
 

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 and safety 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 
conductivity, blood perfusion, metabolic heat generation 
during the stimulation,  Our results show that clinical Deep 
Brain Stimulation protocols will increase the temperature of 
surrounding tissue by up to 0.8ºC depending on 
stimulation/tissue parameters. 

I. INTRODUCTION

he electrical stimulation of tissue 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 roles of 
temperature increases during clinical Deep Brain 
Stimulation (DBS) have not previously been considered. 

 Joule heat will be produced in any electrical field, 
where electrical currents are circulating [8]. The 
magnitude and spatial distribution of the induced 
temperature changes are a function of tissue properties and 
the electrical stimulation parameters. 
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  Electrical stimulation has been used as a tool to analyze 
brain metabolism and related temperature rises [4]-[7].  
Numerical models of radio-frequency ablation probes 
show that voltage greater than 10 V R.M.S. will increase 
temperature to 40°C or more [2],[3]. 

Brain function is especially sensitive to the changes in 
temperature. An increase in the temperature by ~ 1 °C can 
have profound effects on single neuron and neuronal 
network function [12]-[16].  Besides Joule heat, DBS may 
further increase brain temperature through increasing 

 neuronal activity and concomitant metabolic activity, 
e.g. ion/neurotransmitter pumps [6],[17].  Indeed, DBS is 
generally associated with a local increase in metabolic 
activity [18],[19]. Both tissue heating and increased 
metabolic  activity may promote increased blood flow as 
is observed during DBS [20].

Here we address, for the firs time, the potential scale of 
brain temperature increases resulting from clinical DBS 
protocols.   

II. MODEL METHOD AND ANALYSIS

We developed a bio-heat transfer model for DBS using 
FEMLAB 3.2 (COMSOL Inc., Burlington, MA) adapting 
the Pennes homogenous blood perfusion model.  During 
electrical stimulation (DBS), additional Joule heating 
arises when energy dissipated by an electric current 
flowing through a conductor is converted into thermal 

energy; modeled as 
2Vσ ∇ where V is the local potential 

induced by stimulation. The resulting bioheat equation 
governs heating during electrical stimulation: [1], [3] 

2( ) ( )p b b b b m
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ρ ρ ω σ∂ = ∇ ∇ − − + + ∇
∂

 (1) 

where  k is the thermal conductivity of brain tissue 
(W/m ºC) = 0.5-0.6,  is the density of brain tissue 
(kg/m3) = 1040, Cp is the specific heat of brain tissue 
(J/kg ºC) = 3650,  is the electrical conductivity (S/m) = 
0.15-0.35, b is the volumetric blood perfusion rate per 

unit volume (ml/s/ml) = 0.004-0.012, b is the density of 
the blood (kg/m3 ) =1057, Cb is the specific heat of blood 
(J/kg ºC) =3600, Tb is the body core temperature = 37ºC 
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(in our stimulation) and Qm is the metabolic heat source 
(we assumed Qm =0 in this paper).  All the above values 
are from references [9]-[11]. 

We considered two types of Medtronic leads (Fig. 1).  
We modeled a ‘high’ clinical DBS electrical setting (10 V, 
185 pps and 210 μ sec) [21] using a constant Vrms of 1.56 
Volt between the energized electrodes; Vrms was 
calculated from the root-mean-squared (r.m.s) voltage of 
the stimulation waveform.  The DBS electrode shaft was 
modeled as electrically and thermally insulated, and we 
energized electrode 1 and 2 unless otherwise stated. 

Fig.1: Schematic of model geometrical configuration.  The DBS lead 
was positioned in the center of the tissue. Two DBS leads were modeled: 
the 3389 DBS lead with 1.5 mm electrodes and 0.5 mm spacing between 
electrodes (right); and the 3387 DBS lead with 1.5 mm electrodes and 
1.5 spacing (left).  

For the boundary conditions of the electrical field, the 
voltage between the two energized electrodes, either 1 and 
4 (Fig. 2, A and C) or 1 and 2 (Fig. 2, B and D), was set to 
Vrms. The outer boundaries of the brain tissue were 
treaded as electrically insulated, namely / 0V n∂ ∂ = . For 
the thermal boundary conditions, the temperature at the 
outer boundaries of the brain was fixed at 37°C and the 
DBS lead boundaries were thermally insolated. In this 
paper, we considered the steady state temperature 
increases consisted with continuous DBS and our interest 
to determine maximum temperature rises. The dimensions 
of the model were chosen to be large enough to abate 
boundary effects on the temperature and electrical field 
distribution. We modeled the Joule heat induced by DBS 

stimulation with the source term 2Vσ ∇ . The local 
induced tissue electrical potential was determined by 
solving the Laplace equation .( ) 0Vσ∇ ∇ = .

In this paper, we examined DBS induced temperature 
increases in two situations: 

Case 1: Temperature distribution induced by DBS in a 
homogenous brain tissue without blood perfusion ( b=0). 

Case 2: Temperature distribution induced by DBS in a 
homogenous brain tissue with blood perfusion.  

III. RESULTS AND DISCUSSION

A. Temperature distribution induced by DBS in a 
homogenous brain tissue without blood perfusion 

In our first iteration (Case 1), both b and Qm are zero.  
Initially, fixing electrical conductivity σ  at 0.35 S/m and 
thermal conductivity kt  at 0.527 W/m ºC , we found peak 
tissue temperature to range from 37.26 °C to 37.82 °C.  As 
shown in figure 2 the temperature increase using Lead 
3387 was roughly 0.2 °C lower than that using Lead 3389;
this was because the Lead 3387 has 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 electrodes 
selection. 

We next investigated how tissue electrical conductivity 
and thermal conductivity affected the peak temperature 
and temperature spatial distribution in the brain tissue. We 
found that peak temperature rise (peak temperature - 

Fig. 2: Bio-heat transfer model of DBS. The false color maps indicate 
the spatial temperature distribution around the DBS electrodes, at   σ
=0.35 S/m, kt=0.527 W/m ºC, and =0.  The red ‘axial’ line is the cross 
section at the proximal end of the most distal electrode; in the 
remaining figures the temperature profile is plotted along this line.  2A) 
Lead 3387, 1 and 4 electrodes were electrically energized. 2B) Lead 
3387 1&2 electrodes were electrically energized. 2C) Lead 3389, 1 and 
4 electrodes were electrically energized. 2D) Lead 3389 1and 2 
electrodes were electrically energized. 
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Fig. 3: Temperature distribution along the axial direction when the 
high setting (Lead 3389, electrodes 1 and 2 energized) was applied in 
a homogenous brain tissue. 3A) Temperature verses electrical 
conductivity (σ), the thermal conductivity (kt)  was fixed at 0.527 
W/mºC and ω=0.  Tissue temperature increased with increasing 
electrical conductivity. 3B) Temperature verses thermal 
conductivity,σ=0.3 S/m and ω=0.  Tissue temperature decreased with 
increasing thermal conductivity (kt). 3C) Temperature distribution 
verses blood perfusion; at (σ=0.30 S/m and kt =0.527 W/mºC). Blood 
temperature was 37 C.

baseline temperature) increased linearly with increasing 
electrical conductivity as shown in Fig. 3A and table 1-I, 
while peak temperature rise decreased linearly with the 
inverse of thermal conductivity increases as shown in Fig. 
3B and table 1-II. 

The temperature field space constant, defined here as the 
radial distance from the electrode that the temperature 
field decreased to 75% of is peak value (first contour line 
Fig. 2) (at the electrode surface) was not affected by 
changes in homogenous tissue electrical or thermal 
conductivity. 

B. Temperature distribution induced by DBS in a 
homogenous brain tissue with blood perfusion 

To study how the convection of blood regulates brain 
temperature during DBS, the blood perfusion rate, b, was 
varied in our model from 0 to 0.012 ml/s/ml.   
In this paper blood temperature was fixed at 37°C.  In this 
section (Case 2) the electrical conductivity and the thermal 
conductivity were fixed at 0.30 S/m and 0.527 W/m ºC, 
respectively.  The temperature increased to 37.42°C and 
37.7°C with lead models 3387 and 3389 under these 
conditions without blood perfusion.  The addition of blood 
perfusion convected Joule heat out of brain tissue so that 
the peak temperature decreased with increasing blood 
perfusion (Fig. 3C and table1-III).  The peak temperature 
decreased moderately by 0.07°C and 0.12°C  for Lead 
3387 when the blood perfusion rates were 0.004 ml/s/ml 

and 0.012 ml/s/ml, respectively.  Similarly, decreases by 
0.09°C and 0.16°C occurred using Lead 3389 when the 
blood perfusion rates were 0.004 ml/s/ml and 0.012 
ml/s/ml, respectively. 

TABLE I
THE  EFFECTS OF BIOLOGICAL PRAMETERS ON PEAK TEMPERATURE 

INDUCED BY DEEP BRAIN STIMULATION 

Tmax (°C)σ
S/m

κt

W/m °C
ωb

ml/s/ml
3389
DBS 
lead 

3387
DBS 
lead 

I

0.15 
0.20 
0.30 
0.35 

0.527 0

37.35 
37.47 
37.70 
37.82 

37.21 
37.28 
37.42 
37.48 

II 0.30 

0.45 
0.50 
0.55 
0.60 

0

37.82 
37.74 
37.67 
37.62 

37.48 
37.44 
37.40 
37.37 

III 0.30 0.527 

0
0.004 
0.008 
0.012 

37.70 
37.61 
37.57 
37.54 

37.42 
37.34 
37.31 
37.29 

Where σ is the electrical conductivity , κ t is the thermal 
conductivity, ϖ is the blood perfusion and Tmax is the peak temperature  
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In contrast to the effects of changing tissue 
electrical/thermal conductivity, changes in blood perfusion 
rate effected brain temperature space constant; increasing 
perfusion rate decreased the space constant. Normally, the 
temperature of the blood going into the brain is a lower 
than that in brain tissue [9] and blood flow thus acts a heat 
sink.  

IV. CONCLUSION

Our results predict that clinical DBS protocols can 
induce significant temperature rises in the surrounding 
brain tissue; the peak magnitude of these changes and their 
spatial distribution depend on a combination of 
stimulation waveform, electrode physical properties, and 
tissue properties.  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 
DBS induced temperature rise is not proposed as a 
substitute for existing mechanisms of DBS action but as 
complimentary and critical for quantitative prediction of 
DBS effects. This study provides an initial basis for 
determining DBS safety ranges based on thermal 
considerations. 

It is interesting to compare the spatial distribution of 
DBS induced thermal fields with ‘neuronal activation 
fields’ predicted by computer simulations [22] and the 
spatial extent of blood perfusion increases shown by 
imaging studies [23]. The simulated neuronal activation 
fields and the temperature fields considered here are only 
coincidentally 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 changed in neuronal firing threshold.   
Increases in imaged brain blood perfusion in response to 
DBS are also of comparable spatial order, suggesting they 
may represent a response to both increased neuronal 
activation and temperature increases. 
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