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Abstract 

 

Popular theories suggest that hallucinations arise through excessive top-down perceptual 

expectations, whereas others have emphasised the role of spontaneous bottom-up activity. 

These theories make different predictions about how input and feedback layers in sensory 

regions contribute to hallucinations. Here, we used layer-specific fMRI to interrogate neural 

activity underlying hallucinations 3 high confidence false percepts 3 and perceptual 

expectations while healthy participants (N=25) performed a perceptual discrimination task. 

We found that false percepts were related to stimulus-like activity in the middle input layers 

of V2. On the other hand, perceptual expectations activated the deep feedback layers of V2, 

without influencing perception. The prevalence of high confidence false percepts was related 

to everyday hallucination severity, confirming their ecological validity. These results reveal 

that hallucinations can arise through spontaneous stimulus-specific activity in the input layers 

of the visual cortex, independent of top-down perceptual expectations. 
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Introduction 

 

Hallucinations 3 vivid percepts in the absence of corresponding sensory inputs 3 are a key 

symptom of various psychiatric and neurological disorders. However, the underlying neural 

mechanisms remain hotly debated. 

The previous decade has seen a rise in the popularity of top-down models of hallucinations, 

which propose that hallucinations arise through an excessive influence of top-down 

perceptual expectations134. One particularly dominant model is the predictive coding theory 

of hallucinations2. According to predictive processing theories, the brain models the world by 

continuously deploying perceptual expectations regarding the most likely stimuli5,6. These 

perceptual expectations are subsequently integrated with sensory inputs to form a percept. 

The more strongly expectations are weighted, the more they will influence perception, driving 

it away from sensory input. Therefore, a hallucination might arise when perceptual 

expectations become excessively overweighted134,7. Indeed, there are many studies 

demonstrating that expectations play an integral role in shaping sensory experience8. 

Furthermore, there is increasing evidence that individuals experiencing hallucinations 

demonstrate a stronger influence of perceptual expectations on perception9315. Due to the 

central role of internally generated top-down perceptual expectations, these models predict 

that hallucinated percepts would be reflected in the layers of sensory cortex that convey 

feedback signals. 

However, hallucinations are also known to arise from fluctuations in feedforward sensory 

signals16,17. For example, in Charles Bonnet syndrome, the visual cortex is partially 

deafferented, which causes it to become hyperexcitable4,17319. Recent studies of this 

syndrome suggest that spontaneous local activity emerges in early visual cortex and is fed up 

the cortical hierarchy, eventually generating a hallucinatory percept16,19. This demonstrates 

that hallucinations can at least in principle emerge from feedforward processes. Further, 

some studies in psychosis have found increased reliance on sensory evidence, particularly 

with relation to delusions9,20325. Additionally, there is evidence that spontaneous activity can 

contribute to the experience of false percepts in healthy individuals as well, although it is at 

present unclear whether these reflect feedforward or feedback signals26330. If hallucinations 

do emerge through feedforward signal fluctuations, they would be expected to be reflected 

in the input layers of the sensory cortex. 

Sensory feedforward and feedback signals are separated on a laminar level, as they 

preferentially terminate in different cortical layers. That is, cortical feedback neurons 

terminate in the agranular deep (layers V and VI) and superficial layers (layers I, II and III), 

whereas feedforward input preferentially terminates in the middle granular layers (layer IV) 

of the visual cortex31,32. It has recently become possible to non-invasively measure the activity 

in different cortical layers in humans using layer-specific fMRI, allowing testing of theories 

about the contributions of feedforward and feedback signals in cognition and perception7,333

37. 

In the present study, feedforward and feedback hypotheses of hallucinations were 

distinguished using layer-specific fMRI in healthy human participants. If hallucinations are 

driven by top-down feedback, false percepts should be reflected by activity in the deep layers 

of the early visual regions, similar to perceptual expectations38. By contrast, if hallucinations 

are driven by spontaneous feedforward activity, false percepts are expected to be reflected 

in the middle input layers of the visual cortex. To preview, while perceptual expectations were 

reflected in the deep layers38, high confidence false percepts (i.e., hallucinations) were in 
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contrast reflected in the middle layers of V2, and were not driven by perceptual expectations. 

The presence of these high confidence false percepts correlated with hallucination severity in 

a larger sample. In other words, perceptual expectations and hallucinations elicited 

orthogonal laminar responses in the early visual cortex, suggesting that hallucinations can 

arise from spontaneous stimulus-specific activity in sensory input layers.  

 

Results 

 

Experimental procedure 

In the layer-specific fMRI study, 25 healthy participants were asked to complete a difficult 

perceptual discrimination task, in which they were required to report the orientation (45° or 

135°) of a grating that was embedded in visual noise, as well as report their confidence that 

a grating was present (Fig. 1a). Unbeknownst to the participants, an auditory cue predicted 

the orientation of the upcoming gratings (Fig. 1b). On trials in which a grating was presented 

(grating-present trials, 50%), the auditory cues were 100% valid. Crucially, on 50% of trials the 

gratings were omitted, and only visual noise was presented. Our research questions pertained 

to participants9 behaviour on these grating-absent trials. Specifically, we investigated whether 

participants reported high confidence false percepts on these trials, and if so, whether these 

were reflected in the feedback or input layers of the early visual cortex. 

 

Participants experienced false percepts that were independent of perceptual expectation cues 

Participants9 accurately identified the grating orientation on grating-present trials more often 

than expected by chance (mean=0.83, SD=.09) (T{24}=18.1, p<.001). Furthermore, they were 

more accurate when they were confident that they had seen a grating (i.e., higher than 

average confidence across trials) than when they were not (high: mean=0.90, SD=0.09; low: 

mean=0.75, SD=.12; paired t-test) (T{24}=5.7, p<.001) (Fig. 1c), demonstrating that they were 

able to perform the task and used the confidence ratings in a meaningful way. Participants 

also reported the perceived orientation more quickly on grating-present than grating-absent 

trials (F{1,24}=12.10, p=.002), as well as when they were more confident that they had seen 

a grating (F{1,24}=21.04, p<.001). Participants were more confident on grating-present trials 

(mean=2.49, SD=.60) than grating-absent trials (mean=2.19, SD=0.54) (T{24}=4.76, p<.001) 

(Fig. 1d). Upon debriefing, all participants but one underestimated the frequency of grating-

absent trials, believing on average that .14 (SD=.13) of trials contained just noise, while the 

true proportion was .50 (Fig. 1e). Strikingly, participants reported perceiving a grating with 

high confidence (3 out of 4 or higher) on 36% of grating-absent trials (Fig. 1f). Surprisingly, the 

perceptual expectation cues did not significantly bias which orientation participants 

perceived on grating-absent trials (0.53 false percepts congruent with the cue, chance level is 

0.50, T{24}=1.90, p = 0.07). The small numerical trend towards false percepts being congruent 

with the expectation cues was driven by a few individuals who became aware of the meaning 

of the cues (N = 7 out of 25; Fig. 1g), potentially reflecting a concomitant response bias. High 

confidence, i.e. hallucinated, percepts were not more affected by the cues than low 

confidence, i.e. guessed, percepts (T{23}= 0.37, p=.71). Trial by trial predictors of participants9 

choice behaviour were explored using a logistic regression model (see Online Methods for 

details). As expected, orientation responses on grating-present trials were predominantly 

driven by the presented stimulus (T{21}=12.6, p<.001), but also by which orientation was 

perceived on the previous trial (T{21}=5.3, p<.001). Interestingly, on grating-absent trials 

previous percepts also significantly predicted orientation reports (T{23}=5.48, p<.001), 
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whereas the cues did not (T{23}=2.03, p=.056) (Fig. 1h). As above, the trend towards the cues 

influencing perception on grating-absent trials was driven by a few participants who became 

aware of the meaning of the cues. Thus, previous percepts were a more important contributor 

to false percepts than the expectation cues were.  

 

 

Fig. 1 | Experimental design and behavioural findings of layer-specific fMRI study. a, During the experiment an 

auditory cue was followed by either a low contrast grating embedded in noise (50% of trials), or a noise patch 

(50%). Participants indicated which orientation they saw and how confident they were that a grating was 

presented. b, One sound predicted the appearance of a 45 degree, or clockwise, oriented grating, whilst the other 

predicted a 135 degree, or anti-clockwise, orientated grating. Auditory cues were 100% valid on grating-present 

trials. c, On grating-present trials, participants9 orientation responses were more accurate when they indicated 

that they were confident (dark blue) compared to not confident (light blue) that they had seen a grating. d, 

Participants were more confident on grating-present trials (blue) compared to grating-absent trials (orange). e, 

Participants on average believed only ~14% of trials to contain just noise (whereas the true proportion was 50%). 

f, On grating-absent trials, participants reported seeing gratings with high confidence (3 out of 4 or higher) on 

an average of 36% of trials.  g, There was a slightly higher, non-significant, tendency to report orientations 

congruent with the expectation cue on grating-absent trials, which was driven by a few participants who were 

aware of the cue. h, Participants9 orientation response on the previous trial significantly predicted their 

orientation response on grating-absent trials*** p<.001. Dots represent individual participants and curved 

shapes indicate density. Error bars indicate within subject standard error of the mean for figure c & d, and 

standard error of the mean for e, f, g & h.  
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Ultra high-field (7T) fMRI was used to estimate stimulus-specific activity in the deep, middle, 

and superficial layers of the early visual cortex (V1 and V2) 38340. To examine orientation-

specific blood oxygen level3dependent (BOLD) activity, V1 and V2 voxels were divided into 

two (45°-preferring and 135°-preferring) subpopulations based on an independent functional 

localiser, and layer-specific BOLD profiles were estimated for these subpopulations 

separately. Orientation-specific laminar BOLD profiles were calculated by subtracting the 

laminar profile obtained from orientation-incongruent voxels (e.g., 135°-preferring voxels 

when a 45° grating was perceived) from the laminar profile in orientation-congruent voxels 

(45°-preferring voxels in this example). Orientation-specific BOLD profiles induced by false 

percepts and expectations were estimated on trials where the gratings were omitted, and 

only visual noise was presented (see Online Methods for details). 

 

Stimulus-specific activity reflecting false percepts and expectations in distinct cortical layers 

Our main hypotheses pertained to the layer-specific activity induced by false percepts and 

perceptual expectations. In V2, perceptual expectations, false percepts with high confidence 

(interpreted as hallucinations), and those with low confidence (interpreted as guesses) 

generated stimulus-specific activity in different cortical layers (F{4,96}=3.82, p=.006; Figure 

2). High and low confidence false percepts were subsequently compared directly, revealing a 

significant difference in laminar profiles (F{2,48}=4.56, p=.015). This was driven by increased 

stimulus-specific activity for high compared to low confidence false percepts in the middle 

layers (T{24}=2.80, p=.010), but not in the superficial (T{24}=0.68, p=.50) or deep (T{24}=-0.12, 

p=.92) layers (Fig. 2a). In short, only high confidence false percepts were significantly reflected 

in stimulus-specific activity in the middle layers (T{24}=3.19, p=.002, corrected: p=.006). A 

direct comparison of high confidence false percepts and perceptual expectations 

demonstrated that they were associated with different laminar profiles (F{2,48}=5.218, 

p=.009). This was primarily driven by a difference in middle layer activity (T{24}=3.58, p=.002), 

which were activated by high confidence false percepts (T{24}=3.19, p=.002, corrected: 

p=.006) but not by expectations (T{24}=-0.54, p=.70). Furthermore, perceptual expectations 

significantly activated deep layers (Fig. 2a) (T{24}=2.46, p=.011, corrected: p=.033, Wilcoxon: 

p=.005, corrected p=.014), whereas hallucinations did not (T{24}=0.48, p=.32), although the 

difference was not significant (T{24}=0.56, p=.59). Superficial layers were not significantly 

activated by perceptual expectations (T{24}=0.58, p=.28) or hallucinations (T{24}=1.20, 

p=.12), and there was no significant difference in superficial layer activity in hallucinations 

and perceptual expectations (T{24}=0.75, p=.46). In sum, high confidence false percepts were 

reflected by stimulus-specific activity in the middle layers, whereas perceptual expectations 

selectively activated the deep layers. Interestingly, the effect of perceptual expectations in 

the deep layers was not driven by those participants who became aware of the meaning of 

the cues (T{23}=0.32, p=.78), and was significantly present in the subset of participants who 

were not aware of the cue meanings (N=18, T{17}=1.87, p=.039, see supplementary figure 2). 

This suggests that the brain can generate sensory expectations in the early visual cortex based 

on implicit associations, without necessarily generating conscious experiences associated 

with them.  

No effects were found in V1 (all p>.1). In addition, there was an interaction between layer 

(superficial, middle, and deep), stimulus condition (high and low confidence false percepts, 

and perceptual expectations), and ROI (V1 and V2) (F{4,96}=3.33, p=.013). This demonstrates 

that the layer-specific activity for the different stimulus conditions was different for the two 

ROIs, which in combination with the null findings in V1 shows that the effects were specific 
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to V2. This is likely explained by the relatively low spatial frequency (0.5 cycles/°) gratings 

used here being more effective in activating V2 than V141. In line with this, a cross-validated 

analysis of orientation-specific BOLD signals within the functional localiser revealed stronger 

orientation-specific effects in V2 than V1 (F{1,23}=10.36, p=.004; Supplementary Fig. 2a). 

Note that the low-contrast gratings embedded in noise on the 50% grating-present trials did 

not evoke significant orientation-specific BOLD activity in either V1 or V2 (all p>.1). It is 

perhaps not surprising that such weak and noisy stimuli did not evoke a significant 

orientation-specific BOLD signal, but it is striking to note that more cognitive processes like 

expectation and perception do. 

 

 
Fig. 2 | Orientation-specific BOLD effects in the cortical layers of V2. a, The middle layers contained orientation-

specific activity reflecting high confidence false percepts, whilst low confidence trials did not induce orientation-

specific activity in any of the layers. b, The deep layers reflected orientation-specific activity induced by perceptual 

expectations on grating-absent trials (red). 

 

High confidence false percepts and reduced sensory precision predict everyday hallucination 

severity 

In a separate online experiment (N=100), we tested whether the high confidence false 

percepts that were related to middle layer activity in the layer-specific fMRI study correlated 

with the prevalence and severity of hallucinatory percepts in daily life, as measured by the 

Cardiff Anomalous Perception Scale (CAPS) questionnaire42. The false percept task used here 

was virtually identical to the one used in the fMRI experiment (with slight variations in 

practice procedure and trial counts; see Online Methods for details). One important 

difference was the introduction of three (rather than one) contrast levels on the grating-

present trials, to enable estimates of sensory precision, i.e., how task accuracy depended on 

evidence quality. Specifically, a base-level contrast value was selected for each participant 

based on their performance during the practice phase, and this base-contrast was used during 

the main experiment along with gratings with 1% higher and 1% lower contrast.  

Crucially, the prevalence of abnormal perceptual experiences in daily life (total CAPS scores42, 

was positively correlated with the average confidence that participants reported on grating-

absent trials 3 i.e., the prevalence of hallucinated gratings in our task 3 across participants in 

the online sample (Rho=.22, p=.029 (Fig. 3a). Further, the sensory precision term 3 the 

influence of grating contrast on choice behaviour 3 correlated negatively with abnormal 

perceptual experience scores (Rho=-.30, p=.003) (Fig. 3b). In other words, the less sensitive 

participants were to stimulus contrast, the more likely they were to experience abnormal 

perceptual experiences in daily life. The effect of the expectation cues was not correlated with 
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abnormal perceptual experience severity (p>.1). In general, the expectation cues had a very 

minor effect on choice behaviour, as in the fMRI experiment (see Supplementary Results). 

Using a linear regression model, both confidence on grating-absent trials (T{99}=2.01, p=.048) 

and sensory precision (T{99}=-2.98, p=.004) were found to be separate predictors of abnormal 

perceptual experience severity (overall linear regression model: F{2,97}=6.12, p=.003, 

R2=0.112). We did not find a relation between average confidence on grating-absent trials 

and delusion ideation (Rho=.13, p=.20), but there was a correlation with the sensory precision 

term (Rho=-.29, p=.004). In sum, high confidence false percepts, which were reflected in 

stimulus-specific activity in the middle layers of V2 in the fMRI study, were related to the 

severity of everyday abnormal perceptual experiences. This suggests that spontaneous 

stimulus-like activity in the middle layers may contribute to the experience of abnormal 

perception in everyday life.  

 

 

 
Fig. 3 | Correlations between grating percepts in the current task and everyday hallucinations. a, Abnormal 

perceptual experiences correlated with confidence in false percepts. b, Abnormal perceptual experiences 

correlated with less reliance on sensory precision (i.e., the interactive effect of grating contrast and orientation 

on choice behaviour).  

Discussion 

 

There is a wide range of theories that attempt to explain the neural mechanisms of 

hallucinations. The dominant theory proposes that hallucinations are driven by excessive 

feedback activity conveying perceptual expectations133, whereas others have suggested a 

crucial role for feedforward activity17. Here, these two hypotheses were tested against each 

other using layer-specific fMRI. We found that the deep layers of the visual cortex reflected 

perceptual expectations, replicating previous research38. However, hallucinations, defined as 

high confidence false percepts, were reflected in the middle input layers of the early visual 

cortex, and were unaffected by perceptual expectation cues. These high confidence false 

percepts correlated with everyday hallucination severity in a separate online study. This 

suggests that hallucinations can arise from stimulus-specific feedforward like activity in the 

sensory cortex, and do not require stimulus-specific feedback activity in the deep layers of 

the visual cortex. 

The core finding here 3 that orientation-specific activity in the middle layers of V2 can lead 

participants to perceive a grating that was not actually presented 3 has important implications 

for the field of hallucination research as well as perception research more generally. That is, 
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it suggests that hallucinations can arise through activity in the input layers, in the absence of 

top-down effects of stimulus-specific perceptual expectations. This puts a larger emphasis on 

feedforward signals than previously assumed in dominant models of hallucinations, which 

have largely emphasised the role of top-down expectations133,7,11,12. 

These findings are in line with theories that state that hallucinations can arise from 

spontaneous activity that resembles sensory input17, which recent studies have confirmed in 

neurological disorders like Charles Bonnet Syndrome16. Furthermore, they expand upon 

previous studies that have found that early sensory activity can lead to false alarms26330,43, by 

suggesting that the activity reported by these studies may reflect spontaneous fluctuations in 

the input layers, rather than feedback from higher-order regions. Recent circular inference 

models of hallucinations have emphasised the role of ascending loops, akin to feedforward 

activity, in unimodal hallucinations as seen in psychotic disorders20,44. Specifically, they 

suggest that weak sensory signals can trigger perceptual hypotheses that are then counted 

as sensory evidence themselves in runaway 'overcounting' loops. This overcounting of 

sensory signals has been shown to correlate with positive symptoms (e.g., hallucinations 

and delusions) in schizophrenia patients21. 

Top-down processes like visual working memory and perceptual expectations induce stimulus 

representations in the deep and superficial, but not the middle layers of the early visual 

cortex38,40,45. However, keeping an image in visual working memory or merely expecting a 

visual stimulus does not lead to a concurrent perceptual experience, as is the case with a 

hallucination. It might therefore not be surprising that hallucinations are not linked to 

agranular layer activity, but instead require the middle layers to be active. That is, activity in 

the middle layers may be necessary to generate a perceptual experience that is attributed 

externally. Indeed, it has been suggested that feedforward signals are essential in 

distinguishing imagination from veridical perception46. 

The prevalence of high confidence false percepts, i.e., hallucinations as defined in our 

experiment, correlated with everyday abnormal perceptual experiences. This is in line with 

previous studies demonstrating that those who hallucinate are more prone to perceive stimuli 

in noise in detection tasks11,12,14,47. Furthermore, higher hallucination scores correlated 

negatively with the sensory precision term of our logistic regression model. That is, the less 

participants relied on the contrast of the sensory stimulus in making their perceptual decision, 

the more they experienced hallucinations in everyday life. This is in line with Bayesian models 

of hallucinations, where a reduction in sensory precision increases the influence of prior 

expectations, possibly leading to hallucinations48. Interestingly, reduced reliance on sensory 

contrast on the one hand, and confidence on grating-absent trials on the other, were separate 

predictors of everyday hallucinations severity, suggesting separate underlying mechanisms 

contributing to hallucinations. The present study revealed that activity fluctuations in the 

middle input layers reflected hallucinations. The strength of such fluctuations in an individual, 

in combination with a loss of precision in sensory encoding in these same input layers, might 

particularly amplify the tendency to experience hallucinations in everyday life. This is in line 

with the idea that a loss of sensory precision is a separate compounding factor, which allows 

hallucinations to manifest49 . In psychiatric conditions, this might come in the form of internal 

noise in the sensory systems. In neurological disorders, this is most prominently seen in 

Charles Bonnet syndrome17,50. 

These findings should not be taken as evidence against the theory that top-down perceptual 

expectations can play an important part in generating hallucinations, for which there is ample 

indirect evidence10315,47,51. In fact, perceptual expectations might still play a role in the present 
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study through the experimental set-up. Specifically, on every trial there was a strong 

expectation that one of two stimuli would be presented. This is underlined by the debriefing 

questionnaire, where participants greatly underestimated the proportion of trials on which 

the gratings were absent, suggesting that they expected to see gratings on most trials, 

regardless of their specific orientation. This expectation about stimulus presence versus 

absence could be an important driver of hallucinations. Indeed, it is typically the expectation 

of the likelihood of the presence of a stimulus, rather than its specific contents, that has been 

found to be associated with psychosis in previous studies11313. Interestingly, expectations 

about stimulus presence versus absence and expectations about stimulus content have been 

suggested to be supported by different neural processes30,52,53. 

On a neural level, an expectation of stimulus presence might prime pyramidal neurons in the 

deep cortical layers through receptors on their apical dendrites54,55. Targeting the apical 

dendrites is expected not to drive these pyramidal neurons directly, but allow them to 

function as coincidence detectors55. In turn, deep layer neurons can modulate incoming 

sensory input through their projections onto the middle layers56,57. This allows sensory input 

concurrent with expectations to be processed more quickly, giving them a head start in signal 

processing55,58,59. Furthermore, once evidence accumulates for one orientation in the middle 

layers, possibly due to random fluctuations, the evidence for the other orientation may be 

suppressed through lateral inhibition60,61. This hypothesised circuit has the potential to 

implement circular inference, whereby top-down expectations can get counted as sensory 

evidence in ascending loops20,21,62. This would subsequently result in stimulus-specific activity 

in the middle layers driving hallucinations as seen in our study. This modulatory (rather than 

driving) role of feedback connections57 may explain why many studies have found that 

concurrent noisy input is required to induce hallucinations9314,47. Alternatively, the prior on 

stimulus presence may not have affected sensory cortex itself, but instead biased source 

monitoring processes in the prefrontal cortex46 towards judging spontaneous fluctuations in 

the middle layers of V2 as being externally generated. 
An alternative possibility is that there are two different types of hallucinations: feedforward 

driven hallucinations, and hallucinations driven by top-down perceptual expectations. These 

might reflect phenomenologically different hallucinations, potentially mapping onto so-called 

minor phenomena63 and complex visual hallucinations64 respectively. There is some evidence 

that these reflect different neural processes in Lewy body dementia65. The hallucinations 

reported in the current study may be more akin to minor phenomena, reflecting low-level 

stimulus-specific activity resulting in low-level visual distortions. Those driven by perceptual 

expectations could result in more complex visual hallucinations, and might in contrast be 

reflected by deep layer activity. Future studies should aim to study the laminar profile of 

hallucinations elicited by perceptual expectations to test these hypotheses. 

Why did the expectation cues not induce hallucinations in the current study? We suggest this 

may be due to recruiting a normative sample who might rely less on expectations than those 

prone to hallucinate9,11,14. Second, there is increasing evidence that conscious expectations 

exert stronger effects on perception than unconscious expectations66,67. Since for the majority 

of individuals in this experiment the expectations were implicit, this might have weakened 

their effect. Studies that do report effects of implicit cues on perception typically reveal 

biased perception of existing stimuli, rather than eliciting percepts de novo68,69 although see70 

for a notable exception. 

Despite the expectation cues not affecting perception, they did induce stimulus-specific 

templates in the deep layers of the early visual cortex, in line with previous work38. Strikingly, 
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this effect was reliable even in those who were not aware of the cue-stimulus relationship, 

which suggests that the brain can generate sensory expectations based on statistical 

relationships that are learnt outside of conscious awareness71 (Aitken & Kok, 2022). The 

finding that stimulus-specific deep layer activity might not be sufficient to generate a 

conscious percept seems in conflict with theories that emphasise the importance of deep 

layer activity in generating conscious percepts72,73. Our work nuances that picture, by 

suggesting that deep layer activity by itself may not be sufficient for conscious awareness. Of 

course, we cannot rule out that the deep layer activity revealed here was simply not strong 

enough to induce conscious percepts. 

In the present study, no reliable effects of either perceptual expectations or false percepts 

were found in V1. This is likely due to the lower spatial frequency stimuli used in the present 

study (0.5 cycles/°) compared to previous studies that reported stimulus-specific effects in V1 

(1.0-1.5 cycles/°;39,40,74), as V2 neurons prefer lower spatial frequencies than V1 neurons75. 

This was confirmed by our localiser analyses, showing stronger stimulus-specific effects in V2 

than in V1. While the localiser task did induce stimulus-specific effects in V2, no stimulus-

driven effects were found for the presented stimuli in the main task, likely due to these being 

very low contrast and embedded in noise. This suggests that neural signals induced by 

expectations and hallucinated gratings are more reliable than those evoked by very noisy 

bottom-up inputs, in line with a previous study that also found stimulus-specific activity 

reflecting false percepts, but not presented stimuli embedded in noise29. 

In conclusion, hallucinated percepts were reflected by stimulus-specific activity in the middle 

input layers of the early visual cortex, whereas perceptual expectations activated the deep 

layers. These findings suggest that hallucinations can arise from low-level content-specific 

fluctuations in the input layers of the visual cortex. This nuances the view that hallucinations 

are necessarily driven by top-down expectations133. Future studies should aim to further 

explore the nature of these low-level fluctuations and what drives them, as well as investigate 

whether hallucinations can also be driven by purely top-down signals. These findings shed 

light on the neural mechanisms underlying hallucinations, revealing how the brain can 

generate perception in the absence of sensory input. 
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Online Methods 

 

Ethics statement 

This study was approved by the University College London Research Ethics Committee 

(R13061/RE002 for the imaging study, R6649/RE004 for the online study) and was conducted 

according to the principles of the Declaration of Helsinki. All Participants gave written 
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informed consent prior to participation and received monetary compensation (£7.50 an hour 

for behavioural tasks, £10 an hour for MRI). 

 

Participants 

Twenty-eight healthy human volunteers with normal or corrected-to-normal vision 

participated in the 7T fMRI experiment. Three participants were excluded due to our strict 

head motion criteria of no more than 10 movements larger than 1.0 mm in any direction 

between successive functional volumes. For the remaining participants, the maximum change 

in head position in any direction over the course of the fMRI runs was within 4 mm (0.66 +/2 

0.54 mm, mean +/2 SD over participants) of the mean head position (to which the anatomical 

boundaries were registered). The final sample consisted of 25 participants (22 female; age 25 

± 4 years; mean ± SD). 

One hundred participants participated in the online study. Participants were recruited 

through Prolific (www.prolific.co) and were paid £7.50 for their participation. Three 

participants were excluded for failing to answer the catch questions on the questionnaire 

correctly, resulting in a final sample of 97 participants.  

 

Questionnaires 

For the online study questionnaire data was collected for the Peter Delusions Index76,  as well 

as the Cardiff Abnormal Perception Scale42. Total scores were calculated for the PDI and CAPS 

by adding their respective subscales. These were then correlated with the behavioural 

measures for the online study. 

 

Stimuli 

Grayscale luminance-defined sinusoidal Gabor grating stimuli were generated using MATLAB 

(MathWorks, Natick, Massachusetts, United States of America, RRID:SCR_001622) and the 

Psychophysics Toolbox (Brainard, 1997). During the behavioural session for the fMRI study, 

the stimuli were presented on a PC (1920 × 1200 screen resolution, 60-Hz refresh rate). In the 

fMRI scanning session, stimuli were projected onto a rear projection screen using an Epson 

EB-L1100U Laser projector (1920 × 1200 screen resolution, 60-Hz refresh rate) and viewed via 

a mirror (viewing distance 91 cm). On grating-present trials (50%), auditory cues were 

followed by a grating (0.5-cpd spatial frequency, 33-ms duration, and separated by a 750-ms 

blank screen), displayed in an annulus (outer diameter: 10° of visual angle, inner diameter: 

1°, contrast decreasing linearly to 0 over 0.7° at the inner and outer edges), surrounding a 

fixation bull's eye (0.7° diameter). These stimuli were combined with one of 4 noise patches, 

which resulted in a 4% contrast grating embedded in 20% contrast noise during the fMRI 

session. On grating-absent trials, one of the 4 noise patches was presented on its own. Noise 

patches were created through smoothing pixel-by-pixel Gaussian noise with a Gaussian 

smoothing filter, ensuring that the spatial frequency of the noise patches matched that of the 

gratings. This was done to ensure that the noise patches and gratings had similar low-level 

properties, increasing the likelihood of reporting false percepts. To avoid including noise 

patches which contained grating-like orientation signals by chance, the noise patches were 

processed through a number of Gabor energy filters with varying preferred orientations. The 

noise patches with low (2%) signal energy were selected to be included for the present 

experiment. The resulting 4 noise patches were used for all participants throughout the 

experiment, ensuring that reported false percepts could only be triggered by internal 

mechanisms29,77. Importantly, the 4 noise patches did not elicit consistent biases in 
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orientation responses (all p>.05), confirming that the method was successful in generating 

noise patches that did not resemble either orientation. During the practice session on the first 

day, the contrast of the gratings was initially high (80%), gradually decreasing to 4% towards 

the end of the practice. The central fixation bull9s-eye was present throughout the trial, as 

well as during the intertrial interval (ITI; jittered exponentially between 2,150 and 5,150 ms). 

In the online study, multiple grating contrast levels were presented, titrated to each individual 

(see procedure below).    

 

Experimental procedure 

On the first day of testing for the laminar fMRI study, participants underwent a behavioural 

practice session. The practice consisted of an instruction phase with 7 blocks of 16 trials where 

the task was made progressively more difficult, whilst verbal and written instructions were 

provided. During the practice runs, the auditory cues predicted the orientation of the first 

grating stimulus of the pair with 100% validity (45° or 135°; no grating-absent trials). After the 

completion of the instructions, the participants completed 4 runs of 128 trials each, separated 

into 2 blocks of 64 trials each. In the first 2 runs the expectation cues were 100% valid, to 

ensure participants learnt the association, whilst in the final 2 runs the cue was 75% valid, to 

test whether participants might have adopted a response bias. Grating contrast decreased 

over the 4 runs, specifically the contrast levels were 7.5, 6, 5, and 4%, while the contrast of 

the noise patches remained constant at 20%. No grating-absent trials were presented on day 

1. On the second day, participants performed the same task in the MR scanner. As on the first 

day, 4 runs were completed, but now the grating contrast was fixed at 4% on grating-present 

trials, and on 50% of the trials the gratings were omitted and only noise patches were 

presented, resulting in grating-absent trials. Each run lasted ~12.5 minutes, totalling ~50 

minutes. 

Trials consisted of an auditory expectation cue, followed by a grating stimulus embedded in 

noise on 50% of trials (750-ms stimulus onset asynchrony (SOA) between cue and grating). 

The auditory cue (high or a low tone) predicted the orientation of the grating stimulus (45° or 

135°). On grating-present trials, a grating with the orientation predicted by the auditory cue 

was presented embedded in noise, while on grating-absent trials only a noise patch was 

presented. The stimulus was presented for 33ms in the fMRI study. After the stimulus 

disappeared, the orientation response prompt appeared, consisting of a left and right 

pointing arrow on either side of the fixation dot (location was counterbalanced). Participants 

were required to select the arrow corresponding to their answer (left arrow for anti-

clockwise, or 135°, right arrow for clockwise, or 45°; 1s response window) through a button 

press with their right hand. Subsequently the letters <CONF?= appeared on the screen probing 

participants to indicate their confidence that they had seen a grating (1 = I did not see a 

grating, 2 = I may have seen a grating, 3 = I probably saw a grating, 4 = I am sure I saw a 

grating), using 1 of 4 buttons with their left hand (1.25s response window). Participants 

indicated their response using an MR-compatible button box in the MRI scanner, and a 

keyboard during training. 

After the main experiment, participants performed a functional localiser task inside the 

scanner. This consisted of flickering gratings (2 Hz), presented at 100% contrast, in blocks of 

approximately 14.3 seconds (4 TRs). Each block contained gratings with a fixed orientation 

(45° or 135°). The 2 orientations were presented in a pseudorandom order followed by an 

approximately 14.3-second blank screen, containing only a fixation bull9s-eye. Participants 

were tasked with responding whenever the black fixation dot briefly dimmed to ensure 
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central fixation. All participants were presented with 16 localiser blocks which totalled 

approximately 15 minutes. 

The online study was created and hosted using Gorilla Experiment Builder (www.gorilla.sc)78. 

Participants were recruited through Prolific (www.prolific.co). Prior to the start of the 

instruction blocks participants were asked to keep a 50cm distance from the screen. They 

were required to adjust the size of a rectangle on their screen to match a bank card, to ensure 

that the visual angle was equal across participants. Subsequently, they were asked to adjust 

the volume of their headphones to a high but not unpleasant volume. The instruction phase 

of the online study was the same as the instruction phase of the fMRI study. The timings for 

the trials were identical as well, except that the stimuli appeared on the screen for 50ms 

instead of 33ms, due to software constraints. After completing the 7 instruction blocks, 

participants were required to complete 4 blocks with different grating contrast levels (7.5, 6, 

5, and 4%, in that order). The lowest grating contrast for which participants were able to 

perform the orientation task with at least 75% accuracy served as the base contrast value for 

the main experiment. During the main experiment, participants were required to complete 4 

blocks of 128 trials. Unlike in the fMRI experiment, different grating contrast levels were 

presented, and expectation cues were sometimes invalid (6.7% of grating present trials). 

Specifically, out of the 128 trials on each block, on 96 trials (75%) a grating was present and 

on 32 (25%) only a noise patch was presented. Of the 96 grating-present trials, one third (32) 

were presented at the base contrast, one third at base - 1% contrast, and the other third at 

base + 1% contrast. Of these grating-present trials, 90 (93.3 %) were valid and 6 (6.7 %) were 

invalid.  

 

fMRI data acquisition 

MRI data were acquired on a Siemens Magnetom Terra 7T MRI system (Siemens Healthcare 

GmbH, Erlangen, Germany) with an 8 channel head coil for localised transmission, operating 

in a quadrature-like (8TrueForm9) mode, with a 32-channel head coil insert for reception (Nova 

Medical, Wilmington, USA) at the Wellcome Centre for Human Neuroimaging (University 

College London). Functional images were acquired using a T2*-weighted 3D gradient-echo EPI 

sequence (volume acquisition time of 3,552 ms, TR = 74 ms, TE = 26.95 ms, voxel size 0.8 × 

0.8 × 0.8 mm3, 15° flip angle, field of view 192 × 192 × 38.4 mm3, GeneRalized Autocalibrating 

Partial Parallel Acquisition (GRAPPA) acceleration factor 4, and partial Fourier 6/8 in the 

phase-encoded direction of the EPI readout, binomial (1331) water-selective excitation). 

Anatomical images were acquired using a Magnetization Prepared 2 Rapid Acquisition 

Gradient Echo (MP2RAGE) sequence (TR = 5,000 ms, TE = 2.54 ms, TI = 900 ms and 2,750 ms, 

voxel size 0.65 × 0.65 × 0.65 mm, 5° and 3° flip angles, field of view 208 × 208 × 156 mm3, in-

plane GRAPPA acceleration factor 3). 

 

Preprocessing of fMRI data 

The first 2 volumes of each run were discarded. Prior to registration the functional volumes 

were cropped to cover only the occipital lobe to reduce the influence of severe distortions in 

the frontal lobe. The cropped functional volumes were spatially realigned within scanner runs, 

and subsequently between runs, to correct for head movement, using SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/). 

 

Segmentation and coregistration of cortical surfaces 
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The methods for segmenting and coregistering cortical surfaces are identical to several 

previously published studies34,38340, and are reiterated here. Freesurfer 

(http://surfer.nmr.mgh.harvard.edu/) was used to detect the grey (GM) and white matter 

(WM) boundaries and cerebral spinal fluid (CSF) based on a bias corrected MP2RAGE image. 

The boundaries were checked for errors where the dura was mistakenly included in the pial 

surface. Subsequently the GM boundaries were registered to the mean functional image. 

Specifically, a conventional rigid-body registration was followed by a recursive boundary-

based registration (RBR)79. RBR consisted of applying boundary-based registration (BBR) 

recursively to increasingly smaller partitions of the cortical mesh. An affine BBR was applied 

with 7 degrees of freedom: rotation and translation along all 3 dimensions and scaling along 

the phase-encoding direction only. This scaling allows correction of distortions along the low 

bandwidth phase-encoded EPI direction of acquisition. In each iteration, the cortical mesh 

was split into 2, and the optimal BBR transformations were found and applied to the 

respective parts. Subsequently, each part was split into 2 again and registered. The specificity 

increased at each stage and corrected for local mismatches between the structural and the 

functional volumes that are due to magnetic field inhomogeneity-related distortions. Six such 

iterations were performed. The splits were made along the cardinal axes of the volume, such 

that the number of vertices was equal for both parts. The plane for the second cut was 

orthogonal to the first, the third was orthogonal to the first 2. The median displacement was 

taken after running the recursive algorithm 6 times, in which different splitting orders where 

used, comprised of all 6 permutations of x, y, and z. 

 

Definition of regions of interest 

The definition of regions of interests (ROIS) was identical to a recently published study38, and 

reiterated here. V1 and V2 surface labels were obtained through Freesurfer, based on the 

segmentation of the MP2RAGE image. These were subsequently projected to volume space, 

covering the full cortical depth plus a 50% extension into WM and CSF. The V1 and V2 ROIs 

were subsequently constrained to the voxels that were responsive to the localiser gratings. 

Specifically, separate regressors were defined for the blocks of 45° and 135° gratings, 

respectively, and the mean of the resulting parameter estimates was contrasted against 

baseline to identify voxels that exhibited a significant response to the grating stimuli 

irrespective of orientation (T > 2.3, p < 0.05; V1: mean=6208, SD=1799 voxels; V2: 

mean=9370, SD=3256 over participants). Subsequently, the orientation preference of each 

voxel was estimated by contrasting the 2 orientation regressors. The 500 voxels that most 

strongly favoured the 45° and 135° gratings, respectively, constituted the two orientation-

specific ROIs within V1 and V2. Finally, each voxel9s time course was normalised (z-scored), 

and multiplied by the absolute T-value of the orientation contrast (45° versus 135°), to weight 

the data by the most robust orientation preference. Note that all reported effects in the z-

scored data were also present without z-scoring. These ROI definitions were identical to those 

used in previous studies that successfully resolved orientation-specific BOLD signals with layer 

specificity 38340. The analysis approach was matched to these previous studies to facilitate 

comparisons between previous findings that involve orientation- and layer-specific fMRI 

signals. 

 

Definition of the cortical layers 

GM was divided into 3 equivolume layers using the level set method described in detail 

elsewhere79381, following the principle that the layers of the cortex maintain their volume 
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ratio throughout the curves of the gyri and sulci 81. Briefly, the level set function is a signed 

distance function (SDF), where points on the same surface equal 0 and values on one side of 

the surface are negative and values on the other are positive. The level set function for the 

GM3CSF and GM3WM boundaries is calculated, and then intermediate surfaces can be 

defined by moving the surface to intermediate cortical depths. The equivolume model 

transforms a desired volume fraction into a distance fraction, taking the local curvature of the 

pial and WM surfaces at each voxel into account 79. Two intermediate surfaces between the 

WM and pial boundaries were calculated, yielding 3 GM layers (deep, middle, and superficial). 

In human early visual cortex, these 3 laminar compartments are expected to correspond 

roughly to layers I to III, layer IV, and layers V and VI, respectively 82. Based on these surfaces, 

4 SDFs were calculated, containing for each functional voxel its distance to the boundaries 

between the 5 compartments (WM, CSF, and the 3 GM layers). This set of SDFs (or <level set=) 

allowed the calculation of the distribution of each voxel9s volume over the 5 compartments 
79. This layer volume distribution provided the basis for the laminar GLM discussed below. 

 

Extraction of layer-specific time courses 

Because the fMRI data consisted of 0.80 mm isotropic voxels, individual voxels will naturally 

contain signals from multiple layers, as well as WM and CSF. Thus, if we were to simply 

interpolate the fMRI signal at different depths, there will be contamination from bordering 

layers. One way to address this so-called partial volume problem is to decompose the layers 

by means of a spatial GLM 34,35,38,40,79. For every ROI, a laminar design matrix X represents the 

distribution of the 500 voxels over the different layers (n x k, where n = 500 voxels, and k = 5 

laminar compartments). Every row of X indicates the proportions of the layers covered by a 

particular voxel, and the columns represent the volume of the corresponding layer across 

voxels. This laminar design matrix can be used in a spatial GLM to separate the BOLD signal 

of the 5 different laminar compartments (three GM layers, WM, and CSF) through ordinary 

least squares (OLS) regression 79: 

 

� = � ; � + � 

 

Here Y is a vector of voxel values from an ROI in a specific functional volume, X is the laminar 

design matrix, and B is a vector of layer signals. For each ROI and each functional volume, the 

layer signal �)  was estimated by regressing Y against X, yielding 5 depth-specific time courses 

per ROI. 

To confirm that the method correctly identified GM, the raw signal in the EPI volumes for 

each of the 3 GM layers was quantified, as well as WM and CSF. As expected, the signal 

intensity was higher in the 3 GM layers (deep: 239 +/2 38; middle: 240 +/2 46; superficial: 239 

+/2 40; mean +/2 SD over participants) than in WM (209 +/2 30) and CSF (230 +/2 51) (T{24}= 

5.69, p = 7.4 × 1026). 

 

 

Estimating effects of interest per layer 

A temporal GLM was used to estimate the effects of interest in each of the 3 GM layers. A 

model with 4 regressors of interest was used to estimate the effects of perceptual expectation 

(grating-present and grating-absent trials, separately for the 45° or 135° orientations). These 

regressors of interest were constructed by convolving stick functions representing the onsets 

of the trials with SPM129s canonical haemodynamic response function as well as their 
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temporal derivative, resulting in Beta values for each experimental effect. Furthermore, the 

head motion parameters, their derivatives, and the square of the derivatives, were included 

as nuisance regressors. Subsequently, the data and the design matrix were high-pass filtered 

(cut-off = 128 seconds) to remove any low-frequency signal drifts. 

In order to calculate orientation-specific BOLD responses, the layer-specific parameter 

estimates for each orientation in the non-corresponding ROI (e.g., a 45° grating/expectation 

in a 135°-preferring ROI) were subtracting from the parameter estimates in their 

corresponding ROI (e.g., a 45° grating/expectation in a 45°-preferring ROI; see equation below 

where B stands for Beta). 

 

������������������������� = (45�45��� + 135�135���) 2 (45�135��� + 135�45���) 

 

This procedure was followed for all the laminar analyses presented in this study (perceptual 

expectations, high confidence false percepts, low confidence false percepts). These estimated 

BOLD responses were subjected to a 2-way repeated measures ANOVA with factors 

perceptual condition (expectation, high confidence false percept, low confidence false 

percept), and cortical layer (deep, middle, superficial). The main effect of interest, namely 

whether laminar BOLD profiles differed for perceptual expectations and hallucinated gratings, 

was tested by the interaction of perceptual condition and cortical layer. To follow up a 

significant effect with all 3 perceptual conditions included, further repeated measures effects 

were performed to specifically test 1) the interaction between perceptual expectation vs high 

confidence false percept and cortical layer to explore whether hallucinations were specifically 

different from perceptual expectations, and 2) the interaction between high and low 

confidence false percepts and cortical layer to explore whether being confident in a false 

percept affects the laminar profile. Significant interactions were followed up with paired-

sample t tests. Finally, orientation-specific effects in specific layers were tested against zero 

using one-sample t-tests (one-tailed). To visualise the relevant across-subject variance for the 

within-subject ANOVA, errors bars in all figures show within-subject standard error of the 

mean (SEM)83,84. 

 

Behavioural analyses 

For the online study, accuracy and confidence scores were compared across the different 

contrast levels using repeated measures ANOVAs. Accuracy was also compared between the 

different confidence levels, to test whether participants were more accurate at identifying 

grating orientation when they were more confident that they had seen a grating. The effect 

of the expectation cues was assessed by exploring whether participants tended to report 

orientations in line with the cue. Follow-up tests were performed to investigate whether the 

cues9 effects were mediated by awareness of their meaning. To understand what drives 

abnormal perceptual experiences, a logistic regression model was used to explore which 

factors predicted orientation responses on grating-present and grating-absent trials 

separately. Predictors for grating-present trials were current stimulus orientation, current 

stimulus contrast, orientation predicted by the cue, orientation response on the previous 

trial, and the interaction between present stimulus contrast and orientation (as a measure of 

sensory precision). For the grating-absent trials, the predictors included previous orientation 

response, and orientation predicted by the cue (as there was no present stimulus orientation 

or contrast). Finally, we tested whether abnormal perceptual experiences as measured using 
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the CAPS questionnaire were correlated with cue effects, confidence on grating-absent trials, 

and sensory precision, using Spearman9s rank correlation. 

Similarly, for the fMRI study we probed the modulation of accuracy by confidence, the 

proportion of high confidence false percepts on grating-absent trials, and the proportion of 

cue congruent responses. Participants9 orientation responses were also explored with a 

logistical regression model, but without stimulus contrast as a predictor as this was not varied 

for the purposes of the fMRI experiment. 
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