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ABSTRACT 

Objectives: To compare the therapeutic window (TW) of cathodic monopolar, 
bipolar, anodic monopolar, and a novel “semi-bipolar” stimulation in ten Parkinson’s 
disease patients who underwent deep brain stimulation of the subthalamic nucleus.

Materials and Methods: Patients were assessed in the “OFF” L-dopa condition. 
Each upper limb was tested separately for therapeutic threshold, TW and side-effect 
threshold (SET). Battery consumption index (BCI) also was documented.

Results: Compared to cathodic stimulation, therapeutic threshold was significantly 
higher for anodic, bipolar, and semi-bipolar stimulation (3.8 ± 1.6 vs. 4.9 ± 2.1, 5.0 
± 1.9, and 5.2 ± 1.9 mA, p = 0.0006, 0.0002, and 0.008, respectively). SET was 
significantly higher for bipolar stimulation (10.9 ± 2.5 mA) vs. cathodic (6.8 ± 2.2 mA, 
p < 0.0001) and anodic stimulation (9.2 ± 2.6 mA, p = 0.005). The SET of anodic 
and semi-bipolar stimulation was significantly higher vs. cathodic stimulation (p < 
0.0001). TW of cathodic stimulation (2.5 ± 1.5 mA) was significantly narrower vs. 
bipolar (5.4 ± 2.0 mA, p < 0.0001), semi-bipolar (4.6 ± 2.6 mA, p = 0.001) and anodic 
stimulation (4.3 ± 2.3 mA, p < 0.0001). Bipolar (p = 0.005) and semi-bipolar (p = 
0.0005) stimulation had a significantly wider TW vs. anodic stimulation. BCI of 
cathodic stimulation (5.9 ± 1.3) was significantly lower compared to bipolar (13.7 
± 6.8, p < 0.0001), semi-bipolar (11.0 ± 4.3, p = 0.0005), and anodic stimulation 
(8.1 ± 3.0, p < 0.0001). Anodic BCI was significantly lower than bipolar (p = 0.005) 
and semi-bipolar (p = 0.0002) stimulation while semi-bipolar BCI was lower than 
bipolar stimulation (p = 0.0005).

Conclusions: While awaiting further studies, our findings suggest that cathodic 
stimulation should be preferred in light of its reduced battery consumption, possibly 
followed by semi-bipolar in case of stimulation-induced side-effects.
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INTRODUCTION 

Deep brain stimulation (DBS) is an established surgical treatment for Parkinson’s 
disease (PD), essential tremor and dystonia.1 Despite the extensive worldwide 
experience on clinical grounds, the mechanisms involved in electrode configurations 
(cathodic monopolar, bipolar, and anodic monopolar stimulation) are poorly 
understood.

Cathodic monopolar stimulation is the most commonly used configuration as it 
provides the best stimulation for clinical benefit compared to other modes due to its 
depolarizing effect on axons perpendicular to the electrode.2,3 Bipolar stimulation 
produces a more localized volume of tissue activation and might engage different 
groups of axons within its stimulating volume.3 For these reasons it is usually 
used to minimize stimulation-induced side-effects such as dysarthria.3-5 Bipolar 
stimulation also results in longer battery life6-7 and allows the use of EKG, EEG, 
and polysomnography without turning stimulation off due to the reduced electrical 
artifact.8 Although not routinely used in clinical practice, anodic stimulation has been 
shown to activate nodes in axons further away from the electrode and requires lower 
energy to depolarize local cell bodies.3 Recently, anodic monopolar stimulation has 
been shown to provide a therapeutic window (TW) similar to cathodic monopolar 
stimulation, with a possible greater improvement of PD signs but at the price of 
higher battery consumption.9

Battery consumption continues to be an important factor for DBS as this determines 
when a patient has to undergo a battery change, which typically takes place in 3–5 
years in PD patients. Rechargeable devices are useful in patients requiring frequent 
battery changes but have not undermined the importance of battery consumption 
as not every patient is suitable for such an approach.10,11

The aim of this study was to compare the therapeutic and side-effect threshold, 
TW and battery consumption during different electrode configurations. To this 
end, we performed a direct comparison of cathodic monopolar, anodic monopolar, 
and bipolar stimulation. In addition, we also compared the attributes of a novel 
electrode configuration, which we called “semi-bipolar” stimulation. During semi-
bipolar’ stimulation the anode is equally divided between the case (as in cathodic 
montage) and another contact on the lead (as in bipolar montage). This novel 
setting has not been previously described in the literature but has been found to 
be beneficial in improving stimulation-induced side-effects in our hands. A better 
characterization of these modalities is warranted as - for example - there has been 
no direct comparison between bipolar and anodic stimulation. 
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MATERIALS AND METHODS 

Ten PD patients (seven men, age: 64.9 ± 3.6 years, disease duration: 9.5 ± 3.8 years) 
who had undergone bilateral DBS of subthalamic nucleus 9.2 ± 7.7 months earlier 
using a Boston Scientific system (Marlborough, MA) were recruited. The mean 
entry stimulation settings were: amplitude of 4.8 ± 1.7 mA, pulse width of 55.3 ± 
8.7μs, frequency of 114.0 ± 33.4 Hz; 17 electrodes were configured as cathodic 
monopolar and three as bipolar montage. The mean motor section of the UPDRS 
on medication and on stimulation with these settings was 24.0 ± 10.8. Patients were 
assessed in the “OFF” L-dopa condition using the following conditions: cathodic 
monopolar, anodic monopolar, bipolar, and semi-bipolar stimulation. Patients 
were blinded to each stimulation condition and the order of assessment was not 
randomized. In keeping with similar previous studies,9,12-15 each upper limb was 
tested separately for the therapeutic threshold, defined as the amplitude where 
reduction of rigidity (MDS-UPDRS Part III, Factor 316 = 0) or hypotonia was induced 
by stimulation. Side-effect threshold was determined as the amplitude causing one 
or more permanent side-effects. The TW was defined as the range of amplitude 
that produced therapeutic response without significant side-effect. Amplitude was 
adjusted by increase and decrease of 0.5 mA followed by steps of 0.1 mA. A 20-min 
washout period was used between each stimulation condition. The anodic contact 
for bipolar stimulation was the second-best contact adjacent to the cathodic contact 
as determined during a monopolar review conducted after DBS in keeping with our 
published algorithms.16 Battery consumption index (BCI) also was documented 
as calculated by the Boston scientific physician programmer, whereby increasing 
values are representative of a higher battery consumption .17

Statistical analysis was performed using repeated measures ANOVA with two 
factors: laterality (right or left) and stimulation condition (four levels) comparing the 
effect of therapeutic threshold, side-effect threshold, TW and BCI between all four 
stimulation conditions. Paired T-test between each condition was performed as 
post-hoc analysis using Bonferroni correction. This was done using SPSS Statistics 
software v. 20.0 (IBM, Chicago, IL). This study was approved by the University 
Health Network Research Ethics Board (REB#15-8777). 
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RESULTS 

A total of 80 assessments were obtained (four conditions × each upper limb × 10 
patients). Side-effects elicited with cathodic stimulation included: muscle pulling (9), 
paresthesia (6), dysarthria (5), diplopia (2), and nausea (1) (some patients had more 
than one side-effect). Side-effects elicited with anodic stimulation were: muscle pulling 
(9), paresthesia (5), dysphagia (2), and diplopia (1). No side-effects were elicited in three 
recordings under maximal stimulation allowed by the programming device. Side-effects 
elicited with bipolar stimulation were: muscle pulling (6), paresthesia (5), and dysarthria 
(2). No side-effects were elicited in seven recordings under maximal stimulation. Side-
effects elicited with semi-bipolar stimulation were muscle pulling (7), paresthesia (5), and 
dysarthria (2). No side-effects were elicited in six recordings under maximal stimulation. 
Bipolar and semi-bipolar stimulation at the amplitude identified for therapeutic response 
improved speech in four and three patients respectively of the five with dysarthria caused 
by cathodic stimulation. Repeated measure ANOVA detected no effect of laterality or 
interaction stimulation condition × laterality. A statistically significant differences for 
therapeutic threshold, F(5.912) p < 0.0001; side-effect threshold, F(59.293) p < 0.0001; 
TW F(15.734) p < 0.0001; and BCI, F(28.651) p < 0.0001, was found. 

Compared to cathodic stimulation, therapeutic threshold was significantly higher for 
anodic, bipolar, and semi-bipolar stimulation (3.8 ± 1.6 vs. 4.9 ± 2.1, 5.0 ± 1.9, and 5.2 
± 1.9 mA, p = 0.0006, 0.0002 and 0.008, respectively) (Table 1, Figure. 1). There was 
no other significant difference between the other conditions. Side-effect threshold 
was significantly higher for bipolar stimulation (10.9 ± 2.5 mA) when compared to 
cathodic (6.8 ± 2.2 mA, p < 0.0001) and anodic stimulation (9.2 ± 2.6 mA, p = 0.005). 
The side-effect threshold of anodic and semi-bipolar stimulation was significantly 
higher compared to cathodic stimulation (p < 0.0001 for either comparison). There 
was no other significant difference between the other conditions (Table 1, Figure. 1). 

TW of cathodic stimulation (2.5 ± 1.5 mA) was significantly narrower compared to 
bipolar (5.4 ± 2.0 mA, p < 0.0001), semi-bipolar (4.6 ± 2.6 mA, p = 0.001), and anodic 
stimulation (4.3 ± 2.3 mA, p < 0.0001). In addition, bipolar and semi-bipolar stimulation 
featured a significantly wider TW compared to anodic stimulation (p = 0.005 and 
p = 0.0005, respectively) (Table 1, Figure. 1). From a clinical standpoint, anodic 
stimulation did not improve tremor noted in two patients. BCI of cathodic stimulation 
(5.9 ± 1.3) was significantly lower compared to bipolar (13.7 ± 6.8, p < 0.0001), 
semi-bipolar (11.0 ± 4.3, p = 0.0005), and anodic stimulation (8.1 ± 3.0, p < 0.0001). 
In addition, anodic BCI was significantly lower than bipolar and semi-bipolar 
stimulation (p = 0.005 and p = 0.0002, respectively) while semi-bipolar BCI was 
lower than bipolar stimulation (p = 0.0005). 
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Figure 1. The polar graph shows the mean amplitude for therapeutic response of 
rigidity, side-effect threshold, therapeutic window, and battery consumption index 
(BCI) under cathodic, anodic, bipolar, and semi-bipolar stimulation. Post-hoc 
comparisons (see text for details) for therapeutic response: cathodic > anodic = 
bipolar = semi-bipolar; for side-effect threshold: bipolar = semi-bipolar > anodic 
> cathodic stimulation; for therapeutic window: bipolar = semi-bipolar > anodic > 
cathodic stimulation; for battery consumption: cathodic > anodic > semi-bipolar > 
bipolar stimulation. 

DISCUSSION 

In this open-label study, we explored the acute effects of four different types of 
contact configurations: cathodic monopolar, anodic monopolar, bipolar, and semi-
bipolar stimulation. Very few studies have compared anodic monopolar9 and bipolar 
stimulation6,7 with cathodic stimulation (Table 2) and, to the best of our knowledge, 
there has been no direct comparison between all four conditions. Our results show 
that therapeutic threshold was similar between anodic, bipolar and semi-bipolar 
stimulation whereas it was significantly lower in cathodic stimulation, that the 
side-effect threshold of bipolar stimulation was equal to semi-bipolar and higher 
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than anodic stimulation, which was higher than cathodic. The TW of bipolar and 
semi-bipolar stimulation was wider than anodic stimulation, which was wider than 
cathodic. Finally, battery consumption favored cathodic stimulation, as its BCI was 
lower than anodic stimulation, which was lower than semi-bipolar stimulation, which 
in turn was lower than bipolar.

In keeping with our results, previous studies have shown that anodic monopolar 
and bipolar stimulation have a higher therapeutic threshold compared to cathodic 
stimulation.2,9 Noteworthy, in our study anodic, bipolar and semi-bipolar stimulation 
have a similar therapeutic threshold. This is especially so for the latter two as the 
mechanism of action is presumably similar.

The favorable side-effect threshold seen in our study with anodic and bipolar 
stimulation has also been described in previous studies.5-9,18 In keeping with 
existing literature5, we found an improvement in dysarthria with bipolar stimulation. 
Muscle pulling was the most common side-effect seen with anodic stimulation 
but at significantly higher amplitudes, as previously reported.9 Nevertheless, 
bipolar stimulation had a higher side-effect threshold when compared to anodic 
stimulation, thus suggesting that a lower volume of tissue activation is seen with 
bipolar stimulation7 and that this effect is superior to factors influenced by anodic 
stimulation.3 Interestingly, semi-bipolar stimulation increased side-effect threshold 
to a similar degree as bipolar stimulation but appears to do so in a more battery 
efficient manner (see below).

The improvement in TW seen with anodic and bipolar stimulation compared to 
cathodic stimulation was again consistent with previous studies.6,9 In a double-blind 
study comparing anodic vs. cathodic stimulation, Kirsch et al. reported a similar 
TW but a significant difference was seen when two outliers were excluded from 
the analysis.9 Interestingly, we observed a lack of tremor improvement with anodic 
stimulation. A similar finding has been reported by Kirsch et al.9 although it was 
attributed to the variability of tremor response to stimulation in the acute setting. 
longer assessments would provide a more definitive answer. Of note, the TW of 
semi-bipolar stimulation was similar to bipolar stimulation and wider compared to 
cathodic and anodic stimulation.

The higher BCI seen with anodic stimulation was consistent with higher amplitude 
for therapeutic response compared to cathodic stimulation, as myelinated fibers 
require a 3–8 times higher amplitude to elicit an action potential with anodic 
stimulation compared to cathodic stimulation.19 This observation is in keeping 
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with a recent double-blind study.9 Surprisingly the use of bipolar and semi-bipolar 
stimulation resulted in higher BCI when compared to cathodic stimulation. This is 
in contrast with what has been reported in the literature, where bipolar stimulation 
resulted in longer battery life.7,20,21 This discrepancy might be due to lower amplitude 
of stimulation reported in the literature when compared to the monopolar cathodic 
stimulation5 but also to differences intrinsic to the constant current stimulation 
provided by Boston Scientific devices and BCI computation itself (see below).

Table 2. Clinical Studies Investigating the Outcome of Anodic Monopolar and Bipolar 
Stimulation (With or Without Comparison With Cathodic Monopolar) in DBS Patients.

Authors Mode of stimulation Outcome

Reker et al. (5) Bipolar Improvement of stimulation-induced 
dysarthria.

Deli et al. (6) Cathodic monopolar vs. 
bipolar

Higher side-effects with monopolar 
stimulation (19% vs. 0%), similar 
efficacy with approximately 0.4–0.5 
V higher amplitude in bipolar 
stimulation.

Almeida et al. 
(7)

Cathodic monopolar vs. 
bipolar

Greater longevity with bipolar 
stimulation (56.1 ± 3.4 vs. 44.2 ± 2.1 
months, p = 0.006).

Frysinger et 
al. (8)

Bipolar stimulation Allowed measurements of EKG, EEG 
and polysomnography without 
turning off stimulation.

Kirsch et al. (9) Anodic monopolar vs. 
cathodic monopolar

Higher effect and side-effect 
thresholds with anodic stimulation 
(3.36 ± 1.58 mA vs. 1.99 ± 1.37 mA; 
6.05 ± 1.52 mA vs. 4.15 ± 1.13 mA; 
both p < 0.0001).
Lower blinded MDS-UPDRS-III with 
anodic vs. cathodic stimulation 
(median 17 [min: 12, max: 25] vs. 
23 [12, 37], p < 0.005).

DBS, deep brain stimulation; MDS-UPDRS-III, motor section of the Movement Disorders Society 
Unified Parkinson Disease Rating Scale.

Overall, our results suggest that bipolar and semi-bipolar stimulation provide better 
TW but higher BCI when compared to anodic monopolar stimulation and that all 
three conditions provide better TW compared to cathodic monopolar stimulation but 
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at the cost of higher BCI. Our preliminary observation suggests that the use of semi-
bipolar stimulation may be a preferential option compared to bipolar stimulation in 
the clinical setting as it provides similar therapeutic results but with lower battery 
consumption. 

The limitations to our study include the lack of randomization, blinding of assessors 
or the use of formal therapeutic rating scales. Also there is no long-term assessment 
of the effects of each condition. The use of BCI is explained and calculated by the 
Boston scientific physician programmer.15 The significance of this value is unclear 
due to the lack of available information in the literature. Therefore the use of BCI 
has to be interpreted cautiously. Further randomized double-blinded studies are 
required to corroborate our results, particularly exploring the added values of semi-
bipolar stimulation, as there is also a possibility that it may provide a similar benefit 
with a lower BCI.

In conclusion, while awaiting further studies with long-term assessments we 
can suggest the preferred use of cathodic stimulation (in light of reduced battery 
consumption), possibly followed by semi-bipolar stimulation in case of stimulation-
induced side-effects. 
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