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tracking perceptual decision 
mechanisms through changes 
in interhemispheric functional 
connectivity in human visual cortex
teresa sousa  1,2,3,4, João V. Duarte  1,2,3, Gabriel N. Costa1,2,3, Valentin G. Kemper4, 
Ricardo Martins  1,2,3, Rainer Goebel4,5 & Miguel Castelo-Branco  1,2,3

The role of long-range integration mechanisms underlying visual perceptual binding and their link 
to interhemispheric functional connectivity, as measured by fMRI, remains elusive. Only inferences 
on anatomical organization from resting state data paradigms not requiring coherent binding have 
been achieved. Here, we used a paradigm that allowed us to study such relation between perceptual 
interpretation and functional connectivity under bistable interhemispheric binding vs. non-binding 
of visual surfaces. Binding occurs by long-range perceptual integration of motion into a single object 
across hemifields and non-binding reflects opponent segregation of distinct moving surfaces into 
each hemifield. We hypothesized that perceptual integration vs. segregation of surface motion, which 
is achieved in visual area hMt+, is modulated by changes in interhemispheric connectivity in this 
region. Using 7T fMRI, we found that perceptual long-range integration of bistable motion can be 
tracked by changes in interhemispheric functional connectivity between left/right hMT+. Increased 
connectivity was tightly related with long-range perceptual integration. Our results indicate that hMT+ 
interhemispheric functional connectivity reflects perceptual decision, suggesting its pivotal role on 
long-range disambiguation of bistable physically constant surface motion. We reveal for the first time, 
at the scale of fMRI, a relation between interhemispheric functional connectivity and decision based 
perceptual binding.

The visual system segments and binds local stimulus’ features to produce globally coherent percepts. The question 
of how this system binds signals coming from distributed contours into single or multiple objects or surfaces, is 
known as the binding problem1,2. In the motion domain, this requires the knowledge of how the visual system 
integrates global patterns of motion from its components. In particular, the physiological mechanisms underly-
ing the integration of such elements across large portions of the visual field are known as long-range integration 
mechanisms3. Here, we investigated these mechanisms by studying perceptual interpretation of a bistable moving 
stimulus where coherence requires interhemispheric binding. It provides a challenge to long-range integration in 
perceptual decision under ambiguous conditions4,5.

The human motion complex (hMT+) is well known to be involved in motion perception6,7 and to con-
tribute to the processing of simple bilateral visual stimuli such as flickering checkerboards8. Bistable apparent 
motion is also processed in this region, as shown by studies using the motion quartet paradigm, which leads to 
perception of either horizontal (across visual hemifields) or vertical (within one visual hemifield) motion9–12. 
Electroencephalographic (EEG) data have suggested stronger oscillatory coupling between right and left visual 
cortices during perception of horizontal motion compared with vertical motion of the motion quartet11, although 
it is difficult with this technique to ascribe a role to particular brain regions such as hMT+. These findings are 
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consistent with the idea that in the case of perceived horizontal movement, information from regions in both 
visual hemispheres may show larger coupling.

In any case, evidence from functional connectivity data that an early visual area such as hMT+ can be piv-
otal in perceptual binding across hemispheres has so far been absent. If this hypothesis holds true, it would 
also inform the independent debate concerning bottom-up vs. top-down mechanisms in perceptual decision13. 
Moreover, structural connectivity data from callosal segments connecting hMT+ show a correlation with per-
ceived horizontal apparent motion12. Nevertheless, the link between long-range perceptual mechanisms and 
functional connectivity remains unexplored, and only inferences on anatomical organization from resting state 
data have so far been attempted14. This motivated our current approach to test whether functional connectivity 
indexes decision-making at the early visual level.

We have shown, using plaid stimuli, that hMT+ underlies the perceptual binding of moving surfaces15. As 
plaids’ components overlap, these stimuli mainly recruit mechanisms that require local integration of motion in 
relatively small receptive fields. Thus, they cannot be used to study interhemispheric binding of visual motion fea-
tures at a larger spatial scale. The fundamental novelty added by the stimulus paradigm used in the current study 
is the need for interhemispheric integration. We used a previously described bistable non-overlapping moving 
stimulus16,17 composed of a 1D component moving in each visual hemifield, which requires interhemispheric 
integration (1D components are interhemispherically integrated into a single 2D surface comprehending both 
hemifields) or segmentation (1D components are perceptually parsed into different objects). This allows us to 
specifically investigate the role of the hMT+ interhemispheric functional connectivity in the modulation of sur-
face segregation vs. integration as a probe to investigate the role long-range interactions in decision. In a previous 
study we observed that long-range binding of this bistable stimulus mainly reflect bottom-up processes arising 
within hMT+13. As a step further, we set to investigate with high-resolution (7T) functional magnetic resonance 
imaging (fMRI), the role of interhemispheric functional connectivity across hMT+ in both hemispheres as a 
modulator of perceptual integration vs. segregation of multiple physically constant moving surfaces separated 
across hemifields.

To take advantage of the high-dimensional nature of 7T fMRI data we acquired a slab of data focused on 
hMT+ (although covering also other visual areas). This a priori choice of our region of interest was based on 
our own previous findings using fMRI data13, suggesting a role for this complex and heterogeneous region (con-
taining MT proper and MST) in perceptual disambiguation of moving surfaces. Previously, we have found that 
hMT+ has a bottom-up dominant role during long-range binding and is critical for the maintenance of the 
perceptual representations (other areas were only involved during the short switch events)13,15. Furthermore, 
previous studies using EEG and structural MRI data had proposed that perceptual decision can be indexed in 
interhemispheric hMT+ communication11,12, reinforcing our a priori hypothesis. hMT+ contains “component” 
neurons responding to the 1-D motion and also neurons showing pattern selectivity, meaning that these neurons 
respond specifically to motion of more complex 2-D objects as a whole (“pattern” neurons), which is the case of 
our stimulus. There is single-cell electrophysiological evidence that neuronal computation of global 2-D or pat-
tern motion is performed by such pattern selective neurons in hMT+, while neurons in early visual cortex, such 
as V1 and V2, are only sensitive to 1-D motion features of an object (virtually 100% of component motion neu-
rons in these regions)18,19. It is therefore not expected that V1 and V2 differentially respond to stimuli requiring 
perceptual integration, as we have verified in our previous studies13,15.

Here, we aim to verify if the interhemispheric binding of visual motion features can be tracked through inter-
hemispheric connectivity of hMT+. If perceptual output is associated with differential interhemispheric connec-
tivity of this region, it indicates that hMT+ is involved in long-range perceptual binding.

Results
Behavioral analysis. All participants showed a sufficiently large number of perceptual switches for an 
event-related analysis, the same holding true, with the exception of one, for blocks of stable perception, which 
were balanced for each percept type (coherent and incoherent). During ambiguous stimulation, participants per-
ceived coherent motion for 8.35 ± 0.96 seconds, on average, while the mean duration of the incoherent motion 
percept was 7.25 ± 0.70 seconds. On average each participant experienced 122.4 ± 15.4 perceptual switches. The 
gamma and lognormal distributions fit well each percept duration histogram, as revealed by the Kolmogorov-
Smirnov test group results. The test demonstrated no significant deviation, at P = 0.05, between the fitted distri-
butions and each percept duration histogram. Additionally, both distributions fitted similarly the data and both 
percepts duration histograms.

hMt+ localization. Localization of hMT+ was the first imaging analysis stage and the basis of all subse-
quent steps. The contrast between the evoked brain activity during the localizer motion and no motion conditions 
produced statistical maps with clear bilateral activations (Fig. 1 shows the example from two participants) within 
the acquired slab (see the functional coverage in Supplementary Fig. S1). The defined regions-of-interest (ROIs) 
per participant included on average 512.89 ± 84.29 voxels from the right hemisphere and 811.33 ± 102.45 voxels 
from the left hemisphere in the expected spatial location of hMT+.

Interhemispheric functional connectivity. In order to study the effect of the interhemispheric integra-
tion (binding) vs. segregation (non-binding across hemispheres) of the ambiguous moving stimulus, we cal-
culated the interhemispheric partial correlation between activity patterns in the right and left hMT+ during 
coherent (bound) and incoherent (unbound) motion percepts. Figure 2A shows the mean transformed Spearman 
correlation between right and left hMT+ during a typical run of the ambiguous stimulation. Unlike what is seen 
in which concerns activation beta values (1.41 ± 0.21 during the coherent motion percept and 1.75 ± 0.23 during 
the incoherent motion percept, see Supplementary Fig. S2), correlation was higher during blocks of coherent 
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Figure 1. Right and left hMT+ localization in two participants (A,B). Activation maps resulting from the 
contrast between motion conditions and the static pattern condition during the localizer experiment. The 
hMT+ left and right are shown at the same statistical threshold level (q(FDR corrected) = 0.05).

Figure 2. Interhemispheric functional connectivity per participant based on the mean of transformed partial 
correlation between activity modulations in left and right hMT+ during each type of motion percept. (A) 
Example of correlation estimation (white line) for one ambiguous run of one participant using hemodynamic 
delay of 3 TR. The red blocks represent the incoherent motion percept intervals and the blue blocks represent 
the coherent motion percept intervals. No motion condition intervals (gray blocks), perceptual intervals 
immediately after no motion condition and intervals with less than 4 TR were not included in the analysis 
(indicated with darkened areas). (B) Mean interhemispheric correlation values during each percept for all 
participants. The correlation values are shown with the standard error of the mean. Group differences were 
significant at P = 0.008.
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motion percept than during blocks of incoherent motion percept in all participants (Fig. 2B). The interhemi-
spheric hMT+ correlation was on average 0.54 ± 0.02 during the coherent motion percept and 0.41 ± 0.04 during 
the incoherent motion percept. This difference in interhemispheric hMT+ correlation between percepts is highly 
significant (P = 0.008, two-tailed paired sample Wilcoxon signed-rank test) and was not present for visual areas 
such as V1/V2. The control experiment revealed no significant differences between the hMT+ interhemispheric 
correlation during passive perceptual viewing of vertical (0.57 ± 0.04) and horizontal (0.57 ± 0.04) motion 
(P = 0.859, two-tailed paired sample Wilcoxon signed-rank test).

The interhemispheric functional connectivity variations depending on the visual motion percept were also 
estimated with a psychophysiological interaction (PPI) analysis, as the difference between the magnitude of the 
interaction regressors of the two perceptual states, when using one hMT+ as seed and analyzing the effect in the 
opposed one. The beta value of the contrast between the PPI predictors was on average higher during the coherent 
motion percept than during the incoherent motion percept for all participants (0.12 ± 0.03), which was significant 
at the group level as revealed by a 2-tailed binomial test (P = 0.004).

As an additional test to the hypothesis that interhemispheric correlations at the level of hMT+ are tightly 
related to perception, we also investigated how the dynamics of interhemispheric correlation in time is associated 
with events of perceptual switches. A sliding window was used to trace an event related time course of the inter-
hemispheric correlation before and after the perceptual switches in both directions, from coherent to incoherent 
motion (Fig. 3A) and vice-versa (Fig. 3B). We found opposite patterns of correlation changes associated with 
the perceptual alternation events. As expected from bilaterally represented homologous motion-sensitive brain 
regions, the baseline correlation between right and left hMT+ was large during visualization of bistable motion. 
Importantly, it decreased (from a maximum to a minimum value) around the perceptual switch from coherent 
to incoherent motion (see Fig. 3A) and increased (from a minimum to a maximum value) around the perceptual 
switch from incoherent to coherent motion (Fig. 3B).

A linear regression to the slope of each correlation curve (from −4 TR to 1 TR, extreme values of correlation 
within mean duration of percepts) established that there is a significant relationship between the dynamics of per-
ceptual switches events and interhemispheric functional connectivity. We found that the slope is significantly dif-
ferent from zero when participants experienced the perceptual switches both from coherent to incoherent motion 
(R2 = 0.95; F (1, 5) = 102.03, P = 0.0005) and from incoherent to coherent motion (R2 = 0.86; F (1, 5) = 30.87, 
P = 0.005).

Discussion
Here, we tested whether interhemispheric functional connectivity in visual area hMT+ reflects long-range per-
ceptual binding and decision. We investigated this question by studying perceptual long-range integration vs. 
segregation of bistable visual moving surfaces. Importantly, we investigated the association between the dynam-
ics of interhemispheric functional connectivity and perceptual switches to directly test our hypothesis. In other 
words, we asked whether interhemispheric binding (coherent percept) leads to increased functional connectivity 
and whether perceptual segregation (incoherent percept) of visual motion surfaces leads to decreased correlation 
patterns between homologous hMT+ regions across hemispheres.

Previous studies investigating neural responses in hMT+ to superimposed moving gratings, the so-called 
plaids15, did not allow for the study of interhemispheric binding of visual motion features. Furthermore, previous 
structural or fMRI studies on the role of visual regions in processing non-local patterns, only addressed the rela-
tion between structural connectivity and perception of apparent motion12, or the responses to bilateral vs. uni-
lateral checkerboard flickering stimuli8. The former showed that structural connectivity in the corpus callosum 
was predictive of the perceptual bias to perceive horizontal apparent motion. The latter suggested that the lateral 
occipito-temporal regions and the medial occipital cortex may contribute to bilateral visual integration during 

Figure 3. Group analysis of the interhemispheric hMT+ time varying correlation during the perceptual 
switches. Note the distinct trajectory and slopes in the correlation curve depending on whether participants 
experienced the perceptual switch from coherent to incoherent motion (A) or from incoherent to coherent 
motion (B). Correlation significantly decreases from coherent (bound) to incoherent (unbound) (P = 0.0005) 
and the opposite occurs from unbound to bound (P = 0.005). The blue and red blocks width shows the mean 
duration of coherent and incoherent motion percepts, respectively. The correlation values are presented after 
Fisher-z transform with the standard error of the mean and taking in account the hemodynamic delay of 3 TR.
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early visual processing. However, none of them addressed the dynamics of interhemispheric functional connec-
tivity across early visual areas, such as hMT+, in relation to long-range binding and perceptual decision. Using 
an apparent motion paradigm, an earlier and inspiring EEG study11, suggested that path integration in apparent 
motion, is reflected in the coupling between right and left visual cortices although its relation to hMT+ could not 
be demonstrated.

We were able to investigate this issue by studying bistability of truly moving surfaces involving integration 
across hemispheres. The fact that our physically constant moving stimulus required long-range integration across 
the vertical meridian, provides ideal conditions for studying interhemispheric communication13,20 and integra-
tion of motion from widely sampled component motion signals. The stimulus could be perceived as a coherent 
pattern comprehending both visual hemifields or as two separate (unbound/incoherent) patterns with distinct 
motion (i.e. perceived as moving in opposing directions, one in each visual hemifield). Our recent fMRI study at 
3 Tesla13 investigated bottom-up and top-down mechanisms in decision with this stimulus, but did not explore 
fluctuations in correlated activity of bilateral homologous hMT+ regions during distinct perceptual transitions, 
as studied here at 7 Tesla. The results of that study revealed no involvement of the early visual cortex in the disam-
biguation of interhemispheric bistable moving surfaces. Here, we also did not find differential response of other 
visual regions than hMT+ related to the perceptual content. However, we cannot exclude that other areas play a 
role in this process. For example, we have previously found evidence that higher-order areas in the parietal cortex, 
are not related to percept maintenance but instead to fast perceptual switches13.

Functional connectivity analysis is known as an estimate of the neuronal activity interactions between two 
or more brain regions21. It is believed that functional connectivity based on fMRI signals reflects the ongoing 
neuronal activity coupling22. Simultaneous EEG-fMRI data have also demonstrated that BOLD responses during 
perceptual decision-making reflect electrophysiological responses in particular in which concerns brain oscilla-
tions23. Here, we studied the correlation of activity patterns between right and left hMT+. Different stimulation 
trials were averaged in order to increase the detection probability of functional connectivity variations24. The 
modulation of interhemispheric correlations as a function of the perceptual state supports our hypothesis that 
increased hMT+ interhemispheric functional connectivity might encode binding of motion information aris-
ing from motion signals sampled across large distances. The higher correlation values and psychophysiological 
interactions observed during the coherent (bound) percept, as compared to the incoherent (unbound) percept, 
mirrors the interhemispheric integration vs. segregation of visual information manifested during each perceptual 
experience. Furthermore, the fact that variations in correlation patterns signaled the timing of perceptual rever-
sals corroborates the hypothesis that interhemispheric communication between visual areas, here studied using 
the dynamics of functional connectivity, serves as a binding mechanism. Importantly, based on a control exper-
iment, we show that the interhemispheric correlation differences found during the ambiguous stimulation are 
due to perceptual binding and not due to mere perception of motion direction. These data provide evidence that 
hMT+ yields mechanisms for perceptual grouping operations underlying the switches between long-range inte-
gration and segregation of visual motion. Although the effects sizes of our results are not large (possibly because 
of the already large baseline correlation), they are quite significant. An outstanding question relates to the rela-
tive contribution of regions such as MST and FST, which also belong to the MT + complex, to interhemispheric 
connectivity. Here, we used a functional localizer approach, based on linear axis of motion mapping, that was 
previously shown to be mainly confined to MT proper25. We do therefore expect that the observed effect is largely 
dominated by a contribution of MT. Future studies, focusing on the heterogeneity of hMT+ clusters, should try 
to address into which extent MST and FST contribute to interhemispheric connectivity patterns.

We demonstrated for the first time evidence based on fMRI data of a close relation between interhemispheric 
functional connectivity and long-range perceptual integration. Accordingly, we found that the dynamics of the 
functional connectivity reflects the perceptual binding vs. perceptual segregation decisions leading to bound and 
unbound configurations of the bistable stimulus. It remains an interesting question what is exactly the neural 
mechanism behind the change in interhemispheric connectivity related to perceptual switches. It might reflect 
the synchronization of slow fluctuations in the underlying signals, which may be different between perceptual 
conditions. We add to previous suggestions that dynamic fluctuations in brain connectivity26,27 and oscillations23 
relate to ongoing cognitive function. Our results are novel because in previous studies changing the task or the 
stimulus did not significantly alter connectivity much beyond observed resting state connectivity28. Resting state 
connectivity in hMT+ has been already explicitly tested in a recent fMRI study14. The authors used functional 
connectivity to investigate whether resting-state activity patterns map onto the anatomical and functional archi-
tecture of the brain. Visual tasks, such as apparent motion, were also applied but no evidence for perceptual mod-
ulation was identified using such path integration paradigm. Thus, our study is intriguing because it shows for the 
first time that it is possible to identify changes in interhemispheric connectivity related to perceptual decision. We 
believe that this may be related to the unique nature of our task involving changes in conscious perception and 
large-range integration of whole hemifield representations.

In conclusion, our results indicate that hMT+ interhemispheric functional connectivity modulation reflects 
perceptual switches involving differential long-range integration/segregation of visual moving stimuli, suggesting 
a crucial role for hMT+ on long-range perceptual binding and decision-making. The interhemispheric correla-
tion changes across hMT+ depended on whether participants integrated all motion features into the percept of 
a single coherent pattern (bound configuration) or whether they segregated visual motion features (unbound). 
Future studies should elucidate the role, at finer temporal and spatial scales, of functional connectivity in 
long-range perceptual integration and binding.
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Methods
Participants. Ten participants (six males; 28.7 ± 7.6 years; 9 right-handed) with normal or corrected-to-nor-
mal vision and with no history of psychiatric or neurological disorders participated in this study. Participants 
gave informed consent and were paid for their participation. All experimental procedures were conducted with 
approval from the Ethical Committees of Coimbra University and the Faculty of Psychology and Neuroscience 
of Maastricht University. The study has been conducted according to the principles expressed in the Declaration 
of Helsinki.

Experimental design. We acquired a standard structural MRI sequence and fMRI data (an hMT+ func-
tional localizer and ambiguous visual motion stimulation runs) from all participants. Furthermore, the partici-
pants performed familiarization sessions outside the scanner (two runs of ambiguous stimulation per day during 
the week before of the scanning session).

The familiarization sessions helped participants get used to the ambiguous stimulus and allowed us to verify 
whether robust bistability was present. Only participants with minimum average duration of six seconds per each 
motion percept were eligible for the imaging study.

The stimuli were created with MATLAB (version 2016a; The Mathworks, Inc.), using the Psychophysics 
Toolbox29,30. In the scanner, they were projected on a screen located at 99 cm away from the participant (screen 
size: 17.2° × 10.4° (horizontal × vertical); stimuli size: 11° × 10°; projection display: resolution of 1920 × 1080 and 
refresh rate of 60 Hz). Responses were collected through a magnetic resonance compatible button box (Current 
Designs, 4-button response device, Philadelphia, USA).

The structural and functional data were acquired with a Siemens MAGNETOM 7T scanner (Siemens; 
Erlangen, Germany) and a 32-channel head-coil (Nova Medical Inc.; Wilmington, MA, USA) at the facil-
ities of the Faculty of Psychology and Neuroscience of Maastricht University. The pre-processing and analy-
ses of the imaging data were performed using BrainVoyager QX (version 2.8.4; Brain Innovation, Maastricht, 
The Netherlands)31 and MATLAB. Statistical analyses were performed with the IBM (Armank, 169 NY) SPSS 
Statistics 22.0 software package.

hMt+ Functional localizer. To functionally localize the hMT+ complex we showed participants moving 
gratings in multiple axes of motion. The stimulus was composed by 8 motion conditions (both directions of 
motion along axis of 0°, 45°, 90° and 135°) randomly interleaved with a no motion condition, all with the duration 
of 8 seconds. Each motion condition was repeated 9 times across 3 stimulation runs with 196 volumes each. All 
the motion conditions consisted of black moving lines on a white background (contrast: 100%; motion speed: 3°/s;  
duty cycle: 6%; spatial frequency: 0.6 cycle/°; stimulus visual angle: 11° × 10° – horizontal × vertical). A central 
blue cross (visual angle: 0.2°) was presented as a fixation target at the visual midline. Our axis of motion localizer 
approach took into account our previous finding that axes of motion mapping yield direction selective maps that 
are largely confined to the MT proper portion of hMT+, defined retinotopically25. In this way, in spite of not pro-
viding an explicit separation of MST from MT, our localizer strategy allows us to have a dominant contribution 
of MT proper to the defined ROIs.

The right and left hMT+ were defined per participant as the voxels in the middle temporal region responding 
significantly, at q (FDR) = 0.05, to the contrast of motion resulting from fixed effects general linear model (GLM) 
analyses.

Ambiguous stimulus. The ambiguous stimulus consisted of a roof-like pattern (oblique black lines equally 
separated forming an inverted V-shape on a white background) continuously moving downward (orienta-
tion: ± 25° relative to x-axis; contrast: 100%; motion speed: 3°/s; duty cycle: 6%; spatial frequency: 0.6 cycle/°; 
stimulus visual angle: 11° × 10° - horizontal × vertical) with a central blue fixation cross (visual angle: 0.2°). The 
design of the stimulus is based on the original description of Wallach16,17 and its direction of motion, parallel to 
vertical meridian, was chosen to challenge the interhemispheric coherence (so that incoherent motion did not 
cross the vertical meridian, unlike coherent motion, which required across meridian binding). In spite of the 
absence of physical change in the moving stimulus, participants spontaneously experienced perceptual alterna-
tions between coherent motion (the lines were coherently perceived as moving downward, as a single roof-like 
surface covering both hemifields – Fig. 4A) and incoherent motion (the lines were perceived as two separate 
surfaces, one in each visual hemifield, moving inward – Fig. 4B), reflecting its bistability. Participants reported the 
perceived motion pattern through a button press.

In order to optimize the stimulus for the presence of more stable percepts, it was prepared with a slight offset 
of 0.06° between the two 1D components and the line terminations on the stimulus border were smoothed using 
a mask with a central aperture (9.9° × 10°) superimposed on the roof-like surface32. The mask was prepared using 
a bi-dimensional squared Gaussian kernel (width and height: 0.6° ± 0.3°). The ambiguous stimulation was divided 
in four separate runs with 180 volumes each, completing 20 trials of motion (60 seconds each) interleaved with no 
motion periods (static figure of the roof-shaped stimulus presented for 15 seconds).

Imaging data acquisition. Structural images were acquired for anatomical reference using a T1-weighted 
magnetization prepared rapid acquisition gradient echo (3D-MPRAGE) (256 sagittal slices; isotropic resolution 
of 0.6 mm; repetition time (TR) = 3100 ms; echo time (TE) = 2.52 ms; flip angle = 5°; matrix = 384 × 384). To cor-
rect for intensity inhomogeneities, additional gradient echo proton-density (GE-PD) images (same parameters as 
3D-MPRAGE, except TR = 1440 ms) were acquired.

Functional images were obtained using gradient echo (T2-weighted) echo-planar imaging (2D GE-EPI) (28 
slices; isotropic resolution of 0.8 mm; TR = 2000 ms; TE = 25.6 ms; flip angle = 69°; matrix = 186 × 186). After the 
GE-PD images, additional five functional volumes, with a reversed encoding direction, were acquired to correct 
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for echo-planar imaging (EPI) distortions. Moreover, in order to ensure that functional images with isotropic 
resolution of 0.8 mm would be in the correct position to cover the bilateral ROI, a slice positioning functional 
run, with a protocol based on previous studies25,33,34, was first acquired (39 coronal slices; isotropic resolution of 
1.6 mm; TR = 2000 ms; TE = 17.2 ms; flip angle = 70°; matrix = 88 × 88).

Behavioral Data Analysis. In order to understand the dynamics of bistable perception, the mean duration 
of each percept and the number of perceptual switches per participant were estimated. The gamma and the log-
normal distributions4,35,36 were fitted to the data using the maximum likelihood method to estimate the parame-
ters per participant (time-window from zero to the longest percept duration) and the goodness of fit was assessed 
using the Kolmogorov-Smirnov test.

Imaging data pre-processing. The spatial intensity inhomogeneities of the anatomical images were cor-
rected based on proton density measurement information37 and applying a standard correction38 which uses 
low-order polynomials to model low-frequency variations. Then, the anatomical data were normalized to the 
AC-PC space39 and up-scaled to an isotropic resolution of 0.8 mm using a sinc-weighted interpolation.

Functional data for each participant were corrected for 3D body motion, aligning all subsequent runs to the 
functional run closest to the anatomical scans, and a temporal high-pass filtering (GLM-Fourier with two cycles 
sine/cosine per run, including linear trend removal) was applied. Furthermore, a distortion correction method40 
based on opposite phase encoding of recorded functional volumes with distortions in opposite directions was 
applied. Finally, functional images were co-registered to the 3D anatomical data and resampled at the original 
resolution using a sinc interpolation.

Imaging data analysis. A GLM was used to assess the functional activation patterns41. The predictors 
for conditions of interest were generated by convolving the activation blocks with the standard hemodynamic 
response function42. In the ambiguous runs, the activation blocks were defined separately for the two perceptual 
states as reported by the participants. For each stimulation protocol, all runs were analyzed together at the single 
subject level using GLM and including the motion parameters as confound predictors. The data were normalized 
according to z-transformation and corrected for serial correlations.

Interhemispheric functional connectivity. We started by investigating the interhemispheric functional 
connectivity as the correlation between the right and left hMT+ activity time courses during the coherent and 
incoherent motion percepts per participant. The connectivity was estimated as the partial Spearman’s43 correla-
tion between the right and left hMT+ ROIs conditioned on the time courses of a ROI with noisy signal (unrelated 
spherical ROI with 257 voxels defined on the white matter) using the partialcorr function of MATLAB Statistics 
Toolbox. The time courses of each ROI were extracted for each run and then the interhemispheric correlation 
was calculated from block to block along the time course depending on the perceived pattern of motion and 
taking into account the hemodynamic delay of six seconds. Only the blocks with a minimum duration of eight 
seconds were included. Also, blocks immediately after a baseline period were not included. On average we ana-
lyzed 28.56 ± 2.77 trials during which the participant perceived coherent motion (mean duration of 4.99 ± 0.33) 
and 32.11 ± 3.74 trials during which the participant perceived incoherent motion (mean duration of 5.04 ± 0.23). 
The correlation values per percept and per participant were assessed based on the mean of the correlation values 
calculated per blocks of each percept. Data from one participant was not included due to the low duration of inco-
herent percepts. Additionally, a control experiment for the interhemispheric functional connectivity fluctuation 

Figure 4. Ambiguous moving stimulus based on roof-shaped lines, which elicits two alternative perceptual 
interpretations. This paradigm allows us to study bistable perceptual transitions between interhemispheric long-
range integration (A – the 1D components are integrated into a single 2D moving pattern comprehending both 
hemifields, coherent motion) and segregation (B – the 1D components are perceptually parsed into different 
objects, one in each hemifield, incoherent motion) of visual motion features. Arrows depict the direction of 
perceived motion. The amplified difference in phase in B represents only a perceptual feature of the illusion, as 
the physical stimulus was constant.
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due to different motion orientation perception was performed. The hMT+ interhemispheric correlation during 
passive perceptual integration of vertical and horizontal motion was estimated based on the moving gratings used 
in localizer runs.

To further replicate correlation analysis per block (which has some limitations such as the need to discard 
blocks), we also estimated the interhemispheric functional connectivity based on the generalized psychophys-
iological interaction (gPPI) analyses44, which identifies a task-specific increase in the exchange of information 
between brain regions45,46. We applied the BrainVoyager’ PPI plugin per participant taking into account the 
motion parameters as confounds. Each ROI, right and left hMT+, was used as seed to extract the beta value of the 
contrast between the PPI predictors of each percept.

The correlation dynamics over perceptual switches was also analyzed. A centered sliding window of ten sec-
onds was used to estimate the time courses of partial Spearman’s correlation during ambiguous stimulation. 
We then focused on the perceptual switch events from coherent to incoherent motion and vice-versa to analyze 
the group changes in interhemispheric correlation over time taking into account the hemodynamic delay of six 
seconds.

All correlation coefficients were converted to z scores using Fisher’s z transformation.

Statistical analysis. Interhemispheric correlation groups’ differences were evaluated using a paired sample 
Wilcoxon signed-rank test (2-tailed). On the other hand, the probability of a higher interhemispheric psycho-
physiological interaction during the coherent percept than during the incoherent percept, at the group level, was 
estimated by a 2-tailed binomial test. Furthermore, a regression model was used to determine whether there 
was a significant relationship between the perceptual switches and the dynamics of interhemispheric functional 
connectivity.

Data Availability
The datasets generated during the current study are available from the corresponding author on reasonable re-
quest.

References
 1. Treisman, A. The binding problem. Curr Opin Neurobiol 6, 171–178 (1996).
 2. Burwick, T. The binding problem. Wiley Interdiscip. Rev. Cogn. Sci. 5, 305–315 (2014).
 3. Spillmann, L. & Werner, J. S. Long-range interactions in visual perception. Trends Neurosci. 19, 428–434 (1996).
 4. Leopold, D. A. & Logothetis, N. K. Multistable phenomena: Changing views in perception. Trends in Cognitive Sciences 3, 254–264 

(1999).
 5. Sterzer, P., Kleinschmidt, A. & Rees, G. The neural bases of multistable perception. Trends in Cognitive Sciences 13, 310–318 (2009).
 6. Tootell, R. B. et al. Functional analysis of human MT and related visual cortical areas using magnetic resonance imaging. J. Neurosci. 

15, 3215–3230 (1995).
 7. Kolster, H., Peeters, R. & Orban, G. A. The Retinotopic Organization of the Human Middle Temporal Area MT/V5 and Its Cortical 

Neighbors. J. Neurosci. 30, 9801–9820 (2010).
 8. Liu, Z., Zhang, N., Chen, W. & He, B. Mapping the bilateral visual integration by EEG and fMRI. Neuroimage 46, 989–997 (2009).
 9. Sterzer, P., Eger, E. & Kleinschmidt, A. Responses of extrastriate cortex to switching perception of ambiguous visual motion stimuli. 

Neuroreport 14, 2337–41 (2003).
 10. Muckli, L., Kohler, A., Kriegeskorte, N. & Singer, W. Primary visual cortex activity along the apparent-motion trace reflects illusory 

perception. PLoS Biol. 3 (2005).
 11. Rose, M. & Büchel, C. Neural coupling binds visual tokens to moving stimuli. J. Neurosci. 25, 10101–10104 (2005).
 12. Genç, E., Bergmann, J., Singer, W. & Kohler, A. Interhemispheric connections shape subjective experience of bistable motion. Curr. 

Biol. 21, 1494–1499 (2011).
 13. Duarte, J. V., Costa, G. N., Martins, R. & Castelo-Branco, M. Pivotal role of hMT+ in long-range disambiguation of interhemispheric 

bistable surface motion. Hum. Brain Mapp. 38, 4882–4897 (2017).
 14. Genç, E., Schölvinck, M. L., Bergmann, J., Singer, W. & Kohler, A. Functional connectivity patterns of visual cortex reflect its 

anatomical organization. Cereb. Cortex 26, 3719–3731 (2016).
 15. Castelo-Branco, M. et al. Activity patterns in human motion-sensitive areas depend on the interpretation of global motion. Proc. 

Natl. Acad. Sci. 99, 13914–13919 (2002).
 16. Wallach, H. Über visuell wahrgenommene Bewegungsrichtung. Psychol. Forschnung 325–380 (1935).
 17. Wuerger, S., Shapley, R. & Rubin, N. On the visually perceived direction of motion by Hans Wallach: 60 years later. Perception 25, 

1317–1367 (1996).
 18. O’Keefe, L. P. & Movshon, J. A. Processing of first- and second-order motion signals by neurons in area MT of the macaque monkey. 

Vis. Neurosci. 15, 305–317 (1998).
 19. Movshon, J. A. & Newsome, W. T. Visual response properties of striate cortical neurons projecting to area MT in macaque monkeys. 

J. Neurosci. 16, 7733–7741 (1996).
 20. Costa, G. N., Duarte, J. V., Martins, R., Wibral, M. & Castelo-Branco, M. Interhemispheric Binding of Ambiguous Visual Motion Is 

Associated with Changes in Beta Oscillatory Activity but Not with Gamma Range Synchrony. J. Cogn. Neurosci. 29, 1829–1844 
(2017).

 21. Rogers, B. P., Morgan, V. L., Newton, A. T. & Gore, J. C. Assessing functional connectivity in the human brain by fMRI. Magn. Reson. 
Imaging 25, 1347–1357 (2007).

 22. Engel, A. K., Gerloff, C., Hilgetag, C. C. & Nolte, G. Intrinsic Coupling Modes: Multiscale Interactions in Ongoing Brain Activity. 
Neuron 80, 867–886 (2013).

 23. Castelhano, J., Duarte, I. C., Wibral, M., Rodriguez, E. & Castelo-Branco, M. The dual facet of gamma oscillations: Separate visual 
and decision making circuits as revealed by simultaneous EEG/fMRI. Hum. Brain Mapp. 35, 5219–5235 (2014).

 24. Hindriks, R. et al. Can sliding-window correlations reveal dynamic functional connectivity in resting-state fMRI? Neuroimage 127, 
242–256 (2016).

 25. Zimmermann, J. et al. Mapping the organization of axis of motion selective features in human area mt using high-field fmri. Plos 
One 6 (2011).

 26. Medaglia, J. D., Lynall, M. E. & Bassett, D. S. Cognitive network neuroscience. J. Cogn. Neurosci. 27, 1471–1491 (2015).
 27. Shine, J. M. et al. The Dynamics of Functional Brain Networks: Integrated Network States during Cognitive Task Article The 

Dynamics of Functional Brain Networks: Integrated Network States during Cognitive Task Performance. Neuron 92, 544–554 
(2016).

https://doi.org/10.1038/s41598-018-37822-x


www.nature.com/scientificreports/

9Scientific RepoRts |          (2019) 9:1242  | https://doi.org/10.1038/s41598-018-37822-x

 28. Wilf, M. et al. Spontaneously emerging patterns in human visual cortex reflect responses to naturalistic sensory stimuli. Cereb. 
Cortex 27, 750–763 (2017).

 29. Brainard, D. H. The Psychophysics Toolbox. Spat. Vis. 10, 433–436 (1997).
 30. Pelli, D. G. The VideoToolbox software for visual psychophysics: transforming numbers into movies. Spat. Vis. 10, 437–442 (1997).
 31. Goebel, R., Esposito, F. & Formisano, E. Analysis of Functional Image Analysis Contest (FIAC) data with BrainVoyager QX: From 

single-subject to cortically aligned group General Linear Model analysis and self-organizing group Independent Component 
Analysis. Hum. Brain Mapp. 27, 392–401 (2006).

 32. Lorenceau, J. & Shiffrar, M. The influence of terminators on motion integration across space. Vision Res. 32, 263–273 (1992).
 33. Emmerling, T., Zimmermann, J., Sorger, B., Frost, M. & Goebel, R. Decoding the direction of imagined visual motion using 7T ultra-

high field fMRI. Neuroimage 125, 61–73 (2015).
 34. Huk, A. & Heeger, D. Pattern-motion responses in human visual cortex. Nat. Neurosci. 5, 72–75 (2002).
 35. Borsellino, A., De Marco, A., Allazetta, A., Rinesi, S. & Bartolini, B. Reversal time distribution in the perception of visual ambiguous 

stimuli. Kybernetik 10, 139–144 (1972).
 36. Zhou, Y. H., Gao, J. B., White, K. D., Merk, I. & Yao, K. Perceptual dominance time distributions in multistable visual perception. 

Biol. Cybern. 90, 256–263 (2004).
 37. Van de Moortele, P.-F. et al. T1 weighted brain images at 7 Tesla unbiased for Proton Density, T2* contrast and RF coil receive B1 

sensitivity with simultaneous vessel visualization. Neuroimage 46, 432–46 (2009).
 38. Hou, Z., Huang, S., Hu, Q. & Nowinski, W. L. A fast and automatic method to correct intensity inhomogeneity in MR brain images. 

Med. Image Comput. Comput. Assist. Interv. 9, 324–31 (2006).
 39. Talairach, J. & Tournoux, P. Co-Planar Stereotaxis Atlas of the Human Brain: 3-D Proportional System. (Thieme Medical Publisher, 

1988).
 40. Andersson, J. L. R., Skare, S. & Ashburner, J. How to correct susceptibility distortions in spin-echo echo-planar images: Application 

to diffusion tensor imaging. Neuroimage 20, 870–888 (2003).
 41. Kutner, M. H., Nachtsheim, C. J. J., Neter, J. & Li, W. Applied Linear Statistical Models. (McGraw-Hill Companies, 2004).
 42. Friston, K. J., Josephs, O., Rees, G. & Turner, R. Nonlinear event-related responses in fMRI. Magn. Reson. Med. 39, 41–52 (1998).
 43. de Winter, J. C. F., Gosling, S. D. & Potter, J. Comparing the Pearson and Spearman Correlation Coefficients Across Distributions and 

Sample Sizes: A Tutorial Using Simulations and Empirical Data. Psychological Methods 21, 273–290 (2016).
 44. McLaren, D. G., Ries, M. L., Xu, G. & Johnson, S. C. A generalized form of context-dependent psychophysiological interactions 

(gPPI): A comparison to standard approaches. Neuroimage 61, 1277–1286 (2012).
 45. Friston, K. et al. Psychophysiological and Modulatory Interactions in Neuroimaging. Neuroimage 6, 218–229 (1997).
 46. O’Reilly, J. X., Woolrich, M. W., Behrens, T. E. J., Smith, S. M. & Johansen-Berg, H. Tools of the trade: Psychophysiological 

interactions and functional connectivity. Soc. Cogn. Affect. Neurosci. 7, 604–609 (2012).

Acknowledgements
This research work was funded by the Portuguese Foundation for Science and Technology (FCT) (grants: 
COMPETE UID/NEU/04539/2013, COMPETE POCI-01-0145-FEDER-007440, BIGDATIMAGE CENTRO-01-
0145-FEDER-000016, Centro 2020 FEDER, COMPETE and SFRH/BD/80735/2011) and by the BIAL projects 
373/14 and 207/16, ICNAS-Produção. We thank Alexandre Sayal Campos for the help in data analysis.

Author Contributions
Writing of the manuscript: all authors. Study concept/design: all authors. Analysis and interpretation of the data: 
T.S., J.V.D., G.N.C., R.G., M.C-B. Data acquisition: T.S. and V.K.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-37822-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-37822-x
https://doi.org/10.1038/s41598-018-37822-x
http://creativecommons.org/licenses/by/4.0/

	Tracking perceptual decision mechanisms through changes in interhemispheric functional connectivity in human visual cortex
	Results
	Behavioral analysis. 
	hMT+ localization. 
	Interhemispheric functional connectivity. 

	Discussion
	Methods
	Participants. 
	Experimental design. 
	hMT+ Functional localizer. 
	Ambiguous stimulus. 
	Imaging data acquisition. 
	Behavioral Data Analysis. 
	Imaging data pre-processing. 
	Imaging data analysis. 
	Interhemispheric functional connectivity. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Right and left hMT+ localization in two participants (A,B).
	Figure 2 Interhemispheric functional connectivity per participant based on the mean of transformed partial correlation between activity modulations in left and right hMT+ during each type of motion percept.
	Figure 3 Group analysis of the interhemispheric hMT+ time varying correlation during the perceptual switches.
	Figure 4 Ambiguous moving stimulus based on roof-shaped lines, which elicits two alternative perceptual interpretations.




