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Investigation of the electrical properties of agarose gel: characterization 
of concentration using nyquist plot phase angle and the implications 
of a more comprehensive in vitro model of the brain
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DBS electrodes.6, 7 Gimsa et al used an electrolyte solution with 
other culture media such as fetal calf serum to compare the 
impedance responses of different rat DBS electrodes.8 Some 
models are not in vitro and instead purely mathematical. For 
example, Bedard and Destexhe created a mathematical model 
for measurements of the brain that does not rely on the as-
sumption of resistive uniformity in extracellular medium, an as-
sumption they argued is invalid.9 Some are difficult to describe 
as in vitro, such as the computer-simulated axisymmetric finite-
element model (FEM) used by Butson et al. to evaluate the ef-
fects of varying tissue properties on the DBS electrode-tissue 
interface impedance and the volume of tissue activated (VTA).10 
In vitro gel models that do exist for the purpose of impedance 
measurement still rely to some extent on the use of live tissue. 
Frampton et al used an alginate hydrogel culture containing 
LRM55 astroglial cells to characterize the reactive cellular re-
sponse of brain tissue.11 All of these models address impedance 
and capacitive elements but fail to incorporate the physical ele-
ments of the brain, primarily poroelasticity, portrayed so well 
by low concentration agarose gels.

We surmise that low concentration agarose gels could be modi-
fied to serve as a more complete in vitro model of the brain, 
incorporating both physical and electrical characteristics. The 
first objective of this study is to characterize the impedance re-
sponse of low concentration agarose gels in order to establish 
a precedence, or baseline, for its eventual modification into a 
comprehensive model. Stated differently, we must understand 
the electrical properties of agarose gel in order to discover what 
must be changed or added to make the model scientifically  

Introduction

Agarose gels are used as in vitro models in studies across nu-
merous disciplines, including imaging,1 radiotherapy, infusion, 
and neurosurgery.2 Low concentration agarose gel, between 
0.2% and 0.6%, has been employed as an in vitro model of 
the physical characteristics of the human brain, partly because 
they have been shown to accurately emulate the poroelasticity 
of the brain, a primary factor in its usefulness as a model for 
infusion studies.3,4 However, a few have attempted to charac-
terize the electrical properties of such gels, such as impedance, 
the opposition of a material to current flow, or capacitance, the 
ability of a material to store charge. These electrical properties 
are poised to significantly impact bench and clinical restorative 
neuroscience areas such as Deep Brain Stimulation (DBS). Aga-
rose gel has been neglected until now as a possibility for DBS 
studies, possibly due to the idea that they best served infusion 
studies, and that in vivo methods are considered most conclu-
sive for DBS studies. As previously available neurostimulators 
have demonstrated, knowing the impedance of an implanted 
electrode and its electrical interaction with the surrounding 
tissue, in this case through the relationship between voltage-
controlled stimulation and impedance, is important to patient 
safety.5 Investigators are actively utilizing in vitro models of the 
brain to characterize electrode impedance response; however, 
current models for studies involving capacitance and imped-
ance recapitulate electrical features but not physical features 
of  the brain, such as poroelasticity. Wei and Grill as well as 
Mercanzini et al. used phosphate buffered saline (PBS) solutions 
as the in vitro model for their impedance measurements on 
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Table 1 : Device specificationsa for lead Models 3387 and 3389

Description Model 3387 Model 3389

Connector Quadripolar, in-line Quadripolar, in-line

Shape Straight Straight

Conductor resistanceb <100 Ω <100 Ω

Length 10–50 cm 10–50

Diameter 1.27 mm 1.27 mm

Distal end
Number of 
electrodes

4 4

Electrode shape Cylindrical Cylindrical
Electrode length 1.5 mm 1.5 mm
Electrode spacing 1.5 mm 0.5 mm
Electrode distance 10.5 mm 7.5 mm
Distal tip distance 1.5 mm 1.5 mm

Proximal end
Lead contact length 2.3 mm 2.3 mm
Lead contact spacing 4.3 mm 4.3 mm
Lead contact distance 16.6 mm 16.6 mm
Stylet handle length 40.1 mm 40.1 mm

a  All measurements are approximate.
b  Electrical resistance is proportional to lead length.

viable for studies involving electrical properties of the brain. The 
creation of a more complete in vitro model would be valuable, 
allowing for studies to draw more realistic correlations between 
the model and brain tissue, increasing the accuracy and poten-
tial real-world application of these studies. Such a model lies 
in the domain of future work, and hence its overview has been 
confined to the discussion.

In order to characterize the impedance of agarose gel, three 
scientifically and medically relevant low concentrations (0.1%, 
0.2%, 0.6%) and one higher outlying concentration (2%) were 
selected and analyzed with impedance spectroscopy using a 
DBS electrode to generate Cartesian Nyquist plots. Nyquist 
plots graph negative reactance, or imaginary impedance, on 
the y-axis and resistance, or real impedance, on the x-axis with 
increasing frequency toward the origin. Overall impedance can 
be calculated using a2 + b2 = c2, where a and b are imagi-
nary and real impedance in ohms, and c is overall impedance 
in ohms. The phase of each plot, or the angle between the  
x-axis and a linear best fit of the data, was calculated in order 
to investigate the mathematical relationship between phase 
and agarose gel concentration, if any. This is the second objec-
tive  of this study. Recording the phase also provides a measure 
with which to judge significant differences in the Nyquist plots 
of the different gel concentrations. A mathematical relation 
between phase and gel concentration would be very useful in 
comparing other in vitro models to agarose gel. A Nyquist plot 
can be generated using impedance spectroscopy for a given 
material or tissue in vivo, and the phase could then be cor-
related to a specific agarose gel concentration for use as an  
in vitro model. Such a relationship would be useful to any study 
wishing to use a simple and economical agarose in vitro imped-
ance model in place of a material or tissue that is expensive to 
cultivate, produce, or, for whatever reason, difficult to use.

Nyquist plots have precedence in the characterization of im-
pedance measured from a DBS electrode. Gimsa et al used a 
Nyquist plot to characterize the impedance response in vitro of 
an S75-Pt/Ir electrode in various salt solutions.8 Williams et al. 
utilized Nyquist plots to characterize the impedance response 
of rat brain tissue in vivo over a number of days using tungsten 
electrode arrays.12 Lempka et al. used Nyquist plots to describe 
the impedance response of DBS electrodes in the thalami of 
rhesus macaque (Figure 11) and in various equivalent circuit 
models they constructed (Figure 10).13 In this study, Cartesian 
Nyquist plots will be used to characterize the impedance re-
sponse of varying agarose gel concentrations using a Medtron-
ic model 3387 DBS electrode.

Methods

Three 0.1% agarose gels, three 0.2% gels, three 0.6% gels, and 
one 2% gel were prepared using a procedure previously de-
scribed in appendix A of Sillay et al. (2012) by changing the 
amount of agarose powder added.Gels were stored in a refrig-
erator for 24 hours prior to testing. 1X PBS solution (0.0067M 
PO4 ) was also prepared as a control. A Medtronic (MSP, MN) 
model 3387 quadrapolar deep brain stimulating electrode 
was implanted into the gel, the geometry for which can be 
seen in Figure 1 and Table 1. A Medtronic Nexframe Stereo-
tactic System, mounted to a modified gel sample cover, was 
used to direct the electrode into the gel and provide stability  
(Figure 2). A two-electrode model was used with electrode 
0 of the Medtronic electrode as the working electrode and a  

Fig. 1: Distal end of the Medtronic Model 3387 DBS electrode, taken 
from the manual (Medtronic, 2010). All measurements were taken us-
ing the electrodes marked by the numbers in this figure.

tin-coated copper wire as the reference electrode, depicted in 
Figure 3 and Figure 4. The two-electrode method of measure-
ment is well established in a number of research studies on 
DBS, and hence was repeated here.6,12–14 Measurements of real 
impedance and reactance were taken immediately after im-
plantation using an AUTOLAB Potentiostat/Galvanostat 12 at 
30 frequencies varying from 10 Hz to 100 kHz logarithmically by  
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applying a 25 m V sine wave. These measurements were re-
peated 10 times for each gel and the PBS. A statistical power 
analysis was performed on pilot work with the gels (not shown) 
using an online application and it was determined that seven 
trials for each concentration would be necessary to reach a 
power of at least 80%; the number of trials for each concentra-
tion in this study well exceeds this amount.15

The same methods were also used to collect impedance data 
with electrode 0 as the reference electrode and electrode 1 as 
the working electrode. This data could have relevance in the 
operating room, where inter-electrode, or bipolar, impedance 
data are collected on DBS patients in this manner. 10 trials each 
of a 0.2% gel, a 0.6% gel, and the PBS were collected. The gels 
were refrigerated 72 hours prior to testing.

Nyquist plots were constructed in Microsoft Excel. For the 
measurements between electrode 0 and the ground wire, all 
trials for each gel concentration and the PBS were averaged 
for data analysis, consolidating the data, as seen in Figure 5.  
Excel was also used to produce linear best fit curve data for 
the Nyquist plots, from which phase and R2 were derived 
and collected. Phase is simply the angle between the x-axis 
and the line, and hence can be found by taking the inverse 
tangent of the slope.16 R2 data was collected using Excel. In  
addition, phase angle and agarose gel concentration were 
plotted against one another and best fit equations were de-
rived (Figure 6 and 7).

The same process was used for the impedance measurements 
between electrodes 0 and 1, minus the plot of phase vs. gel 
concentration (Figure 8).

Fig. 2: Depiction of the setup for impedance measurements. The gel 
sample is in a plastic container with a Medtronic Nexframe Stereotactic 
System mounted to the cover.

Fig. 3: Depiction of electrode positioning for the impedance measure-
ments between electrode 0 (the working electrode on the probe tip) 
and a ground wire (the reference electrode). Care was taken to ensure 
that the probe tip was inserted through the center of the gel sample 
while the ground wire was placed at a corner of the sample container.

Fig. 4: Depiction of impedance measurements between electrode 0 and 
a ground wire in PBS. Care was taken to ensure that the working elec-
trode was suspended in PBS, not touching the weigh boat.
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Fig. 5: Graph of average impedance response of the gels and the PBS 
control between electrode 0 and a ground wire.

Fig. 6: Graph of agarose gel concentration vs. phase with a linear best 
fit applied. Data for this graph utilized the impedance measurements 
between electrode 0 and a ground wire. Impedance measurements be-
tween electrode 0 and 1 were not included.

Fig. 7: Graph of agarose gel concentration vs. phase with an  expo-
nential best fit applied. Data for this graph utilized the impedance 
measurements between electrode 0 and a ground wire. Impedance 
measurements between electrode 0 and 1 were not included.

Results
Impedance between electrode 0 and ground wire (monopolar 
impedance)

As evidenced by Figure 5, resistance tends to increase with in-
creasing agarose concentration for this monopolar measurement 

condition. The curves for the gels are fairly linear, except at high 
frequencies, when they appear to be more parabolic with posi-
tive concavity. Despite this, linear best fit lines for all agarose gel 
curves had R2 values above 0.99, indicating a very close fit. For 
contrast, the linear fit for the PBS had an R2 value of 0.987. The 
close linear fit of the gel curves suggests that the impedance 
response of agarose gel models a constant phase element,  
which is used to portray the electrode-electrolyte interface  
impedance in some equivalent circuit models of brain tissue. 
An explanation of this and its implications has been confined 
to the discussion.

As evidenced by Figure 6, as agarose concentration increases, 
phase angle decreases. Despite the anomaly at 0.2% agarose 
concentration, the linear fit for the data was quite close, with an 
R2 value above 0.98. This means that the equation of the fit line, 
y = − 1.9828x + 69.868, where x is agarose concentration in % 
and y is the phase angle in degrees, should be a relatively accu-
rate mathematical relationship. For comparison, the phase angle 
of the averaged PBS trials was much higher at 76.138 degrees.

Impedance between electrodes 0 and 1 (bipolar impedance)

Evidenced by Figure 8, the curves for the gel concentrations 
closely match and are difficult to distinguish. Again, the curves 
for the gels have a close linear fit, with R2 values above 0.996. 
For contrast, the linear fit for the PBS had an R2 value of 0.9952.

Phase angles for the 0.2% gel and the 0.6% gel were 69.565 
and 68.79 degrees, resp ectively. Phase angle for the PBS was 
higher at 78.054 degrees.

Discussion
Impedance between electrode 0 and ground (monopolar 
impedance) and equivalent circuit models

When discussing DBS, there are two primary sources of im-
pedance that contribute to the impedance response of the 
brain. The electrode-electrolyte interface impedance, com-
monly shortened to “electrode impedance,” is characterized 
by a linear Nyquist plot. The tissue impedance is characterized 
by a parabolic curve with negative concavity close to the ori-
gin. Putting these two sources together yields a curve that is 

Fig. 8: Graph of the average impedance response between electrodes 0 
and 1 for the selected gels and the PBS control.
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Fig. 9: Taken from Williams et al. (2007), this Nyquist Plot depicts the electrode and tissue components of the overall brain impedance re-
sponse. Note the similarity between the “tissue + electrode” curve and Figure 11.

parabolic at high frequencies and linear at lower frequencies 
(Figure 9). It is this curve that is considered to be an accurate 
portrayal of the impedance response of the brain. The “cel-
lular” impedance response will be ignored for the purposes 
of this discussion as it is considered to be part of the tissue 
impedance response.12

In order to characterize the brain’s impedance response with-
out resorting to in vivo methods, many studies develop or use 
equivalent circuit models in hardware17 or software,10 which 
utilize capacitive and resistive elements configured to produce 
a realistic impedance model of the brain. Figure 10 depicts 
the circuit model deemed most accurate of the ones tested 
by Lempka et al.13 CPE stands for “constant phase element,” 
which is simply a linear Nyquist plot, exactly like the “elec-
trode” curve in Figure 9. Therefore, it makes sense that a CPE 
is all that is required to model the electrode impedance. This is 
why the linear nature of the agarose gels in this experiment is 
significant. Agarose gels reasonably model CPEs, which means 
that agarose gels alone reasonably model the electrode-elec-
trolyte interface impedance. For the development of a com-
prehensive in vitro model, encompassing the physical and 
electrical characteristics of the brain, the agarose gels need 
merely be modified to include the tissue component as well. 
Discussion of this research element has been confined to the 
future work section.

Mathematical relation of phase and concentration

The linear nature of the relationship between agarose concentra-
tion and phase allows for the proper selection of an agarose gel 
concentration as an in vitro model for an in vivo material based 
on its phase angle. Assuming that the in vivo material has a fairly 
linear Nyquist plot under testing conditions similar to those of 
this experiment, the appropriate concentration of agarose gel 
could be subbed in its place using the equation. The phase angle 
for the 0.2% gel was lower than expected, and is the only point 
that skews an otherwise linear curve (Figure 6). It is also possible 

that the curve is actually asymptotic and the phase for 0.6% gel 
was higher than it should be. An exponential best fit was applied 
to the data to test this possibility, and a slightly higher R2 value 
was achieved, but upon observation of the graph, the fit line 
still appears linear (Figure 7).Using only four concentrations of 
gel provided a few data points with which to characterize phase 
based on concentration, so the true nature of any supposed rela-
tionship is still unanswered. The mathematical relation between 
phase and agarose concentration deserves further exploration. 
Sufficient evidence is provided here supporting the trend of de-
creasing phase angle with increasing agarose concentration, but 
more concentrations should be involved in future work in order 
to more accurately define the relationship.

It is interesting to note the decreasing phase as resistance 
increases. Observing Figure 5, the phase angle for the PBS is 
about 76 degrees, the highest phase angle on the chart. As we 
move laterally toward the remaining curves, we see that as the 
resistance is increasing, the phase angle is decreasing, with 2% 
gel measuring about 66 degrees. The 0.1%, 0.2%, and 0.6% 
gels are clustered around 69–70 degrees, but Figure 6 shows 
that they still follow the trend just described. This suggests that 
agarose gel concentrations have a relationship with both phase 
angle and resistance, which brings to light another identifying 
factor for differentiating agarose gels.

Impedance between electrodes 0 and 1 (bipolar impedance)

Although the gel impedance response under this bipolar mea-
surement condition was also linear in nature with comparable 
phase angles, Figure 13 reveals that impedance under this 
measurement condition was larger than that of the monopo-
lar measurement condition. This finding is in agreement with 
previous work concerning bipolar vs. monopolar impedance.5,10 
Because current travels through very little of the gel (electrodes 
0 and 1 are only 1.5 mm apart), this would imply that the im-
pedance of the electrode material itself is higher than that 
of agarose gel since bipolar impedance was larger. However, 
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there are many other factors to consider before drawing this  
conclusion, including the conductivity of the reference elec-
trode in the monopolar measurement condition, conductivity 
of the leads in both measurement conditions, previous usage 
of the electrode in other trials, and the volume of gel material 
affected when the current passed in both measurement condi-
tions. These electrodes are designed to be nonresistant to cur-
rent, so it seems very likely that one or more of these factors 
may be significantly skewing the results. It is hypothesized that 
one of the most significant factors contributing to the low re-
sistance of the monopolar measurement condition is the high 
amount of surface area of the reference electrode in contact 
with the gel material (Figure 3). By allowing more paths for cur-
rent to travel, this could significantly lower the impedance of 
the monopolar condition. Even though the findings agree with 
previous works, more research is warranted before any conclu-
sions can be drawn about the impedance of the electrode itself 
compared to agarose gel.

Limitations

Much research on the impedance response of electrodes in 
brain tissue has been performed and is in agreement that 
impedance and resistance generally decrease with increasing 
frequency to a point and that clinically relevant impedance 
measurements at around 130 Hz vary from 500 to 1500 ohms. 
5,6,12,13,14 Results from this experiment for the gels at 127 Hz  
fall at least 1000 ohms above that range, depending on aga-
rose concentration and the measurement condition. PBS, for 
the impedance measurements between electrodes 0 and 1, 
read 821 Hz, which highlights why it is currently a common  
in vitro model for DBS. Variations in the impedance measured 
can be explained by a number of factors including frequency 
range of the data, the model used, the electrodes used, the 
method of measurement, and the time duration of the ex-
periment. More research is warranted to determine how the 
impedance of agarose gel can be lowered to more clinically 
relevant levels, but it is surmised that methods described in the 
future work section for introducing the “tissue” component to 
the gel may lower impedance as a side effect. 

It has been noted that the impedance of chronically implanted 
electrodes greatly increases within a few days after implantation 
in vivo. Lempka et al, Williams et al. attribute this to changes in 

the tissue surrounding the electrode.12,13 The immune response 
designates the electrodes as foreign to the body. As a result, a 
dense, fibrous, more resistive tissue begins to encase the elec-
trodes, increasing the impedance. In the comprehensive model, 
this increase in impedance over time should be able to be mod-
eled by increasing or decreasing the concentrations of any ad-
ditives to the agarose gel that give it the accurate impedance 
response. That way, electrodes can be tested indirectly at the 
higher impedances characteristic of chronically implanted elec-
trodes. Yet, since agarose does not have an immune response, 
electrodes implanted over time cannot be directly tested with 
an agarose model, which presents a significant limitation.

Relevance and Comparisons to Other Work

In order to assess the comparability between this study and 
other disparately sized electrode studies, electrode surface areas 
and overall impedance measurements at 1 kHz were assessed. 
Electrode surface area for this macroelectrode study is about 
5.99 square millimeters (Medtronic 3387 DBS electrode, 1.5 mm,  
1.27 diameter), calculated using data from Figures 1 and 2. This 
calculation is shown in Equation Set 1. Overall impedance at 
1.172 kHz was 3186.27 ohms for the bipolar measurement con-
dition and 1964.64 ohms for the monopolar measurement con-
dition (calculated via Pythagorean theorem from Figure 13). For 
Williams et al. the microelectrode surface area in contact with 
the S1 cortical barrel region of the rat brain varied from 0.112 
square millimeters to 0.143 square millimeters, depending on 
the depth of insertion. 12,18 This calculation is shown in Equa-
tion Set 2. In vivo microelectrode impedance measured around 
100,000 ohms at 1 kHz immediately after implantation.12 For 
Lempka et al. the microelectrode surface area in contact with 
the ventral thalamus and subthalamic nucleus of the rhesus ma-
caque brain was about 1.18 square millimeters.13 This calcula-
tion follows the same logic as Equation Set 1 and hence is not 
shown. In vivo impedance measured about 3500 ohms at 1 kHz 
immediately after implantation. The impedance per unit area for 
each study was calculated as a comparative measure, which was 
532.4 ohms/square millimeter for this study if we consider the 
bipolar condition, about 698,000 ohms/square millimeter for 
Williams et al. if we assume that maximum surface area is in 
contact with the brain, and about 2971 ohms/square millimeter 
for Lempka et al.12,13 These data are more succinctly reported 
in Table 2. These numbers are vastly different, but a number of 
factors contribute to this. First, microelectrode arrays were used 
in Williams et al. a completely different electrode type. Lempka 
et al. is much more comparable to this study possibly due to 
their use of a scaled down clinically relevant electrode, similar 
to this study’s Medtronic model 3387 in material but not in 
size. It is interesting to note that despite their different sizes, 
the measured impedances for these two electrode types are very 
comparable, especially if we consider that the 3186.27 ohms re-
ported for this experiment is a low estimate of 1 kHz impedance 
because it was actually taken at 1.172 kHz. Also, it is already 
known that agarose gel by itself is not an accurate model for 
the brain’s electrical characteristics, so it is difficult to compare 
this study to study done by Williams et al. or Lempka et al. due 
to their use of rat brain and monkey brain, respectively. Location 
within the brain could have a substantial effect as well; in vivo 
brain tissue is not homogenous like agarose, and hence could 
exert different impedance values depending on location and/or 
insertion depth. Lastly, the arrays used in Williams et al. (2007) 
were made of tungsten wires, while the 3387 electrodes and 

Fig. 10: Adapted from Lempka et al. (2009), this is a diagram of the 
equivalent circuit model determined to produce an impedance re-
sponse that closely matched in vivo impedance spectroscopy data on 
the brain of rhesus macaque. The CPE models the electrode component, 
while the rest of the circuit models the tissue component. Together, 
they produce a curve similar to that seen in Figure 11.



www.annalsofneurosciences.org� ANNALS OF NEUROSCIENCES  VOLUME 20  NUMBER 3  JULY 2013

105
ANNALS 
R E S  A R T I C L E
ANNALS
RES ARTICLE

custom electrodes used by Lempka et al. (2009) are Platinum-
Iridium. This could have substantially contributed to the lower 
impedances observed in this study and in Lempka et al. (2009) 
since Pt-Ir electrodes are known to offer less resistance to current 
than tungsten (Science Products).

A significant obstacle in comparing DBS electrode studies of 
this nature is the issue of frequency, its relation to the measure-
ments being performed, and the variants of these measure-
ments in different materials. A “stereotypical” brain impedance 
response, as displayed by Figure 11 or by the “tissue + elec-
trode” curve of Figure 9, is characterized by a parabolic curve 
with negative concavity at high frequencies and a straight line 
with positive slope at low frequencies. However, this curve may 
not be displayed if one selects a frequency range outside of 
or overlapping with the range in which this response occurs. 
This “ideal” range in which the desired response occurs can 
vary greatly with the medium being tested. For example, in Wil-
liams et al. (2007), this ideal range was 100-2000 Hz in the rat 
brain. In Lempka et al. (2009), this ideal range was much wider, 
spanning from 1 Hz to 10 kHz. This makes it difficult to com-
pare the studies based on measurements at a given frequen-
cy, and further complicates the issue of the relevance of such  
studies in humans, whether in vitro or in vivo.

Future Work

In this study, we establish a baseline, or control, for the im-
pedance response of simple agarose gels. In subsequent work, 
we plan to modify these gels so that their Nyquist plot data 
resembles that of the monkey brain tissue found in Lempka  
et al., Figure 11).13 Characterization of monkey brain tissue can 
be reasonably extrapolated to human brain tissue, so Lempka 
et al. provides a “goal” for the Nyquist plots of our agarose 
gels. Notice the similarity between Figure 11 and the “tissue +  
electrode” curve of Figure 9. If the agarose gel Nyquist plots 
can be made by whatever additives to match those of the mon-
key brain by introducing the tissue component, it can be rea-
sonably inferred that a comprehensive model has been formed 
as long as the poroelasticity of the model has not been com-
promised by any additions to the gel.

The presence of this comprehensive model could be use-
ful to both infusion and DBS studies, each of which currently 
have their own in vitro models with characteristics tailored to 
their purposes rather than to the mammalian brain. Although 
not seemingly related to infusion and not included in current  
in vitro infusion models, the electrical impedance of brain tis-
sue could affect the design of infusion equipment and protocols 
of the future. Infusate distributions, depending on the struc-
ture and polarity of the infusate, may be affected by electrical 
charge in the brain in addition to poroelasticity, a phenomenon 
that a comprehensive model could characterize on top of typi-
cally studied infusion parameters such as infusion pressure and 
backflow along the catheter. Concerning DBS, the poroelasticity 
and consistency of the brain, which are not included in current  
in vitro DBS models, could have a profound effect on DBS elec-
trode design and insertion protocols. Previous studies have 
shown that the insertion end of a device implanted in the brain 
should have the smallest possible diameter and a rounded tip 
so as to limit tissue disruption but maintain structural stability.19 

This factor could be implemented and tested in DBS electrodes 
using agarose gels. A comprehensive model could be employed 
to understand both the impedance response of an electrode as 
well as its practicality concerning insertion and removal. Current 
in vitro models for both types of studies, DBS and infusion, do 
not include the components necessary to answer these ques-
tions or investigate these possibilities. A comprehensive model 
would allow for such variables to be addressed, improving the 
accuracy and clinical application of studies utilizing the model 
and hence allowing for more realistic correlations to be made 
between the model and actual brain tissue. For experimental ac-
curacy and applicability to medical use in humans, in vivo meth-
ods will still provide the most relevant results, but any research 
project that does not require or cannot afford in vivo methods 
can benefit from a more realistic in vitro model.

Fig. 11: Nyquist plot showing the impedance response of the brain of 
rhesus macaque (Lempka et al., 2009).

Table 2: A summary of impedance comparisons between this study and others.

Reference Electrode Type Mammal and insertion 
location

Contact surface 
area (mm2)

1 kHz impedance 
(ohms)

Impedance/unit sur-
face area (ohms/mm2)

Williams et al. 
(2007)

Microelectrode 
tungsten array

Hooded Long Evan Rat: S1 
cortical barrel

0.112–0.143 ≈100,000 698,000 (if maximum 
contact surface area)

Lempkaet al. 
(2009)

custom Pl/Ir 
microelectrode

Rhesus macaque: ventral thala-
mus and subthalamic nucleus

1.18 ≈3500 2971

This work Medtronic model 
3387

Agarose 5.99 (@ 1.172 kHz) 
3186.27 (bipolar)

532.4
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Many methods have been proposed to create agarose gels that 
more closely model the impedance response of human neuro-
nal tissue by introducing the tissue impedance component. The 
gel already has a “tissue component” of its own, but it does not 
display the negative concavity at high frequencies that we seek 
and seems only to contribute to the ability of the gel to model a 
CPE (Figure 14). All methods proposed below are based on the 
hypothesis that in order for a realistic impedance response to 
be observed, more separation of charge must occur within the 
gel, representing the capacitive element of the lipid bilayer of 
cells, as seen in Figure 12. It is believed that this will introduce 
the tissue component to the impedance response of the gel, 
which, together with the gel’s existing constant phase element 
characteristics, will make for a fully comprehensive model. One 
such method involves introducing microbeads into the gel dur-
ing the gelation phase of the preparation procedure. The pur-
pose of the beads is to hold a charge different from that of 
the agarose gel. These beads could be spread evenly through-
out the gel, or a “gradient” of microbead density could be es-
tablished, allowing impedance testing of different microbead 
concentrations in one gel sample. The beads themselves could 
be constructed of alginate, metal, Styrofoam, or polystyrene. 
Eunji et al. utilized a similar method in creating phantom gels 
designed to mimic a human organ for the purpose of MRI cali-
bration.1 Although it was found that agar had a tendency to 
increase the conductivity of the gel, impedance spectroscopy 
was not performed, opening a window for further study. An-
other method proposed is soaking agarose gels in an aqueous 
solution similar to those discussed in the introduction such as 
PBS. The ions introduced into the gel by this process could have 
the capability to alter the impedance response of the gel. It is 
also proposed that yeast could be introduced into the gel dur-
ing gelation along with a small amount of sugar to provide 
food for the yeast. When the yeast cells deplete the sugar, they 
perish. The yeast produce carbon dioxide bubbles, the size of 
which could be altered by the viscosity of the gel when the 
yeast are introduced and the amount of sugar introduced into 
the gel with the yeast because carbon dioxide production will 

Fig. 12: Diagram of the equivalent circuit model of a cell membrane 
(Jones, 2012). The lipid bilayer functions as a capacitive element, a phe-
nomenon that, if recreated in the agarose gel, is believed to imbue the 
model with an impedance response similar to that of in vivo tissue. 
More research is warranted.

Fig. 13: This graph depicts impedance spectra for 0.2% gels in both 
measurement conditions. Notice the much higher magnitudes of both 
resistance and reactance in the bipolar measurement condition as com-
pared to the monopolar measurement condition.

Fig. 14: Copy of Figure 8, except the 0.6% concentration curve has 
been removed and another curve has been added. This curve represents 
the difference between the PBS and 0.2% concentration curves. This 
provides a decent approximation of what the “tissue component” of 
the gel impedance looks like, assuming that the PBS curve accurately 
represents the “electrode component.”

cease when the yeast die. These gas bubbles have the potential 
to harbor separation of charge. Lastly, further exploration of 
capacitor design must be conducted. Many different kinds of 
materials with different dielectric constants are utilized in ca-
pacitors, and it is possible that employing such materials in the 
gel model may alter the impedance response. More research is 
warranted to discover if any of these methods have an effect 
on the gel Nyquist plot, and if they do, whether the response is 
indeed closer to that of in vivo brain tissue.
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After the impedance response of the model has been verified, it 
then must be ensured that the alterations did not compromise 
the characteristics of the gel that make it useful for infusion 
studies. Protocols from Sillay et al. will be repeated to ensure 
that the results of this study are reproducible with the new 
comprehensive model.4 Ideally, the final model will have an im-
pedance response similar to that seen in Lempka et al. (2009), 
infusion parameters as seen in Sillay et al. and a capacitance 
of about 0.9 microfarads/square centimeter, a value regarded 
as an approximate “biological constant” for neuronal tissue.20 

In the future, it is feasible that such a gel model could expand to 
include not just the brain, but the entire body. Bioelectrical Imped-
ance Spectroscopy (BIS) is a technique that utilizes the impedance 
to current flow through body tissues to gain body composition 
data. Nyquist plots of some such procedures look very similar to 
the response observed in the brain alone, so if our model is per-
fected, its uses could expand into this area of research as well.

Conclusion

The objective of this study was two-fold: create a baseline with 
which to make in vitro agarose gel models that are similar to 
human brain tissue in both poroelasticity and impedance re-
sponse, and mathematically relate phase to agarose gel concen-
tration to provide a comparative measure of agarose gel against 
other materials. Now that a baseline has been established for 
the impedance response of agarose gel, future work on the cre-
ation of a more realistic and comprehensive in vitro model can 
begin. Such a model could have a profound effect on the appli-
cability of in vitro studies concerning DBS and infusion.
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