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a b s t r a c t 

In the primate visual system, form (shape, location) and color information are processed in separate but inter- 

acting pathways. Recent access to high-resolution neuroimaging has facilitated the exploration of the structure 

of these pathways at the mesoscopic level in the human visual cortex. We used 7T fMRI to observe selective 

activation of the primary visual cortex to chromatic versus achromatic stimuli in five participants across two 

scanning sessions. Achromatic checkerboards with low spatial frequency and high temporal frequency targeted 

the color-insensitive magnocellular pathway. Chromatic checkerboards with higher spatial frequency and low 

temporal frequency targeted the color-selective parvocellular pathway. This work resulted in three main find- 

ings. First, responses driven by chromatic stimuli had a laminar profile biased towards superficial layers of V1, as 

compared to responses driven by achromatic stimuli. Second, we found stronger preference for chromatic stimuli 

in parafoveal V1 compared with peripheral V1. Finally, we found alternating, stimulus-selective bands stemming 

from the V1 border into V2 and V3. Similar alternating patterns have been previously found in both NHP and 

human extrastriate cortex. Together, our findings confirm the utility of fMRI for revealing details of mesoscopic 

neural architecture in human cortex. 
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. Introduction 

The visual system uses parallel processing to transmit visual in-

ut from the retina to the visual cortex ( Desimone et al., 1985 ;

aunsell, 1987 ; Mishkin et al., 1983 ; Shipp and Zeki, 1985 ;

abuta et al., 2001 ). Past research has demonstrated that at least

hree major pathways work together to transmit this information:

he parvocellular (P), magnocellular (M) and koniocellular (K) path-

ays ( Livingstone and Hubel, 1988 ; Norton and Casagrande, 1982 ;

chiller and Logothetis, 1990 ; Silveira et al., 2004 ; for review,

allaway, 2005 ). All three pathways begin with specific subtypes of gan-

lion cells that project from the retina to the lateral geniculate nucleus

LGN) and continue from the LGN to the primary visual cortex (V1)

 Dacey and Lee, 1994 ; for review, Kandel et al., 2000 ; Stone, 2013 ).

he neuronal sensitivity profiles in each pathway overlap, so no visual

xperience will drive a single pathway in isolation. In the present ex-

eriment, color and luminance contrast and temporal frequency were

anipulated to create stimuli that would minimize responses in the K

athway and differentiate between responses in putative P and M path-

ays in early visual areas. 
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The primary goal of the present work was to use depth-dependent

MRI (e.g. Huber et al., 2017 ; Kok et al., 2016 ; Olman et al.,

012 ; Olman et al., 2018 U ğurbil et al., 2003 ) to establish how sensitiv-

ty to color in human V1 depends on cortical depth. Stimuli with chro-

atic contrast and relatively low temporal frequencies will preferen-

ially stimulate the P pathway ( Derrington and Lennie, 1984 ; Hubel and

ivingstone, 1990 ; Kaplan and Shapley, 1982 ), which projects from

he dorsal layers of LGN into layer 4C 𝛽 of V1 and then to the cy-

ochrome oxidase-rich blobs in the deep and superficial layers 2/3 of

1. The M pathway, which is relatively color insensitive and tuned

o higher temporal frequencies ( Calkins et al., 1994 ; Chatterjee and

allaway, 2003 ; Martin et al., 1997 ), projects from the ventral layers

f LGN into layer 4C 𝛼 of V1, then to layer 4B, and then to the ex-

rastriate cortex ( Blasdel and Lund, 1983 ; Callaway and Wiser, 1996 ;

abuta and Callaway, 1998 ; for a review on M, P, & K pathway connec-

ions, see Nassi and Callaway, 2009 ). Therefore, because red/green stim-

li contrast-reversing at 0.5 Hz and the black/white stimuli alternating

t 12 Hz will produce responses biased toward the P and M pathways,

espectively, different depth-dependent fMRI responses are expected for

he stimuli used in this study. 
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Fig. 1. Examples of each stimulus display. A) Visual stimulus that targeted 

the M pathway (achromatic, lower spatial frequency, and higher temporal fre- 

quency (12 Hz). B) Visual stimuli that targeted the P pathway (lower luminance 

contrast, higher chromatic contrast, increased spatial frequency, alternating at 

0.5 Hz). 
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An additional goal of the present study was to measure how the rel-

tive contributions of responses driven by chromatic and achromatic

timuli change as a function of eccentricity in V1. Decreasing sensitivity

o red-green color contrast with increasing eccentricity has been mea-

ured behaviorally ( Anderson et al., 1991 ; Newton and Eskew, 2003 ;

ullen, 1991 ; Mullen and Kingdom, 2002 ), and it has been hypothe-

ized that this eccentricity preference is due to decreased P inputs to

eripheral V1 ( Mullen and Kingdom, 1996 ; Vanni et al., 2006 ). Simi-

arly, the transient channels of the M pathway are more sensitive to fast

ickers, and behavioral studies show that human observers are more

ensitive to fast flicker in peripheral vision ( McKee and Taylor, 1984 ;

nowden and Hess, 1992 ). It has also been shown using 3T fMRI that

ast flicker produces a consistent BOLD signal across eccentricity of V1,

hile slowly alternating stimuli elicit a stronger signal in the fovea and

eaker signal in the periphery ( Horiguchi et al., 2009 ). Thus, slowly al-

ernating, chromatic stimuli should elicit the strongest fMRI responses

n foveal regions of V1, with the relative response to rapidly alternating,

chromatic stimuli increasing in peripheral V1. 

The visual features that differentiate putative M and P path-

ays in V1 have also been shown to cause a repetitive alternating

attern of stripes along V2. Interleaved thin (color-selective), thick

stereo-selective), and pale (form-selective) stripes of oxidase staining

ave been found with a repeating pattern of pale-thick-pale-thin in

2 of NHP ( An et al., 2012 ; Chen et al., 2008 ; Hubel and Living-

tone, 1985 ; Livingstone and Hubel, 1987a ; 1988 ; Lu and Roe, 2007 ,

008 ; Salzmann et al., 2012 ; Tootell et al., 2004 ; Vanduffel et al., 2002 ;

iao and Felleman, 2004 ). Similar stripe-based subdivisions have been

ound in human V2 for selectivity of several features like temporally-

elective stripes ( Dumoulin et al., 2017 ), disparity-selective stripes

 Nasr and Tootell, 2016 ; Tootell and Nasr, 2017 ), and color-selective

tripes ( Nasr et al., 2016 ; Tootell and Nasr, 2017 ). These stripes termi-

ate at the V1/V2 border. NHP studies have found at least three types

f structures that project from V1 into V2: interblobs in the superficial

ayers of V1 project equally to thick and pale stripes; layer 4B of V1 has a

ignificant projection to thick stripes; blobs in the superficial layers of V1

roject to thin stripes ( Burkhalter and Bernardo, 1989 ; Livingstone and

ubel, 1988 ; Nassi and Callaway, 2007 ; Roe and Ts’o, 1995 ; Sincich and

orton, 2002 ; Sincich et al., 2010 ; Tootell et al., 1983 ). Thus, in NHPs

he M-pathway dominates thick stripes and the P pathway contributes

ore strongly to thin stripes. 

NHP histology ( Burkhalter and Bernardo, 1989 ; Nassi and Call-

way, 2007 ; Sincich and Horton, 2002 ; Sincich et al., 2010 ; Tootell et al.,

983 ) and imaging studies ( Li et al., 2019 ) have measured the spac-

ng of these stripes to be about 4 mm from the center of a thick stripe

o the center of a thick stripe. Human histology ( Adams et al., 2007 ;

urkhalter and Bernardo, 1989 ; Hockfield et al., 1990 ; Tootell and Tay-

or, 1995 ) and neuroimaging studies ( Dumoulin et al., 2017 ; Nasr and

ootell, 2016 ; Tootell and Nasr, 2017 ) have found these stripes to have

pacing ranging from 4 mm to 8 mm from one thick stripe to its adja-

ent thick stripe. In addition to imaging the laminar profiles of responses

o chromatic and achromatic stimuli as a function of eccentricity in V1,

his study was able to verify the appearance of these stripes at the V1/V2

order. 

. Methods 

.1. Participants 

Seven neurotypical adults (five females) aged 23 to 50 years old par-

icipated in the experiment. All experimental procedures were approved

y the University of Minnesota’s Institutional Review Board. Written

nformed consent was obtained from all participants before the experi-

ents, in accordance with the Declaration of Helsinki. Participants were

ompensated at a rate of $20 per hour. All participants were scanned

wice in order to provide test/re-test validation. Two participants were

canned a third time due to high motion in one of the first two scans. 
.2. Apparatus 

The stimuli were presented using a VPixx PROPixx projector. Par-

icipants wore polarized glasses that allowed for dichoptic presentation

f the stimuli. The dichoptic presentation of the stimuli facilitated a

eparate, simultaneous experiment studying eye selectivity through the

ortical depth. During any given block stimuli were presented to one

ye (the background gray screen, with only a fixation mark, was pre-

ented to the other) at an effective frame rate of 60 Hz in the eye that

as receiving stimulus. 

The stimuli were projected onto a polarization-preserving screen

laced in the magnet bore behind the participant’s head, which was

iewed via a mirror situated above the participant’s eyes. The screen

as 85 cm from the participant’s eyes, and the rectangle in which stim-

li were presented was 46 cm × 26 cm. 

.3. Visual stimuli 

Two types of visual stimuli were presented with the intent of dif-

erentiating responses in putative P and M pathways ( Denison et al.,

014 ; Olman et al., 2012 ). Achromatic checkerboards with high con-

rast (70.3%) and lower spatial frequency (~1 cycle per degree (cpd)

n the parafovea) flickering at higher temporal frequency (12 Hz) tar-

eted the M pathway ( Fig. 1 A). The highest spatial frequencies were

emoved from the achromatic stimulus by blurring with a Gaussian ker-

el with a sigma of 0.2°. Chromatic (green and red) checkerboards with

ow luminance contrast (4.6%) and higher spatial frequency (check size

as doubled, and edges were not removed by blurring) flickering at low

emporal frequency (0.5 Hz) targeted the P pathway ( Fig. 1 B). The color

alues chosen for the chromatic stimuli were nominally isoluminant in

IELAB space and presented with a color calibrated system; actual lu-

inance values were measured with a spectrophotometer through the

olarized lenses worn by participants. 

Typically, stimuli targeted at the M system have low contrast in order

o provide weak drive to the P pathway. However, our previous work

 Olman et al., 2012 ) found that the overall fMRI response amplitude to

hromatic stimuli was much larger than the response to low-contrast

chromatic stimuli (possibly because elaboration of the capillary bed is

nown to follow CO staining ( Keller et al., 2011 ; Murphy et al., 2001 ),

o we used higher contrast for the achromatic stimuli to elicit fMRI re-

ponses of similar magnitude in both conditions. 

The checkerboard patterns were placed in an oval-shaped aperture

n a gray background. A fixation cross was situated to one side of the

timulus; this design allowed stimulation out to 20° of visual angle on

ne side of the visual field (at the expense of the other). During the scan,

articipants were asked to maintain fixation on the cross and report via

utton press whenever the colors of the cross periodically reversed. The

ize of the checks was scaled so they were larger at higher eccentricities,

oubling in size as eccentricity doubled from the fixation point into the

eriphery to roughly accommodate increasing receptive field sizes (and
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ecreasing spatial frequency preferences) in both the putative M and P

athways. 

It is known that the perceptual isoluminance point varies across the

isual field ( Bilodeau and Faubert, 1997 ; Livingstone and Hubel, 1987b ;

ullen, 1985 ). The stimuli were not varied across the visual field to try

o accommodate this variance because individual differences in corti-

al magnification, isoluminance, and subtle variations in the quality of

he projected image tend to confound attempts to equate effective lu-

inance contrast (unwanted drive to putative M pathways by the chro-

atic stimuli) as a function of eccentricity. Instead of measuring isolu-

inance values at several eccentricities for each observer and customiz-

ng the stimuli accordingly ( Nasr et al., 2016 ), we chose to present stim-

li that had low but non-zero luminance contrast throughout the visual

eld. 

To confirm that the effective luminance contrast of the red/green

olors used in the chromatic stimuli was between 5 and 10% across the

ange of eccentricities measured, we asked 3 of the observers to perform

 contrast detection task in which either red and green patches or black

nd white patches were alternated in parafoveal, middle, or peripheral

egions of the visual stimulus field at 30 Hz. The flicker detection thresh-

ld for the black/white colors was 7% of the level used for the main

xperiment (SD = 2%) in parafoveal regions, 4% (SD = 0.5%) at 5–15°

ccentricity, and 5% (SD = 0.7%) beyond 15° eccentricity. These values

quate to contrast detection thresholds of 3–5% luminance contrast. 

For the red/green colors, the detection thresholds were 54%

SD = 3%), 48% (SD = 7%) and 50% (SD = 7%) of the levels used

n the main experiment, in the parafoveal, middle, and peripheral re-

ions, respectively. From this we conclude that the effective luminance

ontrast of the chromatic stimuli was twice the threshold, on average,

nd roughly 10 times lower than the measured 70% luminance contrast

f the achromatic stimuli. In addition, we did not measure significant

ariation in the effective contrast across 1–20° eccentricity, consistent

ith the data in Bilodeau and Faubert (1997) . 

.4. Data collection 

Functional MRI data were collected at the University of Minnesota’s

enter for Magnetic Resonance Research on a Siemens 7T scanner

quipped with a custom-made head coil (32-channel transmit, 4-channel

eceive) ( Adriany et al., 2012 ) that was used for T 2 
∗ -weighted gradient

cho (GE) echo-planar imaging (EPI). Images were acquired with a coro-

al orientation in 36 slices positioned near the occipital lobe. Image res-

lution was 0.8 mm isotropic (field of view (FOV): 129.6 mm × 160 mm;
atrix size: 162 × 200); the data were acquired with an in-plane par-

llel imaging acceleration factor (R) of 3 and a right-left phase-encode

irection (6/8 Partial Fourier, echo-spacing: 1.01 ms). The repetition

ime (TR) was 2 s and the echo-time (TE) was 23.4 ms. 

Each functional scan consisted of four conditions: achromatic stimuli

resented to the left eye (AL), achromatic stimuli presented to the right

ye (AR), chromatic stimuli presented to the left eye (CL), and chromatic

timuli presented to the right eye (CR). Within one scan all conditions

ncluding rest blocks were presented four times in pseudorandom order.

ach condition was presented in 16 s blocks so that the scan lasted 320 s.

 total of 10 functional scans were conducted during a session. 

During each scanning session, we also acquired (1) a short phase-

ncode reversed (left-right) EPI sequence to assist in distortion com-

ensation during data preprocessing, and (2) a T 1 -weighted GE EPI

T 1 wEPI) sequence scan ( van der Zwaag et al., 2018 ). Since both the

 1 wEPI data and the functional data were collected during the same

ession with the same resolution, sampling, and echo spacing, they were

ubject to the same distortion. The T 1 wEPI sequence was used to define

he gray matter (GM) in the functional data. 

We acquired a whole-brain T1-weighted MP-RAGE ( Mugler and

rookeman, 1990 ) during the session as an additional anatomical

can (1.0-mm isotropic, TR = 3100, TE = 3.27, flip angle = 6°,

OV = 156 × 192). A structural scan was acquired separately for all
articipants on a Siemens 3T scanner (0.8-mm isotropic T 1 -weighted

P-RAGE). 

Each participant completed two additional population receptive field

pRF) mapping scans ( Dumoulin and Wandell, 2008 ) for the purpose of

etinotopic mapping in a separate scanning session. During the task,

articipants were asked to maintain fixation on a central point while

 bar moved across the visual field at one of eight orientations (Left –

ight, Top Left – Bottom Right, Top – Bottom, Top Right -Bottom Left,

ight-Left, Bottom Right – Top Left, Bottom – Top, Bottom Left -Top

ight) in forward and reverse directions (e.g., Top – Bottom vs. Bottom

Top), for a total of 16 directions. The moving bar was populated with

ynamic and highly salient visual stimuli from one of three categories

faces, objects, or noise) flickering at either 2 or 12 Hz. The bar spanned

he visual field (out to 8° eccentricity) and subtended 2° of visual angle

n width. Each bar took 16 s to complete the movement across the visual

eld, and each bar sweep direction occurred once in a scan. There were

 s of rest between each bar sweep and 4 s of rest at the beginning and

nd of each scan such that each scan took 324 s. 

The two pRF scans used a GE EPI sequence that captured the whole

rain. The pRF images were acquired at 1.4 mm isotropic resolution

ith a coronal slice orientation in 56 slices (FOV: 160 mm × 129 mm;
atrix size: 114 × 92). The data were acquired with an in-plane parallel
maging acceleration factor (R) of 3 and a right-left phase-encode direc-

ion (6/8 Partial Fourier, echo-spacing: 1.01 ms). The repetition time

TR) was 2 s and the echo-time (TE) 22.6 ms. 

.5. Data pre-processing 

A brief description of pre-processing steps is provided here; a fully

etailed sample processing script is included with the data provided at

ttps://openneuro.org/datasets/ds003043/ 

.5.1. 3T data 

We segmented the 3T reference anatomy to define the GM/white

atter (WM) boundary and the pial surface using FreeSurfer’s

econ-all command (https://surfer.nmr.mgh.harvard.edu/, v6.0.0).

.5.2. Functional data 

Functional data were processed using tools provided by AFNI

https://afni.nimh.nih.gov/afni, v18.2.04). Motion compensation was

erformed using AFNI’s 3dvolreg to register all scans to the mean im-

ge of the functional scan acquired before the distortion-compensation

reversed phase-encode) scan. 

The 3T anatomy and the 7T T 1 wEPI were aligned to the motion-

ompensated functional data. This was done by first registering the 3T

natomy to the 7T anatomy (coarsely aligned to the functional data) us-

ng 3dAllineate . This step generated a transformation matrix that

as used to generate an initial registration of the 3T anatomical refer-

nce volume to the functional data, which was refined by a second call to

dAllineate (lpc cost function). We processed the data from the 7T

 1 wEPI by fitting each voxel’s intensity as a function of the slice-specific

nversion time for each volume acquisition. The processed T 1 wEPI (a T 1 
ap) was then aligned to the functional data. 

At this point, the cerebellum was stripped out of the T 1 wEPI using

he 3T anatomy as reference. We then segmented the T 1 wEPI volumes

sing 3dSeg (initializing the segmentation with GM/WM/CSF masks

erived from the FreeSurfer segmentation on the 3T anatomy) so that

ach voxel was classified as GM, WM, or cerebral spinal fluid (CSF). As

he T 1 wEPI was subject to the same distortion as the functional data but

as better GM/WM contrast, this segmentation was used to define the

M in the functional data space. 

Distortion compensation was performed for the functional data us-

ng the 3dQwarp command, using the T 1 wEPI GM to generate a non-

inear WARP volume to optimize the GM registration between the func-

ional and anatomical data. The WARP volume was then combined with
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Fig. 2. Retinotopic mapping of V1 and manually drawn ROIs. In each panel, the green line borders the probabilistic topography of V1 ( Wang et al., 2015 ) and the 

white lines indicate the parafoveal (~2–4° eccentricity), middle (~4–8°), and peripheral (~8–20°) ROIs. A) The color overlay indicates polar angle estimated from 

pRF mapping scans. This was used to verify the location of the V1 border. B) The color overlay indicates estimated eccentricity from the pRF mapping scans, in which 

stimuli did not go beyond 8° eccentricity because the fixation point was in the center of the screen and the stimulus was circular. C) Red indicates a binary mask 

of activation from the main experiment ( p < 0.001 single-voxel F-statistic, p < 0.001 after cluster-wise correction for multiple comparisons). In the functional scans, 

participants fixated on one side of the screen, so stimuli extended to 20° eccentricity. Therefore, the peripheral ROI was drawn past the extent of the retinotopy data 

to include the full extent of the data from the main experiment. 
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he motion correction parameters to produce motion- and distortion-

orrected fMRI data with a single resampling step. 

A GM overlap mask was created by selecting the surface nodes where

he T 1 wEPI GM marker was present throughout at least 75% of the GM

n the reference anatomy and projecting those nodes through the cortical

epth ( Weldon et al., 2019 ). This mask ensured that depth-dependent

nalyses were performed only in regions with good registration between

unctional and anatomical data, since depth information was derived

rom a separate anatomical scan. 

A binary veins mask was created by taking the average signal-to-

oise ratio (SNR) map processed functional data and marking any voxel

ith SNR below 11. Visual inspection verified that only voxels near large

eins and on movement-prone edges of the brain were marked after this

tep ( Olman et al., 2007 ). This mask was then projected through the

ortical depth to mark voxels that should not be included in laminar

nalyses because they were underneath or adjacent to large veins. 

.5.3. pRF data 

The retinotopic mapping scans were pre-processed using a pipeline

imilar to the sub-millimeter data. Distortion compensation was exe-

uted using AFNI’s 3dQwarp function which nonlinearly warped the

unctional pRF scans with a phase-encode reversed reference scan. Mo-

ion compensation was performed using AFNI’s 3dvolreg function. The

natomical data were aligned to the corrected functional data with

FNI’s 3dAllineate function. The amplitude values of the functional data

ere converted to percent signal change and demeaned. 

.6. Data analysis 

.6.1. pRF analysis and ROI delineation 

pRF analyses were conducted using custom tools designed

nd implemented in AFNI (see, Silson et al., 2015 ). A de-

ailed processing script is included with the data provided at

ttps://openneuro.org/datasets/ds003043. 

We used the resulting retinotopic maps to verify that the V1 bound-

ries defined by a publicly available probabilistic atlas were accurate

 Wang et al., 2015 ). Using the V1 boundary and eccentricity maps gen-

rated from the pRF data as a guide, we manually segmented V1 into

arafoveal, middle, or peripheral regions of interest (ROIs) ( Fig. 2 A). 

The average size of the parafoveal ROIs was 1660 voxels (SD = 207

 = 10); the average size of the mid-eccentricity ROIs was 1660 voxels

SD = 282, n = 10); the average size of the peripheral ROIs was 1780
oxels (SD = 289, n = 10). After restricting the ROIs to voxels associated

ith surface nodes where alignment was good, large veins were absent,

ctivation was present throughout the cortical depth, and alignment was

ood, an average of 691 (SD = 191, n = 10), 889 (SD = 202, n = 10), and

32 (SD-216, n = 10) voxels were used for parafoveal, middle, and pe-

ipheral ROIs, respectively. 

.6.2. General linear model analysis 

The data were analyzed with a standard general linear model (GLM)

sing AFNI’s 3dDeconvolve to estimate the amplitude of response

percent signal change) during each of the four conditions (AL, AR, CL,

R) via linear regression against a model that was a hemodynamic re-

ponse function [hrf = t ̂4 ∗ exp(-t)/(4ˆ2 ∗ exp( − 4)] convolved with a box-

ar function representing the 16-second blocks of stimulus presentation.

oxels not significantly modulated by visual stimulus presentation ( p <

.001, uncorrected; cluster-wise correction, p < 0.001) were excluded

rom further analyses. In addition, surface nodes for which significant

odulation was not present in at least 75% of the GM depth under the

ode were excluded from depth-dependent analyses. 

Although stimuli were presented separately to participants’ left and

ight eyes, to enable a separate study of ocular dominance, we col-

apsed across eye-of-presentation for the present analysis to estimate

esponses to chromatic and achromatic stimuli [ C = (CL + CR)/2;

 = (AL + AR)/2]. Selectivity for chromatic stimuli in each voxel was de-

ned as the normalized difference in responses to chromatic and achro-

atic stimuli: selectivity = (C - A)/( C + A )/2. 

.6.3. Depth-dependent analysis 

For the depth dependent analyses, only data from the contralateral

emisphere (i.e. corresponding to the hemifield with more extensive

timulation) were analyzed. All voxels in an ROI were combined to pro-

ide a single estimate at each depth for each participant. We excluded

ny dataset with total motion greater than 2 mm (root-mean-square

cross the 3 Cartesian directions) and any dataset with fewer than 2500

ignificantly modulated voxels across the 3 ROIs. Four datasets were

xcluded due to excessive motion, and 2 were excluded due to an insuf-

cient number of significantly modulated voxels; thus we included 10

ut of the original 16 datasets in our subsequent analyses. 

We segmented the GM derived from the 3T anatomy into 10 depths

sing an equivolume solution ( Waehnert et al., 2014 ) implemented in

reeSurfer (https://github.com/kwagstyl/surface_tools). These depths

ere projected into the space of the functional data ( Fig. 3 ). Each func-
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Fig. 3. Assignment of gray matter and voxel depth locations. A) Each colored 

line represents a depth location inside the gray matter of one hemisphere relative 

to the white matter. B) All GM voxels are color-coded for their depth location 

where red is closest to the pial and purple is closest to the white matter. 
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ional voxel was assigned a depth depending on its registration to the

natomical GM. We used the fine segmentations with smoothed data

nly for visualizing the overall pattern of functional responses across

M and not for statistical analyses. At 0.8 mm isotropic, our resolution

as too coarse to define depth bins that actually correspond to the 6 his-

ological layers of the GM. Therefore, only the functional responses at

he most superficial and deepest layers were used for depth-dependent

tatistical analyses. 

There were five necessary components to create accurate depth-

ependent profiles: hand-drawn ROIs ( Fig. 2 A), the GM overlap mask

hat ensured accurate functional/anatomical data registration for GM

epth assignment, the significance mask, the vein-exclusion mask, and

he GM depth assignment for each voxel. The GM overlap mask, sig-

ificance mask, and vein-exclusion mask were combined to select the

oxels analyzed within each ROI. 

Statistical analysis was conducted with R Studio. Our dependent vari-

ble was selectivity for chromatic stimuli (i.e. percent signal change for

he contrast (C - A)/( C + A )/2. A two-way analysis of variance was

onducted to test for main effects of ROI (parafovea, middle, periphery)

nd Depth (Superficial or Deep layer) and for any interaction. 

.6.4. Stimulus-selective band analysis 

We observed alternating bands of activation selective to chro-

atic/achromatic stimuli along the dorsal and ventral border of V1

 Fig. 4 ). We characterized the size and pattern of these bands on each

emisphere for each scanning session by manually selecting the start and

nd of each band when visualizing the data using AFNI’s surface map-

er (https://afni.nimh.nih.gov/Suma, v18.2.04). We manually marked

he proximal and distal ends of each band (with proximal being defined

s the end closest to the V1/V2 border) and quantified the distance be-

ween the center of bands for 6 datasets for which the bands were visible

ast the dorsal boundary of V1 border and for 8 quarterfield represen-

ations past the ventral boundary of V1. 

. Results 

Both visual stimuli elicited robust responses throughout V1 ( Fig. 4 A),

ith the response to the achromatic stimulus increasing with increas-

ng eccentricity (parafovea < periphery, t (19) = − 4.433, p < 0.001). On

he other hand, responses to the chromatic stimulus showed no signif-

cant difference between the parafovea and periphery ( t (19) = − 0.002,

 = 0.999) ( Fig. 4 B). The result of this was that the chromatic stimulus

ominated parafoveal regions, and response differences were smallest

n the peripheral ROI ( Fig. 4 C). 

We characterized the difference between responses to chromatic

timuli and achromatic stimuli by computing a selectivity index, which
as the difference between the two responses normalized by the aver-

ge of the two responses. Even after normalization, stronger responses to

hromatic stimuli were most pronounced in superficial layers ( Fig. 5 A).

ecause the fMRI voxels are relatively large compared to the GM thick-

ess, statistical tests were only performed using the most superficial and

eepest depth bins ( Fig. 5 B). There was a significant main effect of ROI

 F (2, 18) = 10.413, p < 0.001, 𝜂p 2 = 0.761) and a main effect of Depth

 F (1, 9) = 29.159, p < 0.001, 𝜂p 2 = 0.886) on chromatic selectivity with

o interaction ( F (2, 18) = 0.087, p = 0.917, 𝜂p 2 = 0.225). This result

emonstrates that chromatic selectivity varies across eccentricity in V1

nd is significantly different in superficial and deep layers of the GM.

 Bonferroni correction for multiple comparisons ( 𝛼 = 0.05/3 = 0.005)

as applied to post hoc analyses following up the main effect of ROI (col-

apsed across Depth). Chromatic selectivity was greater in the parafoveal

OI than the peripheral ROI ( p < 0.001), indicating chromatic selectiv-

ty decreased with eccentricity in V1. When analyzing chromatic selec-

ivity across Depth (collapsed across ROI) we found greater chromatic

electivity in superficial layers than in deep layers ( p < 0.001). 

We observed periodic, stimulus-selective bands adjacent to and or-

hogonal to both the dorsal and ventral boundaries of primary visual

ortex ( Fig. 6 ), consistent with previous reports ( Dumoulin et al., 2017 ;

asr and Tootell, 2016 ; Tootell and Nasr, 2017 ). The average spacing of

ands on the dorsal side of V1 was 7.5 mm ( SEM = 0.32, n = 6); the aver-

ge spacing of bands on the ventral side of V1 was 7.8 mm ( SEM = 0.54,

 = 8). These values are within the range of spacing (4–8 mm) reported

rom measurements in post-mortem human brains ( Adams et al., 2007 ;

urkhalter and Bernardo, 1989 ; Hockfield et al., 1990 ; Tootell and Tay-

or, 1995 ). The bands were observed in the same locations in different

canning sessions for a given participant ( Fig. 6 ), indicating that they are

ikely a true measure of the underlying neural architecture and not an

maging artifact. We also computed depth dependent analyses of chro-

atic selectivity within two band types (i.e., by treating bands selective

or chromatic stimuli and bands selective for achromatic stimuli as dif-

erent ROIs). We found no significant difference in laminar profiles of

timuli-selectivity between band types. 

. Discussion 

In this work, we examined whether selectivity for slow-flickering,

hromatic stimuli varied through the cortical depth. We found that re-

ponses to chromatic stimuli were larger than responses to achromatic

timuli in superficial GM, but not deep GM, even after normalizing by

verage percent signal change to account for superficial bias in T 2 
∗ -

eighted fMRI. This finding suggests that the underlying laminar pro-

le of responses to chromatic stimuli is biased toward superficial layers,

ompared to the underlying laminar profile responses to high-contrast

chromatic stimuli. This finding is consistent with a preliminary result

reviously found in humans (Olman et al. 2012 ). 

One possible explanation for the apparent superficial bias for re-

ponses to the chromatic stimulus, relative to the achromatic stimulus,

ould be the location of cytochrome oxidase (CO) blobs to which color-

ensitive neurons project. Those blobs are most evident in superficial

ayers 2 and 3 ( Horton, 1984 ), and weakly present in deep layers 5 and

 (Livingstone and Hubel, 1982). The superficial CO blobs sit higher in

he GM than the Layer 4B neurons that are the primary V1 target of the

 pathway neurons (in NHP) and are expected to respond more strongly

o the achromatic stimuli than the chromatic stimuli. 

The pial bias of the BOLD signal in superficial layers is a known chal-

enge for depth-dependent analysis of GE data in particular ( Uluda ğ and

linder, 2018 ). To account for this, we took careful steps to minimize

he possible influence of large surface vessels by removing voxels that

ad (vein-attributed) high SNR from analysis and normalizing activa-

ion differences at each depth by overall activation levels to verify that

he P-selectivity in superficial layers was due to the stimuli and not an

rtifact due to the location of select voxels. Normalization, in particular,

emoves a significant portion of the superficial bias known to be present
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Fig. 4. Responses to chromatic and achromatic stimuli in V1. A) T-statistics for chromatic selectivity are displayed for one participant (S1) on an inflated repre- 

sentation of the medial aspect of occipital cortex of the left hemisphere. Surface nodes with significant visual responses to all stimuli ( p < 0.001, after cluster-wise 

correction) are displayed in color on an inflated representation of occipital lobe, where dark gray indicates sulci and light gray indicates gyri. Foveal retinotopic 

cortex is labeled with the letter “F ”. Parafoveal, middle, and peripheral ROIs are indicated by white borders (parafoveal is the leftmost ROI adjacent to the fovea). 

The V1 boundary is indicated by a green border. B) Estimates of the magnitude of responses to chromatic and achromatic stimuli in each of the three ROIs. Data 

represent responses from the 10 datasets (hemispheres) meeting all inclusion criteria; shading indicates standard error of the mean. C) The same data as in (B) are 

plotted again, grouped so comparisons between chromatic and achromatic responses can be made within each of the 3 ROIs. 

Fig. 5. Laminar profiles of differential responses to chromatic vs achromatic stimuli in V1 as a function of eccentricity . (A) Differences were normalized by the 

average of both responses to eliminate dependence on overall BOLD response amplitude as a function of depth or eccentricity. Profiles were computed separately 

for parafoveal, middle, and peripheral ROIs. The shaded area around each profile is the standard error ( n = 10). (B) Individual subject signal change is displayed as 
single points for the most superficial layer and the deepest layer. Significant differences are discussed in main text. 
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Fig. 6. Repeatability of extrastriate bands 

across days for two participants. Each panel 

shows an inflated representation of the oc- 

cipital lobe, where dark gray indicates sulci 

and light gray indicates gyri. The color 

overlay indicates the t -statistic associated 

with the chromatic-achromatic contrast is 

significant ( p < 0.01, uncorrected). Yellow 

nodes represent significant chromatic selec- 

tivity and purple nodes represent signifi- 

cant achromatic selectivity. White arrows 

point to achromatic stimuli-selective bands 

that are consistent in location across days. 
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n the fMRI signal, but not all of it. The strongest evidence that the pial

ias in chromatic selectivity is not merely an artifact of the imaging

odality is that it varies with eccentricity throughout V1. 

Another caveat for interpretation of the measured bias toward chro-

atic stimuli in superficial layers is that superficial signals can represent

ignals from middle and deep layers ( Havlicek and Uluda ğ, 2020 ). It is

ossible that the bias is actually present in middle layers, but upward

ooling of fMRI signal extends the bias to superficial layers. However, a

uperficial signal that is only inherited from deeper sources would not

e larger than a signal in deeper sources, as we see in our data ( Fig. 5 ),

articularly in middle and peripheral ROIs. Thus, despite not including

 depth-deconvolution step ( Havlicek and Uluda ğ, 2020 ) by subtracting

eep signals from middle signals in our analysis, we conclude that the

ositive bias in superficial layers in our data is a result of chromatic

electivity. 

In addition to observing chromatic selectivity (preference for chro-

atic stimuli compared to achromatic stimuli) across depth, we also

xamined how chromatic selectivity varied with eccentricity. We found

hat parafoveal regions were more responsive to chromatic stimuli than

chromatic stimuli, and peripheral responses to chromatic and achro-

atic stimuli were similar. Interestingly, the variation in chromatic se-

ectivity was due to differences in achromatic responsivity: responsiv-

ty to red/green slow-flickering (0.5 Hz) stimuli was roughly constant

cross the visual field, and responsivity to achromatic, fast-flickering

12 Hz) stimuli increased with eccentricity. This result diverges some-

hat from a demonstration of eccentricity dependence of temporal fre-

uency sensitivity, where sustained flicker responsivity (roughly as-

ociated with the P pathway) declined with eccentricity, and tran-

ient flicker responsivity (roughly associated with the M pathway) was

oughly constant across eccentricity ( Horiguchi et al., 2009 ). However,

ur data are consistent with findings from a 3T fMRI study showing

chromatic responsivity as relatively constant near the vertical merid-

ans in V1 and increasing across the visual field along the horizontal
eridian ( Vanni et al., 2006 ). Our stimuli and ROIs avoided the vertical

eridian, which maximized our sensitivity to this previously reported

ncrease in responses to achromatic stimuli with increasing eccentricity.

esponsivity to chromatic stimuli was roughly constant across eccentric-

ty in our data, which is consistent with fMRI results showing red/green

odulation to be evenly distributed up to 20° eccentricity when stimuli

re corrected for cortical magnification (Vanni et al., 2006 ). 

Our chromatic stimulus was not corrected for varying isolumi-

ance values across eccentricity. The isoluminance point varies some-

hat with eccentricity ( Bilodeau and Faubert, 1997 ; Livingstone and

ubel, 1987b ; Mullen, 1985 ); however, this variation (~5% increment

r decrement in effective contrast over the central 20° of the visual field)

s relatively small compared to the changes we measured with eccentric-

ty. The variation in the isoluminance point across eccentricity likely

ontributed to the degree to which our chromatic stimuli evoked neural

esponses; however, we do not believe the spatial variation in isolu-

inance point across the visual field is enough to explain an increase

esponsivity to chromatic stimuli in regions beyond 10° eccentricity. A

ollow-up study controlling for the isoluminance variation would rule

ut this possible confound. 

Our third finding was the expression of alternating, repeating bands

f chromatic or achromatic selectivity stemming from the V1 border

nto V2 and V3. In multiple participants, we found chromatic and achro-

atic bands for both the dorsal and ventral sides of V1. In general, the

ands in our data followed a pattern similar to bands described in past

MRI studies that concluded these alternating bands of activation were

nalogous to those found in functional imaging studies that used chro-

atic and achromatic stimuli ( Nasr et al., 2016 ; Tootell and Nasr, 2017 )

r stimuli manipulating temporal frequency ( Dumoulin et al., 2017 ).

hese bands were consistent in size and found across days for various

articipants. We characterized the size and pattern of these bands to

nderstand if the patterns in our data entailed a similar kind of marker

or color selectivity. The spacing between our bands was on the larger
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ange previously reported averaging ~7.7 mm distance from the center

o center of adjacent bands of the same type (e.g. thick-thick) compared

o a 4–8 mm range distance reported in humans ( Adams et al., 2007 ;

urkhalter and Bernardo, 1989 ; Dumoulin et al., 2017 ; Hockfield et al.,

990 ; Tootell and Taylor, 1995 ; Nasr and Tootell, 2016 ; Tootell and

asr, 2017 ). This is expected, since the smaller end of that range comes

rom postmortem studies, and tissue contraction during histological

reparation is expected. Furthermore, we found that the expression of

hese bands was stable across multiple days of scanning ( Fig. 6 ). 

The widths of the chromatic-selective and achromatic-selective

ands in V2 of our study were roughly comparable. This finding is

n line with studies reporting variable widths of thin/thick stripes in

acaques (DeYoe et al., 1990; Hubel and Livingstone, 1987 ; Li et al.,

019 ; Roe and Ts’o 1997 ). The bands in our study are defined by the sub-

raction of two competing conditions, rather than isolated presentation

f a single condition; therefore, the width of the bands will be deter-

ined by the relative strength of the stimuli in activating the different

opulations of neurons in the corresponding bands. Our stimuli were

resented dichoptically, which would produce suboptimal responses in

he stereo-selective thick V2 stripes (assuming human anatomy matches

HP anatomy) and reduce their apparent width. While the presence

nd color-selectivity of alternating bands suggests strong similarities be-

ween human V2 physiology and NHP physiology, our fMRI study, us-

ng differential methods cannot make specific claims about the relative

idths of the bands in V2. 

Our data join the ranks of about a dozen other datasets that test sub-

illimeter fMRI against known underlying mesoscale neural architec-

ure and conclude that fMRI, if used carefully, has the spatial specificity

o distinguish the responses of neuronal responses separated by less than

 millimeter. Previous work also showed, however, that if care is not

aken in developing laminar profiles, errors are easily made in assigning

epth to functional responses or interpreting depth-dependent profiles.

ur analysis pipeline included steps that excluded regions where accu-

ate alignment cannot be verified ( Weldon et al., 2019 ) or where the

resence of surface veins biased laminar profiles ( Kashyap et al., 2018 ;

lman et al., 2010 ). The key to our ability to study the eccentricity de-

endence of M/P laminar profiles was using a T 1 -weighted EPI ( van der

waag et al., 2018 ) to guide non-linear registration between functional

nd anatomical data across the entire area of the primary visual cor-

ex. The functional data themselves do not have good enough contrast

etween GM and WM to guide non-rigid-body warping, and rigid-body

arping can only optimize registration for a subset of the functional vol-

me when significant distortions are present (distortion compensation

rom fieldmaps can be applied, but is never perfect). With this addition,

owever, we were able to generate laminar profiles across an extended

egion of interest with good confidence in their accuracy, because the

egmented T 1 -weighted EPI also allowed computation of a metric of lo-

al registration quality (GM Overlap). This work has therefore demon-

trated that sub-millimeter fMRI techniques are now robust enough to

ursue large-scale depth profiling of cortical responses. 

RediT author statement 

Karen T. Navarro. : Investigation, Data curation, Formal analysis,

riting- Original draft preparation, Reviewing and Editing. 

Marisa J. Sanchez : Data curation, Visualization, Investigation, Soft-

are, Reviewing and Editing . 

Stephen A. Engel : Reviewing and Editing 

Cheryl A. Olman: Conceptualization, Methodology, Investigation,

oftware, Formal analysis, Writing- Reviewing and Editing, Supervision,

isualization, Data Curation, Resources, Funding Acquisition, Project

dministration. 

Kimberly B Weldon : Data curation, Visualization, Investigation,

ethodology, Formal analysis, Writing- Reviewing and Editing. 
ata availability 

The dataset, including source code for the method, is shared through

penNeuro (10.18112/openneuro.ds003043) and is formatted to the

rain Imaging Data Structure (BIDS) standard. 

eclaration of Competing Interest 

All authors declare that they have no conflicts of interest. 

cknowledgments 

We would like to thank Katherine Tregillus for assistance design-

ng the experiment. We would like to acknowledge funding from the

ollowing sources: [NIH R21 EY025371] and [R01 MH111447] to

. O.; National Science Foundation [ NRT-1734815 ] to K. N.; [NIH

10 RR026783], [P30 NS076408]; WM KECK Foundation; [NIBIB P41

B027061]. 

eferences 

dams, D.L., Sincich, L.C., Horton, J.C., 2007. Complete pattern of ocular dominance

columns in human primary visual cortex. J. Neurosci. 27 (39), 10391–10403.

doi: 10.1523/JNEUROSCI.2923-07.2007 . 

driany, G. , Waks, M. , Tramm, B. , Schillak, S. , Yacoub, E. , de Martino, F. , Van de

Moortele, P. , Naselaris, T. , Olman, C. , Vaughan, T. , 2012. An open faced 4 ch. Loop

transmit/16 ch. Receive array coil for HiRes fMRI at 7 Tesla. In: Proceedings of the

20th Annual Meeting of ISMRM, Melbourne, Victoria, Australia, p. 429 . 

n, X., Gong, H., Qian, L., Wang, X., Pan, Y., Zhang, X., Yang, Y., Wang, W., 2012.

Distinct functional organizations for processing different motion signals in V1,

V2, and V4 of macaque. J. Neurosci. 32 (39), 13363–13379. doi: 10.1523/JNEU-

ROSCI.1900-12.2012 . 

nderson, S.J., Mullen, K.T., Hess, R.F., 1991. Human peripheral spatial resolution for

achromatic and chromatic stimuli: limits imposed by optical and retinal factors. J.

Physiol. (Lond.) 442 (1), 47–64. doi: 10.1113/jphysiol.1991.sp018781 . 

ilodeau, L., Faubert, J., 1997. Isoluminance and chromatic motion perception throughout

the visual field. Vis. Res. 37 (15), 2073–2081. doi: 10.1016/S0042-6989(97)00012-6 .

lasdel, G.G., Lund, J.S., 1983. Termination of afferent axons in macaque striate cortex.

J. Neurosci. 3 (7), 1389–1413. doi: 10.1523/JNEUROSCI.03-07-01389.1983 . 

urkhalter, A., Bernardo, K.L., 1989. Organization of corticocortical connections in

human visual cortex. Proc. Natl. Acad. Sci. 86 (3), 1071–1075.

doi: 10.1073/pnas.86.3.1071 . 

alkins, D.J., Schein, S.J., Tsukamoto, Y., Sterling, P., 1994. M and L cones in macaque

fovea connect to midget ganglion cells by different numbers of excitatory synapses.

Nature 371 (6492), 70–72. doi: 10.1038/371070a0 . 

allaway, E.M., Wiser, A.K., 1996. Contributions of individual layer 2–5 spiny neurons

to local circuits in macaque primary visual cortex. Vis. Neurosci. 13 (5), 907–922.

doi: 10.1017/S0952523800009159 . 

Callaway, E.M., 2005. Structure and function of parallel pathways in the primate early

visual system. J. Physiol. (Lond.) 566 (1), 13–19. doi: 10.1113/jphysiol.2005.088047 .

Chatterjee, S., Callaway, E.M., 2003. Parallel colour-opponent pathways to primary visual

cortex. Nature 426 (6967), 668–671. doi: 10.1038/nature02167 . 

Chen, G., Lu, H.D., Roe, A.W., 2008. A map for horizontal disparity in monkey V2. Neuron

58 (3), 442–450. doi: 10.1016/j.neuron.2008.02.032 . 

Dacey, D.M., Lee, B.B., 1994. The “blue-on ” opponent pathway in primate retina orig-

inates from a distinct bistratified ganglion cell type. Nature 367 (6465), 731–735.

doi: 10.1038/367731a0 . 

enison, R.N., Vu, A.T., Yacoub, E., Feinberg, D.A., Silver, M.A., 2014. Functional mapping

of the magnocellular and parvocellular subdivisions of human LGN. Neuroimage 102,

358–369. doi: 10.1016/j.neuroimage.2014.07.019 . 

errington, A.M. , Lennie, P. , 1984. Spatial and temporal contrast sensitivities of neurones

in lateral geniculate nucleus of macaque. J. Physiol. (Lond.) 357, 219–240 . 

esimone, R., Schein, S.J., Moran, J., Ungerleider, L.G., 1985. Contour, color

and shape analysis beyond the striate cortex. Vis. Res. 25 (3), 441–452.

doi: 10.1016/0042-6989(85)90069-0 . 

umoulin, S.O., Wandell, B.A., 2008. Population receptive field estimates in human visual

cortex. Neuroimage 39 (2), 647–660. doi: 10.1016/j.neuroimage.2007.09.034 . 

umoulin, S.O., Harvey, B.M., Fracasso, A., Zuiderbaan, W., Luijten, P.R., Wandell, B.A.,

Petridou, N., 2017. In vivo evidence of functional and anatomical stripe-based subdi-

visions in human V2 and V3. Sci. Rep. 7 (1), 733. doi: 10.1038/s41598-017-00634-6 .

avlicek, M., Uluda ğ, K., 2020. A dynamical model of the laminar BOLD response. Neu-

roimage 204, 116209. doi: 10.1016/j.neuroimage.2019.116209 . 

ockfield, S., Tootell, R.B., Zaremba, S., 1990. Molecular differences among neurons re-

veal an organization of human visual cortex. Proc. Natl. Acad. Sci. 87 (8), 3027–3031.

doi: 10.1073/pnas.87.8.3027 . 

https://doi.org/10.1523/JNEUROSCI.2923-07.2007
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0002
https://doi.org/10.1523/JNEUROSCI.1900-12.2012
https://doi.org/10.1113/jphysiol.1991.sp018781
https://doi.org/10.1016/S0042-6989(97)00012-6
https://doi.org/10.1523/JNEUROSCI.03-07-01389.1983
https://doi.org/10.1073/pnas.86.3.1071
https://doi.org/10.1038/371070a0
https://doi.org/10.1017/S0952523800009159
https://doi.org/10.1113/jphysiol.2005.088047
https://doi.org/10.1038/nature02167
https://doi.org/10.1016/j.neuron.2008.02.032
https://doi.org/10.1038/367731a0
https://doi.org/10.1016/j.neuroimage.2014.07.019
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0019
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0019
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0019
https://doi.org/10.1016/0042-6989(85)90069-0
https://doi.org/10.1016/j.neuroimage.2007.09.034
https://doi.org/10.1038/s41598-017-00634-6
https://doi.org/10.1016/j.neuroimage.2019.116209
https://doi.org/10.1073/pnas.87.8.3027


K.T. Navarro, M.J. Sanchez, S.A. Engel et al. NeuroImage 226 (2021) 117520 

H  

 

H  

 

H  

H  

 

H  

 

 

 

K  

K  

 

K  

 

K  

 

K  

 

L  

 

L  

 

L  

 

L  

 

L  

L  

 

M  

 

M  

 

M  

M  

M  

 

M  

 

 

 

 

M

 

M  

 

N  

N  

 

N  

N  

N  

 

N  

 

O  

 

O  

 

O  

 

O  

 

R  

 

R  

 

S  

 

 

S  

 

S  

 

S  

 

 

S  

 

S  

 

S  

 

S  

S  

 

T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

origuchi, H., Nakadomari, S., Misaki, M., Wandell, B.A., 2009. Two temporal

channels in human V1 identified using fMRI. Neuroimage 47 (1), 273–280.

doi: 10.1016/j.neuroimage.2009.03.078 . 

orton, J.C., 1984. Cytochrome oxidase patches: a new cytoarchitectonic feature of mon-

key visual cortex. Philos. Trans. R. Soc. Lond. B, Biol. Sci. 304 (1119), 199–253.

doi: 10.1098/rstb.1984.0021 . 

ubel, D.H., Livingstone, M.S., 1985. Complex–unoriented cells in a subregion of primate

area 18. Nature 315 (6017), 325–327. doi: 10.1038/315325a0 . 

ubel, D.H., Livingstone, M.S., 1990. Color and contrast sensitivity in the lateral genic-

ulate body and primary visual cortex of the macaque monkey. J. Neurosci. 10 (7),

2223–2237. doi: 10.1523/JNEUROSCI.10-07-02223.1990 . 

uber, L., Handwerker, D.A., Jangraw, D.C., Chen, G., Hall, A., Stuber, C., Gonzalez-

Castillo, J., Ivanov, D., Marrett, S., Guidi, M., Goense, J., Poser, B.A., Bandet-

tini, P.A., 2017. High-resolution CBV-fMRI allows mapping of laminar activity and

connectivity of cortical input and output in human M1. Neuron 96 (6), 1253–1263.

doi: 10.1016/j.neuron.2017.11.005 , e7. 

andel, E.R. , Schwartz, J.H. , Essell, T.M. , Siegelbaum, S. , Hudspeth, A.J. , 2000. Principles

of Neural Science, 4. McGraw-hill . 

aplan, E., Shapley, R.M., 1982. X and Y cells in the lateral geniculate nucleus of

macaque monkeys. J. Physiol. (Lond.) 330 (1), 125–143. doi: 10.1113/jphys-

iol.1982.sp014333 . 

ashyap, S., Ivanov, D., Havlicek, M., Poser, B.A., Uluda ğ, K., 2018. Impact of acquisition

and analysis strategies on cortical depth-dependent fMRI. Neuroimage 168, 332–344.

doi: 10.1016/j.neuroimage.2017.05.022 . 

eller, A.L., Schüz, A., Logothetis, N.K., Weber, B., 2011. Vascularization of cytochrome

oxidase-rich blobs in the primary visual cortex of squirrel and macaque monkeys. J.

Neurosci. 31 (4), 1246–1253. doi: 10.1523/JNEUROSCI.2765-10.2011 . 

ok, P., Bains, L.J., van Mourik, T., Norris, D.G., de Lange, F.P., 2016. Selective activation

of the deep layers of the human primary visual cortex by top-down feedback. Curr.

Biol. 26 (3), 371–376. doi: 10.1016/j.cub.2015.12.038 . 

i, X., Zhu, Q., Janssens, T., Arsenault, J.T., Vanduffel, W., 2019. In vivo identification of

thick, thin, and pale stripes of macaque area V2 using submillimeter resolution (f)MRI

at 3 T. Cerebr. Cortex 29 (2), 544–560. doi: 10.1093/cercor/bhx337 . 

ivingstone, M.S., Hubel, D.H., 1987a. Connections between layer 4B of area 17 and the

thick cytochrome oxidase stripes of area 18 in the squirrel monkey. J. Neurosci. 7

(11), 3371–3377. doi: 10.1523/JNEUROSCI.07-11-03371.1987 . 

ivingstone, M.S., Hubel, D.H., 1987b. Do the relative mapping densities of the magno-

and parvocellular systems vary with eccentricity? J. Neurosci. 8 (11), 4334–4339.

doi: 10.1523/JNEUROSCI.08-11-04334.1988 . 

ivingstone, M., Hubel, D., 1988. Segregation of form, color, movement, and depth:

anatomy, physiology, and perception. Science 240 (4853), 740–749. doi: 10.1126/sci-

ence.3283936 . 

u, H.D., Roe, A.W., 2007. Optical imaging of contrast response in macaque monkey V1

and V2. Cerebr. Cortex 17 (11), 2675–2695. doi: 10.1093/cercor/bhl177 . 

u, H.D., Roe, A.W., 2008. Functional organization of color domains in V1 and V2

of macaque monkey revealed by optical imaging. Cerebr. Cortex 18 (3), 516–533.

doi: 10.1093/cercor/bhm081 . 

artin, P.R., White, A.J.R., Goodchild, A.K., Wilder, H.D., Sefton, A.E., 1997. Evidence

that blue-on cells are part of the third geniculocortical pathway in primates. Eur. J.

Neurosci. 9 (7), 1536–1541. doi: 10.1111/j.1460-9568.1997.tb01509.x . 

aunsell, J.H.R., 1987. Physiological evidence for two visual subsystems. In: Vaina, L.M.

(Ed.), Matters of Intelligence: Conceptual Structures in Cognitive Neuroscience.

Springer, Netherlands, pp. 59–87. doi: 10.1007/978-94-009-3833-5_3 . 

cKee, S.P., Taylor, D.G., 1984. Discrimination of time: comparison of foveal and periph-

eral sensitivity. JOSA A 1 (6), 620–627. doi: 10.1364/JOSAA.1.000620 . 

ishkin, M., Ungerleider, L.G., Macko, K.A., 1983. Object vision and spatial vision: two

cortical pathways. Trends Neurosci. 4. doi: 10.1016/0166-2236(83)90190-X . 

ugler, J.P., Brookeman, J.R., 1990. Three-dimensional magnetization-prepared rapid

gradient-echo imaging (3D MP RAGE). Magn. Reson. Med. 15 (1), 152–157.

doi: 10.1002/mrm.1910150117 . 

ullen, K.T., 1985. The contrast sensitivity of human colour vision to red-green and blue-

yellow chromatic gratings. J. Physiol. (Lond.) 359 (1), 381–400. doi: 10.1113/jphys-

iol.1985.sp015591 . 

Mullen, K.T., 1991. Colour vision as a post-receptoral specialization of the central visual

field. Vis. Res. 31 (1), 119–130. doi: 10.1016/0042-6989(91)90079-K . 

Mullen, K.T., Kingdom, F.A.A., 1996. Losses in peripheral colour sensitivity predicted

from “Hit and Miss ” post-receptoral cone connections. Vis. Res. 36 (13), 1995–2000.

doi: 10.1016/0042-6989(95)00261-8 . 

ullen, K.T., Kingdom, F.a.A., 2002. Differential distributions of red–green and blue–

yellow cone opponency across the visual field. Vis. Neurosci. 19 (1), 109–118.

doi: 10.1017/S0952523802191103 . 

urphy, K.M., Duffy, K.R., Jones, D.G., Mitchell, D.E., 2001. Development of cytochrome

oxidase blobs in visual cortex of normal and visually deprived cats. Cerebr. Cortex 11

(2), 122–135. doi: 10.1093/cercor/11.2.122 . 

asr, S., Polimeni, J.R., Tootell, R.B., 2016. Interdigitated color- and disparity-selective

columns within human visual cortical areas V2 and V3. J. Neurosci. 36 (6), 1841–

1857. doi: 10.1523/JNEUROSCI.3518-15.2016 . 

asr, S., Tootell, R.B.H., 2016. Visual field biases for near and far stimuli in dis-

parity selective columns in human visual cortex. Neuroimage 168, 358–365.

doi: 10.1016/j.neuroimage.2016.09.012 . 

assi, J.J., Callaway, E.M., 2007. Specialized circuits from primary visual cortex to V2

and area MT. Neuron 55 (5), 799–808. doi: 10.1016/j.neuron.2007.07.037 . 

assi, J.J., Callaway, E.M., 2009. Parallel processing strategies of the primate visual sys-

tem. Nat. Rev. Neurosci. 10 (5), 360–372. doi: 10.1038/nrn2619 . 
ewton, J.R., Eskew, R.T., 2003. Chromatic detection and discrimination in the pe-

riphery: a postreceptoral loss of color sensitivity. Vis. Neurosci. 20 (5), 511–521.

doi: 10.1017/S0952523803205058 . 

orton, T.T., Casagrande, V.A., 1982. Laminar organization of receptive-field properties

in lateral geniculate nucleus of bush baby (Galago crassicaudatus). J. Neurophysiol.

47 (4), 715–741. doi: 10.1152/jn.1982.47.4.715 . 

lman, C.A., Bao, P., Engel, S.A., Grant, A.N., Purington, C., Qiu, C., Schallmo, M.-.P.,

Tjan, B.S., 2018. Hemifield columns co-opt ocular dominance column structure in

human achiasma. Neuroimage 164, 59–66. doi: 10.1016/j.neuroimage.2016.12.063 . 

lman, C.A., Harel, N., Feinberg, D.A., He, S., Zhang, P., Ugurbil, K., Yacoub, E., 2012.

Layer-specific fMRI reflects different neuronal computations at different depths in

human V1. PLoS One 7 (3), e32536. doi: 10.1371/journal.pone.0032536 . 

lman, C.A., Inati, S., Heeger, D.J., 2007. The effect of large veins on spatial localization

with GE BOLD at 3 T: displacement, not blurring. Neuroimage 34 (3), 1126–1135.

doi: 10.1016/j.neuroimage.2006.08.045 . 

lman, Cheryl, A., Van de Moortele, P.-.F., Schumacher, J.F., Guy, J.R., U ğurbil, K., Ya-

coub, E., 2010. Retinotopic mapping with spin echo BOLD at 7T. Magn. Reson. Imag-

ing 28 (9), 1258–1269. doi: 10.1016/j.mri.2010.06.001 . 

oe, A.W., Ts’o, D.Y., 1995. Visual topography in primate V2: multiple representa-

tion across functional stripes. J. Neurosci. 15 (5), 3689–3715. doi: 10.1523/JNEU-

ROSCI.15-05-03689.1995 . 

oe, A.W., Ts’o, D.Y., 1997. The functional architecture of area V2 in the macaque mon-

key. In: Rockland, K.S., Kaas, J.H., Peters, A. (Eds.), Extrastriate Cortex in Primates.

Springer, US, pp. 295–333. doi: 10.1007/978-1-4757-9625-4_7 . 

alzmann, M.F.V., Bartels, A., Logothetis, N.K., Schüz, A., 2012. Color blobs in corti-

cal areas V1 and V2 of the new world monkey Callithrix jacchus, revealed by non-

differential optical imaging. J. Neurosci. 32 (23), 7881–7894. doi: 10.1523/JNEU-

ROSCI.4832-11.2012 . 

chiller, P.H., Logothetis, N.K., 1990. The color-opponent and broad-band chan-

nels of the primate visual system. Trends Neurosci. 13 (10), 392–398.

doi: 10.1016/0166-2236(90)90117-s . 

hipp, S., Zeki, S., 1985. Segregation of pathways leading from area V2 to ar-

eas V4 and V5 of macaque monkey visual cortex. Nature 315 (6017), 322–324.

doi: 10.1038/315322a0 . 

ilson, E.H., Chan, A.W.-Y., Reynolds, R.C., Kravitz, D.J., Baker, C.I., 2015. A retinotopic

basis for the division of high-level scene processing between lateral and ventral hu-

man occipitotemporal cortex. J. Neurosci. 35 (34), 11921–11935. doi: 10.1523/JNEU-

ROSCI.0137-15.2015 . 

ilveira, L.C., Saito, C.A., Lee, B.B., Kremers, J., da Silva Filho, M., Kilavik, B.E., Ya-

mada, E.S., Perry, V.H., 2004. Morphology and physiology of primate M- and P-cells.

Prog. Brain Res. 144, 21–46. doi: 10.1016/S0079-6123(03)14402-0 . 

incich, L.C., Horton, J.C., 2002. Divided by cytochrome oxidase: a map of the projec-

tions from V1 to V2 in macaques. Science 295 (5560), 1734–1737. doi: 10.1126/sci-

ence.1067902 . 

incich, L.C., Jocson, C.M., Horton, J.C., 2010. V1 interpatch projections to v2 thick

stripes and pale stripes. J. Neurosci. 30 (20), 6963–6974. doi: 10.1523/JNEU-

ROSCI.5506-09.2010 . 

nowden, R.J., Hess, R.F., 1992. Temporal frequency filters in the human peripheral visual

field. Vis. Res. 32 (1), 61–72. doi: 10.1016/0042-6989(92)90113-W . 

tone, J. , 2013. Parallel Processing in the Visual System: The Classification of Retinal Gan-

glion Cells and its Impact on the Neurobiology of Vision. Springer Science & Business

Media . 

ootell, R.B.H., Nelissen, K., Vanduffel, W., Orban, G.A., 2004. Search for color ‘Cen-

ter(s)’ in macaque visual cortex. Cerebr. Cortex 14 (4), 353–363. doi: 10.1093/cer-

cor/bhh001 . 

Tootell, R.B.H. , Silverman, M.S. , De Valois, R.L. , Jacobs, G.H. , 1983. Functional organi-

zation of the second cortical visual area in primates. Science 220 (4598), 737–739

JSTOR . 

Tootell, R.B.H., Taylor, J.B., 1995. Anatomical evidence for MT and additional cortical

visual areas in humans. Cerebr. Cortex 5 (1), 39–55. doi: 10.1093/cercor/5.1.39 . 

Tootell, R.B.H., Nasr, S., 2017. Columnar segregation of magnocellular and parvo-

cellular streams in human extrastriate cortex. J. Neurosci. 37 (33), 8014–8032.

doi: 10.1523/JNEUROSCI.0690-17.2017 . 

U ğurbil, K., Adriany, G., Andersen, P., Chen, W., Garwood, M., Gruetter, R., Henry, P.-.G.,

Kim, S.-.G., Lieu, H., Tkac, I., Vaughan, T., Van De Moortele, P.-.F., Yacoub, E., Zhu, X.-

.H., 2003. Ultrahigh field magnetic resonance imaging and spectroscopy. Magn. Re-

son. Imaging 21 (10), 1263–1281. doi: 10.1016/j.mri.2003.08.027 . 

Uluda ğ, K., Blinder, P., 2018. Linking brain vascular physiology to hemo-

dynamic response in ultra-high field MRI. Neuroimage 168, 279–295.

doi: 10.1016/j.neuroimage.2017.02.063 . 

van der Zwaag, W., Buur, P.F., Fracasso, A., van Doesum, T., Uludag, K., Versluis, M.J.,

Marques, J.P., 2018. Distortion-matched T1 maps and unbiased T1-weighted im-

ages as anatomical reference for high-resolution fMRI. Neuroimage 176, 41–55.

doi: 10.1016/j.neuroimage.2018.04.026 . 

Vanduffel, W., Tootell, R.B.H., Schoups, A.A., Orban, G.A., 2002. The organization of

orientation selectivity throughout macaque visual cortex. Cerebr. Cortex 12 (6), 647–

662. doi: 10.1093/cercor/12.6.647 . 

Vanni, S., Henriksson, L., Viikari, M., James, A.C., 2006. Retinotopic distribution of chro-

matic responses in human primary visual cortex. Eur. J. Neurosci. 24 (6), 1821–1831.

doi: 10.1111/j.1460-9568.2006.05070.x . 

Waehnert, M.D., Dinse, J., Weiss, M., Streicher, M.N., Waehnert, P., Geyer, S., Turner, R.,

Bazin, P.L., 2014. Anatomically motivated modeling of cortical laminae. Neuroimage

93 (Pt 2), 210–220. doi: 10.1016/j.neuroimage.2013.03.078 . 

Wang, L., Mruczek, R.E., Arcaro, M.J., Kastner, S., 2015. Probabilistic maps of visual

topography in human cortex. Cereb. Cortex 25 (10), 3911–3931. doi: 10.1093/cer-

cor/bhu277 . 

https://doi.org/10.1016/j.neuroimage.2009.03.078
https://doi.org/10.1098/rstb.1984.0021
https://doi.org/10.1038/315325a0
https://doi.org/10.1523/JNEUROSCI.10-07-02223.1990
https://doi.org/10.1016/j.neuron.2017.11.005
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0037
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0037
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0037
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0037
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0037
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0037
https://doi.org/10.1113/jphysiol.1982.sp014333
https://doi.org/10.1016/j.neuroimage.2017.05.022
https://doi.org/10.1523/JNEUROSCI.2765-10.2011
https://doi.org/10.1016/j.cub.2015.12.038
https://doi.org/10.1093/cercor/bhx337
https://doi.org/10.1523/JNEUROSCI.07-11-03371.1987
https://doi.org/10.1523/JNEUROSCI.08-11-04334.1988
https://doi.org/10.1126/science.3283936
https://doi.org/10.1093/cercor/bhl177
https://doi.org/10.1093/cercor/bhm081
https://doi.org/10.1111/j.1460-9568.1997.tb01509.x
https://doi.org/10.1007/978-94-009-3833-5_3
https://doi.org/10.1364/JOSAA.1.000620
https://doi.org/10.1016/0166-2236(83)90190-X
https://doi.org/10.1002/mrm.1910150117
https://doi.org/10.1113/jphysiol.1985.sp015591
https://doi.org/10.1016/0042-6989(91)90079-K
https://doi.org/10.1016/0042-6989(95)00261-8
https://doi.org/10.1017/S0952523802191103
https://doi.org/10.1093/cercor/11.2.122
https://doi.org/10.1523/JNEUROSCI.3518-15.2016
https://doi.org/10.1016/j.neuroimage.2016.09.012
https://doi.org/10.1016/j.neuron.2007.07.037
https://doi.org/10.1038/nrn2619
https://doi.org/10.1017/S0952523803205058
https://doi.org/10.1152/jn.1982.47.4.715
https://doi.org/10.1016/j.neuroimage.2016.12.063
https://doi.org/10.1371/journal.pone.0032536
https://doi.org/10.1016/j.neuroimage.2006.08.045
https://doi.org/10.1016/j.mri.2010.06.001
https://doi.org/10.1523/JNEUROSCI.15-05-03689.1995
https://doi.org/10.1007/978-1-4757-9625-4_7
https://doi.org/10.1523/JNEUROSCI.4832-11.2012
https://doi.org/10.1016/0166-2236(90)90117-s
https://doi.org/10.1038/315322a0
https://doi.org/10.1523/JNEUROSCI.0137-15.2015
https://doi.org/10.1016/S0079-6123(03)14402-0
https://doi.org/10.1126/science.1067902
https://doi.org/10.1523/JNEUROSCI.5506-09.2010
https://doi.org/10.1016/0042-6989(92)90113-W
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0082
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0082
https://doi.org/10.1093/cercor/bhh001
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0085
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0085
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0085
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0085
http://refhub.elsevier.com/S1053-8119(20)31005-3/sbref0085
https://doi.org/10.1093/cercor/5.1.39
https://doi.org/10.1523/JNEUROSCI.0690-17.2017
https://doi.org/10.1016/j.mri.2003.08.027
https://doi.org/10.1016/j.neuroimage.2017.02.063
https://doi.org/10.1016/j.neuroimage.2018.04.026
https://doi.org/10.1093/cercor/12.6.647
https://doi.org/10.1111/j.1460-9568.2006.05070.x
https://doi.org/10.1016/j.neuroimage.2013.03.078
https://doi.org/10.1093/cercor/bhu277


K.T. Navarro, M.J. Sanchez, S.A. Engel et al. NeuroImage 226 (2021) 117520 

W  

X  

 

Y  

 

Y  

 

eldon, K.B., Burton, P.C., Grant, A.N., Yacoub, E., & Olman, C.A. (2019). Defining region-

specific masks for reliable depth-dependent analysis of fMRI data. 10.1101/557363 

iao, Y., Felleman, D.J., 2004. Projections from primary visual cortex to cytochrome oxi-

dase thin stripes and interstripes of macaque visual area 2. Proc. Natl. Acad. Sci. USA

101 (18), 7147–7151. doi: 10.1073/pnas.0402052101 . 
abuta, N.H., Callaway, E.M., 1998. Functional streams and local connections of layer

4C neurons in primary visual cortex of the macaque monkey. J. Neurosci. 18 (22),

9489–9499. doi: 10.1523/JNEUROSCI.18-22-09489.1998 . 

abuta, N.H., Sawatari, A., Callaway, E.M., 2001. Two functional channels from pri-

mary visual cortex to dorsal visual cortical areas. Science 292 (5515), 297–300.

doi: 10.1126/science.1057916 . 

https://doi.org/10.1073/pnas.0402052101
https://doi.org/10.1523/JNEUROSCI.18-22-09489.1998
https://doi.org/10.1126/science.1057916

	Depth-dependent functional MRI responses to chromatic and achromatic stimuli throughout V1 and V2
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Apparatus
	2.3 Visual stimuli
	2.4 Data collection
	2.5 Data pre-processing
	2.5.1 3T data
	2.5.2 Functional data
	2.5.3 pRF data

	2.6 Data analysis
	2.6.1 pRF analysis and ROI delineation
	2.6.2 General linear model analysis
	2.6.3 Depth-dependent analysis
	2.6.4 Stimulus-selective band analysis


	3 Results
	4 Discussion
	CRediT author statement
	Data availability
	Declaration of Competing Interest
	Acknowledgments
	References


