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SUMMARY

In addition to bottom-up input, the visual cortex receives large amounts of feedback from other cortical
areas [1–3]. One compelling example of feedback
activation of early visual neurons in the absence of
bottom-up input occurs during the famous Kanizsa
illusion, where a triangular shape is perceived, even
in regions of the image where there is no bottom-up
visual evidence for it. This illusion increases the firing
activity of neurons in the primary visual cortex with a
receptive field on the illusory contour [4]. Feedback
signals are largely segregated from feedforward signals within each cortical area, with feedforward signals arriving in the middle layer, while top-down
feedback avoids the middle layers and predominantly targets deep and superficial layers [1, 2,
5, 6]. Therefore, the feedback-mediated activity increase in V1 during the perception of illusory shapes
should lead to a specific laminar activity profile that is
distinct from the activity elicited by bottom-up stimulation. Here, we used fMRI at high field (7 T) to
empirically test this hypothesis, by probing the
cortical response to illusory figures in human V1 at
different cortical depths [7–14]. We found that,
whereas bottom-up stimulation activated all cortical
layers, feedback activity induced by illusory figures
led to a selective activation of the deep layers
of V1. These results demonstrate the potential for
non-invasive recordings of neural activity with
laminar specificity in humans and elucidate the role
of top-down signals during perceptual processing.
RESULTS
We non-invasively examined the laminar activity profile of the
human primary visual cortex (V1), using high-field (7 T) fMRI
with high spatial resolution, in response to illusory figures (Figures 1A–1C). Specifically, we defined three equi-volume gray
matter layers (superficial, middle, and deep) and determined

the proportion of each voxel’s volume in these layers (as well
as in white matter and cerebrospinal fluid (CSF); Figures 1D
and 1E). These layer ‘‘weights’’ were subsequently used in a
spatial regression approach to determine layer-specific time
courses of the blood-oxygen-level dependent (BOLD) signal in
relevant parts of V1 [16]. We used a general linear model
(GLM) of spatially distributed responses to unmix the signals
from the different layers, even though these signals may be
mixed in individual voxels (see Supplemental Experimental Procedures for technical details). The presence of an illusory triangle
led to a selective increase of activity in regions of V1 whose
receptive field was centered on the triangle (Figure 1C). This
activation was only observed in the deep layers of V1 (t9 = 3.4,
p = 0.0070), while the superficial and middle layers were not
differentially activated (both t < 1, p > 0.50). On the other hand,
bottom-up stimulation by a contrast-reversing checkerboard
stimulus reliably activated all cortical layers, with most prominent
activity observed in middle and superficial layers (all p < 0.005;
Figure 2B). This qualitative difference in the laminar activity profile between bottom-up stimulation and top-down modulation
led to a significant interaction between layer and condition
(F2,18 = 4.1, p = 0.035), providing evidence for the differential activation of cortical layers by feedforward and feedback streams.
In general, the BOLD time courses of the different gray matter layers were moderately correlated (r  0.4–0.5; Table S1).
While this is likely in part due to neural activity propagating
through the cortical column [17], leading to a co-activation of
all the different layers, it may also partly reflect spurious correlations due to partial volume effects, as well as transfer of activation caused by blood flowing from deep to superficial layers.
Therefore, in an additional analysis, we assessed each layer’s
unique contribution by regressing out the time courses of the
other two layers (see Supplemental Experimental Procedures).
We found that the response to the illusory figure in the deep
layers remained strongly present (t9 = 3.7, p = 0.0053; Figure S1A). In contrast, during bottom-up stimulation, the largest
response was now observed in the middle layer (t9 = 5.0,
p = 0.00072), while the deep and superficial layers did not
show a response over and above the overall response (both
t < 1, p > 0.30; Figure S1B).
There was not only enhanced activity in regions of V1 whose
receptive field was on the illusory triangle but also reduced activity in regions of V1 with receptive fields on the surrounding
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Figure 1. Experimental Methods
(A) Example Kanizsa stimulus, in which three out of
four Pac-Man inducers were aligned such that an
illusory triangle could be perceived. A fixation
bull’s eye, containing a rapid letter stream, was
presented 1.5 below and to the right of the center
of the configuration. During the experiment, participants performed a target letter detection task.
(B) In control configurations, the inducers were not
aligned, and consequently, no illusory figure could
be perceived.
(C) Reconstruction of the difference in BOLD
response evoked by illusory triangle configurations
versus control configurations, averaged over participants. This reconstruction shows BOLD signals
that have been transformed from cortical (i.e.,
voxel) space to visual (i.e., stimulus) space. This
was achieved by multiplying each voxel’s population receptive field (a 2D Gaussian with center
(x0, y0) and size s) by that voxel’s differential BOLD
response (illusory figure versus control) and then
summing over all voxels in a region (here, V1).
Here, we collapsed over the four different illusory
triangles by first rotating the reconstructions of the upward-, rightward-, and downward-pointing triangles 90 , 180 , and 270 counterclockwise, respectively, to
move them into the reference frame of the leftward-pointing triangle, before averaging. See Supplemental Experimental Procedures (‘‘Retinotopic reconstruction
of effects’’) for details. Dashed white triangles indicate the location of the illusory triangles. The increased BOLD response to the illusory figure and decreased
response to the surrounding Pac-Man inducers replicated the results of [15].
(D) Sagittal view of the mean functional volume of a representative subject, overlaid with the boundaries between gray matter and CSF (red) and white matter
(yellow). The black grid indicates the position and size (0.8 mm isotropic) of the functional voxels; green squares indicate visually active voxels (i.e., >20% variance
explained during population receptive field (pRF) fitting; see Supplemental Experimental Procedures).
(E) Schematic example of a voxel (red square) and the distribution of its volume over the three gray matter layers. This layer-volume distribution was
determined for each voxel and used as the basis of a regression approach in order to obtain layer-specific BOLD time courses (see Supplemental Experimental
Procedures).

inducer stimuli (t9 = 2.4, p = 0.042, collapsed over layers), replicating previous work [15] and suggesting that the effect of topdown feedback depends on whether it is met with bottom-up
input. Therefore, the laminar profile of this effect is also of interest, as it reflects the effect of top-down feedback in the presence
of bottom-up sensory signals, as opposed to the top-down
signal in the absence of sensory input at the location of the illusory triangle. Notably, the laminar profile of this top-down effect
(Figure 3A) did not significantly differ from the laminar profile
evoked by sensory stimulation (Figure 3B; F2,18 = 1.2, p = 0.32;
see also Figures S1C and S1D). Indeed, after applying the conservative laminar time course regression discussed above, the
laminar profile of the inducer suppression effect differed significantly from the laminar profile of the excitatory illusory figure
effect at the illusory triangle location (F2,18 = 3.8, p = 0.043;
Figure S1E).
In order to visualize the laminar-specific effects of illusory
figure perception across the visual field, we reconstructed the
BOLD signal into visual space at the three different cortical
depths, for both the top-down illusory figure effect (i.e., Kanizsa
trials versus control trials) and the bottom-up checkerboard
stimulation (Figure 4). These reconstructions represent BOLD
signals that have been transformed from cortical (i.e., voxel)
space to visual (i.e., stimulus) space by multiplying each voxel’s
population receptive field by that voxel’s BOLD response (for
details, see Supplemental Experimental Procedures, ‘‘Retinotopic reconstruction of effects’’). It can be seen that the illusory
figure enhancement is strongest in the deep layers and decreases as one moves up to the superficial layer (Figure 4A, cf.

Figure 2A), while the magnitude of bottom-up activity induced
by the checkerboard is lowest in deep layers and increases in
amplitude from deep to superficial layers (Figure 4B, cf. Figure 3A). The decreased response to the Pac-Man inducers
shows a similar profile to bottom-up stimulation and was strongest in superficial layers (Figure 4A).
DISCUSSION
Layer-Specific Effects of Illusory Figures in V1
Using high-resolution fMRI at 7 T, we showed that a top-down
activation of the visual cortex, induced by a visual illusion, selectively activates the deep cortical layers of V1. This stands in
contrast to the neural response elicited by a bottom-up stimulus,
which activates all layers and is strongest in the middle and superficial layers. The top-down suppression of the response to
Pac-Man shapes that induce an illusory figure, compared to
identical shapes that do not, shows a different laminar profile
than the excitatory top-down illusory figure effect and is in fact
more similar to the laminar profile of the bottom-up stimulus
effect, being strongest in middle and superficial layers. These
results suggest that the laminar profile of feedback effects depends on whether they interact with bottom-up inputs.
In the current study, we divided the cortex in three equivolume layers, which do not necessarily correspond to the
histological layers. However, in humans, these three laminar
compartments are expected to correspond roughly to layers
I–III, layer IV, and layers V–VI, respectively [18]. The selective
activation of the deep layers of V1 due to the illusion appears
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Figure 2. Laminar Profiles of the BOLD Response in the Illusory
Figure Region

Figure 3. Laminar Profiles of the BOLD Response in the Inducer
Region

(A) BOLD response to illusory figures (green) and control stimuli (red) in the
region of V1 with receptive fields on the illusory figure, but not on the Pac-Man
inducers. *p = 0.0070.
(B) BOLD response to a contrast-reversing checkerboard in the same region of
interest (ROI) as in (A).
Error bars indicate within-subject SEM. See Figures S1 and S2 for additional
analyses and Figure S3 for individual participants’ data.

(A) BOLD response to Pac-Man shapes when they induced an illusory figure
(green) and when they did not (red) in the region of V1 with receptive fields on
the inducers. Note that only physically identical Pac-Man shapes were
compared (i.e., the bottom Pac-Man in the example). Results were averaged
over the ROIs corresponding to the bottom and right Pac-Man locations only,
since these ROIs contained the most voxels (compared to the left and top
Pac-Man locations) due to cortical magnification. See Supplemental Experimental Procedures for details. *p = 0.017.
(B) BOLD response to a contrast-reversing checkerboard in the same ROI
as in (A).
Error bars indicate within-subject SEM. See Figures S1 and S2 for additional
analyses and Figure S3 for individual participants’ data.

in line with the known anatomical [2, 5] and functional [19] feedback connectivity from higher-order visual regions to the deep
layers of V1. In addition to the deep layers, feedback connections are known to have dense terminations in layer I [2, 5].
Indeed, a recent laminar fMRI study of contextual effects in unstimulated human V1 reports effects in the most superficial
layers [20]. It should be noted, however, that layer I is very thin,
sparsely populated with neurons, and close to the pial veins on
the cortical surface, making it challenging to detect layer-specific BOLD activation in this layer. In addition to layer I, contextual BOLD effects that are specific to the superficial layers could
potentially also arise from layers II–III, known to be strong targets
of horizontal connections [5, 21, 22].
Self et al. recently assessed layer-specific neural responses
during figure-ground segregation using invasive laminar recordings in macaques [21]. In line with our findings, they report
top-down figure filling-in in infragranular layer V. In addition,
feedback effects are reported in superficial layer I and the upper
part of layer II. An important difference with the current study is
that Self and colleagues investigated the effect of top-down
figure perception in the presence of bottom-up stimulation, while
the illusory figure in the present study occurred in the absence of
bottom-up input at the corresponding visual field locations. In
fact, when we probed the laminar profile of the top-down suppression of activity evoked by the Pac-Man inducers, this effect
was not restricted to the deep layers but appeared strongest in
the superficial layers. This suggests that top-down feedback
may evoke different laminar profiles depending on whether or
not it interacts with bottom-up input. One potential mechanism
of this interaction is through inhibitory connections from the
deep layers to the granular layer IV [23–25], which in turn can
cause a reduction throughout the entire cortical column as a
result of the excitatory pathway from layer IV to layers II–III and

from layers II–III to layers V–VI [17]. In the absence of sensory
input to layer IV, as is the case for the illusory triangle studied
here, this modulation would not occur and top-down feedback
signals would be restricted to the deep layers. An alternative
explanation could be that the inducer suppression is the result
of feedback connections terminating on inhibitory neurons in
layer I, which in turn inhibit pyramidal neurons in layers II–III
[26, 27]. This suggests that it is important to distinguish between
driving and modulatory effects of backward connections when
studying feedback signals in visual cortex.
Hierarchical Perceptual Inference
Our results are in line with theories that cast perception as hierarchical perceptual inference [28, 29], according to which
higher-order sensory regions form hypotheses about the
causes of current sensory inputs and send feedback to
lower-order regions to ‘‘test’’ these hypotheses. In the context
of Kanizsa figures, neurons in higher-order visual regions with
large receptive fields (such as in the lateral occipital complex
[30]) may ‘‘hypothesize’’ the presence of the (illusory) triangle
based on the aligned wedges of the Pac-Man inducers and
send feedback to neurons in lower-order visual regions (e.g.,
V1) that are expected to be active should such a triangle indeed
be present. One proposed implementation of this process is
(hierarchical) predictive coding [28, 31, 32], according to which
each cortical region houses separate sub-populations of neurons coding for perceptual hypotheses (predictions) and mismatches between these hypotheses and bottom-up sensory
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Figure 4. Reconstruction of the BOLD
Signal at the Three Different Cortical Depths
(A) Reconstruction of the difference in BOLD
response evoked by illusory triangle configurations
versus control configurations, separately for the
three different cortical layers. The transformation of
BOLD responses from cortical (i.e., voxel) space to
visual (i.e., stimulus) space was achieved by
multiplying each voxel’s population receptive field
(a 2D Gaussian with center (x0, y0) and size s) by
that voxel’s differential BOLD response (illusory
figure versus control). In order to obtain reconstructions per cortical layer, each voxel’s
receptive field was additionally weighted by the
proportion of that voxel’s volume that was in the
layer of interest. We collapsed over the four
different illusory triangles by first rotating the reconstructions of the upward-, rightward-, and
downward-pointing triangles 90 , 180 , and 270
counterclockwise, respectively, to move them into
the reference frame of the leftward-pointing triangle, before averaging. See Supplemental Experimental Procedures (‘‘Retinotopic reconstruction of effects’’) for details. Dashed white triangles indicate the location of the illusory triangles.
(B) Reconstruction of the BOLD response evoked by a checkerboard stimulus presented at the location at which illusory figures were sometimes induced
(see Figure 2B). Note that these reconstructions only served visualization purposes; all statistical analyses were performed on the laminar profiles in
Figures 2, 3, and S1.

input (prediction errors). These sub-populations are suggested
to reside in different cortical layers, with prediction units being
predominantly present in the deep layers and prediction error
units in the middle and superficial layers [26]. In the context
of the current study, the illusory figure can be seen as a
perceptual hypothesis (prediction) and would thus be expected
to be encoded by prediction units in the deep layers of V1.
Conversely, at the location of the Pac-Man shapes that induce
the illusion, the presence of an illusory figure elicits a perceptual hypothesis (‘‘a partially occluded black circle’’) that is
met with consistent bottom-up input (a partial black circle).
Such a match between top-down predictions and bottom-up
signals would lead to a reduced prediction error response in
middle and superficial layers, compared to when there are no
such top-down predictions (as in the control configurations;
Figure 1B). It should be noted that predictive coding is a process theory of perceptual processing that entails several
phenomena—such as figure-ground segregation [33, 34] and
biased competition [35, 36]—whose exact mechanisms have
yet to be established. Therefore, more studies more specifically
geared toward testing the effects of perceptual predictions
[37, 38] with laminar resolution are needed. For instance, it
would be of great interest to compare the laminar profiles of
perceptual predictions and selective attention, as these are expected to affect separate sub-populations of neurons under
these predictive coding accounts [36]. Additionally, future
studies may pursue even greater specificity of neural responses by considering not only their amplitude but also their
information content, using multivariate pattern analyses
[39, 40]. For instance, such analyses could reveal whether the
illusory figure effects presented here are specific to voxels
whose orientation preference matches the orientation of the
illusory contours. Indeed, a recent study combining multivariate
pattern analysis with laminar fMRI demonstrates the potential
power of this method [20].

Limitations of Laminar fMRI
With laminar-specific fMRI, spatial resolution is a particular challenge. The average thickness of human V1 is 2.5 mm [41], which
we subdivide into three equi-volume layers. It should be noted
that the effective resolution is likely to be somewhat decreased
by blurring due to factors like head motion, inaccuracies in the
boundary registration, and cortical inhomogeneity. Importantly,
we do not rely on each (0.8 mm) voxel’s volume being uniquely
captured by one layer in order to obtain independent laminar signals. Instead, we performed a spatial regression, which explicitly
attempts to unmix the signals from the different layers, even
though these signals are mixed in individual voxels. This spatial
unmixing is designed to extract signals with considerably less
dependence on the actual voxel volume than the interpolation
approach used in some previous laminar fMRI papers [8]. This
is also expressed in our own data; the average correlation between the three gray matter layers is lower for time courses established using the regression approach (r  0.5) than for time
courses at the same cortical depths established using the interpolation approach (r  0.8). Future studies may aim to increase
the spatial resolution of laminar fMRI studies further, improving
the ability to estimate independent laminar BOLD signals.
Another matter of concern are interdependencies in the BOLD
signal between the different layers, as a result of venous blood
draining from the deeper layers toward the surface [8, 9, 12,
42, 43]. Given the direction of this flow, the more superficial
layers are expected to contain a mixture of signals from different
layers, while the signal in the deep layers is relatively free of such
effects. These interdependencies, and the resulting difference in
reliability for signals in the different layers, make it challenging to
precisely ascertain the laminar origin of signals, particularly in the
superficial layers. This argues for the importance of comparing
laminar profiles of different effects (e.g., the checkerboard and
illusory figure effects in the current study) rather than only
considering the laminar profile of a particular effect per se.
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We assessed the interdependencies between layers by performing an analysis in which the signals from the neighboring
layers were regressed out to show each layer’s unique contribution to the signal (Figure S1). In the case of bottom-up stimulation, this additional regression particularly reduced the signal
in the superficial layers, while the strongest signals remained
in the middle layers (compare Figures 2B and 3B to S1B and
S1D), suggesting drainage from middle layers to the surface.
The illusory figure effect in the deep layers, however, was unaffected (compare Figures 2A and S1A). These results suggest
that we can be confident about the origin of deep layer signals,
compared to superficial signals.
Finally, a challenge in interpreting laminar fMRI (and fMRI in
general) results is the complex relationship between neuronal
excitation and inhibition and the hemodynamic response. However, studies directly linking neuronal activity and hemodynamic
responses in monkeys have reported a close correspondence
between neural (synaptic) activity and the BOLD response,
both for excitation [44] and inhibition [45].
Conclusions
In sum, the current study reveals highly specific laminar effects
related to a feedback signal in the primary visual cortex using
fMRI, showing the potential of studying the activity dynamics
of the cortical layers non-invasively in humans. This technique
holds great promise for elucidating the interaction between bottom-up and top-down signals during perception, as well as in
other areas of cognition such as memory [46].
EXPERIMENTAL PROCEDURES
The experimental procedures are summarized briefly throughout the Results
and are presented in detail in the Supplemental Experimental Procedures.
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Figure S1, related to Figures 2-3. Differential layer-specific BOLD responses, over and above the overall
BOLD response.
These response profiles were obtained by regressing out, for each layer, the time courses of the other two layers.
(A) Differential BOLD response to illusory figures (green) and control stimuli (red) in the region of V1 with
receptive fields on the illusory figure. *p = 0.0053.
(B) Differential BOLD response to a contrast-reversing checkerboard in the same ROI as in panel A.
(C) Differential BOLD response to the inducing Pac-Man shapes when they either induced an illusory figure (green)
or when they did not (red), in the region of V1 with receptive fields on the inducers. *p = 0.037.
(D) Differential BOLD response to a contrast-reversing checkerboard in the same ROI as in panel C.
(E) Differential Laminar profiles of the illusory figure effect in the 'figure region' (blue), and the inducer suppression
effect in the 'inducer region'. *p = 0.019, †p = 0.062. Error bars indicate within-subject SEM.

Figure S2, related to Figures 2-3. Layer-specific BOLD responses, obtained by interpolation analysis.
These response profiles were obtained sampling the cortical depth at 50 points and estimating the BOLD signal at
each depth through trilinear interpolation (see Supplemental Experimental Procedures).
(A) Interpolated BOLD response to illusory figures (green) and control stimuli (red) in the region of V1 with
receptive fields on the illusory figure. In order to perform similar statistical analyses as in the main analysis, we
sampled this signal at three cortical depths corresponding to the three layers as defined in the spatial GLM. As in the
main analysis, the laminar profile induced by the illusory figure differed significantly from that induced by a
contrast-reversing checkerboard (F2,18 = 8.3, p = 0.0028), and the illusory figure effect was significantly present in
the deep (t9 = 3.2, p = 0.010) but not the middle (t9 = 1.4, p = 0.20) and superficial (t9 = 1.1, p = 0.31) layers.
(B) Interpolated BOLD response to a contrast-reversing checkerboard in the same ROI as in panel A.
(C) Interpolated BOLD response to the inducing Pac-Man shapes when they either induced an illusory figure (green)
or when they did not (red), in the region of V1 with receptive fields on the inducers. As in the main analysis, the
suppression of the Pac-Men in the presence of an illusory figure (t9 = 2.4, p = 0.038, collapsed across layers) was
most clearly visible in the superficial layers, as was the checkerboard response. There was a significant interaction
between effect type (Illusory figure vs. Checkerboard and Layer; F2,18 = 5.6, p = 0.013), due to the slope being
steeper for the checkerboard effect.(D) Interpolated BOLD response to a contrast-reversing checkerboard in the
same ROI as in panel C. Error bars indicate within-subject SEM.

Figure S3, related to Figures 2-3. Layer-specific BOLD responses, individual participants’ data. Same data as
in Figures 2 and 3, but displaying individual participant data (blue lines and dots), with group means superimposed
(green x’s).
(A) BOLD response to illusory figure in the region of V1 with receptive fields on the illusory triangle.
(B) BOLD response to a contrast-reversing checkerboard in the same ROI as in panel A.
(C) BOLD response to the inducing Pac-Man shapes when they either induced an illusory figure versus when they
did not, in the region of V1 with receptive fields on the inducers.
(D) BOLD response to a contrast-reversing checkerboard in the same ROI as in panel C.

Table S1, related to Figures 2-3. Correlations between cortical layers. Correlations between fMRI timecourses
in the different cortical layers as estimated using the spatial GLM, averaged over scanner runs and over the three V1
ROIs used for the main analysis. Presented as group means (± standard deviation).
Layer

WM

Deep

Middle

Superficial

CSF

WM
Deep
Middle
Superficial
CSF

–
0.34 ± 0.24
0.34 ± 0.20
0.42 ± 0.18
0.37 ± 0.19

–
0.46 ± 0.13
0.59 ± 0.20
0.40 ± 0.24

–
0.48 ± 0.21
0.36 ± 0.28

–
0.58 ± 0.10

–

Supplemental Experimental Procedures
Participants
Eleven healthy right-handed individuals (6 female, age 26 ± 4, mean ± SD) with normal or corrected-to-normal
vision gave written informed consent to participate in this study, in accordance with the institutional guidelines of
the local ethics committee (ethics committee of the University Duisburg-Essen). Data from one participant were not
analysed due to a technical issue with the visual stimulation during data acquisition.
Stimuli
Stimuli were generated using MATLAB (MathWorks, Natick, MA, USA) and the Psychophysics Toolbox [S1], and
were projected on a rear-projection screen using an EIKI (EIKI, Rancho Santa Margarita, CA) LC-X71 projector
(1024 × 768 resolution, 60 Hz).
During the illusory figure runs, stimuli consisted of four black circles with a wedge cut out (‘Pac-Men’; 3.6°
diameter, 1.8 cd/m2) on a light gray background (1416 cd/m2) (Figure 1A). The stimuli were spaced such that the
central 3.6×3.6° area did not contain any stimulus. A fixation bull’s-eye (0.7° diameter) was centred at 1.5° below
and 1.5° to the right of the middle of the stimulus configuration. In all configurations, two inducers consisted of a
black circle with a 45° wedge cut out, and two inducers had a 90° wedge cut out. In ‘Kanizsa’ configurations (Figure
1A), three inward facing inducers were aligned such that they induced the percept of an illusory triangle overlaying
three black circles, while the fourth faced outward. ‘Control’ configurations consisted of inducers arranged such that
no illusory figure was perceived (Figure 1B). In these configurations, either three out of four inducers faces inward
but none of the inducers were aligned, or two out of four inducers faced inward and were partially aligned. In the
illusory figure region (see ‘Specification of regions of interest’ for definition) there was no significant difference in
BOLD response between the two different types of control trials, either collapsed over layers (t9 = -0.14, p = 0.89) or
in any of the three individual layers (all p > 0.5), and we therefore collapsed over these trial types in the analysis. In
total, we created 20 inducer configurations: 12 Kanizsa configurations and 8 controls. Each Kanizsa configuration
contained one of four possible illusory triangles: leftward, rightward, upward or downward pointing.
Trial length was either 17.04 s (5 TRs, first three participants) or 13.63 s (4 TRs, participants four to ten), during
which the stimulus display alternated between four black whole circles (500 ms) and one of the 20 inducer
configurations (500 ms). On a given trial, one inducer configuration was presented repeatedly for the duration of the
trial. Additionally, a letter stream was presented at fixation throughout each run. Green letters (0.5°) were presented
within the fixation bull’s eye, for 250 ms each, separated by 250 ms intervals during which only the fixation point
was presented. Participants’ task was to detect the letters ‘X’ and ‘Z’ (target probability = 20%) in a stream of nontarget letters at fixation, thereby drawing attention away from the illusory shapes. In half of the experimental blocks,
the letters were distorted by superimposing noise of the same colour (30% of pixels), increasing the difficulty of the
letter detection task. Due to technical limitations, we could not record all button presses. During the blocks without
noise, 97.5% ± 0.5% (mean ± se) of the recorded button presses occurred after a target was presented (i.e. hits; RT:
504 ms ± 10 ms), while 2.5% ± 0.5% of button presses occurred after no target was presented in the preceding 1000
ms (i.e. false alarms), suggesting that participants were successfully engaged by the task. During the blocks with
added perceptual noise, 96.3% ± 0.9% of the recorded button presses were hits (RT: 518 ms ± 7 ms), while 3.8% ±
0.9% of button presses were false alarms. Since we found no significant differences between the two task difficulty
levels in terms of BOLD signal in V1, we collapsed over these two conditions in all further analyses. As a baseline,
we also included ‘fixation’ trials (of equal length as the other trial types), during which no black circles or inducers
were presented, but during which the fixation point and letter stream persisted.
In a separate scanner run during the same session, we presented participants with contrast-reversing checkerboard
stimuli (10 Hz). The checkerboards contained checks of 0.4° width and height, each of which was either black or
white randomly from one presentation (100 ms) to the next. Checkerboard contrast was either 50% or 80%, and
since we found no significant differences between these conditions we collapsed over them for all further analyses.
In separate trials, participants were presented with either four circular checkerboards (diameter = 3.6°, contrast
fading linearly over the outer 0.5°) at the same locations at which the Pac-Men inducers were presented during the
illusory figure runs (‘Outer checkerboard’, see Figure 3B), or with a single checkerboard (diameter = 3.6°, contrast
fading linearly over the outer 0.5°) in the centre of the configuration (‘Inner checkerboard’, see Figure 2B),
corresponding to the location where the illusory figure was perceived during the Kanizsa trials. Trial length was the
same as in the illusory figure runs, as was the presence of the fixation point, including the letter stream and
participants’ letter detection task. We also included fixation trials, during which no checkerboards were presented,
but the fixation point and letter stream persisted.

Procedure
In each block of the illusory figure runs, all 20 stimulus configurations were presented once, in random order, with
fixation trials inserted after each fourth trial, yielding a block length of 426 s (first three participants) or 341 s
(participants four to ten). The fixation point and letter stream were presented throughout the block. Participants
performed three runs of two blocks each (30 s break between blocks). For one participant, data from one run had to
be discarded due to a technical problem with visual stimulus presentation.
In the checkerboard run, ‘Inner checkerboard’ and ‘Outer checkerboard’ trials were presented in interleaved order,
with a fixation trial inserted after every fourth trial. Each block consisted of 10 trials of the two checkerboard types
each, and 5 fixation trials, yielding a block length of 426 s (first three participants) or 341 s (participants four to
ten). The fixation point and letter stream were presented throughout the block. Participants performed one runs of
two blocks (30 s break between blocks).
Before entering the scanner, participants received written instructions and practiced the letter detection task on a
laptop.
Population receptive field measurements
After the main experiment, participants were presented with moving bar stimuli, in order to map the population
receptive fields (pRFs) [S2] of voxels in early visual cortex, as well as allow polar angle mapping in order to
delineate the borders between retinotopic areas in visual cortex [S3, 4]. During these runs, bars containing full
contrast contrast-reversing checkerboards (2 Hz) moved across the screen in a circular aperture with a diameter of
12°. The bars moved in eight different directions (four cardinal and four diagonal directions) in 12 steps of 1°, one
step per TR (3.408 s). Four blank fixation screens (13.6 s) were inserted after each of the cardinally moving bars.
Throughout each run (~6.5 min), a coloured fixation dot was presented in the centre of the screen, changing colour
(red to green and green to red) at random time points. Participants’ task was to press a button whenever this colour
change occurred. All participants performed four runs of this task.
fMRI acquisition parameters
Functional images were acquired on a Magnetom 7T whole body MRI system (Siemens Healthcare GmbH,
Erlangen, Germany) with a 32-channel head coil (Nova Medical, Wilmington, USA) combined with dielectric pads
(Wyger M. Brink, Radiology, Leiden University Medical Center, Leiden, Netherlands [S5]), using a T2*-weighted
3D gradient-echo EPI sequence [S6] (TR = 3408 ms, TE = 28 ms, 48 transversal slices, voxel size 0.8×0.8×0.8 mm,
16° flip angle, field of view 192 × 192 mm, GRAPPA acceleration factor 4). Gradient maximum amplitude was 40
mT/m, the minimum gradient rise time was 200 μs, and the maximum slew rate was 200 T/m/s. Shimming was
performed using the standard Siemens shimming procedure for 7T. Anatomical images were acquired using an
MP2RAGE sequence [S7] (TR = 5000 ms, TE = 2.04 ms, voxel size 0.8×0.8×0.8 mm, field of view 240 × 240 mm,
GRAPPA acceleration factor 2), yielding two inversion contrasts (TI1 = 900 ms, 4° flip angle , TI2 = 3200 ms, 6°
flip angle). These two inversion contrasts were combined to yield a single T1-weighted image.
Preprocessing of functional volumes
SPM8 (http://www.fil.ion.ucl.ac.uk/spm, Wellcome Trust Centre for Neuroimaging, London, UK) was used for
image preprocessing. The first four volumes of the each run were discarded to allow T1 equilibration. The functional
volumes were cropped to remove the frontal part of the brain (in which more severe distortions occurred, due to our
shimming volume being placed in the occipital lobe). The functional volumes were spatially realigned within
scanner runs, and subsequently between runs, to correct for head movement. Additionally, in order to correct for
changes in distortions in the phase-encoding direction in the EPI volumes occurring over the course of the
experiment due to changes in head position, we calculated a non-linear (in the phase-encoding direction) registration
[S8] from the mean functional volumes of the checkerboard and moving bar runs, respectively, to the mean
functional volume of the illusory figure runs. These two non-linear registrations were applied to all functional
volumes of the checkerboard and moving bars runs, respectively. This non-linear registration was restricted to
correcting distortions in the phase encoding direction, and was described by the map:

T : (x, y, z) | (x, y  d(x, y, z), z)
where d(x, y, z) is the displacement field and phase encoding is along the y-direction. The displacement field is
parameterised as:

d ( x, y, z )   aijk X i ( x)Y j ( y ) Z k ( z )
i , j ,k

where Xi, Yj and Zk are the basis functions of the discrete cosine transform up to a certain order (here i = 6, j = 9, k =
9). This reduces the number of parameters to be estimated and ensures smoothness of the displacement field. The
coefficients aijk were found by minimisation of the normalised mutual information of the to-be transformed EPI
image and the target image, which has been coregistered with a rigid body transformation.
Extraction and coregistration of cortical surfaces
Freesurfer (http://surfer.nmr.mgh.harvard.edu/) was used to detect the boundaries between gray matter and white
matter and cerebrospinal fluid (CSF), respectively, and generate inflated cortical surfaces, based on the T1-weighted
anatomical image. The gray matter boundaries were subsequently registered to the mean functional volume in two
steps: 1) a conventional rigid body boundary-based registration (BBR) [S9], and 2) recursive boundary-based
registration [S10], BBR was applied recursively to increasingly smaller partitions of the cortical mesh. Here, we
applied affine BBR with 7 degrees of freedom: rotation and translation along all three dimensions, and scaling along
the phase-encoding direction. In each iteration, the cortical mesh is split into two, the optimal BBR transformations
are found and applied to the respective parts. Subsequently, each part is split into two again and registered. The
specificity increases at each stage, and corrects for local mismatches between the structural and the functional
volumes that are due to magnetic field inhomogeneity related distortions. Here, we ran four such iterations. The
splits are made along the cardinal axes of the volume, such that the number of vertices is equal for both parts. The
plane for the second cut is orthogonal to the first, the third orthogonal to the first two. Having iterated through all
three spatial dimensions, the final split made along the same axis as the first split. The median displacement was
taken after running the recursive algorithm six times, in which different splitting orders where used, comprised of all
six permutations of x, y and z.
pRF estimation and retinotopic mapping
The data from the moving bar runs were used to estimate the population receptive field (pRF) of each voxel in the
functional volumes we obtained, using MrVista (http://white.stanford.edu/software/). Before estimation, the BOLD
timecourses from the four runs were averaged together, yielding one timecourse per voxel. During estimation, a
predicted BOLD signal is calculated from the known stimulus parameters and a model of the underlying neuronal
population. The model of the neuronal population consisted of a two-dimensional Gaussian pRF, with parameters
x0, y0, and σ, where x0 and y0 are the coordinates of the centre of the receptive field, and σ indicates its spread
(standard deviation), or size. All parameters were stimulus-referred, and their units were degrees of visual angle.
These parameters were adjusted to obtain the best possible fit of the predicted to the actual BOLD signal. The
goodness of this fit was expressed as proportion of each voxel’s variance (in the averaged timecourse) explained by
its pRF model. For all subsequent analyses, voxels were considered ‘visually active’ when at least 10% of their
variance was explained by the pRF model. For all other voxels, pRF parameters were not considered reliable and
thus not taken into consideration.
For details of this procedure, see Dumoulin and Wandell (2008). This method has been shown to reconstruct the
cortical visual field map more accurately than conventional retinotopic mapping methods, as well as produce pRF
size estimates that agree well with electrophysiological receptive field measurements in monkey and human visual
cortex. Once estimated, x0 and y0 can easily be converted to eccentricity and polar-angle measures, to allow
retinotopic mapping. Polar-angle maps were overlaid on inflated cortical surfaces using Freesurfer to identify the
boundaries of retinotopic areas in early visual cortex [S3, 4]. In this way, we delineated area V1 in both
hemispheres.
Specification of regions of interest
We specified five regions of interest (ROIs), based on the pRF locations of the voxels. First, a ‘figure region’,
consisting of visually active voxels (as indicated by a pRF model fit of > 10% variance explained, see ‘pRF
estimation and retinotopic mapping’) whose receptive field centre (x0, y0) was on the area of the visual field
containing the illusory figure (i.e. a circle with a diameter of 3.6° in the centre of the Pac-Man configurations), and
at least 2σ away from any of the Pac-Man inducers (see Figure 2A). Second, four ‘inducer regions’, consisting of
voxels with a receptive field centre on one of the four Pac-Man inducers (excluding voxels whose pRF was within
7.2° of the centre of the Pac-Man configuration, since these pRFs fell on the illusory figure itself on a subset of

trials) (see Figure 3A). These ROIs were subsequently projected into cortical surface space (using Freesurfer) and
intersected with the V1 labels obtained through retinotopic mapping (see above). This resulted in 812 ± 246 (mean ±
sd, range = 491 – 1208) ‘figure region’ voxels in V1. Due to cortical magnification, the ROIs corresponding to the
inducers closest to fixation (i.e. the bottom and right inducers) contained more voxels (bottom: N = 515 ± 207, range
= 237 – 900, right: N = 504 ± 231, range = 325 – 1094) than the ROIs for the inducers further away from fixation
(i.e left and top inducer; left: N = 222 ± 66, range = 137 – 331, top: N = 162 ± 117, range = 53 – 436). Therefore, we
decided to only consider the former two ROIs for further analysis, to ensure reliable extraction of laminar BOLD
profiles.
In order to sample the full cortical depth, we projected these ROIs from cortical surface space into volume space by
labelling all voxels that intersected with the surface label over the full cortical depth (i.e. from the boundary between
gray and white matter to the boundary between gray matter and CSF), plus a 50% extension into white matter and
CSF, respectively.
On the resulting volume-based ROIs, we imposed the following voxel exclusion criteria: for the ‘figure region’ ROI,
we excluded any voxels that were both visually responsive (as indicated by a pRF model fit of > 10% variance
explained, see ‘pRF estimation and retinotopic mapping’) and whose pRF was within 2σ of any of the Pac-Man
inducers, as well as any voxels that responded to the ‘Outer checkerboard’ (at the liberal threshold of T > 1). These
conservative criteria were applied to ensure that this ROI corresponded to the region of the visual field were an
illusory figure was induced, but no bottom-up stimuli (i.e. Pac-Men) were presented. For the inducer ROIs, we
simply excluded visually responsive voxels whose pRF was not on the corresponding inducer. This full sampling of
the cortical depth resulted in 2229 ± 880 (range = 1107 – 3839) voxels in the ‘figure region’ ROI, 1181 ± 478 (range
= 465 – 1954) voxels for the bottom Pac-Man inducer ROI and 1102 ± 258 (range = 870 – 1745) voxels for the right
Pac-Man inducer ROI.
Since the current study was geared towards measuring V1 with high resolution, unfortunately V2 was not well
covered by the restricted field of view (particularly along the dorsal – ventral axis), preventing us from probing layer
specific BOLD responses in V2.
Definition of cortical layers
Within a stretch of cortex, the ratios of the volumes of the different layers remains constant [S11, 12]. The effect of
this is that the width of each layer depends on the curvature of the cortex at that location. Therefore, we divided the
gray matter into three equi-volume layers, taking the curvature of the cortex into account [S11, 13, 14]. First, we
computed the level set functions of the two cortical boundaries. A level set is a signed distance function (SDF),
which is zero at the boundary, and has values that increase with distance from the boundary, being positive on one
side and negative on the other. Once these SDFs are determined for the two cortical boundaries, we can determine
intermediate surfaces by moving the zero level set, i.e. the boundary surface:

 d  (1   )   in     out ,   [ 0,1]
where φd is the new boundary surface, φin is the white matter boundary and φout the pial boundary. Varying ρ, we can
construct a level set of surfaces stratifying the cortex. A ‘layer’ is the volume between two neighbouring surfaces. If
ρ is chosen to be constant, the resulting surface keeps a constant distance fraction from the segmented boundaries;
an equidistant model. However, it is known [S12] that the actual cortical layers do not maintain a constant distance
from the inner and pial surfaces, but instead vary with the curvature of the cortex, keeping a constant volume.
Hence, an equi-volume model should construct laminae that are thick at high curvatures and thin at low curvatures.
In other words, the equi-volume model first transforms a desired volume fraction α of the laminae into a distance
fraction ρ, taking the local curvature of the pial and white matter surfaces into account. This procedure has been
shown to be more accurate than an equidistant model, and is described in detail in [S11]. Here, we calculated two
intermediate surface between the white matter and pial boundaries, yielding three gray matter layers. Based on this,
we calculated four SDFs, containing for each functional voxel its distance to the boundaries between the five
cortical compartments (white matter, CSF, and the three gray matter layers). This set of SDFs (or ‘level set’)
allowed the calculation of the distribution of each voxel’s volume over the five compartments [S13]. This layervolume distribution provided the basis for the laminar GLM discussed below.
Extraction of laminar timecourses

For each ROI, there was a matrix that described the distribution of the 5 layers (white matter, CSF, and three gray
matter layers) over all n voxels within that ROI: its layer-volume distribution (Figure 1E). This matrix can be used
to unmix the different layer contributions within the context of the General Linear Model (GLM) [S13], as follows:

Y = X ·B + U
where Y is a [n × 1] vector of voxel values from an ROI, X is the [n × 5] layer-volume distribution matrix and B is a
[5 × 1] vector of layer signals. The error term U is a [n × 1] vector of deviations from the least squares estimate. For
each ROI and each functional volume, the layer signal B̂ was estimated by regressing Y against X, yielding five
laminar timecourses per ROI and per functional run.
In a control analysis, we extracted laminar timecourses using an interpolation method [S15] rather than a spatial
GLM. Specifically, we sampled the gray matter at 50 equidistant points for each vertex pair, and estimated the signal
at these points through trilinear interpolation. The results of this analysis qualitatively replicated those of the main
analysis, and are presented in Figure S2. It should be noted that the correlation between the timecourses of the three
gray matter layers as determined by the interpolation method (average r = 0.826) was substantially higher as
compared to the spatial GLM method (average r = 0.511), suggesting increased unmixing of the layer signals by the
GLM approach. This necessarily leads to the differences between the layers being less pronounced in the
interpolation results.
Estimating effects of interest per layer
We tested for differences in laminar activity between conditions also within the context of the temporal GLM. For
the illusory figure runs, regressors representing the different Pac-Man configurations and the fixation trials were
constructed by convolving boxcars representing the onset and duration of the trials with SPM8’s canonical
haemodynamic response function. Head motion parameters, as well as their derivatives and the square of the
derivatives, were included as regressors of no interest [S16]. Finally, the data were high-pass filtered (cutoff = 256 s)
to remove low-frequency signal drifts.
A similar model was constructed for the checkerboard run, with separate regressors for ‘Inner checkerboard’, ‘Outer
checkerboard’, and fixation trials.
After estimating the GLM, the parameter estimates of the regressors of interest were converted to percent signal
change by subtracting the parameter estimates of the fixation trials and dividing by the mean signal of each run, for
both the illusory figure and the checkerboard runs. Parameter estimates for the illusory figure runs were averaged
over runs.
For the ‘figure region’ ROI, we separately averaged the parameter estimates of all trials in which an illusory figure
was induced (‘Kanizsa trials’) and the parameter estimates of all ‘Control trials’ (Figure 2A). We also probed the
effect of the ‘Inner checkerboard’ in this ROI (Figure 2B).
For each ‘inducer region’ ROI, we separately averaged a subset of the Kanizsa trials and a subset of the Control
trials. Specifically, we averaged the response to Pac-Men shapes that induced an illusory figure (e.g. the top PacMan in Figure 1A) and the response to the exact same Pac-Man shape when it did not induce an illusory figure (e.g.
the top Pac-Man in Figure 1B). This was done to ensure that the bottom-up stimuli were exactly physically matched
when studying the effect of the illusory figure (Figure 3A). We also probed the effect of the ‘Outer checkerboard’ in
these ROIs (Figure 3B). For the ‘inducer region’ ROIs, results were averaged over the individual ROIs.
Since we were interested in directly comparing the shapes of the laminar profiles of top-down and bottom-up effects
in the primary visual cortex, the effects of ‘effect type’ (illusory figure vs. checkerboard) and ‘layer’ (deep, middle,
and superficial) were assessed using two-way repeated measures ANOVAs. Since the effects of the illusory figure
and the checkerboard had different magnitudes (cf. Figures 2A-B) and we were interested in comparing the shapes
of their laminar profiles and not their magnitudes, all laminar profiles were z-scored (per participant) to ensure equal
overall mean and variance, before being submitted to the ANOVA. This z-scoring entailed subtracting the mean
percent signal change over all layers from each layer’s percent signal change, and dividing by the standard deviation
of the percent signal change over layers. When we compared the laminar profiles of the illusory effects in the ‘figure
region’ and the ‘inducer region’, no z-scoring was required since their magnitudes were similar. To test the
significance of the individual effects per layer, paired sample t-tests were conducted.
In general, the BOLD timecourses of the different gray matter layers showed substantial correlations (r~0.4-0.5,
Table S1), likely in part due to activity travelling through the cortical column [S17], leading to a co-activation of the
different layers, but also spuriously due to partial volume effects. Therefore, in an additional analysis, we assessed
each layer’s unique contribution by regressing out the time courses of the other two gray matter layers prior to
analysing the timecourses with a GLM, as discussed above. All other analysis steps were identical.

When testing within-subject (i.e. repeated measures) effects, such as in the present study, graphs showing regular
(between-subject) standard errors of the mean (SEM) do not accurately reflect the reliability of the effects, since
these SEMs include the between-subject variability [S18]. Therefore, within-subject SEMs were obtained by
calculating, for each participant, the difference between that participant’s mean (over conditions) and the group
mean (i.e. the subject effect), and subtracting this difference from the participant’s observations before calculating
SEMs [S18]. Finally, to correct for positive covariance between conditions introduced by removing participant
means, these SEMs are multiplied by M/(M-1), where M is the number of conditions [S19]. Error bars in all figures
indicate within-subject standard error of the mean, per layer (SEM) [S18, 19].
Retinotopic reconstruction of effects
In addition to ROI specification, the estimated pRF parameters allowed a straightforward and intuitive
reconstruction of the BOLD effects from cortical space to visual space [S20] (Figure 1C). Each voxel’s receptive
field can be represented by a two-dimensional Gaussian, with peak coordinates (x0, y0) and standard deviation σ.
The reconstruction in visual space consisted of the sum of the 2D-Gaussians of all voxels in a given visual area,
weighted by the voxels’ BOLD response:
n

 a
i 1

i

 bi   g x 0 i , y 0 i ,  i 

Where n is the number of voxels in a given area, ai and bi are responses to certain conditions, both in percent signal
change from ‘fixation’, and g(x0i,y0i,σi) is the 2D-Gaussian defining the voxel’s receptive field. The rationale is the
following: if a voxel in V1 is highly active, then this reflects activity in V1 neurons corresponding to the region of
visual space modelled by the 2D-Gaussian. Therefore, in order to represent this activity in visual space, we
multiplied the voxel’s 2D-Gaussian receptive field with its activity (i.e., BOLD signal) and projected the result on a
2D map of visual space. By doing this for all V1 voxels, we obtained a reconstruction of the BOLD signal in V1 in
visual space. For example, to reconstruct the response to a leftward pointing Kanizsa configuration versus a control
configuration, the contrast between the BOLD responses to these two conditions was calculated for each voxel, and
these values were used as voxel weights in the reconstruction. For voxels with a receptive field centre within σ of
one of the inducers, we contrasted only conditions that were matched exactly in terms of the type and orientation of
the inducer presented in the receptive field of the voxel, to fully equate bottom-up stimulation. We also calculated a
‘baseline’ reconstruction of the visual field, with each voxel’s weight set to 1:
n
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We divided all reconstructions by this baseline reconstruction, pixel wise, in order to compensate for the relatively
higher number of voxels near the fovea than in the periphery (i.e., cortical magnification; see e.g. Figure S1B in
[S20]). Finally, all reconstructions were spatially smoothed with a 2-D Gaussian smoothing kernel with σ = 1.0°.
In order to visualise the effects per cortical layer, we also calculated layer specific reconstructions. This was done
simply by calculating a reconstruction per layer, in which each voxel’s receptive field was weighted by the
proportion of its volume that was in the current layer:
n
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Where vi,j is the proportion of voxel i’s volume in layer j. As for the reconstructions above, the layer-specific
reconstructions were divided by layer-specific baseline reconstructions.
The reconstructions were plotted as heat maps, with red and blue shades indicating relative activations and
deactivations, respectively. In order to collapse over the four different illusory triangles, we rotated the
reconstructions of the upward, rightward, and downward pointing triangles 90°, 180°, and 270° anti-clockwise,
respectively, to move them into the reference frame of the leftward pointing triangle (Figure 1C).
We obtained such reconstructions for every single participant, and averaged these to obtain group averaged
reconstructions.
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