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Abstract
Background: Parkinson’s disease is frequently associated with behavioral disorders, particularly within
the spectrum of motivated behaviors such as apathy or impulsivity. Both pharmacological and
neurosurgical treatments have an impact on these impairments. However, there still is controversy as
to whether subthalamic nucleus deep brain stimulation can cause or reduce impulsive behaviors. In
this study, we aimed to identify the influence of functional surgery on decision-making processes in
Parkinson’s disease.
Methods: We studied 13 Parkinson’s disease patients and 13 healthy controls. The experimental task
involved squeezing a dynamometer with variable force to obtain rewards of various values under 4
conditions: without treatment, with levodopa or subthalamic stimulation alone and with both
levodopa and subthalamic stimulation. Statistical analyses consisted of generalized linear mixed
models including treatment condition, reward value, level of effort and their interactions. We analyzed
acceptance rate (the percentage of accepted trials), decision time and force applied.
Results: Comparatively to controls, patients without treatment exhibited lower acceptance rate and
force applied. Patients under levodopa alone did not exhibit increased acceptance rate. With
subthalamic stimulation, either with or without added levodopa, all measures were improved so that
patients’ behaviors were undistinguishable from healthy controls’.
Conclusions: Our study shows that levodopa administration does not fully restore cost-benefit
decision-making processes, while subthalamic nucleus stimulation fully normalizes patients' behaviors.
These findings suggest that dopamine is partly involved in cost-benefit valuation, and that subthalamic
nucleus stimulation can have a beneficial effect on motivated behaviors in Parkinson’s disease, and

may improve certain forms of impulsive behaviors.
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Introduction

Idiopathic Parkinson’s disease (PD) is a neurodegenerative disorder entailing several dopaminergic
dysfunctions in its early stages, leading to rest tremor, akinesia and rigidity[1], but also to dysfunction
in the affective and motivational processes such as depression, apathy or anhedonia (for review:[2]).
Dopamine replacement therapy and, in more advanced PD, high frequency deep brain stimulation
(DBS; particularly in the subthalamic nucleus [STN]) are both very effective at reducing motor
symptoms. However, it is now well admitted that these treatments also impact motivated behaviors.
In PD, levodopa can induce a hyperdopaminergic state that can affect decision-making processes.
However, the exact effects of levodopa on decision-making are still unclear. Indeed, experimental data
suggest that levodopa can impair (e.g. by increasing impulsive activation of muscles[4]), improve (e.g.
by increasing response inhibition[5]) or not influence (e.g.[6]) cognitive processes involved in decision-
making as well as inhibitory processes. According to computational models of decision-making, a
hyperdopaminergic state could lead to failure of the cognitive processes involved in decision-
making[7]. Clinically, it seems that levodopa could induce a failure of decision-making processes (i.e.
by inducing impulse control disorders), even if this effect is stronger with dopamine agonists[8].

STN is a key structure of basal ganglia, involved in motor control, but also in cognitive and emotional
processes. STN-DBS improves the motor symptomatology of PD, but could lead to alterations of
decision-making processes. The computational function of STN in decision-making has been modeled
as a structure involved in slowing down decision processes, particularly in a situation of conflict, to give
the system enough time to choose the best response, giving an inhibitor role to the STN (reactive[9]
and proactive[10] hypotheses; for review:[11]). In addition, we have recently shown that the STN was
involved in effort-based decision-making, particularly in cost-benefit valuation processes[12].
However, this data did not prove causality as it only provided correlative evidence. Our aim was
therefore to examine the impact of levodopa consumption and STN activity manipulation on decision-

making using the same paradigm as previously[12] but involving a novel PD patients cohort and adding
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healthy participants. Establishing this is clinically relevant as there is an ongoing controversy on the
effect of STN-DBS on decision-making and in particular whether or not it can cause impulsivity. Indeed,
while some previous studies have reported an impairment of decision-making (through action
impulsivity) after STN-DBS[13,14], others have shown improvement (for choice impulsivity)[15-18].

Here we hypothesize the following: 1\ PD patients (without levodopa) are less motivated to perform
an effort-based decision-making task, 2\ levodopa increases that motivation, and 3\ STN-DBS modifies

cost-benefit valuation.

Methods
Patients
Seventeen idiopathic PD patients operated for STN-DBS and fulfilling UK Parkinson’s disease Brain Bank
Criteria[19] for the diagnosis of idiopathic PD, were recruited in the Department of Neurology and
Movement Disorders of La Timone University Hospital, after providing written informed consent. The
surgical procedure of electrode implantation was as previously described[20]. The stimulation
electrodes were the Medtronic model 3389 with 4 plots, 1.27mm in diameter and 1.5mm in height,
separated by insulating bands 0.5mm in height. Only 13 patients performed the entire experiment, the
four others were excluded for clinical reasons (e.g., excessive motor impairment preventing task
performance; difficulty in understanding instructions). Clinical characteristics of the patients and STN-
DBS parameters are provided in Table 1. In a second step, 13 age and gender matched healthy controls
were recruited. This project was approved by the local ethics committee and realized in compliance
with the national legislation and the Declaration of Helsinki[21].

[TABLE.1]
All participants were screened, under medication and STN-DBS turned On, for depression (Beck
Depression Inventory [BDI;[22]]; Montgomery-Asberg Depression Rating Scale [MADRS;[23]]), anxiety

(Hamilton Anxiety Rating Scale [HAM-A;[24]]), apathy (Lille Apathy Rating Scale [LARS;[25]]),
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impulsivity (Minnesota Impulsive Disorders Interview [MIDI;[26]]), cognition (Mattis Dementia Rating
Scale [MDRS;[27]]) and quality of life (Parkinson’s Disease Questionnaire—39 [PDQ-39;[28]]). Motor
impairment was assessed under four treatment conditions (without treatment [Off DBS/Off Dopal,
with levodopa alone [Off DBS/On Dopa], with STN-DBS alone [On DBS/Off Dopa], with both [On
DBS/On Dopal) using Unified Parkinson’s Disease Rating Scale part-Ill (UPDRS-11I;[29]). Demographics
and clinical data are available in Table 2.

[TABLE.2]
Task
The patients were instructed to squeeze a dynamometer with variable force (12 levels) and with
promise of a variable virtual monetary reward (5c, 20c, 100c). First, a fixation cross was displayed for
500-1500ms. Then, the reward cue was displayed, indicating the reward value. The second cue
indicated the level of force needed for the current trial and was represented as a vertical gauge with a
horizontal bar indicating the level required, hereafter called the threshold. When the second cue
appeared, the patients had to decide whether they accepted the trial. They were instructed to decide
whether or not the promised reward was worth performing the required effort.
In case they accepted, they had to start pressing the dynamometer, then the level in the gauge raised
with a speed proportional to the force applied to the dynamometer. The speed was computed so that
filling the gauge completely required exerting a force equal to the maximal voluntary contraction force
(MVC) for 7.6s. The 12 levels used were 0.5, 0.725, 0.95, 1.0, 1.45, 1.9, 2.0, 2.9, 3.8, 4.0, 5.8, 7.6s at
MVC (corresponding to the integral of exerted force over time), although, as noted above, subjects
were free to vary how these effort levels were achieved by trading duration for force. The MVC was
measured at the beginning of each block and the force levels adapted accordingly to adjust for fatigue.
After the level indicated on the gauge reached the threshold, a fixation cross was displayed for 500-

1500ms, followed by the reward feedback, accompanied by a bell sound with the sentence “You win”,
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shown on the screen for 2000ms (Fig.1). Any squeezing of the bulb before the effort cue onset stopped
the trial.
When the patients wished to refuse the proposed trial, they had to withhold their response for 4s,
then a display of the reward amount they had refused was shown superimposed with a red crossed on
the screen for 2000ms. Intercue intervals were randomized so as to limit the expectation of the
upcoming cue and any related preparation. Each of the 36 conditions (3 reward x 12 force) were equal
and they were presented in randomized order. Due to time constraints, only the participant’s
dominant hand performed the grip task.

[FIGURE.1]
Procedure
After the patients were seated, they first had to perform three MVC by squeezing the pressure bulb as
hard as possible for effort adjustments during the following block. They received vocal
encouragements during this exercise. Patients were then trained on the task with a slowed-down
version in which a break was added between each phase, allowing the experimenter to explain the
meaning of each phase of the task and the responses that were expected from them. Then, each
patient performed four 8min blocks of the task On and Off STN-DBS, with a total of 128min over two
half-days (one half-day On levodopa, the other Off levodopa). The treatment conditions were applied
in a pseudo-randomized order to decrease the influence of repetition, habituation or fatigue caused
by the task. Each block included an average of 30.8+2.6 trials. The Off levodopa sessions were realized
after an overnight (12hours) withdrawal of treatment[30]. The On levodopa sessions were undertaken
45-60min after the intake of a unique levodopa dose corresponding to 150% of each patient’s morning
dose. Efficacy of the levodopa administration in the ON-drug state was assessed using the UPDRS-III
score about 45min after ingestion of levodopa. All patients felt at "best On" and improved their UPDRS-
Il score by 68.1%+13.3% compared with the Off-drug state (t=7.47, p<0.001). The Off/On STN-DBS

sessions were undertaken at least 20min after STN-DBS switched Off/On as about 75% of the UPDRS-
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Il score decrease occurs within this time frame following discontinuation of DBS[31]. For example,
during the first day, a patient performed one session without any treatment (4 blocks) followed by one
session with active STN-DBS (4 blocks), while during the second day, he did one session with both

levodopa and active STN-DBS (4 blocks) followed by one session under levodopa alone (4 blocks).

Statistical analyses

All statistical analyses were conducted with R[32] and SAS software[33]. Clinical and demographic
comparisons consisted of non-parametric statistics (Kruskal-Wallis). For other variables, we ran
Generalized Linear Mixed Models (GLMM). The model included systematically treatment condition
(Off DBS/Off Dopa; Off DBS/On Dopa; On DBS/Off Dopa; On DBS/On Dopa; HC), reward cue value (5c;
20c; 100c), effort cue value (from 1 to 12) and all their interactions. Participants were included as
random effects, taking into account the between-subject variations of intercepts and all fixed effect
slopes. Moreover, the association between each patient and his matched healthy control were
included in our analyses. Three variables were analyzed: the acceptance rate which corresponds to the
percentage of accepted trials (logit), the decision time (Gaussian) and the time to complete each item
(log; equivalent to the exerted force). The acceptance rate corresponds to the successful trials and
tried but failed trials divided by the total number of trials. Lastly, we performed Sidak’s adjustment for
multiple comparisons between HC and all PD treatments conditions (to identifying how PD states are
different from a “normal” behavior) and between Off DBS/Off Dopa condition and the three other

treatments conditions (to identifying how treatments modify patient’s behavior).

Results
Demographic and clinical results
We compared PD and HC as for demographic and clinical data. We found no significant difference in

age, validating the matching of our groups. Regarding clinical data, we found differences between PD
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patients and HC for several assessments, corresponding to lower scores for PD patients in the BDI
(x?=9.8, p=0.001), MDRS (x?=5.5, p=0.018) and semantic fluency (x>=7.8, p=0.004). Moreover, we found
an improvement of the UPDRS part-Il (x*=11, p<0.001) and of the Schwab and England scale (x*=12.2,

p<0.001) under the treatment condition compared with the without treatment condition.

Acceptance rate

As expected, the acceptance rate increased with the reward value (F(2,24)=28.55, p<0.0001) and
decreased with the effort required (F(1,12)=63.66, p<0.0001). In addition, the treatment condition had
a significant effect on the acceptance rate (F(4,48)=3.59, p=0.0063) and we observed a significant
interaction between treatment condition and reward value (F(8,96)=3.25, p=0.0011) and magnitude
of effort (F(4, 48)=2.61, p=0.0334; Fig.2.A). In a second step, contrast analyses between each
treatment condition revealed that patients Off DBS/Off Dopa exhibited decreased acceptance rate
(p=0.0127) linked both to effort (p=0.0088) and to reward (p=0.0419). Patients Off DBS/On Dopa also
exhibited decreased acceptance rate (p=0.0404) but linked only to effort (p=0.0336). Similarly, patients
Off DBS/Off Dopa less often agreed to execute the task than patients under STN-DBS, whether with

(p=0.0049) or without levodopa (p=0.0226).

Decision time

The results of the GLMM on decision time revealed a significant main effect of reward value
(F(2,24)=6.04, p=0.0024), effort magnitude (F(1,12)=27.05, p<0.0001) and treatment condition
(F(4,48)=2.48, p=0.0419, Fig.2.B) but no significant interaction (all p>0.05). Contrasts between
treatment conditions revealed only one significant difference, namely an increase in decision time for

the patients Off DBS/On Dopa when compared with the HC group (p=0.0374).

Time to complete
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The time taken to complete a trial corresponded to the reciprocal of the average force exerted on the
dynamometer. The longer the time, the lower the exerted force. As expected, the GLMM analysis
revealed an effect of the effort (F(1,12)=397.75, p<0.0001), but also a significant effect of the
treatment condition (F(4,48)=2.51, p=0.0397) and an interaction between effort magnitude and
treatment condition (F(4,48)=2.72, p=0.028). Contrast analyses revealed a significant increase in the
time to complete each trial for patients under the Off DBS/Off Dopa condition comparatively to HC
(p=0.0185), patients under the On DBS/On Dopa (p=0.007) and On DBS/Off Dopa conditions
(p=0.0318). For the interaction between treatment condition and effort level, we observed significant
differences between the HC group (intercept=7.53; slope=0.146) and patients under the Off DBS/Off
Dopa (intercept=7.805; slope=0.113; p=0.01) and Off DBS/On Dopa conditions (intercept=7.703;
slope=0.104; p=0.008; Fig.2.C).

[FIGURE.2]

Discussion
The present study is, to the best of our knowledge, the first to explore the effects of both levodopa
and STN-DBS on effort and reward-based decision-making in PD patients. Our data revealed three
major findings. First, PD patients Off treatment exhibited a decrease in the acceptance rate and force
applied when compared with controls. Second, we observed no difference between HC and patients
under STN-DBS. Third, interestingly no significant effect of levodopa was found on acceptance rate

alone or combined with STN-DBS.

Consistent with our first hypothesis, the first outcome of the present study is that patients without
treatment exhibited a decrease in their acceptance rate and their exerted force compared with HC.
These results represent a significant contribution to our previous study using the same task, but
without comparison with HC[12]. These results are partly in line with the report of decreased

acceptance rate for low rewards mentioned in a previous study assessing effort-based decision-making
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in PD patients without treatment comparatively to HC[34]. However, we observed here a decrease in
acceptance rate related to rewards and efforts and a decrease in exerted force, which can be
interpreted as a general decrease in motivation induced by PD. This reinforces the hypothesis that
striatal dysfunction induces a decrease in the motivation to exert an action to obtain a reward. This
may indicate that PD modifies the cost-benefit valuation, by decreasing the value of a reward and
increasing the cost of an effort. In fact, a part of the scientific literature suggests that the mesolimbic
system could be involved in reward valuation (e.g. inducing an aberrant focus on reward-driven
activities[36] and contributing deciding to engage in an effortful task for a reward[37]), while the
mesocortical system could be involved in effort processing (e.g. contributing to decide how difficult is
an action in a specific context[38] and implying in effort learning signal[39]), both impaired in PD[40].
Consequently, it is reasonable to propose that the impairment of these two non-motor networks could

contribute to the decreased vigor in movements executed by PD patients without treatment.

Then, we tested the hypothesis whether levodopa could improve these impairments of decision-
making. We observed a normalization (in comparison to HC) of the exerted force, most likely due to
motor improvement under levodopa. Surprisingly, no difference was observed between Off and On
levodopa conditions on the acceptance rate, invalidating our second hypothesis. On the one hand,
some evidence from both human and animal studies suggests that dopamine is involved in decision-
making processes, and especially on the exertion of an effort to obtain a reward[12,34,41,42]. In this
context, the effects of levodopa can be interpreted as a correction of the motivational deficit induced
by striatal dysfunction[34]. On the other hand, some studies suggest that dopamine only has a partial
influence on decision-making, and more precisely that dopamine would have an effect on reward
sensitivity but not on other parameters involved in effort-based decision-making processes[43,44].
This may support the fact that, in our task, dopamine had a limited effect on effort cost representation,

but was involved in the modulation of how much effort a given reward is worth[44]. In fact, levodopa
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partially corrected the deficit by only restoring the acceptance rate based on reward representations
(but not on representations of effort) while restoring the motor capacity to produce a normal level
effort. Taken together, these results may suggest that levodopa is involved in reward valuation[39] and
restores the capacity to produce an effort to normal levels but patients remain reluctant to exert high-
level efforts. This suggests that levodopa remained insufficient for cost-benefit computation in the
present task, indicating that the motivation deficits observed in PD patients cannot be explained only
by a lack of dopamine. However, it is still possible that the absence of levodopa effects could be
artefactual. More precisely, we can hypothesize that the levodopa dose (150% of each patient’s
morning dose), as well as the short duration between the levodopa consumption and the participation

to our task, were not sufficient to provide full dopaminergic restoration.

Lastly, similar acceptance rates, decision time and exerted force between PD patients under DBS (with
and without levodopa) and HC were found. This is in agreement with our third hypothesis, addressing
that STN-DBS induces a modification of cost-benefit valuation in PD. Two main interpretations could
contribute to explain this outcome. First, we can suggest that STN-DBS induces a deregulation of cost-
benefit valuation processes in contexts involving a significant cognitive cost, such as a cognitive
conflict[9,45] or under speed pressure[46]. A recent study found no effect of STN-DBS in the absence
of conflict, time pressure or anticipation[48]. These findings could explain the results variability of the
scientific literature according to experimental tasks[49,50], probably related to different mechanisms
and explaining the ongoing controversy about the role of STN-DBS on impulsivity. To some extent,
impulsivity should be fragmented: ilmpulsivity of action, often measured with precocious responding,
is increased after STN-DBS[51]; while impulsivity of choice, assessed using delay-discounting tasks[52],
risky and ambiguous choices[53], or even gambling tasks[54] can be reduced after STN-DBS. Even
though our experimental task can lead to cognitive conflicts[12], we suggest that the degree of conflict

is not sufficient to observe a deregulation of cost-benefit valuation, and that our task is more related
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to choice impulsivity rather than action impulsivity. Secondly, we can interpret our results as a
normalization of decision-making processes under STN-DBS, as previously observed for extreme
decision-making disorders like inhibition impairment (for a review:[55]), dopamine dysregulation
syndrome[15] or more generally for hyperdopaminergic behaviors and neuropsychiatric
disorders[16,18]. An additional argument could be also the fact that STN-DBS is known to improve PD
patients with impulsive-compulsive behaviors[15,18,56,57]. Regarding potential neural mechanisms,
we hypothesize that STN-DBS normalizes the integration of reward value signals from the orbitofrontal
cortex[60] and effort inputs from the anterior cingulate, insula and supplementary motor area[61,62].
This would lead to a normalization of cost-benefit valuation[12] and control of the attribution of a
motor effort required for a response[64]. Nevertheless, STN-DBS is frequently associated with a
reduction of levodopa consumption, making it more difficult to conclude about the direct effect of
functional neurosurgery. However, one recent study reported a decrease in impulsive behavior in PD
patients after STN-DBS or Globus Pallidus internus DBS without any reduction in medication
consumption, concluding that the improvement of motivated behaviors is due to the effect of DBS

alone or combined with levodopa, but not to the sole reduction in medication consumption[56].

With a similar experimental paradigm used previously[12,34] and results somewhat different, our
study also questions the possibility of long-term neuroplastic reorganization mechanisms following
STN-DBS[69]. This would explain why the effect of levodopa in decision-making is different before and
after STN-DBS. Actually, some studies observed a reduced psychostimulant effect of levodopa under
STN-DBS, resulting from striatum desensitization due to the reduction of dopaminergic
consumption[70]. In addition, DBS leads to a decrease in beta band power after 6 and 12 months,
independently of electrical stimulation parameters, and this decrease correlates with motor UPDRS
improvement[71]. These results underlie that long-term STN-DBS induces plasticity in the

sensorimotor pathway. Therefore, because of such plasticity, our results may be different from those
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previously obtained, which considered PD patients without DBS[34] or with a short delay after

surgery[12].

Limitations

We acknowledge that several limitations in our study have to be addressed. The use of fictive monetary
rewards may be considered a limitation although it has been successfully used in previous similar
experiments[12,34,43,72]. Neuroimaging studies revealed that real and fictive rewards recruit
overlapping neural networks[73], suggesting that our results could be reasonably extrapolated to a
situation involving a real reward. Also, even if a previous study using a comparable task showed that
levodopa on motor improvement was not involved in decision-making[34], several other studies
observed that STN-DBS could induce an improvement of maximal voluntary contraction [74], could
improve the regulation of force levels [75] and that STN local field potentials of the STN are modulated
in patients who generated different levels of isometric force [76]. Thus, it is possible to suggest that
our findings may be partly attributable to motor improvement due to levodopa and/or STN-DBS.
Moreover, the relatively small number of participants for the amount of conditions studied as well as
the large inter- and intra-variability of the measures constitutes a limitation of this study, although
several comparable studies were performed with a similar number of participants[12,48,50,77]. To
partly overcome this situation, we chose to use GLMM, allowing stringent statistical analysis and
reinforcing the robustness of our significant results. However, this approach may have lead us to miss
some differences between groups. For example, as shown in Fig.2.B, levodopa significantly increases
decision time. Whether this reflects a specific effect of levodopa or rather an uncorrected effect of the
disease itself could not be established here. Also, we reported significant differences between PD
patients and HC for cognitive (MDRS and semantic fluency) and mood (BDI) assessments. We cannot
exclude that these differences could contribute to our results. However, the patients’ scores did not

reach the threshold of cognitive impairments and depression. Lastly, the delay of 20min after STN-DBS
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was switched on/off could be insufficient, in so far as some STN-DBS non-motor effects may
appear/disappear after a period of several minutes, hours or even days. As STN-DBS effects evolve
quickly and resolve slowly, we cannot exclude that the Off STN-DBS condition does not perfectly

correspond to an Off state.

Conclusion

Our findings show that PD alters effort-based decision-making processes, and that levodopa did not
fully restore these processes. Only high frequency STN-DBS, with or without levodopa, seemed to
normalize cost-benefit valuation in our task. We hypothesize that STN-DBS could help restoring the
integration of input from cortical territories in relation to reward and effort valuation. Furthermore,
our study suggests that some aspects of decision-making disorders like impulsive behaviors may be

improved by STN-DBS, contributing to the controversy around DBS-induced impulsivity.
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