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Abstract

Columns and layers are fundamental organizational units of the brain. Well known examples of 

cortical columns are the ocular dominance columns (ODCs) in primary visual cortex and the 

column-like stripe-based arrangement in the second visual area V2.

The spatial scale of columns and layers is beyond the reach of conventional neuroimaging, but the 

advent of high field magnetic resonance imaging (MRI) scanners (UHF, 7 Tesla and above) has 

opened the possibility to acquire data at this spatial scale, in-vivo and non-invasively in humans.

The most prominent non-invasive technique to measure brain function is blood oxygen level 

dependent (BOLD) fMRI, measuring brain activity indirectly, via changes in hemodynamics. A 

key determinant of the ability of high-resolution BOLD fMRI to accurately resolve columns and 

layers is the point-spread function (PSF) of the BOLD response in relation to the spatial extent of 

neuronal activity.

In this study we take advantage of the stripe-based arrangement present in visual area V2, coupled 

with sub-millimetre anatomical and gradient-echo BOLD (GE BOLD) acquisition at 7T to obtain 

PSF estimates and along cortical depth in human participants.

Results show that the BOLD PSF is maximal in the superficial part of the cortex (1.78mm), and it 

decreases with increasing cortical depth (0.83mm close to white matter).
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1. Introduction

The cortical column is a prominent organizational feature in primary visual cortex (V1) 

at the mesoscopic, i.e. millimetre, organization level, and is hypothesized to be a generic 

organizational feature across the whole human brain (Dumoulin et al., 2017). Columns 

were first investigated in seminal papers by Mountcastle, Hubel and Wiesel (Hubel and 

Wiesel, 1968, 1972, 1977; Mountcastle, 1957, 1997). The cortical column is characterized 

by fine-scale functional specializations, for example V1 neurons responding preferentially 

to monocular input coming to the left and right eyes are segregated in distinct ocular 

dominance columns (ODCs).

ODC organization is not the only columnar structure in the early visual system. Data from 

macaque neurophysiology and human neuroimaging indicates that different visual features 

are processed in distinct streams, segregated both functionally and anatomically. Data 

suggests that the magnocellular (M) and parvocellular (P) streams remain predominantly 

segregated also in the second visual field map V2 (Hubel and Livingstone, 1987; 

Livingstone and Hubel, 1987) (Felleman and Van Essen, 1991; Hubel and Livingstone, 

1987; Merigan and Maunsell, 1993; Zeki and Shipp, 1988) but see also (Sincich and 

Horton, 2005a) for a different position. The functional segregation in V2 is mirrored in 

the underlying anatomical organization. V2 contains a stripe-based arrangement as revealed 

using cytochrome-oxidase and myelin staining (Sincich and Horton, 2005b; Sincich et al., 

2007, 2010; Tootell and Taylor, 1995). Recently, we have shown that the functional and 

anatomical properties of V2 stripes are related (Dumoulin et al., 2017).

The spatial scale of cortical columns and layers is beyond the reach of conventional 

neuroimaging, limiting studies of these structures to animal studies and post-mortem 

investigations. The advent of high field magnetic resonance imaging (MRI) scanners (UHF, 

7 Tesla and above) has opened the possibility to acquire data at this spatial scale, in-vivo 

and non-invasively in humans (Berlot et al., 2018; Cheng et al., 2001; Dumoulin et al., 2017; 

Fracasso et al., 2018; Kemper et al., 2018; Klein et al., 2018b; Nasr et al., 2016; Nasr and 

Tootell, 2018; Olman et al., 2018; Tootell and Nasr, 2017; Yacoub et al., 2008; Yacoub et al., 

2007).

A key determinant of the ability of high resolution fMRI to accurately resolve the columnar 

and layered organization in human neocortex is the point-spread function (PSF) of the 

fMRI response, in relation to the spatial extent of neuronal activity. The most prominent 

MRI technique to measure brain function is blood oxygenation level dependent (BOLD) 

fMRI. BOLD however measures brain function indirectly via changes in haemodynamic 

oxygenation levels. BOLD PSF refers to the spatial specificity of the BOLD fMRI signal, 

characterizing the response that would be generated by a theoretical point stimulus in the 

neuronal domain, for example a spatially defined group of neurons with approximately 

identical receptive fields, such as cortical columns.
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Here we aim to measure the BOLD PSF function. Accurate estimates of the BOLD PSF 

however are hard to obtain because the spatial extent of the underlying neuronal activity 

is typically not known. Previous attempts at characterizing the BOLD PSF focused on the 

retinotopic organization of V1 or the spatial arrangement of ODC (Chaimow et al., 2018b; 

Engel et al., 1997; Parkes et al., 2005; Shmuel et al., 2007). Here, we take advantage of 

the stripe-based arrangement present in human V2. This feature can be observed using both 

anatomical and functional data, in vivo, in human participants (Dumoulin et al., 2017). As 

with ODCs, the stripe-based arrangement can be probed to measure the BOLD PSF.

We measured sub-millimetre GE BOLD fMRI at 7T, allowing us to quantify the BOLD 

PSF across cortical depth in human V2. We compute GE BOLD PSF by fitting a modified 

cumulative gaussian function across the border between successive stripes and validate our 

approach using anatomical data of the stripe-based arrangement in human V2.

2. Material and Methods

2.1 Subjects

Four subjects participated in the experiment (age range: 28–39, one female). All subjects 

had normal or corrected-to-normal acuity. All experimental procedures were conducted 

in agreement with the 1964 Declaration of Helsinki (amended in 2008, Seoul). Subject 

informed written consent was obtained and approved by the Human Ethics Committee of 

the University Medical Center Utrecht. Data were acquired as part of a previously published 

study (Dumoulin et al., 2017). Stimuli and data acquisition have been reported previously 

(Dumoulin et al., 2017) and are outlined below.

2.2 Stimuli

Stimuli were generated using Matlab and PsychToolbox on a MacBook Pro. Two stimuli 

were adopted. In the first experiment (‘V2 stripes’) two visual stimuli were presented that 

consisted of a concentric circular grating of 20% contrast with a spatial frequency of one 

cycle per degree and covering a visual field of view of 11 degrees diameter (see Fig. 1). 

The contrast polarity reversed at a temporal frequency of either 1.5 or 7.5 Hz, alternated 

in a block design of 13s/block. These two temporal frequencies were chosen to elicit 

differential responses in parvo- versus magnocellular dominated pathways respectively, and 

are sufficient to bias activity to parvo- and magnocellular pathways to reveal the stripes 

(Dumoulin et al., 2017), though there may be considerable mixing of both pathways in 

each stripe-type. In the second experiment (‘retinotopic scans’) a rotating wedge stimulus 

was presented to delineate the visual field maps. The parameters of rotating wedge stimuli 

are described in previous studies (Wandell et al., 2007). During both experiments, subjects 

fixated a dot in the centre of the display and responded when this changed colour. Stimuli 

were presented on a back-projection screen and viewed using prisms and an angled mirror. 

The prisms were used to reflect the image from the screen located at the back of the bore 

towards participants eyes, allowing the participants to view the visual stimuli.
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2.3 Magnetic resonance imaging

Functional data were acquired using a 3-dimensional segmented gradient-echo echo-planar-

imaging (EPI) sequence with 29 coronal slices and acquisition time of 2.6 s per volume, 

and the following parameters: TR/TE 35/25 ms, flip angle 20 degrees, SENSE factor 3.5 in 

the right-left direction, echo planar factor: 17, bandwidth (in the phase-encode direction): 59 

Hz/pixel with estimated blurring in the phase-encode direction of ~2% (Haacke et al., 1999) 

voxel size = 0.9 × 0.9 × 1.0 mm, FOV = 120 (right-left) × 120 (feet-head) × 29 (anterior-

posterior) mm3, 80 time-frames, scan duration about 4 min. Each subject participated in at 

least two fMRI sessions, and each session comprised between 4 and 7 scans. fMRI data were 

acquired with a 7T Philips Achieva scanner using a volume transmit (Nova Medical, MA, 

USA) and a 16-channel receive surface-coil (Petridou et al., 2013). Participant’s heads were 

positioned with foam padding that minimized head motion.

High-resolution T1-weighted (T1-w) anatomical MR images were acquired with the 7T 

scanner and a 32-channel head coil (Nova Medical, MA, USA) in a separate session. 

The images were obtained with a 3-dimensional MPRAGE sequence adjusted to obtain a 

strong myelin contrast in grey matter (GM) (Fracasso et al., 2016b; Fracasso et al., 2016c). 

Sequence parameters were: inversion delay TI = 1200ms, time delay between inversion 

pulses TD = 6000ms, TR/TE 8/3 ms, flip angle: 8 degrees, voxel size = 0.5 mm isotropic, 

FOV: 140 × 140 × 30 mm, 60 coronal slices, bandwidth 202 Hz/pixel, turbo factor: 275, 

adiabatic inversion, and no acceleration. The imaging volume was placed at about the same 

location in visual cortex as the functional images.

Because cerebro-spinal fluid (CSF) appears bright in magnitude images using this TI and 

TD, images from the real component of the complex MR signal were also reconstructed, 

in which CSF is dark, and were used to mask CSF in the magnitude images by intensity 

thresholding. The resulting magnitude images were used in subsequent analysis steps.

2.4 Alignment and phase-specified coherence:

Data analysis was performed using AFNI (afni.nimh.nih.gov) and R (https://www.r-

project.org/). During the first 13 time-frames in each functional run no visual stimuli 

was presented, and were discarded to ensure that the signal had reached steady-state. The 

remaining time-frames were corrected for motion, aligned and interpolated to the anatomical 

data using the functions 3dVolreg and 3dAllineate using the local Pearson correlation cost 

function (Fig. 2A–D). The first step in the alignment was to manually align the EPI to the 

anatomical data using the ‘nudge’ tool in AFNI. After this first step, we ran an automated 

co-registration algorithm (3dAllineate). We limited the rotation and the shift to 3 mm (flags: 

-maxrot 3, maxshf 3), and we imposed a single pass only (flag: -onepass). For the alignment 

we used an affine transformation, estimating shift, rotation, shear, and scaling along 3 

dimensions (for a total of 12 parameters). Neither non-linear alignment nor distortion 

correction (top-up) was used. Baseline drifts of the fMRI time series were removed by high-

pass temporal filtering. fMRI data were analysed in the Fourier domain and the coherence 

and phase-specified coherence was computed per voxel. The coherence of each fMRI series 

at the fundamental stimulus frequency is a measure of the strength of the BOLD response 

but does not specify to which stimulus. On the other hand, the phase-specified coherence 
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measures the amplitude of the BOLD response and further distinguishes between the two 

stimulus types.

The coherence (C) was computed as:

C = A0

∑Af
2 Eq. 1:

where Af are the amplitudes of each Fourier component (f), and A0 is the amplitude at 

that stimulation frequency. The coherence values vary between 0% and 100%, where larger 

values indicate stronger responses to the stimulus manipulation.

The phase-specified coherence (Cφ) was computed as:

Cφ = C * cos φ0 − φℎrf Eq. 2:

where C is the coherence (Eq. 1), φ0 is the phase of the signal at the stimulation frequency, 

and φhrf is the hemodynamic response delay. The hemodynamic delay (φhrf) was estimated 

based on the response profiles of the data (see below). The phase-specified coherence 

combines the coherence, i.e. a measure of response amplitude, with phase, i.e. a measure 

of which stimuli elicited the strongest response. The phase-specified coherence values 

range between −1 and 1; positive values reflect stronger responses to the 1.5 Hz stimulus 

presentations, whereas negative values reflect stronger responses to the 7.5 Hz stimulus 

presentations.

To estimate φhrf (or reference phase), we performed an analysis of φ0 distribution of 

each participant for area V2. We estimated the probability distribution function of φ0 via 

kernel density estimation using the function ‘density’ in R and derived the mode of this 

distribution. The estimated mode was then used as φhrf (or reference phase) to derive the 

phase-specified coherence (Cφ).

2.5 Segmentation and surfaces

Anatomical volumes were segmented automatically using the function 3dSeg in AFNI 

and adjusted manually if necessary. The segmentation of the T1-w images was analyzed 

with nighres (https://nighres.readthedocs.io/en/latest/installation.html). A volume-preserving 

distance map was computed between the white matter (WM) and gray matter (GM) 

boundary and the GM/CSF boundary (Dinse et al., 2015; Waehnert et al., 2016; Waehnert 

et al., 2014) in 8 separate level-set volumes. This equi-volume model provides a coordinate 

system of cortical depth which is independent from local cortical folding (Waehnert et 

al., 2014). Local cortical thickness was estimated with nighres and local curvature using 

the AFNI function SurfMeasures. Cortical surfaces were obtained from the corresponding 

level-set volumes per subject using the AFNI function IsoSurface (Fig. 2E–G).

First, T1-w signal is known to covary with local curvature (Sereno et al., 2013). Thus, for 

each ROI, participant and surface along cortical depth, we subtracted the average T1-w 

signal from the T1-w signal distribution. Because previous post-mortem and in vivo MRI 

studies have found a significant correlation of myelin density with the folding pattern of the 
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cortex (curvature), we removed the curvature contribution using a procedure similar to the 

one adopted in previously published papers (Sereno et al., 2013; Sigalovsky et al., 2006). 

We fit a linear model between the de-meaned T1-w signal and local curvature to obtain the 

residuals of the model, giving us the de-meaned, de-curved T1-w signal. From now on we 

refer to the de-meaned, de-curved T1-w signal simply as ‘T1-w signal’.

2.6 Data analysis

2.6.1 Determination of the border between two consecutive V2 stripes 
from phase-specified coherence (GE BOLD)—To estimate the GE BOLD PSF we 

started by building a map measuring distance in millimetres from the boundary between 

consecutive stripes. This distance is computed using the geodesic distance between each two 

points over the cortical surface for each surface along cortical depth.

First, we used the phase specified coherence to identify the stripes in human V2 

responding to high or low temporal frequencies. Phase specified coherence is ideal for 

this measurement. In our experimental design, a positive phase specified coherence value 

indicates a relative preference for low temporal frequency, a negative phase specified 

coherence value indicates a relative preference for high temporal frequency. A phase 

specified coherence of 0 indicates the shift between a preference for relatively low to 

relatively high temporal frequency. Hence, 0 demarcates the border between different stripes 

in human V2.

We identified the nodes on the surface that prefer high or low temporal frequency (‘positive’ 

and ‘negative’ set of nodes, respectively). We computed the geodesic distance from every 

node on the positive to every node on the negative group. For each node from the positive 

group we assigned the smallest distance among all the possible geodesic distances computed 

towards the negative nodes. We repeated the same operation from the negative to the 

positive nodes (See Fig. 3). This operation results in a geodesic distance map, indicating the 

smallest distance from each node to the boundary between successive stripes in V2. A single 

geodesic distance map was obtained for each surface along cortical depth. We used geodesic 

distance maps as a basis to estimate the GE BOLD PSF across cortical depth.

For each surface across cortical depth and each node we obtained the phase specified 

coherence (ranging between −1 and 1, see Section 2.4) and the geodesic distance (from now 

on referred to as: ‘cortical distance’), representing the distance from the border between 

consecutive stripes in human V2 (see Fig. 4). Cortical distance data was binned based on 2% 

quantile bins. Within each cortical distance bin, we computed the average phase specified 

coherence as well as cortical distance and plot the former as a function of the latter (see Fig. 

4C).

2.6.2 Estimation of BOLD PSF—We obtained the binned phase-specified coherence 

along cortical distance for each surface along cortical depth, for each participant. We fit 

a model to the measured phase-specified coherence along cortical distance, assuming a 

Gaussian full-width, half-max (FWHM).
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The model followed a similar logic to the analysis introduced by (Shmuel et al., 2007). For a 

comparison between the current analysis procedure and the one in (Shmuel et al., 2007) see 

the end of this section and Discussion, section 4.5.3.

The model consisted of a modified cumulative gaussian function (CGF). The standard 

CGF takes the form reported in equation 3 (Eq. 3). The function ranges from 0 to 1 and 

has location (μ) and sigma (σ) as parameters. We modified the parametrization of the 

standard CGF. First, we fixed the location parameter (μ) to zero, as we built the distance 

map placing the 0 at the cross between successive stripes. Second, we added a scaling 

constant, to account for different amplitudes of the signal. Third, we added a shift constant 

to accommodate the range of phase specified coherence values, which naturally varies 

between −1 and 1. Overall we obtained a model with 3 parameters, CGFm (Eq. 4): sigma, 

scaling constant and shift constant (see Fig. 5).

CGF = 1
2 1 + erf (x − μ)

σ 2 Eq. 3:

CGFm = mult * 1
2 1 + erf (x)

σ 2 + sℎift Eq. 4:

FWHM = 2 2ln2 σ ≈ 2.355σ Eq. 5:

Conveniently, in this parametrization the sigma (σ) represents the width of the Gaussian 

PSF. We multiplied sigma by 2.355 (Eq. 5) to obtain the Gaussian full-width half-max, 

representing our estimate GE-BOLD PSF.

There are several differences between the current approach and the analysis of Shmuel 

and colleagues (2007) that are important to point out. In the current approach, we used 

functionally defined borders of V2 stripes, and used phase specified coherence to identify 

stripes in human V2, responding to high or low temporal frequencies. This is different from 

Shmuel and colleagues, which took advantage of the underlying retinotopic organization 

of human primary visual cortex and used an estimate of BOLD response based on the 1st 

principal component from the activity profiles sampled from the border.

From the modelling perspective, we fit a cumulative Gaussian model with varying 

width (FWHM), scaling and shift parameter. We allowed the shift parameter to vary to 

accommodate for negative phase-specified coherence values. On the other hand, Shmuel and 

colleagues tested two versions of the cumulative Gaussian model. Using three parameters to 

accommodate Gaussian centre, width, and scaling; or using two free parameters, assuming 

the edge of the responding region coincides with the edge of the stimulated region.

Lastly, in the current approach we estimate phase-specified coherence and cortical distance 

at the surface level (for each node on the surface mesh). This, combined with the sub-

millimetre resolution acquisition and modelling, allows us to estimate PSFs along cortical 
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depth. Shmuel and colleagues estimated the PSF in voxel space which encompassed a flat 

part of cortex in human V1.

2.6.3 Validation using anatomical data—In a previous publication we show that 

human V2 stripes are visible in the underlying anatomy (Dumoulin et al., 2017). We 

validated our modelling approach fitting T1-w signal to the corresponding cortical distance.

T1-w signal is correlated with phase specified coherence, but the relationship is not perfect 

(Dumoulin et al., 2017). For this reason, for our validation we re-computed cortical distance 

based on T1-w signal. The same procedure, estimating the border between two consecutive 

V2 stripes and the same equations were used to fit the T1-w data. With T1-w data, the 

parameters were free to vary along a larger range of values, to accommodate the different 

scaling between the phase specified coherence and T1-w signal. For example, the T1-signal 

could vary approximately between in the range of [−300, 300] (a.u.), thus the scaling and 

shift parameters could vary within a larger range, compared to phase specified coherence. 

Other that this difference, all other aspects of the modelling were identical between the 

two modalities. See Discussion, 4.3 Anatomical Width for a comment of the different 

interpretation of the estimated FWHM parameter between the two modalities. In brief, 

the FWHM fitted on T1-w signal cannot be interpreted as a measure of signal spread, 

as anatomical features per se do not spread and are not affected by the presence of 

large draining veins. However, the fitted FWHM for T1-w signal is a useful measure that 

represents the anatomical variability of the T1-w signal along successive V2 stripes in the 

absence of venous spread. In the absence of a draining component we hypothesized that the 

FWHM estimate for T1-w data will remain constant along cortical depth. Note that from 

now on we refer to the FWHM parameter estimated from T1-w signal as ‘anatomical width’.

2.6.4 Fitting model parameters.—We fit the model described in Eq. 4 to derive an 

estimate of the scaling parameter, the shift parameter and sigma (σ) for each participant 

and V2 ROI. We obtained an estimate of Gaussian FWHM applying Eq. 5 to the sigma 

parameter (σ) for phase specified coherence (GE BOLD) and the T1-w signal.

We ran the model using the software R using an optimization technique (‘optim’ function), 

selecting the parameters that minimize the sum of squares between our model and the 

observed data (binned phase-specified coherence / T1-w data along binned cortical distance, 

see Fig. 4C for example data from a portion of V2, phase-specified coherence).

Fig. 6A shows model fits from the entire V2 at three different levels along cortical depth for 

one participant. Moving along cortical depth, from WM towards the GM surface, we observe 

a noticeable difference in the rate of change of phase specified coherence as a function of 

cortical distance, with a faster rate of change close to the WM and a relatively slower rate of 

change close to the CSF surface. On the other hand, the rate of change of the T1-w signal 

remains approximately constant between WM and CSF surface (Fig. 6B).

2.7 Statistical analysis

To investigate the relation between the estimated parameters and cortical depth, we 

performed two separate general linear model analyses.
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In the first analysis we tested individually for each participant whether FWHM scales 

linearly with normalized cortical depth. In this way we obtained an estimate of the 

intercept and slope of the modelled parameters along cortical depth, at the individual 

participant level (see Table 1). In the second analysis we pooled parameter estimates from 

the individual participants in a single analysis (FWHM, scaling and shift parameter), to 

assess the robustness of the intercept and slope along cortical depth obtained at the single 

participant level. To account for individual participant variability, we used a generalized 

linear model with participants as a random factor (see Table 1). The same statistical analysis 

was performed on the parameters estimates from the T1-w signal, see Table 2 for individual 

and population results.

3. Results

3.1 Reconstructing V2 stripes along cortical depth

We recorded fMRI responses while participants viewed concentric gratings with contrast 

reversing at slow or fast rate (1.5 Hz or 7.5 Hz, respectively). We derived a measure of fMRI 

response frequency and phase in response to the stimuli, adjusted for the hemodynamic 

delay (the phase-specified coherence). The values ranged between −1 and 1; positive values 

reflect stronger responses to the slow-rate stimulus (1.5 Hz) and negative values reflect 

stronger responses to the fast-rate stimulus (7.5 Hz).

In V2, GE BOLD responses vary in a systematic fashion, i.e. there is an interleaved series 

of stripes that respond preferentially to slow or fast temporal frequencies. Based on visual 

inspection, these appear to line up into stripes orthogonal to the V1/V2 border and end at the 

V1/V2 border (see Fig. 7 for all participants).

GE-BOLD also changes systematically across cortical depth as reflected in the coherence 

which increases monotonically across cortical depth. This is a known behaviour of GE-

BOLD due to the draining effect of large pial veins, reflected here on the trend of the scaling 

parameter along cortical depth (Table 1, scaling parameter).

3.2 BOLD PSF is maximal in the superficial part of the cortex

We observed a positive linear relation between the FWHM estimated from the GE-BOLD 

data and normalized cortical depth at the single participant level as well as across all 

participants (Table 1).

Portions of cortex closer to the WM boundary were characterized by a PSF of approximately 

~0.8mm, compared to estimates from locations closer to the CSF surface, yielding PSF 

estimates of approximately ~1.8mm, Figure 8. This linear increase could be expected given 

the known draining effects of GE BOLD, driven by the influence of large pial veins located 

at the level of pial surface, leading to marked BOLD gradients towards the pial surface 

known from the literature (Chen et al., 2013; De Martino et al., 2013; Fracasso et al., 2018; 

Fracasso et al., 2016a; Havlicek and Uludag, 2020; Kashyap et al., 2018b; Kim and Ress, 

2017; Klein et al., 2018a; Lawrence et al., 2019; Siero et al., 2011; van Dijk et al., 2020).
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The scaling and shift parameters also change along cortical depth. The scaling parameter 

shows a positive linear relationship with normalized cortical depth, with smaller values 

observed towards the WM surface and larger values towards the GM/CSF boundary. The 

shift parameter shows negative values, with a negative linear relationship with normalized 

cortical depth, with larger values observed towards the WM surface and smaller values 

towards the GM/CSF boundary (Table 1).

The larger BOLD signal generally observed at the level of the pial surface is reflected 

in the increasing value of the scaling parameter necessary to accommodate our model to 

the observed data along cortical depth (Fig. 6A and Table 1, scaling parameter). A similar 

reasoning can be applied to the shift parameter. The CGFm model (Eq. 4) with a shift 

of 0 and a scaling parameter of 1 (Fig. 5A, black line). The phase-specified coherence 

along cortical depth ranges from negative to positive values (see Fig. 4C and 6A). To 

accommodate the data, the shift parameter naturally gears towards negative values (Table 

1). At the same time, moving along cortical depth, the shift also needs to accommodate for 

larger phase-specified coherence level, so it tends to become more negative closer to the 

GM/CSF boundary.

FWHM, scaling parameter and shift estimated from the T1-w signal all remain constant 

along normalized cortical depth at the single participant level as well as across all 

participants (see Figure 9 and Table 2). For each surface, the T1-w signal was de-meaned 

and de-curved (see section 2.5 Segmentation and surfaces), thus this pattern of results along 

cortical depth was expected for the scaling and shift parameters.

Results for the FWHM along cortical depth are interesting as they represent the anatomical 

variability of T1-w signal along successive V2 stripes in the absence of venous spread, 

thus providing a validation of our modelling approach (the estimate remains constant along 

cortical depth, Figure 9).

4. Discussion

The ability of high-resolution BOLD fMRI to accurately resolve the columnar and layered 

organization in human neocortex is determined by the point-spread function of the BOLD 

response in relation to the spatial extent of neuronal activity. However, this spatial extent is 

typically not known, making it difficult to accurately estimate the BOLD PSF. In this study 

we obtained functional estimates of the BOLD PSF using sub-millimetre GE BOLD fMRI 

data acquired at 7T and taking advantage of the stripe-based organization of visual area V2.

GE BOLD PSF is maximal in the superficial part of the cortex, and it decreases with 

increasing cortical depth. Portions of cortex closer to the WM boundary are characterized 

by a PSF of approximately ~0.8mm, compared to estimates from locations closer to the 

CSF surface, yielding PSF estimates of approximately ~1.8mm. This linear increase could 

be expected given the known draining effects of GE BOLD, driven by the influence of 

large pial veins, leading to marked BOLD gradients towards the pial surface (De Martino 

et al., 2013; Fracasso et al., 2018; Havlicek and Uludag, 2020; Kashyap et al., 2018a; 

Koopmans et al., 2010; Koopmans et al., 2011; Olman et al., 2012). The anatomical width, 
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that is, anatomical variability between successive V2 stripes (in the absence of a draining 

component) remains constant along cortical depth, thus validating our modelling approach.

4.1 GE BOLD PSF

In this study we measured the stripe-based organization of visual area V2 to obtain BOLD 

PSF estimates along cortical depth in human participants. Taking advantage of the fine-

grained organization in early visual cortex is advantageous compared to the classical PSF 

estimation based on V1 retinotopy as it is largely unaffected by several sources of variability 

such as receptive field scatter and size (Chaimow et al., 2018b; Hetherington and Swindale, 

1999).

Recent studies (Chaimow et al., 2018a; Chaimow et al., 2018b) estimated the BOLD PSF 

taking advantage of the inherent fine-scale organization of ocular dominance columns in 

primary visual cortex. Using previously published data (Yacoub et al., 2008; Yacoub et 

al., 2007) these authors modelled the observed ODC patterns using a generative approach, 

measuring the blurring kernel added to the underlying ODCs pattern as an estimate of PSF 

independent of neuronal receptive field size and scatter, for both GE and SE BOLD fMRI.

In the present study we measure GE BOLD PSF from the rate of change in phase-specified 

coherence occurring at the border between successive V2 stripes in humans (Fig. 4,5,6).

V2 stripes were identified using the phase specified coherence to high or low temporal 

frequencies. Phase specified coherence is ideally suited to identify V2 stripes. In our 

experimental design, a positive phase specified coherence value indicates a preference for 

a relatively low temporal frequency, a negative phase specified coherence value indicates 

a preference for a relatively high temporal frequency. A phase specified coherence of 0 

indicates the shift between a preference for low and high temporal frequency. Hence, 0 

demarcates the border between different stripes in human V2.

The specific organization of the vasculature across cortical depth leads to systematic GE 

BOLD signal changes along this dimension. Potentially, simple differences in GE BOLD 

signal change could be wrongly ascribed to true differences in GE BOLD PSF. In Fig. 5 we 

show an example of a potential difference in the rate of change of phase-specified coherence 

along cortical distance between two conditions. The parametrization used in our modelling 

approach allows to disentangle between different components of GE BOLD PSF, reducing 

the risk of incurring in spurious PSF estimation due to, for example, changes in signal 

increase instead of PSF width.

We report an average GE BOLD PSF across participants on the order of 0.83mm (close 

to WM) to 1.78mm (close to the pial surface), These values are compatible with those 

reported by Chaimov and colleagues across ODCs (Chaimow et al., 2018b) (between 0.8mm 

and 1.31mm across different participants). We postulate that GE BOLD measurements can 

resolve the underlying spatial organization with an accuracy below 1mm deeper in the cortex 

and become blurred closer to the pial surface.
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4.2 V2 stripes

Phase-specified coherence allows us to identify two subdivisions in human V2 (see Figure 

7). On the other hand, previous neurophysiology studies distinguish three types of stripes 

(Horton, 1984; Livingstone and Hubel, 1982; Tootell et al., 1983). In a previous publication 

(Dumoulin et al., 2017) we interpret our stripe-based subdivisions as collapsing two stripe 

types into one, speculating that our subdivisions distinguish ‘thick’ versus ‘thin’ and 

‘pale’ stripes combined. This speculation is based on previous non-human histological 

observations suggesting that ‘thick’ stripes in V2 receive a larger projection from layer 4B in 

V1, dominated by magnocellular input (Shipp and Zeki, 2002; Sincich and Horton, 2005a).

4.3 Anatomical Width

Analysis of T1-w signal was performed for validating our modelling approach. Although 

we adopt the same modelling strategy for GE BOLD and T1-w signal, it is important to 

note that the interpretation of the FWHM parameter differs between the two modalities. The 

fitted FWHM for GE BOLD can be interpreted as an estimate of BOLD PSF, that is the 

spreading of BOLD signal largely due to the action of draining veins, in response to an 

otherwise localized neuronal activity (Uğurbil et al., 2003).

On the other hand, the same parameter fitted for the T1-w signal cannot be interpreted as a 

measure of signal spread, as anatomical features per se do not spread and are not affected 

by the presence of large draining veins. However, the fitted FWHM for T1-w signal is a 

useful measure that represents the anatomical variability (‘width’) of the T1-w signal along 

successive V2 stripes in the absence of venous spread.

We find that anatomical width is about 0.4mm. It is important to highlight that this 

parameter remains flat along cortical depth, thus providing a validation for our analysis 

pipeline. Furthermore, the anatomical variation of about 0.4mm might reflect the acquisition 

resolution of the anatomical data (0.5mm isotropic), so it is possible that voxel size drives 

the estimates of anatomical width.

4.4 BOLD across cortical depth

One dominant challenge of measuring fMRI signal across cortical depth relates to the 

cortical vascular organization. While fMRI detects hemodynamic consequences of neuronal 

activity (Heeger et al., 2000; Logothetis, 2002), the vasculature has a specific organization 

across cortical depth: blood flows from pial and intracortical arteries and arterioles to the 

capillary bed, then is drained via venules and intracortical veins to larger pial veins at 

the cortical surface (Dumoulin et al., 2018; Duvernoy et al., 1981; Kashyap et al., 2018b; 

Turner, 2002). This specific vascular architecture explains the finding that BOLD signal 

amplitude is smaller at the WM/GM surface and systematically increases toward the pial 

surface (Chen et al., 2013; De Martino et al., 2013; Fracasso et al., 2018; Fracasso et al., 

2016a; Kim and Ress, 2017; Klein et al., 2018a; Lawrence et al., 2019; Siero et al., 2011; 

van Dijk et al., 2020), see also Table 1, scaling parameter, slope.

Considering this vascular architecture across cortical depth and how BOLD signal is affected 

by it, it is important to note that in the current study we report measures of GE BOLD 
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PSF that are tangential to the cortical surface, i.e. across columns (stripes). As pointed 

out by Polimeni and colleagues (2010) (Polimeni et al., 2010), the tangential PSF may 

be potentially distinct from the PSF orthogonal to the cortical surface. For example, veins 

penetrating the cortex could corrupt the PSF across cortical depth while leaving unaltered 

the tangential PSF. On the other hand, the presence of vessels of relatively large size at the 

pial surface leads to a corruption of the tangential PSF but may leave the PSF orthogonal to 

the cortical surface unaltered. Moreover the tangential and orthogonal PSFs could differently 

affect different voxels, leading to heterogeneous blurring voxel profiles (Kriegeskorte et al., 

2010). The two distinct PSFs (tangential and orthogonal) may potentially be observed if 

the temporal resolution of the measurements is sufficiently high (<<1s) to capture the flow 

of blood through the (intra)cortical vascular tree upon neuronal activation, avoiding blood 

pooling in the different venous vessels across cortical depth (Petridou and Siero, 2019). In 

our experiments each time point was acquired every 2.6s and our PSF estimates reflect the 

influence of the PSF orthogonal to the cortical surface, as a function of cortical depth. These 

estimates may be useful for mathematical models of the laminar BOLD PSF that are aimed 

to correct for the BOLD signal bias toward the pial surface (Havlicek and Uludag, 2020; 

Markuerkiaga et al., 2016).

4.5 Methodological considerations

4.5.1 The equi-volume model—In this investigation we acquired signal along cortical 

depth combining sub-millimeter resolution data acquisition, accurate anatomy-functional 

co-registration, and the generation of multiple intermediate surface reconstructions between 

the WM boundary and the GM surface.

We could measure GE BOLD fMRI over multiple surfaces that could be processed 

independently, along cortical depth. A volume-preserving distance map was computed 

between the WM/GM boundary and the GM/CSF boundary (Waehnert et al., 2016; 

Waehnert et al., 2014) in 8 steps. This equi-volume model provides a coordinate system 

of cortical depth which is independent from local cortical folding. The relative thickness of 

the supra- and infra- layers scales with local curvature and varies over the cortex. The supra-

granular layers are thinner within the top of a gyrus and thicker at the bottom, the opposite 

is true for the infra-granular layers (Fatterpekar et al., 2003; Hilgetag and Barbas, 2006; Van 

Essen and Maunsell, 1980). Moreover, cortical thickness also varies across the folds which 

are generally thicker at the top of a gyrus and thinner at the bottom (fundi of sulci) (Fischl 

and Dale, 2000). The equi-volume model takes these associations between local curvature 

and thickness into account (given the limitations of the data acquisition resolution) and it 

represents a good predictor for the location of landmark anatomical features as the stria of 

Gennari (Waehnert et al., 2016; Waehnert et al., 2014).

It is important to note that an acquisition resolution of about 0.9mm isotropic would at 

best give us the capacity to measure 2–3 different compartments, assuming a 2mm / 3mm 

cortical thickness, respectively. However, in Figure 8, we report eight different GE BOLD 

PSF estimates along normalized cortical depth. We can obtain more that 2–3 different 

PSF estimates along cortical depth thanks to the folded nature of cortical surface. When 

measuring MRI signal along cortical depth, we are using a regular grid (the FOV of the 
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acquisition resolution, 0.9×0.9×1mm) to sample signal from an irregular (folded) portion 

of the cortex. Thus, the centre of a voxel on the regular grid could be located close to the 

WM surface, close to the CSF surface or anywhere between the two. This comes at the 

cost of partial volume effects that can especially influence voxels located at the edge of the 

grey matter (close to the WM surface, close to the CSF surface), and we acknowledge this 

limitation. From an ROI, taking advantage of the irregular cortical folding, we can sample 

continuously along cortical depth, obtaining more than 2–3 signal estimates along cortical 

depth.

4.5.2 Blurring—The accurate estimation of the BOLD PSF is contingent on minimal 

blurring introduced from data acquisition sampling. The T2* signal decay during data 

acquisition can cause blurring along the phase encode direction in GE-EPI, which reduces 

the effective spatial resolution of the images and can introduce blurring in the measured 

BOLD signal. This effect can be minimized by setting the data acquisition read-out duration 

equal to the T2* of tissue (Haacke et al., 1999). The read-out duration employed here was 

26ms, approximately equal to the T2* of gray matter at 7T (Uludag et al., 2009) which 

yields a minimal estimated blurring in the phase encode direction of ~2% (Haacke et al., 

1999). The impact of this potential blurring on the estimated PSFs is expected to be very 

small.

4.5.3 Comparison between the current modelling approach and (Shmuel et 
al., 2007).—The method adopted in (Shmuel et al., 2007) inspired us to implement the 

modelling analysis used in the current manuscript.

While there are several differences between our model and Shmuel and colleagues (see 

section 2.6.2), these are introduced to account for the different dependent variable adopted 

in this study and be able to obtain an estimate of PSF along cortical depth. The main 

difference between our approach and Shmuel et al., is in the nature of the boundary adopted 

to measure PSF. In both cases we are in the presence of a functionally defined boundary. 

However, Shmuel and colleagues take advantage of the retinotopic organization in human 

primary visual cortex, whereas in the current investigation we take advantage of a different 

organizational principle, the stripe-based arrangement present in human V2, and validate the 

model using anatomical data. It is important to point out that there is a discussion as to 

whether vascularisation is similar between V1 and V2. (Duvernoy et al., 1981; Weber et al., 

2008).

4.6 Conclusions

Here we took advantage of the high resolution acquisition afforded at UHF and the stripe-

based organization in visual area V2 to obtain BOLD PSF estimates along cortical depth in 

human participants.

We observed that GE BOLD PSF estimates increase linearly toward the pial surface. 

Portions of cortex closer to the white matter boundary are characterized by smaller PSF 

(~0.8mm on average, see Table 1, Figure 8) compared to estimates from locations closer to 

the pial surface (~1.8mm on average, see Table 1, caption and Figure 8). We postulate that 

GE BOLD measurements can resolve the underlying neuronal spatial organization with an 
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accuracy below 1mm deeper in the cortex with this spatial specificity degrading closer to 

the pial surface. Our results provide an estimate of functional PSFs along cortical depth in 

human participants, useful for studies aimed at probing fine-scale cortical organizations in 

human neocortex.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the Netherlands Organization for Scientific Research (NWO), Vidi Grant number 
13339 (N.P.), Vici Grant number 016.Vici.185.050 (S.O.D.), the National Institute of Mental Health of the 
National Institutes of Health under award number R01MH111417 (N.P.). A.F. is supported by a grant from the 
Biotechnology and Biology research council (BBSRC, grant number: BB/S006605/1) and the Bial Foundation, Bial 
Foundation Grants Programme 2020/21, A-29315;

References

Berlot E, Formisano E, De Martino F, 2018. Mapping Frequency-Specific Tone Predictions in the 
Human Auditory Cortex at High Spatial Resolution. The Journal of neuroscience : the official 
journal of the Society for Neuroscience 38:4934–42. [PubMed: 29712781] 

Chaimow D, Ugurbil K, Shmuel A, 2018a. Optimization of functional MRI for detection, decoding 
and high-resolution imaging of the response patterns of cortical columns. NeuroImage 164:67–99. 
[PubMed: 28461061] 

Chaimow D, Yacoub E, Ugurbil K, Shmuel A, 2018b. Spatial specificity of the functional MRI blood 
oxygenation response relative to neuronal activity. NeuroImage 164:32–47. [PubMed: 28882632] 

Chen G, Wang F, Gore JC, Roe AW, 2013. Layer-specific BOLD activation in awake monkey 
V1 revealed by ultra-high spatial resolution functional magnetic resonance imaging. NeuroImage 
64:147–55. [PubMed: 22960152] 

Cheng K, Waggoner RA, Tanaka K, 2001. Human ocular dominance columns as revealed by high-field 
functional magnetic resonance imaging. Neuron 32:359–74. [PubMed: 11684004] 

De Martino F, Zimmermann J, Muckli L, Ugurbil K, Yacoub E, Goebel R, 2013. Cortical depth 
dependent functional responses in humans at 7T: improved specificity with 3D GRASE. PloS one 
8:e60514. [PubMed: 23533682] 

Dinse J, Hartwich N, Waehnert MD, Tardif CL, Schafer A, Geyer S, Preim B, Turner R, Bazin 
PL, 2015. A cytoarchitecture-driven myelin model reveals area-specific signatures in human 
primary and secondary areas using ultra-high resolution in-vivo brain MRI. NeuroImage 114:71–87. 
[PubMed: 25896931] 

Dumoulin SO, Fracasso A, van der Zwaag W, Siero JCW, Petridou N, 2018. Ultra-high field MRI: 
Advancing systems neuroscience towards mesoscopic human brain function. NeuroImage 168:345–
57. [PubMed: 28093360] 

Dumoulin SO, Harvey BM, Fracasso A, Zuiderbaan W, Luijten PR, Wandell BA, Petridou N, 2017. 
In vivo evidence of functional and anatomical stripe-based subdivisions in human V2 and V3. 
Scientific reports 7:733. [PubMed: 28389654] 

Duvernoy HM, Delon S, Vannson JL, 1981. Cortical blood vessels of the human brain. Brain research 
bulletin 7:519–79. [PubMed: 7317796] 

Engel SA, Glover GH, Wandell BA, 1997. Retinotopic organization in human visual cortex and the 
spatial precision of functional MRI. Cerebral cortex (New York, N.Y. : 1991) 7:181–92.

Fatterpekar GM, Delman BN, Boonn WW, Gultekin SH, Fayad ZA, Hoff PR, Naidich TP, 2003. 
MR microscopy of normal human brain. Magnetic resonance imaging clinics of North America 
11:641–53. [PubMed: 15018115] 

Fracasso et al. Page 15

Prog Neurobiol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Felleman DJ, Van Essen DC, 1991. Distributed hierarchical processing in the primate cerebral cortex. 
Cerebral cortex (New York, N.Y. : 1991) 1:1–47.

Fischl B, Dale AM, 2000. Measuring the thickness of the human cerebral cortex from magnetic 
resonance images. Proceedings of the National Academy of Sciences of the United States of 
America 97:11050–5. [PubMed: 10984517] 

Fracasso A, Luijten PR, Dumoulin SO, Petridou N, 2018. Laminar imaging of positive and negative 
BOLD in human visual cortex at 7T. NeuroImage 164:100–11. [PubMed: 28213112] 

Fracasso A, Petridou N, Dumoulin SO, 2016a. Systematic variation of population receptive field 
properties across cortical depth in human visual cortex. NeuroImage 139:427–38. [PubMed: 
27374728] 

Fracasso A, van Veluw SJ, Visser F, Luijten PR, Spliet W, Zwanenburg JJ, Dumoulin SO, Petridou N, 
2016b. Myelin contrast across lamina at 7T, ex-vivo and in-vivo dataset. Data in brief 8:990–1003. 
[PubMed: 27508254] 

Fracasso A, van Veluw SJ, Visser F, Luijten PR, Spliet W, Zwanenburg JJM, Dumoulin SO, Petridou 
N, 2016c. Lines of Baillarger in vivo and ex vivo: Myelin contrast across lamina at 7T MRI and 
histology. NeuroImage 133:163–75. [PubMed: 26947519] 

Haacke E, Brown R, Thompson M, Venkatesan R, 1999. Magnetic Resonance Imaging: Physical 
Principles and Sequence Design. John Wiley and Sons, New York.

Havlicek M, Uludag K, 2020. A dynamical model of the laminar BOLD response. NeuroImage 
204:116209. [PubMed: 31546051] 

Heeger DJ, Huk AC, Geisler WS, Albrecht DG, 2000. Spikes versus BOLD: what does neuroimaging 
tell us about neuronal activity? Nature neuroscience 3:631–3. [PubMed: 10862687] 

Hetherington PA, Swindale NV, 1999. Receptive field and orientation scatter studied by tetrode 
recordings in cat area 17. Visual neuroscience 16:637–52. [PubMed: 10431913] 

Hilgetag CC, Barbas H, 2006. Role of mechanical factors in the morphology of the primate cerebral 
cortex. PLoS computational biology 2:e22. [PubMed: 16557292] 

Horton JC, 1984. Cytochrome oxidase patches: a new cytoarchitectonic feature of monkey visual 
cortex. Philosophical transactions of the Royal Society of London. Series B, Biological sciences 
304:199–253. [PubMed: 6142484] 

Hubel DH, Livingstone MS, 1987. Segregation of form, color, and stereopsis in primate area 18. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 7:3378–415. 
[PubMed: 2824714] 

Hubel DH, Wiesel TN, 1968. Receptive fields and functional architecture of monkey striate cortex. 
The Journal of physiology 195:215–43. [PubMed: 4966457] 

Hubel DH, Wiesel TN, 1972. Laminar and columnar distribution of geniculo-cortical fibers in the 
macaque monkey. The Journal of comparative neurology 146:421–50. [PubMed: 4117368] 

Hubel DH, Wiesel TN, 1977. Ferrier lecture. Functional architecture of macaque monkey visual 
cortex. Proceedings of the Royal Society of London. Series B, Biological sciences 198:1–59.

Kashyap S, Ivanov D, Havlicek M, Poser BA, Uludag K, 2018a. Impact of acquisition and analysis 
strategies on cortical depth-dependent fMRI. NeuroImage 168:332–44. [PubMed: 28506874] 

Kashyap S, Ivanov D, Havlicek M, Sengupta S, Poser BA, Uludag K, 2018b. Resolving laminar 
activation in human V1 using ultra-high spatial resolution fMRI at 7T. Scientific reports 8:17063. 
[PubMed: 30459391] 

Kemper VG, De Martino F, Emmerling TC, Yacoub E, Goebel R, 2018. High resolution data analysis 
strategies for mesoscale human functional MRI at 7 and 9.4T. NeuroImage 164:48–58. [PubMed: 
28416453] 

Kim JH, Ress D, 2017. Reliability of the depth-dependent high-resolution BOLD hemodynamic 
response in human visual cortex and vicinity. Magnetic resonance imaging 39:53–63. [PubMed: 
28137626] 

Klein BP, Fracasso A, van Dijk JA, Paffen CLE, Te Pas SF, Dumoulin SO, 2018a. Cortical depth 
dependent population receptive field attraction by spatial attention in human V1. NeuroImage 
176:301–12. [PubMed: 29709626] 

Klein BP, Fracasso A, van Dijk JA, Paffen CLE, Te Pas SF, Dumoulin SO, 2018b. Cortical depth 
dependent population receptive field attraction by spatial attention in human V1. NeuroImage.

Fracasso et al. Page 16

Prog Neurobiol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Koopmans PJ, Barth M, Norris DG, 2010. Layer-specific BOLD activation in human V1. Human brain 
mapping 31:1297–304. [PubMed: 20082333] 

Koopmans PJ, Barth M, Orzada S, Norris DG, 2011. Multi-echo fMRI of the cortical laminae in 
humans at 7 T. NeuroImage 56:1276–85. [PubMed: 21338697] 

Kriegeskorte N, Cusack R, Bandettini P, 2010. How does an fMRI voxel sample the neuronal activity 
pattern: compact-kernel or complex spatiotemporal filter? NeuroImage 49:1965–76. [PubMed: 
19800408] 

Lawrence SJD, Formisano E, Muckli L, de Lange FP, 2019. Laminar fMRI: Applications for cognitive 
neuroscience. NeuroImage 197:785–91. [PubMed: 28687519] 

Livingstone MS, Hubel DH, 1982. Thalamic inputs to cytochrome oxidase-rich regions in monkey 
visual cortex. Proceedings of the National Academy of Sciences of the United States of America 
79:6098–101. [PubMed: 6193514] 

Livingstone MS, Hubel DH, 1987. Connections between layer 4B of area 17 and the thick cytochrome 
oxidase stripes of area 18 in the squirrel monkey. The Journal of neuroscience : the official journal 
of the Society for Neuroscience 7:3371–7. [PubMed: 2824713] 

Logothetis NK, 2002. The neural basis of the blood-oxygen-level-dependent functional magnetic 
resonance imaging signal. Philosophical transactions of the Royal Society of London. Series B, 
Biological sciences 357:1003–37. [PubMed: 12217171] 

Markuerkiaga I, Barth M, Norris DG, 2016. A cortical vascular model for examining the specificity of 
the laminar BOLD signal. NeuroImage 132:491–98. [PubMed: 26952195] 

Merigan WH, Maunsell JH, 1993. How parallel are the primate visual pathways? Annual review of 
neuroscience 16:369–402.

Mountcastle VB, 1957. Modality and topographic properties of single neurons of cat’s somatic sensory 
cortex. Journal of neurophysiology 20:408–34. [PubMed: 13439410] 

Mountcastle VB, 1997. The columnar organization of the neocortex. Brain : a journal of neurology 120 
(Pt 4):701–22. [PubMed: 9153131] 

Nasr S, Polimeni JR, Tootell RB, 2016. Interdigitated Color- and Disparity-Selective Columns within 
Human Visual Cortical Areas V2 and V3. The Journal of neuroscience : the official journal of the 
Society for Neuroscience 36:1841–57. [PubMed: 26865609] 

Nasr S, Tootell RBH, 2018. Columnar organization of mid-spectral and end-spectral hue preferences in 
human visual cortex. NeuroImage 181:748–59. [PubMed: 30053514] 

Olman CA, Bao P, Engel SA, Grant AN, Purington C, Qiu C, Schallmo MP, Tjan BS, 2018. Hemifield 
columns co-opt ocular dominance column structure in human achiasma. NeuroImage 164:59–66. 
[PubMed: 28017921] 

Olman CA, Harel N, Feinberg DA, 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:e32536. 
[PubMed: 22448223] 

Parkes LM, Schwarzbach JV, Bouts AA, Deckers RH, Pullens P, Kerskens CM, Norris DG, 2005. 
Quantifying the spatial resolution of the gradient echo and spin echo BOLD response at 3 Tesla. 
Magnetic resonance in medicine 54:1465–72. [PubMed: 16276507] 

Petridou N, Italiaander M, van de Bank BL, Siero JC, Luijten PR, Klomp DW, 2013. Pushing the 
limits of high-resolution functional MRI using a simple high-density multi-element coil design. 
NMR in biomedicine 26:65–73. [PubMed: 22674638] 

Petridou N, Siero JCW, 2019. Laminar fMRI: What can the time domain tell us? NeuroImage 
197:761–71. [PubMed: 28736308] 

Polimeni JR, Fischl B, Greve DN, Wald LL, 2010. Laminar analysis of 7T BOLD using an imposed 
spatial activation pattern in human V1. NeuroImage 52:1334–46. [PubMed: 20460157] 

Sereno MI, Lutti A, Weiskopf N, Dick F, 2013. Mapping the human cortical surface by combining 
quantitative T(1) with retinotopy. Cerebral cortex (New York, N.Y. : 1991) 23:2261–8.

Shipp S, Zeki S, 2002. The functional organization of area V2, I: specialization across stripes and 
layers. Visual neuroscience 19:187–210. [PubMed: 12385630] 

Shmuel A, Yacoub E, Chaimow D, Logothetis NK, Ugurbil K, 2007. Spatio-temporal point-spread 
function of fMRI signal in human gray matter at 7 Tesla. NeuroImage 35:539–52. [PubMed: 
17306989] 

Fracasso et al. Page 17

Prog Neurobiol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Siero JC, Petridou N, Hoogduin H, Luijten PR, Ramsey NF, 2011. Cortical depth-dependent temporal 
dynamics of the BOLD response in the human brain. Journal of cerebral blood flow and 
metabolism : official journal of the International Society of Cerebral Blood Flow and Metabolism 
31:1999–2008.

Sigalovsky IS, Fischl B, Melcher JR, 2006. Mapping an intrinsic MR property of gray matter 
in auditory cortex of living humans: a possible marker for primary cortex and hemispheric 
differences. NeuroImage 32:1524–37. [PubMed: 16806989] 

Sincich LC, Horton JC, 2005a. The circuitry of V1 and V2: integration of color, form, and motion. 
Annual review of neuroscience 28:303–26.

Sincich LC, Horton JC, 2005b. Input to V2 thin stripes arises from V1 cytochrome oxidase patches. 
The Journal of neuroscience : the official journal of the Society for Neuroscience 25:10087–93. 
[PubMed: 16267215] 

Sincich LC, Jocson CM, Horton JC, 2007. Neurons in V1 patch columns project to V2 thin stripes. 
Cerebral cortex (New York, N.Y. : 1991) 17:935–41.

Sincich LC, Jocson CM, Horton JC, 2010. V1 interpatch projections to v2 thick stripes and pale 
stripes. The Journal of neuroscience : the official journal of the Society for Neuroscience 30:6963–
74. [PubMed: 20484638] 

Tootell RB, Silverman MS, De Valois RL, Jacobs GH, 1983. Functional organization of the second 
cortical visual area in primates. Science (New York, N.Y.) 220:737–9.

Tootell RB, Taylor JB, 1995. Anatomical evidence for MT and additional cortical visual areas in 
humans. Cerebral cortex (New York, N.Y. : 1991) 5:39–55.

Tootell RBH, Nasr S, 2017. Columnar Segregation of Magnocellular and Parvocellular Streams in 
Human Extrastriate Cortex. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 37:8014–32. [PubMed: 28724749] 

Turner R, 2002. How much cortex can a vein drain? Downstream dilution of activation-related cerebral 
blood oxygenation changes. NeuroImage 16:1062–7. [PubMed: 12202093] 

Uğurbil K, Toth L, Kim D-S, 2003. How accurate is magnetic resonance imaging of brain function? 
Trends in neurosciences 26:108–14. [PubMed: 12536134] 

Uludag K, Muller-Bierl B, Ugurbil K, 2009. An integrative model for neuronal activity-induced 
signal changes for gradient and spin echo functional imaging. NeuroImage 48:150–65. [PubMed: 
19481163] 

van Dijk JA, Fracasso A, Petridou N, Dumoulin SO, 2020. Linear systems analysis for laminar fMRi: 
evaluating BoLD amplitude scaling for luminance contrast manipulations. Scientific reports 10:1–
15. [PubMed: 31913322] 

Van Essen DC, Maunsell JH, 1980. Two-dimensional maps of the cerebral cortex. The Journal of 
comparative neurology 191:255–81. [PubMed: 7410593] 

Waehnert MD, Dinse J, Schafer A, Geyer S, Bazin PL, Turner R, Tardif CL, 2016. A subject-
specific framework for in vivo myeloarchitectonic analysis using high resolution quantitative MRI. 
NeuroImage 125:94–107. [PubMed: 26455795] 

Waehnert MD, Dinse J, Weiss M, Streicher MN, Waehnert P, Geyer S, Turner R, Bazin PL, 2014. 
Anatomically motivated modeling of cortical laminae. NeuroImage 93 Pt 2:210–20.

Wandell BA, Dumoulin SO, Brewer AA, 2007. Visual field maps in human cortex. Neuron 56:366–83. 
[PubMed: 17964252] 

Weber B, Keller AL, Reichold J, Logothetis NK, 2008. The microvascular system of the striate and 
extrastriate visual cortex of the macaque. Cerebral cortex (New York, N.Y. : 1991) 18:2318–30.

Yacoub E, Harel N, Ugurbil K, 2008. High-field fMRI unveils orientation columns in humans. 
Proceedings of the National Academy of Sciences of the United States of America 105:10607–12. 
[PubMed: 18641121] 

Yacoub E, Shmuel A, Logothetis N, Ugurbil K, 2007. Robust detection of ocular dominance columns 
in humans using Hahn Spin Echo BOLD functional MRI at 7 Tesla. NeuroImage 37:1161–77. 
[PubMed: 17702606] 

Zeki S, Shipp S, 1988. The functional logic of cortical connections. Nature 335:311–7. [PubMed: 
3047584] 

Fracasso et al. Page 18

Prog Neurobiol. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• We measured sub-millimetre, 7T T1-weighted and BOLD and reconstructed 

V2 stripes;

• We used the functionally defined borders of the V2 stripes to compute the 

BOLD point-spread function (PSF) across cortical depth;

• BOLD PSF increases linearly across cortical depth, ranging between 0.83mm 

to 1.78mm;
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Figure 1, 
panel A. The second visual area (V2) in non-human primates contains a stripe-based 

anatomical organization, initially defined using cytochrome-oxidase staining of post-mortem 

tissue. Neurons in these stripes have been proposed to receive distinct inputs, mainly 

dominated by the magnocellular and parvocellular pathways (Dumoulin et al., 2017; Tootell 

and Nasr, 2017). Panel B. Two visual stimuli were presented that consisted of a concentric 

circular grating of 20% contrast with a spatial frequency of one cycle per degree. The 

contrast polarity reversed at a temporal frequency of either 1.5 or 7.5 Hz. These two stimuli 

alternated in a block design (13s/block) and were chosen to elicit responses relatively driven 

by parvo- versus magnocellular pathways, respectively. Subjects fixated a dot in the centre 

of the display (red dot in panel B) and responded when this changed colour.
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Figure 2. 
Columns A, B, C & D. First row: Portion of T1-w images for each participant (P1–P4, 

respectively) with landmark points indicating locations within or outside the calcarine 

sulcus (red and cyan, respectively). Second row: co-registered mean EPI images from the 

same portion of the volume as in the first row. The same landmark points are reported 

as in first row to showcase the correspondence between T1-w and EPI images after co-

registration. Third row: anatomical and functional images. Panel E. T1-w image from a 

representative participant. The green and blue lines represent the GM/WM and GM/CSF 

border respectively, the red line represents the surface running approximately along the 

middle of cortical depth. Panel F. Mean 3D-EPI image obtained from the functional time 

series, co-registered with the T1-w image, and superimposed with the GM/WM GM/CSF 

and middle of cortical depth surface presented in panel E. Panel G. Mean 3D-EPI image 

superimposed with coherence map obtained from the ‘stripes’ experiment, thresholded by 

coherence > 20% and cluster size>20. Only voxels within the 3D-EPI mask are shown. 

Color scale shown at the bottom left of the panel: ‘coherence’).
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Figure 3. 
Computing the geodesic distance map (cortical distance)

The grey area depicts a portion of V2 over the cortical surface. Normally, this portion 

would be a two-dimensional sheet that extends in a three-dimensional space. To simplify, in 

this example we consider the two-dimensional sheet outlined by the grey area above. The 

grey area is composed by nodes, represented by the squares delimited by dashed lines. The 

grey area is divided into two portions (two consecutive stripes), where the phase specified 

coherence is larger than 0 and smaller than 0, respectively. The border between these two 

portions is identified by the white line and it divides ‘positive nodes’ form ‘negative nodes’). 

We computed the geodesic distance from every node in the positive group to every node in 

the negative group. For each node from the positive group, we assigned the smallest distance 

among all the possible geodesic distances computed. In the example above we highlight 

one node among all the positive nodes (red dot) and several distances to negative nodes 

(arrows). The smallest distance computed from the red dot is represented by the green arrow. 

We assign the distance depicted by the green arrow to the red node. To obtain a complete 

geodesic distance map, we repeat the same operation for all positive nodes and negative 

nodes.
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Figure 4. 
Cortical distance map and phase specified coherence.

We selected a small portion of human V2 (single participant, dorsal V2, left hemisphere), 

to show the result of our cortical distance measure. Note that the analysis presented in 

the paper was performed over the entire V2 ROI. Panel A. Phase-specified coherence for 

a portion of V2. Panel B. Cortical distance derived with the method described in Fig. 3 

from the same portion of human V2. The resulting cortical distance ranges between −2 

to 2 mm, representing the distance from the border between successive V2 stripes. Panel 

C. Scatterplot showing the relationship between phase specified coherence and cortical 

distance. Cortical distance data was binned based on 2% quantile bins and averaged within 

each bin. Phase specified coherence was averaged within the cortical distance bins. This 

plot shows the change of phase-specified coherence over cortical distance, across the border 

between two successive V2 stripes.
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Figure 5, 
Modelling the GE-BOLD PSF

Panel A. The plot shows a Gaussian PSF (red line). We used the cumulative of the 

Gaussian (black line, (CGF)) to fit a model to the measured phase-specified coherence 

along cortical distance, for each surface along cortical depth. Panel B. We modified the 

parametrization of the standard CGF: we fixed the location parameter (μ) to zero (at the 

boundary between two successive stripes in human V2); we added a scaling parameter, to 

account to different amplitudes of the signal; we added a shift parameter to accommodate 

the range of phase specified coherence [−1, 1], see Eq. 4. The plot shows three CGFs with 

different parameters: green line: FWHM=0.6mm, scaling parameter: 0.9, shift parameter: 

−0.3. blue line: FWHM=1.5mm, scaling parameter: 0.85, shift parameter: −0.45. red line: 

FWHM=1.5mm, scaling parameter: 0.7, shift parameter: −0.2. Please note that the red and 

blue lines appear to have a different rate of change around the zero crossing along cortical 

distance, however this difference is accounted for by a difference in amplitude, not FWHM 

(0.85 and 0.7 for the blue and red lines, respectively). The parametrization adopted in 

our modelling approach allows to disentangle between different components of the trend 

between phase specified coherence and cortical distance, and to detect differences that could 

otherwise be wrongly be ascribed to FWHM alone.
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Figure 6. 
Example fit from the entire V2 from one participant at three different levels along cortical 

depth (close to WM, around the middle of cortical depth and close to GM surface, see 

panel titles). Panel A: In the first row we report results from the phase specified coherence. 

Moving along cortical depth, from WM towards GM surface we notice a difference in the 

rate of change of phase specified coherence as a function of cortical distance, with a faster 

rate of change close to the WM and a relatively slower rate of change close to the CSF 

surface. Panel B: In the second row we report results from the T1-w signal. Moving along 

cortical depth, from WM towards GM surface we notice an approximately constant rate of 

change of T1-w signal as a function of cortical distance, between WM and GM surface.
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Figure 7. 
Functional delineation of V2 stripe-based subdivisions. Panels A, B, C & D show phase-

specified coherence responses over inflated cortical surfaces for each participant (P1–P4, 

respectively). On each panel, 2 inflated cortical surfaces are shown, for a location close to 

WM (on the left of each panel) and a location close to CSF, (on the right of each panel). 

Panels show the zoomed view of the dorsal occipital lobe with the identified V2 borders 

(dashed black and white, thick lines). The color bar indicates the phase-specified coherence 

values, indicating responses dominated by “fast” (7.5 Hz, blue) or “slow” (1.5 Hz, orange) 

temporal frequencies. White thin dotted lines indicate the manual delineation of the stripes 

based on the peak of 1.5hz (orange) preference. The location of primary visual cortex (V1) 

is indicated on each surface.
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Figure 8. 
PSF estimates across cortical depth. Panels A-D, PSF estimates for GE-BOLD across 

cortical depth (x-axis: 0.0, WM surface, 1.0 GM/CSF border), for each participant (P1–P4), 

dotted lines indicate best fitting linear relations based on least-square estimation. Panel E. 

same as A-D, with all participants grouped together. This plot indicates that BOLD PSF is 

maximal in the superficial part of the cortex, and it decreases with increasing cortical depth. 

GE-BOLD PSF range from 0.83 mm close to the WM-GM border, to 1.78 mm close to CSF 

(see Table 1).
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Figure 9. 
anatomical variability between successive V2 stripes in humans, estimates across cortical 

depth (x-axis: 0.0, WM surface, 1.0 GM/CSF border). Dotted lines indicate best fitting 

linear relations based on least-square estimation; all participants grouped together. This 

plot indicates that anatomical variability between successive stripes remains approximately 

constant across cortical depth, around a value of 0.38mm (see Table 2).
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Table 1.

summary of the modelled parameters along cortical depth for phase specified coherence. Intercept and slope 

(Int and sl, respectively) estimates are reported for each participant as well as for the whole dataset.

P1 P2 P3 P4 All

Gaussian FWHM (GE BOLD PSF) Int. 0.71**

sl: 0.82*
Int. 0.69*

sl: 0.91*
Int. 0.92*

sl: 1.22*
Int. 0.98***

sl: 0.86***
Int. 0.83***

sl: 0.95***

Scaling parameter Int: 0.36***

sl: 0.33***
Int: 0.43***

sl: 0.19*
Int: 0.37***

sl: 0.24**
Int: 0.57***

sl: 0.36***
Int: 0.43***

sl: 0.28***

Shift parameter Int: −0.18***

sl: −0.18***
Int: −0.21***
sl: −0.09

Int: −0.16***

sl: −0.12**
Int: −0.26***

sl: −0.17**
Int: −0.20***

sl: −0.14***

* :
significant at the 0.05 level;

**
significant at the 0.01 level;

*** :
significant at the 0.001 level.

The sign of the slope indicates whether the parameter (say FWHM) is increasing or decreasing along depth. Overall GE BOLD PSF is maximal 
in the superficial part of the cortex, and it decreases with increasing cortical depth. Estimates of GE BOLD PSF range from 0.83 mm close to 
the WM-GM border, to 1.78 mm (0.83mm+0.95mm) closer to the GM/CSF border. The scaling and shift parameters also scale with normalized 
cortical depth. The former shows a positive linear relationship, with smaller values observed towards WM surface and larger values towards the 
GM/CSF boundary, the latter shows negative values, with a negative linear relationship with normalized cortical depth, with larger values observed 
towards WM surface and smaller values towards the GM/CSF boundary.

Prog Neurobiol. Author manuscript; available in PMC 2022 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fracasso et al. Page 30

Table 2.

summary of the modelled parameters along cortical depth for T1-w data. Intercept and slope (Int and sl, 

respectively) estimates are reported for each participant as well as for the whole dataset.

P1 P2 P3 P4 All

Gaussian FWHM (T1-w signal) Int. 0.08*
sl: 0.09

Int. 0.11**
sl: 0.10

Int. 0.20
sl: 0.15

Int. 0.26**
sl: −0.05

Int. 0.38***
sl: 0.17

Scaling parameter Int: 74.35***
sl: 25.89

Int: 109.24***
sl: −3.97

Int: 49.22***
sl: 12.01

Int: 147.30***
sl: −6.99

Int: 223.79***
sl: 15.86

Shift parameter Int: −37.36***
sl: −12.62

Int: −54.69***
sl: −2.33

Int: −25.52***
sl: −6.24

Int: −74.30***
sl: 3.65

Int: −117.97***
sl: −7.57

* :
significant at the 0.05 level;

**
significant at the 0.01 level;

*** :
significant at the 0.001 level.

FWHM, scaling parameter and shift estimated from T1-w signal all remain constant along normalized cortical depth at the single participant level 
as well as across all participants.
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