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Psilocybin alters visual contextual
computations

Marco Aqil 1,2,3 , Gilles de Hollander 4,5, Nina Vreugdenhil1,2,3,
Tomas Knapen 1,2,3,7 & Serge O. Dumoulin 1,2,3,6,7

Psilocybin alters perception and brain dynamics. Here, we investigate the
effects of psilocybin using psychophysics, ultra-high field functional MRI, and
computational modeling. We find that psilocybin alters contextual perception
in the Ebbinghaus illusion, as well as contextual modulation in cortical
responses to visual stimuli. We propose a computational model capable of
capturing and linking these changes. Leveraging vision as a beachhead, our
findings highlight the alteration of contextual computations as a potential
general mechanism underlying psychedelic action.

Psilocybin is a classic psychedelic, i.e. a serotonergic hallucino-
gen. Previous studies showed that psilocybin alters perception
and brain dynamics1–7. However, the underlying computational
mechanisms remain unclear. We hypothesize that a key effect of
psychedelics is the alteration of contextual computations; for
example, how a visual stimulus interacts with its surroundings.
Such contextual computations are ubiquitous in the brain, and
computations first discovered in vision have later been observed
in other sensory and cognitive domains8–11.

Here, we investigated the effects of psilocybin in 5mg and 10mg
doses with psychophysics, ultra-high-field fMRI, and computational
modeling in a randomized, double-blind, placebo-controlled, cross-
over design. We explicitly tested whether and how psilocybin alters
visual-contextual computations in brain and behavior, and provide a
computational model of cortical responses at the single-timecourse
level. Our findings highlight the alteration of contextual computations
as a potential general and parsimonious computational mechanism
underlying the effects of psychedelics on brain, behavior, and sub-
jective experience.

Results
Psilocybin alters contextual perception
To examine the effects of psilocybin on contextual perception, we
used the Ebbinghaus illusion12,13. In this classic visual illusion, the per-
ceived size of a target stimulus is altered by the presence of a visual
context consisting of similar (distractor) stimuli. Previous studies

related the Ebbinghaus illusion to anatomical and functional proper-
ties of primary visual cortex (V1)13–15.

Here, participants judged which of two concurrently presented
visual stimuli was larger, while maintaining fixation on a central cross,
following placebo, 5mg, and 10mg psilocybin administration (Fig. 1).
In control trials, both stimuli were presented in isolation (Fig. 1a,
bottom-right inset).On test trials, one of the two stimuli was presented
within a context of larger stimuli (Fig. 1a, top-left inset), making it
appear perceptually smaller (the Ebbinghaus illusion).

Psilocybin increased the Ebbinghaus illusion by 39% (5mg), and
59% (10mg) relative to placebo (Fig. 1b). Relative to veridical stimulus
size, the presence of visual context decreased the perceived stimulus
size by 6% (placebo). With psilocybin the perceived stimulus size fur-
ther decreased by 8.3% (5mg) and 9.6% (10mg) (two-sided pBayesian:
0.0245 and 0.0092, respectively) (Fig. 1c).

The change in the Ebbinghaus illusion induced by psilocybin
could not be explained by changes in noise or lapses, which were also
included in the psychophysical model (Methods, Supplementary
Fig. 1). Furthermore, perception in control trials (i.e. stimuli presented
without context) was unaltered by psilocybin (Fig. 1a shaded gray and
Supplementary Fig. 1), showing that the effect of psilocybin was spe-
cific to contextual perception.

This finding demonstrates that the Ebbinghaus illusion can be
altered by pharmacological means and suggests the alteration of
contextual computations as a potential mechanism underlying the
effects of psilocybin on perception.
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Psilocybin alters contextual brain responses
To examine the effects of psilocybin on contextual brain responses,
we measured ultra-high field fMRI responses at 7T to a visual stimu-
lus (Fig. 2a), specifically a contrast-defined checkerboard bar sweeping
across visual field (Fig. 2b)16,17. Participants maintained fixation
and performed a color change task at fixation while we recorded
eye movements (Fig. 2b, Supplementary Fig. 2). We mapped respon-
ses to individual cortical surfaces and identified the visual field
maps based on polar angle and eccentricity (Fig. 2c)18. Previous stu-
dies identified a variety of contextual modulations in brain
responses to these visual stimuli, including surround suppression and
nonlinear spatial summation11,17,19,20. Surround suppression is a
particular form of contextual modulation, measurable with
various neuroimaging and electrophysiological recording
methods10,11,17,19,21,22.

At the level of single timecourses (example from location indi-
cated with a * in 2c), we found that psilocybin altered contextual brain
responses, specifically reducing surround suppression (Fig. 2d,
emphasized by black arrows)17,19. Averaging bar-sweep responses
across visual field maps, we found that psilocybin altered contextual
brain responses, specifically reducing surround suppression in early
visual field maps V1, V2, and V3 (Fig. 2e–g, emphasized by black
arrows). Portions of time courses with significant differences with
respect toplacebo are indicatedwith lines belowthe curves (responses
for all visual field maps are shown in Supplementary Fig. 3). Thus, we
found that psilocybin altered contextual cortical responses to visual
stimuli, specifically reducing surround suppression in early visual
field maps.

Computational model captures psilocybin effects
To model cortical responses and capture the alterations induced by
psilocybin, we used a recently introduced population receptive field
(pRF)model based on divisive normalization (Fig. 3a, Eq (1))9,11,16,17. This
model captures a variety of contextual modulations in cortical
responses, such as surround suppression and nonlinear spatial sum-
mation, thanks to local variation in its modulatory parameters, the
activation and normalization constants (Fig. 3a and Eq. (1) parameters
b and d)17. In particular, the activation constant (parameter b in Fig. 3a
and Eq. (1)) modulates surround suppression (Fig. 3b).

Identical to Aqil et al.17, we fit model parameters to maximize
variance explained at each cortical location, for each participant, in
placebo, 5mg, and 10mg doses. We found that individual cortical
maps of model variance explained and visual-field eccentricity
remained near-identical under placebo and two psilocybin doses
(Fig. 3c–h). Furthermore, we found no alterations in model variance
explained, activation pRF size, normalization pRF size, and normal-
ization constant in V1 (Fig. 3i–l).

We found a significant, systematic decrease in the model activa-
tion constant in early visualfieldmaps V1, V2, and V3 in both psilocybin
doses (Fig. 3m), consistent with the reduction in surround suppression
observed at the level of single timecourses and entire visual fieldmaps
(2d–g). This result could not be explained by potential concurrent
changes in noise or hemodynamic response shape, which was also
fitted at each cortical location, and verified with a cross-validated
approach (Supplementary Figs. 4, 5). The full model parameter esti-
mates for all visual field maps and clusters are reported in Supple-
mentary Fig. 6.
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Fig. 1 | Psilocybin alters contextual perception in the Ebbinghaus illusion.
a Participants judged which one of two concurrently presented stimuli was larger.
In control trials, stimuli were presented in isolation (bottom-right inset), and per-
ception was unaltered by psilocybin (shaded gray, Supplementary Fig. 1). In test
trials, one stimulus was surrounded by larger stimuli (top-left inset), resulting in a
smaller perceived size (Ebbinghaus illusion). Psychometric data for test trials
(squares), estimated psychometric curves (colored lines), and 95% highest density
intervals for the posterior model predictions (shaded color) are shown for placebo

(cyan), 5mg (magenta), and 10mg (red) psilocybin doses. b Psilocybin increased
the Ebbinghaus illusion by 38% (5mg dose) and 59% (10mg dose) relative to pla-
cebo. c Relative to veridical stimulus size, the Ebbinghaus illusion was 6% with
placebo administration, 8.3% with 5mg psilocybin (two-sided pBayesian: 0.0245,
n = 18), and 9.6% with 10mg psilocybin (two-sided pBayesian: 0.0092, n = 18). One
asterisk indicates pBayesian <0.05, two pBayesian < 0.01. Error bars represent 95%
highest density intervals for model parameter estimates.
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This finding highlights the alteration of contextual computations
as a potential mechanism underlying the effects of psilocybin in the
human brain, and demonstrates that a computational model can
explain the observed changes as a local variation in a specific mod-
ulatory parameter (the activation constant, parameter b in Fig. 3a, b
and Eq. (1)).

Discussion
Linking brain changes, perception, and subjective experience
In sum, we found that the Ebbinghaus illusion is increased by psilo-
cybin (Fig. 1), while surround suppression is reduced in cortical
responses (Fig. 2), an effect captured by a decrease in the activation
constant of the normalization model (Fig. 3). We propose that
increased Ebbinghaus illusion strength under psilocybin stems from
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Fig. 2 | Psilocybin alters contextual brain responses, reducing surround sup-
pression in early visual ROIs. a FMRI took place from 90 to 180min post-
administration, and behavioral measures took place from 210 to 270min post-
administration. Time-varying, dose-dependent subjective intensity (SI1-4) con-
firmed that experiments overlapped with peak and plateau of psilocybin effects
(shaded color: ±SEM). b, We recorded BOLD responses with 7T fMRI while parti-
cipants viewed a contrast-defined visual stimulus in individual sessions with pla-
cebo, 5mg, and 10mg psilocybin doses in randomized order. c Participants fixated
andperformed a color change task atfixationwhile the contrast-defined barmoved
through the visual field in eight different directions. We recorded eye movements
(Supplementary Fig. 2). d Example timecourse from a single participant, single
cortical location in V1, in placebo and 10mg psilocybin doses. On top, a stylized

representation of moving-bar stimulus is shown. Asterisk on inset cortical surface
indicates the location of the timecourse. Response activation was near-identical in
placebo and 10mg psilocybin doses, but surround suppression, the negative
deflections of timecourse flanking the central positive activation peak, was sys-
tematically reduced in 10mg doses (highlighted by arrows). Averaged within visual
fieldmaps and across participants (shaded color: ±SEM), responses ineV1, fV2, and
gV3 showedsignificant reductionof surround suppressionwhile activationwas not
significantly altered. Clusters of consecutive time points with a p <0.01 difference
with respect to placebo are indicated with lines below the curves (Fisher permu-
tation test, two-sided, 5000 permutations; cluster corrected with phase-shuffling,
200 folds).
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reduced cortical surround suppression in early visual cortex. Though
we did not hypothesize opposite directions a priori, we have observed
similar opposite directions of pRFs andperceptionunder the influence
of attention, i.e., where we linked pRF attraction23 to perceptual
repulsion24. Previous studies show that Ebbinghaus illusion strength is
inversely correlated with V1 surface area14,25, and that V1 surface area is
itself inversely correlated with pRF size13,15,26. Thus, individuals with
larger V1s, implying greater cortical distance between target and sur-
round representations, experience weaker illusions, likely due to less
overlapping and more precise receptive field tuning. Conversely,
smaller V1s result in more overlapping pRFs and less precise spatial
tuning, leading to stronger illusions. Surround suppression enhances

tuning precision10,27, but psilocybin appears to disrupt this surround
suppression, reducing spatial tuning precision and thereby increasing
illusion strength. Supporting this notion, we found a significant cor-
relation, albeit limited by sample size, between the psilocybin-induced
reduction in V1 surround suppression (as indexed by the DN model
activation constant) and the increase in Ebbinghaus illusion strength
(Supplementary Fig. 7).

Perceptual precision is determined by multiple distinct mechan-
isms, such as surround suppression and RF sizes. Our fMRI results
suggest that psilocybin specifically alters surround suppression. In line
with this result, we only observe differences in the contextual condi-
tion of the Ebbinghaus task. A distinct and broader alteration in tuning
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Fig. 3 | Computational model captures psilocybin’s effects through a specific
parameter. a Schematic of the pRFmodel based on divisive normalization (Eq. (1)).
The model prediction is the ratio of activation and normalization components,
convolved with a hemodynamic response function. Activation and normalization
terms are derived from the dot-product of a 2D Gaussian in visual space with the
stimulus. At each cortical location, the optimal model prediction is obtained by
maximizing variance explained (R2) as a function of the model parameters. b The
activation constant (parameter b) modulates surround suppression. Higher acti-
vation constant increases surround suppression (dashed profile). c Example cor-
ticalmaps of variance explained in placebo,d 5mg, and e 10mg for one participant

showing near-identical model fits. f Example cortical maps of eccentricity in pla-
cebo, g 5mg, and h 10mg for one participant showing the near-identical retino-
topic structure. Psilocybin did not significantly alter i, variance explained
j, activation pRF sizes, k normalization pRF sizes, nor l, the normalization constant
in V1. Individual participants are indicated with lines. m Psilocybin significantly
decreased estimates of the activation constant (parameter b) in early visual field
maps (V1-3), consistent with the observation of reduced surround suppression.
Asterisks indicate p <0.01 (Fisher permutation test, two-sided, 106 permuta-
tions, n = 12).
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precision, for example, via larger pRF sizes, could instead have resul-
ted in flatter psychometric functions in both Ebbinghaus and control
conditions. Together, our fMRI and behavioral results consistently
suggest that psilocybin elicits a specific alteration of visual-contextual
computation in both brain and perception.

Psilocybin, like other classic psychedelics, causes a variety of
dose-dependent subjective visual phenomena28. We speculate that the
observed reduction in surround suppressionmight be related to these
subjective visual phenomena. In an “unsuppressed” state, the visual
systemwould allow increasing amounts of activity, normally quenched
by surround suppression, to instead persist and propagate. We found
significant correlations between the psilocybin-induced change in V1
estimates of the model activation constant and subjective ratings of
classic psychedelic visual phenomena such as “I see geometric pat-
terns” and “I see movement in things that aren’t really moving” (Sup-
plementary Fig. 7), while lacking correlations with non-visual
questionnaire items (Supplementary Information 8, Supplementary
Fig. 9).We remark that these correlations do not survive a full (21-fold)
multiple comparison correction, and are limited in power by sample
size. Nonetheless, they draw a cautious link between brain and sub-
jective experience.

In this study, we compared the effects of an inert placebo with
5mg and 10mg psilocybin doses using a double-blind crossover
design. Functional unblinding is an inherent limitation of studies
involving psychoactive substances such as psilocybin, given the
noticeable subjective effects occurring already at low doses29. How-
ever, we consider it unlikely that expectation effects or unblinding
could explain our results, which pertain to low-level visual computa-
tions and are independent of participant choices, beliefs, and expec-
tations. Participants self-assessed confidence in their task performance
in psilocybin conditions was lower than in placebo. However, their
actual task performance was comparable across all conditions (Sup-
plementary Figs. 1, 2).

FMRI and clinical studies of psilocybin have generally focused on
outcomes at high doses (25mg)30. Changes in attentional capabilities
may contribute to the effects of psilocybin at high doses, associated
with stronger subjective effects and greater potential for impaired task
performance and attention. However, for the dose range used in our
study (5mgand 10mg), wedonotfind it likely that attentional changes
significantly influenced our results. We specifically selected lower
doses to minimize those confounds. An attentional impairment eli-
cited by psilocybin likely results in higher lapse rates and shallower
psychometric slopes, reduced fixation stability and color change per-
formance during pRF scans. However, neither lapse rates nor slopes
differed across doses (Supplementary Fig. 1). Furthermore, fixation
stability and performance during pRF scans were also unaltered
(Supplementary Fig. 2). Importantly, the dot-color change task in pRF
mapping is independent from the actual pRFmapping stimulus, and is
mainly intended to encourage participant fixation and wakefulness,
alongside explicit eye-tracking. Additionally, the particular results we
observed (changes in visual contextual computations, without chan-
ges in performance) are unlikely to be explained by variation in
attentional capability. Such attentional changes could be expected to
have broader effects, e.g. by reducing behavioral task performance, or
altering fMRI response amplitudes. Finally, attentional changes could
be expected to be more pronounced in the later visual system, while
the changes we observe are largest, and occur at lower doses, in the
early visual system. In sum, while attentional changes may be a con-
found or relevant outcome in high-dose psilocybin studies, the avail-
able evidence argues against attentional changes underlying the
effects of this study.

A common limitation of placebo-controlled studies with psy-
choactive substances is the potential for results to be confounded by
generic effects of altered consciousness. However, we do not find it

likely that a generic alteration of consciousness could provide an
explanation of our results. If our results simply reflected diminished
behavioral performance (e.g., increased noise, lapses and unchanged
illusion effects; see Supplementary Fig. 1), or only showed changes in
amplitude or a linear scaling of fMRI responses (which could have
manifested in response timecourses in Fig. 2e–g), a generic altered
state would be a more plausible explanation. Instead, the specificity of
our results, which pertain in both fMRI and behavioral domains to
visual-contextual alterations, the participants’ ability to maintain task
performance and fixation at this dose range of psilocybin, and inability
of noise or pure hemodynamic changes to explain fMRI signal changes
(Supplementary Figs. 4, 5) strongly suggest to us a neuro-
computational origin as the most parsimonious explanation.

Here, we found that psilocybin increased the Ebbinghaus illusion
by 38% in 5mg dose, and 59% in 10mg dose, which we suggest is due to
changes in visual-contextual computations in the early visual cortex. A
decision-level cognitive bias elicited by psilocybin could have led
participants to more often choose a particular type of stimulus inde-
pendent of perception, e.g., a decision-making heuristic of picking the
isolated circle31. We believe this alternative explanation is unlikely.
Bayesian accounts predict that stronger biases or heuristics should
accompany greater sensory noise, as these typically emerge with
increased neural noise as compensatory strategies32. Our psychophy-
sical model parameter estimates show no such increase in noise
(Supplementary Fig. 1), providing evidence against this interpretation.
Furthermore, the alteration in computational model parameters,
observed particularly in early visual cortex, is difficult to reconcilewith
a purely cognitive bias. Considering our fMRI and behavioral results,
and prior evidence linking the Ebbinghaus illusion to early visual
cortex14,15, we believe that a change in surround suppression, rather a
change in high-level decision-making heuristics, best explains our
results. Finally, we find statistically significant correlations between
fMRI and behavioral effects (Supplementary Fig. 7) which, albeit lim-
ited in power by the small sample size, support a potential link
between the two.

Altered contextual processing as a key mechanism of
psychedelics
We propose that changes in the model activation constant reflect a
broader effect of psychedelics on contextual computations, particu-
larly on surround suppression. Supporting this, a previous psycho-
physical study in humans found increased perceptual contrast
surround suppressionwith high-dose psilocybin (25mg)33. Using other
psychedelic substances (DOI andDMT), a two-photon imaging study in
mice reported reduced surround suppression34, whereas a study using
a Gaussian pRF model found larger sizes in V135. Here, we unify these
seemingly disparate findings in the context of human spatial vision.

Alterations in contextual computations link our findings to clin-
ical, phenomenological, and neuroscientific evidence. Contextual
computations36, divisive normalization9, surround suppression10, and
receptive fields18 are fundamental to cortical responses across sensory
and cognitive domains. Contextual factors play a key role in psyche-
delic experience and therapeutics5,37. Psychedelics showpromise in the
treatment of depression38, which has been linked to impaired inte-
gration of current input with context36. Studies in animal models have
shown that psychedelics reopen a critical period for contextual reward
learning39. Thus, our findings suggest that altered contextual compu-
tationsmay drive psychedelic effects in the humanbrain.We speculate
that a simple, widespread computational change across sensory and
cognitive domains could explain the diversity and paradoxical nature
of psychedelic effects.

In sum, we found that psilocybin alters contextual perception in
the Ebbinghaus illusion, contextual modulations in brain responses to
visual stimuli, and proposed a computational model to capture and
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link these changes. Our findings suggest that altered contextual
computations may serve as a general and parsimonious mechanism
underlying the effects of psychedelics on brain and behavior.

Methods
Recruitment and exclusion criteria
Participation was solicited via public online means. Interested
participants completed an online form, which was used as an initial
screening for exclusion criteria. Participants received a small
monetary compensation for each completed study session (€35 for
preliminary data collection session, and €50 for each experimental
session). The exclusion criteria consisted of an age below 21 years,
age above 55 years, no prior experience with hallucinogens, pre-
vious adverse reactions to hallucinogens, previous adverse
responses to MRI, personal or family history of psychiatric or
neurological conditions, or ongoing use of medications or
recreational drugs. Participants were asked to refrain from the use
of recreational drugs in the four weeks leading up to the experi-
ment and between the experimental sessions.

Participants who did not meet any exclusion criteria based on the
online questionnaire responses were invited to the Spinoza Centre for
further in-person screening. Participants who did not meet any
exclusion criteria based on online and in-person screening partici-
pated in a preliminary data collection session. During this session, we
collected two anatomical scans and one functional scan to ensure that
participants had normal fixation ability and eye movement traces, as
well as normal or corrected-to-normal visual acuity. Two prospective
participants were excluded at this screening stage, before being
enrolled in the study, because of the presence of potentially abnormal
eye movements (nystagmus). This selection process ensured that all
participants were not naive to MRI scanning and to the experimental
tasks during their participation in the study.

Participants
Eighteenparticipants (aged 22–45 years, eight female)were enrolled in
the study. All participants had normal or corrected-to-normal visual
acuity. All studies were performed with the written informed consent
of the participants and were approved by the Medical Ethics Com-
mittee (METC) of theAmsterdamUniversityMedical Centre. Data from
five participants were excluded from analysis because of the presence
of scanner artifacts (coil failures) during one ormore of their sessions.
Data from one participant were excluded from the analysis due to
excessive head motion in one session. A total of twelve participants
were included in the final analysis of fMRI data.

Experimental design
The experiment followed a randomized, double-blind, placebo-con-
trolled, crossover design. Each participant underwent three experi-
mental sessions andwas administeredplacebo (25mgmicrocrystalline
cellulose), 5mg psilocybin, and 10mg psilocybin, in random order, at
least 2 weeks apart from each other.

We selected experimental timing to ensure that fMRI and beha-
vioral assessments optimally overlapped with the time course of psi-
locybin effects40. Specifically, we conducted fMRI scans from 90 to
180min post-administration, and collected behavioral measures from
210 to 270min post-administration. Measures of subjective intensity
confirmed that these intervals overlapped with peak and plateau of
psilocybin effects (Fig. 2a, Supplementary Fig. 2a).

Previous neuroimaging studies typically used higher doses (up to
25mg)6. Our results demonstrate that intermediate doses of psilocybin
are sufficient to alter perception (Fig. 1) and cortical responses (Fig. 2),
without significantly impairing fixation ability or performance on
simple tasks (Supplementary Fig. 2). Higher doses may impair task
performance or fixation, potentially confounding psilocybin’s com-
putational effects with noise.

Psychophysical model
In the Ebbinghaus illusion, participants were asked to fixate on a cen-
tral cross and presented white circles on an isoluminant background
for a short interval (0.4 s). After each presentation, they were
instructed to report via a button press whether they perceived the
right or left circle as larger. In control trials, the two circles were pre-
sented in isolation. In test trials, one of the circles was presented sur-
rounded by a set of larger circles. Control and test conditions
comprised of 180 trials each, with a constant reference stimulus radius
of 0.625, opposite stimulus radii of [0.481, 0.545, 0.580, 0.600, 0.625,
0.650, 0.674, 0.721, 0.812] for the control condition and [0.366, 0.443,
0.484, 0.506, 0.531, 0.556, 0.584, 0.644, 0.770] for the test condition,
all expressed in deg of visual angle. We estimated a standard psycho-
physical model, in which the perception of the two stimulus features
(the radius of the reference stimulus rr and the embedded stimulus re)
are formally described as samples from two normal distributions:

rr � N ðr, σ2Þ, re � N ðe+ δ, σ2Þ,

where r is the actual radius of the reference stimulus and e is the actual
radius of the embedded stimulus; σ2 quantifies the inherent perceptual
noise due to sensory processing limitations or neural variability in
representing the stimulus radii; δ captures systematic biases in per-
ceiving the radius of the embedded stimulus, potentially driven by
contextual effects in the Ebbinghaus illusion. The probability that a
participant indicates the reference stimulus is larger than the embed-
ded stimulus can be described by their difference distribution:

pðrr > re j r, e,σ2, δÞ=Φ r � e� δffiffiffi
2

p
σ

� �
,

where Φ is the standard normal cumulative density function.
To account for lapses, we also estimated the proportion of trials p,

on which the participant did not process the stimulus and responded
randomly:

pðrr > re j r, e,σ2, δ,pÞ= 1
2
p+ ð1� pÞΦ r � e� δffiffiffi

2
p

σ

� �
:

The noise parameter σ2, the bias parameter δ, and the lapse
parameter p were estimated in a hierarchical framework using the No
U-Turn (NUTS) HamiltonianMCMC sampler as implemented inpymc41.
The psychometric model was implemented in the Python package
bauer42.

For a given parameter θ (e.g., σ2 or δ), the participant-session-
specific parameter of participant p at session t was modeled as:

θp, t =μ+ ζσ,

whereμ is the groupmeanparameter, σ is the standarddeviationof the
group distribution, and ζ is an individually determined offset para-
meter. This offset-based specification of the hierarchical model was
chosen to prevent likelihood “funnels" that affect high-dimensional
hierarchical models43.

To estimate the parameters separately for all three dose condi-
tions (placebo/5mg/10mg), with and without context, we used a
regression approach44. A given parameter θp,s,g (e.g., δ or σ2) for
observer p on a trial t and dose d was modeled as:

θp, s, g =θp, 0 +θp,dxp,d +θp, cxp, c + θp,d:cxp,dxp, c:

Where xp,c indicated the condition (with or without surrounding cir-
cles) of a trial and xp,d the dose (0/5/10mg). The values of (and the
uncertainty in) the estimates of θ could then be used to quantify the
relative effect of the different doses, with and without surround. We
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used mildly informative priors on all group distribution parameters:
For the precision parameter σ:

μν � N ðsoftplus�1ð1:0Þ, 10:0Þ, σν � HalfCauchyð0:25Þ:

Because σ should be bounded between [0, ∞), we estimate it via ν on
the unbounded scale and then bring it to the bounded scale using the
softplus function to evaluate the likelihood function: σ = softplus(ν),
where softplusðxÞ= lnð1 + exÞ is the softplus function and softplus−1 is
its inverse.)

For the bias parameter δ, we used the following hierarchical
parameters

μδ � N ð0, 10:0Þ, σδ � HalfCauchyð0:25Þ:

For the lapse parameter p:

p0 � N ðlogit�1ð0:02Þ, 1:0Þ, p0 � HalfCauchyð0:25Þ:

(Here, p was bounded between 0 and 1 by using the logit
function:pðxÞ= 1

1 + e�p0 , and logit−1 is the logistic function. Themedian of
our prior on p was thus 0.02.)

The stimulus set for the Ebbinghaus tasks ranged from 40%
smaller to 30% larger than the reference stimulus (the asymmetry in
favor of smaller stimuli provided more fine-grained sampling in the
perceptual range relevant for the Ebbinghaus illusion) and was deter-
mined via earlier pilot trials. The stimulus set included trials with
relatively large differences in radius, which allowed us to reliably
estimate lapse rates. For those most extreme trials, participants were
very close to ceiling performance (max 3.8% error rate for the smallest
stimuli and 0.3% for the largest), confirming that it was feasible to
estimate the proportion of lapses in our experimental design (Sup-
plementary Fig. 1). Moreover, our Bayesian analysis shows that, at the
group level, the posterior estimates of the lapse rates are extremely
reliable, with the average 95% CI on lapses being only 1.2% on average
over the 6 conditions (3 doses/with or without illusion).

Anatomical MRI scans
T1-weighted and T2-weighted structural MRI data were acquired using
a Philips Achieva 7T scanner with an 32-channel Nova Medical head
coil, at a resolution of 0.7 mm isotropic. Freesurfer 7.2 recon-all was
used to obtain native cortical surface reconstructions for each
participant45. The software makes use of the T2w image to refine the
segmentation obtained fromT1w alone, particularly in the exclusion of
the sagittal sinus and at the pial surface border. Anatomical segmen-
tations were further refined manually using Freesurfer’s software
Freeview45.

Functional MRI scans
Functional MRI data were acquired using a Philips Achieva 7T scanner
with an 32-channel Nova Medical head coil. Functional scans were
carried out with a 3D EPI sequence, with a repetition time (TR) of 1.32s,
and spatial resolution of 1.79mm isotropic. The first 10 s of recorded
data at the beginning of each scanwere automatically discarded by the
scanner to avoid start-upmagnetization transients. Each pRFmapping
scan lasted for a total of 255 TRs (approximately 336s). For each par-
ticipant, in each experimental session, we collected six pRF mapping
scans. At the end of each scan, a top-up scan with opposing phase-
encoding direction was recorded, to perform susceptibility distortion
correction.

Functional MRI data preprocessing
Raw scanner data were converted to nifti using dcm2niix and stored in
BIDS format46. Thermal denoising was applied using the NORDIC
algorithm47. Subsequent functional preprocessing steps (susceptibility

distortion correction, coregistration, resampling of volumetric data to
fsnative surfaces) were performed using fMRIprep v20.748,49. The first
20 principal components of the anatomical and temporal physiologi-
cal regressors computed by fMRIprep were regressed out using
pybest50. Finally, BOLD timecourses in fsnative surface spaces were
converted to percent signal change and highpass filtered to remove
drifts using a cosine filter (regressing out the first three components).

Head motion
WeestimatedmotionparametersusingMRIQC51.Wedefined excessive
motion as a mean frame displacement across scans in a session
exceeding one-third of the voxel size (0.6mm) or a mean of the
maximal frame displacement across scans in a session exceeding one
voxel size (1.8mm).

Population receptive field modeling
Population receptive field modeling followed the same procedure as
refs. 17,52 and was carried out using dedicated software prfpy53 and
prfpytools54. We used a standard pRF mapping stimulus, a drifting
checkerboard bar16,17. The stimulus aperture subtended 10deg of visual
angle. The checkerboard pattern inside the bar moved parallel to the
bar orientation, and the bar itself stepped in the perpendicular direc-
tion at every TR (1TR = 1.32 s). Eight bar configurations were presented
(two cardinal and two diagonal directions, in two motion directions).
The width of the bar subtended 1.25° of visual angle; the bar swept
across the stimulus aperture in 20 TR-locked equal-size steps. A period
of 15 TRs of mean luminance (0% contrast) was presented every two
bar passes. Mean luminance periods of 15 TRs were presented at the
beginning and end of each scan. A small fixation dot (0.1°) was pre-
sented in the middle of the screen. This fixation dot changed color
(from red to green) at semirandom time intervals, and participants
reported this change via a button press. The DN model equation was
defined as17

pDN ðtÞ=
aG1 � S+ b
cG2 � S+d

� b
d
: ð1Þ

The spatial dependence of Gaussian pRFs G ≡ G(x, y) and the spatio-
temporal dependence of stimuli S ≡ S(x, y, t) are omitted for brevity,
and we denote:

G1, 2 = e
�ðx�x0 Þ2 + ðy�y0 Þ2

2σ2
1, 2 , G1, 2 � S �

X

x, y

ðG1, 2 � SÞ,

(x0,y0) is the response central location in the visual field, σ1, σ2 are the
sizes of activation and normalization pRFs, a, c their amplitudes, b, d
the activation and normalization constants. The neural prediction of
the DNmodel pDN(t) is then convolved with a hemodynamic response
function to obtain a predictionof the BOLD fMRI signal at each cortical
location. Identically to refs. 17,52, the fitting procedure starts by fitting
a Gaussian pRFmodel, with a grid-search stage followed by an iterative
stage, to obtain initial estimates of pRF size and position. These
estimates are used as starting parameters for the DN model fit, which
also comprises a grid-search and iterative fit stages. First, a grid search
is performed vertex-wise for the additional DN model parameters,
while keeping the pRF size and position fixed to the Gaussian
estimates; next, an iterative fit over all the DN model parameters is
performed. Cortical surface visualizations of model parameters
(Fig. 3c–h) are obtained with the software package pycortex55.

We focused exclusively on spatial vision. Using simple stimuli that
vary in specific dimensions offers significant benefits56. These simpli-
fied environments make it easier to interpret results and pinpoint how
specific computationsmaybe altered. By focusing on spatial vision, we
allowed psilocybin’s effects on contextual computations to clearly

Article https://doi.org/10.1038/s41467-025-65150-y

Nature Communications |        (2025) 16:10271 7

www.nature.com/naturecommunications


emerge. This approach could easily be extended to other sensory and
cognitive domains (e.g. semantic57), where contextual modulations
have also been observed58.

We used a recently developed pRF model based on divisive
normalization9,17. Other models can also capture surround
suppression19. However, the DN model uniquely captures a variety of
contextual modulations,17, outperforms other models throughout the
human visual system17, and its parameters correlate with neuro-
transmitter receptor densities52. Since psilocybin could potentially
affect other contextual modulations like nonlinear spatial summation,
the DN model ensured that the observed changes were specific to
surround suppression and not confounded by other potential chan-
ges. For these reasons, we concluded the DN model was the best
choice to capture psilocybin-induced changes.

Evidence suggests that psilocybin primarily acts through 5-HT2A
receptor agonism1, though 5-HT1A59,60 and 5-HTT61may also play a role.
We previously found a correlation between the model’s activation
constant and 5-HT1A receptor density52, suggesting 5-HT1A receptor
involvement. However, our study was not designed to determine
whether a specific receptor or combination drives psilocybin’s effects.

Hemodynamic response
The BOLD signal reflects both neuronal and hemodynamic factors,
which psilocybin may influence. To account for this, we allowed the
HRF shape to vary across cortical locations, participants, and doses,
isolating hemodynamic fromneuronal changes. Specifically, both grid-
search and iterative fit stages of pRF models include a one-parameter
hemodynamic response function, computed as a linear combinationof
the standard SPM-software HRF and of its derivative; the fit parameter
represents the coefficient of the HRF derivative. Next, we compared
the cross-validated variance explained by models incorporating neu-
ronal, hemodynamic, both, and neither type of change. These analyses
confirmed psilocybin induced alterations in cortical responses could
not be explained by noise or hemodynamic effects (Supplementary
Figs. 4, 5). Notably, a two-photon imaging study in mice, free from
hemodynamic confounds, also found reduced neuronal surround
suppression, consistent with our findings34.

Visual regions of interest and clusters
Visual ROIs were defined for each participant on the basis of individual
polar angle and eccentricity maps of cortical responses, following
refs. 18,62, and similarly to ref. 17.

ROI-wide model parameter estimates
Parameter estimates for each ROI were obtained as the R2-weighted
mean of parameter estimates at each cortical location within the ROI.
To prevent edge artifacts or low-signal timecourses from affecting
estimates, cortical locationswithmodelR2 < 0.3 or eccentricity outside
the bounds of the stimulus range were excluded.

ROI-wide average timecourses
Representative ROI timecourses were obtained as the R2-weighted
mean of timecourses at each cortical location within the ROI, split for
each bar-pass, temporally aligned with respect to the pRF position
(x0,y0) and accounting for HRF delay. To prevent edge artifacts, low-
signal timecourses, or timecourses with little or no measurable nor-
malization in the first place from affecting estimates, cortical locations
with eccentricity outside the bounds of the stimulus range in any
condition, model R2 < 0.5 in any condition, or difference between DN
and Gaussian R2 < 0.1 in the placebo condition, were excluded.

At each timepoint, statistical significance of 5mg and 10mg dif-
ferences relative to placebo was computed with a Fisher permutation
test across participants (5000 permutations, significance at p <0.01).
In order to implement a dedicated cluster correction while also
accounting for the temporal autocorrelation of fMRI data, we

constructed a null distribution of cluster sizes (consecutive timepoints
with p < 0.01) through Fourier-domain phase randomization. Specifi-
cally, each timecourse of differences relative to placebo, for each dose
and participant, was phase-shuffled 200 times. Each shuffled time-
course thus maintained the true size of differences for that dose and
participant, the true temporal autocorrelation of fMRI data, and the
true alignment of response between doses and placebo, while rando-
mizing the relative temporal location of differences and thus the
alignment across participants. For each shuffle, the same Fisher per-
mutation procedure as the original data was applied, in order to create
null distributions of cluster sizes. Finally, clusters in the original
unshuffled data, for each dose and ROI, were compared to their
respective null distributions. Only clusters in the top five percentile of
cluster sizes were considered significant. They are indicated by hor-
izontal lines in Fig. 2e–g and Supplementary Fig. 3.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data generated in this study are available under restricted access
pursuant to the General Data Protection Regulation (GDPR) and can
only be shared based on and subject to the Netherlands Institute for
Neuroscience policies. Access can be obtained by contacting the
authors (s.dumoulin[@]spinozacentre.nl). Considering the require-
ments imposed by law and the sensitive nature of personal data, any
requests will be addressed on a case-by-case basis, subject to a data
usage agreement. Timeframe for response to requests: two weeks.

Code availability
Code is available in dedicated repositories on the open-source plat-
form Zenodo53,54. Latest versions can be found on GitHub (https://
github.com/VU-Cog-Sci/prfpy, https://github.com/VU-Cog-Sci/
prfpytools).
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