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A B S T R A C T   

In humans and non-human primates (NHPs), motion and stereopsis are processed within fine-scale cortical sites, 
including V2 thick stripes and their extensions into areas V3 and V3A that are believed to be under the influence 
of magnocellular stream. However, in both species, the relative functional organization (overlapping vs. none 
overlapping) of these sites remains unclear. Using high-resolution functional MRI (fMRI), we found evidence for 
two minimally-overlapping channels within human extrastriate areas that contribute to processing motion and 
stereopsis. Across multiple experiments that included different stimuli (random dots, gratings, and natural 
scenes), the functional selectivity of these channels for motion vs. stereopsis remained consistent. Furthermore, 
an analysis of resting-state functional connectivity revealed stronger functional connectivity within the two 
channels rather than between them. This finding provides a new perspective toward the mesoscale organization 
of the magnocellular stream within the human extrastriate visual cortex, beyond our previous understanding 
based on animal models.   

1. Introduction 

In the visual cortex of humans and NHPs, the magnocellular pro-
cessing stream consists of multiple fine-scale cortical sites that are 
distributed across extrastriate visual cortex (Felleman and Van Essen, 
1991; Tootell and Nasr, 2017). In both species, these cortical sites are 
involved in processing motion and stereopsis (depth), two important but 
fundamentally different aspects of any visual stimuli. To this day, in 
either species, it remains unknown whether motion and stereopsis are 
encoded within two mostly separate (i.e. none-to-minimally over-
lapping) sites within the magnocellular stream or if the same sites 
contribute to encoding both features. 

In NHPs, stimulus motion and stereopsis are processed selectively 
within V2 thick stripes (Chen et al., 2008; Hubel and Livingstone, 1987; 
Li et al., 2017; Lu et al., 2010; Maunsell and Van Essen, 1983; Peterhans 
and von der Heydt, 1993; Roe and Ts’o, 1995; Shipp and Zeki, 2002). 
The information encoded within these stripes is further processed within 
areas V3, V3A and MT (Felleman and Van Essen, 1991; Zeki and Shipp, 
1988). Specifically, motion-selective neuronal columns are found 

frequently within areas V3 (Felleman and Van Essen, 1987; Gegenfurt-
ner et al., 1997), V3A (Galletti et al., 1990; Nakhla et al., 2021; Zeki, 
1978) (but see also (Orban et al., 2003; Vanduffel et al., 2001)) and MT 
(Albright et al., 1984; DeAngelis and Uka, 2003; Maunsell et al., 1990). 
Stereo-selective neuronal columns have also been reported within all 
these areas (Anzai et al., 2011; DeAngelis and Newsome, 1999, 2004; 
Felleman and Van Essen, 1987; Krug and Parker, 2011; Thomas et al., 
2002; Tsao et al., 2003). However, the relative spatial organization of 
motion- and stereo-selective sites within these areas remains largely 
unknown. 

With recent advances in high-resolution fMRI, homologous organi-
zations have been shown in human visual cortex. Specifically, multiple 
studies have shown evidence for cortical columns across areas V2, V3 
and V3A that contribute to encoding stereopsis (Goncalves et al., 2015; 
Nasr et al., 2016; Ng et al., 2021) and motion (Tootell and Nasr, 2021). 
Similar to NHPs, and based on their stimulus selectivity and functional 
connections, these cortical columns appear to be under the influence of 
magnocellular stream (Tootell and Nasr, 2017, 2021). Here again, the 
relative spatial organization of motion- and stereo-selective sites within 
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these early visual areas remains largely unknown due to technical 
challenges in functional imaging of such small brain sites. 

Thus, despite the abundance of evidence for existence of motion- and 
stereo-selective cortical columns across areas V2, V3 and V3A in humans 
and NHPs, the detailed nature of their spatial organization (overlapping 
vs. none (or minimally) overlapping) remains unknown. Consequently, 
it is not clear whether motion processing is conducted in parallel with 
that of stereopsis or if the processing of motion is intermixed with that 
for stereopsis. This lack of knowledge has limited our ability to infer the 
underlying circuitry at mesoscale levels. 

Here, we tested the hypothesis that motion and stereopsis are pro-
cessed through two minimally-overlapping channels within the human 
extrastriate visual areas. Using high-resolution fMRI, we localized the 
fine-scale motion- and stereo-selective sites across areas V2, V3 and V3A 
in the same individuals. Using this technique, we also tested the func-
tional properties of these sites, including their contribution in orienta-
tion, spatial frequency (SF), motion direction and depth encoding plus 
their functional connections during resting-state. The result of these 
tests revealed that motion- and stereo-selective sites are distributed 
within several cortical areas, including V2, V3 and V3A, forming two 
channels within the magnocellularly influenced regions. 

2. Methods 

2.1. Participants 

Fifteen human subjects (6 females), aged 23–44 years old, partici-
pated in this study (Table S1). All subjects had normal or corrected-to- 
normal visual acuity (based on the Snellen test), normal color vision 
(Ishihara and Farnsworth D15 tests), normal stereovision (Randot test), 
and radiologically normal brains without history of neuropsychological 
disorder. All experimental procedures conformed to NIH guidelines and 
were approved by Massachusetts General Hospital protocols. Written 
informed consent was obtained from all subjects prior to all 
experiments. 

2.2. General Procedures 

Subjects were scanned multiple times (Table S1) in an ultra-high 
field 7T scanner (whole-body system, Siemens Healthcare, Erlangen, 
Germany) for functional experiments. All subjects were also scanned in a 
3T scanner (Tim Trio, Siemens Healthcare) for structural imaging. 

In all functional experiments (except for the functional connectivity 
test), stimuli were presented via an LCD projector (1024 × 768 pixel 
resolution, 60 Hz refresh rate) onto a rear-projection screen, viewed 
through a mirror mounted on the receive coil array. Matlab 2020a 
(MathWorks, Natick, MA, USA) and the Psychophysics Toolbox (Brai-
nard, 1997; Pelli, 1997) were used to control stimulus presentation. 

All experiments (except for the resting-state tests) were block- 
designed. The duration of blocks (Table S1), the number of blocks per 
stimulus condition, and the average luminance of the stimuli did not 
differ between the experimental conditions. Further details of the 
stimuli are described separately for each experiment below. 

During these experiments, subjects were instructed to look at a 
centrally presented object (radius = 0.15◦) and to do an orthogonal 
dummy task. Specifically, in all experiments (except for resting state and 
the stereo-selectivity tests), subjects were asked to report color-change 
for the fixation target (red-to-blue or vice versa). For the stereo- 
selectivity tests, subjects were asked to report shape-change for the 
fixation target (circle-to-square or vice versa). These tasks were con-
ducted irrespective of the stimuli presented in the background and 
remained the same across the whole run, including the blank presen-
tation interval. In all experiments, the subject’s average performance for 
the dummy task remained above 75 % without any significant difference 
across experimental conditions (p > 0.10). 

2.2.1. Experiment 1a – Localizing motion-selective sites 
Motion-selective sites were localized based on their stronger 

response to moving compared to stationary stimuli. Stimuli consisted of 
concentric rings (30 cd/m2), extending 20◦ × 26◦ (height ×width) in the 
visual field, presented against a light gray background (40 cd/m2) 
(Fig. 1A). As mentioned above, the experiment was block-designed (24 s 
per block; Table S1). In half of the blocks, rings moved radially 
(centrifugally vs. centripetally; 4◦/s) and the direction of motion 
changed every 3 s to reduce the impact of motion after-effects. In the 
other half of blocks, rings remained stationary during the whole block. 
Each run started and finished with a 12 s of uniform gray presentation. 
The sequence of moving and stationary blocks was pseudo-randomized 
across runs. 

2.2.2. Experiment 1b – Localizing stereo-selective sites 
Stereo-selective sites were localized based on their stronger response 

to 3D compared to 2D stimuli. Stimuli were sparse (5 %) random dot 
stereograms (RDS), based on red or green dots (0.09◦ × 0.09◦; 56 cd/ 
m2), presented against a black background (Fig. 1B). Stimuli extended 
20◦ × 26◦ in the visual field. Subjects viewed the stimulus through 
custom made anaglyph spectacles mounted to the head coil. In the 3D 
blocks (24 s per block; Table S1), the RDS stimuli formed a stereoscopic 
percept of an array of cuboids that oscillated in depth (− 0.22◦ to 0.22◦; 
0.3 Hz), with independent phase. In the 2D blocks, the fused percept 
formed a fronto-parallel plane intersecting the fixation target (i.e. zero 
depth at that point) and oscillated translationally (left to right and vice 
versa; 0.3 Hz). Each experimental run began and ended with 12 s of 
uniform black. The sequence of stimulus blocks was pseudo-randomized 
across runs. 

2.2.3. Experiments 2a and 2b – Localizing color-selective sites and 
measuring the impact of stimulus orientation on the evoked response 

To localize color-selective sites, subjects were presented in separate 
blocks (24 s per block; Table S1) with sinusoidal gratings (0.2c/deg; 20◦

× 26◦) which varied in either color (between red and blue) or achro-
matic luminance (Fig. 1C). For each subject, colors were adjusted to be 
equal in luminance across all eccentricities stimulated, using the method 
of flicker-photometry (Bone and Landrum, 2004; Ives, 1907) and ac-
cording to each subject’s color perception (for more details see (Nasr 
et al., 2016)). 

In different blocks, orientation of colorful and achromatic gratings 
were either 0◦, 45◦, 90◦ or 135◦, drifting in orthogonal directions 
(reversed every 6 s) at 4◦/s. This design enabled us to measure the 
impact of stimulus orientation on the evoked response (Experiment 2b). 
Each run started and finished with a short block (18 s) of uniform gray of 
equal mean luminance. The sequence of blocks within each run was 
pseudo-randomized. 

2.2.4. Experiment 2c – Measuring spatial frequency preference 
To measure the spatial frequency preference in different sites, sub-

jects were presented with sinusoidal gratings (20◦ × 26◦; average 
luminance = 40 cd/m2) of differing spatial frequency (0.1, 0.27, 0.73, 
2.08 and 5.79c/deg) across different blocks (16 s per block; Table S1). In 
each block, the spatial frequency of the stimuli remained the same. But 
the orientation of gratings changed pseudo-randomly every 4 s. In 
addition, grating phase reversed every 1 s. Each run began and ended 
with an additional block (12 s) of uniform gray of equivalent mean 
luminance. The sequence of blocks was pseudo-randomized across runs. 

2.2.5. Experiment 3a – Measuring motion-selective activity induced by 
radially-moving random dots 

In this experiment, rather than using concentric rings (as in Experi-
ment 1a), subjects were presented with white (80 cd/m2) random dots 
(Fig. 4A). In different blocks (24 s per block; Table S1), dots moved (4◦/ 
s) either centrifugally (33 % of blocks), centripetally (33 % of blocks) or 
remained stationary (the rest of blocks). This design also enabled us to 

B. Kennedy et al.                                                                                                                                                                                                                                



Progress in Neurobiology 220 (2023) 102374

3

assess the impact of motion direction (centrifugal vs. centripetal) on the 
evoked response (Experiment 5a). Stimuli were presented against a 
black background, extending 20◦ × 26◦ in the visual field. The size of 
dots increased with eccentricity according to cortical magnification 
factor (Sereno et al., 1995). Each run began and ended with an addi-
tional block (12 s) of uniform black. The sequence of blocks was 
pseudo-randomized across runs. 

2.2.6. Experiment 3b – Measuring motion-selective activity induced by 
translationally- moving random dots 

The stimuli were similar to those used in Experiment 3a with two 
exceptions. First, rather than moving radially, in different blocks (24 s 
per block; Table S1), stimuli moved either left-ward (20 % of blocks), 
right-ward (20 % of block), up-ward (20 % of block), and down-ward 
(20 % of block) (Figure S7). In the rest of blocks, stimuli remained sta-
tionary. Second, the size of dots remained the same (radius = 0.02◦) and 
did not change with their eccentricity. This design also enabled us to 
measure the impact of motion direction on the evoked response 
(Experiment 5b). The other aspects of the procedure were similar to 
those in Experiment 3a. 

2.2.7. Experiment 3c – Measuring stereo-selective activity induced by 
depth-varying gratings 

In this experiment, rather than using RDS to measure stereo-selective 
activation, (as in Experiment 1b), subjects were presented with low SF 
(0.25c/deg) red-to-black and green-to-black sinusoidal gratings (20◦ ×

26◦; average luminance = 28 cd/m2) (Fig. 4C). Subjects viewed the 
stimuli through custom anaglyph spectacles as in Experiment 1b. Stimuli 
overlaid and fused within all experiment blocks. In 50 % of blocks (24 s 
per block; Table S1), the level of binocular disparity oscillated between 
− 0.22 and 0.22◦ (0.3 Hz), forming a stereoscopic percept of oscillation 
in depth. In the rest of blocks, the level of binocular disparity remained 
equal to zero and stimuli formed a perception of oscillation in the fronto- 

parallel plane. The orientation of gratings varied pseudo-randomly be-
tween blocks. The other aspects of the procedure was similar to Exper-
iment 1b. 

2.2.8. Experiment 4 – Measuring stereo-selective activity induced by 3D 
natural scenes 

Subjects were presented with 3D vs. 2D scenes (Figure S8A) across 
different blocks. Stimuli included pictures of indoor and outdoor scenes, 
selected from Southampton-York Natural Scenes (SYNS) dataset (Adams 
et al., 2016). Each stimulus extending 20◦ × 26◦ of visual field (average 
luminance = 36 cd/m2). Subjects viewed the stimuli through custom 
anaglyph spectacles as in Experiments 1b. For 3D stimuli, the level of 
binocular disparity varied between − 0.15 and 0.15◦ in different parts of 
each image. Each block contained 24 stimuli (1 s per stimuli) with no 
blank presentation between the stimuli (Table S1). Each run began and 
ended with an additional block (12 s) of uniform black presentation. The 
sequence of stimuli within the blocks and the sequence of blocks within 
the runs were pseudo-randomized. 

2.2.9. Experiment 5 – Measuring the impact of motion direction and depth 
on the evoked response 

The impact of motion direction (Experiments 5a and 5b) was 
measured based on the data collected during Experiments 3a and 3b (see 
above). To measure the impact of stimulus depth (in front vs. behind 
fixation plane) on the response evoked within stereo- and motion- 
selective sites (Experiment 5c), subjects were presented with RDS 
stimuli (20◦ × 26◦) similar to those used in Experiment 1b. But here, in 
different blocks (24 s per block; Table S1), stimuli were oscillating 
(0◦− 0.22◦) either ‘in front’ or ‘behind’ a fronto-parallel plane that 
intersected the fixation target. Other details of the stimuli are similar to 
those in Experiment 1b. 

Fig. 1. Motion, stereopsis and color evoke selective activity within the extrastriate cortex of one individual subject (right hemisphere), overlaid on the subject’s 
flattened cortex (Experiments 1 and 2a). Panels show the selective activity evoked by contrasting the response to moving vs. stationary (Panel A), 3D vs. 2D RDS 
(Panel B) and color- vs. luminance-varying stimuli (Panel C). A schematic representation of the stimuli is also illustrated on top of each panel (see Methods). In all 
experiments, we detected stripy activity sites, starting at V1-V2 border that extended into areas V3 and V4. The stripy/patchy pattern of activity in areas V2 and V3 is 
consistent with the expected shape of stripes reported in histological studies (Tootell and Taylor, 1995; Adams et al., 2007). As reported previously (Tootell and Nasr, 
2017), color-selective sites were rarely detected within area V3A. In each panel, the border of retinotopic visual areas is shown with black dashed lines (see Methods 
and Fig. S1). The asterisks show the foveal representation in area V1. The location area MT (Panel A) and V8/VO (Panel C) are indicated by white arrows. 
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Fig. 2. The co-localization of motion-, stereo- and 
color-selective sites (Experiments 1 and 2a). Panel A 
shows the data from the same individual as in Fig. 1. 
Panel B shows the spatial distribution of motion-, 
stereo-, and color-selective sites in twenty-eight 
hemispheres other than the ones showed in Panel 
A. The left and right columns show data from left and 
right hemispheres, respectively. In all hemispheres, 
the selective sites are distributed in areas V2 and V3. 
Although these examples represented an approxi-
mately similar location in all individuals, the het-
erogeneity and the between-subjects-variability in 
the spatial organization of these sites have remained 
apparent. Notably, the overlapping regions are 
excluded from the maps (but see Figs. S3 and S4 and 
also Tables S2 and S3). The border of the retinotopic 
visual areas (black dashed lines) were defined func-
tionally for each subject (see Methods and Figure S1).   
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2.2.10. Experiments 6 and 7 – Measuring resting-state functional 
connectivity and time-course signal-to-noise ratio 

During resting-state scans (Experiment 6), subjects were instructed 
to keep their eyes closed during the whole scan, but not to sleep. Each 
scan session consisted of 6 runs (Table S1), and each run took 256 s. 
Experimenters talked to the subject between runs to ensure wakefulness. 
The same data were also used in Experiment 7 to examine the time- 
course signal-to-noise ratio of the fMRI signal collected within motion- 
and stereo-selective sites. 

2.2.11. Retinotopic Mapping 
For all subjects the border of retinotopic areas and the representation 

of central (radius = 0–3◦) and peripheral (radius = 3–10◦) visual fields 
were defined retinotopically (Sereno et al., 1995) (Figure S1). Stimuli 
were based on a flashing radial checkerboard, presented within reti-
notopically limited apertures, against a gray background. These reti-
notopic apertures included wedge-shaped apertures radially centered 

along the horizontal and vertical meridians (polar angle = 30◦), plus a 
central disk (radius = 0–3◦) and a peripheral ring (radius = 3–10◦). 
These stimuli were presented to subjects in different blocks (24 s per 
block). The sequence of blocks was pseudo-randomized across runs (8 
blocks per run) and each subject participate in at least 4 runs. 

2.3. Imaging 

Functional experiments (see above) were conducted in a 7T Siemens 
whole-body scanner (Siemens Healthcare, Erlangen, Germany) equip-
ped with SC72 body gradients (70 mT/m maximum gradient strength 
and 200 T/m/s maximum slew rate) using a custom-built 32-channel 
helmet receive coil array and a birdcage volume transmit coil. Voxel 
dimensions were nominally 1.0 mm. We used single-shot gradient-echo 
EPI to acquire functional images with the following protocol parameter 
values: TR = 3000 ms, TE = 28 ms, flip angle = 78◦, 
matrix= 192 × 192, BW= 1184 Hz/pix, echo-spacing = 1 ms, 7/8 
phase partial Fourier, FOV = 192 × 192 mm, 44 oblique-coronal slices, 
acceleration factor R = 4 with GRAPPA reconstruction and FLEET-ACS 
data (Polimeni et al., 2015) with 10◦ flip angle. The field of view 
included occipital cortical areas V1, V2, V3 and the posterior parts of 
V4v and V4d. 

Structural (anatomical) data were acquired in a 3 T Siemens TimTrio 
whole-body scanner, with the standard vendor-supplied 32-channel 
head coil array, using a 3D T1-weighted MPRAGE sequence with pro-
tocol parameter values: TR = 2530 ms, TE= 3.39 ms, TI = 1100 ms, flip 
angle= 7◦, BW = 200 Hz/pix, echo spacing= 8.2 ms, voxel size 
= 1.0 × 1.0 × 1.33 mm3, FOV = 256 × 256 × 170 mm3. 

2.4. General data analysis 

Functional and anatomical MRI data were pre-processed and 
analyzed using FreeSurfer and FS-FAST (version 6.0; http://surfer.nmr. 
mgh.harvard.edu/) (Fischl, 2012). 

2.4.1. Structural analysis 
For each subject, inflated and flattened cortical surfaces were 

reconstructed based on the high-resolution anatomical data (Dale et al., 
1999; Fischl et al., 2002, 1999). During this reconstruction process, the 
standard pial surface was generated as the gray matter border with the 
surrounding cerebrospinal fluid or CSF (i.e. GM-CSF interface). The 
white matter surface was also generated as the interface between white 
and gray matter (i.e. WM-GM interface). To enable intra-cortical 
smoothing (see below), we also generated a family of 9 intermediated 
equidistant surfaces, spaced at intervals of 10 % of the cortical thickness, 
between WM-GM and the GM-CSF interface surfaces. 

2.4.2. Functional analysis 
All functional images were corrected for motion artifacts. For each 

subject, functional data from each run were rigidly aligned (6 DOF) 
relative to their own structural scan using rigid Boundary-Based Regis-
tration (Greve and Fischl, 2009). This procedure enabled us to compare 
data collected for each subject across multiple scan sessions. 

To retain the spatial resolution, no tangential spatial smoothing was 
applied to the imaging data acquired at 7 T (i.e. 0 mm FWHM). Rather 
we used the more advanced method of radial (intracortical) smoothing 
(Blazejewska et al., 2019) – i.e. perpendicular to the cortex and within 
the cortical columns. The extent of this radial smoothing was limited to 
WM-GM interface and the adjacent 2 intermediate surfaces within the 
gray matter (see above) – i.e. the bottom 30 % of the gray-matter 
thickness starting from the WM-GM interface. This approach enabled 
us to increase signal- and contrast-to-noise-ratio through exploiting the 
prior knowledge about the columnar organization within the regions of 
interest (Blazejewska et al., 2019; Nasr et al., 2016; Nasr and Tootell, 
2018b; Tootell and Nasr, 2021). Moreover, by not sampling from more 
superficial layers, we avoid spatial blurring caused by large veins at the 

Fig. 3. The co-localization of motion-, stereo- and color-selective sites in area 
V3A (Experiments 1 and 2a). Panel A shows area V3A from the same individual 
as in Figs. 1 and 2A. Panel B shows the same data from twenty-eight other 
hemispheres. The overall organization of Panel B is similar to Fig. 2B. In all 
hemispheres, motion- and stereo-selective sites are apparent in V3A, while 
color-selective sites are rarely detected in this area. This effect is similarly 
observed in left and right hemispheres. Here again, the overlapping regions are 
not shown (but see Figure S4 and Table S4). As in Fig. 2, the heterogeneity and 
the between-subjects-variability in extent and in the exact location of these sites 
is apparent. Other details are the same as Fig. 2. 
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pial surface (De Martino et al., 2013; Koopmans et al., 2010; Nasr et al., 
2016; Polimeni et al., 2010). 

A standard hemodynamic model based on a gamma function was fit 
to the fMRI signal to estimate the amplitude of the BOLD response. For 
each individual subject, the average BOLD response maps were calcu-
lated for each condition (Friston et al., 1999). Finally, voxel-wise sta-
tistical tests were conducted by computing contrasts based on a 
univariate general linear model, and the resultant significance maps 
were projected onto the subject’s anatomical volumes and reconstructed 
cortical surfaces. 

2.5. Analysis of overlap 

To measure the level of overlap between sites, the selectivity maps 
(e.g. Fig. 1A–C) were first thresholded at p < 0.05. This step assured us 
that we were not arbitrarily assigning a label (e.g. color-selective) to a 
site due to noise in our measurements. Then, all thresholded values in 
areas V2, V3 and V3A were normalized (min-to-max were converted 
linearly to 0-to-1). Notably, based on our previous tests in smaller 
groups (Nasr et al., 2016; Tootell and Nasr, 2021), we expected com-
parable significance values for motion-, stereo- and color-selectivity 
tests (Fig. 1). Still, we used this normalization step to avoid any bias 
in our estimations, caused by nuisance factors such as head motion that 
could affect the quality of scans across sessions. 

After taking these two steps, a site was called selective if the resultant 
normalized value for one feature (i.e. either motion, stereopsis or color) 
was 

̅̅̅
2

√
time larger than that of the value measured for any of the others. 

Application of this method, and the conservative (i.e. relatively low) cut- 
off value used in it, enabled us to expand our regions of interest by not 
limiting them to the centers of motion-, stereo- and color-selectivity 
sites. In the absence of these steps, the selectivity maps could be 
mostly limited to the centers of activity which reduced the size of re-
gions of interest and increased the size of overlap between the selective 
sites (Figure S2). 

We also measured the extent of overlap when the organization of 
motion-, stereo- and color-selective maps vertices was spatially ‘shuf-
fled’. For each subject, this shuffling process was repeated 10,000 times, 
and the averaged level of overlap was used as the chance level (for that 

individual). This enabled us to test whether the level of overlap between 
the selectivity maps was significantly above the chance level or not. 

2.6. Functional connectivity analysis 

Details of the functional connectivity analysis are similar to those 
reported previously (Nasr et al., 2016, 2015; Tootell and Nasr, 2021). 
Briefly, after preprocessing (see above), for each subject we removed 
sources of variance of non-interest including: all motion parameters 
measured during the motion correction procedure, the global signal, the 
mean signal from the portion of ventricles that were included in the 
acquired EPI slices, and the mean signal from a region within the deep 
cerebral white matter. Then, we extracted the mean BOLD signal 
time-course for V2/V3/V3A motion- and stereo-selective sites to use as 
seeds in a seed-based connectivity analysis. The correlation coefficient 
was computed for each of these time course seeds against the pre-
processed resting-state time course data, from every voxel from the 
ipsilateral and contralateral hemisphere. 

2.7. Time-course signal-to-noise ratio (tSNR) analysis 

The time-course signal-to-noise ratio (tSNR) was defined and 
measured from each voxel as: mean (S) / standard deviation (S) (Tri-
antafyllou et al., 2005), where S refers to the fMRI signal intensity 
during the resting-state and in the absence of any visual stimulations 
(eyes closed; Experiment 6). 

2.8. Region of interest (ROI) analysis 

ROIs including motion-, stereo- and color-selective sites across areas 
V2, V3 and V3A, defined for each subject based on their own data 
(Experiments 1 and 2) and retinotopic mapping (see above and 
Figure S1). To remove the impact of the fixation object presentation, 
only sites across 3–10◦ eccentricities were used in ROI analysis. This 
conservative approach also assured us that the evoked activity within 
our ROIs was not affected by the interaction (e.g. enhancement or 
suppression) between the stimuli and the dummy task, designed to 
monitor/control the subject’s attention (see above). 

Fig. 4. The effect of changing the shape of 
stimuli (from gratings to random dots and vice 
versa) on the pattern of activity evoked within 
motion- and stereo-selective sites (Experiment 
3). Panels A and C show the evoked motion 
and stereo-selective activity maps, respectively. 
For each map, the type of stimuli used in the 
experiment is demonstrated on top of the panel. 
Panels B and D show the level of motion- and 
stereo-selective activity across areas V2, V3 and 
V3A, evoked by random dots (Experiment 3a; n 
= 11) and gratings (Experiment 3c; n = 11), 
respectively. The regions of interest (motion- 
vs. stereo-selective) in each area were localized 
independently based on gratings and random 
dots. Consistent with activity maps, the level of 
evoked activity by ‘moving vs. stationary’ and 
‘3D vs. 2D’ stimuli was higher in motion- and 
stereo-selective sites, respectively (see also 
Figs. S7 and S8). These results suggest that 
changing the shape of stimuli does not alter the 
overall pattern of activity evoked within mo-
tion- and stereo-selective sites. Error bars show 
one standard error of mean.   
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Sites that showed overlapping selectivity were excluded from the 
ROIs. We did not include these sites in any analysis mainly due to their 
small size (Figures S3 and S4 and Tables S2-S4), which reduced the 
contrast-to-noise ratio of the activity that was measured within these 
regions. To improve sensitivity in all analyses, data from the left and 
right hemispheres were averaged. No hemisphere was excluded from 
any ROI analyses and all vertices within each ROI were used in the 
analyses. 

2.9. Statistical data analysis 

To examine the significance of independent parameters in each 
experiment, we used either paired t-test or repeated-measures ANOVA. 
Repeated-measures ANOVA is particularly susceptible to the violation of 
sphericity assumption, caused by the correlation between measured 
values and unequal variance of differences between experimental con-
ditions. To address this problem, when necessary (determined using a 
Mauchly test), results were corrected for violation of the sphericity 
assumption, using the Greenhouse-Geisser method. 

2.10. Data availability statement 

Data and codes will be shared upon request. 

3. Results 

Fifteen human subjects with normal vision participated in this study 
(see Methods and Table S1). Each subject participated in multiple ex-
periments, all using high-resolution fMRI (voxel size = 1 mm isotropic). 
Experiment 1 localized motion- and stereo-selective sites in different 
individuals. Experiment 2 independently confirmed that these sites are 
mainly under the influence of the magnocellular stream based on their 
none-to-minimally overlapping organization relative to color-selective 
sites (Experiment 2a), the higher impact of stimulus orientation on 
their evoked response (Experiment 2b), and their low-SF preference 
(Experiment 2c). Experiments 3 and 4 confirmed that the organization of 
these sites is largely preserved irrespective of the stimulus shape. 
Experiment 5 tested the selective contribution of these sites to motion 
direction and depth encoding. Experiment 6 tested whether sites with 
similar stimulus selectivity are functionally interconnected bases on an 
analysis of resting-state functional connectivity. Finally, Experiment 7 
tested whether the level of fMRI sensitivity varied systematically be-
tween motion- and stereo-selective sites. 

3.1. Experiment 1. Motion and stereopsis are encoded selectively within 
minimally-overlapping sites 

In all participants (n = 15; Table S1), we first localized the cortical 
sites in areas V2, V3 and V3A that responded selectively to moving 
(compared to stationary) stimuli (Experiment 1a; Fig. 1A) and to depth- 
varying (compared to depth-constant) random dot stereograms (RDS; 
Experiment 1b; Fig. 1B). For each individual, the border of retinotopic 
visual areas was defined during a separate scan session (Figure S1), 
based on independent stimuli (Sereno et al., 1995). 

As demonstrated in Fig. 1 for one individual subject, motion- 
(Fig. 1A) and stereo-selective (Fig. 1B) activity was often topographi-
cally elongated in a direction perpendicular to the V1-V2 border, 
consistent with the known topography of stripes in humans (Adams 
et al., 2007; Tootell and Taylor, 1995), and extended through areas V3 
and V3A,. In a few subjects in which the field-of-view extended far 
enough (e.g. Fig. 1A), we were also able to identify the motion-selective 
area MT, near the posterior end of the medial temporal sulcus (Tootell 
et al., 1995). 

When co-registered, motion- and stereo-selective sites formed two 
different distribution patterns (Figs. 2 and 3) with only minor spatial 
overlap (Figures S3 and S4 and Table S2-S4). In areas V2, V3 and V3A, 

this level of overlap was significantly smaller than the chance level (t 
(14) > 6.95, p < 10− 3), defined as when the selectivity maps were 
spatially shuffled (see Methods). Separate applications of the same test 
to the level of overlap between motion- and stereo-selective sites within 
the cortical representations of central and peripheral visual fields yiel-
ded the same results (t(14) > 5.02, p < 10− 3). This result provides the 
first direct evidence for existence of motion- and stereo-selective sites 
across human visual areas V2, V3 and V3A, with minimal overlap be-
tween them. 

Notably, in this analysis, the size of the overlapping region was 
compared relative to the randomized activity maps, generated after 
shuffling the vertices. This procedure could reduce the level of corre-
lation between adjacent vertices, which may increase the level of 
overlap between shuffled maps. Thus, our analysis does not rule out the 
possibility of a partial overlap between motion- and stereo-selective 
sites. Due to the relatively small size of the overlapping sites in areas 
V2 (4.53 % ± 2.58 %; normalized relative to the size V2), V3 (3.73 % 
± 1.99 %) and V3A (6.54 % ± 4.33 %) (Tables S2-S4), these regions 
were excluded from further analysis. 

3.2. Experiment 2. Motion and stereopsis are encoded within the 
magnocellularly-influenced sites 

We tested the hypothesis that motion- and stereo-selective sites are 
localized within those fine-scale cortical regions that are mainly under 
the influence of the magnocellular stream. If true, we expected these 
sites: (i) to show no-to-minimal overlap with color-selective sites that 
comprise the parvocellular stream (Experiment 2a), (ii) to show stronger 
orientation selectivity compared to color-selective sites (Experiment 2b) 
and (iii) to show a preference for lower SF rather than higher SF stimuli 
(Experiment 2c). 

3.2.1. Experiment 2a. Motion- and stereo-selective sites were localized 
mostly outside color-selective sites 

Based on studies in NHP, we expected magnocellularly influenced 
sites to show no-to-minimal overlap with color-selective sites that 
comprise the parvocellular stream (Blasdel and Fitzpatrick, 1984; De 
Valois, 1965; Hubel and Livingstone, 1987; Peterhans and von der 
Heydt, 1993). To test this expectation, Experiment 2a localized 
color-selective sites based on their stronger response to isoluminant 
color-varying vs. luminance-varying stimuli in our participants (n = 15; 
Table S1), as in prior tests of color selectivity (Nasr et al., 2016; Nasr and 
Tootell, 2018a). Then the location of those color-selective stripes was 
compared to the location of motion- and stereo-selective sites. 

Results of this test showed that, beyond area V1, color-selective sites 
formed a striped topography beginning at the V1-V2 border, extending 
through area V3 (Nasr et al., 2016) (Fig. 1C). In a few subjects for whom 
the field-of-view included the fusiform area (e.g. Fig. 1C), presumptive 
area V8/VO could also be identified in the posterior portion of middle 
fusiform sulcus (Hadjikhani et al., 1998; Lafer-Sousa et al., 2016; Nasr 
and Tootell, 2018a). However, in contrast to motion- and 
stereo-selective sites, color-selective sites were rarely detected within 
area V3A (Fig. 1C and 3 and Table S4). 

Moreover, as expected from the suggested spatial segregation of 
magnocellular and parvocellular streams (Blasdel and Fitzpatrick, 1984; 
De Valois, 1965; Hubel and Livingstone, 1987; Peterhans and von der 
Heydt, 1993), when co-registered (Fig. 2), we found minimal overlap 
between motion/stereo- relative to color-selective maps (Tables S2, S3 
and S4). Across areas V2 and V3, the level of this overlap was signifi-
cantly below chance level (t(14) > 4.94, p < 10− 3), defined as when the 
selectivity maps were spatially shuffled. These results indicated that 
motion- and stereo-selective sites are preferentially located outside 
color-selective sites that comprise the parvocellular stream. 
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3.2.2. Experiment 2b. Motion- and stereo-selective sites show stronger 
orientation selectivity compared to color-selective sites 

In NHPs, magnocellularly influenced thick stripes in V2 and their 
extension in other areas could be detected reliably based on their 
stronger orientation selectivity relative to parvocellularly influenced 
thin stripes (Chen et al., 2008; Kaskan et al., 2009; Lu et al., 2010; 
Tanigawa et al., 2010; Tootell et al., 2004; Vanduffel et al., 2002b). 
Accordingly, we next measured the impact of stimulus orientation on the 
activity evoked within motion-, stereo- and color-selective sites across 
areas V2 and V3. Area V3A was excluded from this test because 
color-selective sites were rarely detected in this area (see above). 

When subjects (n = 15; Table S1) were presented with luminance- 
varying stimuli with 0◦, 45◦, 90◦ and 135◦ orientations (see Methods), 
stimulus orientation had a significantly stronger impact on the activity 
evoked within motion- and stereo- compared to color-selective sites 
across areas V2 (t(14) = 3.56; p < 0.01) and V3 (t(14) = 2.63; p = 0.02) 
(Figure S5). The same analysis did not yield any significant difference 
between the impact of stimulus orientation on the activity evoked within 
motion- vs. stereo-selective sites (t(14) < 1.81; p > 0.10). These results 
support the hypothesis that motion- and stereo-selective sites overlap 
the magnocellularly influenced thick stripes in V2 and their extension in 
V3. 

It could be argued that the luminance-varying stimuli (with rela-
tively low SF) used in this test could evoke a stronger response in those 
sites that were mainly under the influence of the magnocellular, rather 
than the parvocellular stream. This difference in stimulus preference 
could enhance the impacts of stimulus orientation in motion/stereo- 
compared to color-selective sites. To rule out this possibility, we 
repeated this test for the response evoked by color-varying gratings, 
presented to the subjects along the luminance-varying stimuli during the 
same scan session (see Methods). Despite the stronger activity evoked by 
the color-varying stimuli across color-selective sites, we did not find a 
significant orientation-selectivity bias in favor of color- compared to 
motion/stereo-selective sites in V2 (t(14) = 1.60, p = 0.13). Interest-
ingly, in area V3, we still found a weak (but significant) orientation- 
selective bias in favor of motion/stereo- compared to color-selective 
sites (t(14) = 1.60, p = 0.048). Thus, the stronger impact of the stim-
ulus orientation on the activity evoked within motion/stereo- compared 
to color-selective sites could not be solely due to their comparably 
stronger response to luminance-varying stimuli. 

3.2.3. Experiment 2c. Motion- and stereo-selective sites show stronger 
preference for lower SF compared to color-selective sites 

Magnocellularly influenced regions are expected to show a stronger 
preference for lower rather than higher SF stimulus components (Der-
rington and Lennie, 1984; Hicks et al., 1983). Experiment 2c compared 
the SF preference of motion-, stereo- and color-selective sites. When 
subjects (n = 11; Table S1) were presented with gratings with different 
SFs (0.1–5.79c/deg; see Methods), we found a significant SF × site-type 
interaction on activity evoked within areas V2 (p < 10− 6) and V3 
(p < 10− 4) (see also Table S5). In both areas, motion- and 
stereo-selective sites showed a stronger response to gratings of lower SF 
(peak ≤0.27c/deg) compared to higher SF (Figure S6). In contrast, 
color-selective sites showed a significantly stronger response to higher 
SF (peak ~0.73c/deg) gratings. This result is consistent with the hy-
pothesis that the magnocellular stream has a stronger influence on 
motion- and stereo-selective compared to color-selective sites. Notably, 
a relatively weak evoked response to higher SFs (>2c/deg) in our ROIs is 
consistent with the fact that these ROIs represented the peripheral visual 
fields (3–10◦). Here again, area V3A was excluded from this test since it 
shows little or no color selectivity (see above). 

3.3. Experiment 3. Variations in stimulus structure (shape) did not affect 
the organization of motion- and stereo-selective sites 

In Experiment 1, we localized motion- and stereo-selective sites 

using gratings and RDS, respectively. The SF and orientation content of 
gratings (narrow band) and RDS (broad band) significantly differ from 
each other. To test whether the spatial organization observed in 
Experiment 1 were related to differences in motion and stereo, rather 
than differences in stimulus bandwidth, in Experiment 3 we tested 
whether (or not) the selectivity of activity maps changed in response to 
different “carrier” stimuli. 

3.3.1. Experiments 3a and 3b. Use of random dots rather than gratings to 
activate motion-selective sites 

Two independent experiments were conducted to test the effect of 
stimulus shape on the level of motion selectivity. In Experiments 3a, one 
group of subjects (n = 11; Table S1) was presented with random dots 
that, across different blocks, were either stationary or moving radially 
(see Methods). In Experiment 3b, another group of subjects (n = 11; 
Table S1) was presented with dots that were either stationary or moving 
translationally. As demonstrated in Fig. 4A and S7, the overall pattern of 
motion-selective activity remained similar between Experiments 1 and 
3. As demonstrated in Fig. 4B, in both experiments, moving dots evoked 
a significantly stronger selectivity within the motion-selective sites 
(defined based on moving vs. stationary gratings) compared to the 
stereo-selective sites (p < 10− 3; see also Tables S6 and S7). These results 
indicate that motion-selective sites across V2, V3 and V3A areas respond 
selectively to motion irrespective of the carrier stimuli. 

3.3.2. Experiment 3c. Use of gratings rather than RDS to activate stereo- 
selective sites 

To test whether depth-varying stimuli other than RDS could also 
evoke a selective response within the stereo-selective sites, a group of 
subjects (n = 11; Table S1) were presented with depth-varying (3D) vs. 
depth-invariant (2D) gratings (SF=0.25c/deg) (see Methods). Here 
again, the pattern of stereo-selective response remained similar to that 
observed in Experiment 1 (Fig. 4C). As demonstrated in Fig. 4D, depth- 
varying stimuli evoked a significantly stronger response within the 
stereo-selective sites (defined based on RDS) compared to the motion- 
selective sites (p < 10− 3; see also Tables S8). These results indicate 
that stereo-selective sites across V2, V3 and V3A areas respond selec-
tively to the stimulus binocular disparity irrespective of its spectral 
content. Together, the results of Experiment 3 suggest that the spatial 
organization of motion- and stereo-selective sites remains consistent, 
irrespective of the carrier stimuli (see also Experiment 4). 

3.4. Experiment 4. Stereo-selective sites could be localized without 
disparity “oscillation” 

The RDS stimuli used in Experiments 1 and 3 oscillated in depth (see 
Methods) to enhance 3D perception (Regan et al., 1978). This approach 
raised the possibility that the current spatial organization of motion- vs. 
stereo-selective sites reflects separated representation of two axes of 
motion (i.e. motion-in-depth vs. motion-in-fronto-parallel-planes). Pre-
vious studies in NHPs (Sanada and DeAngelis, 2014) and humans 
(Rokers et al., 2009) showed that MT activity evoked by 
motion-in-depth can be differentiated from activity evoked by 
motion-in-fronto-parallel plane. However, the contribution of earlier 
visual areas to this process remains unclear. Accordingly, Experiment 4 
tests whether the spatial organization of motion- vs. stereo-selective 
sites across area V2, V3 and V3A (as shown in Experiments 1–3), rep-
resents two separate axis of motion (i.e. motion-in-depth vs. 
motion-in-fronto-parallel-planes). 

A group of subjects (n = 6; Table S1) were scanned as they were 
presented with non-oscillating 3D vs. 2D natural scenes (Figure S8A). If 
the stereo-selective sites were localized based on their selectivity for 
motion-in-depth (rather than stereopsis per se), we expected them to 
lose their selectivity in this test. Alternatively, if those sites were 
selectively responding to the stimulus stereopsis irrespective of its 
oscillation, we expected the overall activity maps would remain similar 
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to those generated based on RDS. The results of this test showed strong 
stereo-selective activity evoked by non-oscillating natural scenes 
(Figure S8B and 8C). Importantly, the spatial distribution of stereo- 
selective sites across areas V2, V3 and V3A remained similar between 
Experiments 1 and 4 (Figure S8B) and the level of stereo-selective ac-
tivity (Figure S8C) was significantly stronger within stereo-selective 
sites (as localized independently based on RDS) rather than motion- 
selective sites (p < 0.01; see also Tables S9). These results rule out the 
possibility that stereo- and motion-selective sites represent two axes of 
motion. Moreover, they further support the hypothesis that the spatial 
organization of motion- and stereo-selective sites does not depend on the 
stimulus spatial structure (see also Experiment 3). 

3.5. Experiment 5. Selective contribution to motion direction and depth 
encoding 

Motion-selective sites are expected to be selectively involved in 
discriminating stimuli based on their motion direction (An et al., 2012; 
Lu et al., 2010; Zimmermann et al., 2011). In Experiment 3 (see above), 
subjects were presented with radial (i.e. centrifugal vs. centripetal) and 
translational (i.e. leftward vs. rightward vs. upward vs. downward) 
motion (see Methods). Here, we compared the impact of motion direc-
tion on the evoked response within motion- and stereo-selective sites 
during those tests. For radial motion (Experiment 5a; n = 11; Table S1), 
the impact of motion direction was defined as the absolute difference 
between the responses evoked by centripetal vs. centrifugal motion. For 
translational motion (Experiment 5b; n = 11; Table S1), the impact of 
motion direction was averaged over all opponent pairs of motion 
directions. 

In both tests (Fig. 5A and S9), we found a significantly stronger 
impact of motion direction on the response evoked within the motion- 
compared to the stereo-selective sites (p < 0.01; see also Tables S10 and 
S11). This impact weakened significantly from areas V2 to V3A 
(p < 10− 3), perhaps due to the simplicity of the motion stimulus used in 
these tests. In any event, these results support the hypothesis that, 
compared to stereo-selective sites, motion-selective sites contributed 
more strongly in signaling variation in motion direction. 

By the same token, stereo-selective sites are expected to be more 
selectively involved in discriminating stimuli based on their stereoscopic 
depth (Chen et al., 2008; Nasr and Tootell, 2018b; Nienborg and Cum-
ming, 2006; Tanabe et al., 2005). To compare the impact of depth di-
rection on the response evoked within motion- vs. stereo-selective sites, 
a subset of subjects (Experiment 5c; n = 11; Table S1) were presented 
with RDS (with 0–0.2◦ binocular disparity), oscillating either in front (i. 
e. nearer to the observer) or behind the fixation fronto-parallel plane (i. 
e. farther) (see Methods). The impact of stimulus depth was defined as 
the absolute difference between the responses evoked by nearer vs. 
farther depths. As presented in Fig. 5B, we found a significantly stronger 

impact of stimulus depth on the activity evoked within stereo- compared 
to the motion-selective sites (p < 0.01; see also Table S12). Here, the 
overall level of this impact remained mostly the same between V2, V3, 
and V3A (p = 0.63). These results support the hypothesis that, compared 
to motion-selective sites, stereo-selective sites contribute more strongly 
in signaling depth variation. 

Notably, at the first glance, a direct comparison of Fig. 5A and B may 
suggest that stereo-selective sites showed a higher response to motion 
direction rather than depth. However, Experiment 5 was not designed to 
answer this question. Such a comparison requires a careful adjustment of 
the stimulus intensities from two different modalities (i.e. motion di-
rection vs. depth). In the absence of such adjustment, comparing the 
result of these two tests could be misleading. 

3.6. Experiment 6. Selective functional connectivity between functionally 
alike versus unalike sites 

We tested whether motion- and stereo-selective sites in V2, V3 and 
V3A, showed stronger functional connections to sites with the same 
(‘alike’) rather than different (‘unalike’) selectivity (Fig. 6A). If 
confirmed, this would support the hypothesis that motion- and stereo- 
selective sites comprise two channels within the magnocellular stream 
to process motion and stereopsis. 

To test this, we used the method of resting-state functional connec-
tivity (see Methods). Based on an independent set of scans, and in the 
absence of any visual input (eyes closed), we measured the level of co- 
fluctuations between spontaneous activity evoked within motion- and 
stereo-selective sites (n = 15; Table S1). The results (Fig. 6B) showed 
that, in adjacent areas, functional connections were significantly 
stronger between alike (i.e. motion-to-motion and stereo-to-stereo) 
rather than unalike sites (i.e. motion-to-stereo) (p < 0.01; see also 
Table S13). A similar result was found when we tested the functional 
connection between contralateral hemispheres (Fig. 6C). The latter 
result ruled out the possibility that the selective functional connectivity 
between alike sites could be due to the smaller distance between them, 
compared to unalike sites. Together, these results supported the hy-
pothesis that motion- and stereo-selective sites comprise two fine-scale 
channels within the magnocellular stream. Notably, this result could 
not be attributed to a common sensory input, because all recordings 
were conducted during the resting-state with eyes closed. 

3.7. Experiment 7. Equivalent fMRI sensitivity in motion- vs. stereo- 
selective sites 

It could be argued that at least parts of the findings in Experiments 
1–6 were due to the differences in fMRI sensitivity between motion- and 
stereo-selective sites. To test this hypothesis directly, we compared the 
tSNR of the fMRI signal (Triantafyllou et al., 2005), collected within 

Fig. 5. The impact of the stimulus motion di-
rection and depth on the evoked response 
measured across motion- and stereo-selective 
sites (Experiment 5). Panel A shows the 
impact of motion direction (centrifugal vs. 
centripetal) across different ROIs (n = 11). 
Panel B shows the impact of stimulus depth (in 
front vs. behind the fixation target) (n = 11). 
The impact of motion direction and depth was 
stronger on the activity evoked within motion- 
and stereo-selective sites, respectively. Error 
bars show one standard error of mean.   
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motion- and stereo-selective sites across V2, V3, and V3A during the 
resting-state and in the absence of any visual stimulation (n = 15; 
Table S1). Results of this test (Figure S10) did not yield any significant 
differences between tSNR measured within motion- vs. stereo-selective 
sites, across areas V2 (t(14) = 1.37, p = 0.19), V3 (t(14) = 1.31, p =
0.21) and V3A (t(14) = 0.99, p = 0.34). This result ruled out the pos-
sibility that fMRI sensitivity differed systematically between motion- 
and stereo-selective sites. 

4. Discussion 

For decades, the concept of segregated magnocellular vs. parvocel-
lular pathways shaped our understanding of distributed neuronal pro-
cessing across visual areas (Felleman and Van Essen, 1991; Hubel and 
Livingstone, 1987; Tootell and Nasr, 2017; Zeki and Shipp, 1988). Here 
we provide direct evidence for the existence of two 
minimally-overlapping mesoscale processing channels within the mag-
nocellular stream that selectively contribute to motion and stereopsis 
encoding. As we discuss below, the existence of such fine-scale channels 
in human extrastriate visual cortex was completely unknown to us and 
could not be predicted based on animal models. This is an important 
milestone for studying human brain function, especially in those regions 
that are likely different between humans and NHPs (e.g. V3 and V3A). 

4.1. Consistent but beyond animal models for area V2 

According to previous studies in NHPs, V2 motion- (An et al., 2012; 
Hu et al., 2018; Lu et al., 2010) and stereo-selective sites (Chen et al., 
2008; Li et al., 2017; Roe and Ts’o, 1995) were localized mainly within 
thick stripes. These sites that comprise the magnocellular stream also 
showed strong orientation selectivity (Kaskan et al., 2009; Vanduffel 
et al., 2002b) and weak-to-no color-selective response (Lu and Roe, 

2008; Tootell et al., 2004). However, none of these studies tested for the 
relative organization of motion- vs. stereo-selective sites. 

Consistent with these studies in NHPs, Experiment 2 showed that 
motion/stereo-selective sites in human V2 showed little overlap with 
color-selective sites. We also found a stronger orientation-selective 
response in motion/stereo- compared to color-selective sites. More-
over, we showed evidence for differential SF preference in motion/ste-
reo- vs. color-selective sites as expected from the differential influence of 
magnocellular vs. parvocellular streams on these sites (Derrington and 
Lennie, 1984; Hicks et al., 1983). Thus, our findings regarding the 
overall organization of motion/stereo- vs. color-selective sites, plus a 
stronger influence of the magnocellular stream on the function of 
motion/stereo-selective sites are consistent with previous reports in 
NHPs. 

However, the evidence provided here for the minimally overlapping 
organization of motion- and stereo-selective sites within area V2 could 
not be predicted from previous studies in NHPs. This is mainly because, 
methodological limitations (e.g. time constrains for conducting multiple 
tests) prohibited those studies from localizing motion- and stereo- 
selective sites within the same animal. This said, our current findings 
do not rule out the possibility that a homologous organization may also 
exist in NHPs. But, in the absence of such evidence the relative organi-
zation of these sites in NHP remains unclear. 

4.2. Limited knowledge of area V3 in NHPs 

Our knowledge of area V3 in NHPs is relatively limited. Although 
many studies have reported color-, motion-, stereo- and orientation- 
selective sites within this area (Anzai et al., 2011; Felleman and Van 
Essen, 1987; Gegenfurtner et al., 1997; Tootell et al., 2004; Tsao et al., 
2003; Vanduffel et al., 2002b), the relative organization of these sites is 
still a matter of debate. For instance, while Tanigawa and colleagues 

Fig. 6. – The functional connection between ipsilateral and contralateral ROIs measured during resting-state with closed eyes (Experiment 6; n = 15). Panel A shows 
a schematic representation of the proposed hypothesis about the functional connection between the sites. Motion- and stereo-selective sites are depicted as red and 
blue boxes, respectively. Stronger/weaker functional connections are also depicted with thick/thin arrows. Panel B shows the level of functional connectivity be-
tween V2-V3 and V3-V3A. Here, the seeded areas and the ROIs were located within the same hemisphere. Panel C shows the level of functional connectivity between 
the two hemispheres (i.e. the seeded area and the ROI were located contralaterally). In Panels B and C, the left vs. right column show the results of seeding motion 
vs. stereo-selective sites. In each hemisphere, motion- and stereo-selective sites show stronger functional connectivity to ipsilateral and contralateral sites with the 
same (alike) rather than different (unalike) selectivity. Error bars show one standard error of mean. 
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suggested a segregated organization of color- and orientation-selective 
sites within areas V3 (Tanigawa et al., 2010), earlier studies reported 
a significant overlap between these sites (Felleman and Van Essen, 1987; 
Gegenfurtner et al., 1997). Considering this, plus the smaller size of V3 
in NHPs compared to humans (Orban et al., 2004; Sereno and Tootell, 
2005), it would have been challenging to predict our current findings 
from the animal model. 

4.3. V3A in humans vs. NHPs 

Our knowledge of homology between area V3A in humans vs. NHPs 
is also relatively limited. On the one hand, multiple studies have re-
ported stereo-selective activity in area V3A of humans (Goncalves et al., 
2015; Nasr et al., 2016; Nasr and Tootell, 2018b; Neri et al., 2004; Ng 
et al., 2021; Tsao et al., 2003) and NHPs (Anzai et al., 2011; Tsao et al., 
2003; Vanduffel et al., 2002a). In both species, color-selective sites are 
rarely found in this region (Hadjikhani et al., 1998; Tootell and Nasr, 
2017; Tootell et al., 2004). 

On the other hand, V3A contribution to motion encoding may differ 
between humans and NHPs. Specifically, a group of neuroimaging 
studies have suggested that motion-selective activity in V3A is limited to 
humans (Orban et al., 2003; Vanduffel et al., 2001). While others, based 
on using single-cell recording, have shown evidence for motion-selective 
neurons in this area (Galletti et al., 1990; Nakhla et al., 2021; Zeki, 
1978). Thus, our reported non-overlapping organization of motion- and 
stereo-selective sites in area V3A may (or may not) be limited to 
humans. 

4.4. The level of overlap between motion- and stereo-selective sites 

Ideally, the overlap between motion- and stereo-selective sites 
should be localized independently based on the functional characteris-
tics of this region. For instance, this region may show a selective 
response to the perceptual interaction between the stimulus motion and 
depth as in motion parallax (Gibson et al., 1959). However, considering 
our limited knowledge of these overlapping regions, the introduction of 
such functional localizers requires more assessments in future. More-
over, considering the small size of these overlapping regions, such a 
measurement requires ultra-high spatial resolution beyond what is 
currently available to us (also see Section 4.7). 

In the absence of an independent localizer for detecting the over-
lapping regions, it could be argued that, by using a relatively small cut- 
off value (see Methods), we have underestimated the level of overlap 
between motion- and stereo-selective sites (see also Figure S2). How-
ever, the results of Experiments 5 and 6 suggest that our approach did 
not prohibit us from differentiating the function of motion- and stereo- 
selective sites. Specifically, Experiment 5 differentiated the impacts of 
motion direction and depth on the evoked response within motion- and 
stereo-selective sites. Experiment 6 also revealed a selective functional 
connectivity between ipsilateral and contralateral sites with alike 
stimulus selectivity. Thus, the potential errors in detection of the over-
lapping sites appear to be small. 

4.5. Selective but not necessarily segregated functional connectivity 
between alike sites 

Previously we showed evidence for selective functional connectivity 
between “stereo- vs. color-selective” (Nasr et al., 2016) and “motion- vs. 
color-selective” (Tootell and Nasr, 2021) sites. Here, we extend those 
findings by showing that such a selective functional connection also 
exists between “motion- vs. stereo-selective” sites. This finding supports 
the existence of two fine-scale channels within the magnocellular 
stream. 

However, the nature of interaction between these two channels re-
mains unknown. Notably, in our resting-state analysis, the level of cor-
relation between unalike sites remained significantly above zero. Thus, 

these two channels may still show some levels of interaction. Existence 
of such an interaction is consistent with the behavioral findings that 
stimulus motion may influence depth processing (Regan et al., 1978) 
and that motion parallax may be used as an independent cue in depth 
perception (Gibson et al., 1959). The specific nature of this interaction 
needs to be assessed in the future (also see (Sincich and Horton, 2005)). 

4.6. Heterogeneity and between-subjects-variability in representation of 
motion- vs. stereo-selective sites across individuals 

Our findings (Figs. 2 and 3) suggest a heterogeneity in spatial dis-
tribution of motion- and stereo-selective sites across visual areas V2, V3, 
and V3A. Generally, the existence of such a heterogeneity, especially in 
fine-scales, is not a surprise. For instance, in NHPs (Tootell et al., 1983) 
and humans (Nasr et al., 2016), compared to motion- and 
stereo-selective sites, color-selective sites are more frequently found 
near the V1/V2 border. In both species, near- and far-preferring ster-
eo-selective sites are also distributed heterogeneously within dorsal and 
ventral portions of the visual area (Adams and Zeki, 2001; Chen et al., 
2008; Nasr and Tootell, 2018b). However, the underlying cause of these 
heterogeneities is still mostly unknown. 

One exciting possibility is the biases in statistics of natural scenes and 
their impacts on the development of the visual system (Yang and Purves, 
2003). If true, one may expect (at least) some similarities in the distri-
bution of stereo- and motion-selective sites across different individuals. 
At first glance, such a similarity is not apparent in our current results 
(Fig. 2B and 3B). However, we cannot rule out the possibility that 
advanced image processing methods may still reveal such a similarity, 
and clarify the link between those patterns and the behavioral bias in 
visual perception (see also (Nasr and Tootell, 2020)). Notably, the 
between-subjects-variability in distribution and size of motion- and 
stereo-selective sites may be (at least partly) due to the difference in 
perceptual capabilities across subjects, beyond what was measured by 
our behavioral tests (see Methods). 

4.7. Limitations 

Despite the recent improvements in fMRI, the limited spatial reso-
lution of this technique still prohibits us from assessing the fine-scale 
organization of many brain regions. For instance, although the current 
study focused on extrastriate cortex, similar questions could also be 
explored in the striate visual cortex (V1) and the lateral geniculate nu-
cleus (LGN) of the thalamus. In both regions, magnocellular and par-
vocellular streams are expected to influence separate sites (Derrington 
et al., 1984; Derrington and Lennie, 1984; Hicks et al., 1983; Livingstone 
and Hubel, 1982; Tootell et al., 1988a, 1988b). However, the spatial 
resolution used here (1 mm isotropic) was inadequate to differentiate 
these sites. 

The same limitation biased our findings toward larger motion-, ste-
reo-, and color-selective sites and likely prohibited us from detecting 
smaller (sub-millimeter) sites. Such a bias may contribute to the 
apparent heterogeneity in distribution of these sites across visual areas 
as discussed before (see also Figs. 2 and 3). It also prohibited us from 
examining the function of the small overlapping regions due to the low 
contrast-to-noise ratio in these small regions. 

The other technical difficulty, that affected our capabilities to assess 
more brain regions, was the limited scan coverage. For the majority of 
our subjects, our scan coverage did not include the anterior portion of 
area V4. For those in whom we had access to area V4 (Figs. 1–3A), we 
noticed the same functional organization (i.e. minimally overlapping 
color-, motion- and stereo-selective sites) as we detected in the earlier 
areas. Also, in those individuals for whom we had access to the posterior 
tip of medial temporal sulcus, we could localize area MT based on its 
selectivity for motion and the absence of selectivity for color (Tootell 
et al., 1995; Tootell and Taylor, 1995). Unfortunately, the small number 
of these cases kept us from expanding our conclusion to those areas. 
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Notably, in almost all fMRI studies, the expansion of sampling area 
requires either a decrease in the spatial resolution or a decrease in 
signal-to-noise ratio. To achieve these goals simultaneously, a combi-
nation of stronger MR scanners (Triantafyllou et al., 2005), more 
advanced data acquisition sequences (e.g. (Berman et al., 2020)) and 
more efficient data processing methods (e.g. (Polimeni et al., 2017; 
Wang et al., 2022)) will be required in the future. 

5. Conclusion 

Until recently, applications of fMRI have been mostly limited to 
localization of large-scale brain areas and assessing their function across 
various experimental conditions. This has changed with introduction of 
high-resolution fMRI using ultra-high field scanners (e.g. 7 or 9.4 Tesla). 
Using advanced technologies and the state-of-the-art scanners, many 
groups have revealed mesoscale structures within the spatial scale of 
cortical columns in human striate (Cheng et al., 2001; Nasr et al., 2016; 
Yacoub et al., 2007) and extrastriate cortex (Nasr et al., 2016; Ng et al., 
2021; Tootell and Nasr, 2021; Zimmermann et al., 2011). For under-
standable reasons, these studies typically limited themselves to repli-
cating what was already known to us based on animal models. However, 
with improvement in the reliability of fMRI, the present study demon-
strates how human fMRI studies can be used to test new hypotheses 
beyond what was already known to us based on animal models. 
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