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No effect of subthalamic deep brain stimulation on intertemporal decision 38 

making in Parkinson patients 39 

 40 

Abstract 41 

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a widely used treatment for the motor 42 

symptoms of Parkinson’s disease (PD). DBS or pharmacological treatment is believed to modulate the 43 

tendency to, or reverse, impulse control disorders. Several brain areas involved in impulsivity and 44 

reward valuation, such as the prefrontal cortex and striatum, are linked to the STN, and activity in these 45 

areas might be affected by STN-DBS. To investigate the effect of STN-DBS on one type of impulsive 46 

decision making – delay discounting (i.e. the devaluation of reward with increasing delay to its receipt) - 47 

we tested 40 human PD patients receiving STN-DBS treatment and medication for at least 3 months. 48 

Patients were pseudo-randomly assigned to one of four groups to test the effects of DBS on/off states as 49 

well as medication on/off states on delay discounting. The delay discounting task consisted of a series of 50 

choices between a smaller, sooner or a larger, later monetary reward. Despite considerable DBS-effects 51 

on motor performance, patients receiving STN-DBS did not choose more or less impulsively compared to 52 

the off-DBS group, also when controlling for risk attitude. Although null results have to be interpreted 53 

with caution, our findings are of significance to other researchers studying the effects of PD treatment 54 

on impulsive decision-making, and they are of clinical relevance for determining the therapeutic benefits 55 

of using STN-DBS.  56 

 57 

Significance Statement 58 

To improve the quality of life of patients suffering from Parkinson’s disease, it is important to uncover 59 

the cognitive side effects of deep brain stimulation of subthalamic nucleus. In this study, we show no 60 
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effect of deep brain stimulation on altered impulsive decision making, measured with a financial delay-61 

discounting paradigm. Our study adds an important piece of information on the cognitive side effects of 62 

deep brain stimulation, although further studies are needed to verify our results. 63 

Introduction 64 

 65 

 Parkinson’s disease (PD) is characterized by a cell loss in substantia nigra and ventral tegmental 66 

area, leading to a reduced level of the neurotransmitter dopamine and abnormal functionality of the 67 

basal ganglia. The progressive loss of dopamine results in impaired motor functioning, such as 68 

bradykinesia, muscle rigor and/or resting tremor, as well as in characteristic non-motor symptoms, 69 

including depression and memory deficits. Deep brain stimulation (DBS) of the subthalamic nucleus 70 

(STN) is a widely used treatment for the motor symptoms of PD. STN-DBS is usually applied when 71 

conventional medication starts to become increasingly ineffective (Deuschl et al., 2006). Although STN-72 

DBS has major benefits in reducing motor symptoms (Deuschl et al., 2006; Wichmann & DeLong, 2006), 73 

side-effects of STN-DBS on cognition are often less clear (e.g. Demetriades et al., 2011).  74 

Several studies indicate that DBS affects neural activity in surrounding areas, thereby altering 75 

the activity of a whole network of brain structures (Chang et al., 2007; Li et al., 2007; McCracken & 76 

Grace, 2007; Montgomery & Gale, 2007; Li et al., 2012). Since the STN is connected to a number of basal 77 

ganglia nuclei as well as cortical areas, STN-DBS can have widespread effects that are not just limited to 78 

motor behavior. Not only motor areas are found to be projecting to the STN , but also brain areas 79 

involved in valuation of choice options, such as the medial/orbital cortex in rats (Maurice et al., 1998) 80 

and monkeys (Haynes & Haber, 2013) via the so-called hyperdirect pathway (Nambu et al., 2002), which 81 

links the cortex with the basal ganglia via the STN. In addition, the STN can be subdivided into several 82 

functional zones that can, according to their structural connectivity, be identified as motor, associative 83 
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and limbic regions (Lambert et al., 2012), which are part of cortico-basal ganglia-thalamo-cortical loops 84 

involved in emotion, movement and cognition (Parent & Hazrati, 1995a; b).  85 

Patients have often undergone a long period of dopaminergic medical treatment before DBS is 86 

considered as therapy of choice. Dopaminergic treatment usually consists of the intake of levodopa (L-87 

dopa), a dopamine precursor, and/or dopamine agonists. PD patients can develop  an increased 88 

tendency for impulse control disorders (ICDs), which include pathological gambling, compulsive 89 

shopping, hypersexuality and hyperphagia (Weintraub, 2008). These ICDs are associated with 90 

dopaminergic treatment, in particular with the use of dopamine agonists (Voon & Fox, 2007; Voon et al., 91 

2011a; Voon et al., 2011b; Raja & Bentivoglio, 2012) as well as L-dopa treatment (Zurowski & O'Brien, 92 

2015).  93 

How STN-DBS affects impulsive behavior is unclear, with reports of both increases in severity or 94 

even new development of ICDs (Halbig et al., 2009; Lim et al., 2009; Broen et al., 2011; Moum et al., 95 

2012) as well as attenuation or disappearance of ICD symptoms after the start of STN-DBS treatment 96 

(Witjas et al., 2005; Ardouin et al., 2006; Bandini et al., 2007; Lim et al., 2009; Broen et al., 2011). As the 97 

dopaminergic medication intake can usually be decreased after onset of STN-DBS treatment, the 98 

reduction in ICD severity might be due to a decrease in the medication dosage, but other factors, such as 99 

electrode placement, stimulation parameters or patient history may underlie changes in ICD severity, 100 

too (e.g. Zurowski & O'Brien, 2015). Several brain areas connected with the STN are involved in 101 

impulsive behavior, including the orbitofrontal cortex and the nucleus accumbens (Cardinal et al., 2001; 102 

Kheramin et al., 2002; Kalenscher & Pennartz, 2008). Stimulation of the STN can therefore affect 103 

impulsive choice in two ways: either by directly altering STN functioning, and/or via indirect moderation 104 

of activity in connected areas known to be involved in impulsive decision making.  105 

Since (case study) reports concerning the effects of therapeutic STN-DBS on ICDs are ambiguous, 106 

it is important to uncover exactly how STN-DBS affects impulsive behavior, and in particular impulsive 107 
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choice. The study presented here focuses on delay discounting (i.e. the devaluation of a reward when its 108 

receipt is delayed to a future point in time), which can be seen as a measure of impulsive economic 109 

decision-making, and is often used to assess impulsive decision making (e.g. Bickel et al., 2012). 110 

Although delay discounting captures only one of the many facets of ICDs, reduced delay sensitivity lies at 111 

the heart of most concepts of impulsive choice. To dissociate the putative effects of STN-DBS from the 112 

effects of dopaminergic medication on delay discounting, we employed a 2 x 2 design for DBS (on/off) 113 

and medication state (L-dopa on/off).              114 

 115 

Method 116 

Participants 117 

Fifty-four patients with bilaterally implanted stimulation electrodes in the STN were recruited 118 

for a screening session at the University clinic (Center for Movement Disorders and Neuromodulation, 119 

Department of Neurology & Institute of Clinical Neuroscience and Medical Psychology) in Düsseldorf, 120 

with the aim of identifying patients with no current severe depression (Beck Depression Inventory, BDI, 121 

< 20) and no indication of dementia (Mattis Dementia Rating Scale, MDRS, > 130) and inconspicuous 122 

performance in a range of other cognitive and mnemonic tests (see below) for inclusion in the 123 

experiment. Forty patients (16 female) aged between 42 and 78 (M = 62.7, SD = 7.4) met the inclusion 124 

criteria. Further inclusion criteria were bilateral DBS of the STN for a period of at least three months and 125 

no pre-implant history of major depression.  126 

DBS treatment consisted of bilateral 130Hz stimulation, except for two patients who received 127 

174Hz stimulation in the right hemisphere and 130Hz stimulation in the left hemisphere, two patients 128 

who received bilateral 150Hz stimulation and one patient who received unilateral (right) 130Hz 129 

stimulation. Stimulation intensity was either fixed on voltage (N = 26) or amperage (N = 14), with 130 

voltages ranging between 1.2 and 4.0 Volt and amperage ranging between 1.1 mA and 3.4 mA. Pulse 131 
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width was set at 60 s, with the exception of three patients receiving 62 s pulses and one patient 132 

receiving 65 s pulses. One patient received 60 s in the left and 90 s in the right hemisphere. The 133 

average time since DBS implantation was 30.0 months (SD = 23.7), with a minimum of 3 months and a 134 

maximum of 85 months. All but one patient received dopamine replacement therapy, with an L-dopa 135 

equivalent dose (LED) ranging from 120 to 1975 (M = 675, SD = 390). All participants were recruited 136 

within a time period of 16 months, during their periodical inpatient visit that lasted at least two nights. 137 

The year of diagnosis ranged from 1989 until 2012. All participants were instructed in detail about the 138 

experimental procedure as well as the payment procedure before they provided written informed 139 

consent. The study was approved by the local ethics committee of the Medical Faculty of the Heinrich-140 

Heine University in Düsseldorf, Germany.  141 

 142 

Materials 143 

During screening, patients performed a range of tests designed to measure mood as well as 144 

cognitive and mnemonic traits (Mattis Dementia rating scale (MDRS), Beck Depression Inventory (BDI-II), 145 

Quick Delay Questionnaire (QDQ), Baratt Impulsiveness Scale (BIS), South Oaks Gambling Screen (SOGS), 146 

Ardouin Behavior Scale (ABS), see below), along with a delay discounting task (intertemporal choice 147 

task, ICT), risk attitude measurements (Holt-Laury task) and motor skills (Unified Parkinson’s Disease 148 

Rating Scale, UPDRS) during testing sessions. We used the following tests: 149 

 150 

Mattis Dementia Rating Scale (MDRS). The MDRS was used to test for cognitive deficits (Mattis, 151 

1988). This test is commonly used in clinical settings for older patients and can detect dementia 152 

disorders such as Alzheimer disease. It is subdivided into five categories: attention, verbal and motor 153 

initiation and preservation, construction, conceptualization and memory (Lucas et al., 1998). Patients 154 

with scores <130 (out of 144) points were excluded from further testing (cf. Schmidt et al. (1994).  155 
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Beck Depression Inventory II (BDI-II). The German version of the BDI-II (Beck et al., 1996) was 156 

used to assess depressive symptoms reported for the past two weeks. It consists of 21 items, and each 157 

item is ranked from 0 to 3. Exclusion criterion was a count of 20 points or higher, which is indicative of 158 

severe depression. 159 

Quick Delay Questionnaire (QDQ). The QDQ was administered to assess subjective delay 160 

aversion and delay discounting (Clare et al., 2010). The subjects have to rate five items on delay aversion 161 

and five items on delay discounting on a 5-point-Likert scale. This questionnaire was added to obtain a 162 

baseline self-reported measure of delay discounting / delay aversion.  163 

Barratt Impulsiveness Scale (BIS). The BIS is often used as a measure of impulsivity, and its short 164 

German version (BIS-15; Spinella, 2007) has been used in the current study. Fifteen items assess either 165 

non-planning, motor or attention impulsivity (Spinella, 2007). Each item is rated on a 4-point-Likert 166 

scale. This questionnaire was added to obtain a baseline self-reported measure of impulsiveness.  167 

South Oaks Gambling Screen (SOGS). The SOGS (Lesieur and Blume, 1987) consists of 20 items 168 

and is commonly used to screen for pathological gambling. In this test, a score of 5 or higher is 169 

considered as probable pathological gambling. This questionnaire was added to identify and control for 170 

problem gambling, or gambling tendencies, respectively.  171 

Ardouin Behavior Scale (ABS). This scale was designed to detect changes in mood and behavior 172 

in PD patients (Ardouin et al., 2009). This semi-structured interview entails 18 items and is rated in five 173 

points, from 0 to 4 from absent to severe. The ABS was used to identify potential addictive tendencies 174 

(regarding food or medication intake) that might hint at an impulse control disorder (ICD).  175 

Unified Parkinson’s Disease Rating Scale (MDS-UPDRS). Part III of the MDS-UPDRS was used to 176 

assess the severity of motor impairment, as well as the efficacy of the different treatment states. 177 

Patients had to perform specific movements and were rated from 0 to 4 on each of 18 items covering 178 
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tremor, rigidity, posture, agility and general movement (Goetz et al., 2008). The MDS-UPDRS-III was 179 

used to assess differences in motor symptoms between the respective on/off states during sessions.  180 

Intertemporal Choice task (ICT). The ICT used in this study is a common and well-validated task 181 

to elicit time preferences and measure delay discounting (e.g. Kirby & Marakovic, 1996; Hardisty et al., 182 

2013). The task consisted of a series of binary choices between a smaller sooner, and a larger later 183 

monetary reward. Choice items were arranged in 6 blocks with 11 trials each, with an instruction screen 184 

after each block to provide the opportunity to take a short break. Within each block, the amount of the 185 

smaller, sooner option varied over trials while the larger, later option remained constant across trials 186 

within a given block. The delays used within each block were specified in the instruction screen before 187 

each block. In three blocks, the larger, later reward was fixed at €20, with the smaller, sooner option 188 

ranging from 0-20 in steps of €2, presented in randomized order. In the other three blocks the larger, 189 

later reward was fixed at €30, with the smaller, sooner option ranging from 0-30 in steps of €3, 190 

presented in randomized order. The smaller, sooner option was always immediate. For each of the two 191 

large reward amounts, the delay was either 3, 6 or 9 months, and the order was randomized across 192 

blocks. The options were presented simultaneously on the left and right side of the screen and the side 193 

of presentation of each choice option was randomized (Figure 1a). Participants pressed the ‘E’ key to 194 

choose the left option and the ‘I’ key to choose the right option. There was no time limit for each choice. 195 

The trials with either €0 ‘now’ or €20/€30 ‘now’ were considered catch trials, as the choices in these 196 

trials indicate whether the participant paid attention or chose rationally. The task was programmed and 197 

conducted using the Matlab (Mathworks, Inc.) toolbox Cogent. One out of the 66 trials was randomly 198 

chosen for payment after task performance. Participants received the amount they had selected with 199 

the corresponding delay. Both immediate and delayed payment was done by a cheque that was given 200 

either right after the session (immediate payment) or was sent by mail (delayed payment).   201 
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Holt-Laury task. The Holt-Laury task (Holt & Laury, 2002) is a short, thoroughly validated 10 trial 202 

task to measure risk attitude (see Filippin & Crosetto, 2014). Here, we elicited risk attitude as a control 203 

variable as time preference measures may potentially be confounded with risk preference. In each trial, 204 

participants chose between two lotteries. In one of the lotteries, the payout was either €8.45 or €0.23 205 

with variable probability (riskier lottery), in the other lottery the payout was either €4.50 or €3.60 with 206 

the same variable probability (safer lottery). The probability of winning the large reward of each lottery 207 

varied from 10% to 100% in steps of 10% across trials in randomized order. Correspondingly, the 208 

probability of winning the small reward was 100%-p(large reward). The probabilities of large and small 209 

rewards were identical for both lotteries in a given trial (see Figure 1b). After task performance, the 210 

computer randomly picked one trial and played the lottery that was chosen. The outcome was paid by 211 

cheque at the end of the session. 212 

 213 

Procedure 214 

PD patients were recruited and tested during their regular visit to the clinic, which lasted at least 215 

two nights. After patients were informed about the procedure of our experiment and provided written 216 

informed consent, they underwent the screening session in the afternoon on the day of their arrival, or 217 

one day after, at the clinic. The screening session involved the mood-, memory- and cognition-tests 218 

outlined above and lasted approximately one hour. During screening, patients were always in their most 219 

optimal treatment state (i.e. on-stimulation and on-medication).  220 

To test the effect of DBS and L-dopa on delay discounting, we employed a between-subject 2x2 221 

design with the factors medication (medication on vs. off) and STN-DBS (on vs. off). Forty patients were 222 

randomly assigned to one of the four treatment groups (10 patients per group).The testing procedures 223 

were as follows:  224 
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A regular visit included a ~16 hour period in which patients refrained from taking medication 225 

either the first or the second night of their stay, starting at about 8 pm. If the test session took place in 226 

the on-medication state, patients received 1,5x their regular dose of L-dopa (but never more than the 227 

maximum dosage of 200 mg), and/or other medication (dopamine agonists, see Table 4), on the 228 

morning of the test session, one hour before start of the session, to ensure a robust on-state during the 229 

whole procedure. Off-medication testing was always done in the morning after spending a night without 230 

medication.  231 

A test session (see Figure 2 for an overview) took place between 9:00 am and noon and was 232 

conducted by two experimenters, of which only one knew the current DBS state of the patient (passive 233 

experimenter), and the other exclusively interacted with and guided the patient through the session 234 

(active experimenter). The test sessions started with switching the DBS state of the patient. To ensure 235 

double-blindness regarding the DBS state, the stimulator was either turned off or left on by a nurse or 236 

doctor who was informed by the passive experimenter, without informing the patient what was done. 237 

The patient was aware that the stimulator would be either turned off or remain on and was informed 238 

beforehand about the necessity of the double-blind procedure. At least 50 minutes after the switch, the 239 

MDS-UPDRS-III was conducted, followed by the delay discounting task (intertemporal choice task, ICT) 240 

and subsequently the Holt-Laury risk attitude task. Each patient received oral instructions before each 241 

task, and was asked control questions to ensure they understood the tasks. The MDS-UPDRS-III, ICT and 242 

Holt-Laury tasks were completed in about 30 to 40 minutes. Several trials in the tasks were randomly 243 

selected for payout (see above). The patient received feedback about the trials chosen for payment 244 

immediately after completing the two tasks and was paid accordingly by means of a cheque. Directly 245 

after, the patient was asked about his/her strategy during the choice tasks and was informed about the 246 

goal of the experiment. Thirty minutes after changing the stimulation state, a second motor assessment 247 

using the MDS-UPDRS-III was conducted as a within-subjects control of DBS-state. A within-subjects 248 
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repetition of the ICT and Holt-Laury task was not conducted because both tasks were not deemed 249 

suitable for repeated-measures within the short timeframe of one or two mornings.  250 

 251 

Data analysis 252 

We used a 2 x 2 between subjects factorial design with medication (on vs off) and DBS state (on 253 

vs off) as independent factors and choice parameters (see below) as dependent variable. To estimate 254 

discounting parameters in the ICT, we used two different, well established models: the hyperbolic 255 

discounting model (Mazur, 1984) and Laibson’s (1997) quasi-hyperbolic discounting model (see below). 256 

In addition, we also used the total amount of choices of the smaller, sooner option as a model-free 257 

measure of discounting (yielding a value between 0 and 66), as well as a model-free measure of present-258 

bias (i.e., the overweighting of immediate outcomes, see below for details). For the Holt-Laury task, we 259 

used the switching point, i.e. the probability at which the participant was indifferent between the two 260 

gambles (HL-IPs). This measure was obtained using logistic regression. A higher switching point indicated 261 

more risk aversion.  262 

 Fitting of discounting models. All mathematical procedures to determine the participants’ 263 

discount parameters were performed using MATLAB (The MathWorks, Inc.). We first identified the 264 

individual indifference points (IPs; the magnitude of the smaller, sooner reward that renders it equally 265 

valuable to the larger, later reward) for each of the six blocks, using logistic regression. This resulted in 266 

three values between 0 and 20 for the three blocks with €20 as maximum reward, and three values 267 

between 0 and 30 for the three blocks with €30 as maximum reward.  268 

 We first fitted the standard hyperbolic model separately to the IPs of blocks 1 to 3 and blocks 4 269 

to 6, using the following equation (Mazur, 1984): 270 

 271 

SVT = A / (1 + kT)          (1) 272 
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 273 

where SV is the subjective value of the reward at delay T (in months), A is the monetary amount of the 274 

reward and k is the hyperbolic discount parameter describing the steepness of the discount function. 275 

The amount was set to A = 1 as the values were expressed as proportions of the later reward.  Larger k-276 

values indicate a greater impact of delay on value and therefore steeper discounting. The resulting k-277 

values for the €20 and €30 blocks were subsequently log-transformed and averaged to obtain one k-278 

value per individual (note that the correlation between the two k-values for the €20 and €30 blocks was 279 

very high, r = .96, p < .000). 280 

 Further, Laibson’s quasi-hyperbolic -  model was separately fitted to the indifference points of 281 

blocks 1-3 and 4-6 to obtain measures of present-bias and patience: 282 

 283 

SVT=0 = 1  284 

SVT>0 =  x T           (3) 285 

 286 

SVt is the subjective value of a reward at time T. This equation models the often observed initial rapid 287 

decline in subjective value with small delays (present-bias) separately, represented by the parameter  288 

(with 0    1). The inverse of β can be interpreted as the extra weight added to immediacy, thus 289 

smaller β-values can be construed as stronger present-bias. The discount function’s discount rate is 290 

log(1/ ). Thus, the parameter  (with 0    1) can be interpreted as a measure of patience with higher 291 

δ-values indicating higher patience. The resulting β and δ parameters for the €20 and €30 blocks were 292 

subsequently averaged to obtain one β an δ value for each participant (note that there was a strong 293 

correlation between the β values of the €20 and €30 blocks, r = .83, p < .000, as well as the δ values, r 294 

=.59, p < .000).  295 
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 The model fits were performed for each participant individually, using a least-squares algorithm 296 

implemented in MATLAB R2013a (The MathWorks, Inc.). The fitting parameters k, β and  were allowed 297 

to vary freely. We calculated the Akaike Information Criterion (AIC) for each model per participant to 298 

check the goodness of fit of each model. We then averaged the scores across all participants, resulting in 299 

one average AIC value for the hyperbolic model and another AIC value for Laibson’s quasi-hyperbolic 300 

model.  These AIC scores showed that, in general, the data were better described by the quasi-301 

hyperbolic model (M = -17.5) than the standard hyperbolic model (M = -10.1). However, when 302 

comparing individual AIC values, the quasi-hyperbolic model had higher AIC values compared to the 303 

hyperbolic model in 10 participants, indicating a better fit of the hyperbolic model in these participants. 304 

 To obtain an additional, model-free measure of present-bias, we used the following formula:  305 

Present-bias = (Large reward – 3 months IP) / (6 months IP – 9 months IP). To obtain an overall measure, 306 

we averaged the model-free present-bias measure for the €20 and €30 blocks (PB). A higher score 307 

indicated more present-bias.  308 

Statistical analysis. Statistical analyses reported below were performed using the software 309 

package IBM SPSS Statistics 20. We mainly used standard ANOVAs and ANCOVAs to investigate the main 310 

effects of DBS and medication state, as well as their interaction on the dependent variables as described 311 

above. When necessary, we selected Gabriel's pairwise comparisons test as post-hoc test, which is 312 

robust against differences in group sample size.  Furthermore, we used Bayesian statistics 313 

(Wagenmakers, 2007; Masson, 2011) to calculate the evidence in favor of the null-hypothesis.  314 

 315 

Results 316 

Subject demographics and trait variables 317 

Data of eight participants were excluded as they chose the dominated alternative on more than 318 

six of the twelve catch trials  in the ICT (that is, they selected €0 now over €20/€30 later; or they 319 
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selected €20/€30 later over the same reward now, see above). In addition, two of these participants 320 

scored 5 points or higher on the SOGS, indicating potential pathological gambling behavior. Our results 321 

do not change when these subjects are included in our analysis, except when explicitly mentioned 322 

below. Table 1 shows the general descriptive statistics of the remaining 32 patients. The DBS-on group 323 

consisted of 18 participants, of which 8 were tested in the on-medication state. The DBS-off group 324 

consisted of 14 participants, of which 7 were tested in the on-medication state. There was no significant 325 

difference in any of the demographic parameters between DBS and medication groups, except age, 326 

F(3,28) = 3.00, p = .047, 2 = .24 (Table 1).  327 

Table 1 shows the descriptive statistics of the screening tasks and questionnaires. A one-way 328 

ANOVA showed a significant difference between the groups in the self-reported impulsiveness (BIS-329 

total), F(3,28) = 4.34, p = .012, 2 = .317. However, Gabriel post-hoc tests showed no significant 330 

differences between groups, group 1 vs. 2: mean difference = -6.54, p = .157; group 1 vs. 3: mean 331 

difference = -6.75, p = .084; group 1 vs. 4: mean difference = .75, p > .999; group 2 vs. 3: mean difference 332 

= -.21, p >.999; group 2 vs. 4: mean difference = 7.50, p = .107; group 3 vs. 4: mean difference = 7.50, p = 333 

.055. Nevertheless, we included BIS-total scores as a covariate in all subsequent analyses to account for 334 

potential group differences in impulsiveness. Note that all participants filled out the questionnaires in 335 

their optimal (on-medication, on-stimulation) state, so this difference in BIS-total scores reflects a trait 336 

difference between groups, not the effect of DBS on impulsiveness.  337 

  338 

Differential treatment effects on motor scores, but not delay discounting 339 

As expected, UPDRS-III scores were significantly different between DBS/medication states, 340 

F(3,28) = 11.96, p < .001, 2 = .56 (Figure 3). Post-hoc tests revealed a significant difference between DBS 341 

states, group 1 vs. 2: .002; 3 vs. 4: p = <.001, whereas no significant difference was observed between 342 

medication states, group 1 vs. 3: p = .993; group 2 vs. 4: p = .990. This is likely due to relatively high 343 
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inter-individual differences in motor scores obscuring the relatively small but often beneficial effect of 344 

medication treatment within subjects. Comparing the UPDRS-III scores within patients (DBS on vs. off 345 

only) also showed a significant improvement of motor symptoms with stimulation, time*DBS 346 

interaction: F(1,31) = 138.84, p < .001, 2 = .82. Overall, this indicates that, DBS significantly improved 347 

motor symptoms in our sample, while medication did not.  348 

 Table 2 shows the discounting parameters k, β, δ, the number of impulsive choices (NImp), the 349 

model-free measure of present-bias (PB) as well as the indifference points of the Holt-Laury task (HL-IP) 350 

within each group. We used a two-way ANOVA to test for the effects of DBS and medication on 351 

discounting and risk parameters, as well as their interaction. We found no significant main or interaction 352 

effects of DBS or medication on any of the discounting parameters (see Table 2). Figure 4A and B show 353 

the discounting curves for each medication/DBS state for €20 and €30 blocks, respectively. Figure 4C 354 

and D show the median fits of the hyperbolic and quasi-hyperbolic model, respectively, as well as the 25 355 

and 75 percentile border, for each DBS state. Figure 5 shows the total number of impulsive choices for 356 

each medication/DBS state.  When adding age and the BIS-total score as  covariates in an additional 357 

analysis of covariance, main and interaction effects of DBS and medication states on any of the 358 

discounting parameters remained non-significant, DBS state: ln(k): F(1,28) = .23, p = .636, 2 = .009; 359 

NImp: F(1,28) = .41, p = .526, 2 = .018; β: F(1,28) = .819, p = .37, 2 = .029; δ: F(1,28) = .002, p = .967, 2 360 

= <.001; PB: F(1,28) = 1.00, p = .325, 2 = .037 (Table 2).  361 

To calculate the probability that the null-hypothesis (no effect of DBS on delay discounting) is 362 

true given our data (p(H0|D)), we used a Bayesian approach developed by (Wagenmakers, 2007) and 363 

also described in detail in a tutorial by (Masson, 2011). We used the Bayesian information criterion (BIC) 364 

to calculate the posterior probability p(H0|D), with the assumption that the null and alternative 365 

hypotheses are equally likely. The results are presented in Table 3. We found p(H0|D) ranging between 366 

.73 and .81, indicating positive evidence in favor of the null-hypothesis, as suggested by (Raftery, 1995). 367 



 

 16

Some patients were treated with dopamine agonists instead, or in addition to, L-dopa. As 368 

dopamine agonists are associated with impulsive behavior (Zurowski & O'Brien, 2015), we checked for 369 

differences between the DBS groups in the LED when considering only patients who receive dopamine 370 

agonists (LED-agonists; see Table4). In each of the DBS groups, five patients used dopamine agonists, 371 

with no significant difference in LED-agonist levels between groups, U = 110.50, p = .561, r = .13. 372 

The Holt-Laury task was added as a control for the fact that impulsive behavior sometimes 373 

correlates with altered risk preferences (Kalenscher & Pennartz, 2008). There were no significant main 374 

effects of DBS or medication on Holt-Laury scores, DBS state: F(1,28) = .22, p = .641, 2 = .01; 375 

medication: F(1,28) = 1.24, p = .275, 2 = .04, suggesting no effect of DBS and/or medication on risk 376 

attitude. Note, though, that we found a significant interaction effect of DBS and medication state on HL-377 

IPs, F(1,28) = 5.29, p = .029, 2 = .16. However, when using the complete sample of 40 patients, the 378 

interaction effect of DBS and medication state on HL-IPs failed to reach significance, F(1,39) = 1.00, p 379 

=.325, 2 = .027. Note that a relatively large number of patients showed an inconsistent choice pattern 380 

(i.e. switching more than once between the risky and safe gamble), with 47,5% making at least one error 381 

(one more switch) and 30% having at least 2 errors, compared to the numbers mentioned in the original 382 

paper on the Holt-Laury task (Holt & Laury, 2002), where only 13,2% of the participants made at least 383 

one error.  384 

   385 

 386 

Discussion  387 

 In this study, we aimed to investigate the effect of STN-DBS on impulsive decision-making, using 388 

a delay discounting paradigm. We found evidence for effect of neither STN-DBS, nor of medication, on 389 

delay discounting behavior -  a commonly used measure of impulsive choice. Although we found a 390 

significant interaction of DBS and medication state on risk aversion, this effect did not hold when all 391 
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participants were included in the analysis. In addition, due to the relatively large number of errors the 392 

participants made in this task, we refrain from further interpreting this finding.  393 

Our findings are in line with a study by (Torta et al., 2012) who investigated the effects of STN-394 

DBS on delay aversion. Twenty-one PD patients with STN-DBS turned on and off (patients were off 395 

medication) performed the Cambridge Gambling Task, which measured both risk-behavior and delay 396 

aversion, and filled out questionnaires assessing self-reported delay aversion, delay discounting and 397 

impulsivity. The authors found no effects of stimulation on delay aversion or task behavior, although 398 

patients self-reported a higher feeling of impulsivity in the off-stimulation state. Thus, while increased 399 

levels of delay discounting have been associated with several impulse control disorders, such as 400 

substance abuse, attention deficit hyperactivity disorder (ADHD) as well as pathological gambling and 401 

overeating (Bickel et al., 2012) – behaviors often shown by PD patients in response to their treatment –  402 

there is no evidence so far that STN-DBS alters delay discounting. 403 

 Although the development of ICDs is often attributed to side-effects of dopaminergic 404 

medication (Voon & Fox, 2007; Voon et al., 2011a; Voon et al., 2011b; Poletti et al., 2013) several 405 

studies point toward a potential role of STN-DBS on the development of ICDs in PD patients (Halbig et 406 

al., 2009; Lim et al., 2009; Moum et al., 2012).  However, it has been argued that development of ICDs 407 

after STN-DBS onset may be an indirect consequence of disease history and treatment as they may 408 

result from long-term alterations of fronto-limbic structures, which are presumed involved in ICDs (see 409 

Brewer & Potenza, 2008), due to disease progress and chronic medication (e.g. Moum et al., 2012). 410 

Because ICDs themselves are considered chronic disorders, a short change in DBS state, as applied here, 411 

after several months of chronic stimulation might not be sufficient to uncover potential long-term 412 

effects leading to the development of ICDs. This would be in line with findings pointing at an increase in 413 

cognitive impulsivity reported by both patients and relatives three months after STN-DBS onset 414 

compared to a baseline taken before STN-DBS onset (Pham et al., 2015), but contradicts the above-415 
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mentioned self-reported increase in impulsivity in a short-term off-state compared to scores in the DBS-416 

on state (Torta et al., 2012). Although motor effects of STN-DBS are often visible within minutes, 417 

cognitive effects of STN-DBS on impulsive decision making might not be visible on short-term. For 418 

example, as reward learning seems to be affected by STN-DBS, perhaps experiences with rewards after 419 

STN-DBS onset influence subsequent choice behavior that could lead to development of ICDs in a 420 

subgroup of patients. Future studies need to monitor long-term changes in delay discounting in 421 

particular, and impulsivity in general, after STN-DBS treatment onset.  422 

 Impulsivity itself is considered a multifaceted construct (Evenden, 1999; Kalenscher et al., 2006), 423 

with one subtype being defined as impulsive action (the inability to inhibit a prepotent response) and 424 

another  subtype as impulsive choice (preferring a smaller, more immediate reward over a larger, more 425 

delayed reward) (Winstanley et al., 2004; Kalenscher & Pennartz, 2008; Robinson et al., 2009). Motor 426 

impulsivity is commonly assessed with reaction time tasks, in which motor responses need to be 427 

inhibited either before (‘waiting’) or during (‘stopping’) execution, whereas choice impulsivity is often 428 

assessed with an intertemporal choice task, in which participants make repetitive choices between a 429 

smaller-sooner and larger-later (often monetary) reward. Several studies have dissociated the cognitive 430 

and neural bases of these two types of impulsivity (Winstanley et al., 2004; Van den Bergh et al., 2006; 431 

Broos et al., 2012). So far, studies have uncovered effects of STN-DBS on motor impulsivity (Witt et al., 432 

2004; Frank et al., 2007; Aleksandrova et al., 2013), which is in line with literature supporting the 433 

involvement of the STN in controlling the threshold for responding in situations with high conflict, i.e. 434 

when two choice options are relatively similar in value (Baunez & Robbins, 1997; Baunez et al., 2001; 435 

Desbonnet et al., 2004; Frank, 2006; Cavanagh et al., 2011). With regard to reward processing and 436 

decision making, STN-DBS seems to mainly influence reward learning (Serranova et al., 2011; van 437 

Wouwe et al., 2011) and the evaluation of losses (Rogers et al., 2011), but, to the best of our knowledge, 438 

there is no evidence so far of an effect of STN-DBS on risky decision making (Brandt et al., 2015). 439 
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One concern with our study is the small sample size, and, by consequence, the low statistical 440 

power. We cannot reject the possibility that we missed a small effect of STN-DBS on delay discounting 441 

because we lacked the statistical power to detect it. However, our Bayesian analysis showed positive 442 

evidence in favor of the null hypothesis. This suggests that the effect size is either very small or non-443 

existent. Therefore, we can conclude with some confidence that, if there were a short-term effect of 444 

STN-DBS on delay discounting, it would be miniscule and probably negligible.   445 

Note that we started off with a small pilot experiment to check if our task was suitable for 446 

repeated-measures, as this would greatly increase power. However, we found that patients often made 447 

stereotypical, repetitive choices on subsequent repetitions of the task, which was supported by 448 

anecdotal remarks about their choice behavior and strategy (e.g. they would ask why they had to do the 449 

same task again; or they specifically commented on the fact that they would remember their choices in 450 

the previous task, and aimed to copy their own choices). For this reason, we opted against using a 451 

repeated-measures design. 452 

Additionally, we would like to note that, although highly undesirable, underpowered statistics 453 

are frequently unavoidable in studies with clinical populations; due to the difficulty of finding a sufficient 454 

number of patients meeting the inclusion criteria, patient samples in medical studies are often smaller 455 

than desired. Nevertheless, despite the admittedly low power, we believe that our results are of 456 

significance to other scientists studying the effects of PD treatment on impulsive decision-making.  To  457 

prevent the so-called ‘file drawer effect’, i.e. publication biases because potentially informative studies 458 

ending up not being published due to non-significant findings (Sterling et al., 1995; Hopewell et al., 459 

2009; Song et al., 2009), we would like to make our findings accessible to researchers interested in 460 

similar research problems.  461 

In conclusion, we failed to demonstrate a significant effect of STN-DBS on delay discounting. 462 

Although absence of evidence is not evidence of absence, calling for interpretative caution, this could 463 
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potentially imply that STN-DBS effects on delay discounting do not exist. From a clinical perspective, this 464 

study provides evidence for a lack of negative cognitive side-effects of STN-DBS in the form of altered 465 

intertemporal decision-making. Even if a small effect of STN-DBS on delay discounting existed, a risk of 466 

slightly altered decision making likely does not weigh up to the benefits of STN-DBS on motor 467 

functioning. Our findings therefore underscore the clinical safety of DBS-STN as therapeutic treatment.  468 

 469 

References 470 
 471 
 472 
Aleksandrova, L.R., Creed, M.C., Fletcher, P.J., Lobo, D.S.S., Hamani, C. & Nobrega, J.N. (2013) Deep brain 473 

stimulation of the subthalamic nucleus increases premature responding in a rat gambling task. 474 
Behavioural Brain Research, 245, 76-82. 475 

 476 
Ardouin, C., Voon, V., Worbe, Y., Abouazar, N., Czernecki, V., Hosseini, H., Pelissolo, A., Moro, E., 477 

Lhommee, E., Lang, A.E., Agid, Y., Benabid, A.L., Pollak, P., Mallet, L. & Krack, P. (2006) 478 
Pathological gambling in Parkinson's disease improves on chronic subthalamic nucleus 479 
stimulation. Movement Disorders, 21, 1941-1946. 480 

 481 
Bandini, F., Primavera, A., Pizzorno, M. & Cocito, L. (2007) Using STN DBS and medication reduction as a 482 

strategy to treat pathological gambling in Parkinson's disease. Parkinsonism & Related Disorders, 483 
13, 369-371. 484 

 485 
Baunez, C., Humby, T., Eagle, D.M., Ryan, L.J., Dunnett, S.B. & Robbins, T.W. (2001) Effects of STN lesions 486 

on simple vs choice reaction time tasks in the rat: preserved motor readiness, but impaired 487 
response selection. European Journal of Neuroscience, 13, 1609-1616. 488 

 489 
Baunez, C. & Robbins, T.W. (1997) Bilateral lesions of the subthalamic nucleus induce multiple deficits in 490 

an attentional task in rats. European Journal of Neuroscience, 9, 2086-2099. 491 

 492 
Bickel, W.K., Jarmolowicz, D.P., Mueller, E.T., Koffarnus, M.N. & Gatchalian, K.M. (2012) Excessive 493 

discounting of delayed reinforcers as a trans-disease process contributing to addiction and other 494 
disease-related vulnerabilities: Emerging evidence. Pharmacology & Therapeutics, 134, 287-297. 495 

 496 
Brandt, J., Rogerson, M., Al-Joudi, H., Reckess, G., Shpritz, B., Umeh, C.C., Aljehani, N., Mills, K. & Mari, Z. 497 

(2015) Betting on DBS: Effects of Subthalamic Nucleus Deep Brain Stimulation on Risk Taking 498 
and Decision Making in Patients With Parkinson's Disease. Neuropsychology, 29, 622-631. 499 



 

 21

 500 
Brewer, J.A. & Potenza, M.N. (2008) The neurobiology and genetics of impulse control disorders: 501 

Relationships to drug addictions. Biochemical Pharmacology, 75, 63-75. 502 

 503 
Broen, M., Duits, A., Visser-Vandewalle, V., Temel, Y. & Winogrodzka, A. (2011) Impulse control and 504 

related disorders in Parkinson's disease patients treated with bilateral subthalamic nucleus 505 
stimulation: A review. Parkinsonism & Related Disorders, 17, 413-417. 506 

 507 
Broos, N., Schmaal, L., Wiskerke, J., Kostelijk, L., Lam, T., Stoop, N., Weierink, L., Ham, J., de Geus, E.J.C., 508 

Schoffelmeer, A.N.M., van den Brink, W., Veltman, D.J., de Vries, T.J., Pattij, T. & Goudriaan, A.E. 509 
(2012) The Relationship between Impulsive Choice and Impulsive Action: A Cross-Species 510 
Translational Study. PloS one, 7. 511 

 512 
Cardinal, R.N., Pennicott, D.R., Sugathapala, C.L., Robbins, T.W. & Everitt, B.J. (2001) Impulsive choice 513 

induced in rats by lesions of the nucleus accumbens core. Science, 292, 2499 - 2501. 514 

 515 
Cavanagh, J.F., Wiecki, T.V., Cohen, M.X., Figueroa, C.M., Samanta, J., Sherman, S.J. & Frank, M.J. (2011) 516 

Subthalamic nucleus stimulation reverses mediofrontal influence over decision threshold. 517 
Nature Neuroscience, 14, 1462-U1140. 518 

 519 
Chang, J.Y., Shi, L.H., Luo, F., Zhang, W.M. & Woodward, D.J. (2007) Studies of the neural mechanisms of 520 

deep brain stimulation in rodent models of Parkinson's disease. Neuroscience and Biobehavioral 521 
Reviews, 31, 643-657. 522 

 523 
Demetriades, P., Rickards, H. & Cavanna, A.E. (2011) Impulse Control Disorders Following Deep Brain 524 

Stimulation of the Subthalamic Nucleus in Parkinson's Disease: Clinical Aspects. Parkinsons 525 
Disease. 526 

 527 
Desbonnet, L., Temel, Y., Visser-Vandewalle, V., Blokland, A., Hornikx, V. & Steinbusch, H.W.M. (2004) 528 

Premature responding following bilateral stimulation of the rat subthalamic nucleus is 529 
amplitude and frequency dependent. Brain Research, 1008, 198-204. 530 

 531 
Deuschl, G., Schade-Brittinger, C., Krack, P., Volkmann, J., Schafer, H., Botzel, K., Daniels, C., 532 

Deutschlander, A., Dillmann, U., Eisner, W., Gruber, D., Hamel, W., Herzog, J., Hilker, R., Klebe, 533 
S., Kloss, M., Koy, J., Krause, M., Kupsch, A., Lorenz, D., Lorenzl, S., Mehdorn, H.M., Moringlane, 534 
J.R., Oertel, W., Pinsker, M.O., Reichmann, H., Reuss, A., Schneider, G., Schnitzler, A., Steude, U., 535 
Sturm, V., Timmermann, L., Tronnier, V., Trottenberg, T., Wojtecki, L., Wolf, E., Poewe, W. & 536 
Voges, J. (2006) A randomized trial of deep-brain stimulation for Parkinson's disease. New Engl J 537 
Med, 355, 896-908. 538 

 539 
Evenden, J.L. (1999) Varieties of impulsivity. Psychopharmacology, 146, 348-361. 540 



 

 22

 541 
Filippin, A. & Crosetto, P. (2014) A Reconsideration of Gender Differences in Risk Attitudes. Grenoble 542 

Applied Economics Laboratory Working Papers 2014, 31. 543 

 544 
Frank, M.J. (2006) Hold your horses: A dynamic computational role for the subthalamic nucleus in 545 

decision making. Neural Networks, 19, 1120-1136. 546 

 547 
Frank, M.J., Samanta, J., Moustafa, A.A. & Sherman, S.J. (2007) Hold your horses: Impulsivity, deep brain 548 

stimulation, and medication in parkinsonism. Science, 318, 1309-1312. 549 

 550 
Goetz, C.G., Tilley, B.C., Shaftman, S.R., Stebbins, G.T., Fahn, S., Martinez-Martin, P., Poewe, W., 551 

Sampaio, C., Stern, M.B., Dodel, R., Dubois, B., Holloway, R., Jankovic, J., Kulisevsky, J., Lang, 552 
A.E., Lees, A., Leurgans, S., LeWitt, P.A., Nyenhuis, D., Olanow, C.W., Rascol, O., Schrag, A., 553 
Teresi, J.A., Hilten, J.J., LaPelle, N. & UPDRS, M.D.S. (2008) Movement Disorder Society-554 
Sponsored Revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS): Scale 555 
Presentation and Clinimetric Testing Results. Movement Disord, 23, 2129-2170. 556 

 557 
Halbig, T.D., Tse, W., Frisina, P.G., Baker, B.R., Hollander, E., Shapiro, H., Tagliati, M., Koller, W.C. & 558 

Olanow, C.W. (2009) Subthalamic deep brain stimulation and impulse control in Parkinson's 559 
disease. European Journal of Neurology, 16, 493-497. 560 

 561 
Hardisty, D.J., Thompson, K.F., Krantz, D.H. & Weber, E.U. (2013) How to measure time preferences: An 562 

experimental comparison of three methods. Judgm Decis Mak, 8, 236-249. 563 

 564 
Haynes, W.I.A. & Haber, S.N. (2013) The Organization of Prefrontal-Subthalamic Inputs in Primates 565 

Provides an Anatomical Substrate for Both Functional Specificity and Integration: Implications 566 
for Basal Ganglia Models and Deep Brain Stimulation. Journal of Neuroscience, 33, 4804-4814. 567 

 568 
Holt, C.A. & Laury, S.K. (2002) Risk aversion and incentive effects. American Economic Review, 92, 1644-569 

1655. 570 

 571 
Hopewell, S., Loudon, K., Clarke, M.J., Oxman, A.D. & Dickersin, K. (2009) Publication bias in clinical trials 572 

due to statistical significance or direction of trial results. Cochrane Database of Systematic 573 
Reviews. 574 

 575 
Kalenscher, T., Ohmann, T. & Gunturkun, O. (2006) The neuroscience of impulsive and self-controlled 576 

decisions. International Journal of Psychophysiology, 62, 203-211. 577 

 578 
Kalenscher, T. & Pennartz, C.M.A. (2008) Is a bird in the hand worth two in the future? The 579 

neuroeconomics of intertemporal decision-making. Progress in Neurobiology, 84, 284-315. 580 



 

 23

 581 
Kheramin, S., Body, S., Mobini, S., Ho, M.Y., Velazquez-Martinez, D.N., Bradshaw, C.M., Szabadi, E., 582 

Deakin, J.F.W. & Anderson, I.M. (2002) Effects of quinolinic acid-induced lesions of the orbital 583 
prefrontal cortex on inter-temporal choice: a quantitative analysis. Psychopharmacology, 165, 9-584 
17. 585 

 586 
Kirby, K.N. & Marakovic, N.N. (1996) Delay-discounting probabilistic rewards: Rates decrease as amounts 587 

increase. Psychonomic bulletin & review, 3, 100-104. 588 

 589 
Laibson, D. (1997) Golden eggs and hyperbolic discounting. Quarterly Journal of Economics, 112, 443-590 

477. 591 

 592 
Lambert, C., Zrinzo, L., Nagy, Z., Lutti, A., Hariz, M., Foltynie, T., Draganski, B., Ashburner, J. & 593 

Frackowiak, R. (2012) Confirmation of functional zones within the human subthalamic nucleus: 594 
Patterns of connectivity and sub-parcellation using diffusion weighted imaging. NeuroImage, 60, 595 
83-94. 596 

 597 
Li, Q., Ke, Y., Chan, D.C.W., Qian, Z.M., Yung, K.K.L., Ko, H., Arbuthnott, G.W. & Yung, W.H. (2012) 598 

Therapeutic Deep Brain Stimulation in Parkinsonian Rats Directly Influences Motor Cortex. 599 
Neuron, 76, 1030-1041. 600 

 601 
Li, S., Arbuthnott, G.W., Jutras, M.J., Goldberg, J.A. & Jaeger, D. (2007) Resonant antidromic cortical 602 

circuit activation as a consequence of high-frequency subthalamic deep-brain stimulation. 603 
Journal of Neurophysiology, 98, 3525-3537. 604 

 605 
Lim, S.Y., O'Sullivan, S.S., Kotschet, K., Gallagher, D.A., Lacey, C., Lawrence, A.D., Lees, A.J., O'Sullivan, 606 

D.J., Peppard, R.F., Rodrigues, J.P., Schrag, A., Silberstein, P., Tisch, S. & Evans, A.H. (2009) 607 
Dopamine dysregulation syndrome, impulse control disorders and punding after deep brain 608 
stimulation surgery for Parkinson's disease. Journal of Clinical Neuroscience, 16, 1148-1152. 609 

 610 
Masson, M.E. (2011) A tutorial on a practical Bayesian alternative to null-hypothesis significance testing. 611 

Behavior research methods, 43, 679-690. 612 

 613 
Maurice, N., Deniau, J.M., Glowinski, J. & Thierry, A.M. (1998) Relationships between the prefrontal 614 

cortex and the basal ganglia in the rat: Physiology of the corticosubthalamic circuits. Journal of 615 
Neuroscience, 18, 9539-9546. 616 

 617 
Mazur, J.E. (1984) Tests of an Equivalence Rule for Fixed and Variable Reinforcer Delays. Journal of 618 

Experimental Psychology-Animal Behavior Processes, 10, 426-436. 619 

 620 



 

 24

McCracken, C.B. & Grace, A.A. (2007) High-frequency deep brain stimulation of the nucleus accumbens 621 
region suppresses neuronal activity and selectively modulates afferent drive in rat orbitofrontal 622 
cortex in vivo. Journal of Neuroscience, 27, 12601-12610. 623 

 624 
Montgomery, E.B., Jr. & Gale, J.T. (2007) Mechanisms of action of deep brain stimulation(DBS). Neurosci 625 

Biobehav Rev, 32, 388-407. 626 

 627 
Moum, S.J., Price, C.C., Limotai, N., Oyama, G., Ward, H., Jacobson, C., Foote, K.D. & Okun, M.S. (2012) 628 

Effects of STN and GPi Deep Brain Stimulation on Impulse Control Disorders and Dopamine 629 
Dysregulation Syndrome. PloS one, 7. 630 

 631 
Nambu, A., Tokuno, H. & Takada, M. (2002) Functional significance of the cortico-subthalamo-pallidal 632 

'hyperdirect' pathway. Neuroscience Research, 43, 111-117. 633 

 634 
Parent, A. & Hazrati, L.N. (1995a) Functional-Anatomy of the Basal Ganglia .1. The Cortico-Basal Ganglia-635 

Thalamo-Cortical Loop. Brain Res Rev, 20, 91-127. 636 

 637 
Parent, A. & Hazrati, L.N. (1995b) Functional-Anatomy of the Basal Ganglia .2. The Place of Subthalamic 638 

Nucleus and External Pallidum in Basal Ganglia Circuitry. Brain Res Rev, 20, 128-154. 639 

 640 
Pham, U., Solbakk, A.K., Skogesid, I.M., Toft, M., Pripp, A.H., Konglund, A.E., Andersson, S., Haraldsen, 641 

I.R., Aarsland, D., Dietrichs, E. & Malt, U.F. (2015) Personality Changes after Deep Brain 642 
Stimulation in Parkinson's Disease. Parkinsons Disease. 643 

 644 
Poletti, M., Logi, C., Lucetti, C., Del Dotto, P., Baldacci, F., Vergallo, A., Ulivi, M., Del Sarto, S., Rossi, G., 645 

Ceravolo, R. & Bonuccelli, U. (2013) A Single-Center, Cross-Sectional Prevalence Study of Impulse 646 
Control Disorders in Parkinson Disease Association With Dopaminergic Drugs. Journal of Clinical 647 
Psychopharmacology, 33, 691-694. 648 

 649 
Quade, D. (1967) Rank Analysis of Covariance. Journal of the American Statistical Association, 62, 1187-650 

&. 651 

 652 
Raftery, A.E. (1995) Bayesian model selection in social research. Sociol Methodol, 25, 111-163. 653 

 654 
Raja, M. & Bentivoglio, A.R. (2012) Impulsive and compulsive behaviors during dopamine replacement 655 

treatment in Parkinson's Disease and other disorders. Current drug safety, 7, 63-75. 656 

 657 
Robinson, E.S.J., Eagle, D.M., Econornidou, D., Theobald, D.E.H., Mar, A.C., Murphy, E.R., Robbins, T.W. 658 

& Dalley, J.W. (2009) Behavioural characterisation of high impulsivity on the 5-choice serial 659 



 

 25

reaction time task: Specific deficits in 'waiting' versus 'stopping'. Behavioural Brain Research, 660 
196, 310-316. 661 

 662 
Rogers, R.D., Wielenberg, B., Wojtecki, L., Elben, S., Campbell-Meiklejohn, D. & Schnitzler, A. (2011) 663 

Deep brain stimulation of the subthalamic nucleus transiently enhances loss-chasing behaviour 664 
in patients with Parkinson's Disease. Experimental Neurology, 231, 181-189. 665 

 666 
Serranova, T., Jech, R., Dusek, P., Sieger, T., Ruzicka, F., Urgosik, D. & Ruzicka, E. (2011) Subthalamic 667 

Nucleus Stimulation Affects Incentive Salience Attribution in Parkinson's Disease. Movement 668 
Disorders, 26, 2260-2266. 669 

 670 
Song, F.J., Parekh-Bhurke, S., Hooper, L., Loke, Y.K., Ryder, J.J., Sutton, A.J., Hing, C.B. & Harvey, I. (2009) 671 

Extent of publication bias in different categories of research cohorts: a meta-analysis of 672 
empirical studies. Bmc Medical Research Methodology, 9. 673 

 674 
Sterling, T.D., Rosenbaum, W.L. & Weinkam, J.J. (1995) Publication Decisions Revisited - the Effect of the 675 

Outcome of Statistical Tests on the Decision to Publish and Vice-Versa. American Statistician, 49, 676 
108-112. 677 

 678 
Torta, D.M.E., Vizzari, V., Castelli, L., Zibetti, M., Lanotte, M., Lopiano, L. & Geminiani, G. (2012) 679 

Impulsivities and Parkinson's Disease: Delay Aversion Is Not Worsened by Deep Brain 680 
Stimulation of the Subthalamic Nucleus. PloS one, 7. 681 

 682 
Van den Bergh, F., Spronk, M., Ferreira, L., Bloemarts, E., Groenink, L., Olivier, B. & Oosting, R. (2006) 683 

Relationship of delay aversion and response inhibition to extinction learning, aggression, and 684 
sexual behaviour. Behav Brain Res, 175, 75-81. 685 

 686 
van Wouwe, N.C., Ridderinkhof, K.R., van den Wildenberg, W.P.M., Band, G.P.H., Abisogun, A., Elias, 687 

W.J., Frysinger, R. & Wylie, S.A. (2011) Deep brain stimulation of the subthalamic nucleus 688 
improves reward-based decision-learning in Parkinson's disease. Frontiers in Human 689 
Neuroscience, 5. 690 

 691 
Voon, V. & Fox, S.H. (2007) Medication-related impulse control and repetitive behaviors in Parkinson 692 

Disease. Arch Neurol-Chicago, 64, 1089-1096. 693 

 694 
Voon, V., Gao, J., Brezing, C., Symmonds, M., Ekanayake, V., Fernandez, H., Dolan, R.J. & Hallett, M. 695 

(2011a) Dopamine agonists and risk: impulse control disorders in Parkinson's; disease. Brain, 696 
134, 1438-1446. 697 

 698 



 

 26

Voon, V., Mehta, A.R. & Hallett, M. (2011b) Impulse control disorders in Parkinson's disease: recent 699 
advances. Current Opinion in Neurology, 24, 324-330. 700 

 701 
Wagenmakers, E.J. (2007) A practical solution to the pervasive problems of p values. Psychonomic 702 

bulletin & review, 14, 779-804. 703 

 704 
Weintraub, D. (2008) Dopamine and Impulse Control Disorders in Parkinson's Disease. Annals of 705 

Neurology, 64, S93-S100. 706 

 707 
Wichmann, T. & DeLong, M.R. (2006) Deep brain stimulation for neurologic and neuropsychiatric 708 

disorders. Neuron, 52, 197-204. 709 

 710 
Winstanley, C.A., Dailey, J.W., Theobald, D.E.H. & Robbins, T.W. (2004) Fractionating impulsivity: 711 

Contrasting effects of central 5-HT depletion on different measures of impulsive behavior. 712 
Neuropsychopharmacology, 29, 1331-1343. 713 

 714 
Witjas, T., Baunez, C., Henry, J.M., Delfini, M., Regis, J., Cherif, A.A., Peragut, J.C. & Azulay, J.P. (2005) 715 

Addiction in Parkinson's disease: Impact of subthalamic nucleus deep brain stimulation. 716 
Movement Disorders, 20, 1052-1055. 717 

 718 
Witt, K., Pulkowski, U., Herzog, J., Lorenz, D., Hamel, W., Deuschl, G. & Krack, P. (2004) Deep brain 719 

stimulation of the subthalamic nucleus improves cognitive flexibility but impairs response 720 
inhibition in Parkinson disease. Archives of Neurology, 61, 697-700. 721 

 722 
Zurowski, M. & O'Brien, J.D. (2015) Developments in impulse control behaviours of Parkinson's disease. 723 

Curr Opin Neurol, 28, 387-392. 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 



 

 27

 734 

 735 

 736 
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 739 

Figures 740 

 741 
Figure 1. Screenshot of tasks. a: Intertemporal choice task. Participants chose between a smaller reward 742 

now or a larger reward later by pressing the ‘E’ or ‘I’ key. When the choice was made, the chosen option 743 

was highlighted by a red frame. b: Holt-Laury task: participants chose one of two gambles, one 744 

considered risky and one considered safer. Lotteries were depicted as wheels of fortune.  745 

 746 

Figure 2. Schematic overview of a session. If patients were tested in the on-medication condition, they 747 

received medication (1,5x their regular L-dopa dose) 60 min before DBS was switched off or left on. 748 

Patients in the off-medication condition had not ingested dopaminergic medication since the previous 749 

evening. At the end of a session, a second MDS-UPDRS III was conducted in the opposite DBS state to 750 

confirm DBS effects within-subjects.  751 

 752 
Figure 3. MDS-UPDRS-III scores for each DBS and medication state. Higher scores indicate greater motor 753 

impairments. Error bars show standard errors.  754 

 755 
Figure 4. A,B: Discounting curves per medication/DBS state subgroup for €20 (A) and €30 (B), based on 756 

the indifference point at 3, 6 and 9 months. Error bars show standard errors. C: Plots of the hyperbolic 757 

model in the on- and off- DBS state, based on the median k-value. Shaded areas show the 25% and 75% 758 

percentile range. D: Plots of the quasi-hyperbolic model in the on- and off- DBS state based on the 759 



 

 28

median β and δ  values. The initial linear decline represents 'present-bias' and is determined by the 760 

β parameter, whereas the subsequent exponential curve represent 'patience' and is determined by the 761 

δ parameter. Shaded areas show the 25% and 75% percentile range. 762 

 763 
 764 
Figure 5. The total number of impulsive choices (smaller, sooner reward) for each DBS and medication 765 

state. Error bars show standard deviations.  766 

 767 
 768 

Tables 769 

Table 1. Demographic, screening and questionnaire results per DBS/Med state. 770 

 771 

 772 
 773 
 774 
 775 
 776 
 777 
 778 
 779 
 780 
 781 
 782 
 783 
 784 
 785 
 786 
 787 
 788 
 789 
 790 
 791 
 792 
 793 

* p < .05 794 
 795 
 796 

 State (MED / DBS)    Statistics  

 1) On / On  

(N = 8) 

2) On / Off  

(N = 7) 

3) Off / On 

(N = 10) 

4) Off / Off 

(N = 7) 

F (p-value) Post hoc (Gabriel) 

Age 66.5 (1.4) 57.1 (1.4) 63.5 (2.6) 64.7 (2.9) 3.00 (.047)* 1 vs 2: p = .045* 

Year diagnosis 2001 (2.3) 2001 (2.0) 2000 (2.2) 2000 (2.0) 0.09 (.963)  

Months on DBS 30 (8.6) 20 (5.1) 30 (8,6) 39 (10.0) 0.75 (.534)  

Levodopa equivalent 

dose (LED) 

594 (209.4) 671 (118.0) 623 (120.3) 642 (125.0) 0.04 (.988)  

MDRS 139 (1.2) 138 (1.6) 138 (1.1) 138 (1.3) 0.19 (.902)  

BDI 6.1 (1.4) 8.4 (1.5) 7.9 (1.2) 7.0 (1.0) 0.60 (.620)  

BIS Total 25.8 (1.7) 32.3 (1.9) 32.5 (1.7) 25.0 (2.5) 4.34 (.012)* 3 vs 4: p =  .055 

BIS-NonPlanning 9.3 (1.0) 11.9 (0.5) 11.5 (1.2) 8.1 (1.1) 2.74 (.062)  

BIS-Motor 8.9 (1.1) 10.0 (1.3) 11.1 (0.6) 8.4 (0.8) 1.66 (.197)  

BIS-Attention 7.6 (0.9) 10.4 (1.0) 9.9 (0.6) 8.4 (0.8) 2.54 (.076)  

QDQ Total 22.9 (2.5) 24.9 (2.0) 26.0 (1.8) 20.3 (2.1) 1.40 (.264)  

QDQ-Discounting 11.1 (1.4) 12.0 (1.1) 12.5 (1.0) 10.6 (1.5) 0.48 (.698)  

QDQ-Aversion 11.8 (1.3) 12.9 (1.5) 13.5 (1.6) 9.7 (1.3) 1.30 (.294)  
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Table 2. Delay discounting parameters and risk measure per DBS/Med state. 797 
 DBS   Med  Interaction

 On Off ANOVA ANCOVAc On Off ANOVA ANCOVAc ANOVA ANCOVAc

Ln(k) -1.67 (.38) -2.17 (.34) 0.90 (.352) 0.23 (.636) -1.90 (.33) -1.88 (.429) 0.003 (.972) 0.09(.767) .18 (.677) .13 (.725) 

NImp 33.2 (3.8) 27.1 (3.6) 1.31 (.262) 0.41 (.526) 31.6 (4.2) 29.5 (3.5) 0.17 (.684) .46 (.502) .053 (.820) .24 (.625) 

βa .70 (.08-1.0) .78 (.35-.98) .95 (.338) 0.82 (.374)b .62 (.08-.97) .80 (.14-1.0) 1.25 (.274) 1.55 (.223)b .09 (.765) .00 (.999)b

δa .97 (.83-1.0) .98 (.78-1.0) .44 (.511) 0.002 (.967)b .99 (.83-1.0) .97 (.78-1.0) 1.19 (.285) 1.21 (.282)b 1.09 (.306) 1.66 (.208)b

PB 9.19 (1.60) 7.00 (1.34) 1.20 (.283) 1.00 (.325) 9.48 (1.86) 7.13 (1.19) 1.14 (.295) 1.10 (.303) .31 (.580) .003 (.956) 

HL-IPs 41.5 (7.5) 46.5 (11.4) 0.22 (.641) - 49.3 (8.6) 38.7 (9.5) 1.24 (.375) - 5.29 (.029)* - 

a. Due to violation of normality, median and range is shown instead of mean and standard error. The rank 798 

transform procedure was used to test for main effects and interactions.   799 

b. A non-parametric equivalent of ANCOVA as discussed in (Quade, 1967) was used. Here the resulting F-800 

statistic and p-value are shown.  801 

c. Age and BIS-Total scores were added as covariates.  802 

* p < .05 803 

 804 
Table 3. Bayesian posterior probabilities for the hypothesis that there is an effect (H1), or for the 805 
hypothesis that there is no effect (H0), of DBS on discounting measures, given our data.   806 
 NImp Ln(k) β δ 
p(H0|D) .731 .774 .765 .813 
p(H1|D) .269 .226 .235 .187 
 807 
 808 
Table 4. Number of participants receiving dopamine agonists, and the levodopa equivalent dose (LED-809 
Agonists) of the dopamine agonists used, per DBS group. 810 
 N LED-Agonists Average LED-Agonists 
DBS on 5 595 119,0
DBS off 5 837 167,4

 811 
 812 
 813 
 814 












