO (lower graph) electrode configurations 
with direct encapsulation. (b) Neural excitation patterns 
calculated with combined FE-nerve fibre model for PM 
electrode array using full nerve fibre model (i.e. peripheral 
process of fibre is intact). ( [] ) Clean; ( ~ ) DE," ( 0 ) 
SE. Upper graph shows bimodal excitation pattern 
generated with BP+ I electrode configuration; lower graph 
shows unimodal excitation pattern generated with 
monopolar electrode configuration 

array locations at a specific stimulation intensity above 
threshold. The graphs were generated by calculation of  
the stimulus intensity that had to be presented by an electrode 
pair to activate each nerve fibre in the nerve fibre array and 
then subtraction of  the minimum threshold (Fig. 3) from 
the result for the specific electrode geometry, location or 
configuration. 

The upper graph is for the B P +  1 electrode configuration, and 
the lower graph is for monopolar  electrode configuration for 
the PM array. All  the bipolar electrode configurations create 
bimodal  excitation patterns, because excitation occurs at both 
electrode contacts in an electrode pair. This is because of  
biphasic (but opposite in polarity) stimuli that axe presented 
on both contacts in an electrode pair during a single stimulation 
period (FRIJNS et al., 1996; HANEKOM, 2001). Monopolax 
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Threshold current as function of electrode configuration. 
( [] ) Clean; F-fibre; ( ~ ) DE: F-fibre; ( 0 ) SE: 
F-fibre. ([]) Clean: T-fibre; ( © ) DE: T-fibre; ( 0 ) SE: 
T-fibre 

configurations elicit a unimodal  excitation pattern, as the 
return electrode is located remotely,  outside the scala 
tympani. Excitation patterns are localised around the location 
of  the electrode contacts at lower stimulus intensities. This 
localisation generally occurs up to higher stimulus intensities 
for bipolar  electrode configurations than for monopolar  con- 
figurations (HANEKOM, 2001). 

Fig. 3 summarises threshold current intensities as a function 
of  electrode configuration. Thresholds are affected by electrode 
configuration, electrode geometry,  array location, state of  the 
nerve fibre (i.e. whether the full nerve fibre model  or the trun- 
cated nerve fibre model  has been used) and the presence or 
absence of encapsulation tissue. 

Threshold differences caused by variations in electrode con- 
figuration, electrode geometry, array location and the state of  
the nerve fibre have been dealt  with in a previous paper 
(HANEKOM, 2001). To summarise: thresholds tend to be 
lower when the electrode array is close to the fibre terminals, 
i.e. lower thresholds will usually be observed for the BL 
array when a full nerve fibre model  is used, rather than when 
the truncated nerve fibre model  is used. The effect is less pro- 
nounced for electrode arrays that are located in a medial  
location in the scala tympani. 

Wide ly  spaced electrode configurations cause lower 
threshold currents than narrowly spaced electrode configur- 
ations. This is because the potential at the target nerve fibres 
increases with increasing inter-electrode separation (Fig. 4). 
Arrays close to the modiolus cause a decrease in thresholds, 
because the target nerve fibres are in close proximity to 
the stimulating source points and thus require less current 
to be activated. Point electrode geometries have lower 
thresholds than banded electrode geometries if the electrode 
contacts are oriented towards the residual nerve elements. 
This is because point electrodes force the current distribution 
toward the target nerve fibres. Banded electrodes distribute 
the current radially around the electrode carrier (including 
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reg ions  whe re  no  n e r v e  fibres are p resen t )  and  axe thus less 
e f fec t ive  than  po in t  e lec t rodes .  

Tab le  2 summaxises  the  th re sho ld  d i f f e rence  b e t w e e n  the  
c lean  e l ec t rode  arrays  and  the  D E  and  SE cases.  A pos i t ive  

va lue  m e a n s  tha t  the  th re sho ld  for  the  c l ean  case  is h i g h e r  
than  for  the  e n c a p s u l a t e d  case  and  tha t  the  e n c a p s u l a t i o n  
causes  a r educ t i on  in the  th re sho ld  current .  B o t h  po in t  and  
b a n d e d  e lec t rode  geome t r i e s  gene ra l ly  exh ib i t  subs tan t i a l  
t h re sho ld  r educ t ions  for  the  D E  case, u s i n g  e i the r  the  ful l  
or  t runca ted  n e r v e  fibre mode l .  Fo r  the  SE case, t h re sho ld  
r educ t ion  is less, bu t  still p r e sen t  in m o s t  cases .  Fo r  the  
la tera l  e l ec t rode  array loca t ions  u s ing  the  t runca ted  n e r v e  
fibre mode l ,  t h resho lds  axe e i the r  in f luenced  ve ry  l i t t le  or  
inc reased  re la t ive  to those  o f  the  c lean  arrays.  T h r e s h o l d  
r educ t ion  is h i g h e r  for  arrays  c lose  to the  mod io lu s  (i.e. B M  
and P M  arrays)  than  for  arrays  at  a m o r e  la tera l  locat ion.  

Fig.  2b  shows  tha t  the  p r e s e n c e  of  d i rec t  e n c a p s u l a t i o n  
a round  a P M  e lec t rode  array dec reases  the  spread  of  exci ta t ion ,  
e spec ia l ly  at h i g h e r  s t imulus  in tensi t ies .  Fo r  separa ted  encap -  
sulat ion,  no  ef fec t  is v i s ib le  f rom these  graphs .  To eva lua t e  
the  e f fec t  of  encapsu l a t i on  t i ssue  on  the  loca l i sa t ion  o f  acti-  
va t ion ,  spread  o f  exc i t a t ion  a long  the  bas i l a r  m e m b r a n e  at 
10 dB above  th re sho ld  was  p lo t t ed  as a func t ion  o f  e l ec t rode  
separa t ion  (Fig. 5). Spread  o f  exc i t a t ion  a long  the  bas i l a r  
m e m b r a n e  is p resen ted ,  in mi l l imet res ,  and  was  d e t e r m i n e d  
b y  ca l cu la t ing  the  to ta l  r eg ion  o f  exci ta t ion ,  e x c l u d i n g  the  
non -exc i t ed  r eg ion  in b e t w e e n  exc i ted  reg ions  in the  case  o f  
b i m o d a l  exc i t a t ion  pat terns ,  u s ing  an  in t e rpo la t ion  me thod .  
The  graphs  show tha t  t h re sho ld  changes  assoc ia ted  wi th  e lec-  
t rode  e n c a p s u l a t i o n  do  occur.  T h e s e  changes  va ry  f r o m  very  
l i t t le  (BL  array)  to p r o n o u n c e d  ( B M  array wi th  the  ful l  n e r v e  
fibre mode l ) .  

T a b l e  2 s u m m a r i s e s  the  d i f fe rence  in 10 dB spread  o f  exci-  
ta t ion  b e t w e e n  the  c l ean  arrays  and  D E  and  SE arrays.  A posi-  
t ive  va lue  ind ica tes  a r educ t i on  in the  spread  o f  exci ta t ion ,  i.e. 

Table 2 Threshold difference, in dB, relative to control electrode array and change in spread of  excitation, in mm, relative to control 
electrode array 

Electrode 
configuration 

Threshold difference for clean electrode, dB 
Difference in spread of excitation for clean electrode, 

mm 

F-fibre T-fibre F-fibre T-fibre 

DE SE DE SE DE SE DE SE 

NBP BM 2.41 0.53 2.27 0.33 0.12 - 0 . 0 9  0.18 - 0 . 0 6  
BL 1.41 0.05 0.60 - 0.07 0.10 - 0.06 0.03 0.00 
PM 2.41 - 0.26 1.88 - 0.18 0.02 - 0.09 0.08 - 0.09 
PL 1.51 - 0 . 5 0  1.22 - 0 . 5 9  0.09 - 0 . 1 4  0.16 - 0 . 0 9  

BP BM 2.03 0.84 1.72 0.51 0.03 - 0.05 0.04 - 0.03 
BL 1.26 0.39 0.51 0.02 0.05 - 0.21 - 0.01 0.01 
PM 1.76 0.00 1.59 0.16 - 0.01 - 0.07 - 0.09 - 0.16 
PL 1.11 - 0 . 1 0  1.19 - 0 . 6 4  0.01 - 0 . 1 0  0.22 - 0 . 1 7  

B P +  1 BM 1.73 0.81 1.31 0.44 0.32 0.03 0.25 0.00 
BL 0.98 0.52 0.39 0.28 0.10 0.01 0.03 0.02 
PM 1.55 0.04 1.29 0.22 0.06 - 0.11 0.12 - 0.08 
PL 0.95 0.06 0.88 - 0 . 3 9  0.14 - 0 . 1 3  0.18 - 0 . 1 3  

B P + 2  BM 1.74 0.70 1.29 0.40 0.67 0.18 0.37 0.05 
BL 0.86 0.32 0.17 - 0.21 0.18 0.06 0.06 0.03 
PM 1.57 0.04 1.23 0.14 0.12 - 0 . 1 2  0.18 - 0 . 1 0  
PL 0.85 0.00 0.79 - 0 . 3 6  0.18 - 0 . 1 7  0.19 - 0 . 1 4  

B P + 3  BM 1.37 0.67 1.03 0.35 0.62 0.26 0.33 0.06 
BL 0.83 0.38 0.07 - 0.29 0.22 0.04 0.16 0.07 
PM 1.46 0.00 1.08 0.10 0.12 - 0.15 0.21 - 0.09 
PL 0.86 0.06 0.76 - 0.34 0.22 - 0.14 0.22 - 0.14 

MONO BM 1.38 0.61 1.04 0.24 0.66 0.26 0.40 0.01 
BL 0.76 0.28 0.18 - 0 . 2 3  0.14 0.01 0.16 - 0 . 0 7  
PM 1.48 0.05 1.14 0.05 0.33 - 0.04 0.21 - 0.05 
PL 0.85 0.00 0.72 - 0.34 0.13 - 0.08 0.33 - 0.18 

Average BM 1.78 0.69 1.44 0.38 0.40 0.10 0.26 0.01 
BL 1.02 0.32 0.32 - 0.08 0.13 - 0.03 0.07 0.01 
PM 1.71 - 0 . 0 2  1.37 0.08 0.11 - 0 . 1 0  0.12 - 0 . 1 0  
PL 1.02 - 0 . 0 8  0.93 - 0 . 4 4  0.13 - 0 . 1 3  0.22 - 0 . 1 4  
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Spread of  excitation along length of  basilar membrane as 
function of  electrode configuration at stimulus intensity of  
10 dB above threshold. Locations of  electrode 
configurations on abscissa have been scaled to represent 
their respective inter-electrode separations in FE model, 
except for  monopolar electrode configuration. ( © ) DE: 
F-fibre; ( [] ) SE: F-fibre; ( ~ ) clean: F-fibre. ( © ) 
DE: T-fibre; ( [] ) SE: T-fibre: ( - ~ - )  clean: T-fibre 

the spread of excitation for the encapsulated array is less than 
that for the clean array. Spread of  excitation is generally 
decreased for the DE case. For the BM electrode array with 
widely spaced electrode configurations (including monopolax 
configuration), the reduction is more than 0.6 mm. For the 
other electrode geometries and locations, the reduction for 
the DE case is approximately 0 .1-0 .2  mm. 

For the SE case, spread of  excitation is reduced for the BM 
electrode array when widely spaced electrode configurations 
are used (i.e. larger than B P +  1). For this electrode array, the 
reduction is close to zero when the truncated nerve fibre 
model is used. For closely spaced electrode configurations 
and for the BL and point electrode arrays, spread of  excitation 
is either nearly unchanged or increased by the presence of  
encapsulation tissue. 

4 D iscuss ion  

4.1 Threshold variat ions 

The changes in threshold currents can be explained by exam- 
ining the effect of  encapsulation tissue on the maximum poten- 
tial deviation (Fig. 6a), which occurs on a line through the fifth 
node of  the neural models (0.503 mm on the ordinate of 
Fig. 2a). Fig. 6a shows that the DE case has the highest poten- 
tial deviation, followed by the SE and then the clean cases. The 
potential increase at the target nerve fibres results from an 
increase in the current density at the fibres, because of a relative 
narrowing of  the electric field, i.e. the width of the field devi- 
ation remains virtually constant, but the magnitude of  the 
field increases (Fig. 6b). 
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Fig. 6 (a) Maximum potential deviation and (b) electric .field 
distribution for different types of  encapsulation along .fifth 
node of  neural model, i.e. 0.503ram on ordinate of  Fig. 2a. 
These results are for BM electrode array. Trend shown in 
results, i.e. highest potential deviation and electric field 
intensity for (-t-) DE case, followed by ( , ) SE and then 
( © ) clean cases is similar for  all modelled array 
locations and electrode geometries 

It should be noted, at this stage, that the level of correlation 
between implant impedance and threshold current changes 
probably does not reflect the status of the encapsulation 
tissue layer, as the relatively high e lectrode-body fluid inter- 
face impedance, i.e. 10 -20  kl l  (DE SAUVAGE et al., 1997; 
DORMAN et al., 1992), dominates resistive changes caused by 
encapsulation tissue (roughly hundreds of ohms) in the neigh- 
bouring cochlear tissue. 

The variability of the effect of  scar tissue can be seen from 
the study by KAWANO et al. (1998). They performed post- 
mortem examinations of  five human, implanted cochleas and 
statistically correlated psychophysical parameters with intra- 
cochlear pathology. Temporal bones used in the study were 
from donors who had received Nucleus 22-channel cochlear 
implants. KAWANO et al. (1998) found significant positive cor- 
relation between psychophysical threshold levels (T-levels) 
and the occurrence of  fibrous scar tissue around the electrode 
array in two of the five cases, no significant correlation in 
two cases and significant negative correlation in one case. 
The data measured by KAWANO et al. (1998) correspond to 
the modelled BL electrode array, as this is the normal location 
for the straight Nucleus 22 electrode array (SHEPHERD e t  al., 
1993). 

Threshold changes for the BL array vary from a decrease 
of  1.26 dB for the BP electrode configuration (the NBP con- 
figuration with a decrease of  1.41 dB is not clinically relevant), 
using the full nerve fibre model with direct encapsulation, to 
an increase of  0.29 dB for the B P + 3  electrode configuration, 
using the truncated nerve fibre model and separated encap- 
sulation. The model therefore accounts for the observed 
variations in the correlation between T-levels and the occur- 
rence of fibrous tissue by including variations in the thickness 
of  the perilymph layer separating the electrode array and the 
encapsulation tissue, as well as variations in nerve fibre survi- 
val status, i.e. the extent to which the peripheral dendrites 
have degenerated. From the results, it is also evident that 
electrode configuration and separation and array location 
influence the effect of  electrode encapsulation on threshold 
current levels. 

For array locations far from the target nerve fibres and 
widely spaced electrode configurations, the effect of  encapsu- 
lation tissue on threshold currents is limited by greater 
volumes of cochlear tissue between the electrodes and the 
target nerve fibres. We would therefore expect to see more 
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pronounced threshold current variations because of  electrode 
encapsulation for implants with arrays close to the modiolus, 
e.g. the Clarion (KESSLER, 1999; YOUNG and GROHNE, 2001) 
cochlear implant, than for implants with arrays fax from the 
modiolus, e.g. the Nucleus (CLARK, 1996) cochlear implant. 
This is evident from the data presented in Table 2, where 
threshold variations for medial arrays are generally greater 
than for lateral arrays. Some evidence supporting this obser- 
vation can be found in threshold current reductions over 
time, reported by PFINGST (1990) (who used arrays that posi- 
tioned electrode contacts in the region between the modiolus 
and the middle of  the scala tympani) and DORMAN et al. 
(1992) (for patients using the Ineraid cochlear implant), 
whereas unchanged EABR thresholds over time were reported 
for Nucleus implant users (BROWN et al., 1995). 

Threshold current reductions predicted by the model that 
could be compared with the data of  PFINGST (1990) are most 
likely those observed for the full nerve fibre model, as 
primate subjects were either deafened during implantation or 
not deafened at all. A further assumption would be that the 
implanted arrays were either similar to the PM array (multi- 
channel implants used in the study) or the BM array (single 
spherical electrodes introduced into the scala tympani). 
Threshold reductions for these conditions range between 
1.38 dB and 2.03 dB for clinically employed electrode con- 
figurations (i.e. excluding the NBP electrode configuration) 
for the DE case and between 0 dB and 0.84 dB for the SE 
case. Threshold changes can be translated to rates of  threshold 
reduction by dividing the reduction in threshold as a result of  
electrode encapsulation by a time period (25 days to be com- 
parable with the data measured by PFINGST (1990)). Threshold 
reductions predicted by the model therefore range between 
0.055 and 0.081 dB per day for the DE case and between 0 
and 0.034 dB per day for the SE case. Electrode encapsulation 
could thus account only partly for the observed threshold 
current reductions of  0 .2-1  dB per day reported by PFINGST 
(1990). 

Variations in thresholds for the NBP electrode configuration 
as a result of  encapsulation tissue are more pronounced than for 
wider electrode configurations. This could mean that high- 
density electrode arrays (JOLLY e t  al., 1997; SPELMAN et al., 
1996), which have been proposed as a new-generation alterna- 
tive to current electrode arrays, could be more susceptible to 
threshold changes as a result of  electrode encapsulation. 
Also, as such an electrode array would probably be located 
in a perimodiolar position (the new-generation electrode 
arrays axe designed to fit snugly around the modiolus 
(BALKANY e t  al., 2002; GSTOETrNER et al., 2001)), the 
additional threshold variations associated with arrays close to 
the modiolus could add to this effect. 

4.2 Spread o f  excitation 

COHEN et al. (2003) calculated spread of  excitation as a per- 
centage along the length of  the organ of Corti for monopolar 
stimulation with the Nucleus 24 banded (or 'straight') elec- 
trode array and for the Nucleus 24 Contour array. Mono- 
polar stimulation with the BL array could be compared with 
the results obtained for the Nucleus 24 banded array, and 
the results for the Contour array can be expected to be some- 
where between those for the modelled BM and PM arrays, as 
the Contour array has half-bands instead of  point or banded 
electrode geometries, and its location is usually closer to the 
modiolus than that of the straight banded electrode array. 
However, there is no direct relationship between the simulated 
decibels above threshold levels and loudness levels as used in 
the study by COHEN et al. (2003). Nevertheless, if an average 
cochlear duct length of  35 mm (SKINNER et al., 1994) is 
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used, the modelled results, given in units of  millimetres 
along the basilar membrane (left axes in Fig. 5), could be trans- 
lated to units of  percentage length along the basilax membrane 
(right axes in Fig. 5). 

Two comparisons can be made between the modelled data 
presented in this study and the measured data of  COHEN 
et al.: it was found that spread of  excitation was similar for 
BP+  1 and MONO electrode configurations (COHEN e t  al., 
2001), which is also true for the BM array as well as for the 
BL and PL arrays using the truncated nerve fibre model; and, 
secondly, spread of  excitation was overall narrower for the 
Contour array than for the straight array (COHEN e t  al., 
2003), which is also the case for the modelled results 
(compare results for lateral and medial array locations in 
Fig. 5) using the truncated nerve fibre model. 

Unfortunately, the data presented by COHEN et al. (2003) 
were measured mostly at 50% and 80% loudness levels, 
which could be louder than the 10 dB above threshold levels 
at which spread of excitation was evaluated for this study. 
This remark is based on the observation that spread of  exci- 
tation predicted by the model is generally less than the 
measured results. However, spread of  excitation at 20% loud- 
ness intensity for one subject using monopolar stimulation 
with a straight banded electrode array (at electrode 10) is 
approximately 15% of the basilar membrane length, which is 
roughly equivalent to the 14% of the basilax membrane 
length predicted by the model for the BL array using the trun- 
cated nerve fibre model. 

Spatial spread of  excitation, as recently evaluated by a 
number of researchers (COHEN e t  al., 2001; 2003; FRIJNS 
et al., 2002), further suggested that, although spread of  exci- 
tation was typically restricted to nerve fibres in the vicinity 
of  the stimulation site, there was not always correlation 
between electrode-to-modiolus proximity and spread of  exci- 
tation, and considerable inter-person and inter-electrode varia- 
bility occurred. This variability in spread of  excitation could 
partly be ascribed to the influence of encapsulation tissue on 
spread of  excitation. 

BROWN et al. (1995) reported a slight but significant 
reduction in EABR slope with time for subjects implanted 
with the Ineraid implant. EABR slope gives an indication of  
the increase or decrease in the number of excited nerve 
fibres. EABR slope can thus be interpreted as a measure of  
spread of  excitation and dynamic range, i.e. a shallower 
EABR slope corresponds to a narrower region of excitation 
(a slow increase in the number of  excited nerve fibres with 
increasing stimulation current) and a larger dynamic range 
(FRIJNS e t  al., 1995). Model results suggest that spread of exci- 
tation is typically limited by the presence of  encapsulation 
tissue (Fig. 5 and Table 2) if the encapsulation resembles the 
DE case. This suggests that dynamic range could be increased 
by the presence of  encapsulation tissue in direct contact with 
the electrode array. However, when the encapsulation is separ- 
ated from the electrode array by a perilymph layer, the changes 
in spread of  excitation generally become a function of  electrode 
geometry and electrode configuration. Spread of  excitation is 
typically decreased for banded electrode arrays, especially for 
widely spaced electrode configurations. However, for point 
electrode arrays, spread of  excitation is invariably increased. 

Changes in spread of  excitation as a result of  electrode 
encapsulation seem small (less than 0.5 mm in most cases), 
but they cannot be ignored. The neural resolution of the 
model is rough, i.e. each modelled nerve fibre represents 
approximately 224 real nerve fibres or, in other words, only 
every 224th nerve fibre in the cochlea is included in the 
model. A rough approximation could be made, based on 
the findings of SPOENDLIN and SCHROTT (1989), which indicate 
a hair cell density of  approximately 100 inner hair cells 
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per mill imetre along the basilar membrane. If  the nerve fibres 
connecting to each hair cell were located next to the inner hair 
cells and the hair cells were spaced regularly in a line along 
the length of the basilar membrane (a reasonable assumption 
based on the anatomy of the organ of  Corti as reported by 
ENGSTROM et al. (1970)), the nerve fibres of  each inner hair 
cell would be spaced at 0.01 mm intervals along the length of 
the basilar  membrane. This is also roughly consistent with the 
9 ~ m  hair cell thickness reported by ZWlCKER and FASTL 
(1990). Noticeable but small variations in the calculated 
spread of  excitation could thus amount to a significant number 
of  nerve fibres for which the threshold current of  an electrode 
pair has changed. The smallest variations shown in Table 2 
are 0.01 mm, which amounts to the nerve fibres of approxi- 
mately one inner hair cell  for which the threshold currents 
have changed. This would be equivalent to about t h ree - fou r  
fibres per  inner hair cell in the basal and apical parts of  the 
cochlea and up to 15 fibres per inner hair cell in the lower 
second turn of  the cochlea (SPOENDLIN and SCHROTT, 1989). 

4.3 Clinical implications 

The effect of  electrode encapsulation is somewhat unpredict- 
able, as the parameters that influence its effect are not necess- 
arily known. Looking at average values for variations in 
threshold currents and spread of excitation it seems as though 
electrode encapsulation is beneficial if the encapsulation 
resembles the DE case, with reductions in both thresholds 
and spread of  excitation for both banded and point electrode 
geometries and both medial  and lateral array locations. For  
the SE case, the potential benefit becomes a function mainly 
of  electrode geometry, but also of  nerve fibre survival. 
Threshold current reductions axe generally observed for 
banded arrays, except for the BL array when the T-fibre is 
used. Spread of excitation is also reduced for banded arrays, 
except for the BM array when the full nerve fibre model  is 
used. The model  thus predicts that electrode encapsulation 
could be beneficial for the BM array using the T-fibre model  
and for the BL array using the F-fibre model  when SE occurs 
and partly beneficial for the other two cases. 

In summary, model  results suggest that electrode encapsula- 
tion would normally not be detrimental to threshold current 
levels and spread of  excitation if  banded electrode arrays are 
used and could, in most cases, be beneficial. However,  if 
point electrode geometries are used, no benefits are generally 
obtained from electrode encapsulation and, if  possible, 
measures should be employed to reduce fibrous tissue for- 
mation around such arrays. 

The implication is that cochlear implants employing arrays 
located close to the modiolus, such as the Nucleus Contour 
(TYKOCINSKI e t  al., 2001) or Clarion HiFocus (which was 
recently withdrawn from the market) electrode arrays, are 
most sensitive to threshold changes caused by electrode encap- 
sulation, whereas encapsulation of an electrode array has less 
effect on threshold currents when the array is located in a 
lateral position in the scala tympani, such as the standard, 
straight Nucleus 22 or 24 electrode arrays. 

Model  results also suggest that threshold currents and spread 
of  excitation of  implants using high-density electrode arrays 
implementing closely spaced bipolar stimulation (similar to 
the NBP electrode configurations) axe more l ikely to be 
affected by electrode encapsulation than lower density arrays 
such as those currently employed in commercial  cochlear 
implants. 

5 Conclusions 

Results presented in this article suggest that electrode encap- 
sulation can alter threshold currents and spread of  excitation. 
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The effect of  electrode encapsulation on threshold currents 
depends, in the first place, on the thickness of  the per i lymph 
layer separating the electrode array and the encapsulation 
layer. If  the encapsulation is in direct contact with the elec- 
trode array, significant threshold reductions occur for all 
electrode geometries and array locations, whatever the nerve 
fibre model  (full or truncated) used. However, if  the encapsula- 
tion tissue is separated from the electrode array by a per i lymph 
layer (with a thickness equal to that of  the encapsulation tissue 
layer in this article), threshold reductions axe either small (less 
than 1 dB) or increased relative to those for a clean array. 

Part of  the decreases in threshold currents observed by 
PFINGST (1990) during the first few months after implantation 
could be accounted for by electrode encapsulation. However,  
other mechanisms, such as sensitisation for electrical stimu- 
lation (TYE-MURRAY et al., 1992), axe l ikely to have a more 
significant effect on the observed threshold reduction than 
electrode encapsulation. 

Variations in spread of  excitation are also strongly depen- 
dent on the presence or absence of a peri lymph layer 
between the electrode array and the encapsulation tissue and 
are mostly reduced when direct encapsulation of the array 
occurs. This could be beneficial, as a reduction in the spread 
of  excitation could increase dynamic range. Spread of exci- 
tation is either increased (point electrode geometries) or 
affected very little by separated encapsulation of  the electrode 
array. 

Model  results suggest that arrays located close to the modio-  
lus, such as the Nucleus Contour or Clarion HiFocus electrode 
arrays, axe most sensitive to threshold changes caused by elec- 
trode encapsulation, whereas encapsulation of  an electrode 
array has less effect on threshold currents when the array is 
located in a lateral posit ion in the scala tympani, such as the 
standard, straight Nucleus 22 or 24 electrode arrays. 

Further studies should include a detailed investigation of  
the effect of  the thickness of  the per i lymph layer separating 
the electrode and fibrous tissue encapsulation. The opt imum 
separation distance between encapsulation and electrode, i.e. 
the separation distance at which encapsulation generally 
becomes beneficial, could be estimated to provide a measure 
by which the effect of  electrode encapsulation could be pre- 
dicted for a specific person. 
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