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Parametric models are commonly used to describe the dispersive dielectric properties of biological tis- 

sues. While distinct regions of dispersion have been identified, the relative contribution of each during 

electrical stimulation is unknown. This study quantified the contribution of individual poles in parametric 

models of brain and muscle dielectric properties during electrical stimulation. The effect on the extracel- 

lular voltage waveform and threshold current for nerve stimulation of selectively removing subsets of 

poles from Cole-Cole and Debye models was examined. Errors were introduced when dispersions below 

100 kHz were removed in both brain and muscle tissue. Poles below 1 kHz influenced the amplitude of 

the extracellular voltage waveform and the predicted minimum stimulation current. Poles between 1 kHz 

and 100 kHz influenced the waveform shape, with a minor effect on stimulus am plitude. The results 

confirm that low frequency dispersion in conductivity and permittivity can fundamentally influence the 

electric field and neural response during stimulation and provide insight into the relative contribution 

of the different dispersive regimes. Furthermore, they provide justification for for simplifying parametric 

models of dielectric properties through the removal of high frequency poles above 100 kHz which could 

improve the efficiency of time-domain solvers for simulations involving time-varying or aperiodic stimuli 

as may be required for certain closed-loop stimulation paradigms. 

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Modeling the electric field induced during electrical stimulation

s a vital component in understanding how electrical stimulation

f nerves can modulate activity of the nervous system. Over the

ast several decades, it has provided insight into the various effects

f electrode geometry, tissue electrical properties and neural re-

ponse across a range of application areas. In the majority of mod-

lling studies both to assess the efficacy of electrical stimulation

nd to simulate bioelectric signals, it is assumed that capacitive,

nductive and propagation effects can be neglected [1] , a simpli-

cation known as the quasi-static approximation [1–3] . Although

nductive and propagation effects have been confirmed to be negli-

ible for frequencies and volume conductor dimensions of interest

2] , analytical and simulation studies have suggested that capac-

tive effects are the weakest of these three assumptions [2,4–6] .

n the case of deep brain stimulation using chronically implanted

lectrodes, incorporation of tissue capacitance into models of the

lectric field has been shown to increase the minimum current
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equired for axonal stimulation and reduce the estimated volume

f excitable tissue activated by the stimulus [6–8] . 

Additionally, the electrical conductivities and permittivities of

any biological tissues are known to vary as a function of exci-

ation frequency [9–13] . Recent computational studies have shown

hat incorporating dielectric dispersion can influence the thresh-

lds for neural stimulation and has the greatest effect under cur-

ent controlled stimulation or voltage controlled stimulation when

ighly resistive encapsulation tissue surrounds the electrode [7,14] ,

ut has limited effect for voltage controlled stimulation when

igh-impedance encapsulation tissue is not present. Simulation

tudies have reported that frequency-independent resistive and ca-

acitive approximations of the fully dispersive tissue model may

rovide accurate estimates of stimulation efficacy, subject to the

roperties’ being estimated at an appropriate frequency [2,7] . 

Dielectric tissue models typically characterise dispersive tissue

roperties in the form of Debye, Lorenz or Cole-Cole models. These

elations incorporate a series of dispersive poles that have been re-

orted to correspond to different physical processes [11–13] . Dis-

ersions at frequencies in excess of 1 GHz are attributed to polar-

sation of water molecules [11] . Similarly, poles within the range

 MHz to 1 GHz correspond to polarisation of cellular membranes.

https://doi.org/10.1016/j.medengphy.2018.12.018
http://www.ScienceDirect.com
http://www.elsevier.com/locate/medengphy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2018.12.018&domain=pdf
mailto:peadar.grant@dkit.ie
https://doi.org/10.1016/j.medengphy.2018.12.018
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Table 1 

Stimulus parameters for brain tissue and muscle tissue. 

Parameter Brain Tissue Muscle Tissue 

Repetition frequency f p 100 Hz 20 Hz 

Pulse duration τ p min 50 . 0 μs 100 . 0 μs 

default 400 . 0 μs 400 . 0 μs 

max 400 . 0 μs 1 μs 
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Low frequency (below 1 MHz) dispersions correspond to ionic dif-

fusion processes across the cell membrane [11] . Where simula-

tion studies of the electric field have incorporated dispersive tissue

properties, all dispersive poles for each biological tissue have been

included [2,7] . As a result, the functional influence that individual

dispersive poles and their corresponding physical processes exert

on the efficacy of a given stimulus remains unknown. 

Models which incorporated tissue capacitance, including

those incorporating dispersion, have predominantly employed

frequency-domain solution methods [2,6,7] . Incorporating a greater

number of dispersive poles in frequency-domain solutions carries

minimal additional memory storage requirements. However time-

domain solutions require a linear increase in memory require-

ments corresponding to the addition of each dispersive poles [15] .

Therefore, the ability to identify dispersive poles that do not

functionally affect the predicted outcome of stimulation may

be advantageous when attempting to simplify dispersive tissue

models. Furthermore, analysis of the contribution of the different

dispersive regions in the electrical conductivity and permittivity

of biological tissues can provide insight into the physiological

and physical processes that influence electrical stimulation of

neural tissue. While it may intuitively be expected that the contri-

bution of high frequency poles lying outside the frequency range

of interest for stimulation will be negligible, it is possible that in

the Debye, Lorenz or Cole-Cole formulation, neglect of individual

poles may effect the distribution of conductivity and permittivity

values at lower frequencies which may influence the distribution

of the electric field during stimulation. Additionally, it is not

known how low-frequency dielectric dispersions individually alter

the electric field and subsequent thresholds for stimulation. 

To address this, the aim of the present study was to quantify

the effects of individual dispersive poles on the output waveform

in the vicinity of the stimulating electrode and on the threshold for

activation of a generalized mammalian axon in brain and muscle

tissue. 

2. Methods 

Electrical stimuli were synthesised based on typical stimulation

parameters for brain and muscle tissue. Using an analytical vol-

ume conductor model incorporating full dispersive tissue proper-

ties, the voltage waveform was determined at all nodes of a simu-

lated mammalian axon model lying close to the electrode [16] . The

effect of removing subsets of the available dispersive poles on the

voltage waveform and minimum required stimulus amplitude for

activation of the axonal fiber was then quantified. 

2.1. Stimulus generation 

Rectangular cathodic stimulus pulses were synthesised in the

time-domain for a given pulse repetition frequency, f p , and pulse

duration, τ p , using 20 0 0 terms of the trigonometric Fourier se-

ries. The Gibb’s phenomenon was minimised by application of the

Lanczos sigma approximation [17] . Stimulus parameters were cho-

sen based on values typically used during deep brain stimula-

tion [18] and neuromuscular electrical stimulation [19] , Table 1 .
amples were generated at frequency of f s = 1 MHz, which satisfied

he Nyquist criterion for all tissues. 

.2. Tissue properties 

The complex permittivity, ˆ ε , of each biological tissue as a func-

ion of the angular frequency, ω, was determined using the Cole-

ole equation 

ˆ  (ω) = ε ∞ 

+ 

∑ 

n 

�ε n 

1 + ( jω 
f n 

) (1 −αn ) 
+ 

σi 

jωε 0 
(1)

he behaviour of a given material is governed by the permittiv-

ty at infinity, ɛ ∞ 

, and the intrinsic conductivity, σ i , at excitation

requencies of infinity and zero, respectively. Each individual dis-

ersive pole, n , contributed an incremental complex relative per-

ittivity, �ɛ n , at the pole frequency, f n , which was spread by the

arameter, αn . The Cole-Cole equation was applied to Debye mate-

ials by setting the α term to zero. 

Brain tissue properties were estimated using the four-pole grey

nd white matter Cole-Cole models reported by Gabriel et al. [11] ,

here each tissue model contained four dispersions, Table 2 . Mus-

le tissue models were determined using the five-pole anisotropic

odel presented by Hurt [12] . 

.3. Volume conductor model 

An analytical homogeneous volume conductor of infinite ex-

ent was simulated, incorporating either isotropic brain tissue or

nisotropic muscle tissue. Stimulation was delivered by a point

ource electrode [20] , which injected a current I S . The transfer

unction, H , which calculates the voltage at a distance r from a

nit input point current source within a medium having radial and

ongitudinal conductivities, ˆ σr and ˆ σz , respectively, as a function of

requency was given by 

(r, z, ω) = 

1 

4 π ˆ σr (ω) 

√ 

r 2 ˆ σz (ω) 
ˆ σr (ω) 

+ z 2 
(2)

The periodic voltage waveform, y , in the tissue at a point at a

istance r from the stimulating electrode injecting current x ( t ) was

alculated using the Fourier transform, F 

 (r, z, t) = F −1 [ H(r, z, ω) · F ( x (t) ) ] (3)

Volume conductor simulations were implemented in Python us-

ng the SciPy FFT library [21] . 

.4. Quantification of errors 

For each biological tissue, dispersions were removed in order

f highest to lowest frequency. As n dispersive poles were re-

oved, the voltage waveform, y n ( t ), at a given distance from the

njected current was simulated. The error, E n , compared to the

oltage waveform, y 0 ( t ), incorporating all dispersions was calcu-

ated within the interval spanning the rising edge of the pulse at

 0 to the falling edge of the pulse at t 0 + τp as follows 

 n = 

√ 

1 

τp 

∫ t= t 0 + τp 

t= t 0 

(
y n (t) − y 0 (t) 

y 0 (t) 

)2 

d t (4)

.5. Calculation of neural activation thresholds 

The effect of removing individual dispersive poles on the min-

mum stimulation amplitudes required to elicit action potential

ropagation was quantified using the myelinated mammalian axon

odel developed by McIntyre et al. [22] . Each axon included 21
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Table 2 

Parameters values used for Cole-Cole and Debye tissue models to calculate electrical properties. Each material is defined by ɛ ∞ , the relative 

permittivity at infinity, and σ i , intrinsic conductivity. Each pole, k , contributes a change in relative permittivity, �ɛ k , at the pole frequency, f k , 

spread by the parameter αk in the case of Cole-Cole models. For Debye models, αk is zero for all k . Brain tissue models have four poles, muscle 

tissue model has five poles [11,12] . 

Material Component Ref ɛ ∞ σ i Pole k = 1 k = 2 k = 3 k = 4 k = 5 

Brain (grey matter) Isotropic [11] 4.0 0.02 f k 30.0 Hz 1.5 kHz 10.0 MHz 20.0 GHz 

�ɛ k 4.50 × 10 7 2.00 ∗10 5 4.00 × 10 2 4.50 × 10 1 

αk 0.0 0.22 0.15 0.1 

Brain (white matter) Isotropic [11] 4.0 0.02 f k 20.0 Hz 3.0 kHz 20.0 MHz 20.0 GHz 

�ɛ k 3.50 × 10 7 4.0 × 10 4 1.00 × 10 2 3.20 × 10 1 

αk 0.0 0.3 0.1 0.1 

Muscle Transverse [12] 4.3 0.0762 f k 69.0 Hz 43.0 kHz 670.0 kHz 230.0 MHz 20.0 GHz 

�ɛ k 2.00 × 10 5 8.19 × 10 4 1.19 × 10 4 3.20 × 10 1 4.58 × 10 1 

αk 0.0 0.0 0.0 0.0 0.0 

Muscle Parallel [12] 4.3 0.0446 f k 150.0 Hz 38.0 kHz 7.3 MHz 370.0 MHz 20.0 GHz 

�ɛ k 3.37 × 10 6 7.95 × 10 4 3.68 × 10 3 2.00 × 10 1 4.56 × 10 1 

αk 0.0 0.0 0.0 0.0 0.0 
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Table 3 

Error, E n , of the voltage waveform at a distance of 5 mm following 

the removal of n poles in order of descending frequency. Values are 

presented for pulse durations of 400 μs. 

Material E 1 E 2 E 3 E 4 E 5 

Brain (grey matter) 0.00 0.01 6.06 44.31 

Brain (white matter) 0.00 0.00 3.16 11.84 

Muscle 0.00 0.00 0.05 0.67 46.65 

Table 4 

Stimulation current amplitude, a n , in μA required to elicit axonal acti- 

vation at a distance of 5 mm from the stimulus point current source. 

n is the number of poles removed, in order of descending frequency. 

Material a 0 a 1 a 2 a 3 a 4 a 5 

Brain (grey matter) 163 163 163 140 27 

Brain (white matter) 87 87 87 83 27 

Muscle 160 160 160 159 153 103 
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odes of ranvier, spaced at 500.0 μm intervals. The fiber diameter

as set to 5.7 μm, and all diameter-dependent parameter values

ere set according to those reported in [22] . 

The multicompartment axon model was implemented in NEU-

ON 7.3 in conjunction with the Python interpreter [23] . The volt-

ge at each nodal and internodal compartment was calculated and

pplied as an extracellular potential. Numerical integration was

erformed using the Crank-Nicholson method using a time step of

 μs. The Brent optimisation method, as implemented by the SciPy

ackage [21] , was used to determine the minimum stimulus cur-

ent required to elicit action potential propagation in a myelinated

xon located 5 mm from the stimulation point, to a tolerance of

 pA. 

Pulse durations were varied from 50.0 μs to 400.0 μs in the case

f brain tissue, and from 100.0 μs to 1 μs in the case of muscle

issue. Simulations were conducted in parallel using the message-

assing interface following the bulletin-board worker model [24] .

ostprocessing was carried out using custom written Python 2.7

ode. 

.6. Analysis of low-frequency poles 

To examine the effects of the low-frequency poles, the n

ighest-frequency poles for which the errors were less than

.1 were removed. For the materials examined, the highest two

oles were removed in brain tissue, n = 2 , and the highest three

oles were removed in muscle tissue, n = 3 . The analysis was then

epeated for the remaining subset of poles, with the first, k = 1 ,

nd second, k = 2 , poles separately removed, so that their effects

n the temporal voltage waveform and threshold stimulation am-

litude could be isolated. 

. Results 

.1. Voltage waveforms in tissue 

Temporal voltage waveforms for a portion of one stimulation

eriod are presented in Fig. 1 for all tissues, for a representative

timulus pulse of 1 mA amplitude and duration 400 μs. Errors fol-

owing the removal of n poles (n = 1 , 2 , 5) using Eq. (4) are de-

ailed in Table 3 . 

For all tissues, errors were negligible when poles at frequencies

n excess of 100 kHz were removed, E 1 and E 2 for brain and E 1 , E 2 
nd E 3 for muscle in Table 3 . In the case of grey matter, removal

f the third pole in order of descending frequency caused an error

f 6.06 which altered slightly the waveform shape Fig. 1 (a). Re-

oval of the final remaining pole resulted in an error of 44.31 and
ncreased the peak magnitude of the voltage waveform by a factor

f approximately four. 

Similar results were observed for white matter, where removal

f the third and fourth poles in order of descending frequency, re-

ulted in errors of 3.16 and 11.84 relative to the case where all

oles were included. A similar variation in shape to that observed

n grey matter was observed, along with a slightly smaller increase

n the peak amplitude of the waveform, Fig. 1 (b). 

In the case of muscle tissue, removal of the first two poles re-

ulted in negligible errors, whilst the error following the removal

f the third pole was 0.05, Table 3 . Removal of the fourth pole re-

ulted in a modification of the waveform shape, Fig. 1 (c), and a

orresponding error of 0.67. When the fifth pole was removed, the

rror increased to 46.65, however the increase in peak magnitude

as less than that observed for brain tissues, Fig. 1 . 

.2. Stimulation thresholds 

Stimulation thresholds were determined for brain and muscle

issue, and are presented in Table 4 . For brain tissues, the threshold

urrent values for grey matter and white matter were unchanged

s the two poles with the highest pole frequencies were removed

rom the parametric Cole-Cole model. Similarly, for muscle tissues,

he required stimulation amplitude remained constant as the first

hree poles were removed in order of descending pole frequency,

 = { 5 , 4 , 3 } . 
In the case of grey matter, the required stimulation amplitude

as reduced by 14.7% when the pole k = 2 at 1.5 kHz was re-

oved. When the pole k = 1 at 30 Hz was additionally removed,
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Fig. 1. Voltage waveforms 5 mm from the stimulating electrode in (a) grey matter, (b) white matter and (c) muscle due to stimulus of 1 mA amplitude and 400.0 μs duration. 

For each material, n denotes the number of poles removed in order of descending frequency. For brain tissues, (a) and (b), as the error was negligible when the two highest 

poles were removed, the waveforms are omitted from the plots for reasons of clarity. In the case of muscle tissue, the cases of n = 0 , 1 , 2 poles removed are similarly omitted, 

(c). 

Fig. 2. Threshold current for stimulation, a n , plotted with respect to stimulation pulse duration. n is the number of poles removed, in order of descending frequency. For 

brain tissues, (a) and (b), as the error when one pole was removed, k = 1 , was negligible, the waveforms are omitted from the plots for clarity. In the case of muscle tissue, 

(c), the cases of n = 0 , 1 , 2 poles removed are similarly omitted. 
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the stimulation amplitude was reduced by 85% relative to the case

when all poles were included. 

For white matter, removal of the pole k = 2 at 3.0 kHz resulted

in a small reduction of 3.4% in the required stimulation amplitude

to 83 μA. Removal of final remaining pole k = 1 at 20 Hz resulted

in a reduction of 70.1% in the required stimulation amplitude rel-

ative to the case where all poles were included. In the case of

muscle tissues, removal of the pole k = 2 at 38 kHz reduced the

required stimulation amplitude by 3.9%, and removal of the final

remaining pole at 150 Hz resulted in a reduction of 33.8% in the

required stimulation amplitude relative to the case where all poles

were included. 

The minimum amplitudes for stimulation were then examined

as pulse durations were varied, Fig. 2 . The results remained con-

sistent with the relative differences presented in Table 4 as pulse

durations were varied from 50.0 μs to 400.0 μs for brain tissue,

Fig. 2 (a) and Fig. 2 (b), and from 100.0 μs to 1 μs for muscle tissue,

Fig. 2 (c). 

3.3. Individual effects of low-frequency poles 

As removal of the poles at frequencies above 100 kHz resulted

in negligible errors for all tissues, the effects of the two lowest-

frequency poles were then individually examined, Fig. 3 . All poles

were removed and the effect of incorporating each of the two low-

est frequency poles on the voltage waveform was estimated Fig. 4 .

Corresponding errors, with respect to the full dispersive solution,

and threshold stimulus amplitudes when each of the low fre-

quency poles were individually removed are presented in Table 5 . 

For grey and white matter brain tissues, removal of the low-

est frequency pole, k = 1 , increased the peak amplitude of the

waveform, reducing the threshold stimulus amplitudes by 74.8%

and 66.7% for grey and white matter respectively. A similar re-

sult was observed for muscle tissue, although the change in
mplitude was of a smaller magnitude, Fig. 4 (c). Similarly, the re-

uction in required stimulation amplitude of 31.8% was less than

hat for brain tissues. The relative effect of removing the two low-

requency poles remained consistent with the results presented in

able 5 as pulse durations were varied from 50.0 μs to 400.0 μs for

rain tissue, Fig. 5 (a) and Fig. 5 (b), and from 100.0 μs to 1 μs for

uscle tissue, Fig. 5 (c). 

. Discussion 

The aim of this study was to quantify the effect of using a

ubset of the available dispersive poles to describe the frequency-

ependent electrical properties of brain and muscle tissue when

stimating threshold amplitudes for neural stimulation. The results

rovide guidance on simplifying parametric models for dielectric

issues in computational studies of neural stimulation through the

emoval of high frequency poles. In addition, the specific effects of

he remaining low-frequency poles were quantified. 

As may be predicted from the frequency content of the simulus

ulse, errors in the voltage waveform and stimulation thresholds

ere negligible when poles at frequencies in excess of 100 kHz

ere neglected, Table 3 . The effects of the remaining two low-

requency poles, associated with diffusion processes at cell mem-

ranes [11] , were examined separately. Removal of the lowest-

requency pole, situated within the frequency range 0 Hz to 1 kHz,

aused an increase in the peak amplitude of the temporal volt-

ge waveform, Fig. 4 . This resulted in a consequential reduction

n the minimum stimulus amplitude required to elicit neural ac-

ivation, a 1 , compared to that prior to removal, a 0 , Table 5 . A

maller, though still pronounced, effect was observed in muscle

issue compared to brain tissue. These observations indicate that

oles at frequencies below 1 kHz primarily influence the magni-

ude of the voltage waveform, and therefore have a considerable

ffect on stimulus amplitudes required to elicit axonal activation.
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Fig. 3. Relative permittivity and electrical conductivity of (a,d) grey matter, (b,e) white matter and (c,f) muscle where the lowest, k = 0 , pole was removed (a,b,c) and where 

the subsequent, k = 1 , pole was removed (d,e,f). Dotted lines show comparison to the case where all poles are incorporated. 

Fig. 4. Voltage waveforms in (a) grey matter, (b) white matter and (c) due to 1 mA stimulus. For brain tissues, (a) and (b), the highest two poles are removed. For muscle, 

(c), the highest three poles are removed. Figures show the voltage waveform when the lowest two poles, k = { 1 , 2 } are separately removed, compared to the case where no 

additional poles are removed. 

Table 5 

Error, E k , of the voltage waveform and stimulation current amplitude, a k , required to elicit axonal 

activation at a distance of 5 mm from the stimulus point current source for an axon located in a 

homogeneous medium following the removal of the k th lowest-frequency pole. For comparison, the 

a 0 case giving the threshold stimulus amplitude where no poles were removed is also presented. 

Material n highest-frequency Pole 1 removed Pole 2 removed 

poles removed a k = ∅ E k =1 a k =1 E k =2 a k =2 

Brain (grey matter) 2 163 μA 118.63 40 μA 7.81 140 μA 

Brain (white matter) 2 87 μA 18.99 30 μA 3.50 83 μA 

Muscle 3 159 μA 84.70 107 μA 1.11 153 μA 

Fig. 5. Stimulation threshold, a n , plotted with respect to stimulation pulse duration. n is the number of poles removed, in order of descending frequency. For brain tissues, 

(a) and (b), as the error when no poles were removed and one pole was removed, k = 1 , were both negligible, the waveforms are omitted from the plots for reasons of 

clarity. In the case of muscle tissue, the cases of n = 0 , 1 , 2 poles removed are similarly omitted, (c). 
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This can be seen also from the resulting distribution of the con-

ductivity and relative permittivity, Fig. 3 (a,b,c) where a substantial

decrease in the tissue conductivity at frequencies greater than 10

Hz is observed when the lowest pole is removed, particularly in

grey and white matter brain tissue. 

The effect of removing poles within the range 100 kHz was

then examined, and was found to primarily affect the shape of

the waveform with a negligible change in its peak magnitude for

all tissues, Fig. 4 . This corresponded to small changes in the re-

quired stimulation amplitude necessary to elicit neural activation,

a 2 , compared to that required prior to the pole’s removal, a 0 ,

Table 5 . This effect may be understood by considering the effect

of removing the second pole on the conductivity and relative per-

mittivity, Fig. 3 (d,e,f) where the effect of removing the second pole

is greatest on the relative permittivity at frequencies above approx-

imately 100 Hz. The exact magnitude of the effect will depend on

the precise neuron model used to determine the efficacy of the

stimulus. 

Although the results and conclusions drawn are likely to be of

greatest interest to models utilising time-domain solvers, the anal-

ysis was conducted in the frequency domain to ensure computa-

tional uniformity across all simulations. The majority of published

computational studies in the area of brain and muscle stimula-

tion have employed similar frequency-domain approaches to that

utilized in this work [2,6–8] . Dispersive media are easily simu-

lated in this way, either in analytical point current-source mod-

els, or in finite element method applications that discretize the

time-harmonic Laplace equation. Assuming a linear electrical tis-

sue model, superposition permits dispersive frequency-dependent

parametric tissue models to be utilised in place of fixed conductiv-

ities and permittivies. The frequency-domain approach imposes a

number of limitations, and is most suited to periodic pulse wave-

forms where the stimulation parameters, other than amplitude, are

fixed prior to simulation. However, several suggested stimulation

paradigms involve the synthesis of arbitrary waveforms, the char-

acteristics of which are not known a priori [25,26] , and simulation

of these approaches may be more suited to time-domain solution.

Similarly, the simulation of closed-loop stimulation paradigms in

which the frequency, waveform shape or duration of the stimulus

pulse change as a function of time may be better approached us-

ing time-domain solvers. The results observed in this study have

the potential to substantially reduce the memory storage require-

ments in time-domain simulations [15] , which may improve the

computational tractability of simulations involving time-varying or

aperiodic stimuli. 

This study was carried out subject to a number of limitations,

which should be considered when interpreting the results and

conclusions. The volume conductor was simulated using an ana-

lytical point current source model, as used in other field-neuron

models [2,16] . This approach neglected the effects of several elec-

tromagnetic features such as the electrode-tissue interface [27] ,

encapsulation tissue surrounding the stimulation electrode [28] ,

tissue anisotropy [29] , reference electrode [30] and more complex

stimulation electrode geometries [7,31] . The overall findings of this

study, however, should hold in the presence of more complex ge-

ometries though the exact values of the errors observed will vary

according to the specifics of each model. 

The sensitivity of the results to the parametric models of tissue

impedance is complex and the results are specific to the paramet-

ric models chosen. The models of tissue dielectric properties by

Gabriel et al. [11] used here are the most complete and extensively

employed models of tissue dielectric properties currently available.

The variation in conductivity and permittivity with frequency fol-

lows a well-defined curve, that is understood also in term of the

underlying tissue composition. The overall shape of the dielec-

tric curves is thus unlikely to vary across different measurement
onditions and experiments. Nevertheless, the measurement of tis-

ue dielectric properties at the relatively low frequencies of inter-

st here is challenging and there is considerable variation in the

alues that have been reported for the same tissue in different

pecies and under different experimental conditions. 

The analysis has been confined to the frequency range where

nductive and propagation effects are negligible, which is the case

or the frequencies of interest during electrical neural stimula-

ion [1,2] . The parametric models used to characterize the elec-

rical properties of the biological tissues are based on experimen-

al studies and individual parameters are subject to uncertainties

32] , which have been shown to be capable of altering the result-

ng shape and extent of the region of neural tissue activated [33] .

ole-Cole parametric models were available for brain tissues [11] ,

owever, only Debye parameterizations were available for muscle

issues [12] . Measurements in-vivo exhibit a slightly greater fre-

uency response in the conductivity and differences in the magni-

ude and frequency response of the relative permittivity, related to

he different responses of lower and higher frequency dispersions

ollowing cell death [34] . 

. Conclusion 

The effect of individual poles in the dielectric dispersion of

rain and muscle tissue on the volume conducted voltage wave-

orm and thresholds for nerve electrical stimulation were exam-

ned using model simulation. Removal of poles below 100 kHz re-

ulted in errors in the voltage waveform and, consequentially, in

he minimum stimulus amplitudes necessary to elicit axonal acti-

ation. For all tissues, poles at frequencies between zero and 1 kHz

rimarily influenced the voltage waveform’s magnitude, and had

he greatest effect on predicted minimum stimulation amplitudes.

oles at frequencies from 100 kHz influenced the voltage wave-

orms shape, and had a relatively minor effect on required min-

mum stimulus amplitudes. The results support the simplification

f classic models of dielectric dispersion under these conditions.

hese simplifications would be of particular benefit in the de-

ign of time-domain numerical solvers for simulating time-varying

timulation as may occur, for example, in closed-loop stimulation

aradigms. 
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