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INTRODUCTION
The reference electrode (RE) position in cochlear implants (CI) has been surprisingly understudied. There are no articles investi-
gating a correlation between battery life and position of RE. Most centers do not even use this electrode, with just the body of the 
implant being used. From a physical point of view, RE position has a bigger influence regarding power consumption than intraco-
chlear electrode position. 

Despite using different electrode designs and coding strategies across CI companies, the variability in auditory abilities of recipients 
appears to be more similar across devices than for the same device across individuals. This suggests that at an individual level, sig-
nificant recipient-dependent factors limit the overall auditory ability. Aspects, such as ossifications, are known to have a significant 
effect. Unfortunately, to improve patient performance in such cases split electrodes have to be used, and they require exquisite 
optimization of parameters to obtain good results [1]. Goehring et al. [2] discovered that 12.4% of implantations intraoperatively 
demonstrate high impedances. In 8.2% of cases, impedances postoperatively remain high. 

There is extensive literature wherein many variables concerning intracochlear electrodes are evaluated. In contrast, very few studies 
have explored the effects of position, number, or shape of RE, without which CI would not properly function [3]. A field that has been 
explored in more depth is the comparison between mono- and bipolar stimulation on the still controversial hypothesis that more 
restricted current fields can provide better speech perception. However, there are problems with bipolar stimulation: 1) Bipolar 
electrodes require higher currents for supra-threshold stimulation because of a current shunt from electrode to electrode and 2) 
high potentials and high current densities form around each of the two electrodes and supra-threshold excitation is possible near 
both the source and sink electrodes [4-9]. Therefore, power consumption is still a major drawback in this stimulation mode, thereby 
making monopolar the preferred choice of most audiologists. Therefore, it is important to evaluate whether RE position in monop-
olar stimulation can decrease power consumption and improve electrical field sharpness.
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The Effect of Reference Electrode Position in 
Cochlear Implants

OBJECTIVE: This study aims to evaluate the increase in power of cochlear implants (CI) as the reference electrode (RE) position changes. Patients 
in whom it is necessary to use the full power of the device to achieve the desired stimulation levels, this strategy will ensure that stimulation 
capability is maximized. 

MATERIALS and METHODS: The variability in RE placement in the temporal bone has a measurable effect on the electrical current, impedance, 
and power consumption, and if the electrode position has a functional effect on the stimulation intensity. The following three approaches were 
used: 1) classical circuit analysis, 2) 2-dimensional numerical simulations, and 3) real temporal bone measurements using a purpose-made CI.

RESULTS: The three approaches demonstrate a significant decrease in the current intensity and electrical resistance for distances that are closer to 
the intra-cochlear electrode. The results also demonstrate that to maintain a constant current, shorter distances require 33% less power. 

CONCLUSION: Reference electrode position during surgery can make significant differences in CI power consumption and threshold intensity, 
which allows a more powerful stimulation in complicated patients (i.e., those with otosclerosis). This study presents an attractive perspective to 
surgeons, as it shows a way to decrease consumption that might result in a longer battery life or more power to be devoted to coding strategy 
performance.

KEYWORDS: Cochlear implant impedance, cochlear implant, power consumption, reference electrode, threshold intensity

Angel Ramos-Miguel, Angel Ramos-Macías, Jaime Viera Artiles, María Teresa Perez Zaballos
Departamento Ciencias Quirúrgicas, Universidad de Las Palmas of Gran Canaria, Gran Canaria, Spain (AR Miguel, MTPZ)
Departamento de Sistemas Inteligentes, Universidad de Las Palmas of Gran Canaria, Gran Canaria, Spain (AR Macías)
University Hospital Insular De Gran Canaria, Gran Canaria, Spain (JVA)

222



In monopolar stimulation, the current is injected through a contact in 
the scala tympani and returned to a far-field electrode contact. Stick-
ney [10] studied the current distribution in multiple electrode contacts 
along the scala tympani using this mode. The result demonstrated 
that electrical potential field patterns caused by monopolar stimula-
tion are broad in nature and that potential relatively and slowly drop 
off as one moves away from the stimulating contact. High imped-
ances in the tissues can cause losses in the electrical impulse quality, 
thereby requiring high power for the patient to efficiently detect this 
signal. It can even lead to the deactivation of some electrodes be-
cause their power consumption is so high that they hinder the glob-
al stimulation strategy. When impedance is too high, particularly at 
high current levels, then it is possible that the implant voltage will 
not be sufficient to generate the programmed electric current level. 
In this case, an electrode is said to be “out of compliance.” This leads 
to the situation where perceptual loudness does not increase with 
increases in the current level. To increase loudness, the width of stim-
ulation pulses can be increased. In some cases, impedance is too high 
that this approach is not feasible because of too large pulse duration 
required. Hence, high impedance results in a decrease in battery life 
but also in a wider spread of excitation because of the large current 
intensity required. 

However, decreasing impedance is feasible and can solve the issue 
of battery consumption. How this might be done depends on the 
source of impedance. It could be achieved by reducing the space be-
tween RE and signal electrode. RE can be the extracochlear electrode 
of some types of implants, which can be placed in different parts of 
the mastoid, but also the body of the implant, used as ground elec-
trode as well. By reducing the amount of tissue between the ground 
and intracochlear electrodes, impedance could be lowered, and the 
pulse intensity required could be obtained with less power [11, 12].

In CI surgery, not much attention is given to the specific position of 
RE. The surgical technique historically suggests positioning RE as far 
as possible from the electronic part of the implant to avoid interfer-
ences during stimulation. This part is currently isolated from this type 
of interference by Faraday cages. Therefore, RE can be currently posi-
tioned closer to the stimulation regions [13, 14].

This study aims to examine the variability in extracochlear electrode 
position as a contributing factor to power consumption in CI. The hy-
pothesis is that closer the RE is placed from the stimulation region, 
lesser the power consumption will be required to stimulate auditory 
neurons. This simple change can be of great advantage regarding 
the battery life for patients with ossifications of the cochlea. Because 
they require high currents to perceive electrical stimulation, a closer 
distance between the intra- and extracochlear electrodes may en-
able the generation of larger current intensities without the need to 
upturn the pulse duration to increase auditory sensation.

MATERIALS and METHODS
Ethics committee approval was not required for this study because it 
did not involve human subjects. 

Classical Circuit Analysis
The first method comprised a theoretical characterization of the 
physical system using a simplified electrical model.

In this approach, three electrical formulas were used. The first is 
Ohm’s Law, which was postulated by Geor Simon Ohm in 1826. It 
states that a current I through a conductor between two points is 
directly proportional to the potential difference V across the two 
points, with resistance R being the constant of proportionality be-
tween them [15]:

V = I • R  (1)

In this case, V is the potential difference produced by CI between the 
signal and RE, R is the impedance caused by the tissue between the 
electrodes, and I is the electrical current passing through it. With re-
spect to I, it becomes clear that to raise this value, V needs to be in-
creased or R needs to be lowered. Thus, the only way to do this with-
out supplying extra energy is by reducing the resistance between RE 
and intracochlear electrode. 

The second equation is the electrical power (P) formula (eq. 2). It rep-
resents the rate of energy that is converted from the electrical ener-
gy of the moving charges to some other form, e.g., heat, mechanical 
energy, or energy stored in electric or magnetic fields. Power is mea-
sured in Watts (W) and is used as a measure of the efficiency of a de-
vice. It is directly proportional to the square of the electrical current 
and resistance of a circuit [15].

P = V • I = R • I2  (2)

Thus, for a fixed I, the higher the R, the more the power required to be 
supplied by the circuit to keep I constant. Electrical hearing thresh-
old occurs when the current I delivered to the nerve fibers reaches a 
minimum value. This value can be taken as the fixed value of I. Then, 
it becomes clear that the further away RE is from the active one, i.e., 
the higher the resistance between them, the more power will be re-
quired to reach that threshold. 

The last formula used is the mathematical definition of the electrical 
resistivity of a material, which is the resistance opposed by a material 
to an electrical current flow across it. This formula gives the charac-
teristic R of each biological tissue between the RE and intra-cochlear 
electrode.

            
1

R = ρ —  (3)
            

S

Where l is the length of the conductor, S is its cross-section area, and 
ρ is the electrical resistivity coefficient of the material, which is mea-
sured in Ohms per meter (Ω·m). In this study, the values of ρ for endo-
lymph (ρ=0.75 Ω·m), bone (ρ=20 Ω·m), and muscle (ρ=3.5 Ω·m) were 
obtained from the database that was created by IT’IS Foundation. 
(IT’IS Database Low-Frequency Conductivity)

A simple circuit analog of the real-life system was designed to study 
the power required to keep an electrical current fixed between two 
electrodes, while the bone thickness varied from 50 to 100 mm in 
increments of 10 mm. The circuit design is illustrated in Figure 1. It 
comprises the RE and intracochlear electrode; a voltage supply of 5 V 
and three resistors, which are equivalent to a combination of 1 mm of 
endolymph; 3 mm of muscle; and 50–100 mm of the bone. 
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2-D Numerical Simulations
The second technique used was numerical simulation. The advan-
tage of using this approach is that the physical phenomenon can 
be recreated in a completely controlled environment where all the 
variables and geometries can be defined, measured, and modified to 
match the real-life system.

The simulation software used was Mathematica (Wolfram Research 
Inc.; Mathematica, Version 10.0, 2014 Champaign, IL, USA). A 2-di-
mensional finite element simulation of electromagnetic phenomena 
for low-frequency currents was build. This computational software is 
widely used in science and computer engineering because it enables 
fast modeling thanks to the libraries that it contains. 
A useful approach for calculating electric potentials (voltage) is to 
relate that potential to the charge density. Because electric charge is 
the source of electric field, the electric field at any point in space can 
be mathematically related to the charges present. For multiple point 
charges, a vector sum of each of their electrical fields is required. For 
a continuous distribution of charge, vector sums are better handled 
through calculus. This is done through the divergence relationship 
[16]:

     
     

→
         

ρ
∇ • E = – —  (4)
               

ε0

Where E is theelectric field vector, ε0 is the permittivity, and ρ is the 
charge density.
Because the electric field is also the derivative of the potential, we 
obtain Poisson’s equation:

   
     →

            
ρ

∇ • E = ∇ • ∇V = – —  (5)
                 

ε0

In a charge-free region of space or when the frequency is low, the 
governing equation for the electromagnetic field is the static equa-
tion, which is Laplace’s equation. This is a differential equation with a 
smooth solution, without singularities. It is used to define the poten-
tial energy field caused by a given charge distribution:

∇ • ∇V = 0   (6)

The model’s task will then be to determine the solution to this equa-
tion for a biological model, which involves various materials and ge-
ometries. This equation gives the second derivative of V; however, be-
cause it is V itself that is needed, integration is required. However, while 
integrating, constants appear that cannot be numerically determined 
unless the boundary or initial conditions of the system are known. 
These are the values at the borders of the system’s space or the initial 
value of V before it starts moving through space and time [16].

Two types of conditions were used: Dirichlet and null Neumann. The 
first specifies the conditions that the electrical potential requires to 
take along the boundary. The second sets the value of its derivative 
along this boundary. Dirichlet conditions of 0 and 5 V were imposed 
on the RE and intracochlear electrode, respectively. The null Neu-
mann condition was applied to the edges that limit the geometry of 
the system [17].

Another important step in designing the computer model is the ge-
ometry, which is illustrated in Figure 2. The model represents three 
electrode positions. They all share the same elements; however, the 
distance between the electrodes decreases by a factor of 2 between 
one case and the next.

As in the previous approach, each element was assigned the 
same electrical resistivity. Moreover, air was used in this case, with 
ρ=1.3×1012 Ω·m [18].

Temporal Bone Measurements
A device was designed to stimulate and monitor electrical impulses 
that were delivered to a temporal bone while measuring impedance, 
current, and voltage. 

The purpose-built implant comprises one intracochlear and six ex-
tracochlear electrodes. Because only the effects of relative position 
between the RE and intracochlear electrode are of interest in this 
study, CI was simplified and comprised a single intracochlear elec-
trode. In contrast, to assess extracochlear electrode currents along 
different regions at the same time, six of them where located along 
the temporal bone. They all have spherical ends with a mean diam-
eter of 0.9 mm. All extracochlear electrodes can be set to be RE, one 
at a time, thus providing six different measurement positions. The 
remaining electrodes act as probes throughout a given stimulation 
trial. 

The system comprises a microcontroller (Arduino UNO; Somerville, 
MA, USA) that is connected to a computer via USB. Figure 3 shows 
a real image of the device. It was programmed to transmit electrical 
signals, sample each of the probes, and store data. It also calculates 
impedances, currents, and power that are generated during stimula-
tion. The board is connected to a breadboard with the electrodes and 
probes to be inserted into the temporal bone.

The circuit is based on a number of voltage dividers. The schematics 
are depicted in Figure 4. The two resistors in series form a voltage 
divider circuit. One end of the resistor pair is fed 5 V, while the other 
end is connected to the ground. Five volts that the Arduino provides 
are divided between the two resistors depending on their resistance. 
The resistor, which holds the greater resistance, gets more of the 

Figure 1. Circuit analog of the interelectrode region. The different tissues lo-
cated in this space act as three resistors in series, and thus, can be grouped as 
a single one that is the sum of all its components
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voltage, according to Ohm’s law formula. The voltage that falls across 
a component is directly proportional to the amount of resistance it 
contains [15]:
        Rreference –V in

Rbody =  — Rreference  (7)
  Vout

Where Rbody is the impedance of the average of the tissues of the re-
gion of interest and is proportional to the RE impedance, Rreference; in-

put voltage, Vin; and output voltage, Vout. Using this principle, a model 
can be set up to determine the resistance on the basis of the voltage 
division. With this data, all electrical characteristics of the circuit can 
be defined, i.e., impedances, currents, and voltages. 

The software to control the implant was purposely designed by the 
research group.

The electrode implantation was done on a temporal bone with the 
cochlea exposed to have access to a wider range of measurement 
points. The intracochlear electrode was inserted at 6 mm from the 
cochleostomy and then fixed. To facilitate electrical conduction, a 
steady uniform flow of saline solution was applied over the entire 
temporal bone throughout the test.

Measurements were taken at three different points across the tem-
poral bone: the mastoid region, standard position, and root of the 
zygomatic process of the temporal bone. The specific locations are 
indicated with black squares in Figure 5. The implant processor re-
turned and average for each point based on 2000 measurements, to 
minimize the effect of noise on the signals. 

The statistical analysis was performed using IBM SPSS Statistics for 
Macintosh, V. 21.0. (IBM Corporation; New York, USA). 

RESULTS

Classical Circuit Analysis
An increase in bone thickness from 5 to 10 cm, with the cross-section 
maintained constant at 2 cm2, causes R in the circuit model to lin-
early increase. Because the resistors that represent the endolymph, 
muscle, and bone are in series, they can be associated as a single 
resistance that will be called “body” for the rest of the analysis. The 
increase in R that is associated with bone thickness can be found in 
Table 1, with increments of 0.5 kΩ/cm. 

Thus, for a fixed potential of 5 V, the current through the circuit will 
linearly decrease as the bone thickness increases. Eq. (2) has been 
used to generate the theoretical values of current as a function of 
thickness in Table 1, which are inversely proportional.

Following Eq. (1), V must be increased to maintain a constant current 
of 1 mA through the body as the bone thickness increases.

In the case of power, using Eq. (3), it is observed that as the bone 
thickness increases, so should P increase to maintain a constant cur-

Figure 2. Geometries used in the numerical model. The interelectrode bone 
layer thickness was modified to study its effect on impedance, and thus, elec-
trical consumption

Figure 3. In-house implant. The microcontroller board is in charge of deliver-
ing the stimulus and sampling the probes during stimulation trials. The intra- 
and extracochlear electrodes are visible in the left hand corner

Bone thickness (cm) Impedance (kOhm) Current (mA)

5 2.53 1.98

6 3.03 1.65

7 3.53 1.42

8 4.03 1.24

9 4.53 1.10

10 5.03 0.99

Table 1. Electrical resistance and current intensity as a function of bone 
thickness

Bone thickness Impedance  Voltage Relative power 
(cm) (kOhm) (V) (P)

5 2.53 2.53 100%

6 3.03 3.03 120%

7 3.53 3.53 140%

8 4.03 4.03 159%

9 4.53 4.53 179%

10 5.03 5.03 199%

Table 2. Voltage and power values as a function of bone thickness for fixed 
electrical current
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rent (Table 2). Here the power values have been normalized with re-
spect to the closest point (5 cm) to illustrate how for a bone thickness 
of 10 cm, the power has to be doubled to obtain the same current.

2D Numerical Model
The finite element method was applied to each of the generated ge-
ometries to solve the electrostatic problem, which is defined by the 
potential between the RE and intracochlear electrode. After perform-
ing the simulation, the electric field lines were evaluated. Figure 6 

illustrates the results. It can be observed how as the electrodes get 
closer together, the field lines are closer to the intracochlear elec-
trode, which means that the current generated becomes higher. 

The next measurement taken was the behavior of the current at the 
Y axis, which is defined as the distance perpendicular to the longitu-
dinal axis of the electrode circumference. The zero point was estab-
lished in the intracochlear electrode, and the maximum point was 
6-mm away from it. Figure 7 shows how in the case of the shortest 
distance (bone thickness, 1 cm), the value of the current is always 
higher than in the case of maximum distance measured (bone thick-
ness, 4 cm). The maximum difference is observed in the region near 
the electrode, which is the target zone for an effective stimulation of 
the auditory nerve.

Finally, the evolution of the flow at a distance of 2 mm from the elec-
trode at the X axis was studied. This was defined as the longitudinal 
axis of the electrode circumference. As observed in Figure 8, moving 
along the X axis also shows how the current generated is higher in 
the cases where the interelectrode distance is shortest. 

However, the current density j generated for a fixed potential increas-
es as the electrodes approach. Table 3 shows the normalized current 
density for each case. It can be observed how in the case where the 
electrodes are closest together, the current density is 33% higher 
than in the case where they are the furthest apart. 

Figure 4. Schematics of the implant circuit. The reference/probe electrodes 
were attached to the analog ports of the microcontroller board. Switchers 
S1–S6 define which probe to select as RE. S12 disconnects or reconnects the 
intracochlear electrode. Resistors R1–R7 all have a value of 1.5 kΩ

Figure 5 a-c. Real images showing the three RE positions studied: (a) at the root of the zygomatic process of the temporal bone; (b) in the standard temporal 
bone position; and (c) far away from the cochlear in the mastoid region

a cb

Case Current Density

A 100.00%

B 115.16%

C 133.01%

Case A: the furthest away from the cochlea; Case B: mid-distance from the cochlea; and 
Case C: the closest to the cochlea

Table 3. Current density as a function of bone thickness. The variables show 
an inverse relationship that is consistent with current findings from the 
previous method used in this study
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Temporal Bone Measurements
Impedances, currents, and potentials that were produced on the 
temporal bone in the three positions described in the previous sec-
tion were measured (Table 4). It can be observed that as the RE ap-
proaches the intracochlear one, the generated current increases. The 
power when the electrodes are closest (C) is 38.78% greater than in 
cases when they are farthest apart (A). This causes a current that is 
176.12% stronger with a lower potential difference.

DISCUSSION
The RE position defines many aspects of the electrical behavior of CI 
once implanted. As shown in the Results section, current intensity, im-
pedance, and power that are necessary to stimulate the auditory nerve 
are all dependent on it. In this study, the effect of distance between the 
RE and intracochlear electrode on these parameters has been evaluat-
ed. To this end, three independent and complementary methods were 
used. First, a theoretical model based on the analysis of classical circuits 
was designed. Then, a numerical model was built using the finite ele-
ment analysis. Finally, measurements were taken from a temporal bone. 

The resulting data were used to validate the consistency of the three 
models because they all demonstrated the same physical behavior. 
These results were particularly good because one can then use them 
as complementary techniques to provide a wide range of direct and 
indirect measurements.

Studies on other areas have demonstrated the influence that a cor-
rectly positioned RE can have on the efficiency of electrical stimu-
lation. Butson and McIntyre [19] demonstrated that the inclusion of 
either electrode or tissue capacitance reduces the volume of tissue 
activated in a manner dependent on the capacitance magnitude 
and the stimulation parameters (amplitude and pulse width) in deep 
brain stimulation.

On the basis of the available measurements and modeling results, 
the scala tympani is usually considered to be a preferential current 
pathway that acts like a leaky transmission line. Therefore, most stud-
ies assumed that current thresholds exponentially decay along the 
length of the scala tympani. Briaire and Frijns [20] suggests that al-
though the relatively well-conducting scala tympani turns out to be 
the main current pathway, the exponential decay of current is only a 
good description of the far-field behavior. In the vicinity of the elec-
trodes, higher current densities are found, which are best described 
by a spherical spread of the current.

No studies have been published where the position, shape, and im-
pedance of RE are investigated in detail. Yet there is evidence that a 

Figure 6. Electric field lines as a function of bone thickness. As RE is placed 
closer to the intracochlear one, the field lines show higher intensity closer 
to the region where the auditory fibers are located. The cross represents the 
origin of the coordinate system (0.0), and the white lines represent electric 
field contours of equal value

Figure 7. Current as a function of interelectrode distance at the Y axis (per-
pendicular to the electrode longitudinal circular axis). Each line represents a 
bone thickness (Case 1 being the one with the highest value and Case 3 with 
the lowest). All of them follow exponentially decaying profiles, although the 
values are higher for the case where bone thickness is lowest (Case 3)

Figure 8. Current as a function of interelectrode distance at the X axis (along the 
electrode longitudinal circular axis). Each line represents the same bone thick-
ness as in the previous figure. The three cases follow a similar profile, although 
the lowest thickness one is the one showing the highest current values

 Impedance  Voltage Current Relative Power 
Case (kOhm) (V) (mA) (P)

A 45.88 4.38 0.0955 61.22%

B 30.80 4.20 0.1364 83.87%

C 24.14 4.05 0.1682 100.00%

Case A: the furthest away from the cochlea; Case B: mid-distance from the cochlea; and 
Case C: the closest to the cochlea

Table 4. Resistance, voltage, current, and power consumption of each RE 
position
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change in the impedance of the RE interface causes substantial cur-
rent variations. The essential results that have been observed from 
the work of Black et al. [21] and Spelman et al. [22] and the present study 
is that the position of the RE lines affects impedance and currents 
generated and therefore, the power consumption of the device 
when stimulating the auditory nerve.

Bone thickness was the adjustable variable of choice in both the 
theoretical and numerical models in this study because its constant 
resistivity (ρ) is larger than the other tissues; therefore, it will have 
the strongest effect on conductivity. A real-life example is observed 
in patients with ossifications. In these cases, both current threshold 
and electrical impedance are higher than average. This occurs be-
cause the resistivity (ρ) increases. As shown in Eq. (5), for constant 
size and length, but increased resistivity coefficient, the resistance of 
the material increases. The increase in ρ is because of the increased 
bone density that is caused by ossification. Therefore, we postulate 
that placing RE closer to the edge of the surgical mastoidectomy may 
result in a decrease in IC power consumption, particularly in the case 
where the patient presents ossified regions of the cochlea, because 
in such cases, a small decrease in this value can mean the difference 
in deciding whether to keep a certain electrode activated or to dis-
connect it because of its high power consumption [23].
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