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bstract

Periventricular white matter damage affecting large bundles connecting distant cortical areas may constitute the main neuronal mechanism
or the deficit of controlled information processing observed in patients with early multiple sclerosis (MS). Visual backward masking has been
emonstrated to affect late stages of conscious perception involving long-range interactions between visual perceptual areas and higher level
ntegrative cortices while leaving intact early feed-forward visual processing and even complex processing such as object recognition or semantic
rocessing. We therefore hypothesized that patients with early MS would have an elevated masking threshold, because of an impairment of
onscious perception whereas subliminal processing of masked stimuli would be preserved.

Twenty-two patients with early MS and 22 normal controls performed two backward-masking experiments. We used Arabic digits as stimuli
nd varied quasi-continuously the temporal interval with a subsequent mask, thus allowing us to progressively “unmask” the stimuli. We finely
uantified the visibility of the masked stimuli using both objective and subjective measures, thus obtaining accurate estimates of the threshold
uration for access to consciousness. We also studied the priming effect caused by the variably masked numbers on a comparison task performed
n a subsequently presented and highly visible target number.

The threshold for access to consciousness of masked stimuli was elevated in MS patients compared to controls, whereas non-conscious processing

f these stimuli, as measured by priming, was preserved. These findings suggest that conscious access to masked stimuli depends on the integrity
f large-scale cortical integrative processes, which involve long-distance white matter projections, and are impaired due to diffuse demyelinating
njury in patients with early MS.

2007 Elsevier Ltd. All rights reserved.
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. Introduction
Cognitive impairment is a common finding in multiple scle-
osis (MS), an inflammatory demyelinating disease of the human
entral nervous system (Heaton, Nelson, Thompson, Burks, &
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ranklin, 1985; Peyser, Edwards, Poser, & Filskov, 1980; Rao,
eo, Bernardin, & Unverzagt, 1991). At the early stage of the
isease, cognitive dysfunction is mainly focused on integrative
rocesses requiring consciousness such as working memory,
peed of information processing, attention and executive func-
ion (Callanan, Logsdail, Ron, & Warrington, 1989; Deloire

t al., 2005; Feuillet et al., 2007). The conscious neuronal
orkspace theory (Dehaene, Kerszberg, & Changeux, 1998;
ehaene, Sergent, & Changeux, 2003) emphasizes the role of
istributed neurons with long-distance connections, particularly
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ense in prefrontal, cingulate, and parietal regions, which are
apable of interconnecting multiple specialized processors that
ave to interact synchronously during conscious controlled pro-
essing. According to this theory, the integrity of the white mat-
er may be one main prerequisite for performing these high-level
ognitive tasks involving several distant brain areas that have to
nteract rapidly. We infer that disruption of connectivity inside
arge-scale cortical networks, occurring as a consequence of dif-
use white matter damage, may constitute the main neuronal
echanism of the deficit in controlled information processing

n patients at the early stage of MS (Au Duong, Audoin et al.,
005; Au Duong, Boulanouar et al., 2005; Audoin et al., 2005;
eloire et al., 2005). Even if diffuse white matter injury may also

lter or slow the conduction of information to primary visual and
ther specialized processing areas, one may expect encapsulated
rocesses, supported primarily by short- and medium-range neu-
onal networks to have a greater probability of being preserved
han higher level controlled processes, at least at the early stage
f MS when no significant neuronal loss has been demonstrated
Audoin et al., 2007; Fernando et al., 2004; Ranjeva et al., 2003).

Here we tested this idea using a backward visual masking
aradigm, adapted from metacontrast masking (Breitmeyer &
gmen, 2000), which consists in suppressing the visibility of
briefly presented stimulus by a mask presented shortly after.
ackward masking seems particularly relevant to explore con-

cious integrative processes, as it provides a simple and highly
eproducible situation in which the threshold for conscious
ccess can be measured (Delcul, Dehaene, & Leboyer, 2006).

Breitmeyer and colleagues initially proposed that masking
epends primarily on the interactions between transient (magno-
ellular) and sustained (parvocellular) channels within the early
isual pathways (Breitmeyer & Ogmen, 2000). More recent
odels do not deny that masking may occur at many stages in the

isual system, but argue that the lack of conscious perception is
ltimately linked to disruption of late stages of cortico-cortical
ntegration between bottom-up inputs and a top-down attentional
ignal (Dehaene & Changeux, 2004; Dehaene & Naccache,
001; Dehaene et al., 1998, 2003; Delcul et al., 2006; Di Lollo,
nns, & Rensink, 2000; Lamme, 2003). In those models, a
istinction is introduced between two main stages of process-
ng (Dehaene, Changeux, Naccache, Sackur, & Sergent, 2006;
amme & Roelfsema, 2000). During a first stage correspond-

ng to non-conscious visual processing, the visual stimulus is
rocessed by a series of brain areas activated in a bottom-up
anner. In a second stage, top-down feedback from higher areas

o lower-level sensory regions establishes a self-amplified rever-
erant neuronal assembly which connects together distant brain
reas, and is associated with conscious reportability. This rever-
eration is thought to occur via multiple cortico-cortical loops,
rst locally within the visual areas, then increasingly globally
ith more distant prefrontal and parietal regions.
According to such models, one masked stimulus can fail to

each consciousness if the mask replaces the stimulus before this

ecurrent activity has become stable. In support of these views,
aynes et al. (Haynes, Driver, & Rees, 2005), using a meta-

ontrast masking paradigm, found that conscious perception
as correlated to activity in both striate and extrastriate visual
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ortex (area V5, fusiform gyrus) as well as to parieto-frontal
reas. Furthermore, conscious perception was associated with
ncreased functional connectivity between primary visual cor-
ex and multiple visual areas including the fusiform gyrus. Many
ther studies have observed a failure of propagation of activity
nto higher level visual and parieto-frontal cortices, both during
isual masking (Lau & Passingham, 2006) as well as in related
onditions such as the attentional blink (Beck, Rees, Frith, &
avie, 2001; Marois, Chun, & Gore, 2000; Marois, Yi, & Chun,
004; Sergent, Baillet, & Dehaene, 2005).

Specific theories differ as to whether relatively medium-range
oops within occipito-temporal cortices are sufficient to create
conscious percept (Lamme, 2006) or whether a more global

rain-scale access is needed, involving distant parietal (Di Lollo
t al., 2000) or fronto-parietal areas (Dehaene et al., 2006). How-
ver, here we shall not be concerned with this distinction, but
olely with the notion that recurrent activity involving medium-
o long-range interactions between visual perceptual areas and
igher level fronto-parietal cortices is associated with conscious
erception during masking, as opposed to the predominantly
ocal and feedforward short-range or “horizontal” interactions
nside visual areas encountered during non-conscious visual pro-
essing. In early MS, the higher susceptibility to pathological
rocesses of large periventricular white matter bundles com-
ared to local white matter connections suggests a preferential
mpairment of long-range interactions (Au Duong, Audoin et
l., 2005; Au Duong, Boulanouar et al., 2005; Cader, Cifelli,
bu-Omar, Palace, & Matthews, 2006). Accordingly, early MS
atients should have abnormal conscious access for masked
timuli and relatively preserved non-conscious processing.

The aim of the present study is to test the hypothesis that
1) patients with MS have a delayed access to consciousness for
asked stimuli in comparison to healthy subjects, secondary

o long distance cortico-cortical connections injury, and (2)
ubliminal processing of these stimuli remains normal or only
lightly impaired in comparison to the large deficit in conscious
ccess. In order to test this hypothesis, we used a visual back-
ard masking task previously described in a recent study of
atients with schizophrenia (Delcul et al., 2006), a disease that
ay also involve abnormal long-range connectivity. This mask-

ng paradigm allows us to compare conscious perception and
on-conscious perception of visual stimuli between patients and
ealthy controls. This task includes Arabic digits as stimuli,
nd uses a quasi-continuous variation of the interval between
he digit and the subsequent mask, allowing us to progressively
unmask” the stimulus. Using this task, we studied both the
ubliminal priming effect caused by these variably masked num-
ers, as well as their degree of visibility, to precisely quantify
he threshold duration for access to consciousness in a group
f early relapsing remitting MS patients compared to matched
ealthy controls.

. Method
.1. Subjects

A group of 22 patients with early relapsing remitting multiple sclerosis (mean
isease duration 28 months, mean age 30.7 years, range 16–49, 17 women and 5
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Table 1
Demographic, clinical and neuropsychological characteristics of subjects

MS patients Normal controls P value

Age mean (S.D.) 30.7 (±8.9) 26.8 (±8.5) 0.115
Education mean (S.D.) 12.6 (±3.2) 14.5 (±2.8) 0.067
Disease duration

(months) mean (S.D.)
28 (±21)

EDSS median (range) 1 (0–2)
EDSS mean (S.D.) 0.9 (±0.8)
MFIS mean (S.D.) 27.5 (±21) 9.6 (±9.2) 0.001
Word list generation 29 (±10) 39 (±9.8) 0.004
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mean (S.D.)
DMT mean (S.D.) 50 (±7.8) 57.5 (±8.4) 0.006

en) participated in the study. A control group of 22 age-, sex- and educational
evel-matched healthy subjects has been also included. All were right-handed
nd native French speakers (Table 1).

Exclusion criteria included alcohol or other drug abuse, optic neuritis his-
ory, impaired visual acuity and the existence of scotoma on the visual field. All
atients fulfilled multiple sclerosis diagnosis according to McDonald’s criteria.
even patients were treated with disease modifying drugs (beta interferon). None
f the patients had experienced a relapse or treatment with steroids in the pre-
eding 3 months. Disability was assessed with the Kurtzke expanded disability
tatus scale (EDSS) (Kurtzke, 1983).

Minimal neuropsychological assessment was performed using the brief
epeatable battery (BRB) (Rao, 1990). Fatigue was evaluated using the Modified
atigue Impact Scale (Fisk et al., 1994).

.2. Visual backward masking task (Delcul et al., 2006)

The test was delivered through a PC laptop using the E-Prime software.
esponse times were recorded with millisecond accuracy using a dedicated
esponse box (Psychology Software Tools, Inc.).
In our visual masking paradigm (Delcul et al., 2006), stimuli presentation

egan with central cross fixation. Then, a first number (color: black, Arabic
umber; font: courier new; size: 36; backcolor: white) that we will call the
prime” appeared. It was followed, after a variable delay, by a masking shape

a
t
t
t
w

ig. 1. Experiment design. The prime was presented for 16 ms at one of four positio
duration of presentation 250 ms) was composed of three letters (E, M, E) and the ta
ocation of the previous prime number without touching it. In the first experiment, refe
umber with 5, pressing the right-hand key as fast as possible for numbers larger tha
imed at measuring the consciousness threshold in two different ways. We measured
umber comparison task on the prime. We also measured a subjective threshold by
cale.
gia 45 (2007) 2683–2691 2685

urrounding the prime position without spatial overlap. This mask contained
n its structure a second number, the “target” (color: black, Arabic number;
ont: courier new; size: 36; backcolor: white), and 3 letters (M, Z, Z) (color;
lack; font: courier new; size: 36; backcolor: white) (see Fig. 1). The prime
as presented for 16 ms and the target for 250 ms. The prime was positioned

andomly in one of the four positions at the square tops (1.4◦ visual angle)
elative to the central fixation cross (upper left, upper right, bottom left, bottom
ight). Visual angle of the target was 1◦ relative to the central fixation cross. We
aried the interval between the prime and the subsequent mask, thus allowing
s to progressively unmask the stimulus digit. The delay between the onset of
he prime and the onset of the mask could take one out of eight values (0, 16, 33,
0, 66, 83, 100 and 150 ms), referred as the stimulus onset asynchrony (SOA).
or the SOA value of 0 ms, the prime and the mask had the same onset, but the

arget persisted after the prime had disappeared.
As regards to the strict definition of metacontrast masking (Breitmeyer &

gmen, 2000) where (1) the mask does not overlap spatially with the stimulus,
2) the contours/edges of the mask and the stimulus typically overlap, and (3)
he masking function is U-shaped, our experiment fulfilled the first condition
nd partially the second. Absence of U-shaped masking function (Delcul et al.,
006) may be related to the long duration of the mask, which makes our masking
aradigm similar to four-dot substitution masking (Di Lollo et al., 2000).

The stimulus set consisted of 16 pairs of prime and target numbers, consisting
n all pairs of the numbers 1, 4, 6 and 9 written in Arabic format. As a conse-
uence, the following factors could be analyzed: response congruity (whether
r not the prime and target fell on the same side of 5), and repetition (within the
ongruent trials, whether or not the prime and target were the same number).
hen, trials could be divided in three conditions defined by the prime-target

elation: congruent repeated, congruent non-repeated and incongruent.
The experiment began with an explanation of the task and a visualization of

xamples. Two experiments were then performed in a fixed order.

.2.1. Priming experiment
In the first experiment referred to as the “priming experiment”, subjects were

sked to compare each target number with 5, pressing the right-hand key as fast

s possible for numbers larger than 5 and the left hand key for numbers smaller
han 5. This experiment consisted in 320 experimental trials (8 blocks of 40
rials, one block for each delay). The different delays were blocked in order
o facilitate the subject’s task; it was felt that, if the delays had been mixed, it
ould have been too difficult for patients to avoid responding to the prime on

ns (1.4◦ above or below and 1.4◦ right or left to the fixation cross). The mask
rget number (1◦ from the fixation cross). Those four symbols surrounded the

rred to as the “priming experiment”, subjects were asked to compare each target
n 5 and the left-hand key for numbers smaller than 5. The second experiment
an objective visibility threshold by examining subjects’ ability to perform the
collecting introspective ratings of prime visibility, on a subjective continuous
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Fig. 2. Performances (reaction times) of MS patients and controls for the prim-
ing experiment. Trials are divided in three conditions defined by the prime–target
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onscious trials. Blocking helped them to learn to focus on the target and neglect
he prime, regardless of its visibility.

.2.2. Masking experiment
The second experiment aimed at measuring the threshold for access to con-

ciousness. We measured an objective visibility threshold by examining subjects’
bility to perform a number comparison task on the prime. We also measured
subjective threshold by collecting introspective ratings of prime visibility.

ubjects were asked to move a cursor on a continuous scale from “seen” to
not seen” (Delcul et al., 2006; Sergent & Dehaene, 2004). This scale was not
raduated but was divided by the computer into 21 positions (0–20). The exper-
ment consisted in 20 trials for each delay, for a total 180 randomly presented
rials.

In order to characterize, for each subject, an objective and a subjective thresh-
ld for access to consciousness, we used non-linear regression to fit the data with
sigmoid defined as f (x) = α1 + (α2/(1 + e−α3(x−α4))) where the αi are free
arameters.

. Results

.1. Clinical and neuropsychological characteristics

All data are displayed in Table 1. Significant between-groups
ifferences were found in Word List Generation task (29 ± 10
n patients; 39 ± 9.8 in controls; p = 0.004) and Symbol Digit

odalities Test (50 ± 7.8 in patients; 57.5 ± 8.4 in controls;
= 0.006) from the BRB. MFIS scores were significantly higher

n patients compared to controls (27.5 ± 21 in patients; 9.6 ± 9.2
n controls; p = 0.001).

.2. Subliminal and conscious priming effects

In the priming experiment, we measured the ability of the
ubliminal number prime to influence the processing of the sub-
equent conscious target. We selected the delays where the prime
as always processed unconsciously for both groups (SOA
6 ms and SOA 33 ms) and those where the prime was always
rocessed consciously (SOA 100 ms and SOA 150 ms). We then
erformed an analysis of variance (ANOVA) on error rate and on
ean RT with factors of group, prime-target relation (congruent

epeated, congruent non-repeated, and incongruent) and type of
rocess (conscious and unconscious).

The effect of prime-target relation on error rate and on RT
ould be decomposed into two distinct effects: repetition priming
nd congruity priming.

The reaction times (RT) analysis revealed that patients were
lower than controls both for conscious processing (613 ms
ersus 695 ms, F(1,42) = 4.866, p = 0.033) and for unconscious
rocessing (530 ms versus 630 ms, F(1,42) = 10.581, p = 0.002)
see Fig. 2). The repetition priming effect on RT was significant
n all subjects both for conscious processing (F(1,42) = 25.862,
< 0.001) and for unconscious processing (F(1,42) = 12.832,
< 0.001).

The repetition priming effect on RT was significant for con-
rols both for conscious processing (F(1,21) = 11.827, p = 0.002)

nd for unconscious processing (F(1,21) = 7.988, p = 0.01),
s well as in patients (F(1,21) = 14.378, p = 0.001 for con-
cious processing; F(1,21) = 4.95, p = 0.03 for unconscious
rocessing). There were no group × repetition priming inter-

(
i
e
o

elation: congruent repeated, congruent non-repeated and incongruent. The fig-
re shows mean reaction times (RT) for each group, for each condition of
rime–target relation and each SOA.

ction neither for unconscious processing (F(1,42) = 0.275,
= 0.603) nor for conscious processing (F(1,42) = 0.008,
= 0.93).

The congruity priming effect on RT was significant in all sub-
ects both for conscious processing (F(1,42) = 5.906, p = 0.019)
nd for unconscious processing (F(1,42) = 6.686, p = 0.013).
he congruity priming effect on RT was significant in controls

or the conscious processing (F(1,21) = 7.108, p = 0.014) but
as not significant for unconscious processing (F(1,21) = 1.956,
= 0.177). In patients, congruity priming effect was not sig-
ificant for conscious processing (F(1,21) = 0.329, p = 0.572)
ut was significant for unconscious processing (F(1,21) = 4.8,
= 0.04). There was no group × congruity priming interaction

or unconscious processing (F(1,42) = 0.721, p = 0.4) and only
trend for conscious processing (F(1.42) = 2.911, p = 0.095).

By contrast, the error analysis revealed no significant prim-
ng effects. The error rate in target comparison to 5 was low
nd not significantly different between controls and patients, for
he conscious processing (4.46% errors for controls and 5.96%
rrors for patients, F(1,42) = 0.850, p = 0.362) as well as for the
nconscious processing (2.47% errors for controls and 4.28%
rrors for patients, F(1,42) = 1.880, p = 0.178).

The repetition priming effect on error rate was not signifi-
ant, both when computed over all subjects both on conscious
rocessing (F(1,42) = 1.224, p = 0.275) and on unconscious pro-
essing (F(1,42) = 0.167, p = 0.684). The repetition priming
ffect on error rate was not significant for controls neither on
onscious processing (F(1,21) = 2.272, p = 0.147) nor on uncon-
cious processing (F(1,21) = 0.022, p = 0.884), as well as in
atients (F(1,21) = 0.012, p = 0.912 for conscious processing;
(1,21) = 0.492, p = 0.491 for unconscious processing). There
as no group × repetition priming interaction neither for uncon-

cious processing (F(1,42) = 0.374, p = 0.544) nor for conscious
rocessing (F(1,42) = 0.888, p = 0.351).

Similarly, the congruity priming effect on error rate was
ot significant for all subjects both on conscious processing

F(1,42) = 0.675, p = 0.146) and on unconscious process-
ng (F(1,42) = 1.629, p = 0.209). The congruity priming
ffect on error rate was not significant for controls neither
n conscious processing (F(1,21) = 1.129, p = 0.3) nor on
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nconscious processing (F(1,21) = 0.023, p = 0.879), as well as
n patients (F(1,21) = 3.088, p = 0.093 for conscious processing;
(1,21) = 2.172, p = 0.155 for unconscious processing). There
as no group × congruity priming interaction for unconscious
rocessing (F(1,42) = 1.198, p = 0.28). By contrast, there was a
roup × congruity priming interaction for conscious processing
F(1,42) = 4.196, p = 0.047).
.3. Measuring the threshold for access to consciousness

We studied the distributions of visibility scores in each group
nd for each SOA. In both groups, we observed a bimodal dis-

ig. 3. Distribution of subjective visibility ratings for the masking experiment.
oth in controls (A) and in patients (B), we observed a bimodal repartition of

ubjective visibility ratings, with a first set of responses close to maximal visi-
ility (scale score > 17) and a second set of responses peaking at zero visibility
score < 5). Responses between 5 and 17 were rare (<10%). These bimodal dis-
ributions suggest that conscious visual perception is an ‘all-or-none’ process in
oth groups.
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ribution of scores (see Fig. 3), with a first set of responses
lose to maximal visibility (scale score > 17) and a second set of
esponses peaking at zero visibility (scale score < 5). The sum of
hese two sets of responses represented 91% of total responses in
ontrols and 94% in patients without significant between-group
ifferences (Mann–Whitney: p = 0.083). Thus, in both groups,
ncreasing delays did not lead to a progressive increase in subjec-
ive experience of prime visibility, but to a shift in the probability
f reporting one of two discrete subjective states (“seen” or
not seen”). Based on this bimodal distribution, we arbitrarily
efined “seen” trials as those whose visibility score was above
he middle of the scale (Fig. 4). The proportion increased steadily
ith SOA, but at a slower rate in patients than in the controls.
his pattern was evaluated with an ANOVA on the proportion
f “seen trials”, with factors of group and delay. The propor-
ion of “seen” trials was significantly higher in controls than in
atients (F(1,25) = 33.17; p < 0.001). We also found a significant
OA effect (F(7,173) = 146.79; p < 0.001) and a group × SOA

nteraction (F(7,173) = 10.06; p < 0.001).
To analyse the objective measure of prime perception, we

alculated in the two groups and for all subjects the percent-
ge of correct responses in prime comparison to 5 for each
OA (Fig. 5). Those results were evaluated with an ANOVA
ith factors of group and SOA. The performance was signif-

cantly higher in controls than in patients (76% against 62%
orrect; F(1,25) = 45.48; p < 0.001). We found a significant SOA
ffect (F(7,173) = 81.05; p < 0.001) and a group × SOA inter-
ction (F(7,173) = 5.34; p < 0.001). At each SOA, the controls
utperformed the patients.

For five MS patients, objective and subjective thresholds
ould not be calculated because of a lack of conscious percep-
ion of the prime even at the longest SOA (150 ms). They were

xcluded from the analysis aiming to compare the threshold
f access to consciousness between patients and controls. The
hresholds were defined as the SOA for which the sigmoid curve

ig. 4. Measures to determine the subjective threshold for access to conscious-
ess. The figure displays the proportion of trials subjectively rated as “seen” as
function of SOA. The sigmoid curve fitting the data is represented as a contin-
ous line. The mean subjective threshold was defined in each group as the SOA
or which the sigmoid curve reached its inflexion point error. Bars represent the
tandard error.
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Fig. 5. Measures to determine the objective threshold for access to con-
sciousness. The figure displays the percentage of correct responses in prime
comparison to 5 as a function of delay (SOA). The sigmoid curve fitting the data
i
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s represented as a continuous line. The mean objective threshold was defined in
ach group as the SOA for which the sigmoid curve reached its inflexion point.
rror bars represent the standard error.

tted to the data reached its inflexion point (parameter α4, see
ection 2 and Figs. 4 and 5).

The subjective threshold was significantly higher for patients
76 ms; S.D. = 14) compared to controls (67 ms; S.D. = 15.2)
p = 0.012; ANOVA with age and educational level as confound-
ng covariates).

The objective threshold was significantly higher for patients
77 ms; S.D. = 16) compared to controls (63 ms; S.D. = 15)
p = 0.0004; ANOVA with age and educational level as con-
ounding covariates).

The objective and subjective thresholds were highly cor-
elated within the controls (corrected ρ = 0.93, p < 0.001;
pearman rank test) but also within the patients (corrected
= 0.89, p < 0.001; Spearman rank test).
In patients, no correlation were observed between thresholds

objective and subjective) and MFIS, Word List Generation task
nd SDMT scores (p > 0.3; Spearman rank test).

. Discussion

.1. Visual backward masking task

The visual backward masking paradigm used in the present
tudy differs from the one used previously in Sergent et al.
Sergent & Dehaene, 2004). Here, a form of metacontrast mask-
ng was used whereas a pattern masking was used in Sergent et al.
ur explanation concerning the differences in results obtained
etween the two studies in controls, is that the low level effect
f pattern masking modifies linearly the subjective report for
erception whereas in the present masking paradigm, the main

asking effect concerns central attentional mechanism and thus

eads to non-linear perceptual discontinuity.
The differences of delivery modalities between the two

aradigms used in the present study (blocked in the priming ver-

w
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us randomly in the masking experiment) may induce a slight
hift in the value of the threshold access to consciousness. In fact,
ttentional focusing during blocks relative to randomly delivered
riming may have lead to a decrease in masking threshold, in
omparison with the threshold measured in masking experiment
here SOA were randomly presented. However, it seems that an

ncrease of the threshold in priming experiment in comparison
ith the masking experiment is more likely because in the for-
er, subjects have to focus their attention on the mask (the target

umber belongs to the mask) and neglect the prime whereas in
he latter, they neglect the mask and focus on the prime. Anyway,
hese attentional factors leading potentially to a shift in con-
cious threshold of the prime between both experiments could
iffer between patients and controls. This confounding effect
as accounted for the analyse of unconscious versus conscious
riming, by removing the delays around the threshold values
etermined by the masking experiment (we kept 16 and 33 ms
or unconscious processing, and 100 and 150 ms for conscious
rocessing).

.2. Subliminal processing and conscious access in
ultiple sclerosis

In the present study we demonstrated that the threshold for
ccess to consciousness of masked stimuli is higher in early MS
atients compared to controls, whereas subliminal priming (indi-
ating fast feed-forward processing of these masked stimuli) is
reserved. To our knowledge, this is the second experiment in
ognitive psychology studying visual backward masking per-
ormance in MS. The previous study found that some patients
ith optic neuritis had a poor performance in a visual masking

est (Marx et al., 1984). The present study is the first to sepa-
ate deficits imputable to the late stages of conscious perception
nd to early low-level visual processing. The results support our
ypothesis that the elevated masking threshold in MS is due to
ysfunction primarily at late stages of conscious perception.

We tentatively propose that the mechanism for the deficit is
he diffuse white matter damage observed in early MS, which
ffects cortico-cortical recurrent activity necessary for access to
onsciousness. An alternative explanation of the elevated mask-
ng threshold would be an early visual dysfunction at the level
f the optic nerve or of the early visual pathways which con-
uct information to primary and secondary visual areas. Two
easons suggest that this low-level mechanism can be ruled out
ere. First, the absence of history or signs of optic neuritis was
arefully ascertained. Moreover, a putative infra-clinical optic
euritis responsible for slower conduction in the optic nerves
ould not account for the present result. Indeed, the measure
f the consciousness threshold was based on the time interval
etween prime and target. Therefore, it should not be affected
y an additive optic nerve delay.

This argument supposes that a putative neuritis would only
ffect the delay but not the variability of cortical arrival times,

hich is a debatable assumption. However, a second, more

rucial argument against putative low-level visual deficits is
he finding of a normal subliminal priming effect. Behavioural
nd neuroimaging studies of subliminal priming suggest that
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asked invisible stimuli are processed extensively, including
isual recognition, but also lexical and even semantic levels
Dehaene, 2004; Dehaene et al., 2004, 2001; Greenwald, Draine,

Abrams, 1996; Naccache & Dehaene, 2001). The preser-
ation of non-conscious priming in MS suggests that the fast
eed-forward processing stages supporting these priming effects
ust be largely intact, including conduction from optic nerve to

isual cortex, but also object recognition, numerical comparison
nd automatic response programming. The diffuse white mat-
er injuries found in early MS seem not to affect the efficiency
f these non-conscious processes, presumably relying on local-
zed neuronal networks. The situation may of course be different
n patients with long-lasting MS, where the importance of dif-
use neuronal loss may induce significant alteration of these
ncapsulated processes.

As previously described, the “conscious neuronal
orkspace” theory emphasizes the role of long distance

onnections necessary for the emergence of a self-amplified
everberant neuronal assembly which connects together distant
rain areas, particularly prefrontal, cingulate and parietal
ortices, and which is associated with conscious reportability
Dehaene et al., 1998, 2003). Diffuse demyelinating processes
n patients may disturb the connectivity between distant cortical
reas (Au Duong, Audoin et al., 2005; Au Duong, Boulanouar
t al., 2005), and thus provide a mechanism for the elevated
hreshold for access to consciousness. Indeed, detailed simula-
ions of thalamo-cortical networks indicate that the threshold
or ignition of a broad cell assembly and reverberation of
ctivation across distant cortical regions depends sharply on
he strength and speed of recurrent connections (Dehaene &
hangeux, 2005). At the early stage of MS, numerous studies
ave demonstrated diffuse white matter injury, characterized
y macroscopic but also microscopic tissue damage (Miller,
hompson, & Filippi, 2003). In particular diffuse injury has

ecently been described in the corpus callosum – a structure
omposed solely of long inter-hemispheric associative fibers –
n patients with relapsing remitting MS (Audoin et al., 2007;
elletier et al., 2001; Ranjeva et al., 2003). We previously
emonstrated, using voxel-based analysis of brain magnetiza-
ion transfer ratio (MTR) maps, a sensitive technique allowing
o evidence subtle tissue injury outside T2 visible lesions, that in
atients with early MS, long range white matter tracts were sig-
ificantly injured, without diffuse injury in the cortex (Ranjeva
t al., 2004). Moreover, MR studies performed in patients at
he early stage of the disease have demonstrated that tissue
njury was mostly characterized by demyelinating processes,
ithout significant axonal loss (Audoin et al., 2007; Fernando

t al., 2004; Ranjeva et al., 2003). Connectivity disturbance
ay also be responsible for the elevated threshold for access to

onsciousness evidenced in patients with schizophrenia (Delcul
t al., 2006; K. Friston, 2005; K.J. Friston, 1998; Whalley et al.,
005), although the detailed neurobiological mechanism might
e partially different, perhaps involving abnormal synaptic

lasticity (Frankle et al., 2003).

In the current study, we found that in controls as well as in
atients the responses obtained on the subjective visibility scale
howed a bimodal distribution. This suggests that conscious per-

A
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eption is determined by a stochastic ‘all-or-none’ dynamical
ransition as predicted by the conscious neuronal workspace the-
ry (Dehaene et al., 1998, 2003). This characteristic of conscious
ccess appears similar in patients compared to controls, although
he threshold for access to consciousness is delayed in patients.

oreover, the tight correlation between objective and subjective
hresholds within each subject and in both groups indicates that
atients have a reliable introspection about their vision. This also
uggests that the variability found in the masking thresholds was
ot noise but could be considered as a genuine inter-individual
ifference between subjects. These findings seem to indicate
hat access to consciousness follows a comparable process in
atients and in controls but with a significant longer delay in
atients.

The present study demonstrates, for the first time, that patients
ith early MS have normal subliminal processing but delayed

ccess to consciousness compared to healthy controls. These
esults corroborate previous studies performed in patients with
elapsing remitting MS, which have clearly demonstrated that
ognitive impairment is frequent in MS and is mainly rep-
esented by a deficiency in controlled conscious information
rocessing (Achiron & Barak, 2003; Deloire et al., 2005; Feuillet
t al., 2007). In the future, diffusion tensor imaging, functional
agnetic resonance imaging, and event-related potentials could

e used to specify the topography and the precise chronometry
f brain activity evoked by masked stimuli, and to directly cor-
elate deficits of conscious access with anatomical white-matter
mpairments.
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