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SUMMARY

Hallucinations, a cardinal feature of psychotic dis-
orders such as schizophrenia, are known to depend
on excessive striatal dopamine. However, an un-
derlying cognitive mechanism linking dopamine
dysregulation and the experience of hallucinatory
percepts remains elusive. Bayesian models explain
perception as an optimal combination of prior
expectations and new sensory evidence, where
perceptual distortions such as illusions and halluci-
nations may occur if prior expectations are af-
forded excessive weight. Such excessive weight
of prior expectations, in turn, could stem from a
gain-control process controlled by neuromodula-
tors such as dopamine. To test for such a dopa-
mine-dependent gain-control mechanism of hallu-
cinations, we studied unmedicated patients with
schizophrenia with varying degrees of hallucination
severity and healthy individuals using molecular
imaging with a pharmacological manipulation of
dopamine, structural imaging, and a novel task
designed to measure illusory changes in the
perceived duration of auditory stimuli under
different levels of uncertainty. Hallucinations corre-
lated with a perceptual bias, reflecting dispropor-
tional gain on expectations under uncertainty.
This bias could be pharmacologically induced by
amphetamine, strongly correlated with striatal
dopamine release, and related to cortical volume
of the dorsal anterior cingulate, a brain region
involved in tracking environmental uncertainty.
These findings outline a novel dopamine-depen-
dent mechanism for perceptual modulation in phys-
iological conditions and further suggest that this
mechanism may confer vulnerability to hallucina-
tions in hyper-dopaminergic states underlying
psychosis.
Curren
INTRODUCTION

Perception is an inherently subjective process that is biased by

beliefs acquired through experience [1]. Whereas these biases

can adaptively facilitate disambiguation of noisy sensory stimuli,

they can also confer a predisposition to perceptual distortions

(for instance, the common perception of a cell phone vibrating

in the pocket in the absence of true vibration) [2]. Patients

with schizophrenia often experience extreme and maladaptive

perceptual disturbances such as hearing voices in the absence

of true speech stimuli. Such auditory hallucinations and other

cardinal psychotic symptoms respond to antidopaminergic

treatment [3], worsen with prodopaminergic drugs [4, 5],

and their severity—beyond a categorical diagnosis of schizo-

phrenia—correlates with excessive dopamine release in

the associative striatum [6, 7]. However, the mechanism

through which dopamine excess leads to hallucinations remains

unknown [8].

Beyond their role in reinforcement learning [9–11], neuromo-

dulators, including dopamine, have been proposed to contribute

to experience-dependent sensory learning [12–14]. Specifically,

Bayesian models posit that perception results from an optimal

integration of bottom-up sensory evidence and top-down sen-

sory predictions or priors [15]. Such integration depends on

the precision of these top-down sensory predictions (mathemat-

ically defined as the inverse of the variance of the prior and more

intuitively related to the confidence or certainty of expectations)

[15–18], a key variable thought to be encoded by neuromodula-

tors such as dopamine [18]. Under this Bayesian framework (Fig-

ures 1D and 1E), perceptual biases toward context-dependent

predictionsmay explain sensory illusions [19, 20] and, in extreme

cases, hallucinatory percepts [21, 22]: dopamine dysregulation

could lead to faulty signaling of the precision of predictions,

with systematic overconfidence in the predictions resulting in

disproportionate perceptual biases toward expected states

[17, 18, 23]. Importantly, under this model of hallucinations

[17, 23–25], perceptual biases in psychosis would be even

more apparent in highly uncertain contexts (i.e., in situations

that should normally lead to imprecise predictions and hence

weaker top-down predictions), an assumption that remains to

be tested. Note that, according to some models, this pattern of
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Figure 1. Experimental Design and Theoretical Model of Hallucinations

(A) Schematic of the variable context tone reproduction (VCTR) task structure. Representative trials are shown depicting auditory stimuli in different conditions

(with long context mean and low [a] or high [b] variance) followed by the reproduction procedure used to match the perceived duration of the target tone. The

target stimulus is held constant (at 700 ms) in 90% of the trials whereas the context randomly varies in mean duration (context mean), duration variability across

tones (context variance), and number of tones (context length).

(B) Magnitude and distribution of context tone duration within a trial, showing histograms of context mean and context variance under all experimental conditions

(comprising a 3 3 2 parametric design).

(C) Flow chart of experimental procedures in study 2.

(D) Hypothesized effects of context variance under a model of Bayesian inference and hallucinations (see Model description and simulations in STAR Methods).

Four panels show short context-mean trials in the VCTR task for the two context variance conditions (low and high from left to right, respectively) in less severe

and more severe pathological conditions (top and bottom, respectively). The target stimulus, as in the VCTR task, is kept constant, thus leading to equivalent

sensory evidence (likelihood) in all four cases. The precision of the prior (the width of the prior distribution rather than its expectedmean value) depends on context

variance and thus determines the relative weighting of prior and likelihood and the ensuing percept (posterior). In the less severe condition (top panels, repre-

senting non-hallucinating patients), the high-variance context (right) leads to a more imprecise prior with a lesser effect on perception toward contextual

(legend continued on next page)
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bias would only be present during the psychotic state, and indi-

viduals with schizophrenia could otherwise exhibit weak top-

down predictions [18], whereas other models make the opposite

prediction that weak top-down predictions could even underlie

hallucinations [26].

Here, we developed a novel auditory interval-reproduction

paradigm—the variable context tone reproduction (VCTR)

task—that induces an auditory illusion whereby the perceived

duration of a 700-ms target tone is modulated by a preceding

train of context tones. Context tones differ systematically in their

mean duration (context mean) and variability (context variance)

to target the main components of Bayesian inference: predic-

tions and their precision, respectively. This type of task is suit-

able to study processes dependent on dopamine and basal

ganglia circuits [27–29] and to study Bayesian inference, as tem-

poral perception is influenced by the distribution of previously

experienced durations—often generating a perceptual bias to-

ward the expected duration (assimilation) [30–32] (but under

certain conditions [33] leading to the opposite effect [contrast]

[34]). Furthermore, under normal conditions, the extent of

this perceptual bias—the degree of assimilation—degrades

when uncertainty of predictions is high (and precision low)

[15, 17, 18], reflecting an uncertainty adjustment whereby pre-

dictions become less influential on perception under more un-

certain contexts. In contrast, a failure to degrade this perceptual

bias with high uncertainty of predictions would manifest as a

reduced uncertainty adjustment, a pattern that would constitute

a laboratory model supporting the candidate mechanism for hal-

lucinations that we set out to test.

To investigate the computational mechanisms of hallucina-

tions in schizophrenia and their relationship to striatal dopamine

dysfunction, we obtained behavioral data with the VCTR task

and a well-validated positron emission tomography (PET) mea-

sure of striatal dopamine before and after an amphetamine chal-

lenge, as well as structural magnetic resonance imaging (MRI)

scans, in unmedicated patients with schizophrenia (to avoid con-

founds associated with dopamine receptor blockade) with vary-

ing degrees of hallucination severity and healthy controls.

RESULTS

Study 1: Uncertainty Effects on Perception in Health
Thirty subjects completed the study (see Table 1). In the dura-

tion-sensitivity task, in which tones were reproduced in the

absence of context tones, subjects were able to accurately

reproduce variation in tone duration over the range employed

in the VCTR task (t29 = 17.3; p < 10�16; one-sample t test of bs
assimilation (i.e., the posterior is closer to the likelihood than it is to the prior) com

uncertainty adjustment. In this implementation of the model, in the more severe co

patients), the difference in precision of the priors for the high- and low-variance con

is high even in the high-variance context (right) and thus percepts in both contexts

than it is to the likelihood in both contexts, which results in a more apparent differe

[top right versus bottom right]; in other words, the more severe condition is assoc

smaller differences between high- and low-variance contexts and reduced unce

(E) Simulation of VCTR task effects under a model of Bayesian perceptual infer

related pathology in patients, indicated as a gradient from blue to red) is associa

assimilation (posterior closer to the prior) under the more uncertain (high-variance

the neural encoding of uncertainty; the estimated context variance, as encoded

saturates earlier with more severe pathology (i.e., neural s has a more restricted
from subject-level regressions of actual tone duration against

reproduction duration). Participants were able to maintain atten-

tion throughout the VCTR task: none missed a reproduction in

more than 5 of the 120 trials, and on ‘‘catch’’ trials, when the

target tone duration was actually different from 700 ms, subjects

effectively tracked this variation throughout the experiment (t29 =

14.3; p < 10�13; one-sample t test of bs from subject-level re-

gressions of actual target tone duration against reproduction

duration).

Effects of Context-Mean Duration and Uncertainty on

Perception

As intended, the mean duration of context tones (context mean)

influenced perception of the target tone (i.e., it induced an illusion

or perceptual bias). For most subjects, the perceived duration of

the target tonewas closer to the context mean (assimilation bias;

see Figure 2A). For a few subjects, it was instead further away

from the context mean (contrast bias; Figure 2C). Thirteen out

of 30 subjects (43.33%) showed a significant context-mean ef-

fect at p < 0.05 (9 were assimilators, 4 contrasters). A permuta-

tion test in which tone reproduction data were randomly shuffled

with respect to context conditions (10,000 permutations) indi-

cated that this was not merely due to chance, as only 4.7% of

permuted subjects’ data showed a significant context-mean ef-

fect (a significantly smaller proportion than in the real data; c2 =

97.39; p = 10�23). Context-mean b1 values from real subjects

also had a greater spread than those from permuted subjects

(F1, 10,028 = 34.5; p < 10�9; Levene’s test; see Figures 2E and

2F). The coexistence of assimilation and contrast biases in our

sample was also present in pilot data and did not appear to result

from individuals with enhanced duration sensitivity being more

prone to contrast biases [33, 34], as these variables were only

weakly correlated (r = �0.23; p = 0.23). Thus, two separate

mechanisms may account for the observed behavior, consistent

with previous extended Bayesian models of perception (e.g.,

where anti-Bayesian or contrast biases may depend on

increased sensory noise among other factors) [15, 35]; here,

our a priori candidate mechanism for hallucinations was the

Bayesian mechanism underlying perceptual assimilation and,

in particular, its modulation by uncertainty.

Also as intended, context variance (i.e., variability in the dura-

tion of context tones) modulated the strength of the context-

mean effect such that this effect was stronger in the low-variance

condition than in the high-variance condition (F1,58 = 7.30; p =

0.009; Levene’s test). This was true for subjects who showed

an assimilation bias in the low-variance condition (b1 > 0; assim-

ilators; n = 20; t19 = 4.40; p = 0.0003; paired t test) and for those

who showed a contrast bias in the low-variance condition (b1 < 0;
pared to the low-variance context (left). We refer to this pattern as a (positive)

ndition (bottom panels, representing a more pathological state in hallucinating

texts is not asmanifest as in the less severe condition: the precision of the prior

are substantially influenced by the priors (i.e., the posterior is closer to the prior

nce between the more and less severe conditions in the high-variance context

iated with a generalized increase in assimilation toward the context, leading to

rtainty adjustment).

ence in hallucinators. More severe pathology (i.e., more severe hallucination-

ted with reduced uncertainty adjustment in the VCTR task, measured as more

) relative to the less uncertain (low-variance) condition. The inset plot indicates

neurally (neural s), is a function f(s) of the true contextual uncertainty s, which

range with increasing severity).
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Table 1. Sociodemographic, Clinical, and PET Data

Study 1 Study 2

Healthy Individuals

(n = 30)

Healthy Controls

(n = 17)

Patients

(n = 16)

Group Comparison

p Valuea

Sociodemographic Characteristics

Gender (male) 15 (50%) 12 (70.6%) 10 (62.5%) 0.62

Age (years) 29.8 ± 9.2 29.5 ± 8.4 30.6 ± 11.6 0.75

Ethnicity (African American) 8 (26.7%) 7 (41%) 10 (63%) 0.22

Subject socioeconomic status 33.6 ± 12.0 40.9 ± 14.4 20.8 ± 6.9 <0.001

Parental socioeconomic status 45.5 ± 12.9 48.2 ± 9.5 42.1 ± 14.2 0.2

Clinical Characteristics

Positive symptom severity (PANSS positive subscale score) – 7.2 ± 0.4 16.5 ± 5.9 <0.001

Negative symptom severity (PANSS negative subscale score) – 9.7 ± 2.8 17.4 ± 5.4 <0.001

MATRICS composite cognition score – 42 ± 6.7 37.4 ± 10.7 0.33

Naive to antipsychotic medication – – 10 (63%) –

PET Data

Interval between oral amphetamine and PET scan (hours) – 5.38 ± 0.95 5.36 ± 1.41 0.97

Plasma amphetamine level during PET scan (ng/mL) – 73.8 ± 14.6 69.1 ± 10.3 0.46

Interval between oral amphetamine and VCTR task (minutes) – 105 ± 9.8 100 ± 8.3 0.25

Injected radiotracer mass (pre-amphetamine scan, mg) – 2.47 ± 2.12 1.86 ± 0.54 0.39

Injected radiotracer dose activity (pre-amphetamine

scan, mCi)

– 8.0 ± 2.7 10.2 ± 2.9 0.12

Injected radiotracer mass (post-amphetamine scan, mg) – 2.60 ± 1.28 2.00 ± 0.81 0.24

Injected radiotracer dose activity (post-amphetamine

scan, mCi)

– 11.0 ± 2.7 10.8 ± 2.8 0.88

Means ± SD are given for continuous variables; number (and percentage) is given for categorical variables. PANSS, Positive and Negative Syndrome

Scale (positive or psychotic symptoms of schizophrenia include hallucinations and delusions; negative symptoms include emotional withdrawal and

amotivation); MATRICS, Measurement and Treatment Research to Improve Cognition in Schizophrenia (Consensus Cognitive Battery).
ap values for group comparison of unmedicated patients and healthy controls in study 2 are given based on two-sample t tests for continuous variables

and X2 tests for categorical variables.
contrasters; n = 10; t9 = �3.32; p = 0.009; paired t test; see Fig-

ures 2B and 2D). This suggests that higher context variance led

to higher uncertainty about expectations (a more imprecise pre-

diction), degrading the contextual influence on perception.

Again, the permutation test indicated that this observation was

unlikely due to chance: the distribution of the context-mean b1
values from the permuted subjects was similar in the low-vari-

ance (SD = 0.027) and high-variance conditions (SD = 0.027;

F1, 19,998 = 2.37; p = 0.12; Levene’s test).

For further analyses, the effect of uncertainty on perception

was measured individually as the interaction of context

mean3 context variance on reproduction durations across trials

(the weight of this interaction term, made negative to aid inter-

pretation [�b3], is referred to as a subject’s uncertainty adjust-

ment); these analyses controlled for the context-mean effect

and thus for whether a subject was an assimilator or a contraster.

Note that, for assimilators, a more positive (larger) uncertainty

adjustment represents the normative behavior whereby the

perceptual bias toward the expected tone duration under the

low-variance condition is reduced under the high-variance con-

dition—i.e., the assimilation bias is degraded with higher contex-

tual variance. (Note that, for the few contraster subjects, in

contrast, a larger uncertainty adjustment would instead repre-

sent a paradoxical effect whereby the perceptual bias away
506 Current Biology 28, 503–514, February 19, 2018
from the expected tone duration would be exaggerated with

higher contextual variance.)

Alternative Explanations of the Data

To support our argument that the influence that context tones

had on reproduction duration was in fact due to changes in

perception and not to other factors, a control version of the

VCTR task was developed (motor-control task). Unlike in the

VCTR task itself, this control task showed no difference between

real and randomly permuted data on context-mean effects

(F1, 10,008 = 0.18; p = 0.67; Levene’s test), suggesting that motor

control was not influenced by the presence of context tones.

Also consistent with our interpretation that context tones influ-

enced perception, subjects had explicit knowledge of the illu-

sions experienced during the VCTR (r = 0.36; p = 0.051; correla-

tion between self-reported contrast-assimilation score and

context-mean effect). Furthermore, the context-mean effect

and uncertainty adjustment were unrelated to cognitive perfor-

mance, working memory, sleep quality, or most general accu-

racy measures (all r < j0.3j; p > 0.05). The exception was

the ‘‘catch’’ trial effect, which was negatively correlated to

the context-mean effect (r = �0.43; p = 0.017), consistent

with the notion that assimilators weigh sensory evidence less

strongly. Finally, an alternative, non-Bayesian model was

considered in which only the last tone in a context train affected
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Figure 2. Uncertainty-Dependent Modula-

tion of Perception in Health

(A and C) Representative single subjects’ data

are shown. Empty circles are reproduction dura-

tions from single trials following short, medium, or

long contexts (x axis) with low (blue) or high

(black) variance. Filled circles are the average

reproduction duration for each condition; error

bars are SEM. For each subject, the slope of the

black line represents the context-mean effect and

the difference in slopes (blue minus black) rep-

resents the uncertainty adjustment. The magenta

arrows indicate the sign of the uncertainty

adjustment. Note that the subject in (A) has a

positive slope in the low-variance condition and is

therefore an assimilator, whereas the subject

in (C) has a negative slope and is therefore a

contraster.

(B and D) Group average reproduction times are

shown as filled circles both for the group of as-

similators (B) and contrasters (D) by context con-

dition. Error bars are the SEM, mean centered for

each subject in each context variance condition.

The lines reflect the fitted regression line across

subjects. The distribution of the uncertainty

adjustment is shown by inset magenta histograms with kernel smoothing function fits in the group of assimilators (B) and contrasters (D).

(E and F) Distribution of context-mean effect b in the real data (E) and permuted data in which the context condition labels were randomly shuffled with respect to

reproduction durations (F). Histograms consist of kernel smoothing function fits. Dotted lines indicate the top and bottom 10% of observed values. In the low-

variance condition (black line), the context-mean effect shows a broader distribution with subjects having more extreme values in both the positive and negative

direction than would be expected by chance according to the permuted data (10,000 permutations).
perception of the target (i.e., whereby subjects did not process

information about context mean or uncertainty). Analyses did

not support the inclusion of this ‘‘last-tone’’ variable as an inde-

pendent predictor in models predicting reproduction durations

(all p > 0.1; one-sample t test).

Relationship to Subthreshold Hallucination-like

Phenomena in Healthy Individuals

The tendency to experience hallucination-like phenomena

(Launay-SladeHallucination Scale [LSHS] scores) in healthy indi-

viduals was not significantly related to uncertainty adjustment

(Spearman’s r = �0.21; p = 0.26) or the context-mean effect

(r = �0.14; p = 0.47). When excluding contrasters, we still did

not find a significant correlation between LSHS score and uncer-

tainty adjustment (r = �0.16). The effect size of the relationship

of uncertainty adjustment to hallucination-like phenomena in

healthy controls was not significantly smaller than that of the

relationship between uncertainty adjustment and hallucinations

in patients with schizophrenia reported in study 2 below (com-

parison of correlations observed in studies 1 and 2; z = 1.08;

p = 0.14).

Study 2: Relationship of Uncertainty Adjustment to
Hallucination Severity, Dopamine, and Regional Brain
Volume
Sixteen unmedicated patients with schizophrenia with varying

degrees of hallucination severity (from not active [four patients]

to mild-to-moderate [five patients] to moderate-severe-to-se-

vere hallucinations [seven patients]) and 17 matched healthy

controls completed study 2 (Table 1). Given our primary focus

on the mechanisms of hallucinations (beyond schizophrenia as

a diagnostic group), our primary analyses focused on the corre-

lates of hallucination severity within the patient group. Simpli-
fying the interpretation of the primary results within this group

and despite the interindividual variability among healthy individ-

uals in study 1, all patients with a significant context-mean effect

exhibited an assimilation bias and none exhibited a significant

contrast bias. Secondary analyses compared patients to the

matched control group.

Relationship to Hallucination Severity in Schizophrenia

Consistent with our main a priori hypothesis, hallucination

severity in patients correlated strongly with reduced uncertainty

adjustment (Positive and Negative Syndrome Scale [PANSS]-P3

‘‘hallucinations item’’ scores; Spearman r = �0.70; p = 0.008;

partial correlation controlling for context-mean effect, positive

symptom severity excluding hallucinations, and negative symp-

tom severity; see Figure 3A). Hallucination severity also corre-

lated positively with the context-mean effect (r = 0.61; p =

0.028; partial correlation controlling for uncertainty adjustment,

positive symptom severity excluding hallucinations, and nega-

tive symptom severity). These findings suggest that assimilation

biases tend to be stronger in more hallucination-prone patients

and that assimilation biases also degrade to a lesser extent in un-

certain contexts in these patients (i.e., they exhibit reduced

uncertainty adjustment). The hallucination-related reduction in

uncertainty adjustment was driven by a numerically stronger cor-

relation between hallucination severity and the context-mean ef-

fect in the high-variance condition (r = 0.54; p = 0.047) compared

to the low-variance condition (r = 0.29; p = 0.31; correlations

controlled for other types of symptoms but not uncertainty

adjustment; Figures 3B and 3C). The difference in the strength

of these correlations did not reach statistical significance

(z = 1.43; p = 0.15).

Although no patients showed significant contrast biases, even

removing any patients with an effect in the direction of contrast
Current Biology 28, 503–514, February 19, 2018 507
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Figure 3. Relationship between Measures of Perceptual Bias and Hallucinations in Patients

(A) Scatterplot indicating the correlation between severity of hallucinations in patients with schizophrenia and uncertainty adjustment (or tendency to reduce

assimilation biases under high contextual uncertainty). Hallucination severity was adjusted based on the other predictors in the model (see Results), and all

variables were rank ordered. Data points are color coded according to hallucination severity (see color bar at far right). a.u., arbitrary units. The inset shows the

same relationship with raw, unadjusted data plotted on both axes.

(B) Regression lines relating severity of hallucinations in patients with schizophrenia (adjusted based on other predictors in the model) to the context-mean effect

at low (black) and high (blue) variance.

(C) Plot indicating the context-mean effect at the low- and high-variance conditions for each patient. The slope of the line connecting responses in the two

conditions represents the uncertainty adjustment: here, more negative slopes represent more normative uncertainty adjustments, whereas less negative or more

positive slopes represent reduced uncertainty adjustment. Each line is color coded according to the individual’s hallucination severity. Note that hallucinators are

perfectly separated from non-hallucinators based on the context-mean effect under high uncertainty (high variance).

See also Figure S1.
(b1 < 0; n = 5) had no meaningful impact on the results (uncer-

tainty adjustment correlation to hallucination severity: r =

�0.60). Critically, these effects were specific to hallucinations

compared to other symptoms, because positive (excluding hal-

lucinations), negative, and general PANSS subscale scores were

uncorrelated with uncertainty adjustment or context-mean effect

(all r < j0.2j), and the strength of the correlation of uncertainty

adjustment to hallucination severity was significantly greater

than its correlation to other positive symptoms (z = 2.48; p =

0.013). Unsigned measures of the context-mean effect and un-

certainty adjustment (related to the strength of the illusion but

independent of its direction toward assimilation or contrast) did

not correlate with hallucination severity (all r < j0.32j), indicating
it is not the absolute strength of the illusion that relates to hallu-

cinations but its specific direction toward assimilation. General

accuracy measures did not correlate with hallucination severity

(all r < j0.3j).
Comparison to Healthy Controls

For comparison purposes, in exploratory analyses, we divided

patients into those with active hallucinations and those without

and compared them to controls. No group differences in general

accuracy measures were found (all p > 0.3). Six controls

(35.29%), 4 hallucinators (33.33%), and 0 non-hallucinators

showed a significant context-mean effect (in the direction of

assimilation for all of the hallucinators and half of the controls).

There were no significant differences across groups in the pro-

portion of assimilators (p = 0.30; Fisher’s test), the context-

mean effect (F2,30 = 2.38; p = 0.11), or the uncertainty adjustment

(F2,30 = 0.34; p = 0.71; Figures S1B and S1A), but hallucinators

numerically exhibited the strongest scores for both effects.

Excluding contrasters did not affect the results of the group com-

parison on the uncertainty adjustment (p = 0.9). Considering the

context-mean effect under high variance (the sumof the context-

mean effect and its change with the introduction of uncertainty;
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b1 + b3), there was a significant difference across groups (F2,29 =

4.91; p = 0.015; Figure S1C) after removing one control, who was

an influential outlier in this analysis (Cook’s distance = 0.21; cut-

off (4/n) = 0.12; studentized residual = 4.5; Bonferroni-corrected

p = 0.003). Post hoc tests further provided preliminary support

for greater assimilation in the high-variance condition in halluci-

nators compared to controls (t26 = 2.11; p = 0.045), although

this difference would not survive a correction for multiple com-

parisons (3 comparisons). When pooling together patients with

and without active hallucinations for completeness, we found

that a diagnosis of schizophrenia was not itself associated with

an abnormal uncertainty adjustment or context-mean effect (all

p > 0.4).

Pharmacological Effects of Amphetamine

After finding that hallucination severity correlated most strongly

with more negative (reduced) uncertainty adjustment, we tested

in a subsample of 23 subjects (in study 2, 11 healthy individuals

and 12 schizophrenia patients) whether pharmacologically stim-

ulating dopamine release via amphetamine would induce this

pattern. There was no main effect of amphetamine (pre- versus

post-amphetamine sessions) on the uncertainty adjustment

(F1,21 = 1.9; p = 0.19) and no diagnosis 3 amphetamine interac-

tion (p = 0.65). However, this linear test would be inadequate if

the uncertainty adjustment had a floor—i.e., a non-linearity like

the well-documented non-linear relationship between dopamine

and other cognitive processes [36–38]. Consistent with this

possibility, we found that the amphetamine-induced change in

uncertainty adjustment was greater for subjects with larger

baseline uncertainty adjustment (robust linear regression; b =

0.94; p = 0.006). Thus, we controlled for baseline uncertainty

adjustment (pre-amphetamine session) and found that the

reduction in the uncertainty adjustment was significantly greater

than zero in subjects with baseline uncertainty adjustment above

the median (intercept b = �0.034; p = 0.007), but not in subjects
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Figure 4. Relationship between Uncertainty Adjustment and Dopa-

mine

(A) Changes in uncertainty adjustment following administration of amphet-

amine. Uncertainty adjustment before and after amphetamine is plotted for

subjects above and below the median for the baseline (pre-amphetamine)

uncertainty adjustment. Error bars represent SEM.

(B andC) Scatterplots show that subjects with higher striatal dopamine release

capacity have significantly reduced uncertainty adjustment at baseline (pre-

amphetamine condition). This is clear in the associative striatum (B; a priori

region of interest [ROI]) and the whole striatum (C). The larger plot shows

ranked data on both axes, and the inset plot shows the raw data for the same

variables. The brains depict the manually traced striatal ROIs of a single

subject overlaid on the subject’s T1 anatomical MRI scan. a.u., arbitrary units.

See also Table S1.
below the median (intercept b = 0.006; p = 0.56; robust linear

regression of change in uncertainty adjustment versus baseline

uncertainty adjustment, re-centered at baseline mean for each

group). This suggests that amphetamine induced a reduction

in the uncertainty adjustment but only in those subjects who

had a large uncertainty adjustment at baseline, suggesting a

non-linear floor effect whereby reduced uncertainty adjustment

at baseline was not reduced further under amphetamine (Fig-

ure 4A). Note that the presence of this effect in only one group

is inconsistent with regression to the mean. The amphetamine-

induced reduction in uncertainty adjustment was still present

for subjects with baseline uncertainty adjustment above the

median when contrasters were excluded (intercept b = �0.038;

p = 0.006; n = 21). No significant main effects or interactions

were observed for the context-mean effect (all p > 0.4).

Relationship to Striatal Dopamine Release Capacity

Hallucination severity in patients (n = 10) correlated with greater

dopamine release in the associative striatum (r = 0.74; p =

0.015), consistent with the known relationship between dopa-

mine release capacity and psychosis severity [7]. Critically and

consistent with our hypothesis, reduced uncertainty adjustment

correlated with greater dopamine release capacity in the asso-

ciative striatum (p = 0.015; patients and controls, n = 18; Fig-

ure 4B). This relationship was stronger in the associative striatum

than in other striatal subregions (Table S1). The relationship held

after controlling for the context-mean effect in all subjects (r =

�0.50; p = 0.041), if contrasting subjects were removed (r =

�0.56; p = 0.019; n = 17) and if participants were divided into

patients (r = �0.71; p = 0.003) and healthy controls (r = �0.79;

p = 0.035). In contrast, the context-mean effect was uncorrelated

with dopamine release capacity (r = �0.32; p = 0.21). These re-

sults thus suggest that increased dopamine tone in the striatum

may disrupt phasic encoding of contextual uncertainty specif-

ically such that high dopamine releasers systematically overesti-

mate precision of predictions, thus failing to dampen perceptual

biases toward expected sensory states under higher uncertainty

(i.e., they show reduced uncertainty adjustment consistent with

the hypothesizedmodel; Figure 1D). General accuracymeasures

were unrelated to PET measures (all r < j0.32j). Amphetamine-

induced changes in uncertainty adjustment did not correlate

with dopamine release capacity (r = 0.24; p = 0.33). Altogether,

these data suggest that individuals with higher striatal dopamine

function (indicated by dopamine release capacity but also D2-re-

ceptor density; see Table S1) havemore severe hallucinations (in

the case of patients) and a more pronounced reduction in

uncertainty adjustment.

Relationship to Gray Matter Volume

To identify structural brain correlates of the uncertainty adjust-

ment, we performed a voxel-basedmorphometry (VBM) analysis

on anatomical images collected for all subjects in study 2.

Smaller gray matter volume in the medial prefrontal cortex bilat-

erally, encompassing the dorsal anterior cingulate cortex (dACC)

and extending into the supplementary motor area, correlated

with reduced uncertainty adjustment, even after controlling

for group and the context-mean effect (analysis of covariance

[ANCOVA]; cluster-level pFWE = 0.041; Figure 5). Taking the

average gray matter volume within this cluster for each subject,

a post hoc analysis found that this volume remained correlated

to the uncertainty adjustment in the subgroup of healthy controls
Current Biology 28, 503–514, February 19, 2018 509
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Figure 5. Structural Brain Correlates of the Uncertainty Adjustment

A significant cluster (pFWE = 0.041; peak voxel MNI coordinates [x,y,z]: �9,

�17, 62 mm; t27 = 4.85; z = 4.08) where reduced gray matter volume is

associated with reduced uncertainty adjustment across all subjects is

rendered in yellow on a standard cortical surface map (PALS-B12 atlas;

rendering performed using Caret software, version 5.65). This significant

cluster was obtained using a cluster-forming (height) threshold of p % 0.005

and extent threshold of 5 adjacent voxels. For illustrative purposes, a signifi-

cant cluster obtained using a cluster-forming threshold of p % 0.01 is also

shown in orange. For reference, the dotted line delineates Brodmann area (BA)

32, which encompasses the dACC. The central scatterplot shows the corre-

lation between the average gray matter volume within the yellow cluster and

uncertainty adjustment across subjects (r = 0.41; p = 0.019; note that these

statistics are only shown for completeness as the a priori test is the voxelwise

analysis).
alone (partial correlation, r = 0.67; p = 0.008), suggesting this

relationship was not driven by pathological features of the illness.

Gray matter in this cluster was still related to uncertainty adjust-

ment across patients and controls when contrasters were

excluded (partial correlation; r = 0.63; p = 0.0004; n = 30). Finally,

graymatter volume in this cluster also remained correlated to un-

certainty adjustment when controlling for dopamine release ca-

pacity (r = 0.53; p = 0.028; partial correlation; patients and con-

trols combined), ruling out dopamine release capacity as a

confound in this relationship. No clusters showed a significant

negative correlation with uncertainty adjustment, any correla-

tions with the context-mean effect, or group differences.

DISCUSSION

Building on prior work in at-risk populations [25], here, we found

that the severity of hallucinations in schizophrenia specifically

correlated with a stronger perceptual bias toward expected

states (greater assimilation bias) and with failures to dampen

this perceptual bias in uncertain contexts (reduced uncertainty

adjustment). These findings support the idea that hallucinations

may represent percepts under excessive influence of top-down

prior expectations [22, 24, 25] and that this influence may be

more pronounced in uncertain contexts that should normally

reduce the influence of expectations on perception, in agree-

ment with a Bayesian model of hallucinations [17]. Indeed, it

was in uncertain contexts where the assimilation bias was stron-

gest in hallucinating patients compared to non-hallucinating
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patients and healthy subjects. Furthermore, we showed for the

first time that a distinct pattern of perceptual bias associated

with hallucinations—a reduced uncertainty adjustment—could

be induced by amphetamine and was correlated with dopamine

release capacity in the associative striatum, the primary site of

dopaminergic dysregulation in schizophrenia [6, 7]. Propensity

for this perceptual bias was further associated with reduced

gray matter volume in the dACC, a brain region involved in ad-

justing Bayesian learning according to the level of uncertainty

[39–41].

Altogether, these findings are consistent with a role for dopa-

mine in signaling precision and ascribe a computational mecha-

nism to a key neurobiological pathway in psychosis. In particular,

our findings suggest that inability to downregulate striatal dopa-

mine tone in psychotic patients may disrupt encoding of contex-

tual uncertainty, likely signaled by context-dependent phasic

dopamine transients, the gain of which is thought to depend

on tonic dopamine [42]. This disruption would lead to a system-

atic overestimation of precision of predictions and increased

gain on top-down signals, which may cause vulnerable individ-

uals to experience hallucinatory percepts reflecting extreme

perceptual biases toward sensory expectations. More generally,

they extend prior work [43–46] indicating that dopamine plays

a modulatory role in perception beyond its well-established

role in reward-based learning and decision making. Future

work should further dissect the neural circuitry involved in

encoding of contextual uncertainty as it relates to perception.

Previous work has shown that the dACC plays a critical role in

uncertainty-dependent adjustments in learning [39–41]. Thus,

our finding that reduced volume of this region is proportional

to reductions in the uncertainty adjustment provides further

biological plausibility for our behavioral findings by suggesting

that, akin to its role in uncertainty adjustments during learning

[39–41], the dACC may also support uncertainty adjustments

in perception, perhaps through its interactions with the

striatum [47].

Dopamine has been increasingly implicated in signaling confi-

dence, certainty, or precision in reward [45, 46] and perceptual

tasks [43, 44]. Converging evidence suggests a role for the dopa-

mine-rich striatum in sensory processing [48–50]. Besides its un-

disputed involvement in perceptual (and ideational) symptoms of

psychosis [6], the striatum is a central part of cortico-striato-tha-

lamo-cortical loops interfacing between sensory inputs and their

cortical targets [8, 49]. Moreover, dopamine [29] and the striatum

play a key role in perception of temporal precision [27, 28] and

regularity [50, 51] and may thereby facilitate auditory discrimina-

tion [48]. However, the influence of dopamine on hallucinations

may not apply universally because dopamine levels in healthy

individuals did not relate to hallucination-like experiences [52],

underscoring a possible role of illness-specific vulnerability fac-

tors or perhaps differences between such phenomena and clin-

ical hallucinations [53].

The coexistence of assimilation and contrast biases in our

sample may not be immediately reconciled within a standard

Bayesian framework [15, 35], although these effects both repre-

sent known forms of contextual influence on perception [54].

Whereas interindividual variability in sensitivity [33, 55, 56] can

explain differences between assimilators [30–32] and contras-

ters [34] in other paradigms, we failed to find a correlation with



duration sensitivity in ours. Thus, an explanation in terms of two

separate underlying mechanisms [15] or one where assimilators

and contrasters have different balance of bottom-up prediction-

error signals versus top-down predictions seem more tenable.

A recently extended Bayesianmodel proposes that many factors

may contribute to contrast bias, including increased (internal)

sensory noise or differently shaped prior or likelihood functions

[35]. The presence of contrast bias dissuaded us from fitting

the model to our data because formally capturing these effects

would require extending the model with additional features.

Contrast biases, however, do not greatly complicate interpreta-

tion of our findings with respect to dopamine function in schizo-

phrenia, because they were controlled for in the analyses of

uncertainty adjustment, no patients showed significant contrast

bias, and all of our findings remained significant after excluding

contrasters. Moreover, the presence of contrast bias in some

healthy participants may indeed help clarify the role of dopamine

in uncertainty adjustments: signed, but not unsigned, uncertainty

adjustments relate to dopamine release capacity, implicating

a directional effect of dopamine such that excess dopamine

may interfere with dampening of assimilation biases specif-

ically rather than with dampening of any biases (assimilation or

contrast) irrespective of their direction.

Contrary to some studies suggesting immunity to illusions in

schizophrenia [57–59], yet consistent with others [25, 60–62],

we found that hallucinations correlated with increased suscepti-

bility to (assimilation) illusions. Mixed findings could indicate that

distinct neurobiological mechanisms underlie different types of

illusions [20, 24]. The evidence for immunity to illusions in schizo-

phrenia, which has been taken to support enhanced bottom-up

signaling [26], has been largely derived from low-level visual

illusions [57–59] that may depend on local processes within

low-level visual regions rather than on top-down modulations

[25, 58]. In contrast, context-dependent, top-down modulation

may be evoked by tasks that manipulate contextual information

sequentially [25], like ours. These types of top-down modula-

tions are instead typically increased in individuals with psychosis

[25, 60, 61, 63] (but see [64, 65]), correlate with psychosis

severity [25, 60, 66], and precede psychosis onset [25, 61, 63].

Conversely, less evidence supports a relationship between im-

munity to low-level illusions and psychosis severity [67]. One

possibility to reconcile these findings [25] is that increased top-

down effects in psychosis may be compounded by early deficits

in low-level sensory processing, leading to decreased sensory

gain [57–59].

Previous work has begun to delineate molecular mechanisms

of auditory predictive coding. The mismatch negativity (MMN)

event-related potential component from the oddball paradigm

may reflect a learning signal (akin to a prediction error) [68–70]

that can be disrupted via glutamate NMDA-receptor blockade

[71, 72]. Robust evidence points to a MMN deficit in schizo-

phrenia [73, 74], but the magnitude of this deficit has not been

consistently related to hallucinations [74] or dopamine [13].

This may be due to failure of standard oddball paradigms to

manipulate contextual uncertainty, a central aspect of Bayesian

inference in psychosis models [12, 17, 18]. In line with previous

data [43–46], fluctuations in dopamine levels could thus signal

the precision of predictive information by adjusting the gain on

signals according to their reliability, for instance by amplifying
top-down signals in highly stable contexts [18, 25], similar

to modulations seen in the reward system [45, 46]. If indeed

sustained high-dopamine tone in schizophrenia impedes

contextual-uncertainty-dependent modulations of dopamine

transients, this could lead to overestimation of precision and

abnormally strong top-down signals (the opposite effects have

been observed with D2-receptor blockade [27]). This sce-

nario—in addition to one consisting of abnormal NMDA-related

learning signals—could thus impair learning from new sensory

evidence, as observed in hallucinating patients [21].

Limitations and Future Directions
The observed association between uncertainty adjustment and

hallucinations, but not with a diagnosis of schizophrenia, could

be due to our modest sample size; further work is needed to

reach definitive conclusions as to whether patients with schizo-

phrenia as a group differ from controls on this measure. If indeed

they do not, this could suggest that diagnosis is a moderating

factor in this relationship: perhaps reduced uncertainty adjust-

ment could be relatively innocuous in healthy individuals due to

an unknown resilience factor lacking in patients, although this

possibility remains unclear given the trend-level relationship be-

tween hallucination-like experiences and perceptual biases in

health (Results; study 1). Alternatively, this pattern of findings

could suggest compensatory mechanisms within the patient

group (e.g., some patients could develop a supranormal ability

for uncertainty adjustments that confers resilience against hallu-

cinations). Finally, some models of schizophrenia propose that

opposing patterns of perceptual bias may characterize this

illness: weak top-down biases could explain certain trait-like

characteristics of schizophrenia, whereas compensatory adap-

tations leading to excessively strong top-down biases could

explain state-dependent (psychotic) experiences such as hallu-

cinations [18]. This pattern, which would obscure group differ-

ences between patients as a whole and controls, is consistent

with the pattern we observe wherein healthy controls show a

perceptual bias under high uncertainty that is greater than that

in non-hallucinating patients but smaller than that in hallucinating

patients (Figure S1C) and with patterns observed in prior work

[22]. Nonetheless, these scenarios—which may not be uncom-

mon in studying mechanisms of specific symptom domains,

beyond diagnostic categories—do not preclude conclusions

regarding the strong and specific relationship of hallucinations

and precision coding we hypothesized a priori and empirically

observed. There is a major difference in the timescale of the im-

aging measures we employ compared to the rapid dynamics of

context-dependent changes in perception that we study with the

VCTR task. Nevertheless, increases in dopamine tone reflected

in our PET imaging measure would likely disrupt the phasic

dopamine signals that may encode contextual uncertainty [42].

Thus, our multimodal imaging approach is appropriate to inves-

tigate the relationship between dopamine dysfunction and fail-

ures in uncertainty-dependent adjustments in perception. The

experience of hallucinations themselves may have interfered

with subjective perception in patients; however, this is unlikely

as only two patients reported hallucinations that were frequent

enough to interfere with the task. Development of tasks similar

to the VCTR but using verbal auditory stimuli would be an impor-

tant direction given the phenomenology and content of auditory
Current Biology 28, 503–514, February 19, 2018 511



hallucinations in schizophrenia, an element that our task was not

designed to investigate. Finally, dopamine release in our study

was related to the pre-amphetamine uncertainty adjustment,

not the amphetamine-induced change in uncertainty adjust-

ment. This may not be surprising given the indication that the

uncertainty adjustment may be susceptible to floor effects (Fig-

ure 4A; similar to dopamine’s influence on other cognitive pro-

cesses) [36–38], which may well decrease sensitivity to detect

changes in this measure.

In summary, our results provide novel empirical support for a

formal account of hallucinations implicating dopamine dysfunc-

tions in signaling of precision of predictions. These results also

provide insight into the role of dopamine in perception more

generally by suggesting that striatal dopamine may adjust

the gain on top-down prediction signals as a function of environ-

mental uncertainty. Altogether, our findings suggest that

the well-known excess in striatal dopamine in schizophrenia

may disrupt a context-dependent integration of expectations

into perceptual experiences, ultimately leading to hallucinatory

percepts.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Subjects
This study was approved by the Institutional Review Board of the New York State Psychiatric Institute (NYSPI) at Columbia University

Medical Center (CUMC). All participants provided written informed consent. See Table 1 for demographic and clinical information.

The inclusion criteria for patients with schizophrenia were: age 18-55 years; DSM-IV criteria for schizophrenia, schizophreniform or

schizoaffective disorder; negative urine toxicology, stable, outpatient medication-free status for at least three weeks. Patients with

schizophrenia were excluded for a diagnosis of bipolar disorder, active substance use disorders (except tobacco use disorders) or

current use based on urine toxicology. Healthy controls were excluded for: current or past axis I disorder (except tobacco use dis-

order), as verified using the Structured Clinical Interview for DSM-IV Disorders (SCID-IV) [75, 76], history of neurological disorders or

current major medical illness, and first degree relatives with a history of psychotic disorder. Patients were recruited from the outpa-

tient research facilities at NYSPI; healthy controls were recruited through advertisements and word of mouth. Healthy volunteers in

Studies 1 and 2 comprised two separate groups with the exception of two subjects whose data was used in both studies.

METHOD DETAILS

Clinical and cognitive measures
In Study 1 cognitive performance was assessed with theWechsler abbreviated scale of intelligence (WASI-II) [77] and the n-back test

of working memory (letter version) [78]. Subclinical hallucination-like experiences were assessed with the Launay-Slade Hallucina-

tions Scale (LSHS) [79]. Subjects also reported sleep quality. In Study 2 psychopathology including hallucination severity was

measured with the Positive and Negative Syndrome Scale (PANSS) [80]. Cognitive abilities were assessed with the Measurement

and Treatment Research to Improve Cognition in Schizophrenia (MATRICS) Consensus Cognitive Battery [81]. Socio-economic sta-

tus of all participants and their parents was measured with the Hollingshead interview [82].

Task design
We designed an auditory task inspired by the oddball paradigm [73] and by previous interval-reproduction tasks [83] in which sub-

jects were instructed to report their perception of the duration of a pure tone (1000 Hz, 65 dB; see Figures 1A and 1B for task sche-

matic). The duration of the ‘‘target’’ tone to be reproduced was held constant at 700ms in 90% of trials. In the remaining 10% of trials

(‘‘catch’’ trials), the duration of the target tone varied so as to provide a measure of sensitivity to target tone duration throughout the

experiment (‘‘catch’’ trial effect). Following each target tone, subjects listened to a visually cued ‘‘response’’ tone that played until

subjects terminated it with a key press when they judged that its duration matched that of the target tone. The interval between

the onset of this response tone and its termination by key press defined the reproduction duration. Prior to target tones, subjects

listened to a train of 2–4 context tones that they were not asked to remember or respond to. Thus, each trial consisted of a train

of context tones, one target tone and one response tone. The target tone was distinguished from context tones by a visual cue

(a gray square and the word ‘‘listen’’). Regardless of tone durations, stimulus onsets were always separated by a constant interval

of 1,700 ms. An experimental session consisted of 2 blocks of 60 trials each, which lasted about 17 minutes. E-prime 1 software was

used for stimulus presentation.

Our key experimental manipulations were applied to the context-tone trains. These varied in their mean duration (context mean,

short: 543 ms, medium: 700 ms, or long: 980 ms), the variability across tones within the train (context variance: low [SD of 0 ms], high
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[SD of 86, 111, 156 ms respectively for short, medium, and long context mean]), and the number of tones comprising the train (2, 3,

or 4). Fluctuations in context tone duration were scaled according to Weber’s law as g (SD/mean), analogous to the Weber fraction

and shown to be constant over this range of auditory stimulus durations [84]. The 29% difference in duration between the short and

long context means compared to target tones was intentionally well above previously reported thresholds for duration discrimination

(�8%–16% [84]). Note that although longer interval durations are associated with higher estimation uncertainty [83], this appears to

apply more to visual than to auditory stimuli [85] similar to those in our task.

Unlike in standard oddball paradigms and following the illusion literature, we systematically manipulated context tones while keep-

ing the target tone constant so as to induce changes in perception driven by the statistics of the prior rather than by those of the

observed stimulus. To help ensure subjects were consistently following task instructions, they were informed that although the

task was subjective and there were no wrong answers, consistently providing random or extreme responses would result in loss

of a $10 bonus (although the bonus was actually given to all participants regardless of their performance). For further details see Fig-

ures 1A and 1B.

General accuracy measures

Prior to the VCTR task, subjects performed a brief practice session during which they familiarized themselves with the process of

reproducing tones both in the presence and absence of context tones. They also performed a duration-sensitivity task in which in-

dividual tones were presented and immediately reproduced in the absence of context tones. This was repeated for 24 tones ranging

in duration from 500ms to 1,500ms (similar to the range in the VCTR task). Duration sensitivity was calculated by regressing subjects’

reproduction durations against true tone durations. Aside from duration sensitivity, other general accuracy measures unrelated to our

measures of interest (i.e., uncertainty adjustment and context mean effect) included measures derived from the VCTR task itself: the

‘‘catch’’ trial effect (see Task design section of Methods), response variability (root mean squared error in themain regressionmodel),

mean reproduction duration, and number of omitted responses.

Motor-control task

A subsample of 10 healthy individuals from Study 1 also completed a control variant of the VCTR (motor-control task) in which the

same trains of context tones were presented over 120 trials but instead of reproducing the duration of a target tone following the

context tones, subjects simply had to indicate by a key press when a line had extended from the edge to the middle of the screen

(which corresponded to a 700-ms interval, except on 10% of trials). This task aimed to determine whether context tones could bias

motor responding or magnitude judgments in general, in which case apparent perceptual biases during the VCTR task could have

been confounded by motor or more general biases.

Assessment of explicit knowledge of VCTR illusion effect
Following completion of the VCTR task, all subjects answered multiple-choice questions about their subjective experience of the

task. Some questions pertained to subjects’ awareness of an illusion, for instance whether they noticed that target tones sounded

longer, shorter, or the same as usual when they were preceded by long context tones. A self-reported contrast-assimilation score on

the VCTRwas derived such that subjects who noticed target tones preceded by long context tones sounding longer and target tones

preceded by short context tones sounding shorter (noticed an assimilation bias on both long and short context trials) had a maximal

score of 2, subjects who consistently perceived target tones durations shifting in the opposite direction from context tones (a contrast

bias) had a minimal score of�2, and subjects had a score of 0 if they did not notice contextual effects on auditory perception or had

inconsistent effects (indicative of contrast and assimilation).

Positron Emission Tomography (PET) imaging
Eighteen subjects fromStudy 2 (8 healthy controls, 10 patients) underwent PET scans on a BiographmCTPET-CT scanner (Siemens/

CTI, Knoxville TN) with [11C]raclopride: a baseline (pre-amphetamine) PET scan on one day, and a post-amphetamine PET scan ac-

quired the following day (detailed methods for this experiment are published [86]), 5-7 hours after oral administration of amphetamine

(0.5 mg/kg). The VCTR was administered the day prior to amphetamine administration (pre-amphetamine condition) and again

100 minutes following amphetamine administration (post-amphetamine condition). This time point was chosen to fall within or

near the peak plasma amphetamine level [87]. Figure 1C illustrates the timing of PET scans and VCTR task sessions. Table 1 shows

PET scan parameters.

Structural Magnetic Resonance Imaging (MRI)
We acquired high-resolution anatomical T1-weighted images on a GE Healthcare 3T MR750 scanner using a 32-channel, phased-

array Nova head coil. The T1-weighted 3D BRAVO sequence had the following parameters: TI = 450 ms, minimum TR and TE, flip

angle = 12�, FoV = 24 cm, matrix = 3003 300, number of slices = 220, isotropic voxel size = 0.8 mm3. This sequence uses minimum

values for repetition time and echo time, which therefore vary slightly from one scan to the next. The echo time in our scans was 3.09-

3.10 s and the repetition time was 7.83-7.86 s.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis
All analyses were carried out using MATLAB. To analyze the VCTR-task data, regression analyses predicting the subject’s reproduc-

tion duration across all trials (except for those with omitted responses and ‘catch’ trials) were performed separately for each

subject using robust multiple linear regression based on iteratively reweighted least-squares with a bisquare-weighting

function. The independent variables in the main model were context mean (short, medium, long), context variance (low, high), and

the interaction of context mean by context variance: Reproduction duration � b1,context mean+ b2,context variance+ b3,
context mean,context variance. The number of tones in context tone trains (context length) did not influence reproduction durations

and was therefore omitted from the model.

To determine whether the illusion effects observed –whichwe foundwent both in the direction of assimilation and of contrast– were

more extreme than would be expected by chance, we used a permutation analysis to identify the distribution of context mean b1
values that would be expected by chance, running the main regression model on 10,000 surrogate subjects for which the labels

of context conditions (both for context-mean and context-variance) were randomly shuffled across trials. Levene’s test was then

used to compare the variance in real and permuted data.

The unstandardized regression coefficients (b) for the context-mean variable (b1) and the context-mean3 context-variance inter-

action (-b3, referred to henceforth as uncertainty adjustment, our main variable of interest, which we made negative so that uncer-

tainty-related changes in the expected direction in assimilators had a positive value) were estimated for each subject and submitted

to group-level analysis. Note that b1 (i.e., the context-mean effect) represents the influence of context-mean in the low-variance con-

dition, where perceptual biases are typically stronger. A positive context-mean effect implies the presence of a bias whereby the

perceived duration of target tones is biased in the direction of the mean duration of context tones (assimilation). In assimilators, a

positive uncertainty adjustment is the normative pattern, which reflects dampening of the assimilation bias under high compared

to low variance, while a negative uncertainty adjustment would suggest a paradoxical increase in the assimilation bias under high

compared to low variance. (In contrasters, on the other hand, a negative uncertainty adjustment would be normative and a positive

one would be paradoxical.) Because assimilation is the more prevalent bias in our data (and the only one observed in patients), we

take less positive uncertainty adjustments to be less normative and refer to them as reduced uncertainty adjustment.

Group-level analyses compared differences in b values by group membership (one-way ANOVA or two-sample t test) or task con-

dition (paired t test), robust linear regression to examine amphetamine-induced change in uncertainty adjustment as a function of

pre-amphetamine uncertainty adjustment, and partial correlations to relate task measures to clinical and PET measures. Analyses

relating task measures to clinical or PET dopamine measures were non-parametric (Spearman’s rank correlations) due to non-

normality in PET and clinical measures (based on Lilliefors tests) and the use of the PANSS hallucinations item (P3), an ordinal

measure.

PET imaging analysis
List mode data were acquired over 60 min following a single bolus injection of [11C]raclopride, binned into a sequence of frames of

increasing duration and reconstructed by filtered back projection usingmanufacturer-provided software. PET data weremotion-cor-

rected and registered to the individuals’ T1-weighted MRI scan (see Structural MRI section) using SPM2. Regions of interest (ROIs)

were drawn on each subject’s T1-weightedMRI scan and transferred to the coregistered PET data. Time activity curves were formed

as the mean activity in each ROI in each frame. In line with our hypothesis, our a priori ROI was the associative striatum, defined as

previously [6, 88], as the entire caudate nucleus and the precommissural putamen. Data were analyzed using the simplified reference

tissuemodel (SRTM) [89, 90] with cerebellum as a reference tissue to determine the binding potential relative to the non-displaceable

compartment (BPND). The primary outcome measure was the relative reduction in BPND (DBPND), reflecting amphetamine-induced

dopamine release (i.e., dopamine release capacity).

For the purposes of a separate experiment, each subject received 2 post-amphetamine PET scans rather than only 1. For the cur-

rent experiment we only used one of these scans, the one administered 5-7 hours post-amphetamine. Some subjects also had scans

administered at 3 hours post-amphetamine and 10 hours post-amphetamine. We selected the 5-7 hour time point over the 3 hour

time point as this was the time point with the most available data (15/18 subjects with data compared to 12/18 subjects for the

3 hour scan). The BPND for [11C]raclopride in this study was found to be highly stable from the 3 hour time point to the 5-7 hour

time point [86], so our selection of time point is highly unlikely to have any meaningful impact on the results.

MRI analysis
Voxel-basedmorphometry (VBM) analyses [91] on SPM12 included tissue segmentation, template generation, and normalization into

MNI space using DARTEL routines [92], followed by spatial smoothing with an 8-mm3 full-width-at-half-maximum Gaussian kernel.

This created modulated maps of gray-matter ‘‘volume.’’ Maps were scaled based on whole-brain gray-matter volume in the group-

level analysis, which consisted of an ANCOVA incorporating a group factor (patients, controls) and the uncertainty adjustment,

context mean effect, head coil type, and motion as covariates. Head coil type was included as a binary covariate because there

were two subjects who were scanned with an 8-channel, rather than a 32-channel head coil. The presence of motion artifacts

was also included as a binary covariate because there were 3 subjects whose T1 scan had minimal but visible motion artifacts.
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A cluster-forming (height) threshold of p % 0.005 and extent threshold of 5 adjacent voxels was used. Clusters surviving a random-

field-theory-based family-wise-error (FWE) correction at p % 0.05 were considered statistically significant.

Model description and simulations
We illustrate with simulations how a simple Bayesian model produces an uncertainty-dependent assimilation bias in Figure 1D,

similar to prior work [83, 85, 93]. The model assumes that subjects estimate the true duration of the target tone (mtarget ) as if it

were drawn from a noisy, Gaussian distribution, from which context tone durations are also drawn. More specifically, we assume

that subjects take the context tones to determine a prior for the true duration of the target tone. We take this prior to be normally

distributed, with moments given by the maximum likelihood estimates (MLE) implied by the presented set of context tone durations.

(For simplicity, we do not model the details of estimation of the prior itself. In particular, we do not account for subjects’ additional

uncertainty about the true mean and variance of the prior distribution owing to the context tones themselves being sampled. Also,

although we assume objective persented durations are corrupted by perceptual timing noise, we do not explicitly model the conse-

quent trial-by-trial variation in the moments of the prior. Instead, we account for it simply as contributing increased variance to the

prior, and in trial-by-trial variation in the likelihood). The prior is then:

P
�
mtarget

� � N
�
xcontext; s

2
context + s2sensory

�
;

where xcontext is the actual context mean for the context tone durations used in the experiment, scontext is the actual standard deviation

of the context tone durations, and ssensory accounts for additional sensory noise associatedwith perception of tone durations over and

above the actual programmed variation in the durations (set to ssensory = 70 given that the coefficient of variation SD/mean in humans

is�0.1 for this range of durations [83, 85] and that themean target duration is 700ms). That is, we assume tones of true duration m are

perceived noisily with subjective duration x, whose measurement distribution Pðx jmÞ is given by a Gaussian with mean m and SD

ssensory, and that this additional variance in perceived duration widens the prior distribution.

After listening to the target tone, themodel assumes that subjects estimate the posterior probability of (or update their belief about)

its true duration given this new observation using Bayes’ rule as:

P
�
mtarget

�� xtarget
�
f P

�
xtarget j mtarget

�
,P

�
mtarget

�
:

Here the likelihood function Pðxtarget
��mtargetÞ is given by the measurement distribution, now viewed as a function of the unknown (to

the subject) true duration mtarget given their (noisily) observed duration of the target tone, xtarget; this is also a Gaussianwithmean xtarget
and SD ssensory . Note that here, xtarget denotes the subjectively perceived duration, which is assumed to fluctuate from trial to trial

around the programmed target duration.

Thus, Bayesian cue combination is used here to optimally weigh the prior PðmtargetÞ and the likelihood Pðxtarget j mtargetÞ, based on

the respective reliability or precision associated with these two sources of information (i.e., inversely proportional to their respective

variance, s2context + s2sensory and s2sensory ) and yield a new estimate of the true duration of the target tone after listening to it,

P ðmtarget

�� xtargetÞ. We model the subjects’ perceived duration via the peak of this distribution (the maximum a posteriori [MAP] es-

timate), and assume that their reproduction durations, in turn, track these subjective estimates on average (perhaps corrupted by

zero-mean motor noise). Note that because perceptual and production noise are zero-mean, the expected MAP estimate (and, in

turn the mean reproduced interval), after marginalizing the subjectively measured xtarget according to the measurement model and

any production noise, is given by the MAP estimate for the case when xtarget equals the true target duration (700 ms). This model

thus naturally explains perceptual assimilation of the target tone toward the context mean and reduced assimilation under high-vari-

ance to low-variance contexts, which would correspond to a positive uncertainty adjustment in the VCTR task.

To simulate the neural deficit associated with hallucinations, in line with prior work [17] we assumed that a neural uncertainty signal

fðspriorÞ encoding contextual uncertainty (sprior =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2context + s2sensory

q
) is a non-linear function that saturates at amaximum, specifically a

rectified hyperbolic tangent function [94] of the form:

fðspriorÞ=max,½tanhðk,spriorÞ�+
with slope k and maximum max. The severity of the deficit underlying hallucinations is assumed to result from a reduced range for

neural encoding of uncertainty, i.e., on smaller maximamax in the function fðspriorÞ. We propose that this could be due to a deficient

downregulation of dopamine release in response to higher contextual uncertainty associated with the known excess of presynaptic

synthesis and release of dopamine in psychosis. For the simulation, fðspriorÞ, rather than sprior , is used in the Bayesian inferencemodel

to estimate the prior PðmtargetÞ as� Nðxcontext; fðspriorÞ2Þ, with decreasing values ofmax simulating more severe deficits. Simulations

of this model suggest that more severe deficits in hallucinators result in reduced uncertainty adjustment in the VCTR task (Figure 1E),

as the prior for high-variance contexts becomesmore precise and thus closer to the prior for low-variance contexts under this deficit.
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