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Abstract
There is a growing interest in the use of chronic deep brain stimulation (DBS) for the
treatment of medically refractory movement disorders and other neurological and psychiatric
conditions. Fundamental questions remain about the physiologic effects of DBS. Previous
basic research studies have focused on the direct polarization of neuronal membranes by
electrical stimulation. The goal of this paper is to provide information on the thermal effects of
DBS using finite element models to investigate the magnitude and spatial distribution of
DBS-induced temperature changes. The parameters investigated include stimulation
waveform, lead selection, brain tissue electrical and thermal conductivities, blood perfusion,
metabolic heat generation during the stimulation and lead thermal conductivity/heat
dissipation through the electrode. Our results show that clinical DBS protocols will increase
the temperature of surrounding tissue by up to 0.8 ◦C depending on stimulation/tissue
parameters.

(Some figures in this article are in colour only in the electronic version)

Introduction

The electrical stimulation of tissues can lead to temperature
increases as a result of both Joule heat and metabolic responses
to stimulation [1–3, 5, 6]. Electrical stimulation-induced
changes in temperature can profoundly affect tissue function;
moderate temperature increases are not necessarily necrotic.
The role of temperature increases during clinical deep brain
stimulation (DBS) has not been previously considered.

Joule heat will be produced in any electrical field, where
electrical currents are circulating [36]. The magnitude and
spatial distribution of the induced temperature changes are
a function of tissue properties and electrical stimulation
parameters. Electrical stimulation has been used as a tool
to analyze brain metabolism and related temperature increases
[4–7]. Numerical models of radio-frequency ablation probes
show that voltage greater than 10 Vrms will increase
temperature to 40 ◦C or more [2, 3]. These reports indicate
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that reducing stimulation intensity reduces peak temperature
increases, but did not explicitly examine stimulation voltages
sufficient to induce moderate (<2 ◦C) temperature changes.
Electrical stimulation in rat brains with micro-electrodes
(1–10 s, 0.5 ms pulse duration, 10–20 Hz, at stimulation
intensities below those generating seizures) has been shown to
increase brain temperature up to 0.1–0.5 ◦C, 1 mm from the
stimulating electrodes [5, 6].

Brain function is especially sensitive to the changes
in temperature. An increase in temperature by ∼1 ◦C
can have profound effects on a single neuron and neuronal
network function [8–12]. For most membrane channels,
the temperature dependence of conductance is comparable
to that of a diffusion-limited process, while the temperature
dependence of channel gating and pump kinetics can exceed
this value by more than an order of magnitude [11, 14].
All biophysical properties, including those suggested to play
a role in the effects of DBS, are temperature dependent.
These include membrane properties such as passive resistance/
capacitance and voltage-gated channel kinetics. Changes in
membrane properties will affect firing threshold, peak firing
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Figure 1. Schematic diagram of model geometrical configuration. We modeled the brain tissue as a cylinder, 5 cm radius and 14 cm height.
The bottom (distal end) of the DBS lead was positioned at the center of the tissue (center). Two DBS leads were modeled: the 3389 DBS
lead with 1.5 mm electrodes and 0.5 mm spacing between electrodes (left) and the 3387 DBS lead with 1.5 mm electrodes and 1.5 spacing
(right). The electrode index used is indicated.

rate [28] and depolarization block threshold in response to
DBS [37]. Excitatory and/or inhibitory synaptic transmission
has been suggested to mediate the effects of DBS [14]; both
are highly sensitive to temperature changes [8, 10, 12, 15].
Temperature-dependent changes in pump kinetics will affect
the regulation of the neuronal environment including the
accumulation of neurotransmitters and ions. Extracellular
potassium accumulation, which is associated with high-
frequency electrical stimulation and has been suggested to
play a role in DBS [16, 17], is highly sensitive to temperature
changes and related metabolic activity [18, 19]. Research
on the mechanisms of DBS has also focused on associated
neurotransmitter concentration changes [20–24] whose release
and clearance kinetics will both change with temperature.
Potential DBS-induced changes in brain temperature are thus
of broad interest in quantifying the mechanisms of DBS.

Besides Joule heat, DBS may further increase brain
temperature through increasing neuronal activity and
concomitant metabolic activity, e.g. ion/neurotransmitter
pumps [6, 7, 25, 49]. Indeed, DBS is generally associated
with a local increase in metabolic activity [26–28]. Both
tissue heating and increased metabolic activity may promote
increased blood flow as is observed during DBS [43].

The range of physiological (non-necrotic) temperature
transients, for example in response to sensory stimuli, remains
unclear; changes up to 2 to 3 ◦C have been reported [6, 8, 49].
Thus, moderate (<2 ◦C) changes in brain temperature, induced
by deep brain stimulation, may exert a profound effect on
neuronal function without leading to cell damage.

It is beyond the scope of this study to fully dissect
the complex effects of any temperature changes on overall
neuronal function and DBS safety/efficacy. However,
determining the magnitude and spatial distribution of induced
temperature changes is a first step in understanding the role of
heating in DBS. In this paper, we used finite element models
to investigate how biological properties and DBS stimulation
parameters affect the magnitude and spatial distribution of
the DBS-induced temperature field. By solving the coupled
Laplace equation of electrical field and the Pennes bio-heat

transfer equation, we are able to simulate how DBS affects the
temperature field distribution in brain tissue.

Model methods

General description

We developed a bio-heat transfer model for DBS
using FEMLAB 3.2 (COMSOL Inc., Burlington, MA)
implementing the Pennes model. We studied two types of
Medtronic leads (figure 1), the Model 3387 DBS lead, with a
1.5 mm spacing between each of the four electrodes at a distal
end to provide an electrodes spread over a total of 10.5 mm
and the Model 3389 DBS lead, with a 0.5 mm spacing between
each of the four electrodes to provide an electrode spread over a
total of 7.5 mm. (Medtronic, Inc., MN). We used direct matrix
inversion (UMFPACK solver) with 20 296 elements, doubling
the resolution-modulated temperature changes by <0.05 ◦C.

Finite element analysis was used to analyze the effect of
DBS on temperature increases in brain tissue. Because of axial
geometrical symmetry, the temperature and electrical fields
were assumed to vary only with the direction of r, coordinate
of radius of the stimulator, and z, coordinate of length of the
stimulator. The three-dimensional transfer model geometry
can thus be mathematically implemented in two dimensions.

We examined DBS-induced temperature increases in three
increasingly detailed situations.

Case 1. Temperature distribution induced by DBS in
homogenous brain tissue without blood perfusion or
metabolic activity.

Case 2. Temperature distribution induced by DBS in
homogenous brain tissue with blood perfusion
(solved using the two-dimensional Pennes model)
with and without related metabolic activity.

Case 3. Temperature distribution induced by DBS in non-
homogenous brain tissue with consideration of
physical properties of the DBS leads and tissue
damage around the electrode.
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In each of the above cases, we determined the range of
temperature increases expected in vivo by parameter sensitivity
analysis.

Methods and analysis

Blood perfusion occurs in living tissues, and the passage of
blood modifies the heat transfer in tissues. Furthermore,
metabolic activity generates heat within the tissue. Pennes
(1948) and Perl (1962) have established a simplified bio-heat
transfer model to describe heat transfer in tissue by considering
the effects of blood perfusion and metabolism [30]. During
electrical stimulation (DBS), additional Joule heating arises
when energy dissipated by an electric current flowing through a
conductor is converted into thermal energy. The resulting bio-
heat equation (1) governs heating during electrical stimulation
[1, 3, 42]:

ρCp
∂T

∂t
= ∇(k∇T ) − ρbωbCb(T − Tb) + Qm + σ |∇V |2,

(1)

where ρb is the blood density (kg m−3), Cb is the heat capacity
of the blood (J kg−1 ◦C−1), k is the thermal conductivity of the
brain tissue (W m−1 ◦C−1), T is the temperature (◦C), ωb is the
blood perfusion (ml s−1 cm−3), ρ is the brain tissue density, Tb

is the body core temperature (◦C) and Qm is the metabolic
heat source term (W m−3). In this report, consideration
of only steady-state temperature increases is consistent with
continuous (chronic) deep brain stimulation and our interest
determining maximum temperature increases (preliminary
stimulations indicate that steady-state temperature is reached
in less than 15 min). We modeled the Joule heat induced
by DBS stimulation with a source term σ |∇V |2, where σ is
the electrical conductivity of the tissue and V is the electrical
potential induced by stimulation. The electrical potential was
determined by solving the Laplace equation ∇ · (σ∇V ) = 0.
We modeled a constant voltage between the electrodes
calculated from the root-mean-squared (rms) voltage of the
DBS stimulation (equation (2)); the DBS waveforms were
based on direct measurements from the actual stimulator and
were biphasic and charge balanced with a cathodic pulse equal
to the user-defined pulse width followed by an anodic recharge
pulse. The anodic pulse begins 0.4 ms after the end of the
cathodic pulse and ends ∼4 ms before the beginning of the
next cathodic pulse:

Vrms =
√

1/Tp

∫ Tp

0
v(t)2 dt, (2)

where Tp is the pulse period.
We evaluated two normal DBS electrical settings: ‘high

setting’ (10 V, 185 pps, 210 ms) with Vrms of 1.561 volts and
‘typical setting’ (3 V, 185 pps, 90 ms) with Vrms of 0.353
volts [31]. Because stimulation using the typical setting never
resulted in temperature increases greater than 0.3 ◦C, our
results focus on the more temperature-significant high setting.

The following range of tissue and lead parameters was
applied.

Biological properties of the brain tissue [3, 29, 32–34]:
κ t: thermal conductivity of the brain tissue (W m−1 ◦C−1) =

0.45–0.6,
ρb: density of the brain tissue (kg m−3) = 1040,
Cp: specific heat of the brain tissue (J kg−1 ◦C−1) = 3650,
σ : electrical conductivity (S m−1) = 0.15–0.35,
Ti: initial temperature of the brain tissue = 37 ◦C.

Biological properties of the blood [33, 34]:
ωb: volumetric blood perfusion rate per unit volume (ml s−1

cm−3) = 0.004–0.012,
ρb: density of the blood (kg m−3) = 1057,
Cb: specific heat of the blood (J kg−1 ◦C−1) = 3600,
Tb: body core temperature = 36.7 ◦C.

Physical properties of the DBS lead materials:
for the insulation portion of the leads (80 A urethane)
[38, 40, 41]:
κ i (W m−1 ◦C−1) = 0.026, ρ i (kg m−3) = 1110, Ci

(J kg−1 ◦C−1) = 1500, σ i (S m−1) = 10−10;

for the electrode portion of the leads (platinum/iridium: Pt
90/Ir 10) [39–41]:
κe (W m−1 ◦C−1) = 31, ρe (kg m−3) = 21 560, Ce

(J kg−1 ◦C−1) = 134, σ e (S m−1) = 4 × 106.

Dimensions and boundary conditions. In order to obtain
the particular solutions to the coupling temperature and
electrical field, boundary conditions and initial conditions
were required. The dimensions of the brain tissue that we
modeled in FEMLAB must be appropriately chosen to be
large enough to abate boundary effects on temperature and
electrical distribution close to the lead surface as well as
small enough to allow for a reasonable computational time.
In our model, the geometry of the brain tissue was set as a
cylinder with radius 50 mm and height 140 mm, as shown
in figure 1. For the boundary conditions of the electrical
field, the voltage between the two energized electrodes,
either 1 and 4 (figures 2(A) and (C)) or 1 and 2
(figures 2(B) and (D)), was set to Vrms. The outer boundaries of
the brain tissue were treated as electrically insulated, namely
∂V/∂n = 0. For the thermal boundary conditions, the
temperature at the outer boundaries of the brain tissue was
fixed at 37 ◦C [29, 34]; this assumption is valid if (1) there
are no ambient temperature (convective) gradients across deep
brain structures [33] and (2) there is no DBS-induced heating
at the model boundaries (model dimensions). In this paper,
we did not consider the effect of cystic cavities containing
cerebrospinal fluid (CSF) on the electrical field profile [53] or
explicitly consider the CSF convection.

Results

Temperature distribution induced by DBS in homogenous
brain tissue without blood perfusion or metabolic activity

In our first iteration (case 1), we focused on how the
temperature increased solely in response to DBS-induced
Joule heat, without modeling the contribution of blood
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(A)

(C) (D)

(B)

Figure 2. Bio-heat transfer model of deep brain stimulation: effects
of lead and electrode selection. The false color maps indicate the
spatial temperature distribution around the bipolar stimulating
electrodes, when the high stimulation setting was applied, in a
homogenous brain with tissue electrical conductivity σ =
0.35 S m−1, tissue thermal conductivity κ t = 0.527 W m−1 ◦C−1 and
no blood perfusion. The red ‘axial’ line is the cross section at the
proximal end of the most distal electrode (at height z = 3 mm)
extending in the r direction from the electrode; in the remaining
figures the temperature profile is plotted along this line. (A) Lead
3387, the first and fourth electrodes were electrically conductive.
(B) Lead 3387, the first and second electrodes were electrically
conductive. (C) Lead 3389, the first and fourth electrodes were
electrically conductive. (D) Lead 3389, the first and second
electrodes were electrically conductive.

perfusion or metabolic activity. Therefore, in this section, both
ωb and Qm are zero. This model also treated the DBS electrode
shaft to be electrically and thermally insulated, except that
electrodes 1 and 2 (the two electrodes most distal on the DBS
lead) were electrically energized.

We modeled the temperature distributions using two types
of DBS leads, Medtronic DBS Lead 3387 and Lead 3389. We
applied ‘high setting’ to the two DBS leads and investigated
how electrical conductivity and thermal conductivity affected
the resulting temperature distribution in the brain tissue.
Figure 3(A) and table 1-I show changes in peak temperature
and temperature field distribution as a function of tissue
electrical conductivity (σ = 0.15–0.35 S m−1) with thermal
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Figure 3. Temperature distribution along the axial direction when
the high stimulation setting (Lead 3389, electrodes 1 and 2) was
applied in a homogenous brain. (A) Temperature versus electrical
conductivity (σ ); the thermal conductivity κ t was fixed at
0.527 W m−1 ◦C−1 and blood perfusion was absent. Tissue
temperature increased with increasing electrical conductivity.
(B) Temperature versus thermal conductivity; the electrical
conductivity was fixed at 0.3 S m−1 and blood perfusion was absent.
Tissue temperature decreased with increasing thermal conductivity
κ t. (C) Temperature distribution versus blood perfusion; electrical
conductivity and thermal conductivity were constant (0.30 S m−1

and 0.527 W m−1 ◦C−1). Blood temperature was 37◦C and
metabolic heats were absent.
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Table 1. The effects of biological parameters on peak temperature induced by deep brain stimulation. (high setting, electrodes 1 and 2 were
energized).

Electrical Thermal Blood Peak temperature (◦C)
conductivity conductivity perfusion
σ (S m−1) κ t (W m−1 ◦C−1) ωb (ml s−1 cm−3) 3389 DBS lead 3387 DBS lead

I 0.15 37.35 37.21
0.20 37.47 37.28
0.30 0.527 0 37.70 37.42
0.35 37.82 37.48

II 0.45 37.82 37.48
0.50 37.74 37.44

0.30 0.55 0 37.67 37.40
0.60 37.62 37.37

III 0 37.70 37.42
0.004 37.61 37.34

0.30 0.527 0.008 37.57 37.31
0.012 37.54 37.29

Table 2. Peak temperature versus insulation lead thermal
conductivity (κ i) at setting σ = 0.3 S m−1, κ t = 0.527 W m−1 ◦C−1

with no blood perfusion and metabolic heat. High stimulation
setting was applied to various combinations of leads and energized
electrodes.

3389 DBS lead 3387 DBS lead
Tmax (◦C) Tmax (◦C)

κ i Electrodes Electrodes Electrodes Electrodes
(W m−1 ◦C−1) 1 and 4 1 and 2 1 and 4 1 and 2

0.026 37.26 37.58 37.22 37.37
1 37.24 37.5 37.20 37.35
5 37.22 37.43 37.18 37.31

10 37.21 37.40 37.17 37.29
20 37.20 37.38 37.16 37.27

conductivity (κ t) fixed at 0.527 W m−1 ◦C−1. Figure 3(B) and
table 1-II show changes in peak temperature and temperature
field distribution as a function of tissue thermal conductivity
(0.45–0.60 W m−1 ◦C−1) with tissue electrical conductivity
fixed at 0.3 S m−1. Our results show that temperature increases
with electrical conductivity while temperature decreases as
thermal conductivity increases. The peak temperature on the
lead’s surface increased by 0.48 ◦C at σ = 0.45 S m−1 and
κ t = 0.30 W m−1 ◦C−1 for Lead 3387 and 0.82 ◦C for Lead
3389 (table 1-I). The temperature field distribution using Lead
3387 was similar to that using Lead 3389. The temperature
field space constant defined here as the radial distance from the
electrode where the temperature field decreased to 75% (first
contour line in figure 2) of its peak value (at the electrode
surface) was not affected by changing homogenous tissue
electrical or thermal conductivity (appendix A).

Across tissue parameters, the peak temperature for Lead
3389 was approximately 0.3 ◦C higher than that for Lead
3387 (table 1); this difference can be attributed to the
increased distance between Lead 3387 electrodes (figure 2).
Similarly, for either Lead 3389 or Lead 3387, changing lead
selection such that the leads where farther apart (e.g. leads
1 and 4) significantly reduced peak temperature increases
(table 2).

Temperature distribution induced by DBS in homogenous
brain tissue with blood perfusion and no metabolic activity

To study how the convection of blood regulates brain
temperature during DBS, the blood perfusion rate, ωb, varied
in our model from 0 to 0.012 ml s−1 cm−3. In order to isolate
how blood perfusion affected the temperature distribution,
metabolic activity was not considered in this iteration of the
model and blood temperature was fixed at 37 ◦C. In this section
(case 2, without metabolic heat), the electrical conductivity
and thermal conductivity were fixed at 0.30 S m−1 and
0.527 W m−1 ◦C−1, respectively, and we evaluated only
the high setting on DBS electrodes 1 and 2. As shown
above, the temperature increased to 37.42 ◦C and 37.7 ◦C
with the lead models 3387 and 3389 under these conditions
without blood perfusion (table 1-I). The addition of blood
perfusion convected Joule heat out of the brain tissue so that the
peak temperature decreased by increasing the blood perfusion
(figure 3(C)). The peak temperature decreased moderately
by 0.08 ◦C and 0.13 ◦C for Lead 3387 when the blood
perfusion rates were 0.004 ml s−1 cm−3 and 0.012 ml s−1 cm−3,
respectively (table 1-III)). Similarly, decreases by 0.09 ◦C
and 0.16 ◦C occurred in the case using Lead 3389 when
the blood perfusion rates were 0.004 ml s−1 cm−3 and
0.012 ml s−1 cm−3, respectively. In contrast to the effects
of changing tissue electrical/thermal conductivity, changes
in blood perfusion rate affected the brain temperature space
constant; an increasing perfusion rate decreased the space
constant (i.e. the temperature decreased over the distance at
a faster rate).

Effects of blood perfusion and metabolic heat on temperature
distribution induced by DBS in a homogenous brain.

Metabolic activity, due to baseline brain metabolism and
increased metabolism in response to DBS, will act as a heat
source inside the brain. Normally, blood perfusion regulates
the brain temperature by convecting metabolic heat away. In
this section (case 2, with metabolic heat), we considered the
temperature of blood circulating in the brain tissue as 36.7 ◦C
[34], 0.3 ◦C lower than the initial brain temperature. In this
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section, we investigated how the interaction between metabolic
heat generation and blood perfusion-modulated DBS-induced
temperature increases. Prior to application of DBS, we
balanced the various metabolic rates with blood perfusion rates
such that the baseline brain temperature remained at 37 ◦C.
The metabolic heat required to balance the initial brain
temperature was calculated from Qm = Cbρbωb(T − Tb); for
blood perfusion values of 0.004, 0.008 and 0.012 ml s−1 cm−3,
we applied metabolic heat Qm of 4566, 9132 and
13 698 W m−3, respectively (interestingly these calculated
metabolic rates closely approximate measured values;
[29, 33, 34]).

Using these three initial settings (combination of balanced
metabolic and perfusion rates), we studied the temperature
increases (from 37 ◦C) due to DBS. Temperature profiles
were exactly the same as those in the study considering
blood perfusion (at 37 ◦C) without metabolic activity; this
was mathematically expected given the equality between
metabolism and perfusion set above. As noted above, these
temperature profiles were lower than those without metabolic
heat and without blood perfusion; this can be explained by the
increased blood flow capacity to both balance the metabolic
heat and reduce the Joule heat.

Temperature distribution induced by DBS considering the
inhomogenous physical properties of the DBS lead with and
without a tissue encapsulation layer

In this section (case 3), the thermal and electrical properties
of the DBS leads were explicitly considered (previously,
the DBS leads were modeled as electrically and thermally
perfectly insulated). We fixed the thermal conductivity, κe =
31 W m−1 ◦C−1, and electrical conductivity, σ e = 4 ×
106 S m−1, of the DBS platinum/iridium electrodes. We
considered the thermal conductivity of the Medtronic DBS
lead insulation material (urethane), present everywhere except
the electrodes, as 0.026 W m−1 ◦C−1. In our simulations,
we also considered a range of potential insulation material
thermal conductivities (κ i) from 0.026 W m−1 ◦C−1 to
20 W m−1 ◦C−1 in order to evaluate the effects of substitute
insulation materials on DBS-induced temperature increases.
Figure 4(A) shows the temperature distribution over the
distance for different lead insulation thermal conductivity
values (κ i), using the high stimulation setting, without
blood perfusion and metabolic heat, and tissue thermal and
electrical conductivity fixed at κ t = 0.527 W m−1 ◦C−1

and s = 0.3 S m−1, respectively. Table 2 shows that
the peak tissue temperature decreased by 0.1–0.2 ◦C as a
result of considering lead properties; the insulation thermal
conductivity (κ i) acts as a heat sink. Figures 4(A) and (B)
illustrate how the insulation segments of the electrode could
act as a heat sink; the temperature was convected inside the
lead insulation and reduced the heat from the tissue.

A sheath of encapsulation tissue around DBS leads may
form due to mechanical damage to the brain tissue during
lead implantation; the electrical conductivity and width of
the encapsulation tissue were previously estimated as σ dt =
0.15 S m−1 and 0.4 mm thick, respectively [35]. We treated the
thermal conductivity of the encapsulation tissue as equal to that

(A)

(B)

κ i = 0.026
κ i = 1
κ i = 5
κ i = 10
κ i = 20

Figure 4. Temperature distribution in a non-homogenous medium
along the axial direction when the high stimulation setting
(electrodes 1 and 2) was applied. Metabolic heat and blood
perfusion were absent. (A) Temperature versus lead insulation
thermal conductivity. Increasing the lead insulation thermal
conductivity decreased the temperature around the electrode.
(B) Temperature field in the 3389 DBS lead and surrounding brain
tissue with the lead insulation thermal conductivity (κ i) equal to
0.026 W m−1 ◦C−1 (left) and equal to 20 W m−1 ◦C−1 (right). A
false color map indicates the spatial temperature distribution around
the electrodes. The red line is the ‘axial’ cross section represented in
other figures.

of the brain tissue, i.e. κ t = 0.527 W m−1 ◦C−1. We simulated
how this encapsulation tissue affected the DBS-induced
temperature increases; we considered tissue conditions and
included the properties of the DBS lead. The addition of an
encapsulation layer in our model slightly reduced the peak
temperature increase at the electrode surface (now inside the
encapsulation layer) by 0.07–0.18 ◦C, depending on the lead
model and electrode configuration tested.

Discussion

Our results, using a reduced model, predict that clinical DBS
protocols can induce temperature increases up to 1 ◦C in the
surrounding brain tissue; the peak magnitude of these changes
and their spatial distribution depend on a combination of
stimulation settings, electrode physical properties and tissue
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Figure 5. Summary of tissue responses to temperature increases
(left) due to multiple heating factors (right). The brain is sensitive to
small temperature changes. Changes in cell excitability are evident
for temperature changes of 0.5 ◦C, and changes in network function
and blood–brain barrier function are evident for 1 ◦C increases
[49, 51, 58]. A sustained increase to 39 ◦C can have profound
effects on brain function [49], and cell damage/tissue ablation is
observed at sustained temperature over 40 ◦C (just 3 ◦C over
ambient temperature levels). Brain temperature near implants can
increase as a result of normal device function (e.g. battery use) or
unexpected effects (e.g. EMF coupling with an implant [59, 60]) as
well as a result of electrical stimulation (Joule heating and
concomitant increased metabolic activity). Though the brain’s
temperature is regulated, it is not insensitive to environmental
temperature increase; these will be compounded during physical
activity [49, 57]. Temperature increases result from (normal)
neuronal activation associated with behavioral conditions (stress,
emotional, sexual behavior, sensory processing [49, 55, 56]).
Finally, pharmacological drugs can significantly increase the brain
temperature [49]. The above heating factors may be concurrent and
thus cumulative (though not necessarily in a linear fashion).

properties. The sensitivity of the brain to small temperature
fluctuations, in particular when considering concurrent heating
factors, is summarized in figure 5. The precise magnitude and
spatial distribution of temperature changes will determine the
relevance of these changes to understanding the mechanisms
of DBS. It is important to emphasize that the DBS-induced
temperature increase is not proposed as a substitute for existing
mechanisms of DBS action, but as complimentary and critical
for a quantitative prediction of the DBS effects.

For the high stimulation setting, peak temperature
increases from 0.2–0.8 ◦C were predicted in a homogenous
medium depending on lead selection and tissue properties
(including balanced baseline metabolic and blood perfu-
sion, but neglecting DBS-induced imbalances). The inho-
mogeneities considered, including a potential encapsulation
layer and actual lead physical properties, can decrease peak
temperature increases by ∼0.1–0.2 ◦C.

Effects of DBS lead selection and stimulation settings on
brain temperature increases

For the high stimulation setting and using electrodes 1 and 2,
the temperature increase using Lead 3387 was roughly 0.2 ◦C
lower than that using Lead 3389 across different lead/tissue
properties; this was because Lead 3387 had a larger spacing
distance between adjacent electrodes than Lead 3389. For
similar reasons, for both lead types, the peak temperature

increase is highly dependent on energized electrode selection.
The degree of interaction between the electrodes will depend
on tissue and lead material properties.

Increasing stimulation intensity, by increasing pulse
frequency, duration or amplitude, will increase the Joule
heat generation, and hence brain temperature increases. It
should be noted that doubling stimulation frequency or pulse
duration will double the rms value of stimulation, while
doubling stimulation amplitude will quadruple the rms. In
addition, the peak temperature does not necessarily increase
linearly with the rms value of stimulation. The results of the
present study provide an initial basis for determining DBS
safety ranges based on thermal considerations. The current
DBS safety guidelines are presumably solely based on charge
delivery/electrochemical considerations. While waveforms
with reversal of a stimulation phase (charge balanced
stimulation) are advantageous from an electrochemical safety
standpoint [44], they may be disadvantageous from a
temperature safety standpoint (rms considerations). While
lead/electrode selection does not necessarily factor in
electrochemical safety considerations, thermal interaction
between electrodes indicates that temperature-based safety
guidelines must consider the electrode separation distance.
Therefore, the design of DBS stimulation parameters to limit
temperature increases should follow separate guidelines than
those to limit charge delivery. Experimental validation and
refinement of our basic model would help us to establish these
guidelines.

One novel approach to mediating DBS-induced
temperature increases, suggested by our simulations, is to
increase the thermal conductivity of the insulating components
of the leads.

Effects of physical properties of brain tissue, metabolism and
blood perfusion on temperature increase

We examined two physical properties of the brain tissue:
electrical conductivity and thermal conductivity; both factors
affect the DBS-induced temperature distributions in the brain
tissue. Electrical conductivity is a measure of how well a
material accommodates the transport of electric charges. For
a voltage-controlled source, increasing electrical conductivity
increases the Joule heat (equation (1)) and hence the peak
temperature. In contrast, increasing thermal conductivity
increase enhances heat conduction away from the DBS
electrode and decreases the peak temperature. Neither
perturbation affected the temperature space constant; this is
derived in the appendix.

In the present study we did not consider temperature-
induced changes in electrical conductivity [3]; for the small
changes in temperature induced by DBS, these changes would
be presumably minor. We did not explicitly consider the
electrode metal/electrolyte interface [44, 45].

Using electrodes 1 and 2 on Lead 3389 and the high
stimulation setting (selected based on published clinical
reports and stimulation guidelines) resulted in temperature
increases of 0.35 to 0.82 ◦C in homogenous media; the
consideration of lead physical properties or an encapsulation
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layer would lower this amount. Because of limited
parameterization data, we did not consider the effects of
an imbalanced increase in metabolic and blood perfusion
as a result of DBS; an increase in metabolic heat not fully
compensated for by blood perfusion would further increase the
brain temperature (in addition to DBS-induced Joule heating).
In addition, we did not consider thermal tissue inhomogeneity
or electrical inhomogeneity [35], outside the encapsulation
layer; a combination of these could produce local DBS ‘hot
spots.’

Blood perfusion was modeled using the Penne model
which has previously been applied in modeling ablative
electrical stimulation of the brain [3, 47, 48]; in some
of these reports simulation results were confirmed by in
vivo experiments or clinical observation, suggesting that the
Penne model provides a relatively accurate description of
stimulation-induced temperature increases. More complex
bio-heat models have been developed for muscles and
kidney tissues [46, 54]; these models explicitly consider
inhomogenous blood flow in these specific structures.

Brain metabolism and blood flow act in opposite
directions in brain temperature regulation. Normally, the
temperature of the blood going into the brain is lower than
that in the brain tissue [33, 49], and blood flow thus acts
as a heat sink. Electrical stimulation would be expected to
increase metabolism by activating neurons and glia; this would
synergistically act with electrical stimulation-induced Joule
heat, while a regulatory increase in blood flow (vasodilatation)
would counteract these changes. In this paper, metabolism
and blood flow were balanced; this is not necessarily the case
in vivo.

Functional implications

Sustained brain temperature increases above 40–41 ◦C may be
considered as a threshold for pathological hyperthermia [49].
We did not observe increases to 40 ◦C under any conditions
evaluated in the present report, suggesting that the specific
stimulation settings tested will not directly lead to necrosis.
The effect of the temperature increases observed in the present
study (up to 0.8 ◦C) on tissue function strongly depends on the
specific biophysical properties of the targeted tissue as well as
the mechanisms by which deep brain stimulation electrically
modifies tissue properties. The latter remains an area of active
research. Changes of 1–2 ◦C can have significant effects on
a single neuron and neuronal network function; the role of
small temperature changes (<1 ◦C) has been less extensively
tested. However, there is no threshold for temperature
effects, such that any temperature increase will affect channel
gating and pump kinetics. Moreover, sustained temperature
increases over time will affect proliferation, excitability and
connectivity [49]. Future studies controlling the temperature
of acute brain slices [50, 51], including in combination with
electrical stimulation [17, 24, 52], may directly address these
mechanisms. The results of this prerequisite study provide the
temperature ranges that should be evaluated. Future studies
incorporating measurements of temperature changes in a bath
system using Medtronic DBS leads and micro-thermal sensors

may be used to validate the (no blood perfusion) predictions
of the present study.

It is interesting to compare the spatial distribution of
DBS-induced thermal fields with ‘neuronal activation fields’
predicted by previous computer simulation studies [45] and
the spatial extent of blood perfusion increases shown by
imaging studies [43]. The simulated neuronal activation
fields and the temperature fields considered here are only
coincidental of comparable orders. As noted above, we did
not explicitly consider the effects of local neuronal activation
on the temperature field. The temperature field may, in
turn, affect the neuronal activation field through temperature-
induced changes in the neuronal firing threshold. Increases in
imaged brain–blood perfusion in response to DBS are also of a
comparable spatial order, suggesting that they may represent a
response to both increased neuronal activation and temperature
increases.
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Appendix

The temperature field around the DBS electrode is modeled as

ρCp
∂T

∂t
= ∇(k∇T ) − ρbωbCb(T − Tb) + Qm + σ |∇V |2.

(A.1)

At the steady state with constant thermal conductivity, κ , no
perfusion rate (ωb = 0) and no metabolic heat (Qm = 0),
equation (A.1) is reduced to

∇2T = − σ

K
|∇V |2. (A.2)

We applied cylindrical coordinates to equation (A.2) at a fixed
plane Z = 3 mm (where peak temperature was observed).
Therefore, the derivatives with respect to Z were equal to
zero and the terms of ∇V and ∇2T were only the functions of
variable r. Equation (A.2) is then reduced to

1

r

∂

∂r

(
r
∂T

∂r

)
= − σ

K
|∇V |2. (A.3)

∂

∂r

(
r
∂T

∂r

)
= − σ

K
|∇V |2r. (A.4)

Let g(r) = |∇V |2[
r
∂T

∂r

]r

r0

= −σ

k

∫ r

r0

rg(r) dr. (A.5)

Let f (r) = ∫ r

r0
rg(r) dr

r
∂T

∂r
− r0

[
∂T

∂r

]
r=r0

= −σ

k
f (r) (A.6)

r
∂T

∂r
= −σ

k
f (r) + r0

[
∂T

∂r

]
r=r0

(A.7)
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∂T

∂r
= 1

r

(
−σ

k
f (r) + r0

[
∂T

∂r

]
r=r0

)
. (A.8)

When r0 was chosen at the distant thermal boundary, the
temperature at the thermal boundary, T0, was 37 ◦C and the rate
of temperature change approached zero. Hence, the derivative
of temperature with respect to radius at the thermal boundary
was zero,

[
∂T
∂r

]
r=r0

= 0. So, equation (A.8) reduced to

∂T

∂r
= − σ

K

f (r)

r
(A.9)

T − T0 = −σ

k

∫ r

r0

f (r)

r
dr. (A.10)

Let h(r) = ∫ r

r0

f (r)

r
dr

T (r) = −σ

k
h(r) + T0. (A.11)

As described above, T0 = 37 ◦C

T (r) = −σ

k
h(r) + 37 (A.12)

Tpeak = Tr=rP = −σ

k
h(rP) + 37, (A.13)

where rp was fixed at the surface of electrodes on which peak
temperature, Tpeak, was observed. Note that the differential
increase in temperature (Tpeak—37), in homogenous tissue, is
thus linearly related to tissue electrical conductivity and to the
inverse of tissue thermal conductivity (this is confirmed in our
numerical simulation table 1):

Tspace = Tr=rs = −σ

k
h(rs) + 37, (A.14)

where rs was defined as a temperature space constant:

Tspace − 37

Tpeak − 37
= h(rs)

h(rp)
. (A.15)

At the temperature space constant, the temperature field
decreased to 75% of its peak value at the electrode surface.
Therefore, Tspace−37

Tpeak−37 = h(rs)

h(rp)
was defined as 75%.

Changing either electrical conductivity (σ ) or thermal
conductivity (κ) will alter the peak temperature (Tpeak) and
the temperature at the distance of the space constant (Tspace).
However, the function h(r) is independent of these tissue
properties. So, the ratio of h(rs) to h(rp) is not a function
of σ and κ . Therefore, the temperature space constant,
Tpeak−37
Tspace−37 = h(rp)

h(rs)
, is not affected by σ and κ . It is important

to note that the above analysis is not necessarily valid for
inhomogenous conditions or in the presence of blood perfusion
or metabolic heat.
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