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Abstract: 25 

Compulsivity is a common phenotype amongst various psychiatric disorders, such as 26 

obsessive-compulsive disorder (OCD) and gambling disorder (GD). Deficiencies in 27 

metacognition, such as the inability to properly estimate ones’ own performance via well-28 

calibrated confidence judgments could contribute to pathological decision-making in these 29 

psychiatric disorders. Earlier research has indeed suggested that OCD and GD patients reside 30 

at opposite ends of the confidence spectrum, with OCD patients exhibiting underconfidence, 31 

and GD patients exhibiting overconfidence. Recently, several studies established that 32 

motivational states (e.g. monetary incentives) influence metacognition, with gain (respectively 33 

loss) prospects increasing (respectively decreasing) confidence judgments. Here, we 34 

reasoned that the OCD and GD symptomatology might correspond to an exacerbation of this 35 

interaction between metacognition and motivational states. We hypothesized GD’s 36 

overconfidence to be exaggerated during gain prospects, while OCD’s underconfidence to be 37 

worsened in loss context, which we expected to see represented in ventromedial prefrontal 38 

cortex (VMPFC) blood-oxygen-level-dependent (BOLD) activity. We tested those hypotheses 39 

in a task-based functional magnetic resonance imaging (fMRI) design. Our initial analyses 40 

showed increased confidence levels for GD versus OCD patients, that could partly be 41 

explained by sex and IQ. Although our primary analyses did not support the hypothesized 42 

interaction between incentives and groups, exploratory analyses did show increased 43 

confidence in GD patients specifically in gain context. fMRI analyses confirmed a central role 44 

for VMPFC in the processing of confidence and incentives, but with no differences between 45 

the clinical samples. The trial is registered in the Dutch Trial Register (Trial NL6171, 46 

registration number: NTR6318) (https://www.trialregister.nl/trial/6171). 47 

 48 
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Introduction 50 

Compulsive behaviors are defined as “repetitive acts that are characterized by the feeling 51 

that one ‘has to’ perform them while being aware that these acts are not in line with one’s 52 

overall goal”1. Various psychiatric disorders are associated with compulsivity, of which 53 

obsessive-compulsive disorder (OCD) is the most typical2, but it’s also seen in addictive 54 

disorders such as gambling disorder (GD)3. Both disorders are characterized by a loss of 55 

control over their compulsive behaviors, albeit originating from distinct motivations, serving 56 

different purposes and relating to distinct symptomatology4,5. Hence, compulsivity seems to 57 

be a common phenotype in otherwise symptomatically different disorders.  58 

 Dysfunctions in metacognition could explain distinct features of compulsive behaviors. 59 

Metacognition is the ability to monitor, reflect upon and think about our own behavior6. One 60 

metacognitive computation is the judgment of confidence, defined as the subjective estimate 61 

of the probability of being correct about a choice7. Confidence plays a key role in decision-62 

making and learning6–8, and therefore in steering our future behavior9,10. It is crucial for 63 

behavioral control that one’s confidence is in line with reality. Nonetheless, discrepancies 64 

between actual behavior (e.g. choice accuracy) and confidence in that behavior (subjective 65 

estimate of accuracy) have been consistently described, which could contribute to 66 

pathological (compulsive) decision-making as seen in various psychiatric disorders11. Clinical 67 

presentations of OCD and GD indeed suggest confidence abnormalities in opposite direction, 68 

under- and overconfidence, respectively, which could both promote detrimental decision-69 

making, such as checking behavior and compulsive gambling12–15. In a recent review we 70 

showed that both people with subclinical and clinical OCD consistently showed a decrease in 71 

confidence level, which was especially profound in OCD-symptom contexts11. Oppositely, in 72 

pathological gamblers, there was evidence for overconfidence in rewarding gambling 73 

contexts. which was also related to symptom severity16,17. In sum, GD and OCD patients 74 

seem to function at opposite sides of the confidence continuum, respectively over- and 75 
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under-estimating their performance, which could explain how opposite traits may underlie 76 

similar pathological behavior (i.e. compulsive behavior). 77 

Reward processes are important for learning and decision-making and interact with 78 

cognition18. Many studies have implicated subcortical regions such as the ventral striatum 79 

(VS) and cortical regions such as the ventromedial prefrontal cortex (VMPFC) in reward 80 

processing, forming a ‘brain valuation system’19–21 whose activity relates to value-based 81 

decision-making22 and motivates behavior23. Both OCD and GD patients show deficits in 82 

reward processes and accompanying dysregulated neural circuitries. A recent review on 83 

neuroimaging of reward mechanisms by Clark et al. (2019) clearly indicated dysregulated 84 

reward circuitries, especially focused on the VMPFC and VS in GD, with mixed evidence 85 

regarding the direction of these effects24. In OCD, a recent review showed that the ventral 86 

affective circuit, consisting of medial frontal cortex and VS was consistently shown to be 87 

dysregulated, showing decreased activity in response to rewards, which was increased in 88 

response to losses25. This is particularly relevant to the question of how confidence might 89 

contribute to those pathologies’ symptoms, as an increasing number of studies show that 90 

affective and motivational states can influence confidence26–28. Recently, we demonstrated 91 

that monetary incentives bias confidence judgments in healthy individuals, where prospects 92 

of gain (respectively loss) increase (respectively decrease) confidence, whilst performance 93 

levels remained unaffected in both perceptual and reinforcement-learning contexts29–32. 94 

We therefore reasoned that an interaction between incentive  and confidence processing 95 

could cause or fuel the compulsive behaviors in GD and OCD. On the one hand, prospects 96 

of high monetary incentives could exaggerate overconfidence in GD patients, leading to 97 

continuation of compulsive gambling. On the other hand, in OCD this could lead to 98 

exaggerated decreased confidence in negative value context as harm avoidance is 99 

considered one of the core motivations of compulsive behavior in OCD33–35. 100 
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On the neurobiological side, a growing number of functional magnetic resonance imaging 101 

(fMRI) studies have associated metacognitive processes with activity in the frontal-parietal 102 

network36–40, and activity in the dorsomedial prefrontal cortex (dmPFC), insula and dorsal 103 

anterior cingulate cortex (dACC) has been negatively associated to confidence, suggesting a 104 

role for these areas in representing uncertainty-related variables41–45. Interestingly, recent 105 

studies have also found activity in the VS, the VMPFC and perigenual anterior cingulate 106 

cortex (pgACC) - to be positively associated with confidence41,46–51. Importantly, this latter 107 

network has been previously positively associated with value-based processes20,21,52,53. 108 

Actually, both confidence judgments and value information seem to be automatically 109 

integrated into VMPFC’s activity20,22,47,54,55. Yet, little is known about if and how the behavioral 110 

interaction observed between incentives and confidence can be explained by their shared 111 

association with the VMPFC. In an attempt to answer this question, we recently reported an 112 

important interaction between incentive and metacognitive signals in the VMPFC in healthy 113 

subjects: confidence signals in the VMPFC were observed in trials with gain prospects, but 114 

disrupted in trials with no – or negative (loss) monetary prospects30. This suggest that the 115 

VMPFC has a key role in mediating the relation between incentives and metacognition. 116 

Given the crucial roles of the VMPFC and VS in reward processes and metacognition, which 117 

were found to be dysregulated in GD and OCD, we hypothesized that both regions would 118 

show disrupted activation patterns related to incentive processing and metacognition and 119 

their interaction in patients compared to healthy controls.  120 

Overall, in the present study we investigate metacognitive ability and its interaction with 121 

incentive motivation in OCD and GD, behaviorally and neurobiologically.  122 

 123 
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Methods 125 

Ethics 126 

Experimental procedures were approved by the Medical Ethics Committee of the Academic 127 

Medical Center, University of Amsterdam. All subjects provided written informed consent.  128 

 129 

Participants 130 

We recruited a total of 31 GD patients, 29 OCD patients and 55 HCs between 18 and 65 131 

years old. Of our HC sample of 55 subjects, 25 subjects were included in our earlier work30. 132 

HCs were recruited through online advertisements and from our participant database. GD 133 

patients were recruited from a local treatment center (Jellinek Addiction Treatment Center 134 

Amsterdam) and were recently diagnosed with GD. OCD patients were recruited through the 135 

department of psychiatry at the Academic Medical Center in Amsterdam and were diagnosed 136 

with OCD.  137 

 138 

Exclusion criteria 139 

After applying all exclusion criteria (see Supplementary Materials), we included 27 GD 140 

patients, 28 OCD patients and 55 HCs for the behavioral analyses, of which four, two and 141 

two participants contributed only one of two task sessions, respectively. For the fMRI 142 

analyses we included 24 GD patients, 27 OCD patients and 53 HCs, of which seven, three 143 

and two participants contributed only one of two task sessions, respectively. 144 

 145 

Experimental Design and Study Procedure 146 

We used a similar experimental design and study procedure as previously described30. For 147 

details on the experimental design and study procedure, see Hoven et al. (2020) and Figure 148 
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1. In sum, subjects performed a simple perceptual decision-making task, with a 2-alternative 149 

forced choice of contrast discrimination followed by a confidence judgment. In each trial, 150 

participants could either win (gain context) or lose (loss context) points, or not (neutral 151 

context), conditional on the accuracy of the choice in that trial. Importantly, this 152 

incentivization was administered after the choice moment, but before the confidence rating. 153 

The task was implemented using MATLAB® (MathWorks Inc., Sherborn, MA, USA) and the 154 

COGENT toolbox.  155 

 156 

 157 

Figure 1 | Experimental paradigm. Participants viewed two Gabor patches on both sides of the screen 158 
(150 ms) and then chose which had the highest contrast (left/right, self-paced) (for more information, 159 
see Hoven et al., 2020). After a jitter of a random interval between 4500 to 6000 ms, the incentive was 160 
shown (900 ms; green frame for win trials, grey frame for neutral trials, red frame for loss trials). 161 
Afterwards, participants were asked to report their confidence in their choice on a rating scale ranging 162 
from 50% to 100% with steps op 5%. The initial position of the cursor was randomized between 65% 163 
and 85%. Finally, subjects received feedback. The inter trial interval (ITI) had a random duration 164 
between 4500 and 6000 ms. The calibration session only consisted of Gabor discrimination, without 165 
confidence rating, incentives or feedback and was used to adjust difficulty so that every individual 166 
reached a performance of 70%.  167 

 168 

Behavioral Measures 169 

We extracted trial-by-trial experimental factors: incentive condition, evidence and behavioral 170 

measures: accuracy, confidence ratings, reaction times. Evidence was calculated by 171 

normalizing the unsigned difference of the two Gabor patches’ contrast intensities by their 172 

sum to adjust for saturation effects (for more details see31). In addition, we computed an 173 

extra latent variable: early certainty. 174 
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The early certainty variable was computed in order to analyze BOLD activity at choice 175 

moment, when the brain encodes a confidence signal that is not yet biased by incentives. 176 

This was done by making a trial-by-trial prediction of early certainty based on stimulus 177 

features (reaction times, evidence and accuracy) at choice moment. This resulted in an early 178 

certainty signal that was highly correlated with confidence, but showed no statistical 179 

relationship with incentives (see Supplementary Materials). For more details, see30. 180 

Next to confidence ratings we also assessed additional metacognitive metrics:(1) Confidence 181 

calibration, the difference between average confidence and average performance as an 182 

indicator of over- or underconfidence, (2) Metacognitive sensitivity, the ability to discriminate 183 

between correct answers and errors using confidence judgments (see Supplementary 184 

Materials).  185 

 186 

Behavioral Analyses 187 

All analyses were performed in the R environment (RStudio Team (2015). RStudio: 188 

Integrated Development for R. RStudio, Inc., Boston, MA). We used linear mixed effects 189 

models (LMEMs) as implemented in the lmer function from the lme4 and afex packages56,57. 190 

To determine p-values for the fixed effects, we performed Type 3 F tests with Satterthwaite 191 

approximation for degrees of freedom as implemented in the afex package. When relevant, 192 

we used the ‘emmeans’ package to perform post-hoc tests that were corrected for multiple 193 

comparisons using Tukey’s method58. 194 

To answer our main research questions, we built several LMEMs and performed a model 195 

selection procedure (see Supplementary Materials). The final model (Model 1) included fixed 196 

effects of incentive, group, accuracy and evidence (z-scored) and interactions between 197 

incentive and group, as well as two-way and three-way interactions between evidence, 198 

accuracy and group. Moreover, a random subject intercept and a random slope of incentives 199 

per subject were included in the final model as well. To confirm that the incentive condition or 200 
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group did not influence accuracy or reaction time, we modelled additional LMEMs with 201 

performance and reaction time as dependent variables (Model 2, Model 3).  202 

Lastly, we added IQ (z-scored) and sex as fixed effects to our original Model 1 (Model 4) to 203 

control for differences in the distribution of these demographic variables. Model fit was 204 

assessed and compared using Chi-square tests on log-likelihood values. Additional control 205 

analyses on the properties of confidence, early certainty, confidence calibration and 206 

metacognitive sensitivity are reported in the Supplementary Materials.  207 

Due to a technical bug, our design was not fully balanced as the level of perceptual evidence 208 

was not equal across the incentive conditions. ANOVA and post-hoc testing indeed showed 209 

that evidence was highest in neutral condition, followed by gain and loss. There were no 210 

group differences, nor an interaction between group and incentive. These effects cannot 211 

account for any group differences we find in our data, since evidence did not differ between 212 

groups. Importantly, the evidence differences did not affect performance, since performance 213 

is equal across conditions. See Supplementary Materials for more details. 214 

 215 

fMRI analyses 216 

For details on fMRI acquisition and preprocessing see Supplementary Materials and Hoven 217 

et al (2020)30.  218 

All fMRI analyses were conducted using SPM12. Critically, our design allowed us to 219 

distinguish between our two timepoints of interest: 1) the moment of stimulus presentation 220 

and choice in which implicit (un)certainty about the choice is formed, and 2) the moment of 221 

incentive presentation and confidence rating, in which the value of incentives and the 222 

confidence rating are encoded. We built a general linear model (GLM 1) estimated on 223 

subject-level with these two moments of interest: the moment of choice (i.e. stimulus 224 

presentation) and the moment of incentive presentation/confidence rating. We chose to 225 
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analyze the incentive presentation and confidence rating as a single timepoint since the 226 

rating moment followed the presentation of the incentive after 900 ms, with regressors time-227 

locked to the onset of incentive presentation. We also included a regressor for the moment of 228 

feedback to explain variance in neural responses related to feedback on accuracy and value 229 

that was not related to the decision-making process, but this regressor was not of interest for 230 

the current analyses. All whole-brain activation maps were thresholded using family-wise 231 

error correction (FWE) at cluster level (PFWE_clu < 0.05), with a voxel cluster-defining 232 

threshold of p<.001 uncorrected. 233 

Using GLM 1, with regressors for choice modulated by early certainty, for incentive/rating 234 

modulated by incentive and confidence, and for feedback modulated by accuracy we were 235 

able to investigate our contrasts of interest: (1) choice moment modulated by early certainty, 236 

(2) incentive/rating moment modulated by incentive value and (3) incentive/rating moment 237 

modulated by confidence rating. For details see Supplementary Materials.   238 

In order to study the interaction between incentive motivation and metacognitive ability on the 239 

neurobiological level we leveraged the factorial design of our task to build GLM 2. We used 240 

GLM 2 to explicate the effect of incentive motivation on both the integration of evidence at 241 

choice moment, as well as on confidence formation, and compare those between groups. 242 

GLM 2 consisted of regressors for each time point (choice and incentive/rating moments) 243 

and for each incentive condition, as well as a single regressor at feedback moment, resulting 244 

in seven regressors. For all these events we examined both baseline activity and regression 245 

slopes relating to their pmod of interest: signed evidence for choice and confidence for 246 

incentive/rating. See Supplementary Materials for more details.  247 

 248 

Since the results by Hoven et al., 2020 suggested that the VMPFC plays an important role in 249 

the interaction between incentive motivation and metacognition, we created a functional 250 

region of interest (ROI) that represented the confidence-related activity in the VMPFC cluster 251 
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from our GLM 1 across groups results (see Figure 4C, Table 5). We then extracted 252 

individual t-statistics within this ROI (i.e. normalized beta estimates59) from our contrasts of 253 

interest and performed one-sample t-tests against 0 to check for positive or negative 254 

activation patterns. Then, we compared them between incentive conditions, groups, and 255 

studied their interactions using mixed ANOVAs implemented in the afex package. When 256 

appropriate, we performed post-hoc testing using the emmeans package, correcting for 257 

multiple comparisons using Tukey’s method. Since we also hypothesized that the VS would 258 

play a role in the interaction between incentives and metacognition, we performed the same 259 

ROI analysis in the VS with a functional ROI that represented the incentive-related activity in 260 

the VS cluster from our GLM 1 across group results (see Table 5). 261 

 262 

Table 1 | Model descriptions and comparison. Shown here are the model notations of all models 263 
with their respective Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) 264 
values, as well as model comparison outcomes with corresponding χ2 and P-values, resulting in the 265 
winning model ‘E’, which is referred to as Model 1 in the manuscript. 266 

 267 

  268 

Model Model notation AIC BIC Compa

rison 

X2 P-value Winning 

model 

A Confidence ~ Incentive * Group + 

(Incentive|Subject) 

122919  123041      

B Confidence ~ Incentive * Group + 

Accuracy + (Incentive|Subject) 

122273  122402  A vs. B 648.59 

 
< 2.2e-16 

 
B 

C Confidence ~ Incentive * Group + 

Accuracy + Evidence + 

(Incentive|Subject) 

122004  122141  B vs. C 271.00 

 
< 2.2e-16 

 
C 

D Confidence ~ Incentive * Group + 

Accuracy*Evidence + 

(Incentive|Subject) 

121791  121936  C vs. D 214.53 

 
< 2.2e-16 

 
D 

E Confidence ~ Incentive * Group + 

Accuracy*Evidence*Group + 

(Incentive|Subject) 

121751 121942  D vs. E 52.141 

 
1.747e-09 

 
E 

F Confidence ~ Incentive * Group +  

Accuracy*Evidence*Group + Sex + 

IQ + (Incentive|Subject) 

121752  121958  E vs. F 2.7018 
 

0.259 
 

E 
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Results 269 

Demographics 270 

IQ and sex distributions differed between groups (IQ: F2,107 = 3.222, p=0.0438; sex: X = 271 

14.483, df = 2, p<.001), with higher IQ scores for HC subjects compared with GD patients (t 272 

= 2.53, p=0.014) and with mostly men in the GD group, and relatively more women in the 273 

OCD group (Table 2). This corresponds to the natural distribution observed in 274 

epidemiological studies for OCD and GD, showing higher prevalence of GD amongst men, 275 

and a slightly higher prevalence of OCD in women60–63. Age did not differ between groups. 276 

For post-hoc group differences on questionnaire scores, see Supplementary Materials. 277 

  278 
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 279 

Table 2 | Demographics: Means +- standard deviations of various demographic variables are shown 280 
per group, for sex counts are displayed. Statistics for group comparisons are shown, including F and 281 
X2 statistics, degrees of freedom and p-values. IQ= estimated Intelligence Quotient, GD = gambling 282 
disorder, HAMA = Hamilton Anxiety Rating Scale, HC = healthy control, HDRS = Hamilton Depression 283 
Rating Scale, OCD = obsessive-compulsive disorder PGSI = Problem Gamblers Severity Index, Y-284 
BOCS = Yale-Brown Obsessive Compulsive Scale. *p<.05, ***p<.001 285 

 286 

  287 

 HC GD OCD Statistics 

Age 33.51 +- 12.32 33.22 +- 10.40 31.93 +- 8.21 F2,107 = 0.25, p = 0.777 

IQ* 91.18 +- 10.96 85.22 +- 9.53 89.54 +- 8.32 F2,107 = 3.22, p = 0.0438 

Y-BOCS*** 0.25 +- 1.76 1.19 +- 2.60 20.36 +- 6.15 F2,107 = 322.2, p<.001 

PGSI*** 0.05 +- 0.40 14.85 +- 4.80 0.64 +- 1.91 F2,107 = 380.5, p<.001 

HAMA*** 1.09 +- 1.97 3.93 +- 5.88 11.43 +- 6.28 F2,107 = 48.02, p<.001 

HDRS*** 1.31 +- 2.31 5.07 +- 6.24 7.71 +- 4.04 F2,107 = 24.97, p<.001 

Sex (m/f)*** 33 / 22 24 / 3 11 / 17 X2(2) = 14.483, p<.001 
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Behavioral Results 288 

To start, we answered our main questions: (1) are there group differences in confidence, and 289 

(2) what is the influence of incentive motivation on confidence. Model 1 showed a main effect 290 

of group (F2,112 = 4.7910, p=.01) and incentive (F2,112 = 20.9371, p<.001) on confidence 291 

(Figure 2, Supplementary Table 3). We also found a main effect of accuracy (F1,15107 = 292 

608.8906, p<0.001), with subjects showing higher confidence for correct answers. Moreover, 293 

there was a significant two-way interaction of group and evidence (F2,15099 = 3.5094, 294 

p=0.02994). As expected, we also found a significant interaction between accuracy and 295 

evidence, replicating the ‘X-pattern’ signature of evidence integration where confidence 296 

increases with increasing evidence when correct, and vice versa (F1,15097=185.3245, 297 

p<0.001)64. Interestingly, the evidence integration effect differed per group, as signaled by a 298 

significant three-way interaction between accuracy, evidence and group (F2,15094 = 3.0533, 299 

p=0.04723) (Supplementary Figure 3, Supplementary Table 3, for post-hoc tests see 300 

Supplementary Materials). Lastly, the interaction between incentive and group revealed a 301 

trend towards an effect (F4,112= 2.2821, p=0.06487). 302 

Post-hoc tests indicated a significantly higher confidence in GD patients versus OCD patients 303 

(GD-OCD = 6.38 +- 2.12, Z-ratio = 3.014, p=0.0073), and a trend towards higher confidence 304 

in GD compared to HC subjects (GD-HC = 4.30 +- 1.84, Z-ratio = 2.333, p=0.0513), whereas 305 

OCD patients did not differ from HC subjects. Moreover, we replicated the parametric effect 306 

of incentive value on confidence (loss-neutral =-1.80 +- 0.429, Z-ratio = -4.192, p<0.001; 307 

loss-gain =-3.14 +- 0.486, Z-ratio = -6.460, p<0.001; neutral-gain = -1.34 +- 0.363, Z-ratio = -308 

3.683, p<0.001). With regards to the three way interaction we found that GD patients’ 309 

confidence was less influenced by evidence for correct answers compared to both HCs and 310 

OCD patients (see Supplementary Materials, Supplementary Figure 3). Exploratory post-311 

hoc analyses on the group*incentive interaction effect showed that, especially in context of 312 

possible gains, GD patients were more confident than OCD patients (GD - OCD = 8.12 +- 313 

2.24, Z-ratio = 3.621, p<0.001) and HC subjects (GD - HC = 5.83 +- 1.95, Z-ratio = 2.989, 314 
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p=0.0079), with no differences between HC and OCD patients in any incentive condition 315 

(Table 3).  316 

As control analyses we estimated Model 2 and 3 with accuracy and reaction time as 317 

dependent variables.(Table 4). No effect of group, incentive or an interaction effect on 318 

accuracy or reaction time were found, as expected from our design (where incentives follow 319 

choices), confirming that accuracy and response times cannot confound any effect of 320 

incentives that we found on confidence.  321 

 322 

 323 

Figure 2 | Behavioral results. Individual-averaged confidence, accuracy, reaction times and evidence 324 
as a function of incentive condition (loss, neutral and gain) per group. Green dots and lines represent 325 
gambling disorder patients, blue dots and lines represent healthy controls and red dots and lines 326 
represent obsessive-compulsive disorder patients. Dots represent individuals, and lines highlight 327 
within subject variation across conditions. Error bars represent sample mean ± SEM per group. GD = 328 
gambling disorder, HC = healthy control, OCD = obsessive-compulsive disorder  329 

  330 
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 331 

Model 1 Confidence 

Incentive F(2.00, 112.34) = 20.94, p < .001  

Group F(2.00, 112.51) = 4.79, p = .010 

Accuracy F(1.00, 15107.05) = 608.89, p < .001  

Evidence F(1.00, 15104.05) = 0.04, p = .848 

Incentive:Group F(4.00, 112.10) = 2.28, p = .065 

Accuracy:Evidence F(1.00, 15097.33) = 185.32, p < .001  

Group:Accuracy F(2.00, 15106.28) = 2.27, p = .103 

Group:Evidence F(2.00, 15099.41) = 3.51, p = .030 

Group:Accuracy:Evidence. F(2.00, 15094.35) = 3.05, p = .047 

  

Model 4 Confidence 

Incentive F(2.00, 112.34) = 20.93, p < .001  

Group F(2.00, 112.50) = 2.75, p = .068 

Sex F(1.00, 110.26) = 2.88, p = .093 

IQ F(1.00, 109.80) = 0.03, p = .865 

Accuracy F(1.00, 15107.01) = 609.14, p < .001  

Evidence F(1.00, 15104.51) = 0.04, p = .845 

Incentive:Group F(4.00, 112.11) = 2.29, p = .064 

Accuracy:Evidence F(1.00, 15097.16) = 185.42, p < .001  

Group:Accuracy F(2.00, 15106.06) = 2.30, p = .100 

Group:Evidence F(2.00, 15098.91) = 3.45, p = .032 

Group:Accuracy:Evidence F(2.00, 15094.15) = 3.09, p = .046 
Table 3 | Results of linear mixed-effects models. Shown here are the results of Model 1 (without 332 
demographics) and Model 4 (with demographics) acquired using Type 3 F tests with Satterthwaite 333 
approximation for degrees of freedom using the afex package. Shown are F values, with 334 
corresponding degrees of freedom and P-values. 335 
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 337 

Model 2: Accuracy ~ Incentive*Group + (1+Incentive|Subject) 

Group F2,109 = 0.5827, P = 0.5601 

Incentive F2,1591 = 1.0319, P = 0.3566 

Group*Incentive F4,1586 = 0.8671, P = 0.4830 

Model 3: RT ~ Incentive*Group + (1+Incentive|Subject) 

Group F2,110 = 0.5207, P = 0.5956 

Incentive F2,220 = 0.0994, P = 0.9054 

Group*Incentive F4,219 = 0.4269, P = 0.7891 

Table 4 | Results of control models. Shown here are the results of Model 2 and Model 3 linear 338 
mixed-effects models, acquired using Type 3 F tests with Satterthwaite approximation for degrees of 339 
freedom using the afex package. Shown are F values, with corresponding degrees of freedom and P-340 
values 341 

 342 

  343 
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Since sex and IQ were significantly different between the groups, we aimed to control for 344 

these variables by adding them as fixed effects, resulting in Model 4. The main effect of 345 

group did not remain significant, but showed a trend towards an effect (F2,112 = 2.7465, 346 

p=0.06846), while the main effect of incentive did remain significant (F2,112 = 20.9326, p< 347 

0.001). We found no evidence for a significant effect of sex (F1,110 = 2.8776, p=0.09264), or 348 

IQ (F1,109 = 0.0291, p=0.86489). The interaction effect between group and incentive 349 

remained non-significant at trend-level (F4,112 = 2.2898, p=0.06412). The significant three-350 

way interaction between accuracy, evidence and group persisted (F2,15094 = 3.0871, 351 

p=0.04566). Importantly, when performing a Chi-square test on the log-likelihood values of 352 

the models excluding and including the demographic variables to compare model fit, the 353 

model without demographics showed a better model fit (X2 = 2.7018, df=2, p=0.259), thereby 354 

favoring this simpler model. Additionally, to investigate how confidence was differently 355 

affected by sex in our healthy controls, we performed a two-sample t-test which showed that 356 

males were generally more confident than females (males: 76.51 +- 1.04; females: 71.70 +- 357 

0.77) (t52 = 2.6518, p-value=0.01057). However, both sex and IQ did not show a significant 358 

influence on confidence level in Model 4. 359 

Next to confidence, we also examined calibration and metacognitive sensitivity (see 360 

Supplementary Materials). In short, we showed that GD patients were more overconfident 361 

than OCD patients, without an effect of incentive condition. No differences in metacognitive 362 

sensitivity were found between groups or incentive conditions. 363 

 364 

fMRI results GLM 1 365 

We analyzed functional neuroimaging data to test for differences in brain activity between 366 

groups for our contrasts of interest: (1) choice moment modulated by early certainty, (2) 367 

rating/incentive moment modulated by incentive value, and (3) rating/incentive moment 368 
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modulated by confidence. The results from the fMRI group analysis revealed no significant 369 

differences between the groups for any of our contrasts.  370 

 371 

Next, we grouped all subjects together and performed one-sample t-tests on our contrasts of 372 

interest to examine the results across groups (cluster-generating voxel threshold p<.001 373 

uncorr.; clusterwise correction for multiple comparisons pFWE<0.05). During choice, early 374 

certainty positively correlated with activation in the precuneus, VMPFC, bilateral VS and 375 

putamen, and bilateral visual areas (Figure 3A). The dorsal anterior cingulate cortex, 376 

bilateral dorsomedial- and dorsolateral prefrontal cortex, bilateral insula, thalamus, middle 377 

frontal gyrus, bilateral sensorimotor cortex, superior and inferior parietal lobe related 378 

negatively to early certainty (Figure 3A).  379 

At the moment of incentive presentation, the incentive value correlated positively with 380 

activation in the VS and VMPFC stretching into more dorsal areas, as well as the superior 381 

temporal gyrus (Figure 3B). Incentive value was negatively related to activity in the right 382 

(pre)motor cortex and dorsolateral PFC, as well as the left middle and superior temporal 383 

gyrus, left occipitotemporal gyrus, and left middle and inferior frontal gyrus. Moreover, activity 384 

in right lateral occipitotemporal gyrus and middle temporal gyrus were negatively related to 385 

incentive value (Figure 3B). 386 

During rating moment, confidence was positively related to activity in the VMPFC, left motor 387 

cortex and putamen and bilateral visual areas (Figure 3C). The following areas were 388 

negatively related to confidence: the left superior and inferior parietal lobes, right dorsolateral 389 

PFC, right supramarginal gyrus and thalamus, right motor cortex stretching into the 390 

dorsolateral PFC, left visual cortex and cerebellum (Figure 3C). See Table 5 for details of 391 

across group fMRI results. 392 

 393 
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 394 

Figure 3 | Whole brain statistical bold-oxygen-level-dependent (BOLD) activity across groups. 395 
Red/yellow areas represent areas with a positive relationship, while green/blue areas represent areas 396 
that have a negative relationship. (A) Areas correlating significantly with early certainty at choice 397 
moment. Shown are positive activations in ventromedial prefrontal cortex, ventral striatum and visual 398 
cortices. Negative activations in dorsal anterior cingulate cortex, dorsolateral prefrontal cortices, 399 
insula, parietal cortices. (B) Areas correlating significantly with incentive value at incentive/rating 400 
moment. Shown are positive activations in ventromedial prefrontal cortex, anterior cingulate cortex, 401 
ventral striatum. Negative activations in dorsolateral prefrontal cortices and temporal gyri (C) Areas 402 
correlating significantly with confidence judgments at incentive/rating moment. Positive actions are 403 
shown in ventromedial prefrontal cortex, motor cortex and putamen. Negative clusters in motor cortex 404 
and dorsolateral prefrontal cortex. All clusters survived P<0.05 FWE cluster correction. Voxel-wise 405 
cluster-defining threshold was set at P<.001, uncorrected. For whole brain activation table see table 5. 406 
(D) Region of interest (ROI) of the VMPFC used for GLM2 analyses. 407 
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 409 

Effect Brain Region k Peak 

z-

score 

P (FWE 

cluster 

corrected) 

Peak 

MNI 

x 

y z Hemi-

sphere 

Early 

Certainty + 

Precuneus 

Ventromedial PFC 

Ventral Striatum 

Putamen 

2180 6.66 <.001 -6 -34 11 LR 

Lingual gyrus (visual cortex) 154 6.39 <.001 18 -81 -4 R 

Lingual gyrus (visual cortex) 54 4.49 0.045 -21 -79 -4 L 

Early 

Certainty - 

Dorsal Anterior Cingulate  

Dorsomedial PFC 

Dorsolateral PFC 

Insula 

Thalamus 

Middle Frontal Gyrus 

Precentral Gyrus 

Postcentral Gyrus 

Supramarginal Gyrus 

Superior Parietal Lobe 

Inferior Parietal Lobe 

Calcarine gyrus (visual 

cortex) 

13299 Inf (>8) <.001 45 14 2 LR 

Middle Occipital Lobe 

Middle Temporal Gyrus 

Lateral Occipito-temporal 

Gyrus 

451 7.06 <.001 -30 

-48 

-45 

-91 

-67 

-61 

-4 

-1 

-10 

L 

Right Cerebellum 144 6.64 <.001 33 -55 -31 R 

Ventral Striatum 74 4.75 .004 -12 11 -4 L 
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Incentive 

Value + 

Ventromedial PFC 

 

Dorsomedial PFC 

212 4.53 <.001 -3 

-9 

0 

44 

50 

35 

-4 

-4 

14 

LR 

Superior Temporal Gyrus 48 4.25 .026 -45 

-39 

-16 

-22 

-1 

5 

L 

Incentive 

Value - 

Precentral gyrus stretching 

into premotor cortex and 

dorsolateral PFC 

283 5.81 <.001 39 

45 

48 

11 

5 

14 

26 

32 

29 

R 

Middle temporal gyrus 

 

Superior temporal gyrus 

277 5.26 <.001 -54 

-51 

-48 

-43 

-52 

-25 

2 

11 

-7 

L 

Lateral occipitotemporal 

gyrus 

Medial occipitotemporal 

gyrus 

 

183 5.06 <.001 -45 

-24 

-24 

-61 

-73 

-82 

-13 

-7 

-10 

L 

Middle frontal gyrus 

 

Inferior frontal gyrus 

299 4.93 <.001 -45 

-39 

-54 

2 

17 

17 

53 

23 

14 

L 

Lateral occipitotemporal 

gyrus 

 

116 4.90 <.001 42 

45 

-58 

-49 

-13 

-13 

R 

Middle temporal gyrus 

 

47 3.74 .029 57 

60 

57 

-46 

-46 

-61 

11 

2 

2 

R 

Confidence 

+ 

Middle occipitotemporal 

gyrus 

Lateral occipitotemporal 

gyrus 

1947 Inf (>8) <.001 12 

21 

15 

-73 

-70 

-52 

-10 

-7 

-16 

R 
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Cerebellum 

Motor cortex (precentral 

gyrus) 

993 Inf (>8) <.001 -36 

-36 

-54 

-25 

-19 

-16 

65 

47 

47 

L 

Putamen 

Rolandic operculum 

 

968 5.91 <.001 -30 

-45 

-30 

-19 

-16 

-22 

2 

20 

14 

L 

Occipital lobe 65 4.58 .011 42 -67 5 R 

Ventromedial PFC 92 4.39 .002 -3 

-12 

-19 

56 

47 

41 

-4 

8 

-1 

LR 

Confidence 

- 

Lingual gyrus (visual cortex) 

Cerebellum 

1144 Inf (>8) <.001 -9 

-15 

-24 

-79 

-52 

-67 

-7 

-22 

-28 

L 

Motor cortex (precentral 

gyrus) 

Stretching into dorsolateral 

PFC 

2421 Inf (>8) <.001 45 

42 

39 

-16 

-37 

-52 

59 

62 

41 

R 

Supramarginal gyrus 

Thalamus 

262 6.92 <.001 45 

15 

-19 

-22 

20 

2 

R 

Superior parietal lobe 

Inferior parietal lobe 

 

168 5.09 <.001 -33 

-39 

-39 

-58 

-52 

-43 

41 

47 

41 

L 

Middle frontal gyrus 

(Dorsolateral PFC) 

 

71 4.49 .007 -45 

-45 

32 

23 

32 

35 

R 

Table 5 | Whole brain activation tables. Brain activations (whole brain analyses) showing activity 410 
related to early certainty at choice moment, as well as activity related to incentive and confidence at 411 
incentive/rating moment. All whole-brain activation maps were thresholded using family-wise error 412 
correction for multiple correction (FWE) at cluster level (P FWE_clu < 0.05), with a voxel cluster-413 
defining threshold of P<0.001 uncorrected. Activity that positively correlates to given variable is 414 
denoted by ‘+’, whereas negative correlations are denoted by ‘-‘. PFC = prefrontal cortex. 415 
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 416 

Interaction between metacognition and incentives in VMPFC (GLM 2) 417 

Our recent study suggested an important role of the VMPFC in the interaction between 418 

incentive-processing and metacognitive signals30. To investigate how this interaction takes 419 

effect in and differs between our clinical groups, we performed an ROI analysis by leveraging 420 

our factorial design. We extracted VMPFC activations for both time points (choice and 421 

rating), all incentives (loss, neutral and gain), and all groups (HC, OCD and GD), for both 422 

baseline activity and a regression slope with (1) signed evidence and (2) confidence 423 

judgments (see Figure 3D for the ROI). 424 

First, one-sample t-tests showed that, overall, VMPFC baseline activations were negative at 425 

choice and rating moment (choice: t100 = -3.611, p<0.001; baseline: t100 = -4.9287, p<0.001). 426 

The correlations between VMPFC activity and both signed evidence at choice moment and 427 

confidence at rating moment, however, were significantly positive (choice: t100 = 3.057, 428 

p=0.003; baseline: t100 = 3.7399, p<0.001) (Figure 4). This implies that the VMPFC 429 

represents both confidence judgments and signed evidence (i.e. interaction between 430 

accuracy and evidence: increased VMPFC activity with increased evidence when correct and 431 

vice versa).  432 

Then, we investigated whether there were effects of incentive condition and group around 433 

this general signal. As expected, at choice moment there were no effects of incentive 434 

condition on VMPFC baseline activity, nor on its correlation with the signed evidence signal 435 

(i.e. slope) (Figure 4, Table 6). Despite the behavioral group effect on evidence integration, 436 

we did not find a group nor interaction effect on both baseline VMPFC activity and the 437 

correlation with signed evidence. At rating moment, however, incentive condition had a 438 

significant effect on both the baseline VMPFC activity, as well as its correlation with 439 

confidence. Post-hoc testing showed that the baseline VMPFC activity was higher during 440 

gain versus loss (t196: -3.874, p<0.001), and during gain versus neutral (t196 = -3.228, 441 
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p<0.001), but no differences between neutral and loss conditions were found (t196 = -0.646, 442 

p=0.7948). The correlation of VMPFC activity with confidence was significantly higher (i.e. 443 

increased slope) in gain versus neutral (t196 = -3.053, p=0.0072), while no differences 444 

between gain and loss, or between neutral and loss were found. Moreover, there was a 445 

significant group effect on VMPFC baseline activity during rating moment. The post-hoc tests 446 

revealed that OCD subjects had significantly decreased activity compared with HCs, 447 

averaged over incentive conditions (t98 = -2.515, p=0.0358). No interaction effects between 448 

group and incentive were found on baseline activity or its correlation with confidence at rating 449 

moment. 450 

Similar analyses using a ROI of the VS were performed (see Supplementary Materials), with 451 

similar results: VS activity correlated with signed evidence, but no incentive, group or 452 

interaction effects were found at choice moment. Similarly, the correlation of VS activity with 453 

confidence was significantly higher in gain versus neutral, with no group difference at rating 454 

moment. 455 

 456 
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 457 

Figure 4 | Ventromedial prefrontal cortex region of interest (ROI) analysis. T-values corresponding to 458 
baseline and regression slopes were extracted for all three groups and three incentive conditions, at 459 
two time points of interest: choice and incentive/rating moment. Green dots and lines represent 460 
gambling disorder patients, blue dots and lines represent healthy controls and red dots and lines 461 
represent obsessive-compulsive disorder patients. Dots represent individual t-statistics, and error bars 462 
represent sample mean ± SEM per group. Black bars represent significant post-hoc tests. Yellow bars 463 
represent average t-values, with corresponding significance level of one-sample t-tests against 0. (* 464 
p<0.05, ** p<0.01, *** p<0.001). GD = gambling disorder, HC = healthy control, OCD = obsessive-465 
compulsive disorder. 466 
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 468 

Table 6: Results of VMPFC ROI analysis. Shown here are the results of the mixed ANOVAs of t-469 
statistics in the ventromedial prefrontal cortex (VMPFC) region of interest (ROI) using the afex 470 
package. Shown are the main effects of incentive condition, group and their interaction effect on the 471 
choice and rating time points, focusing on both the baseline activity as well as the slope of signed 472 
evidence and confidence judgments, respectively. F-values, with corresponding degrees of freedom 473 
and p-values are reported. 474 

  475 

 Incentive Group Incentive:Group 

Choice Baseline F(1.99, 195.28) = 0.37, 

p = 0.687 

F(2, 98) = 0.54, 

p = 0.582 

F(3.99, 195.28) = 0.41, 

p = 0.803 

Choice Slope 

‘Signed Evidence’ 

F(1.99, 195) = 1.15, p = 

0.320 

F(2, 98) = 0.20, 

p=0.819 

F(3.98, 195) = 0.31, p = 

0.869 

Rating Baseline F(1.91, 186.81) = 8.61, 

p<0.001 

F(2, 98) = 3.24, 

p = 0.044 

F(3.81, 186.81) = 0.44, 

p = 0.771 

Rating Slope  

‘Confidence 

Judgment’ 

F(1.92, 187.68) = 4.67, 

p = 0.012 

F(2, 98) = 0.99, 

p = 0.375 

F(3.83, 187.68) = 1.29, 

p = 0.277 
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Discussion 476 

In this study we investigated the (neural signatures of) metacognitive ability and its 477 

interaction with incentive motivation in two compulsive disorders: OCD and GD. First, we 478 

replicated the biasing effect of incentives on confidence estimation in all groups, showing that 479 

confidence was higher in the gain context and lower in the loss context. This is a robust 480 

effect, that has now been independently replicated multiple times29–32. We initially found 481 

evidence for a significantly higher confidence in GD patients versus OCD patients, although 482 

this effect diminished after controlling for sex and IQ differences between groups. Hence, we 483 

only found moderate evidence for our hypothesis of group differences in confidence, as well 484 

as for our hypothesis that incentive motivation would affect confidence judgments differently 485 

in the groups. Future research should address the role of the demographic confounding 486 

factors more specifically.  487 

When looking into the computational signatures of confidence formation in more detail, GD 488 

patients interestingly showed less integration of evidence into their confidence judgments for 489 

correct choices compared to both HCs and OCD patients. This suggests that GD patients 490 

were less able to use evidence they received to form confidence judgments. This decreased 491 

sensitivity to objective evidence could fit GD’s symptomatology of cognitive inflexibility3,65, 492 

and cognitive distortions66,67. Illusion of control leads pathological gamblers to believe they 493 

can predict outcomes, rendering them less influenced by objective evidence, which may 494 

promote continuation of (overconfident) gambling behavior13,68.  495 

Notably, our patient groups seemed to be situated on opposite sides of the confidence 496 

spectrum, with GD patients being more confident than OCD patients. However, this effect 497 

was partly driven by sex and IQ differences between groups. The GD group consisted mostly 498 

of males, whereas the OCD group had a more mixed composition. mirroring the prevalence 499 

distribution of these disorders69–72. Consistent with our findings of increased confidence in HC 500 

male subjects, recent studies have shown that males are more confident than females, 501 
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despite equal performance74,75. Therefore, the effect of sex might have explained some 502 

variance in our data, but does not fully explain the group differences, since we do find a trend 503 

toward a group effect. The importance of taking into account sex and gender as factors in 504 

both neuroscience and psychiatry research is increasingly recognized and acted upon76, 505 

since sex differences play a role in the incidence, treatment and manifestation of 506 

psychopathology77,78. The precise role of sex and gender in metacognition deserves more 507 

attention and should be characterized further in future research.  508 

Our data shows no convincing evidence for an exaggerated decrease/increase in confidence 509 

during loss/gain anticipation in OCD/GD, respectively. However, the group*incentive 510 

interaction approached significance, with increased confidence in GD patients compared to 511 

both OCD patients and HCs, specifically in the gain condition. This finding agrees with 512 

literature demonstrating increased reward sensitivity in GD79,80. Confidence in OCD patients 513 

has been mostly studied using metamemory paradigms, and abnormalities were most 514 

profound in OCD-relevant contexts81–86. Earlier studies probing confidence in GD are sparse, 515 

and whilst they all did show an effect of overconfidence in (sub)clinical problem gamblers, 516 

none of the studies actively controlled for performance differences, making it difficult to draw 517 

strong conclusions about confidence biases16,17,87. 518 

Since confidence in GD and OCD did not differ from the healthy population we cannot 519 

technically speak of confidence ‘abnormalities’ in GD and OCD. Future work is necessary to 520 

study the link between compulsivity and confidence more directly. One interesting method is 521 

transdiagnostic research to study metacognition in psychiatry. Transdiagnostic research 522 

methods are useful, since (meta)cognition might relate more closely to symptoms than 523 

diagnoses, due to high levels of comorbidity and heterogeneity of symptoms within disorders.  524 

Indeed, a transdiagnostic factor of ‘anxious-depression’ was negatively related to confidence, 525 

whereas ‘compulsive behavior and intrusive thoughts’ were positively related to confidence 526 

and showed decoupling of confidence and behavior by diminished utilizing of perceptual 527 
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evidence for confidence judgments88. This latter result is in line with our findings of 528 

diminished evidence integration into confidence judgments in GD patients.  529 

 530 

The brain areas we found to be related to confidence and incentive processing converge with 531 

earlier work. Confidence was found to be positively related to the VMPFC via automatic 532 

processing at the choice moment20,46,47,55. Early certainty processing was also positively 533 

related to activity in the VS and precuneus39,49,51. We also observed a wide-spread network of 534 

areas negatively related to early certainty, containing the dACC, dorsolateral PFC, insula, 535 

inferior parietal lobe and midfrontal gyrus, a network repeatedly associated with uncertainty 536 

and metacognitive processes39,44,45,51. Also, well-known relationships between reward 537 

processing and activity in both VS and VMPFC21,22 were replicated. Moreover, we found 538 

negative relationships between incentive value and BOLD activity in the central executive 539 

network (i.e. lateral PFC and middle frontal gyrus), as well as superior temporal gyrus89,90. 540 

Confidence was found to be related to VMPFC activity, not only at choice moment, but also 541 

during rating20,46,47.Overall, our fMRI findings closely resemble activation patterns previously 542 

shown in healthy populations. 543 

We also replicated the effect of incentive condition on VMPFC baseline activity and on the 544 

correlation of VMPFC activity with confidence, which was highest in gain conditions, which 545 

we also found in the VS30. While we found aberrant evidence integration in GD patients on a 546 

behavioral level, we did not find any group differences in evidence processing on 547 

neurobiological level. Interestingly, OCD patients showed a decreased baseline VMPFC 548 

activity during incentive/rating moment, which fits with earlier work showing neurobiological 549 

deficits in a ‘ventral motivational circuit’ including the VMPFC91,92. However, we did not find 550 

any interactions with incentive condition in the VMPFC activity related to either signed 551 

evidence or confidence.  552 
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In sum, contrary to our hypotheses, we did not find neurobiological deficits directly related to 553 

confidence or to the effects of incentive on confidence in our clinical samples. This might not 554 

be surprising, given that the behavioral group effects were small (and disappeared when 555 

controlling for demographics), which limited our ability a priori to find impairments in neural 556 

circuits mediating confidence processes. Because, to our knowledge, the present study 557 

represents the first attempt in investigating the joint neural basis of metacognitive and reward 558 

processes in both GD and OCD, further study - e.g. looking into transdiagnostic variations of 559 

symptoms - might be more powerful in detecting clinically useful neurocognitive signatures of 560 

those processes than the present clinical case-control comparisons93.  561 

562 
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