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Time-domain analysis of blood-oxygenation level-dependd (BOLD) signals allows the
identi cation of clusters of voxels responding to photic simulation in primary visual cortex
(V1). However, the characterization of information encadly into temporal properties of
the BOLD signals of an activated cluster is poorly investigad. Here, we used Shannon
entropy to determine spatial and temporal information encding in the BOLD signal within
the most strongly activated area of the human visual cortex uling a hemi eld photic

stimulation. We determined the distribution pro le of BOLDsignals during epochs at
rest and under stimulation within small (19-121 voxels) dters designed to include only
voxels driven by the stimulus as highly and uniformly as pogfide. We found consistent
and signi cant increases (2-4% on average) in temporal infmation entropy during

activation in contralateral but not ipsilateral V1, which as mirrored by an expected loss
of spatial information entropy. These opposite changes cadsted with increases in both
spatial and temporal mutual information (i.e., dependengen contralateral V1. Thus, we
showed that the rst cortical stage of visual processing is baracterized by a specic

spatiotemporal rearrangement of intracluster BOLD respaes. Our results indicate that
while in the space domain BOLD maps may be incapable of captimg the functional

specialization of small neuronal populations due to relatly low spatial resolution, some
information encoding may still be revealed in the temporalamain by an increase of
temporal information entropy.

Keywords: fMRI, BOLD signal distribution, Shannon informatio n entropy, visual stimulation, visual system

INTRODUCTION

The understanding of information encoding in the brain,.j.éow the brain represents and
processes information, is an important goal for neurosciefigeMeasurement of brain activity
is paramount for attempting a quantitative analysis of infotima encoding, a goal that can be
approached with di erent experimental techniques that operdtéi @rent spatiotemporal scales.
Accordingly, data can be obtained from a variety of cellulamgasses, ranging from neuronal
action potentials in individual neurons to integrated nearglia functional interactions within
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large populations of cells. In particular, functional Mageeti areas show a great degree of synchronization even at rest

Resonance Imaging (fMRI) measures macroscopic changes [i53].

blood-oxygenation level-dependent (BOLD) signals. As such Here we examined the stimulation-induced changes in spatial

fMRI-BOLD signals re ect neuronal activity only indirectly and temporal information entropy encoded in the BOLD

through the mediation of the neuro-vascular and neuro-signal, and we assessed the stimulation-induced change in

metabolic couplingf]. intracluster correlation between voxel time series by naltu
Conventional fMRI provides spatial and temporal resolutioninformation dependence analysis, both spatially and tempgrall

in the order of cubic millimeters and seconds, respectivelyOur analysis provided insights into the relationship between

Therefore, fMRI studies have commonly been used to extradpatial distribution and temporal synchronization of the et

information (e.g., activations and/or deactivations) abo constituting a single activated cluster while they colletyive

relatively slow processes (e.g., task-related vasculponsss) respond to a relevant stimulation.

taking place in tissue volumes relatively larger than the

underlying functional units (e.qg., cortical areas vs. cuhs). By IIVIETHODS

using global spatiotemporal BOLD patterns, it has been recently

demonstrated that fMRI can decode information about contentSubjects

of watched moviesd, imagery [, and dreams §]. Although  Fifteen healthy subjects (age 25 7 y.0., mean SD;

the spectral properties of temporal autocorrelation of BOLDfemale/maleD 5/10) participated in the study. Exclusion criteria

oscillations have been convincingly proposed as a metrict$or iincluded vascular and neurological disease, history of jiile

temporal organization, these concepts were developed for tteeizure and any contraindication to MRI. All enrolled subjects

analysis of uctuations of the resting brain, and do not ditty ~ were informed before they signed the consent form to take part i

apply to the study of localized, evoked responségs [ the study, according to the Helsinki declaration and to Eurape
Based on prior knowledge about the stimulation protocolUnion regulations. The study was carried out in accordance

as well as model of neural-hemodynamic resporngednalysis with a protocol approved by the local Ethics Committee and in

of fMRI data obtained during photic sensory stimulation agreement with the institutional guidelines.

consistently reveals clusters of activated, and to a lesgent

deactivated §, 9], voxels in primary visual cortex (V1). These Data Acquisition

voxels identify the main e ect of stimulation whereby they All images were acquired on a 3T MRI Scanner (Siemens

exhibit a common, stereotyped temporal BOLD response thaflagnetom Allegra, Erlangen Germany) equipped with a

conforms to the speci ed model and set of assumptions. Muclstandard birdcage coil. {Fweighted images were acquired as

e ort has been devoted to the mapping of the spatial informationanatomical reference using a Magnetization-Prepared Rapid

processing in early visual area$Cfl5. In addition to the  Acquisition Gradient Echo (MPRAGE) sequence (TR/TEITI

investigation of the topologic mapping of cortical inputs or 2150/2.48/1000 ms, Flip Angle8 , voxelsiz®1 1 1 mn?,

function, few studies have investigated the behavior ofelox FOV D 256 160 mn?, 176 paraxial slices). Functional images

within responsive clusters to examine intrinsic informationwere acquired with a Gradient Echo-Echo Planar Imaging (GE-

encoding in the BOLD time series. EPI) sequence (TR/TB 2000/30 ms, Flip Angl® 80, voxel
The purpose of this work was to quantify the spatial andsizeD 3 3 3.75mn?, FOVD 192 192 mn¥?, 32 paraxial

temporal content of information associated with the BOLDslices, 3 mm slice thickness with 0.75 mm slice spacing, icaver

signals in the activated human primary visual cortex. We usethe whole brain).

Shannon entropy as it is a simple, univariate measure of the

information content of a signal that does not require prior Paradigm and Stimulation

knowledge or comparisons with other signals. FurthermoreThe visual stimulation was generated using Cogent 2000

Shannon entropy can be easily determined by estimation dLaboratory of Neurobiology, Wellcome Trust, London, UK)

the probability distribution function and thus it has a clear under Matlab 7.1 (The Mathworks Inc, Natick, Massachusetts

statistical meaning. Stimulation-induced changes in terapo USA) and delivered during functional scans through a Digital

information entropy of BOLD time-series within activated Light Processing (DLP) projector. The projector was located

sensory functional areas have been previously reported tereithoutside the MR scanner room, and it projected the stimulus on

increase 16| or decreasel[7]. Intracluster spatial information a screen positioned on the magnet bore behind the subject, who

entropy has not been directly assessed. However, a decreasaved it by a mirror positioned on the head coil.

in spatial information entropy is suggested by several works The visual stimulusKigure S1A consisted of a circle-shaped

that reported increases in spatial homogeneity (i.e., termpord3 of radius) white-black rotating (2 cycles/s) checkerboard i

correlation or concordance of BOLD time-series in adjacentither right or left hemi eld, at 4 of horizontal decentering with

voxels) within activated sensory areas both in humari§ fnd  uniform gray background. The checkerboards changed romati

in rodents [L9], although the results may depend on the temporaldirection with period ranging uniformly between 1 and 3 s. The

frequency band4(] and brain region P1]. In the primary visual stimulus included an area of the visual eld coverage of V1

cortex, stable photic stimuli induce very reproducible adtowa  that is expected to elicit uniformly strong activation withihe

patterns P27 that are compatible with a task-related decreaseontralateral V1 and no activation in the ipsilateral VI13. The

of spatial information entropy, albeit functionally homogsous  stimulation was administered in a block design, with periads
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stimulation alternated with rest (full uniform gray eld).ikation  desired volume was reached. Although this approach produces
point at the center of the screen was identi ed by a white cros®Ols of di erent shapes, it ensures the number of voxels to be
rotating by 45 with a random period ranging from 1.5 to 4.5 s the same across subjects, allowing for second-level cosupesi
during the whole acquisition. The subjects were requiredxto The nominal radius of the resulting ROIs (i.e., the radiustu# t
the central cross, and subjects gaze was monitored (samplisphere equivalent to the ROI) varied from 5 to 10 mm. The
rate 60 Hz) through an eye-tracking system (Applied Sciencepper bound for ROI size (i.e., 10 mm) was limited by statistical
Laboratories, model 504) equipped with remote pan/tilt opticsigni cance. The lower bound for ROI size (i.e., 5 mm) was
infrared module and a camera that was custom-adapted for udenited by setting the minimum number of voxels required for
in the scanner. Attention was monitored by asking the sulgjem  determination of statistical distribution to the maximum lva
push a bottom for every rotation of the xation cross. The fMRI returned by Freedman-Diaconis rule based on interquartilege
stimulation paradigm Figure S1B consisted of four cycles, each (IQR) [24].
comprising 3 epochs (either right hemi eld stimulation (R)ftle This approach is unsuited to exactly identify the cortical
hemi eld stimulation (L), rest (r), or L,R,r) for a total of2Z area whose neuronal receptive eld matches the stimulus
epochs. Each epoch was 30s long, resulting in a total sessiocation 25, however it has the advantage of relying on the
duration of 6 min (i.e., 180 volumes, not including 4 dummy data themselves, not requiring further acquisitions spigtia
scans before the start of the stimulation that were discérdecoregistered with the main experiment data, and proved
before any processing). successful in the identi cation of ROIs reproducibly and stgly

) activated by the stimulus.
Image Processing S _
Data underwent standard preprocessing using SPM8 (StatistidRistribution Analysis
Parametric Mapping) Matlab toolbox (Wellcome Trust CentreAll calculations were performed using custom MATLAB
for Neuroimaging, London, UK; http://www. l.ion.ucl.ac.uk/ routines. Raw BOLD signals were rst intensity normalized i
spm/software/spms/). All functional volumes were rstraied —order to remove the dependence of signal change on intrinsic
to their mean using a two iterations approach, and then cogdct Voxel intensity while retaining the natural signal measarel
for slice-timing. Both steps used the default SPM8 setting@ssociated dispersioa.
Since this work is focused on ROI-based parameters that were The distribution proles of the resulting values within a
calculated on each subject's space, spatial normalizatiometas ROI as well as distribution di erences were determined using
performed. Smoothing was not applied, in order to preserve th&aussian kernel density estimatiod7]. Mean, variance, excess

intrinsic interdependency between voxels. kurtosis and absolute skewness of the distribution wereuéztied
using associated moments. Normality of the distribution was

Assessment of the Responding Functional determined using the Anderson-Darlin teseq. Information

Areas entropy was calculated according to the standard Shannon

GLM analyses were carried out in the time-domain on aformulation (i.e., as statistical entropy):

voxel-by-voxel basis by modeling the functional signal fees t X

convolution of the default (i.e., SPM8 built-in) hemodynamic HD P logpk

response function with the task paradigm. Prior to regression K

BOLD tme series were high-pass  ltered with a .CUt ° pe_rlc_)d \ivherepk denotes the probability for the system to be in thh
of 135s in order to remove low-frequency noise. Statistic . L .
state and satis es the normalization condition:

inference was performed by means of one-samptest on

the regression model. For each subject and stimulus caditi R Rk
the task-responding functional area was de ned as the most N D n! 1D Pk
signi cant cluster of GLM t-map (p-FWE< 0.0001 at cluster KD 1 KD 1

level), and was consistently located in contralateralalisueas,
around the calcarine sulcus. The cluster was obtained by thaith ny being the number of occurrences of theth state and

standard clustering algorithm provided by SPM8. Nk being the total number of states. Based on the probability
distribution function (see below), the individual probaligs py
ROI De nition were calculated from either the entire time-course of thelBO

First, we de ned spherical ROIs of di erent volumes centeredsignal in each individual voxel (time-domain entropy) or the
around thet-peak voxel of the most activated cluster (as de nedvalues of BOLD signal in an entire ROI for each individual
above) of each subject. Then, we constrained the ROIs to helotime point (space-domain entropy). It is noted that time-domai
entirely to the activated cluster while maintaining the ides  entropy turns out to be a function of space (i.e., it is a map),
volume. Therefore, in case the spherical ROl was not completelyhereas space-domain entropy turns out to be a function of time
included in the activation cluster, the following algorithwas (i.e., itis a time course). In particular, denoting the BOLDrsl
applied. Contiguous voxels pertaining to successive spherica$s(x,y, z,t) the time-domain entropy is de ned as:

surfaces (with radius increasing at 2 mm steps) and belonging X
to the same cluster around the activation peak were sorted for H(x,y,z) D pc(X,Y,2) logpk(X,Y, 2)
signi cance and progressively included into the ROI until the k
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where the probabilitiepy are determinedcrosshe time variable Ni D ZIQﬂﬁS(X, ¥, 2)]
t and therefore no longer depend on it, which gives: NT
i or
pk(va! Z) D Ik(tl) | t
iD1 Ng D 2 R[Ni )]
v

wherel( ) is the indicator function of thék-th state andNt is the _ ) )
total number of time points in the fMRI data series. Similarlyet  for time- and space-domain, respectively.

space-domain entropy is de ned as: As a measure of dependence, we used mutual information
X M1z in both space- and time-domain. Mutual information

H(t) D Pi(t) log pi(t) was computed as the di erence between the sum of marginal

K entropies and the joint entropy of each pair of voxels within a

ROI, according to:
where the probabilitiegy, are determinedacrossthe space

variablesy, andz and therefore no longer depend on them, which M (X1, Y1,21,X2,¥2,22) D H(X1,Y1,21) C H(X2,¥2, 22)
gives: H(X1,Y1,21,X2,¥2, 22)

%V or
() D k(i Vi, zi)

iD1 M(t1,t2) D H(t1) CH(t2)  H(t1,t2)
whereNy is the total number of voxels across the three spatidior time- and space-domain, respectively.
dimensions of a given region of space. Entropy values were normalized to the theoretical entropy

The probability density function was determined by themaximum (for nite support, this equals base-2 logarithm of

histogram method using the Freedman-Diaconis rul2d] the number of data points). When averaging, parameters that
that is: are function of time were additionally shifted in time by 3 TR

16 stim. left hemifield

t-value
2 e 16 stim. hemifield

FIGURE 1 | Activation patterns elicited by the visual stimula  tion. Combined activations for a representative subject. Hot andold colormaps represent
voxel-wise response to stimulation in the left or right visal hemi eld, respectively. The most activated voxel for eaclksondition, center of the ROI de nition procedure,
is highlighted by a circle. The parametric t-map is overlaidn the MPRAGE scan of the same subject.

TABLE 1 | Main characteristics of the activated ROIs as deter mined by GLM analysis.

Nominal radius (mm) Voxels count Mean t-value p-value Displacement (mm) p-value
Left Right Left Right
5 19 6.2 15 6.7 19 0.44 19 07 1.7 11 0.56
6 29 56 1.1 60 15 0.43 22 07 24 15 0.64
7 39 52 11 55 1.1 0.48 27 11 29 15 0.68
8 65 48 0.7 50 0.7 0.48 4.0 1.9 38 22 0.79
9 87 45 0.7 4.7 07 0.49 51 26 45 26 0.53
10 121 43 07 45 0.7 0.49 69 34 6.0 3.0 0.45

Displacement is determined as the distance between coordinate of peak t-ae and center of mass within the ROI.
ROls are built according to the procedure detailed in the ROI de nition s¢ion within methods. The average value for the peak t-value across all subjsc(mean sd, n D 15) is 13.9
3.0 for the left ROl and 15.5 4.1 for the right ROI. Values, expressed as mean sd (n D 15), are not statistically different between left and right ROls.
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(chosen as the best shift to center the plateau of the positiia the transition from rest to stimulus. Specically, within
BOLD response in the epoch window) to take into account thehe activated ROI (bilaterally) we found small but statidtica
hemodynamic delay. signi cant decreases in spatial information entropy as well as
in distribution normality during stimulation compared with
rest. These decreases were accompanied by increases im@bsol
RESULTS skewness and excess kurtosis. The latter two features sentail
that the distribution of BOLD values within the ROI is more
As expected, statistical maps obtained with GLM revealed taspeaked and asymmetric during stimulus than at rest, which was
related activations in visual areas contralateral to theniredd  con rmed by calculating the BOLD z-transformed distributio
visual stimulation, putatively within V1 and peaking around di erences. These ndings indicate that while processing the
the calcarine sulcug={gure 1). To examine the e ect of spatial stimulus a fraction of responding voxels span a narrower range
extension of the activated area on the collective behavigiso of intensities compared with rest. As indicated by the sum
constituting voxels, we used 6 ROIs of nominal radius fromof the absolute distribution di erences, the rearranged &isx
a minimum of 5 mm to a maximum of 10 mm, extracted represented 18% (left ROI) or 15% (right ROI) of the total.
as described in the ROI de nition subsection within Methods At the same time, the whole distribution exhibits a broader
(Table 1). pro le and a corresponding increase in variance, as supported
To assess whether rest and stimulus conditions could bley Shannon inequality for non-Gaussian distributions (see f
characterized in terms of the organization of within-ROI example £9). Overall, during stimulation the space-domain
voxels, we performed space-domain distribution analysis dfistribution prole changed substantially relative to resis
BOLD signals.Figure 2 shows the results obtained for the evidenced by the increase in mean, variance, skewness and
medium ROI (7 mm; sedrigures S2S6 for the other ROl kurtosis as well as the decrease in normality and entropy.
sizes). We found that spatial BOLD distribution prole (i.e., Note that quantitatively only mean and variance rely on
independent of mean and variance) is signi cantly alteredthe actual values of the BOLD signals, whereas the other

A Left (7 mm ROI) B Right (7 mm ROI)
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FIGURE 2 | Space-domain analysis of BOLD distribution in acti ~ vated primary visual cortex. ~ Group results for the ROIs (here, representatively of radidlsmm)
located in left(A) or right (B) primary visual cortex. Left in each panel (from top to bottom intersubject average time-courses of distribution prod of the within-ROI
BOLD values, z-transformed distribution of BOLD values dérence between stimulus and rest, and intersubject averagtime-courses of distribution normality and
information entropy. Right in each panel (from top to bottorn intersubject average time-courses of distribution meanvariance, absolute skewness and excess
kurtosis. Epochs of stimulation are marked with gray-shade areas. All distribution pro les and time-courses were detemined for each subject individually and then
averaged across subject. Average values (bar plots on thegfit of each time-resolved plot) are expressed as mean sd (n D 15) and statistical threshold is set to

*p < 0.001.
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quantities only depend on the prole of the underlying quantities associated with the BOLD distribution (except
distribution. mean and variance), were found to be independent of ROI
To assess stimulation-induced changes in temporal vasablesize {Table 2. Notably, conditions with subject at rest were
we performed time-domain distribution analysis of BOLD indistinguishable from conditions with ipsilateral stimtitan,
signalsFigure 3shows the results obtained for the same mediunmhence both conditions were pooled together (e.g., in all bar
ROI (7 mm; sed-igures S#S11for the other ROI sizes). During plots).
stimulation, the time-domain distribution pro le changedevy To examine possible relations between spatial and temporal
little relative to rest, excluding the straightforward midation  information, we performed correlation analysigtigure 4
of the mean toward higher values. Nonetheless, temporahows the results obtained for the medium ROI (7 mm; see
information entropy increased signi cantly during stimulen  Figures S12S16 for the other ROI sizes). Except for the
compared with rest. The e ect was consistently observed in bothblear-cut relation between rest and stimulated values ofiapa
hemispheres under stimulation. Indeed, the signi cant chas or temporal information entropy and the corresponding
in other distribution-related quantities (here excess tkgis fMRI signals Figure 4A), we found no correlation between
in the left ROI and absolute skewness in the right ROI) arghe stimulation-induced changes of information and BOLD
not consistently bilateral across all ROIs (see &gpres S+~ response Kigure 4B p > 0.46). Similarly, we observed no
S1)). signi cant correlations between absolute values of spatial
The fact that the change in temporal information and temporal information entropy Rigure4C p > 0.19)
entropy was the only change that was consistently observethd between their changesFigure 4D, p > 0.18). The
contralateral to both hemield stimuli indicates that the lack of correlation between the stimulus-related increa$e
entropy measure captures some features of the BOLEemporal entropy and the amplitude of the BOLD response
temporal dynamics that escape other distribution-baseduggests that the reported encoding of information in
quantities. The above changes in spatial and tempor&OLD temporal oscillations is not biased by contrast to
information entropy, as well as the variations of the othemoise ratio. The lack of correlation between changes in
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FIGURE 3 | Time-domain analysis of BOLD distribution in activa  ted primary visual cortex. ~ Group results for the ROIs (here, representatively of radidsmm)
located in left(A) or right (B) primary visual cortex. Left in each panel (from top to botto intersubject average arrangements of the distributionrp le of the
within-ROI BOLD values at rest as well as during stimulatipmnd intersubject averages of rest vs. stimulus distribugn normality and statistical entropy. Right in each
panel (from top to bottom): intersubject averages of with#iROI time-courses of rest vs. stimulus distribution mean,ariance, absolute skewness and excess kurtosis.
All distribution pro les and voxel arrangements were deterimed for each subject individually and then averaged acrossubject. Average values (bar plots on the right
of each space-resolved plot) are expressed as mean sd (n D 15) and statistical threshold is set top < 0.001.
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TABLE 2 | Stimulation-induced changes in BOLD distribution p arameters as a function of ROI size.

Parameter Nominal radius (mm) F

5 6 7 8 9 10
LEFT ROI
Spatial
Mean ( 10 3) 36.7 9.3* 320 6.9* 29.4 54* 258 3.9* 243 3.1 230 2.3* 20.65*
Variance ( 10 4) 29 2.3* 25 1.2* 21 1.2 1.6 0.8* 15 0.4 1.3 04 8.57*
Skewness ( 10 2) 9.0 14.7* 9.9 12.0* 11.1  10.1* 124  6.9* 140 6.2* 13.2 5.4* 0.95
Kurtosis ( 10 2) 16.1 37.2* 16.2 317 20.0 31.4* 275 23.6* 29.1 22.5*% 27.8 20.9* 0.90
Normality ( 10 2) 3.6 101 46 7.3* 6.5 6.9% 7.0 5.4* 8.3 5.0* 7.4 3.5* 1.72
Entropy ( 10 3) 109 263 80 17.4 9.1  14.3* 9.7 9.3* 9.8 8.1* 8.6 6.6* 0.06
Temporal
Mean ( 10 3) 373 8.9* 325 5.0% 29.7 3.9* 259 2.7* 244 1.9*% 23.2 15* 18.41*
Variance ( 10 4) 04 19 02 19 02 15 01 12 0.1 0.8 0.0 0.8 0.91
Skewness ( 10 2) 30 58 1.3 58 0.1 43 1.2 31 1.4 27 1.8 27 2.55
Kurtosis ( 10 2) 36.7 16.6* 31.8 15.9* 249 13.6* 20.1  9.7* 200 9.3* 194 8.1* 3.65
Normality ( 10 2) 57 7.7 60 7.7 44 62 41 50 3.7 46 3.7 3.9* 0.94
Entropy ( 10 3) 295 11.2* 269 10.1* 237 9.3* 21.2  6.2* 21.0 5.8 19.9 5.4* 2.49
RIGHT ROI
Spatial
Mean ( 10 3) 379 10.1* 331 6.9* 29.9 54* 26.3 3.9* 247 3.1* 23.7 2.3* 17.64*
Variance ( 10 4) 26 2.3* 20 15* 1.6 1.2* 1.2 0.8* 1.0 0.4* 0.7 0.4* 14.28*
Skewness ( 10 2) 89 13.9* 84 10.1* 115 9.3* 10.2 6.9* 8.3 5.8* 84 5.4* 0.53
Kurtosis ( 10 2) 154 379 16.2 317 243 29.0* 243 23.2* 209 20.9* 204 20.1 0.38
Normality ( 10 2) 7.0 10.1* 49 6.9* 7.4  6.6* 6.0 5.0¢ 41 46 33 35 0.94
Entropy ( 10 3) 16.0 26.3* 123  17.0* 13.3  14.3* 9.7 10.1* 85 8.1* 51 6.6 1.68
Temporal
Mean ( 10 3) 384 6.9* 334 3.9* 30.2 3.1* 265 2.3* 248 1.9* 238 1.5* 25.05*
Variance ( 10 4) 08 19 0.7 15 06 12 06 0.8 0.7 0.8* 08 1.2 0.91
Skewness ( 10 2) 42 6.9 39 54 3.8 3.9* 51 3.5* 5.2 3.1* 50 2.7* 0.33
Kurtosis ( 10 2) 45 217 55 163 6.8 132 51 108 49 97 45 7.7 0.08
Normality ( 10 2) 4.7 9.3 33 81 41 50 29 46 23 46 30 35 0.26
Entropy ( 10 3) 13.6 12.4* 15.6 9.3* 152 9.7 14.0 7.4* 13.6 6.2* 134 5.0* 0.18

Changes are calculated as differences (stimulation-rest) of inmrbject averages. All values (except for F-values) are expressed mean sd (n D 15) in the relevant units used in
Figures 2, 3.

temporal and spatial entropy indicates that the stimulus-that the stimulation elicited highly reproducible activati
related increase of temporal entropy is independent of changeatterns.
of spatial encoding of information within the activated
area.

To examine how the opposite stimulation-induced change|SCUSSION
in spatial and temporal information entropy are related to
the degree of spatial and temporal dependence within thén the present work we examined whether and how visual
activated ROI, we determined the mutual information in stimulation aects information entropy associated with the
both space- and time-domainFigure 5 shows the results BOLD signals both spatially and temporally in the human early
obtained for the medium ROI (7 mm; seigures S1#S21 visual areas. Since fMRI measures regional averages of the
for the other ROI sizes). SpatialFigures 5A,Q as well vascular response elicited by an activated cellular population
as temporal Figures 5B,0 mutual information of within-  stimulus-induced changes in BOLD signals may or may not
ROI voxels increased during stimulation compared with restre ect the way sensory information is encoded by neural
indicating that both the spatial arrangement (across timekctivity [3(]. Functional neuroimaging measurements, such as
and the temporal dynamics (across voxels) of BOLD signakhe BOLD signal, are thought to be correlated dierently
are more similar during stimulation than rest. Increasewith specic aspects of neuronal activity?][ as well as of
of spatial mutual information during task is remarkably astroglial activity 81, 32). The limited spatiotemporal resolution
similar along the repeated stimulation cycles, conrmingof fMRI entails that a certain amount and/or type (e.g.,
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FIGURE 4 | Correlation between spatial and temporal informatio n entropy in activated primary visual cortex. Subject results for the ROIs (here,
representatively of radius 7 mm) located in left or right priary visual cortex. Information entropy and normalized fMRlgnal (A) as well as their stimulation-induced
changes (B) reveal no correlation. Likewise, there is no correlation hieeen temporal and spatial entropy(C), or between their changes during stimulatior(D).

stimulus-dependent) of information is lost. It is likely tha that signal uctuations of each voxel in time domain contuiie
information changes depend also on cognitive processes suchta the information associated with the BOLD response, and (ii
visuospatial attentiong3 as well as on the relation between theincreased mutual information indicates that the time-eded
di erent spatiotemporal scale of stimulus and signal averggininformation gain is obtained via the same temporal dynamigs f
[34). In an attempt to limit the e ect of such relation, in the all voxels.
present work we chose a very simple visual stimulus known Similar temporal dynamics for activated voxels is supported
to elicit a robust cortical response in area V1. Indeed, thdy the fact that the temporal entropy increase was almost
presence of virtually all orientations and spatial frequesdn independent on the extension of the activated ROI. This result
the visual stimulus are expected to circumvent neuronalshirs  is valid within the intrinsic boundaries set by the experinan
selectivity. procedures. They are de ned on the small scale by our relgtive
The stimulation-induced decrease in spatial informationlow spatial resolution (in-plane voxels size 3 mm), and on the
entropy and the increase in mutual information that welarge scale by the ROIs selection criteria, that includedy onl
found in the present study is an expected consequence of tlaetivated voxels. Of course, we cannot exclude that distdhut
stimulus design and of the ROIs selection criteria. It is alsgro le might actually exhibit di erent changes at a smaller
consistent with the increased intracluster homogeneipyoréed  spatial resolution, for example at the column level, which
elsewhere 18, 19. However, we also found an increase incould be achieved by high-eld fMRI3D, 40. Indeed, the
temporal information entropy associated with the stimulus,scale-invariant behavior might be dierent if sensitivity to
at odds with one previous reportlf] but in agreement features inaccessible to our setup (e.g., at the column)level
with another [Lg. According to the modern view of entropy gained.
variations B5 3€], the change in temporal entropy during In conclusion, in this work we examined the stimulation-
stimulation, within a brain area otherwise responding independent changes in spatiotemporal BOLD distribution pro le
a uniform way, can be interpreted as the transition fromwithin a uniformly activated functional cluster in human
energy being more temporally localized to becoming moreortical area V1. We found that the voxels responding
temporally dispersed. The latter explanation is valid undeto stimulation converge to a similar response within the
the assumption that BOLD signals re ects (though indirectlyactivated area, yet the temporal dynamics of this response
and nonlinearly) energy consumption3f, 38. Overall, our is more complex (i.e., encodes more information) during
results support the notion that within an area where BOLD-stimulation than rest. In other words, while BOLD maps
related spatial information is reduced due to a uniformmay be incapable of capturing functional specialization in
stimulation pattern, additional information may be still ded the space domain due to experimental limitations or by
in time domain. The nding that mutual information increase design, information encoding may still be revealed in the
during stimulation both spatially and temporally indicatesath temporal domain. Our results indicate that the stimulated
stimulated voxels in the relatively small ROI in area V1 (i.e.state is characterized by a rearrangement of intraclustetBO
that is maximally activated by the stimulus) converge to aesponses with corresponding rise in time-encoded infororati
similar spatial arrangement and temporal dynamics. Thersfor that has not a spatial correlate at the scale of conventional
(i) stimulation-induced increase of temporal entropy sudges fMRI.
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FIGURE 5 | Space- and time-domain mutual information analysis in a ctivated primary visual cortex. ~ Group results for the ROIs (here, representatively of
radius 7 mm) located in left(A,B) or right (C,D) primary visual cortex.(A,C) Spatial mutual information.(B,D) Temporal mutual information for rest (right in each panel)
and stimulus (left in each panel) conditions. Spatial mutlianformation (single-subject) has been computed from thersangements of voxels in each time instant.
Temporal mutual information (single-subject) has been coputed from the voxel time courses in each epoch of rest and stiulation independently and subsequently
averaged. The individual matrices so obtained for each subgt have been then averaged across all subjects to obtain thpresent images. Note that the difference
between values at rest and under stimulation for spatial mutl information have been obtained by averaging the matrisein the relevant rest and stimulation epochs
(different for each side, stimulation epochs are highligatl by a bolder tract in x and y axesA,C). During stimulation, the degree of general dependence as easured
by mutual information, increases relative to rest both spélly and temporally. Average values (bar plots on the rigbf each time- or space-resolved plot) are
expressed as mean sd (n D 15) and statistical threshold is set toy < 0.001.
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Figure S1 | Stimulation appearance and paradigm. (A)  Stimulation consisted
of a white-black checkboard presented either in the right oteft hemi eld. The
checkboard was slowly rotating (2 cycles/s) and the directio of rotation was
changed with period ranging uniformly between 1 and 3 s. Res¢pochs consisted
of a full uniform gray eld. Subjects were required to x the cettral white cross. (B)
The order of stimulation alternated right-left-rest and fe-right-rest within each
session, but was x between subjects, because a x order was neeled for the
temporal processing used.

Figure S2 | Space-domain analysis of BOLD distribution in act ivated
primary visual cortex. Group results for the 5 mm left/right ROls.
Figure S3 | Space-domain analysis of BOLD distribution in act ivated
primary visual cortex. Group results for the 6 mm left/right ROls.
Figure S4 | Space-domain analysis of BOLD distribution in act ivated
primary visual cortex. Group results for the 8 mm left/right ROls.
Figure S5 | Space-domain analysis of BOLD distribution in act ivated
primary visual cortex. Group results for the 9 mm left/right ROIs.
Figure S6 | Space-domain analysis of BOLD distribution in act ivated

primary visual cortex. Group results for the 10 mm left/right ROIs.
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