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Summary

Perceptual decisions arise after considering the available sensory evidence [1]. When sensory
information is unreliable, a good strategy is to rely on previous experience in similar situations to
guide decisions [2-6]. It is well-known that patients with Parkinson’s disease (PD) are impaired at
value-based decision-making [7-11]. How patients combine past experience and sensory
information to make perceptual decisions is unknown. We developed a novel, perceptual decision-
making task and manipulated the statistics of the sensory stimuli presented to patients with PD and
healthy participants to determine the influence of past experience on decision-making. We show
that patients with PD are impaired at combining previously learned information with current
sensory information to guide decisions. We modeled the results using the drift-diffusion model
(DDM) and found that the impairment corresponds to a failure in adjusting the amount of sensory
evidence needed to make a decision. Our modeling results also show that two complementary
mechanisms operate to implement a bias when two sets of priors are learned concurrently.
Asymmetric decision threshold adjustments, as reflected by changes in the starting point of
evidence accumulation, are responsible for a general choice bias, whereas the adjustment of a
dynamic bias that develops over the course of a trial, as reflected by a drift rate offset, provides the
stimulus-specific component of the prior. A proper interplay between these two processes is
required to implement a bias based on concurrent, stimulus-specific priors in decision-making. We
show here that patients with PD are impaired in these across-trial decision threshold adjustments.
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RESULTS

Patients with PD and healthy age- and sex-matched control participants (asmHCs)
performed our Glass pattern decision-making task (Figure 1A and B; see also Table S1).
Both groups performed the task well, reaching >90% correct performance when the sensory
stimulus was strong (Figure 1C and D grey data). This indicates that in both patients and
asmHC, visual perceptual performance and motor performance were intact. Manipulation of
prior information revealed differences in performance between the groups. asmHCs used the
prior information to guide their decisions when sensory information was less informative as
indicated by the shift in the response bias between the equal and unequal prior conditions
(Figure 1C, grey versus black lines; see also Figure S1). Confirming this statistically, we
found that the a parameters from the logistic fits were significantly different between the
equal and unequal prior conditions in asmHCs (#11)= 3.49, p<0.01; Figure 1C) indicating
that the prior manipulation altered the response bias but not the sensitivity (8, £11)=.10,
p>0.05; Figure 1C). Patients with PD, however, failed to use the prior information to inform
their choices when sensory information was ambiguous (Figure 1D black). Neither the a
parameters nor the S parameters from the logistic fits of the patients’ data were significantly
different between the equal and unequal prior conditions (a, {11)=1.47 p>0.05; g,
#(11)=-1.16, p>0.05; Figure 1D). To compare performance and the use of priors across both
asmHCs and patients, we quantified the proportion of choosing the more frequently shown
orientation (“more frequent choices”) for the most difficult stimulus conditions (0% and
13%), because the use of the prior was most prominent in conditions of high sensory
uncertainty in healthy participants. Compared to asmHCs, patients with PD had a similar
proportion of more frequent choices for the equal prior condition (Parkinson’s: 0.51+0.03;
asmHCs: 0.52+0.03, cf., Figure 1E squares vs circles: Equal prior), but a had smaller
proportion of more frequent choices for the unequal prior condition (Parkinson’s: 0.52+0.03;
asmHCs: 0.62+0.03 cf., Figure 1E squares vs circles: Unequal prior). This difference was
confirmed using a 2x2 mixed ANOVA comparing choice performance for patients and
asmHCs in the equal and unequal prior conditions. We found a main effect of prior condition
(F(1,70)=7.63, p<0.01) and a significant interaction between groups and prior condition
(F(1,70)=5-82, p<0.05). Subsequent post-hoc comparisons showed that patients and asmHCs
did not differ in the equal prior condition (£70)=0.27, p>0.05; Figure 1E), but patients and
asmHCs differed in their performance in the unequal prior condition (£70)=2.03, p<0.05;
Figure 1E). The result is consistent with the hypothesis that patients are impaired in using
prior information to guide perceptual decisions when faced with sensory uncertainty and that
this impairment is due neither to sensory nor motor impairments nor age or sex.

Our patient participants were all early stage and mostly presented with motor symptoms
unilaterally, in spite of being on medication (see Table S1). We reasoned that decision-
making impairments might be asymmetric in patients who presented with unilateral
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symptoms and that these differences might explain some of the variability in performance
between patients. We sorted patients with unilateral symptoms into two groups: those who
experienced the prior direction toward the same side as their motor symptoms (Figure 1F)
and those who experienced the prior direction toward the side opposite their motor
symptoms (Figure 1G). In general, when patients experienced the priors for the direction
that corresponded to the side of their motor symptoms, they used the priors less (cf., Figure
1F and 1G). The proportion of more frequent choices made in the equal and unequal prior
conditions for the symptomatic side and the opposite side groups were 0.50+0.05 vs
0.60+0.05 and 0.43+0.05 vs 0.66+0.05 (Figure 1H grey and black bars). A 2x2 mixed
ANOVA revealed a significant main effect of side (F (1 2g)=6.32, p<0.05) and a significant
side x prior condition interaction (F(1 2g)=7.33, p<0.05). Post-hoc analyses confirmed that
there were no differences in the proportion of choosing the more frequent orientation
between sides for the equal prior condition (Figure 1H grey bars; {28)=-1.38, p>0.05), but
there were significant differences for trials with unequal priors (Figure 1H black bars; {28)=
-3.39, p<0.01). These results suggest that the inability to use the directional priors is
pronounced when the prior direction corresponds to the side of the motor symptoms,
consistent with the unilateral representation of directional priors in the striatum [12]. The
lack of differences in leftward and rightward performance on the equal prior trials shows that
perceptual processing and motor responding per se are independent of the side of symptoms.
The difference appears only when combining the priors with sensory information to guide
decisions. Although interesting, we interpret this result cautiously due to the small sample
size.

The behavioral results show that patients are impaired at adjusting their response bias (a
parameter), but they do not shed light on the mechanism that underlies this impairment.
Integration-to-threshold models, formalized as a drift-diffusion process, are successful in
capturing choice data from a variety of perceptual decision tasks and provide mechanistic
insight (Figure 2A) [13]. The idea is that the brain accumulates noisy sensory evidence until
one of two decision thresholds is reached which terminates the decision process and
determines the choice. The momentary evidence signal has a deterministic component, the
“drift rate”, which we assumed to be proportional to stimulus coherence [14, 15] and a
stochastic component, which is reflected in the diffusion process. This framework, with the
addition of an urgency component in the form of collapsing decision bounds, largely
captured decision behavior in our task (see Supplementary Information). There are two
different mechanisms that can lead to biased decisions in this framework. One is to start the
evidence accumulation process closer to one of the bounds, which increases the frequency of
choosing the option associated with the closer bound (Figure 2B). The other is to offset the
drift rate. In this case, even in the absence of any sensory information, the decision process
drifts towards one decision bound and away from the other, which biases decisions in favor
of the option associated with the default bound (Figure 2C). In asmHC, an increase in
overall decision bias corresponded to starting point adjustments (chi-square variance test,
p=5-1075), but this adjustment was not stimulus-specific (Figure 2D blue solid and dashed
lines; see also Figure S2 and Table S2 and S5). The stimulus-specific bias was provided by
the drift rate offset (Figure 2E blue solid and dashed lines). The positive drift rate offset for
the stimuli with unequal priors further amplifies the decision bias that is introduced by the
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starting point offset, whereas the negative drift rate offset for the stimuli with equal priors
counteracts it, resulting in a situation where mostly only decisions about stimuli with a
particular color are biased.

Interestingly, like the asmHC participants, patients with PD developed a stimulus-specific
drift rate offset (Figure 2E red solid and dashed lines), indicating that they were able to learn
the stimulus statistics for each color. However, their starting point of evidence accumulation
was set incorrectly, and opposite in sign to that indicated by the priors (Figure 2D red solid
and dashed lines). The apparent failure to adjust the starting point (chi-square variance test,
p=0.78) resulted in an inability to express the decision bias appropriately. The negative
starting point counteracted the bias that would have been introduced by the positive drift rate
offset leading to a failure to implement a choice bias.

Drift rate offset compensates for starting point adjustment impairments in PD

The behavioral data indicate that patients with PD are unable to apply prior information to
make decisions when sensory information is uncertain. The modeling reveals that patients
with PD can learn priors, but that they cannot use them; they are impaired at adjusting their
starting point of evidence accumulation to express an appropriate bias. To test whether the
inability to adjust the starting point of evidence accumulation is due to the requirement of
tracking multiple sets of priors, we designed a simpler task without this requirement. We
also added two epochs with equal priors, one before and one after, exposing participants to
trials with unequal priors to be able to assess baseline decision behavior.

We tested patients with PD and asmHCs in the monochromatic task and modeled their data
as we did for the dichromatic task (Figure 3). asmHCs tracked the priors with their starting
point of evidence accumulation as in the dichromatic task (Figure 3B, blue; chi-square
variance test, p<1075; see also Figure S3 and Table S3 and S5). In contrast, patients with PD
showed little adjustment of their starting point (Figure 3B, red; chi-square variance test,
p=0.18). In the monochromatic task, patients showed large changes in their drift rate offset
(Figure 3C, red). The asmHC, in contrast, made much smaller adjustments to their drift rate
offset (Figure 3C, blue). These results point to the idea that the larger change in the drift rate
offset may help patients overcome some of the deficits caused by an impaired ability to
adjust the starting point of evidence integration.

Comparison of the performance of patients and asmHC participants in the monochromatic
task is consistent with the idea that the drift rate offset compensates for the starting point
adjustment problems seen in patients. In the equal prior condition, with strong sensory
information (51%), the performance of patients was ~80% correct, indicating no problems in
orientation discrimination or motor performance (cf., Figure 3D grey). Similarly, in the
block with unequal priors, patients with PD shifted their response bias towards the prior
direction while keeping their sensitivity unchanged (cf., Figure 3D black versus grey; a
4(9)=2.87, p<0.05; B, £9)=0.43, p>0.05; see also Figure S1). asmHC also showed shifts in
the a parameter, but not the S parameter of the logistic fits with prior information, indicating
a change in response bias, but not in sensitivity (cf., Figure 3E black versus grey; a, {9)=
2.83, p<0.05; B, {9)=1.93, p>0.05). Comparing the proportion of choosing the more
frequent orientation between patients and asmHC participants, as we did for the dichromatic
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task, revealed a similar proportion of choosing the more frequent orientation for patients and
asmHCs in the equal and the unequal prior condition (0.50+0.03 vs. 0.54+0.03 and
0.62+0.03 vs. 0.61+0.03; data not shown). A 2x2 mixed ANOVA showed a significant main
effect of prior condition (F(1,58)=22.85, p<0.0001) due to the differences in the equal and
unequal prior conditions, but no significant main effect of group (F(; 58)=0.14, p>0.05) nor
groupxprior interaction (F; 58)=2.37, p>0.05), consistent with the better ability of patients
to perform this simpler task compared to their ability to perform the dichromatic task. The
behavioral data together with the modeling indicate that the enhanced drift rate offset
compensates for the starting point adjustment problems in patients performing the
monochromatic task, allowing them to better express the choice bias.

In spite of the better performance of patients in the monochromatic task, there was a
measurable difference in the ability of patients to use the priors and this depended upon
whether or not the prior direction coincided with the patients’ symptomatic side. We again
divided our patient participants into a symptomatic side group (Figure 3F) and an opposite to
symptomatic side group (Figure 3G) depending on the side of their symptoms relative to the
direction of the priors they experienced. The symptomatic side group used the priors less
(0.56+0.04) compared to the opposite symptomatic side group (0.73+ 0.04) in the unequal
prior condition (Figure 3H, black bars) but there were no differences in the proportion of
choosing the more frequent orientation in the equal prior condition (0.43+0.05 vs.
0.46+0.04). A 2x2 mixed ANOVA revealed a significant main effect of prior, F(1,19)=10.79
p<0.01 and sidexprior interaction (F(1,19)=25.77 p<0.001). Post hoc analyses revealed that
the differences were significant in the unequal prior condition ({19)=-4.1 p=0.001) but not
in the equal prior condition (419)=1.86 p>0.05). As we saw in the dichromatic task, the
results from the monochromatic task suggest that the inability to use the directional priors is
more pronounced when the prior direction corresponds to the side of the motor symptoms
and the dysfunction is independent of motor or perceptual processing and because it is
unilateral, may not result from dopamine medication. Again, due to the small sample size,
we interpret this result cautiously.

Failure to combine priors and sensory information is independent of feedback learning

We tested patients using the dichromatic task as above except that information about the
prior probability was given to the participants verbally. This eliminated the need for learning
from trial feedback (Figure 4A; see also Figure S1). We reasoned that if the impairment in
using priors seen in patients with PD results from faulty feedback learning, eliminating the
need for feedback learning should eliminate or minimize the impairment [8, 16]. We found
that patients performed well when the sensory information was strong (Figure 4B, grey),
indicating no perceptual or motor impairment. With ambiguous sensory information,
patients failed to use the verbal instruction about the priors to inform their choices (Figure
4B black). This result was confirmed statistically by the lack of a significant shift in the a
parameter of the logistic fit between performance on the equal and unequal prior trials
(Figure 4B, a #9)=1.27, p>0.05). We next compared the proportion of more frequent
choices between patients performing the dichromatic task (Figure 1C) and patients
performing the dichromatic task with explicit instructions (Figure 4B) and found that they
were similar in both the equal and unequal prior conditions (equal: 0.51+0.03 versus
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0.51+0.04; unequal: 0.52+0.03 versus 0.54+0.04). The differences were statistically
indistinguishable as determined by a 2x2 mixed ANOVA showing a lack of significant
effects of groups (F(1,64)=0.02, p>0.05), prior (F(1 64=0.98, p>0.05) or groupxprior
interaction (F(1,64)=0.49, p>0.05). Thus, providing explicit instructions about the prior
direction is insufficient to improve the ability of patients to use priors in conditions of
sensory uncertainty. We modeled the data to assess whether a similar impairment in
adjusting the starting point was present even when priors were provided explicitly. We found
that the poor performance of patients could again be explained by problems in adjusting the
starting point of evidence accumulation (Figure 4C; see also Table S4). Patients were able to
adjust their drift rate offset in a stimulus-specific manner (Figure 4D, red solid and dashed
lines). However, the starting point adjustment was inappropriate for the direction of the
prior, explaining their poor performance (Figure 4C). Similar to what we observed in the
dichromatic task before, the starting point was positioned in the direction opposite to the
prior manipulation. This “repulsion” might be specific to situations in which different priors
are tracked for different stimulus features. Future work is required to determine the
mechanism that underlies this inappropriate starting point adjustment. Taken together, we
conclude that even with explicit prior information, patients with PD fail to use them to
express a response bias.

DISCUSSION

Using a novel task, we assessed perceptual decision-making performance in early stage,
medicated patients with PD compared to that of age- and sex-matched healthy participants.
We manipulated task statistics to assess the ability of participants to combine prior
experience with visual information to guide decisions. We modeled the data using the DDM
to reveal the mechanisms used to incorporate prior information into perceptual decision-
making. All participants performed the perceptual decision-making task and their choice
accuracy increased with the strength of the sensory information. However, with prior
information available to guide choices, healthy participants used the priors whereas patients
with PD were impaired. Modeling revealed that the impairment resulted from a failure to
adjust the starting point of evidence accumulation, consistent with an impairment in
adjusting decision thresholds asymmetrically in such a way that less sensory evidence needs
to be collected before committing to the choice associated with the more frequently
presented alternative.

A change in the starting point of evidence accumulation relative to the decision bounds is
usually considered the primary mechanism for incorporating priors into perceptual decisions
[6, 17]. Our modeling results show that two mechanisms interact when combining sensory
information and priors: starting point adjustments and drift rate offsets [5, 18]. Our novel
results show that starting point adjustments provide only a global choice bias, whereas drift
rate offsets incorporate stimulus-specific prior information when multiple sets of priors are
tracked. Patients with PD fail to express an appropriate choice bias. In the DDM framework,
this impairment corresponds to a failure in adjusting the distances between the starting point
of evidence accumulation and the decision bounds. The ability to adjust the drift rate offset
remains intact and, in some cases, can compensate for impaired starting point adjustments.
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Future experiments, measuring neuronal activity, will be able to test these insights gained
from computational modeling.

Our results are broadly consistent with models suggesting that basal ganglia (BG) nuclei
play a role in setting decision thresholds [19-26]. However, our patients showed
impairments in the ability to combine prior information with sensory information to guide
decisions. As far as we are aware no other group has addressed this in patients with PD.
Therefore, our results extend the model of the BG in perceptual decision-making in a critical
way. In addition to setting within-trial adjustments of thresholds when faced with conflict
[27, 28], our results implicate the BG in across-trial decision threshold adjustments that take
place gradually as the prior information is learned and the memory of the priors is formed.

It is well-known that patients with PD on dopamine medication are capable of learning from
positive feedback during value-based decision-making [7, 11, 29, 30], so we expected that
our patient sample could learn and use the priors in our task. Our surprising finding showed
that patients could learn the priors, but were impaired at using them, consistent with
suggestions that patients are impaired at performance rather than learning [9, 10].
Furthermore, we found impairments in patient performance even when they were explicitly
instructed about the priors. Therefore, our results point toward differences in the
mechanisms underlying value-based decisions involving reinforcement learning and
incorporating priors for perceptual decisions [31].

Our results also suggest that the BG play a role in linking the neuronal circuits that encode
past experience and sensory information and those controlling decision-making. However,
PD is a multisystem disease involving many brain areas and neuromodulatory systems [32—
34] and all of our experiments were performed in patients on dopamine medication, calling
into question the role of dopamine in these behaviors [35-37]. Future experiments will be
required to determine whether the decision-making dysfunction we report here stems from
alterations in BG circuits or whether they depend upon other circuits and modulatory
systems affected by PD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Patients with PD are impaired in using priors to guide decisions
(A) Participants performed a two-alternative forced choice task in which they discriminated

between two possible stimulus orientations (rightward or leftward). Initially, a centrally-
located fixation spot appeared and then one choice target appeared in each hemifield. On
randomly interleaved trials, either a red or a green Glass pattern appeared replacing the
fixation point and varying in dot pair coherence, making the orientation discrimination more
or less difficult. The coherence of the Glass pattern was also randomly chosen on every trial.
Participants indicated what direction they perceived by making an eye movement to one of
the two choice targets (left or right) or by pressing the “O” (leftward) or the ‘P” (rightward)
key on a computer keyboard using one hand. Participants heard a beep for every correct trial
and received no feedback for incorrect trials. No explicit reward was provided.

(B) The certainty of the sensory information contained in the Glass pattern was manipulated
by varying the dot pair coherence (orientation strength), which ranged from 0% (no
information about orientation) to 100% (all pairs sharing same orientation). To assess the
influence of past experience on decision-making performance we manipulated the statistics
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of the task. The two directions of orientation of the Glass patterns occurred with unequal
frequencies for stimuli of one color (75:25) and occurred with the same frequency for
stimuli of the other color (50:50) counterbalanced across participants.

(C) Proportion of leftward (positive) choices is plotted against orientation strength for n = 12
asmHC (5 males, 7 females, mean age 63yrs). These data are fitted with a logistic function
of the form, p(P) = A + (1-2* A )/(1+exp(-B (C-a))); where p(P)is the proportion of
positive choices and Cis dot pair coherence. a and S are free parameters determined using
maximum likelihood methods, and provide a measure of the response bias (a)and the slope
or sensitivity of the psychometric function (B8). The lapse rate A is the difference between the
asymptote of the function and perfect performance. It is assumed to arise from transient
lapses in attention during task performance. A description of the fit and parameters is
provided in Figure S1A. The grey points and lines show the data and the logistic fits in the
equal prior trials (50:50) whereas the black points and lines show the data for unequal prior
trials (75:25). The direction and color of the stimulus with different priors were
counterbalanced across participants so that all participants contributed to the grey data and
different subsets of participants contributed to the two black curves. The insets show the a
and g parameters for the fits in the negative, equal and positive prior trials. Error bars are
+SEM. Since this task has not been used before, we validated performance and use of the
stimulus-specific priors in young healthy control participants (yHC). These results are
shown in Figure S1B-D. We further showed that trial-by-trial feedback is required to learn
the priors to perform this task correctly (Figure S1E).

(D) Proportion of positive choices is plotted against orientation strength for patients with
PD. N = 12 (7 males, 5 females, mean age 66yrs).

(E) Proportion of more frequent choices for the most difficult stimuli (0% and 13%
coherence) is plotted for asmHC (circles) and patients with Parkinson’s (squares) in the
Equal and Unequal prior condition. Error bars are £SEM.

(F) Proportion of positive choices is plotted against orientation strength for patients who
experienced the prior on their symptomatic side (n=5, 2 males 3 females). Grey points and
lines show data and fits for all 5 patients whereas the black lines show the data and fits for 4
patients for the leftward prior and 1 patient for the rightward prior.

(G) Proportion of positive choices is plotted against orientation strength for patients who
experienced the prior on the side opposite their symptoms (n=5, 4 males 1 female). Grey
points and lines show data and fits for all 5 patients whereas the black lines show the data
and fits for 1 patient for the leftward prior and 4 patients for the rightward prior.

(H) Proportion of more frequent choices for the most difficult stimuli is plotted for the equal
(grey) and unequal prior (black) conditions for the symptomatic and opposite sides. Error
bars are £SEM. See also Figure S1 and Table S1.
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Figure 2. Patients with Parkinson’s fail to adjust the starting point of evidence accumulation
(A) The drift diffusion model (DDM) explains choice performance and reaction times (RTS)

in 2-alternative forced choice decision tasks. Noisy sensory evidence is accumulated (blue
line) until one of two decision bounds (black lines) is reached, terminating the decision
process. The distance between the starting point (red dot) and the bound is the amount of
evidence required for a decision and is referred to as the decision threshold. Each bound
corresponds to one of the two choice alternatives. The average rate at which evidence
accumulates, referred to as the drift rate, is determined by the strength of the sensory
stimulus. The green arrows reflect situations with strong stimuli, in which case decisions
tend to be fast and accurate. The black dashed arrow reflects a situation with a very weak
stimulus, in which case uncertainty is high and decisions tend to be slow and inaccurate. The
grey arrow indicates advancing time. Trial-to-trial variability in the accumulation process
leads to variability in choice and reaction time.

(B) Prior information leading to a decision bias can be implemented in two possible ways in
the DDM framework. In one, the sensory evidence accumulation process starts closer to the
bound that is associated with the choice that should be more frequent according to the priors.
An initial value of +1 on the accumulated evidence axis indicates that the process starts right
at this decision bound, and a negative value indicates that the process starts closer to the
opposite bound, leading to a decision bias that would be inconsistent with the priors. A
starting point offset of zero indicates that the accumulation process starts at an equal
distance from both decision bounds. Shifting the starting point of evidence accumulation
closer to one of the bounds leads to the corresponding option being chosen more frequently.
(C) Prior information leading to a decision bias can also be implemented by adding an offset
to the drift rate such that, even in the absence of sensory evidence, the process drifts towards
one of the decision bounds (and away from the opposite bound), which also results in one of
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the options being chosen more frequently. Although both mechanisms have similar effects
on biasing choices, they have different effects on RTs, which provides the basis for
computational modeling being able to estimate the contributions of both mechanisms to the
decision behavior [13, 17, 38]. Note that the schematics shown are idealized model
representations. Our model included an urgency component in the form of collapsing
decision bounds to capture the RT distributions in our data set. See Supplemental
Information for model details.

(D) We modeled the data from the dichromatic task and allowed the starting point of
evidence accumulation and the drift rate offset to be stimulus-specific and to change over
time. We estimated the parameters for two different task epochs: first half and second half of
the trials, reasoning that it requires time for the influence of the priors to appear (see Figure
S1E). All other model parameters remained fixed. Blue lines show parameter estimates for
the starting point of evidence accumulation (mechanism shown in B) in the two epochs for
the group of 12 asmHC of Figure 1C, red lines for the group of 12 patients of Figure 1D.
Dashed lines are for the equal prior stimuli, solid lines for the stimuli with unequal priors.
Shaded areas indicate 95% confidence intervals.

(E) Parameter estimates for the drift rate offset (mechanism shown in C), otherwise as in D.
A positive value of the drift rate offset indicates that the process drifts towards the bound
associated with the more frequent choice according to the priors. The size of the offset is
provided in terms of equivalent coherence. For example, a value of 10% means that, in the
absence of any sensory evidence, the decision process drifts towards one of the bounds with
a rate equivalent to what would normally be observed in the presence of a stimulus with 10%
coherence. See also Figure S2, Table S1, Table S2 and Table S5.
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Figure 3. Drift rate offsets can compensate for impaired starting point adjustments in patients
with PD

(A) To determine whether the patients showed impairments in starting point adjustments
even in an easier version of the task, we designed a simpler task that did not require tracking
multiple sets of priors and that also had an initial, equal prior condition, before introducing
unequal priors. This allowed us to determine the baseline starting point of evidence
accumulation in patients. Participants performed three blocks of trials. During the first block
we presented 200 randomly interleaved stimuli, half of the stimuli were leftward oriented
Glass patterns and half were rightward oriented Glass Patterns. The next block consisted of

Curr Biol. Author manuscript; available in PMC 2017 October 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Perugini et al.

Page 15

400 stimuli unevenly distributed between leftward and rightward Glass patterns (unequal
priors): either 80% leftward and 20% rightward (80:20) or vice versa. The orientation
associated with the higher probability of occurrence was counterbalanced across
participants. The last block was the same as the first having an equal number of leftward and
rightward Glass patterns (50:50). We made this task simpler by using only a monochromatic
Glass pattern and therefore refer to this task as the monochromatic task. We validated the
performance and the use of priors in this task in yHC (Figure S1F) and also the requirement
of feedback for learning the priors (Figure S1G).

(B) Using the DDM, we estimated the starting point of evidence accumulation for four
different task epochs: the initial control block with equal priors, the first half of the block
with unequal priors, the second half of this block (reasoning that it would take time for the
influence of the priors to develop - see Figure S1G), and the final block of trials with equal
priors. The four epochs are demarcated by the vertical lines. The blue line shows parameter
estimates for asmHC. The red line shows parameter estimates for patients with PD. Shaded
areas indicate 95% confidence intervals.

(C) Parameter estimates for drift rate offset, otherwise like B.

(D) Proportion of positive choices is plotted against orientation strength for 10 patients with
PD (5 males and 5 females, mean age 63yrs). The grey points and lines show the data and
the logistic fits in the equal prior trials (50:50) whereas the black points and lines show the
data for unequal prior trials (80:20). The direction and color of the stimulus with different
priors were counterbalanced across participants so that all participants contributed to the
grey data and different subsets of participants contributed to the black data.

(E) Same as in (D) for 10 asmHC (4 males, 6 females, mean age 56yrs).

(F) Proportion of positive choices is plotted against orientation strength for patients who
experienced the prior on their symptomatic side (n=4, 1 male 3 females). Grey points and
lines as well as black points and lines show data and fits for all 4 patients who experienced a
leftward bias.

(G) Proportion of positive choices is plotted against orientation strength for patients who
experienced the prior on their symptomatic side (n=3, 2 males 1 females). Grey points and
lines show data and fits for all 3 patients whereas black points and lines show the data and
fits for 1 patient who experienced the leftward bias and 2 patients who experienced the
rightward bias.

(H) Proportion of more frequent choices for the most difficult stimuli (0% and 13%
coherence) is plotted for the equal (grey) and unequal prior (black) conditions for the
symptomatic and opposite sides. Error bars in panels D-H are £SEM. See also Figure S1,
Figure S3, Table S1, Table S3 and Table S5
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Figure 4. Patients with PD do not benefit from explicit knowledge of prior probabilities
(A) Schematic of the dichromatic Glass pattern task showing that participants were informed

of the priors explicitly (75:25) by instruction (“explicit task™). This eliminates the need for
learning. We first verified the validity of this manipulation by testing a group of 16 naive
yHCs performing the dichromatic task without feedback but with explicit, verbal
instructions and we concluded that providing explicit instructions about the priors is a valid
way to induce a decision bias in the absence of feedback learning (Figure S1H).

(B) Proportion of positive choices is plotted against the orientation strength from 10 patients
with PD (4 females, 6 males, mean age 62 yrs) as in Figure 1C. The grey points and lines
show the data and logistic fits from the equal prior conditions whereas the black points and
lines show the data and fits for the unequal prior conditions. The prior direction was
counterbalanced across participants so different subsets of patients contribute to the two
prior direction conditions. All patient data contribute to the equal prior condition. Six of the
10 patients also performed the original version of the dichromatic task ~5 months before
performing the explicit task. Only 2 of the patients experienced opposite priors in the two
tasks, minimizing the likelihood of learning conflicting priors and maximizing the chances
that if patients could use the prior they would. After completing this task, 8 patients reported
following the instructions and all 10 reported being aware of the unequal priors even though
they failed to use them. This observation rules out an interpretation based on faulty working
or short-term memory for the priors.
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(C) Starting point of evidence accumulation from the drift-diffusion model during the two
experimental epochs (separated by the vertical line) of the explicit task for patients. The
solid red line is for the stimuli with unequal priors, the dashed red line for the stimuli with
equal priors. Shaded areas indicate 95% confidence intervals.

(D) Parameter estimates for drift rate offset, otherwise like C.

See also Figure S1, Table S1 and Table S4.
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