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Abstract 55 

According to global neuronal workspace (GNW) theory, conscious access relies on 56 

long-distance cerebral connectivity to allow a global neuronal ignition coding for conscious 57 

content. In patients with schizophrenia and bipolar disorder, both alterations in cerebral 58 

connectivity and an increased threshold for conscious perception have been reported. The 59 

implications of abnormal structural connectivity for disrupted conscious access and the 60 

relationship between these two deficits and psychopathology remain unclear. 61 

The aim of this study was to determine the extent to which structural connectivity is 62 

correlated with consciousness threshold, particularly in psychosis. We used a visual masking 63 

paradigm to measure consciousness threshold, and diffusion MRI tractography to assess 64 

structural connectivity in ninety-seven humans of either sex with varying degrees of 65 

psychosis: healthy controls (n = 46), schizophrenia patients (n = 25) and bipolar disorder 66 

patients with (n = 17) and without (n = 9) psychotic history. 67 

Patients with psychosis (schizophrenia and bipolar disorder with psychotic features) 68 

had an elevated masking threshold compared to controls and bipolar disorder patients without 69 

psychotic features. Masking threshold correlated negatively with the mean general fractional 70 

anisotropy of white matter tracts exclusively within the GNW network (inferior frontal-71 

occipital fasciculus, cingulum and corpus callosum). Mediation analysis demonstrated that 72 

alterations in long-distance connectivity were associated with an increased masking threshold, 73 

which in turn was linked to psychotic symptoms. 74 

Our findings support the hypothesis that long-distance structural connectivity within 75 

the GNW plays a crucial role in conscious access, and that conscious access may mediate the 76 

association between impaired structural connectivity and psychosis.  77 
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Significance Statement 78 

Although people with schizophrenia and bipolar disorder display cerebral 79 

dysconnectivity and impaired conscious access, the link between these two alterations and 80 

their involvement in psychopathology remain unclear. This study measured structural 81 

connectivity using diffusion MRI and consciousness threshold in healthy controls, 82 

schizophrenia patients and bipolar disorder patients with and without psychotic features. The 83 

degree of deficits in conscious access was associated with psychosis: patients with psychosis 84 

(schizophrenia and bipolar disorder with psychotic features) demonstrated larger deficits in 85 

conscious access compared to controls and bipolar disorder patients without psychotic 86 

features. As predicted by the global neuronal workspace theory, cerebral connectivity within a 87 

specific network was negatively correlated with consciousness threshold. Finally, we found 88 

that conscious access impairments mediated dysconnectivity and psychosis.  89 
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Introduction 90 

The global neuronal workspace (GNW) theory (Dehaene et al., 1998; Dehaene and 91 

Changeux, 2011) proposes that information becomes consciously accessible when it triggers 92 

sustained activity in a large network of interconnected neurons (Sergent et al., 2005; Del Cul 93 

et al., 2007; Vugt et al., 2018), leading to the prediction that structural integrity within the 94 

postero-anterior long-distance network may be one of the prerequisites for conscious access. 95 

This proposal is supported by a study showing that consciousness threshold was correlated 96 

with structural connectivity in patients with multiple sclerosis (Reuter et al., 2009), although 97 

this hypothesis remains unexplored in other diseases showing structural dysconnectivity and 98 

impaired conscious access. 99 

Patients with schizophrenia exhibit impairments in conscious access (Del Cul et al., 100 

2006; Green et al., 2011; Mathis et al., 2012; Hanslmayr et al., 2013; Herzog et al., 2013; 101 

Berkovitch et al., 2018) and disorganized and/or insufficient myelinated fiber tracts (Klauser 102 

et al., 2017; Kelly et al., 2018), even before treatments (Li et al., 2018), particularly in the 103 

prefrontal cortex (Wu et al., 2015) and cingulum (Sun et al., 2003). Importantly, alterations in 104 

structural connectivity were shown to be associated with clinical features of the disease 105 

(Wolkin et al., 2003; Skelly et al., 2008; Canu et al., 2015; Kochunov et al., 2017; Griffa et 106 

al., 2019). 107 

Dysconnectivity of white matter tracts has also been reported in patients with bipolar 108 

disorder (Magioncalda et al., 2016; Favre et al., 2019), especially those with psychotic 109 

features (Anticevic et al., 2013; Sarrazin et al., 2014), but to a lesser degree than that of 110 

patients with schizophrenia (Skudlarski et al., 2013). Only few studies have explored their 111 

consciousness threshold, with mixed results (Fleming and Green, 1995; McClure, 1999; 112 

Goghari and Sponheim, 2008; Chkonia et al., 2012). 113 
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It has been proposed, but not yet tested, that a disruption in conscious access could 114 

increase the liability to psychosis because insufficient conscious access to information may 115 

cause cognitive impairments and make patients prone to develop false inferences that fuel 116 

delusional ideas (Berkovitch et al., 2017). The observation of shared dysconnectivity patterns 117 

between schizophrenia and bipolar disorder with psychotic features (McIntosh et al., 2008) 118 

also fits the hypothesis that psychotic symptoms may be related to an increased consciousness 119 

threshold. 120 

The aim of this study was to test a three-step model in which structural 121 

dysconnectivity is correlated with an elevated consciousness threshold, which in turn is also 122 

associated with psychotic symptoms in patients. To do so, we measured structural 123 

connectivity with diffusion imaging based tractography and the threshold for conscious access 124 

using a visual masking paradigm in participants with varying degrees of psychosis (controls, 125 

patients with bipolar disorder and with schizophrenia). The bipolar disorder patient group was 126 

subdivided according to the presence or absence of psychotic features, allowing us to examine 127 

the specificity of abnormal consciousness threshold to psychosis. Generalized fractional 128 

anisotropy (gFA) was measured in predefined fiber bundles. The inferior-fronto-occipital 129 

fasciculus (IFOF), cingulum long fibers (CLF) and corpus callosum were chosen as a priori 130 

bundles of interest because they play a critical role in conscious access according to the GNW 131 

theory (Dehaene and Changeux, 2011; Hesselmann et al., 2013; Sarubbo et al., 2013; Forkel 132 

et al., 2014; Herbet et al., 2016). Inferior longitudinal fasciculi (ILF) involved in early vision 133 

but not spatial neglect (Urbanski et al., 2008), and U-shaped short fibers that reflect the 134 

general integrity of white matter in the brain, were used as controls, to check whether the 135 

correlation between consciousness, as assessed by masking threshold, and cerebral 136 

connectivity was specific and restricted to GNW fibers (Fig. 1, right panel). 137 
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Following the predictions of the GNW theory (Dehaene et al., 1998; Dehaene and 138 

Changeux, 2011), we posited that long-range cerebral connectivity would correlate with 139 

masking threshold in the general population, including patients. We further predicted that 140 

patients with schizophrenia and to a lesser extent patients with bipolar disorder would exhibit 141 

an elevated masking threshold that would be associated with psychotic features. 142 
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Methods 143 

Participants 144 

We analyzed data from 97 humans of either sex: 51 patients and 46 controls. Among 145 

patients, there were 26 patients with bipolar disorder type 1 or 2 (9 without psychotic features 146 

and 17 with psychotic features) and 25 patients with schizophrenia or schizoaffective 147 

disorder, according to DSM-IV criteria. They were recruited from two psychiatry departments 148 

of university-affiliated hospitals (APHP, Mondor University Hospitals, Créteil and Fernand 149 

Widal Lariboisière, Paris, France) and were mostly outpatients. History of psychotic features 150 

was defined as having at least one previous manic or depressive episode with delusions or 151 

hallucinations. The initial sample size was 99 participants, but one patient with bipolar 152 

disorder without psychotic features and one patient with schizophrenia were excluded because 153 

their masking thresholds were abnormally high (see the Results section). Control participants 154 

were free of any past or present psychiatric disorder and first-degree family history of bipolar 155 

disorder, schizophrenia or schizoaffective disorder. Inclusion criteria for all participants were 156 

as follows: between 18 and 60 years of age, no history of alcohol or drug abuse/dependence, 157 

no previous head trauma with a loss of consciousness, no current or past cardiac or 158 

neurological disease and no contraindications for MRI. 159 

The study was approved by the ethical committee of CPP Mondor University Hospital, 160 

Créteil, France. Written informed consent was obtained for all subjects prior to their 161 

participation in the study. We calculated olanzapine equivalents following international expert 162 

consensus based recommendations (Leucht et al., 2016). Treatment information was missing 163 

for two patients with bipolar disorder. Current psychotic symptoms were rated using the 164 

Positive and Negative Symptom Scale (PANSS) (Kay et al., 1987). We also examined the 165 

effect of other parameters such as age of disease onset, total number of manic-depressive and 166 
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psychotic episodes, number of hospitalizations and tobacco and cannabis use. Participants’ 167 

characteristics and missing data are reported in Table 1. 168 

 169 

Experimental design 170 

Consciousness threshold measure 171 

Stimuli and procedure were identical to the study of Del Cul et al. (2009), using a 172 

variant of the masking paradigm adapted for normal and clinical populations (Del Cul et al., 173 

2006, 2007; Reuter et al., 2007, 2009; Charles et al., 2017; Berkovitch et al., 2018) (see 174 

Fig. 2). A numerical target digit (0–9) was presented for a fixed duration of ~17 ms at a 175 

randomly chosen position among four possible positions. After a variable delay (stimulus 176 

onset asynchrony, SOA), a mask appeared at the target location for 250 ms. The mask was 177 

composed of four letters surrounding the original target stimulus location without 178 

superimposing or touching it (metacontrast masking). For each trial, subjects were asked to 179 

rate the visibility of the target (seen or unseen, subjective measure of consciousness) and then 180 

name the masked digit under forced-choice instructions (objective measure of consciousness). 181 

Target-mask SOA varied on a trial-by-trial basis using a “double staircase” algorithm (Del 182 

Cul et al., 2009), in order to determine the masking threshold. Each trial was randomly 183 

assigned to one of the two staircases, one starting with the shortest SOA (17 ms) and the other 184 

with the longest SOA (133 ms). Independently for each staircase, the stimulus-mask SOA was 185 

decreased by one frame of the computer screen (17 ms at 60 Hz refresh rate) whenever the 186 

digit was consciously perceived, i.e. when the subject simultaneously reported seeing the 187 

stimulus on the previous trial and was correct in identifying the digit, such that the digit would 188 

be more difficult to consciously perceive at the subsequent trial. Otherwise, if the participant 189 

did not report that they saw the stimulus on the previous trial or incorrectly identified the 190 
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digit, the digit was considered as under the consciousness threshold and the SOA was 191 

increased by one frame to make the digit easier to perceive. The masking threshold, that 192 

supposedly reflects the consciousness threshold, corresponded to the mean SOA, averaged 193 

over the 18 most recent alternations between an increase and a decrease. 194 

MRI acquisition 195 

All participants were scanned at Neurospin neuroimaging centre on the 3T Magnetom 196 

TrioTim syngo MR B17 with a 12-channel head coil (Siemens Medical Solutions). The MRI 197 

protocol included a high-resolution T1-weighted acquisition (TE, 2.98 milliseconds; TR, 2300 198 

milliseconds; 160 sections; voxel size, 1.0 × 1.0 × 1.1 mm), a DW sequence along 60 199 

directions (voxel size, 2.0 × 2.0 × 2.0 mm; b = 1400 s/mm2 plus 1 image in which b = 0; TE 200 

92 ms; TR 12 s; 60 axial sections) and a field map. Scans were acquired on the same day as 201 

the psychiatric evaluation and the behavioral measure of consciousness threshold 202 

(immediately before or after the scanning session). Each participant’s data were assessed for 203 

movement, susceptibility, and noise artifacts by researchers who were blinded to the 204 

diagnosis. 205 

DWI data processing 206 

We used a similar processing pipeline of diffusion-weighted images (DWI) as in 207 

previous studies (Sarrazin et al., 2014; and Souza-Queiroz et al., 2016). DW MRI data was 208 

processed with Connectomist 2.0 and BrainVisa 4.2 software (http://www.brainvisa.info). The 209 

DW images were corrected for noise/spikes with q-space interpolation correction and for 210 

susceptibility artifacts using the field map. We then computed an orientation distribution 211 

function at each voxel included in this mask using an analytical QBI model (spherical 212 

harmonic order, 6; regularization factor λ = 0.006) (Descoteaux et al., 2007). We evaluated 213 
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the generalized FA (gFA) from all the computed orientation distribution functions (Tuch, 214 

2004). A decreased gFA value is thought to indicate the loss of integrity or loss of coherence 215 

of white matter (Le Bihan and Johansen-Berg, 2012). 216 

We used a T1-based propagation tractography mask (Guevara et al., 2012) and 217 

performed whole-brain tractography in each subject’s native space using a regularized 218 

streamline deterministic algorithm (one seed per voxel, forward step 0.5 mm, bilateral 219 

propagation). Algorithm propagation was interrupted if the tract length exceeded 300 mm, if 220 

the tract streamline propagated outside the mask or if the curvature between two steps 221 

exceeded 30°. No between-subject registration was performed. 222 

Whole-brain tractography volumes were then segmented using an automatic 223 

segmentation pipeline based on a clustering technique relying on the definition of a pairwise 224 

distance between fibers and multi-subject bundle atlases, described in depth elsewhere 225 

(Guevara et al., 2012). This process leads to the segmentation of the selected bundles from 226 

subject tractography datasets, i.e. 22 known deep white matter bundles, and U-fiber bundles 227 

(Guevara et al., 2017; Román et al., 2017), allowing a comprehensive whole-brain exploration 228 

of white matter connectivity. We then extracted the mean gFA along the bundles for each 229 

subject using BrainVISA software. 230 

We conducted analyses on predefined fiber bundles that were chosen based on their 231 

critical involvement in conscious access according to the GNW theory (Dehaene and 232 

Changeux, 2011). We averaged the mean gFA of left and right bundles for IFOF, CLF and 233 

ILF, of the four subparts of the corpus callosum (i.e. genu, body, splenium and rostrum) and 234 

aggregated all the short fibers to have an overall estimate of the gFA. Data for short fibers 235 

was missing for three participants. 236 

 237 
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Statistical analysis 238 

We used a correlational approach to estimate whether the threshold for conscious 239 

access was linked to clinical features and cerebral connectivity. Welch two-sample t-tests, 240 

analyses of variance (ANOVAs) and Pearson’s correlation were conducted on masking 241 

threshold, with clinical and imaging characteristics as within-subject factors. Regarding 242 

clinical characteristics, factors included in ANOVAs were diagnosis (bipolar disorder with 243 

and without psychotic features, schizophrenia versus controls), psychosis (presence in 244 

schizophrenia and bipolar disorder with psychotic features versus absence in controls and 245 

bipolar disorder without psychotic features), olanzapine equivalent daily doses, PANSS total 246 

scores, age of onset, disease duration, number of episodes, number of hospitalizations, 247 

tobacco and cannabis use. ANOVAs were run on masking threshold values with mean gFA 248 

and clinical characteristics as within-subject factors. Pearson correlations between masking 249 

threshold and mean gFA were conducted separately for each bundle. Whenever mentioned, 250 

statistical results were adjusted for multiple comparisons using the Bonferroni method 251 

(p.adjust function in R software). Effect sizes were estimated using Cohen’s d (d.cohen 252 

function in R software). 253 

Because some of the hypotheses at stake lie on an absence of difference (e.g. no 254 

correlation between masking threshold and mean gFA of bundles that do not belong to the 255 

GNW), besides frequentist statistics (values of the statistic, e.g. ts or Fs, as well as p-values 256 

are reported), we also conducted Bayesian statistics whenever required. Contrary to 257 

frequentist statistics, Bayesian statistics symmetrically quantifies the evidence in favor of the 258 

null (H0) and the alternative (H1) hypotheses, therefore allowing to conclude in favor of an 259 

absence of difference (Wagenmakers et al., 2010). To do so, we used the BayesFactor 260 

package (http://bayesfactorpcl.r-forge.r-project.org) implemented in R (https://www.r-261 
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project.org). Bayes factors were estimated using a scale factor of r = 0.707. For each Bayesian 262 

statistical test, we reported the corresponding Bayes factor (BF10 = p(data|H1)/p(data|H0)). 263 

Even though threshold values of Bayes factors have been proposed (e.g. a BF larger than 3 is 264 

usually taken as providing substantial evidence), a BF value of x can directly be interpreted as 265 

the observed data being approximately x times more probable under the alternative compared 266 

to the null hypothesis. When BFs favored the null hypotheses (i.e. BF10 < 1), we directly 267 

reported the inverse Bayes factor (i.e. BF01 = 1/BF10) quantifying the evidence in favor of the 268 

null compared to the alternative hypothesis. 269 

Finally, we examined the link between connectivity, masking threshold and psychotic 270 

symptoms across subjects, using a mediation analysis (Baron and Kenny, 1986; see also: 271 

Shrout and Bolger, 2002). We hypothesized that dysconnectivity would elevate the 272 

consciousness threshold, which would in turn increase psychotic symptoms. Mean gFA was 273 

explored as a predictor variable of masking threshold with a first linear model. Then, in a 274 

second linear model, presence of psychotic features was included as a binary outcome 275 

variable (0 for controls and patients with bipolar disorder without psychotic features, 1 for 276 

patients with bipolar disorder with psychotic features and patients with schizophrenia), 277 

explained by mean gFA (predictor variable) and masking threshold (mediator variable). The 278 

two linear models were entered in a mediation analysis with 10,000 simulations, using the 279 

mediate function included in the R software mediation package (Tingley et al., 2014, 280 

https://www.r-project.org). The mediator variable (consciousness threshold) was explored as a 281 

mediator that explains the underlying relationship between the predictor variable (cerebral 282 

connectivity) and the outcome variable (psychotic symptoms). Direct effects reflect the 283 

influence of the predictor variable on the outcome that is not mediated by the mediator 284 

variable (i.e. the direct effect of dysconnectivity on the advent of psychotic features) and 285 

mediation effects reflect the influence of the predictor variable on the outcome that is 286 
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mediated by the mediator variable. If mediation effect is significant and direct effects 287 

completely disappear when performing mediation analysis, it means that the effect of the 288 

predictor variable on the outcome variable is fully mediated by the mediator variable. If both 289 

direct and mediation effects are significant, it means that the effect is partially mediated by 290 

the mediator variable. 291 

Results are expressed as p-values (significant under 0.05), Welch t-value, Pearson r-292 

value, F-value, Cohen’s d, Bayes factors or their inverse, and quasi-Bayesian 95% confidence 293 

intervals.  294 
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Results 295 

Behavioral results: masking threshold is increased in patients with psychotic 296 

features 297 

We first examined whether the masking threshold varied with clinical characteristics. 298 

Two participants (one patient with bipolar disorder, one with schizophrenia) were excluded 299 

because their masking thresholds were more than 3 standard deviations above the group mean 300 

(134 ms and 97 ms respectively), resulting in a final sample of 97 participants. Behavioral 301 

data and participants’ characteristics are summarized in Table 1 and behavioral results are 302 

shown in Fig. 3. ANOVA on masking threshold with diagnosis as within-subject factor 303 

revealed a significant effect of diagnosis on masking threshold (F3,93 = 6.52, p < 0.001). We 304 

therefore performed five posthoc t-tests to further explore the diagnosis effect on masking 305 

threshold; padjusted corresponds to p values after Bonferroni adjustments, correcting for the five 306 

performed t-tests. A significant difference in threshold was observed between participants 307 

with and without psychosis (i.e. patients with schizophrenia and patients with bipolar disorder 308 

and psychotic features versus controls and patients with bipolar disorder without psychotic 309 

features) (53 vs. 63 ms, t72.1 = -4.14, p < 0.001, padjusted < 0.001, Cohen’s d = -1.27). This 310 

difference was also observable within the bipolar disorder patients (without psychotic 311 

symptoms: 49 ms vs. with psychotic symptoms: 63 ms, t18.36 = -3.20, p = 0.005, padjusted = 312 

0.024, Cohen’s d = -0.88). Bipolar disorder patients without psychotic features did not differ 313 

from controls regarding their masking threshold (49 ms vs. 54 ms, t10.8 = 1.11, p = 0.29, BF = 314 

1/1.72). Bipolar disorder patients with psychotic features did not differ from patients with 315 

schizophrenia (t38.6 = -0.35, p = 0.73, BF = 1/3.11) and had a significantly higher masking 316 

threshold than healthy controls (64 ms vs. 54 ms, t24.2 = -3.21, p = 0.004, padjusted = 0.019, 317 

Cohen’s d = 1.00). 318 
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Among patients, there was no significant association between olanzapine equivalent 319 

daily doses and the masking threshold (Pearson r = 0.25, t47 = 1.80, p = 0.079, BF = 1.29) 320 

while PANSS total scores were significantly and positively correlated with threshold (r = 321 

0.28, t49 = 2.06, p = 0.045). There was no significant effect of age of disease onset, number of 322 

manic-depressive or psychotic episodes or cannabis use on threshold (all p > 0.2). By 323 

contrast, the number of hospitalizations, duration of disease and tobacco use were 324 

significantly and positively correlated to the masking threshold (number of hospitalizations: r 325 

= 0.30, t45 = 2.04, p = 0.047, duration of disease: r = 0.36, t47 = 2.68, p = 0.010, tobacco use: r 326 

= 0.30, t49 = 2.18, p = 0.035). 327 

 328 

Anatomical connectivity correlates with masking threshold 329 

Across subjects (patients and controls), the masking threshold was significantly and 330 

negatively correlated with the mean gFA of the IFOF (Pearson r = -0.28, t95 = -2.84, p = 331 

0.006, BF = 8.87), CLF (r = -0.27, t95 = -2.75, p = 0.007, BF = 7.17) and corpus callosum (r = 332 

-0.30, t95 = -3.09, p = 0.003, BF = 17.1) (Fig. 4, top). Note that a negative correlation implies 333 

that a greater anisotropy is associated with a lower threshold and therefore an improved 334 

conscious perception, as predicted by the GNW hypothesis. These correlations remained 335 

significant after Bonferroni adjustments, correcting for the three bundles tested (IFOF: padjusted 336 

= 0.018, CLF padjusted = 0.021, corpus callosum: padjusted = 0.009). 337 

Crucially, for control bundles (ILF and short fibers), mean gFA did not significantly 338 

correlate with masking threshold (ILF: r = -0.17, t95 = -1.63, p = 0.1, BF = 1/1.25 and short 339 

fibers: r = -0.09, t92 = -0.82, p = 0.41, BF = 1/3.08). 340 
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To further confirm that the mean gFA of bundles belonging to the GNW had a 341 

significantly stronger correlation to the masking threshold than the mean gFA of bundles that 342 

are not involved in the GNW, we entered the gFA in an ANOVA with (1) a binary variable 343 

reflecting whether or not the bundle is involved in the GNW, (2) masking threshold as a 344 

within-subjects factor, and (3) subject as a random factor. This analysis showed a significant 345 

interaction between bundle role in GNW and threshold (F1,95 = 6.66, p = 0.011), confirming 346 

our initial finding that the correlation between masking threshold and mean gFA was 347 

significantly higher for bundles belonging to the GNW than for control bundles. 348 

We then checked interactions between mean gFA and participants’ characteristics 349 

(diagnosis, psychotic features, medication, PANSS total, tobacco and cannabis use, age of 350 

onset, duration of the disease, number of episodes, number of hospitalizations) on masking 351 

threshold. Because many of these variables were interrelated, we performed separate 352 

ANOVAs on masking threshold for each variable with mean gFA and the variable in question 353 

as within-subject factors. First, effect of mean gFA remained significant when including the 354 

above factors in the analysis (all F > 4, all p < 0.05). Correlations between masking threshold 355 

and mean gFA did not significantly differ according to diagnosis, PANSS total and tobacco 356 

use (all F < 1.5, all p > 0.2) but the number of hospitalizations, the duration of the disease and 357 

the presence of psychotic features significantly interacted with mean gFA for some or all 358 

bundles (gFA × number of hospitalizations: IFOF: F1,43 = 4.35, p = 0.043, CLF: F1,43 = 4.89, p 359 

= 0.032 and corpus callosum: F1,43 = 8.01, p = 0.007; gFA × duration of the disease for corpus 360 

callosum: F1,45 = 8.43, p = 0.006, other bundles: all F1,45 < 1.5, all p > 0.2; gFA × psychotic 361 

features for CLF: F1,93 = 3.95, p = 0.049, other bundles: all F1,93 < 1.5, all p > 0.2). In addition, 362 

structural connectivity was significantly reduced in patients with psychosis for CLF and 363 

corpus callosum (effect of psychotic features on mean gFA for CLF: F1,95 = 5.59, p = 0.020, 364 

corpus callosum: F1,95 = 6.23, p = 0.014, but IFOF: F1,95 = 1.46, p = 0.23). 365 
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Finally, we used mediation analysis to explore the link between connectivity, masking 366 

threshold and psychotic symptoms. We hypothesized that dysconnectivity would be 367 

associated with an elevated consciousness threshold, which would in turn be associated with 368 

psychotic symptoms. We first checked with a linear model whether mean gFA significantly 369 

influenced the presence of psychotic symptoms and found that it was the case for the CLF and 370 

the corpus callosum but not for the IFO (CLF: t = -2.36; p = 0.020; corpus callosum: t = -2.50, 371 

p = 0.014; IFO: t = -1.21, p = 0.22). We already found that masking threshold was 372 

significantly correlated with mean gFA for the three bundles (see above). Effects of mean 373 

gFA on psychotic symptoms were no more significant when masking threshold was added in 374 

the linear model as a covariable (CLF: t = -1.40; p = 0.17; corpus callosum: t = -1.41, p = 375 

0.16), suggesting that the effect of mean gFA on psychotic symptoms was mediated by 376 

masking threshold. We thus performed mediation analysis for CLF and corpus callosum. 377 

Results indicated that the correlation between decreased mean gFA and psychotic features 378 

was mediated by elevated masking threshold for these bundles (CLF: ACME: CI = [-18.35 -379 

2.17], p = 0.005; corpus callosum: ACME: CI = [-26.76 -3.79], p = 0.001). No direct effect 380 

yielded a significant result (all p > 0.1). Those results suggest that a reduced gFA does not 381 

induce psychotic symptoms directly, but exclusively through its effect on the consciousness 382 

threshold (Fig. 4, bottom).  383 
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Discussion 384 

Using a visual backward masking paradigm, we estimated the threshold for conscious 385 

access in patients with schizophrenia, bipolar disorder and controls, and explored whether it 386 

was correlated to structural connectivity, assessed by diffusion imaging based tractography. In 387 

accordance with the predictions of the GNW theory (Dehaene and Changeux, 2011), we 388 

found an association between masking threshold and long-range structural connectivity in the 389 

inferior-fronto-occipital fasciculus (IFOF), cingulum long fibers (CLF) and corpus callosum 390 

across subjects. Moreover, patients with psychosis (schizophrenia and bipolar disorder with 391 

psychotic features) exhibited an elevated masking threshold compared to controls and patients 392 

without psychosis. Finally, we conducted a mediation analysis suggesting that the link 393 

between alterations in connectivity and psychotic symptoms was mediated by an increased 394 

masking threshold, a result that fits with our previous proposals (Berkovitch et al., 2017). 395 

The GNW theory assumes that conscious perception arises from the stabilization of 396 

neuronal activity within a distributed network, rendering a specific piece of information 397 

reportable to others (Dehaene et al., 1998; Dehaene and Changeux, 2011). In our study, we 398 

distinguished fiber bundles playing a critical role in the GNW (IFOF, CLF and corpus 399 

callosum) from control bundles (ILF and U-shaped short fibers) in regards to their association 400 

with consciousness threshold. Specifically, we found a correlation between mean gFA and 401 

masking threshold for IFOF, CLF and corpus callosum across participants but not for the ILF 402 

and the short U-shaped fibers. This result strongly supports the idea that conscious access 403 

relies on a specific long-distance network. This distinction between bundles inside and outside 404 

the GNW could be generalized to the whole brain to further test the properties of the GNW. 405 

The clinical populations included in this study are known to exhibit dysconnectivity in 406 

GNW bundles (Pettersson-Yeo et al., 2011; Sarrazin et al., 2014), therefore we expected their 407 
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consciousness threshold to be increased. Our behavioral data confirmed this hypothesis and 408 

reproduced previous findings showing that patients with schizophrenia have an elevated 409 

consciousness threshold in backward masking (Butler et al., 2003; Del Cul et al., 2006; Green 410 

et al., 2011; Herzog et al., 2013; Berkovitch et al., 2018), inattentional blindness (Hanslmayr 411 

et al., 2013) and attentional blink (Mathis et al., 2012) paradigms (for a review, see: 412 

Berkovitch et al., 2017). Furthermore, we observed distinct profiles for patients with bipolar 413 

disorder according to the presence or absence of psychotic features: only patients with 414 

psychotic features had an elevated masking threshold. Such findings may account for the 415 

contrasted results previously obtained in this population (Fleming and Green, 1995; McClure, 416 

1999; Goghari and Sponheim, 2008; Chkonia et al., 2012). In our study, patients exhibited an 417 

elevation of consciousness threshold that correlated with the PANSS but they were mostly 418 

outside of acute episodes. In line with previous findings (Fleming and Green, 1995; Green et 419 

al., 1999), this suggests that conscious access alterations could constitute a symptomatic 420 

dimension (Allardyce et al., 2007; Henry and Etain, 2010) and may be a trait marker 421 

(Saccuzzo and Braff, 1986) to both schizophrenia and bipolar disorder with psychotic 422 

features. 423 

Information sharing within the GNW during conscious perception has already been 424 

explored through functional connectivity during resting-state or task-based paradigms 425 

(Sergent et al., 2005; Del Cul et al., 2007; Barttfeld et al., 2015; Vugt et al., 2018; Demertzi et 426 

al., 2019). In our study, we focused on anatomical structural connectivity, as a preliminary 427 

step to understand the links between structural cerebral connectivity and conscious access in 428 

controls and patients. Several studies suggested that structural and functional connectivity are 429 

correlated, particularly within the default-mode network (Honey et al., 2007, 2009; Greicius 430 

et al., 2009; Horn et al., 2014) even if dissociations between structural and functional 431 

connectivity also exist, for instance during anesthesia (Boly et al., 2012; Lee et al., 2013; 432 
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Schroeder et al., 2016). In psychiatric conditions, functional connectivity varies according to 433 

the clinical phase of the disease (Higashima et al., 2007; Magioncalda et al., 2015; Martino et 434 

al., 2016a), for instance between manic and depressive states in bipolar disorder (Magioncalda 435 

et al., 2015; Martino et al., 2016a). In those patients, alterations in functional and structural 436 

connectivity were shown to be correlated with different symptoms (Martino et al., 2016b) and 437 

acute state-dependent structural connectivity could change during a mood episode 438 

(Magioncalda et al., 2016). Additional valuable results may be obtained by exploring 439 

information sharing within the GNW using fMRI or EEG (King et al., 2013; Barttfeld et al., 440 

2015) in patients, during and outside acute episodes, and understood in light of other 441 

consciousness theories such as the Temporo-spatial theory of consciousness (Northoff and 442 

Huang, 2017; Northoff et al., 2019). 443 

The specific elevation of masking threshold in patients with psychosis and its 444 

interaction with structural connectivity suggests a connection between psychosis, 445 

consciousness and cerebral connectivity. We previously proposed that altered conscious 446 

access could favor the advent of psychotic symptoms (Berkovitch et al., 2017). Our results, 447 

including the mediation analysis, now allow us to propose a three-step model of psychosis in 448 

which dysconnectivity leads to a disruption of conscious access that ultimately translates into 449 

psychotic symptoms. Interestingly, our results are compatible with previous data showing a 450 

dissociation between preserved subliminal and altered conscious processing in schizophrenia 451 

(Höschel and Irle, 2001; Dehaene et al., 2003; Huddy et al., 2009; Grandgenevre et al., 2015; 452 

Charles et al., 2017), since subliminal processing is supposed not to involve long-distance 453 

connectivity. The increased difficulty for unconsciously processed information to reach 454 

consciousness may give rise to psychotic symptoms through several routes. An elevated 455 

consciousness threshold may significantly decrease the amount of information entering 456 

consciousness, promoting fictive interpretations and overweighing the few sensory contents 457 
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bursting into consciousness. Moreover, preserved unconscious processing may continue to 458 

implicitly guide behavior and fuel intuitions that cannot be consciously explained, fostering 459 

delusional constructions disconnected from the external world (Berkovitch et al., 2017). 460 

An extensive literature on hierarchical predictive-coding brain mechanisms proposed 461 

that hallucinations and delusions could respectively result from an imbalance in the 462 

combination between prior knowledge and sensory inputs, and a failure to update beliefs 463 

according to incoming prediction error signals (Fletcher and Frith, 2009; Adams et al., 2013; 464 

Powers et al., 2017). Because of conflicting experimental results, it was recently proposed that 465 

computations between prior knowledge and sensory inputs at lower levels of the inference 466 

hierarchy may not be linearly related to those at higher levels (Corlett et al., 2018; Sterzer et 467 

al., 2018). Consciousness threshold thereby offers a plausible boundary between “low” (non-468 

conscious) and “high” (conscious) levels, ruled by distinct Bayesian computations, crucially 469 

differently affected in schizophrenia. Interestingly, the model of circular inferences proposed 470 

by Jardri and colleagues provides a computational account for the relative overweight of the 471 

few sensory evidence crossing consciousness threshold, that could be reverberated in the 472 

GNW (Jardri et al., 2017). 473 

The causal role of impaired conscious access for psychotic features seems at odds with 474 

previous data that found a link between dysconnectivity and elevated consciousness threshold 475 

in pathological conditions with no psychotic symptoms (Del Cul et al., 2009; Reuter et al., 476 

2009). A possible explanation is that some but not all kinds of impairments in connectivity 477 

and conscious perception translate into psychotic symptoms. In particular, psychotic 478 

symptoms may only appear when dysconnectivity results from a particular neurophysiological 479 

dysfunction or is associated with other impairments. In this regard, results obtained through 480 

drug studies on the effects of ketamine, a N-methyl-D-aspartate (NMDA) receptor antagonist 481 
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that induces reversible psychotic symptoms at low doses and anesthesia at high doses, could 482 

help provide a putative mechanism, at a molecular level, for linking dysconnectivity, elevated 483 

consciousness threshold and psychotic symptoms. Indeed, ketamine anesthetic effects involve 484 

a disruption of long-distance prefrontal-parietal connectivity (for a review, see: Mashour and 485 

Hudetz, 2018) so that psychotomimetic effects of ketamine (Krystal et al., 1994; Pomarol-486 

Clotet et al., 2006) may be related to an impaired conscious access underpinned by a 487 

disruption of cerebral connectivity. Additionally, ketamine has been shown to disrupt top-488 

down processes (Moran et al., 2015; van Loon et al., 2016) which are known to facilitate 489 

conscious access in healthy controls by enhancing cerebral activity. Interestingly, some top-490 

down attentional amplification processes are impaired in schizophrenia (Berkovitch et al., 491 

2018). Thus, NMDA dysfunction or impairment of attentional amplification may be necessary 492 

for the elevated consciousness threshold to induce psychotic symptoms. 493 

A major limitation of our study is the relatively small sample size. In particular, we 494 

did not have enough power to detect significant differences in structural connectivity between 495 

the four diagnostic groups, despite finding a significant difference between patients with and 496 

without psychosis. Still, our study was built on strong theoretical hypotheses (Berkovitch et 497 

al., 2017) which considerably decreases the risk of type I errors (Oberauer and Lewandowsky, 498 

2019). 499 

In summary, our results demonstrate that interhemispheric and long-range postero-500 

anterior connectivity plays a crucial role in conscious access, confirming predictions of the 501 

GNW theory of consciousness. Most importantly, we showed for the first time that deficits in 502 

conscious access may mediate impaired cerebral connectivity and psychotic symptoms, 503 

thereby providing significant anatomical counterparts to impairments observed in patients 504 
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with psychosis, besides suggesting that psychosis and impaired conscious access may be 505 

intimately related phenomena.  506 
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Figures 796 

 797 

Figure 1. Predictions of the global neuronal workspace and detailed view of the 798 

bundles of interest. 799 

Left panel. The global neuronal workspace theory assumes that information becomes 800 

consciously accessible when it is amplified by attention and triggers sustained activity in a large 801 

network of interconnected neurons. The long-distance connectivity of higher cortical areas, 802 

particularly prefrontal cortex, therefore plays an essential role in conscious access. 803 

Right panel. We conducted an imaging analysis on bundles supposedly involved in the global 804 

workspace. Inferior-fronto-occipital fasciculus (IFOF, pink) and cingulum long fibers (CLF, brown) 805 

correspond to long distance postero-anterior connections, and the corpus callosum that underlies 806 

interhemispheric communication and the formation of a single bi-hemispheric state of ignition. 807 

Additional bundles were included in the analysis as controls (occipito-temporal inferior longitudinal 808 

fasciculi ILF, purple, and U-shaped short fibers, not represented in this figure), to check whether a 809 

correlation between masking threshold and cerebral connectivity was specific to fibers involved in the 810 

global neuronal workspace.  811 
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 812 

Figure 2. Experimental paradigm. 813 

To determine the consciousness threshold, a double staircase algorithm was used. A digit 814 

target was presented for 17 ms and masked after a variable delay (SOA) by a metacontrast mask 815 

composed of four letters. Participants indicated whether they saw the digit or not and were asked to 816 

identify the digit presented. If the target was both seen and correctly named, the target-mask SOA was 817 

decreased on the next trial, making the target more difficult to consciously perceive. Otherwise 818 

(unseen and/or incorrect answers), the target-mask SOA was increased. 819 

  820 
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 821 

Figure 3. Behavioral results. 822 

The masking threshold was significantly increased in patients with psychosis, i.e. with bipolar 823 

disorder associated with psychotic features (BD Psy +, blue) and with schizophrenia (Scz, purple) 824 

compared to controls (pink) and patients with bipolar disorder without psychotic features (BD Psy -, 825 

green). *** = p < 0.001, ns = non-significant. Bars represent 95% confidence intervals. 826 

  827 
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 828 

Figure 4. Correlation between masking threshold and the mean of generalized fraction 829 

anisotropy (gFA) and mediation analysis for the three bundles of interest. 830 

Top. Masking threshold is negatively correlated with mean gFA across subjects for the inferior 831 

frontal-occipital fasciculus, the cingulum, and the corpus callosum, suggesting that conscious access 832 

relies on structural cerebral connectivity of these bundles. Masking threshold is represented as a 833 

function of mean of gFA in each subgroup of participants. Each participant is represented in the point 834 

cloud (pink: controls, green: patients with bipolar disorder without psychotic features, BD Psy -, blue: 835 

patients with bipolar disorder and psychotic features, BD Psy +, purple: patients with schizophrenia, 836 

Scz). Mean of the masking threshold and the mean gFA in each group is represented by the dots with 837 

black outlines on the regression lines. 838 
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Bottom. Mediation analysis with estimates and p-values of mediated, direct and total effects 839 

for CLF and corpus callosum. Mean gFA of the CLF and the corpus callosum significantly 840 

influenced the presence of psychotic symptoms but not that of the IFO. Mediated effects were 841 

significant while direct effects were not, which means that the effect of cerebral connectivity on the 842 

advent of psychotic symptoms was fully mediated by the masking threshold. 843 

  844 
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Table 1 — Participants’ characteristics 845 

 

Controls 

mean 

(± s.d.) 

Bipolar 

disorder 

without 

psychotic 

features 

mean 

(± s.d.) 

Bipolar 

disorder 

with 

psychotic 

features 

mean 

(± s.d.) 

Schizophrenia 

mean (± s.d.) 

Statistical 

test 

(test value, 

p-value) 

Sample size 46 

9 

 (+1 

excluded) 

17 
25 

 (+1 excluded) 
— 

Age (years old) 
35.6 

(±11.4) 
31.6 (±8.4) 34.9 (±12.4) 29.5 (±8.5) 

F3,93 = 1.96 

p = 0.13 

Sex (M/F) 21/25 8/1 9/8 17/8 
 3 = 7.5 

p = 0.058 

Level of education 

(years of studies) 

5.0 

(±1.3) 

5.1 (±1.7) 

 (1 missing) 
5.0 (±1.2) 

4.1 (±1.8) 

 (1 missing) 

F3,91 = 2.07 

p = 0.11 
Tobacco use (pack-

years) 

1.5 

(±4.7) 
3.6 (±7.0) 6.3 (±8.8) 6.7 (±9.5) 

F3,93 = 3.68 

p = 0.015 

Proportion of current 

or past cannabis users 

(%) 

0 
4 

 (2 missing) 
12 

24 

 (1 missing) 

F3,90 = 4.36 

p = 0.007 

Age of onset of the 

disease (years old) 
— 

19.1 (±5.7) 

 (1 missing) 
21.9 (±6.4) 

20.8 (±4.5) 

 (1 missing) 

F2,46 = 0.75 

p = 0.48 
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Disease duration 

(years old) 
— 

13.5 (±10.1) 

(1 missing) 
12.9 (±9.9) 

8.7 (±8.2) 

(1 missing) 

F2,46 = 1.47 

p = 0.24 

Number of episodes — 4.7 (±3.6) 5.9 (±3.6) 2.7 (±2.5) 
F2,48 = 5.35 

p = 0.008 

Number of 

hospitalizations 

— 
1.6 (±1.5) 

 (1 missing) 

4.8 (±3.2) 

 (1 missing) 

3.2 (±2.5) 

 (2 missing) 

F2,44 = 3.96 

p = 0.026 

PANSS total — 38.0 (±5.2) 38.7 (±14.1) 70.1 (±21.5) 
F2,48 = 21.25 

p < 0.001 

Olanzapine 

equivalence dose 

(mg/day) 

— 
5.3 (±8.1) 

 (1 missing) 

5.6 (±11.2) 

 (1 missing) 
18.0 (±11.6) 

F2,46 = 8.05 

p = 0.001 

Masking threshold 

(ms) 
54 (±10) 49 (±10) 64 (±12) 62 (±14) 

F3,93 = 6.52 

p < 0.001 

Mean gFA IFO 

(×10-3) 

118.96 

(±3.73) 

118.97 

(±4.34) 

119.40 

(±3.39) 

116.97 

(±4.85) 

F3,93 = 1.72 

p = 0.17 

Mean gFA CLF 

(×10-3) 

108.11 

(±3.89) 

105.55 

(±5.66) 

105.16 

(±6.26) 

105.03 

(±6.89) 

F3,93 = 2.42 

p = 0.071 

Mean gFA corpus 

callosum (×10-3) 

126.36 

(±2.98) 

125.81 

(±3.79) 

124.64 

(±4.78) 

124.02 

(±4.88) 

F3,93 = 2.17 

p = 0.097 

Mean gFA ILF 

(×10-3) 

106.51 

(±4.57) 

106.85 

(±4.88) 

108.05 

(±3.61) 

104.58 

(±5.33) 

F3,93 = 2.00 

p = 0.12 

Mean gFA short 

fibers (×10-3) 

73.66 

(±2.48) 

72.60 

(±2.69) 

73.29 

(±1.60) 

72.78 

(±2.89) 

(3 missing) 

F3,90 = 0.90 

p = 0.44 
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