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An fMRI study of the neural correlates of graded visual perception
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The neural correlates of clearly perceived visual stimuli have been

reported previously in contrast to unperceived stimuli, but it is

uncertain whether intermediate or graded perceptual experiences

correlate with different patterns of neural activity. In this study, the

subjective appearance of briefly presented visual stimuli was rated

individually by subjects with respect to perceptual clarity: clear, vague

or no experience of a stimulus. Reports of clear experiences correlated

with activation in a widespread network of brain areas, including

parietal cortex, prefrontal cortex, premotor cortex, supplementary

motor areas, insula and thalamus. The reports of graded perceptual

clarity were reflected in graded neural activity in a network comprising

the precentral gyrus, intraparietal sulcus, basal ganglia and the insula.

In addition, the reports of vague experiences demonstrated unique

patterns of activation. Different degrees of perceptual clarity were

reflected both in the degree to which activation was found within parts

of the network serving a clear conscious percept, and additional unique

activation patterns for different degrees of perceptual clarity. Our

findings support theories proposing the involvement of a widespread

network of brain areas during conscious perception.

D 2006 Elsevier Inc. All rights reserved.
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Introduction

A cornerstone of the re-emergence of the science of conscious-

ness has been the identification of neural correlates of conscious

perception (NCC) (Chalmers, 2000; Baars, 2002). Many neuro-

imaging methods have been used to study NCC including

electroencephalography (EEG) (Tononi and Edelman, 1998),

magnetoencephalography (MEG) (Tononi et al., 1998; Cosmelli
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et al., 2004), single-cell studies (Logothetis, 1998), positron

emission tomography (PET) (Kjær et al., 2002), and functional

magnetic resonance imaging (fMRI) (for a review, see Rees et al.,

2002). However, many of these studies have refrained from using

subjective reporting of conscious perception, leaving important

questions about the neurobiology of subjective phenomenal

experience of conscious perception unanswered. The clinical study

of Riddoch syndrome (Zeki and ffytche, 1998) introduced the use

of semi-subjective measures of the patient’s own experience of

certainty of visual stimuli. The question of whether reports of

certainty are related to conscious perception has been reviewed in a

recent behavioral study (Ramsøy and Overgaard, 2004), where it

was argued that reports of phenomenal experience were reliable

indicators of conscious perception, because they correlated well

with objective measures like forced choice reports of the shape,

color, and position of visual stimuli. In the present study, we

combined fMRI measures of conscious perception with subjective

reports, to study patterns of brain activation associated with

different subjective experiences of conscious perception.

It has often been assumed that there is a strict and clear

dissociation between conscious and unconscious processing

(Dehaene and Naccache, 2001; Super et al., 2001; Sergent and

Dehaene, 2004), but it remains to be clarified whether the

neurobiological nature of the subjective experience of conscious

perception is similar to the strict distinction of conscious/

unconscious or whether it is qualitatively or quantitatively

different. There are methodological problems undermining the

previous inferences about the categorical or graded nature of

consciousness. Some studies conflate reports of certainty with

reports of experience. Furthermore, studies of consciousness often

rely on a dichotomous measure of consciousness (i.e., ‘‘seen’’ vs.

‘‘unseen’’), also termed ‘‘contrastive analysis’’ (Baars, 1994).

Contrary to this, it has been suggested that studies of conscious

perception should rely on elaborated report methods that can be

validated. Lutz et al. (2002) demonstrated the advantage of

extended subjective reports in identifying and interpreting neural

processes, and found distinct patterns of synchronous activity in
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frontal EEG electrodes depending on self-reported states of

preparatory engagement and perceptual immediacy. These states

modulated the behavioral performance. Ramsøy and Overgaard

(2004) suggested that the experience of a visual stimulus can be put

on an ordinal scale that extends the traditional use of ‘‘seen’’ and

‘‘unseen’’ reports with reports of ‘‘glimpse’’ experiences. Func-

tional neuroimaging studies of visual perception suggest a gradual

increase in cortical activity as subjects report increased awareness

or knowledge of a stimulus (Bar et al., 2001; Grill-Spector et al.,

2001; Moutoussis and Zeki, 2002). However, an all-or-none

phenomenon of consciousness may still present graded qualitative

differences and be the result of a fluctuating dynamic threshold

(Dehaene et al., 2003). A possible explanation for this difference

may be that when a stimulus exceeds such a threshold, it gains

access to multiple brain areas, allowing the categorical verbal

report or voluntary action (Sergent and Dehaene, 2004). If the

stimulus is below threshold, however, the stimulus information

remains unavailable for these processes.

BOLD fMRI is well suited to the study of these phenomena. It

has been shown to be sensitive to small differences in stimulus

duration that in part determine the probability of conscious

perception of visual stimuli. For example, the amplitude of the

BOLD response to visual stimuli presented for 17 or 100 ms

differed significantly (Savoy et al., 1995). However, it remains

unclear whether these effects were caused by perceptual top-down

processes or effects of stimulus processing times in a bottom-up

manner. With event-related fMRI paradigms, it is, in principle,

possible to differentiate the neuronal responses related to longer

stimulus presentation from those related to conscious perception,

even though there is a partial correlation between duration and

degree of perception.

Conscious perception has been associated with activation in

frontal, parietal and temporal association cortex (Vuilleumier et al.,

2001; see Rees et al., 2002 for a review), the latter corresponding

to known object perception areas such as the fusiform gyrus (FFG).

Bar et al. (2001) showed that the extent of activity in the FFG and

occipitotemporal sulcus (OTS) increases linearly with the subjec-

tive reports of object recognition. A different role for the parietal

cortex has been proposed, in which it is activated when the content

of consciousness changes, i.e., activity is time-locked to the event

of a perceptual change found in studies of visual backward

masking (Dehaene et al., 2001a), bi-stable perception (Kleinsch-

midt et al., 1998; Lumer and Rees, 1999), change detection (Beck

et al., 2001) and the attentional blink (Kranczioch et al., 2005). The

anatomical structures involved in this function have been located

both within the inferior and superior parietal lobules. Bilateral

activation of the intraparietal sulcus (IPS) was for instance reported

when masked words were perceived (Dehaene et al., 2001a). There

is also experimental (Grezes and Decety, 2002; Joseph et al., 2003;

Dehaene et al., 2001a) and theoretical (Cotterill, 2001; Vakalo-

poulos, 2005a,b) support for engagement of the premotor cortex

(PMC) in conscious perception of visual stimuli. It has been

suggested that the large-scale connectivity among these temporal,

parietal and frontal cortical regions is supported by common

cortico-thalamo-cortical loops (Llinas et al., 1998; Cotterill, 2001;

Edelman, 2003). We therefore expected to find significant thalamic

involvement in conscious, but not unconscious perception. This

network of fronto-parietal regions (Rees et al., 2002) along with

subcortical regions together is therefore suggested to serve as a

neural mechanism for the content of conscious perception, but

whether it has a counterpart in the subjective experience of
conscious perception remains to be clarified. The phenomenal

experience of conscious perception may in principle be distin-

guished from the specific contents of conscious perception. It

remains an empirical issue whether the neural correlates of these

two processes (phenomenal state vs. content) are common or

distinct.

The current study had three principal objectives: firstly, we

aimed to identify the neural basis of the content of conscious

perception vs. unconscious processing of visual stimuli. Secondly,

we wanted to use a graded perceptual scale as a measure of the

subjective experience of conscious perception, in order to reveal

whether the neural correlates of phenomenological consciousness

have a counterpart in the neural correlate of the content of

consciousness. Thirdly, we would like to investigate whether

increasing presentation times of visual stimuli gives rise to

differential BOLD responses, for a given degree of perception in

order to correct for perceptual top-down influence.
Methods

Subjects

We scanned 13 healthy right-handed human volunteers with

mean age 29.4 years (range 24–39 years, 8 men) after written

informed consent. The study protocol was approved by the local

ethics committee (KF 01–131/03).

Visual stimuli

The visual stimuli were white line drawings of geometric

figures (triangle, square or circle) presented centrally on a black

screen. The full screen size corresponded to 24 � 18- visual angle
and was presented in 600 � 800 pixel resolution. The stimuli were

5.7 � 5.7- in visual angle. The lines were one pixel wide. The

stimuli were presented for 33.3, 50, 83.3, or 100 ms or 0 ms (No

stimulus) using a Canon LV 7545 LCD projector with a refresh rate

of 60 Hz (Full brightness = 3700 ANSI lumens, setting = 10;

Contrast = 800:1, setting = 32). The stimuli were back projected

onto a screen and viewed via mirrors placed on the head coil above

the subject’s head. Immediately after the presentation of the

stimulus, a visual mask was presented consisting of the three

stimulus types superimposed forming a composite figure of a

triangle, square and a circle. The mask was presented for 200 ms.

The order of stimulus type and duration of stimulus presentation

were varied randomly. Approximately one sixth of the 232 trials

served as null events in which neither stimulus nor the mask was

presented. The stimulus onset asynchrony was 3.8 s.

Task

Subjects were asked to report the clarity of their experience of

each of the stimuli presented using a 3-point scale. The points

were: clear perceptual experience of the stimulus (CP), vague or

glimpse-like perceptual experience of the stimulus (VP), and no

perceptual experience of the stimulus (NP). Subjects reported

these using right hand button presses, where the index finger

corresponded to CP, middle finger to VP, and ring finger to NP.

Prior to scanning, all subjects were trained for 4 min outside the

scanner and reported afterwards that they felt comfortable with

the task.
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The use of the 3-point scale corroborated the subjects’

distinction between perceptual experiences. Prior behavioral and

psychophysical (Zeki and ffytche, 1998; Ramsøy and Overgaard,

2004) studies had used a 4-point scale, but in these tasks subjects

also had to determine the color, position and type of figure

presented. However, our subjects in the pilot study reported that

they found it hard to discriminate between the two suggested

intermediate states, which were ‘‘glimpse like experience’’ and

‘‘almost clear experience’’. In addition, the behavioral data

supported this: subjects rated 1/3 of the stimuli as ‘‘no experience’’,

1/3 as ‘‘clear experience’’ and 1/3 were rated in one of the two

intermediate states. For the final imaging experiment, we therefore

decided to collapse the intermediate points on the scale. This

change was supported in post-trial interviews of the subjects. The

distribution of perceptual states according to stimulus duration was

analyzed using the chi-squared statistic.

In the pilot study, we also included an objective measure of

guessing which figure the subject had experienced, but there was a

significant (P < 0.001, ANOVA) difference in the reaction between

the categories and in nearly all cases (seven out of eight). RT was
Fig. 1. Behavioural data. Display (a) shows the mean reaction time from the time

standard deviation) according to each perceptual category for each subject. Display

for each subject (error bars indicate a 90% empirical confidence interval). Displ

reported a vague experience of a stimulus in the absence of a stimulus, i.e., in the

reported one false positive, etc. Display (d) shows the total number of reported e
longer when the percept was characterised as ‘‘no experience’’,

making it impossible to rule out that the differences in RT for the

motor response could explain the differences in the neural activity

when the different perceptual experiences were contrasted. The

eighth subject had no significant differences in RT for the

categories (P > 0.30 ANOVA). RT for the clarity categorization

in the final experiment showed that there was no common pattern

whether RT for clear or vague perceptual experience was the

longest. See Fig. 1a.

Functional MR imaging

All scans were acquired using a 3 Tesla MR scanner (Siemens

Magnetom Trio, Erlangen, Germany). For functional scans, a

whole brain gradient-echo echo-planar imaging (EPI) sequence

with a repetition time (TR) = 2080 ms, echo time (TE) = 30 ms,

and flip angle = 90- was employed, using a 64 � 64 matrix with an

in-plane resolution of 3 � 3 mm2. Each volume consisted of 35

slices, with slice-thickness 3 mm. The slices were obtained in an

interleaved fashion beginning with the bottom slice. Each
the stimulus is shown to the key press is made (error bars indicate T one

(b) shows the mean stimulus duration for each of the perceptual categories

ay (c) shows the number of false positive responses, where subjects have

(0 ms) case; one subject did not report any false positives, seven subjects

xperiences for each of the four stimulus durations.



Table 1

Significant brain activity in contrast CP > NP

Anatomical structure [X, Y, Z] Z score

Cortical structures

Frontal pole [�36, 57, 18] 4.30

Superior frontal gyrus [�3, 6, 69] 3.22

[�15, 9, 69] 3.52

[9, 9, 72] 5.38

Medial frontal cortex (pre-SMA) [3, 24, 51] 6.04

Superior frontal sulcus [30, 6, 57] 4.39

Middle frontal gyrus [�27, 3, 48] 4.29

[51, 12, 45] 5.19

Inferior frontal gyrus [�45, 51, �6] 4.14

[36, 24, �6] 5.83

[51, 33, 27] 4.04

Frontal operculum [39, 27, 6] 4.85

Anterior orbital gyrus [21, 39, �18] 4.74

Posterior orbital gyrus [�24, 15, �15] 4.46

Medial orbital gyrus [18, 36, �21] 4.84

Anterior cingulate gyrus [�3, 33, 33] 5.83

[0, 42, 24] 4.92

Precentral sulcus [�45, 6, 33] 5.74

Intraparietal cortex [�33, �54, 45] 5.89

[�36, �60, 57] 5.85

[33, �63, 51] 5.36

[33, �69, 39] 5.10

Angular gyrus [�45, �51, 51] 5.69

[42, �57, 48] 5.10

[57, �51, 48] 5.17

Supramarginal gyrus [51, �39, 45] 4.62

[9, �72, 51] 4.15

Inferior temporal gyrus [�45, �66, �6] 4.22

[57, �63, �9] 5.38

Fusiform gyrus [�45, �57, �15] 4.65

[39, �54, �18] 3.31

Inferior occipital gyrus [�51, �66, �12] 4.38

Gyrus descendens [�12, �102, �9] 3.30

[�9, �105, �6] 3.17

Insula [�30, 24, �6] 5.72

[�45, 15, 0] 5.45

[36, 24, �6] 5.83

Subcortical structures

Caudate nucleus [�12, 12, 3] 5.42

[12, 9, 12] 6.02

[18, �3, 18] 4.54

Globus pallidus [15, 9, 0] 5.83

Intermediate: IC/CN/thalamus [�12, 0, 9] 4.87

Thalamus: LD [12, �12,12] 4.61

Thalamus: MD [15, �21, 15] 4.18

Thalamus: VL [�9, �15, 9] 4.70

[�12, �9, 12] 4.52

Superior colliculus [3, �30, 0] 4.62

The table summarizes the activated areas in the contrast CP > NP

Anatomical structures are reported with corresponding MNI coordi

nate(s) of peak activity for which q < 0.05 (FDR) and for peaks at leas

4 mm apart. The Z score for each of these coordinates is also displayed
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functional experiment consisted of 462 EPI volumes, lasting 960 s

in all. Structural scans were also acquired using a magnetization

prepared rapid gradient echo (MPRAGE) sequence with TR =

1540 ms, TE = 3.93 ms, flip angle = 9- and 192 � 256 � 256

acquired matrix, with a resolution of 1 � 1 � 1 mm3. The subjects’

pulse and respiration were recorded using an MR-compatible pulse

oximeter, and a respiration belt, sampled at 50 Hz.

Behavioral analysis

For each trial the stimulus duration and the response reaction

time were measured. Stimulus onset times were sorted into three

groups corresponding to trials where subjects had rated their

stimulus experience as CP, VP, or NP. For each subject the mean

stimulus duration and the mean response reaction time were

calculated for each of the three types of reports. These behavioral

data are displayed in Figs. 1a and b. The ‘‘No stimulus’’ (0 ms)

conditions, i.e., where only the mask was presented, were sorted

into a separate group. With respect to false positive responses, i.e.,

presentations without stimuli that were rated as vaguely or clearly

perceived, they only appeared in a very limited number of cases,

see Fig. 1c. If subjects accidentally pressed a wrong button, they

were allowed to make a second report. For all cases where more

than one perceptual experience was reported we used the last report

in the analysis.

Image pre-processing

All image pre-processing and data analysis was performed

using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/). For each subject

all functional images were realigned to the first obtained functional

image using 3D rigid body transformation (Friston et al., 1995).

The images were then corrected for slice-time differences using the

17th slice as reference slice. Normalization to MNI space (EPI

template in SPM2) was performed using low dimensional non-

linear warping (Friston et al., 1995; Ashburner and Friston, 1999).

Finally spatial filtering was performed by applying an 8 mm

FWHM isotropic Gaussian smoothing kernel.

Imaging data analysis: single subjects

The analysis was performed using a general linear model. We

used the presentation onset-time for each of the stimuli and

separated these according to whether the subject had reported CP,

VP, or NP of the individual stimuli. This gave three regressors of

interest. The onsets with no stimulus (0 ms) were sorted into a

separate regressor. These regressors were convolved with a

canonical haemodynamic response function (HRF) and its first

temporal derivative in order to account for small variation in the

onset of the event related BOLD responses.

For each of the three perceptual categories following stimulus

presentation, we applied parametric modulations with respect to

stimulus duration in order to model the potential extra effect of

changes in the stimulus duration for a fixed perceptual state. The

parametric modulations were three linear and three quadratic

expansions of the stimulus durations, thereby separately parame-

terizing the stimulus duration for each state of conscious

perception. These were also convolved with both the canonical

HRF and its temporal derivative.

In order to correct for the structured noise induced by

respiration and cardiac pulsation we included RETROICOR
(RETROspective Image based CORrection method) nuisance

covariates in the design matrix (Glover et al., 2000). These

regressors are a Fourier expansion of the aliased cardiac and

respiratory oscillations. We included six regressors for respiration

and ten regressors for cardiac pulsation. We also included twenty-

four regressors that remove residual movement artefacts with spin
.

-
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history effects, which have been shown to remain even after image

realignment (Friston et al., 1996). This set of nuisance regressors

have also been shown to reduce inter- and intra-subject variation
Fig. 2. Significant activity in contrasts CP > NP, VP > NP and CP > VP. Display (a

of the brain, the bottom row show axial and sagittal slices. The numbers indicate

contrast VP > NP. Top row shows coronal slices, bottom row show axial and sag

shows coronal slices, bottom row shows axial and sagittal slices. All contrasts ar
significantly (Lund et al., 2005). Having all four types of nuisance

regressors in the design improves the assumption of independently

and identically distributed errors (Lund et al., 2006). For the
) shows a SPM{t} for the contrast CP > NP. The top row show coronal slices

the position of the slice in MNI space. Display (b) shows a SPM{t} for the

ittal slices. Display (c) shows a SPM{t} for the contrast CP > VP. Top row

e thresholded at q < 0.05 (FDR).



Table 2

Significant brain activity in contrast VP > NP

Anatomical structure [X, Y, Z] Z score

Cortical structures

Medial frontal cortex (pre-SMA) [3, 24, 51] 6.24

Middle frontal gyrus [�48, 21, 33] 4.02

[�33, 51,12] 3.34

[51, 18, 42] 4.32

[45, 9, 48] 4.05

[33, 12, 63] 3.86

Inferior frontal gyrus [�45, 51, �9] 3.89

[54, 15, 30] 4.23

[54, 27, 30] 3.86

Frontal pole [�36, 57, 15] 3.71

Anterior cingulate gyrus [�3, 33, 33] 6.07

Orbital gyrus [�27, 51, �15] 4.17

[18, 36, �21] 3.99

Lateral orbital gyrus [�27, 57, �9] 3.97

Precentral gyrus [�48,6, 36] 4.40

[�42, 0, 54] 4.00

[�27, 3, 48] 3.02

Intraparietal cortex [�36, �60, 57] 4.84

[39, �60, 48] 4.00

[45, �42, 45] 3.34

Angular gyrus [54, �51, 51] 5.06

Supramarginal gyrus [51, �39, 39] 3.75

Precuneus [9, �69, 51] 3.72

Middle temporal gyrus [54, �33, �6] 2.76

Inferior temporal gyrus [�57, �33, �15] 2.80

Insula [�45, 15, 0] 4.62

[�33, 18, 6] 3.38

[�30, 24, 0] 4.29

[36, 24, 6] 4.92

[33, 24, �3] 4.88

[45, 18, �9] 4.58

Subcortical structures

Caudate nucleus [�12, 12, 3] 3.63

[12, 6, 15] 4.15

[12, 12, 6] 3.88

Internal capsule/thalamus [�12, �3, 9] 3.55

Internal capsule/striatum [�18, 9, 12] 3.51

Thalamus: MD [6, �21, 12] 3.62

Thalamus: VPL [�15, �21, 12] 2.90

Midbrain [0, �27, �18] 3.68

Pons [�3, �24, �30] 4.08

[�12, �24, �21] 3.52

The table summarizes the activated areas in the contrast VP > NP.

Anatomical structures are reported with corresponding MNI coordinate(s)

of peak activity for which q < 0.05 (FDR) and for peaks at least 4 mm apart.

The Z score for each of these coordinates is also displayed.

Table 3

Significant brain activity in contrast CP > VP

Anatomical structure [X, Y, Z] Z score

Cortical structures

Frontal pole [�21, 60, 24] 3.18

Superior frontal sulcus [�21, 6, 54] 3.17

Inferior frontal gyrus [60, 18, 30] 3.73

Frontal operculum [39, 27, �6] 4.12

Anterior cingulate gyrus [�6, 42, 12] 4.06

Precentral sulcus [�48, 6, 30] 3.61

[�51, 12, 24] 3.44

Postcentral gyrus [�54, �24, 48] 3.31

[51, �30, 54] 3.42

Intraparietal cortex [�33, �48,48] 3.89

[�27, �69, 45] 3.08

[30, �66, 51] 3.58

[42, �54, 51] 3.39

[33, �72, 33] 3.39

Superior parietal gyrus [�24, �66, 57] 3.43

Inferior parietal gyrus [�51, �36, 51] 3.25

Inferior temporal gyrus [54, �63, �9] 4.02

[51, �69, �12] 3.78

Fusiform gyrus [�45, �60, �15] 4.57

Intermediate temporal lobe [�42, �30, �9] 3.74

Middle occipital gyrus [�45, �78, �9] 4.37

[51, �69, 12] 3.77

Insula [�30, 9, �12] 4.44

[33, 18, �15] 3.62

Subcortical structures

Globus pallidus [18, 6, 0] 4.24

Thalamus: A [9, 0, 0] 4.28

Thalamus: VL [�9, �15, 9] 3.99

Thalamus: LD [�12, �15, 15] 4.00

Intermediate/ventral striatum [18, 3, �12] 4.56

Superior colliculus [3, �30, 0] 4.77

Dorsal pons [�6, �24, �15] 3.16

The table summarizes the activated areas in the contrast CP > VP.

Anatomical structures are reported with corresponding MNI coordinate(s)

of peak activity for which q < 0.05 (FDR) and for peaks at least 4 mm apart.

The Z score for each of these coordinates is also displayed.
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analysis, we also applied a high pass filter with a cut-off frequency

at 1/128 Hz.

two]>Imaging data analysis: group analysis

For the group analysis we performed random effects analyses

as an ANOVA with the beta-estimates of the four main

regressors (CP, VP, NP, 0ms) from each subject. For all the

contrasts we used a False Discovery Rate (FDR) threshold of

q < 0.05 (Genovese et al., 2002). In order to find specific areas

where there was more activity in CP compared with VP and

NP, we performed a conjunction analysis of the contrasts CP >
VP and CP > NP using the framework described in (Friston et

al., 2005), as suggested by Nichols et al. (2005).

Areas that showed a gradual increase in activity from NP over

VP to CP, (i.e., CP > VP > NP) were found by inclusively

masking the contrast CP > VP with the contrast VP > NP, i.e.,

areas showing overlap between the two contrasts. The mask VP >

NP was thresholded using FDR correction (q < 0.05). In SPM2

this threshold may be translated into an equivalent P value (here,

p = 0.0036). The areas of conjunction were then found by

thresholding the masked contrast VP > NP again using FDR

correction (q < 0.05). The two-step procedure could equally be

performed the other way around, i.e., masking the contrast VP >

NP with CP > VP thresholded using FDR (q < 0.05) (P =

0.0013). A similar map was obtained using a conjunction using

the minimum statistic (Nichols et al., 2005; Friston et al., 2005)

of CP > VP AND VP > NP. This conjunction show significant

activation in the exact same regions as the above described

masking method does at P < 0.001 uncorrected.

There may also be areas that are activated specifically during

VP or CP, but not during both. We tested whether VP was

associated with distinct activation by two methods: firstly, by the



M.S. Christensen et al. / NeuroImage 31 (2006) 1711–1725 1717
contrast VP > CP; secondly, by exclusive masking of VP > NP

with CP > NP OR CP > VP. This method was accomplished by

construction of a map of regions where either CP > NP or CP >

VP show activation, and then analyze the contrast of VP > NP

outside these regions using an exclusive masking procedure. The

map of CP > NP OR CP > VP, i.e., the global null hypothesis,

was first thresholded at q < 0.05 FDR, which corresponded to an

uncorrected P value of P = 0.007. This was used as threshold for

the exclusive mask. Conversely, to identify voxels that only

activated during CP, but not during VP, we exclusively masked

the conjunction CP > NP AND CP > VP by the contrast VP >

NP, thresholded P = 0.0033, corresponding to q < 0.05 FDR

corrected.

In order to test for significant effect of changes in the

stimulus duration for the three fixed perceptual states, we

performed an ANOVA test of the linear and quadratic

contributions of the stimulus duration for all the three perceptual

categories. Using F-contrasts, this test reveals areas that are

significantly affected of a change in stimulus duration for fixed

perceptual states. We then tested, using t-contrasts, whether there

was an increase or a decrease in BOLD signal accompanying

changes in the stimulus duration for the linear and quadratic

contributions of the stimulus duration for the different perceptual

states.
Results

Behavioral data

All stimulus durations were associated with each of the three

perceptual states. However, longer stimuli were more likely to be

perceived than shorter stimuli (chi-square = 1399, df = 6, P <

0.001). See also Fig. 1d. The subjects had single cases where they

reported a false positive. The number of cases is summarized in

Fig. 1c. It is apparent that these cases are not common, and it is

possible that they reflect reporting errors by the subjects rather than

perceptual errors.
Fig. 3. Significant activity in conjoined contrast CP > VPAND CP > NP. SPM{t}

those areas where the activity in CP is larger than the activity in both VP and N
Clear percept > No percept

The contrast CP > NP revealed significant (q < 0.05 FDR)

activation in the following areas: occipital lobe: gyrus

descendens (GD), inferior occipital gyrus (IOG); parietal lobe:

IPS, angular gyrus (AG), supramarginal gyrus (SMG), superior

parietal gyrus (SPG); temporal lobe: FFG, inferior temporal

gyrus (ITG); frontal lobe: precentral gyrus (PCG), inferior

frontal gyrus (IFG), middle frontal gyrus (MFG), superior

frontal gyrus (SFG), orbital gyri, anterior cingulate gyrus

(ACG) and insula. Subcortical increases were found in the

thalamus: medial dorsal nucleus (MD), ventral lateral nucleus

(VL), lateral dorsal nucleus (LD), and superior colliculus (SC);

basal ganglia: caudate nucleus (CN), globus pallidus (GP)

and an intermediate regions adjacent to the caudate and

thalamus. All areas are listed in Table 1 and illustrated in

Fig. 2a.

Vague percept > No percept

The contrast VP > NP displayed significant (q < 0.05 FDR)

activation in the following areas: parietal lobe: IPS, AG, SMG,

superior parietal gyrus (SPG); temporal lobe: FFG, ITG, and

middle temporal gyrus (MTG); frontal lobe: PCG, IFG, MFG,

SFG, OG, ACG and insula. Subcortical increases were found in

the thalamus: anterior nucleus (A), MD, ventral posterior lateral

nucleus (VPL); basal ganglia: CN extending into the internal

capsule, substantia nigra (SN) and pons. All areas are listed in

Table 2 and illustrated in Fig. 2b.

Clear percept > Vague percept

The contrast CP > VP displayed significant (q < 0.05 FDR

corrected) activation in the following areas: occipital lobe: middle

occipital gyrus (MOG); parietal lobe: IPS, AG, and SPG; temporal

lobe: FFG, ITG, and MTG; frontal lobe: PCG, superior frontal

sulcus (SFS), ACG, insula. thalamus: A, LD, VL, and SC; basal

ganglia: CN and GP and pons. The results are displayed in Fig. 2c
thresholded at q < 0.05 (FDR). The areas that shows significant activity are

P.
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and summarized in Table 3. The contrast VP > CP did not reveal

significant activation.

Conjunction of CP > NP AND CP > VP

The conjoined contrast CP > NP AND CP > VP displayed

significant (q < 0.05 FDR corrected) activation in the following

areas: occipital lobe: MOG and IOG; parietal lobe: IPS, AG, SPG,

and SMG; temporal lobe: FFG and ITG; frontal lobe: PCG, IFG,

ACG, insula thalamus: LD, VL, and A, basal ganglia: CD and GP,

and putamen. The results are displayed in Fig. 3 and summarized in

Table 4.

Clear percept > Vague percept > No percept

The inclusive masked contrast CP > NP with CP > VP

displayed significant (both at q < 0.05 FDR corrected)
Table 4

Significant brain activity in contrast CP > VP AND CP > NP

Anatomical structure [X, Y, Z] Z score

Cortical structures

Inferior frontal gyrus [60, 18, 30] 3.73

[60, 24, 18] 3.39

Anterior cingulate cortex [�6, 42, 21] 3.54

Precentral gyrus [�48, 6, 30] 3.61

[�51, 12, 24] 3.44

Intraparietal cortex [�33, �48, 48] 3.89

[30, �66, 51] 3.58

[42, �54, 51] 3.39

[33, �72, 33] 3.39

Superior parietal gyrus [�24, �66, 57] 3.44

[30, �63, 57] 3.53

Supramarginal gyrus [�51, �36, 51] 3.25

[51, �33, 54] 3.32

Inferior temporal gyrus [�45, �66, �12] 3.91

[51, �66, �12] 3.80

[51, �48, �21] 3.33

Fusiform gyrus [�45, �57, �15] 4.39

Inferior occipital gyrus [�45, �78, �9] 3.79

Insula [�30, 9, �12] 4.24

[�27, 15, �18] 3.77

[33, 18, �15] 3.62

Frontal operculum [39, 27, �6] 4.12

Subcortical structures

Caudate nucleus [�15, 0, 18] 3.54

[15, 9, 12] 4.04

Putamen [�18, 0, 9] 3.75

Globus pallidus [�15, 6, �12] 4.00

[�12, 6, 0] 3.92

[18, 6, 0] 4.24

Intermediate/striatum/internal capsule [�9, 0, 3] 3.93

[15, 9, 12] 4.04

[9, 0, 0] 4.28

Thalamus: VL [�9, �15, 9] 3.99

Thalamus: LD [�12, �15, 15] 4.00

Thalamus: A [15, �9, 12] 3.77

Superior colliculus [3, �30, 0] 4.62

The table summarizes the activated areas in the conjoined contrast CP > VP

AND CP > NP. Anatomical structures are reported with corresponding MNI

coordinate(s) of peak activity for which q < 0.05 (FDR) and for peaks at

least 4 mm apart. The Z score for each of these coordinates is also

displayed.
activation in the following areas: occipital lobe: MOG, parietal

lobe: SPG and IPS; frontal lobe: PCG and insula. Subcortical

increases were found in the basal ganglia: CD and GP. The

results are displayed in Figs. 4 and 5 and summarized in Table

5. Z scores in Table 5 are obtained using the t-map from the

conjunction CP > VP AND VP > NP as described in Methods.

We also performed this analysis within an inclusive mask of the

activation from the contrast CP > NP thresholded at an

uncorrected P value corresponding to the q < 0.05 FDR,

¨P = 0.011, and found the exact same network showing this

graded increase in activation correlating with the perceptual

experience.

Vague percept and clear percept

When the contrast VP > NP was exclusively masked by the

global null hypothesis CP > VP OR CP > NP at P = 0.007

¨q = 0.05 FDR, significant effects (q < 0.05 FDR) were found

in middle frontal gyrus [24, 60, 9], and [30, 36, 39], orbital

gyrus [15, 57, �9] and insula (posterior part) [42, �18, �6], as
displayed in Fig. 6a.

Conversely, unique activation for CP, i.e., CP > VP AND

CP > NP exclusively masked by VP > NP, gave rise to activation

in FFG, basal ganglia structures and intraparietal as summarized

in Table 6 and displayed in Fig. 6b. The contrast VP > CP did

not show significant activation neither at FDR nor uncorrected

level.

No percept > Clear percept and No percept > Vague percept

Both contrasts NP > CP and NP > VP showed significant (q <

0.05 FDR) activation in gyrus rectus [�3, 24, �24] and precuneus

[�9, �54, 9].

Stimulus perception

We also compared the situations with and without stimulus

presentations. Of particular interest is the contrast NP > No

stimulus. This contrast would reveal areas involved in uncon-

scious stimulus processing. The contrast NP > No stimulus did

not reveal any significant activity (neither at q < 0.05 FDR nor

P < 0.001 uncorrected).

Effects of stimulus duration

Different stimulus durations for all perceptual levels showed

significant (P < 0.001 uncorrected) effects when testing an F-

contrast over both linear and quadratic contributions for all the

three perceptual levels. To test which perceptual level and

whether linear or quadratic expansions contributed to this map

we first tested separate F-contrasts for each of the perceptual

levels and then tested positive and negative t-contrast over all

perceptual levels and both linear and quadratic contributions.

For the F-tests over the perceptual levels we found no

significant effects for NP. For CP, effects were found bilaterally

in MOG, left FFG, MTG, precuneus, IFG, and orbital gyrus.

For VP, effects were found in left hippocampus, and IFG, and

right putamen, caudate nucleus and MFG. To test whether these

were positive or negative effects of increasing stimulus

durations, we tested positive and negative t-contrast for CP

(linear and quadratic effects) and VP (linear and quadratic



Fig. 4. Significant activity in CP > VP > NP. Binary map of areas where CP > VP thresholded at q < 0.05 (FDR) are masked with areas where VP > NP also

thresholded at q < 0.05. This map shows areas where the activity for CP > VP and where VP > NP, i.e., where CP > VP > NP. In these areas, there is an
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effects). These results are summarized in Supplementary Table 1

and Supplementary Fig. 1.
Discussion

The neural correlates of consciousness

We wanted to address whether the graded phenomenal nature of

conscious perception as reported by subjects is reflected in graded

neural activation within the neural correlates of conscious

perception or whether there was distinct neural activity depending

on the phenomenal state.

Our data (CP > NP) show that the neural correlate of conscious

perception is distributed unevenly throughout the brain, suggesting

not a single local NCC but rather several distributed neural

correlates of consciousness. Such a distributed NCC has been

formulated in the Global Workspace (GW) hypothesis (Baars,

2002; Dehaene and Naccache, 2001) in contrast to the local-

izationist hypotheses (Zeki, 2001), which suggests that conscious-

ness is localized within specific brain regions. The NCC network

that we found included parietal, temporal, frontal BG and thalamic

regions overlapping with the fronto-parietal activation that has

previously been shown to change in concert with conscious

perception (Rees et al., 2002). Significant and multi-focal thalamic

activation was present during both contrasts CP > NP and VP >

NP, which is consistent with earlier claims of a thalamic

involvement in conscious perception (Llinas et al., 1998; Cotterill,

2001; Edelman, 2003).

The phenomenal experience of conscious perception

The graded phenomenal experience reported by the subjects

correlates with graded activation within much of the GW network

found for CP > NP. This indicates that not only is this network

involved in the generation of the neural mechanisms that underlies

whether or not we have experiences of visual stimuli, but the level
of activation reflects graded subjective experience. This is in

opposition to the ‘‘two-types-of-consciousness’’ claim by Block

(e.g., Block, 1995, 2005), that phenomenal consciousness and

access consciousness are distinct. Our results, together with

previous fMRI studies of visual backwards masking (Dehaene

et al., 2001a), bi-stable perception (Kleinschmidt et al., 1998;

Lumer and Rees, 1999), change detection (Beck et al., 2001) and

the attentional blink (Kranczioch et al., 2005) suggests that this

network sub-serving the content of consciousness (in Block’s

words: access consciousness) is also involved in the phenome-

nology of consciousness or subjective experience of conscious

perception.

Some cortical regions however may be significantly active only

during the intermediate perceptual state, VP, including frontal and

insular cortex. Although they were not more active for VP than CP

identified by the contrast VP > CP, they were only significantly

active for VP, and not CP even at low threshold. Activation in these

regions may be influenced by the uncertainty of the content of

consciousness, or some aspect of difficulty on these trials (Deary et

al., 2004). However, this analysis should be considered explorato-

ry, and further studies in a Bayesian framework would be required

to demonstrate that there was no activation above a certain

threshold during CP.

Our data support the hypothesis that phenomenal conscious-

ness is not a simple dichotomy of perceived and unperceived

stimuli. Rather, conscious perception seems to be a continuously

emerging process, in proportion to activation in the GW. This is

evidenced by behavioral data (Ramsøy and Overgaard, 2004;

Overgaard et al., 2004) showing that the degree to which

subjects are able to report which visual stimuli they have been

exposed to correlates much better with the gradual scale of

subjective perceptual clarity than a simple dichotic measure.

This calls for the future use of subjective reports, in order to

give better insight into the nature of consciousness. Similarly,

our data generally show that reports of no-, vague- and clear-

perception were accompanied by gradually increasing activity in

inferior and superior parietal lobules, ventral PMC, insula, and
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Table 5

Significant brain activity for CP > VP > NP

Anatomical structure [X, Y, Z] Z scorea

Cortical structures

Inferior frontal gyrus [57, 15, 30] 3.41

Precentral gyrus [�48, 6, 33] 3.51

Intraparietal cortex [�33, �54, 45] 3.82

[33, �69, 36] 3.28

[45, �54, 48] 3.26

Superior parietal gyrus [�33, �60, 57] 3.25

[33, �63, 54] 3.53

Middle occipital gyrus [57, �60, �9] 3.42

Frontal operculum [39, 24, �6] 3.64

Insula [�30, 24, �6] 3.64

Subcortical structures

Caudate nucleus [�12, 12, 3] 3.44

[12, 9, 12] 3.91

[15, 9, 12] 3.58

Globus pallidus [15, 6, 0] 3.14

Intermediate/striatum/

internal capsule

[12, 9, 0] 3.78

The table summarizes the activated areas in the contrast CP > VP which is

then inclusively masked with the contrast VP > NP. Both contrasts are

separately thresholded at q < 0.05 (FDR), and hence the outcome is not an

SPM{T} but a binary of the areas where both contrasts are significant at q <

0.05 FDR. Anatomical structures are reported with corresponding MNI

coordinate(s) within the significant areas.
a The Z score for each of those coordinates is also displayed. These Z

scores are found from the conjunction of CP > VP and VP > NP.
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in the BG, which belong to the parieto-frontal network shown

in other studies to have changes in activation correlating with

the content of consciousness (our contrast CP > NP and the

review by Rees et al. (2002)). We now turn to specific aspects

of this network.

Premotor cortex and conscious perception

The global workspace hypothesis does not define brain regions

as perceptual or non-perceptual. Indeed, it has been suggested that

an important component in consciousness, including conscious

visual perception, is activation of regions that have traditionally

been considered to be part of a motor system, including the

premotor cortex (PMC), supplementary motor area (SMA) and

basal ganglia (BG) (Cotterill, 2001; Vakalopoulos, 2005a,b). The

role of the PMC and SMA may include the conscious perception of

environmental cues, including visual stimuli, through analysis of

how one would interact with the stimuli or environment in which

they are perceived.

We found that the activity bilaterally in ventral PMC and BG

correlates with the phenomenal experience of the stimuli and is

also a part of the network for the content of conscious perception

(CP > NP). Previous functional imaging studies have emphasized

the role of the PMC in perception of visual stimuli where those
Fig. 5. Contrast estimates of CP > VP > NP. The first five rows show the contras

effect of CP > VP > NP, i.e., voxels where the perceptual clarity correlates with

conjunction contrast CP > VP AND CP > NP. In the middle column shown are th

premotor cortex; (b) intraparietal cortex; (c) frontal operculum; (d) caudate nucle

illustrated are the locations of these six regions, with a cross hair on the represent

SPM2.
stimuli represent manipulable objects or hand movements (Grezes

and Decety, 2002; Joseph et al., 2003). Mirror and canonical

neurons in the PMC (Grezes et al., 2003; Rizzolatti and Craighero,

2004) are likely candidates for this motor–visual perceptual

system providing a link between the premotor theory of con-

sciousness (Cotterill, 2001) and the premotor theory of attention

(Rizzolatti et al., 1987). However, the properties of mirror and

canonical neurons cannot wholly explain the PMC activation in

association with the perception of the non-manipulable simple

abstract shapes used in this study.

Attention

A key question in the identification of the neural mecha-

nisms of visual perception is the interaction between attentional

and perceptual systems. Attentional focus may be a confounding

factor in this experiment and cause some of the differences

between the perceptual states that we find (Rees et al., 1999).

This is particularly relevant for the activity found in the

contrasts CP > NP and CP > VP in the SFG, anterior to the

frontal eye field (FEF) (Paus, 1996; Shulman et al., 2003) and

in the SC (Cavanaugh and Wurtz, 2004). These regions are

commonly implicated in a visual attentional network. However,

none of these areas were associated with the gradual increase in

activity correlating with the reported phenomenal experience. A

similar difference between attentional (Shulman et al., 2003) and

perceptual (Beck et al., 2001; Dehaene et al., 2001a) functions

has also been observed in the parietal cortex. In contrast to the

FEF and SC, the IPS activity correlated well with the perceptual

experience, whilst the attentional load was not systematically

varied across stimulus presentations. Our data therefore suggest

that IPS does play a role in conscious visual perception not just

the control of visual attention.

Detection and identification

The confidence of perception of an object must be distinguished

from the confidence of identification of that object. For example,

different degrees of object recognition have been studied in a visual

masking experiment by Bar et al. (2001) who asked subjects to

report the clarity of their visual perception, ranging from ‘‘not

detected’’ to ‘‘identification’’. Subjective reports of increased

clarity correlated with increasingly anterior activity along the

FFG. In our data, there was also increased activity in the FFG, for

CP > VP and CP alone. Indeed, some regions of FFG were only

activated for clearly perceived stimuli, and were not activated for

vaguely perceived stimuli even at reduced threshold, most clearly

seen in Fig. 5f. Haynes et al. (2004) showed that the visibility of

masked stimuli was associated with the degree of coupling, or

effective connectivity, between primary visual areas and FFG.

Outside of the FFG, our study reproduces the results of

visual backward masking studies (Dehaene et al., 2001a). We

did not vary the degree of masking, which correlates inversely

with ventral lateral occipital activation (Green et al., 2005). Nor
t estimates of five regions in the group analysis where there is a significant

increasing activity. The sixth row is taken from the FFG, identified by the

e mean responses from the 13 subjects T SD, for each of the six regions (a)

us; (e) globus pallidus; and (f) fusiform gyrus). In the right hand column

ative single subject T1-weighted image standardized into MNI space, from



Fig. 6. Unique activations for VP and CP. (a) shows contrast VP > NP exclusively masked by the union of areas activated by CP > NP or CP > VP, (b) shows

the conjunction contrast CP > VPAND CP > NP exclusively masked by VP > NP. The exclusive masks are thresholded at a P value corresponding to the q <

0.05 FDR threshold, and the contrasts are thresholded at q < 0.05 FDR. Underneath are the contrast estimates from 3 voxels from each map.

M.S. Christensen et al. / NeuroImage 31 (2006) 1711–17251722
did we intentionally vary task difficulty, which in the context of

a forced choice paradigm correlates positively with activation of

the insula, MFG and IFG, but not parietal cortex activity (Deary

et al., 2004). However, the very low false positive error rates in

our study could indicate that trial-to-trial or subject-to-subject
differences in task difficulty are obscured by ceiling effects.

Nonetheless, the paradigm within which the visual masking is

applied (forced choice guessing, recognition report or phenom-

enal perceptual report) seems to influence the degree of

activation of many regions.



Table 6

Contrast CP > NP AND CP > VP exclusively masked by VP > NP

Anatomical structure [X, Y, Z] Z score

Cortical structures

Anterior cingulate gyrus [�6, 42, 21] 3.50

Inferior frontal gyrus [�51, 12, 24] 3.39

[60, 18, 30] 3.69

Frontal operculum [39, 27, �9] 3.96

Insula [�30, 9, �12] 4.23

Supramarginal gyrus [�51, �36, 51] 3.73

Inferior temporal gyrus [51, �51, �21] 3.42

[54, �63, �9] 4.05

Fusiform gyrus [�45, �57, �15] 4.35

Superior parietal gyrus [�33, �45, 48] 3.69

Intraparietal cortex [�24, �66, 57] 3.51

[42, �51, 54] 3.42

[27, �66, 51] 3.52

Angular gyrus [33, �72, 33] 3.46

Subcortical structures

Superior colliculus [3, �30, 0] 4.49

Globus pallidus [18, 3, �12] 4.40

Thalamus: LD [15, �9, 12] 3.88

Supramarginal gyrus [51, �33, 54] 3.38

The table summarizes the activated areas in the conjunction of CP > NP

AND CP > VP which has been exclusively masked by the contrast VP >

NP thresholded and at a P value corresponding to the q = 0.05 FDR

threshold. Anatomical structures are reported with corresponding MNI

coordinate(s) within the significant areas.
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Not all stimuli were perceived at all, enabling the analysis of the

extent of processing of non-perceived stimuli. Regional activation

without perception has been used to study indirectly the

neurobiology of consciousness. Even though evidence of uncon-

scious stimulus processing has been found using fMRI (Dehaene et

al., 2001a,b; Moutoussis and Zeki, 2002; Blankenburg et al., 2003;

Kamitani and Tong, 2005; Haynes and Rees, 2005), we were not

able to show such processes using our control contrast NP > 0 ms.

Although Fig. 5b might superficially be interpreted as showing

activation above baseline for non-perceived stimuli (NP) in the

IPS, this would be inappropriate: the formal contrast of NP > 0 ms

is required to make meaningful inferences about non-perceived

stimuli.

There may be several reasons underlying our negative result.

In contrast to previous work (Dehaene et al., 2001a; Moutoussis

and Zeki, 2002) our study may have been underpowered to

detect subtle neural correlates of non-perceived stimuli, even at

uncorrected threshold. A non-linear relationship between the

degree of activation and the probability of conscious perception

would particularly reduce the sensitivity of our study. Further,

with a reduced stimulus set of just three objects, we are at risk

of reduced sensitivity due to repetition priming or adaptation in

the regions that process non-perceived stimuli (Dehaene et al.,

2001a,b). Other methodological issues may play a part: our

model used a random effects analysis including between subject

variance, in order to make inferences that may be generalized.

In contrast to fixed effects models (Moutoussis and Zeki, 2002),

random effects models will not identify voxels as significantly

activated if a few subjects show larger effects.

It is also possible that our abstract shapes were not adequate to

reveal processing of non-perceived stimuli. The faces, houses and

words that were used previously may have more consistently
localized areas for specialized processing of object identity than our

abstract shapes (Dehaene et al., 2001a; Moutoussis and Zeki, 2002)

although this is not universally accepted (Cohen and Dehaene, 2004;

Price and Devlin, 2004). These specialized regions are candidates

for the processing of non-perceived stimuli. Similarly, neural

correlates of perception in other sensory modalities (Blankenburg

et al., 2003) or of other object features (Kamitani and Tong, 2005)

are localized even in the absence of conscious perception.

The effects of stimulus properties and response categories

It was shown early in the development of fMRI that it was

possible to discriminate the BOLD response from two signals

even if they differ by as little as 80 milliseconds duration

(Savoy et al., 1995). However, in these experiments the role of

potential ‘‘after-image’’ effects was not controlled for. After-

images could influence activity in early visual areas (V1) either

by recurrent projections from higher visual areas or reverber-

ating activity in sensory processing areas prior to V1 (Gerling

and Spillmann, 1987). This was the principal reason for our

application of a visual mask (Ogmen et al., 2003). Potentially

higher visual areas could be influenced by the stimulus duration

even for fixed perceptual experiences of the stimuli, and these

effects may or may not be linear or non-linear or both, which is

the motivation for modeling quadratic terms of the stimulus

duration into the analysis. However, no clear overall pattern

emerged. The effects in MOG for stimulus duration changes

during CP may very well be similar to the effects found by

Green et al., (2005) in lateral occipital regions, when the

visibility of masked stimuli were changed by varying the

interval between the stimulus and the mask. Non-linear effects

of changes in stimulus duration are found very pronounced

within FFG and may be related to the findings by Haynes et al.

(2004). However the large correlation between stimulus duration

may confound interpretation to some extent, and partly explain

why we do not see effects across all perceptual categories.

Further experiments need to be carried out in order to

investigate these properties of visual perception.
Conclusion

Behavioral and functional neuroimaging data presented in this

paper support the hypothesis that the subjective experience of

conscious visual stimulus perception is a graded phenomenon. The

parietal and premotor cortex, thalamus and basal ganglia are

involved in conscious perception of visual stimuli. Within this

distributed network, the graded activation reflects the subjective

phenomenal experience. This suggests the phenomenal experience

of conscious perception, not just its content, is correlated with the

amount of activity within the Global Workspace. The use of graded

phenomenal reports captures underlying neural activation that may

not be seen with the use of a simple conscious/unconscious

distinction.
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