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Abstract
We investigated whether Deep Brain Stimulation (DBS) of the subthalamic nucleus (STN) influences social validation as measured by a Judge-Advisor task. In contrast to healthy controls and patients with their DBS OFF, patients with their stimulation switched on do not experience a gain of confidence after receiving competent advice.
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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is an established treatment for advanced Parkinson’s Disease (PD), improving quality of life compared to medical treatment alone [1]. STN-DBS ameliorates motor symptoms but may impact behavior, as interpersonal conflicts following DBS-surgery have been reported [2,3].

Advice integration and belief revision are essential processes which can help to form a more accurate representation of the world by taking others’ views and beliefs into account, it may also increase confidence as decision-makers can become more confident in their decisions after considering advice [4]. Behaviorally, advice-taking has been investigated in various studies using the so-called Judge-advisor system [5]. Here, the judge first makes a (usually numerical) judgment, then receives advice from the advisor, and finally has the opportunity to revise their judgment. Belief adjustment is calculated as the percent weight of advice (WOA). The validating effect of advice is measured as the judge’s gain of confidence (GOC), i.e., the difference between the judge’s confidence concerning the final and the initial estimate’s accuracy.

Up to now, the STN’s role in belief revision and social validation and the neural mechanisms underlying behavioral changes following STN-DBS remain elusive. 

Fifteen PD patients with bilaterally implanted leads in the STN and fifteen healthy controls participated in this study. They were matched according to age and sex. The study was carried out following the Declaration of Helsinki.
Anti-parkinsonian medication was discontinued at least 12 hours prior to testing. The patients started either “DBS on” with clinical stimulation settings followed by “DBS off” or the other way round following a randomization protocol. Testing was conducted in the medication “off” state. In the yoked control group, participants were confronted with the same trials as their matched counterpart.
During trials, participants were asked to estimate the distance between two European capitals in kilometers. The advisor was represented by a computerized mock random generator. Two same-sex advisors, described as either the 7th or the 73rd best of the ostensibly previously tested group of 100 participants were assigned. The advice was calculated by increasing or decreasing the participants’ initial estimates by 20% or 60%. After being presented with the advice on each trial, participants could change or confirm their initial judgment. After each estimate, participants rated how confident they were in their estimate’s accuracy. 80 trials were presented in randomized order. 
The WOA value was calculated as. We calculated the GOC as . WOA and GOC, were analyzed through 2 (participant group) x 2 (DBS stimulation) x 2 (advisor competence) repeated-measures ANOVAs with a significance threshold of p < 0.05. Follow-up analyses for simple effects were carried out. For WOA values, the statistical analysis yielded an intrasubject effect for the competence of the advisor (p<0.001) and there was no significant interaction between the advisor’s competence and the DBS status (p=0.41). The intersubject analysis showed that the effect on the integration of advice in patients compared to healthy controls just failed to reach significance (p=0.051). WOA scores differed significantly as a function of DBS activation (p = 0.017, see Figure 1 A). Since there was no evidence that trials labeled as “DBS on” were more difficult (p = 0.930) or perceived to be more difficult (p = 0.936), we consider this effect a chance finding. For GOC values, the analysis revealed a main effect for the advisor’s competence (p=0.008). Besides, there was a DBS effect by group interaction (p=0.027, see Figure 1 B). Other effects were not statistically significant (all p-values > 0.087). Follow-up analyses of the simple effects underlying DBS and group interaction showed that GOC of patients was significantly lower when DBS was active (t(14) = -2.22, p=0.043). The same comparison did not yield significant differences for the yoked controls (t(14) = 0.77, p = 0.452). Separate analyses of GOC by participant group and DBS status showed that in PD patients with activated DBS, the GOC did not differ significantly from zero (t(14) = 0.406, p = 0.691). In contrast, GOC was significantly greater than zero for PD patients when DBS was inactivated and for controls (t(14) > 2.02, p-values < 0.05; see Figure 3).
In summary, our results do not show systematic differences between PD patients and healthy controls regarding belief revision. Both groups exhibited expected behavior by adjusting their estimates toward advice with greater adjustments when the advisor was competent, but we observed that activated DBS eliminates the increase in confidence typically gained after receiving competent advice.
Our finding suggests that social validation is impaired in PD patients with STN-DBS on. We believe that these effects might contribute to behavioral changes, observed in some PD-patients post-operatively.

Abbreviations:
PD – Parkinson’s Disease
DBS – Deep Brain Stimulation
STN – Subthalamic Nucleus
WOA – weight of advice
GOC – gain of confidence
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Figures and Tables
Figure 1 
The PD-Patients are pictured in grey and the healthy controls in black. DBS-ON and –OFF relates to the PD-Patients, the healthy controls were randomized in the same order but received no stimulation.
PD = Parkinson’s disease, DBS = Deep Brain Stimulation of the subthalamic nucleus, DBS-ON = Bilaterally activated Deep Brain Stimulation, no dopaminergic medication, DBS-OFF = Bilaterally deactivated Deep Brain Stimulation, no dopaminergic medication.
A: Comparison of advice-taking in percent between PD-Patients and healthy controls. The figure also shows the comparison between the advice given by an either incompetent or a competent advisor. The advice-taking did not differ between the two groups. WOA scores differed significantly as a function of DBS activation. None of the two-way interactions nor the three-way interaction was statistically significant (all p-values > 0.179), we thus consider the main effect of DBS activation to be either a chance finding or related to task difficulty. 
B: Comparison of confidence ratings between PD-Patients and healthy controls. The PD-Patients are represented in grey and the healthy controls in black. The difference in confidence ratings for competent and incompetent advisors observed in healthy controls was not observed in patients when the stimulation was activated. 
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