
Column-based cortical depth analysis of the diffusion 
anisotropy and radiality in submillimeter whole-brain diffusion 
tensor imaging of the human cortical gray matter in vivo

Yixin Maa,b, Iain P. Brucea,c, Chun-Hung Yehd,e, Jeffrey R. Petrellaa,b,f, Allen W. Songa,b,f,*, 
Trong-Kha Truonga,b,f,*

aBrain Imaging and Analysis Center, Duke University, 40 Duke Medicine Circle, Room 414, 
Durham, NC 27710, United States

bMedical Physics Graduate Program, Duke University, Durham, NC, United States

cDepartment of Neurology, Duke University, Durham, NC, United States

dDepartment of Medical Imaging and Radiological Sciences, Chang Gung University, Taoyuan, 
Taiwan

eInstitute for Radiological Research, Chang Gung University, Taoyuan, Taiwan

fDepartment of Radiology, Duke University, Durham, NC, United States

Abstract

High-resolution diffusion tensor imaging (DTI) can noninvasively probe the microstructure of 

cortical gray matter in vivo. In this study, 0.9-mm isotropic whole-brain DTI data were acquired 

in healthy subjects with an efficient multi-band multi-shot echo-planar imaging sequence. A 

column-based analysis that samples the fractional anisotropy (FA) and radiality index (RI) along 

radially oriented cortical columns was then performed to quantitatively analyze the FA and RI 

dependence on the cortical depth, cortical region, cortical curvature, and cortical thickness across 

the whole brain, which has not been simultaneously and systematically investigated in previous 

studies. The results showed characteristic FA and RI vs. cortical depth profiles, with an FA local 

maximum and minimum (or two inflection points) and a single RI maximum at intermediate 

cortical depths in most cortical regions, except for the postcentral gyrus where no FA peaks and 

a lower RI were observed. These results were consistent between repeated scans from the same 
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subjects and across different subjects. They were also dependent on the cortical curvature and 

cortical thickness in that the characteristic FA and RI peaks were more pronounced i) at the banks 

than at the crown of gyri or at the fundus of sulci and ii) as the cortical thickness increases. This 

methodology can help characterize variations in microstructure along the cortical depth and across 

the whole brain in vivo, potentially providing quantitative biomarkers for neurological disorders.
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1. Introduction

Diffusion tensor imaging (DTI) has been extensively used over the past two decades to study 

white matter (WM) tracts and structural connectivity in the brain. More recently, it has also 

been used to noninvasively assess the microstructure of cortical gray matter (GM) (see Assaf 

et al., 2019 for a review), for example to study brain development (Eaton-Rosen et al., 2017; 

Neil and Smyser, 2018) or to detect changes in neurological disorders such as Alzheimer’s 

disease (Lee et al., 2020), Parkinson’s disease (Sampedro et al., 2019a), Huntington’s 

disease (Sampedro et al., 2019b), multiple sclerosis (Stock et al., 2020), and schizophrenia 

(Kim et al., 2019). However, in vivo DTI studies generally lack the spatial resolution and 

specificity to distinguish different cortical layers, which have a varying cytoarchitecture 

and myeloarchitecture along the cortical depth (Aggarwal et al., 2015; Waehnert et al., 

2016; Sengupta et al., 2018). Histological studies have shown that neurodegeneration is not 

uniformly distributed across different cortical layers or cortical regions, which have distinct 

neuronal populations. For example, neuronal loss was found to be significantly higher in 

layers II and IV of the entorhinal cortex of patients with Alzheimer’s disease as compared 

to control subjects (Gómez-Isla et al., 1996). However, current imaging biomarkers of 

neurodegeneration, such as the cortical thickness or GM volume measured from structural 

MRI (Schwartz et al., 2016), lack the sensitivity to detect subtle neurodegeneration within 

such regions at the early stages of the disease. Thus, the development of a technique that 

can probe the microstructure of these selectively vulnerable neuronal populations within 

different cortical layers and across the whole brain in vivo is needed to enable more accurate 

and earlier diagnoses.

To probe variations in microstructure along the cortical depth and across a cortical thickness 

only ranging from approximately 1 mm to 4.5 mm, with an overall average of 2.5 mm 

(Fischl and Dale, 2000), a submillimeter spatial resolution is critical. High-resolution DTI 

studies of the cortex have shown that DTI metrics such as the fractional anisotropy (FA) 

(Basser and Pierpaoli, 1996) and radiality index (RI) (McNab et al., 2013) vary with the 

cortical depth, region-of-interest (ROI), and cortical curvature. For example, characteristic 

FA vs. cortical depth profiles, with local maxima and minima at specific cortical depths, 

were observed in both ex vivo (Kleinnijenhuis et al., 2013) and in vivo (Truong et al., 2014) 

studies. Furthermore, the primary somatosensory cortex in the postcentral gyrus was shown 

to have a primarily tangential diffusion orientation, in contrast to the primary motor cortex in 
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the precentral gyrus and most other cortical regions, which have a primarily radial diffusion 

orientation (McNab et al., 2013; Gulban et al., 2018; Balasubramanian et al., 2021; Liao et 

al., 2021). Lastly, at the crown of gyri, the radial diffusion orientation in the deep cortical 

layers (close to the WM/GM interface) was shown to continue into the middle cortical 

layers, whereas at the banks or the fundus of sulci, the tangential diffusion orientation in the 

deep cortical layers transitions into a radial diffusion orientation in the middle cortical layers 

(Kleinnijenhuis et al., 2015; Cottaar et al., 2018; Schilling et al., 2018). However, none of 

these studies has simultaneously analyzed the FA and RI dependence on the cortical depth, 

ROI, cortical curvature, and cortical thickness across the whole brain, which would provide 

a more specific, systematic, and comprehensive assessment of the cortical microstructure.

Given the challenge to achieve a high spatial resolution, whole-brain coverage, and short 

scan time, most prior in vivo DTI studies used either a highly anisotropic voxel size or an 

isotropic voxel size of 1 mm or higher, and either covered only part of the brain or required 

a scan time ranging from 40 to 65 min to cover the whole brain. More recent studies using 

cutting-edge DTI acquisition and reconstruction techniques (Dai et al., 2021; Liao et al., 

2021; Wang et al., 2021; Ramos-Llordén et al., 2021) have been able to achieve a shorter 

scan time and/or higher isotropic resolution (e.g., 600–860 μm) in the whole brain with a 

high signal-to-noise ratio (SNR) and high spatial fidelity. In some cases, however, the scan 

time was still long (e.g., 117 min or even 14.5 h across multiple sessions).

Here, we propose a column-based analysis that samples the FA and RI along radially 

oriented cortical “columns” using 0.9-mm isotropic whole-brain DTI data acquired in 

healthy subjects, thereby enabling a quantitative analysis of the FA and RI dependence 

on the cortical depth, ROI location, ROI size, cortical curvature, and cortical thickness 

across the whole brain. In this initial study, we develop the data acquisition and analysis 

pipeline and investigate the consistency of the results in healthy subjects, both between 

repeated scans from the same subjects and across different subjects, to better understand 

how the FA and RI vary as a function of the cortical depth, ROI, cortical curvature, and 

cortical thickness. Our long-term goal is to use this methodology to identify differences in 

the FA and RI vs. cortical depth profiles between patients and healthy controls to provide 

quantitative biomarkers for neurological disorders.

2. Methods

2.1. Data acquisition

Six healthy subjects (3 males, 3 females, age = 29 ± 7 years) were scanned on a 3T 

Premier Ultra-High Performance (UHP) MRI scanner (GE Healthcare, Milwaukee, WI) 

equipped with a 48-channel phasedarray head coil and a 60-cm gradient system with 100 

mT/m amplitude and 250 T/m/s maximum slew rate. All subjects provided written informed 

consent to participate in this study under a protocol approved by the Duke University Health 

System Institutional Review Board. Foam paddings were inserted between the subject’s 

head and the head coil to minimize subject motion.

Whole-brain DTI data were acquired with a spin-echo multi-band multi-shot echo-planar 

imaging (EPI) sequence and the following parameters: acquisition plane = axial, number 
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of bands = 2, number of shots = 4, repetition time = 8530 ms, echo time = 63.2 ms, 

field-of-view (FOV) = 154.8 mm × 309.6 mm (right/left × anterior/posterior), matrix size = 

172 × 344 (frequency-encoding × phase-encoding), voxel size = 0.9 mm isotropic, number 

of slices = 134, partial Fourier ratio = 69%, b-value = 800 s/mm2, number of uniformly 

sampled diffusion-weighting directions = 38 (see Supplementary Material), number of 

baseline (b = 0) images = 4, scan time = 23:53 min. A blipped-CAIPI (Setsompop et 

al., 2012) shift by FOV/2 in the phase-encoding direction was applied to one of the two 

bands and a rectangular FOV was used to remove the overlap between the unshifted and 

shifted brain slices from the two bands, and hence the corresponding g-factor penalty. One 

additional set of b = 0 images was acquired with a reverse phase-encoding polarity to 

perform distortion correction.

Whole-brain T1-weighted anatomical images were also acquired with a 3D magnetization-

prepared rapid acquisition gradient echo (MPRAGE) sequence and the following 

parameters: acquisition plane = axial, repetition time = 2180 ms, inversion time = 900 ms, 

echo time = 3.3 ms, flip angle = 8°, FOV = 230.4 mm × 230.4 mm, matrix size = 256 × 256, 

voxel size = 0.9 mm isotropic, number of slices = 134, acceleration factor = 2, scan time 

= 5 min. The total scan time for the entire protocol, which also included a short localizer 

and calibration scan, was about 30 min. Three out of the six subjects (subjects 1–3) were 

scanned twice on different days to assess the reproducibility of the results.

2.2. Data reconstruction

The DWI images were reconstructed with a multi-band multiplexed sensitivity-encoding 

(MB-MUSE) algorithm (Chen et al., 2013; Bruce et al., 2017) implemented in MATLAB 

(The MathWorks, Natick, MA) to correct for the shot-to-shot motion-induced phase errors 

(Fig. 1). The k-space data were first corrected for Nyquist ghosting artifacts by estimating 

the phase differences between even and odd ky lines from a reference scan. The corrected 

k-space data from each of the 4 shots were then reconstructed with a multi-band sensitivity-

encoding (MB-SENSE) algorithm (Fig. 1A). In contrast to previous MUSE reconstruction 

algorithms (Chen et al., 2013; Bruce et al., 2017), the reconstructed complex images were 

then denoised slice-by-slice by using the Marchenko-Pastur principal component analysis 

(MPPCA) method, as implemented in the MRtrix3 command dwidenoise (Veraart et al., 

2016; Cordero-Grande et al., 2019), which models the noise distribution within patches 

in the 2D images along both the shot and diffusion-weighting direction dimensions. This 

method ensures that the phase maps from the denoised images (Fig. 1C) are smoother 

than the original phase maps (Fig. 1B), but without becoming blurry at the anatomical 

boundaries. (Supplementary Fig. S1 shows that it results in less noisy FA maps than a 

conventional smoothing of the phase maps with a Hanning filter.) The inputs of this MPPCA 

denoising were the complex images reconstructed with MB-SENSE for each slice, all shots, 

and all diffusion-weighting directions. Thus, the input for each slice had a size of 172 × 344 

× 1 × 168, since there were 4 shots × (4 b = 0 images + 38 diffusion-weighting directions) = 

4 × 42 = 168, and a patch size of 13 × 13 × 1 ≈ 168 was chosen, as suggested by MRtrix3. 

Motion-induced phase errors from shot to shot were then corrected by modulating the coil 

sensitivity maps for individual shots with the corresponding denoised phase maps. Finally, 
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the aliased images from all 4 shots were combined to reconstruct the final unaliased images 

(Fig. 1D).

2.3. Data processing

Each DWI image volume reconstructed with MB-MUSE was preprocessed by applying 

MPPCA denoising (Veraart et al., 2016; Cordero-Grande et al., 2019) with the MRtrix3 

command dwidenoise and a default patch size of 5 × 5 × 5 for our number of diffusion-

weighting directions. This method was previously shown to improve the precision in 

the estimation of diffusion parameters, including the principal eigenvector V1, without 

compromising the accuracy and spatial resolution (Veraart et al., 2016). The denoised DWI 

images were then further preprocessed by applying Gibbs artifact removal (Kellner et al., 

2016), susceptibility-induced distortion correction using the pairs of b = 0 images with 

opposite phase-encoding polarities (Andersson et al., 2003), eddy current-induced distortion 

correction (Andersson and Sotiropoulos, 2016), and bias field correction with MRtrix3 

(Tournier et al., 2019) and FSL (Smith et al., 2004) (Fig. 2A).

As recommended by MRtrix3, the DWI images were upsampled by a factor 2 with a 

cubic interpolation before calculating the diffusion tensor because doing so can reveal 

anatomical details not seen without upsampling (Dyrby et al., 2014). The diffusion tensor 

was then estimated by using the MRtrix3 command dwi2tensor with the default setting, 

which consisted of two steps: (1) weighted least-squares fit with weights based on the 

empirical signal intensities (Basser et al., 1994); (2) two iterations of weighted least-squares 

fit with weights determined by the signal predictions from the previous iteration (Veraart et 

al., 2013). V1 maps (Fig. 2B) and FA maps (Fig. 2E) were then generated in the DWI image 
domain.

The anatomical images were used with FreeSurfer (Fischl et al., 1999) to generate a 

pial surface mesh and a WM/GM surface mesh (Fig. 2F), along with the normal vector 

(Viessmann et al., 2019) to the WM/GM surface (Fig. 2C), the cortical curvature (Fig. 2I), 

and the cortical thickness (Fig. 2L) at each vertex in the anatomical image domain. The total 

area of the WM/GM surface mesh divided by the total number of vertices was 0.55 ± 0.01 

mm2 (mean ± standard deviation across all subjects). The T2-weighted b = 0 images were 

registered to the anatomical images by using the FreeSurfer command bbregister with an 

affine transformation, resulting in a transformation matrix M. The registered b = 0 images 

were also included in the FreeSurfer reconstruction to improve the accuracy of the pial 

surface.

2.4. Column-based cortical depth analysis

Cortical “columns” (Fig. 2G) were generated by connecting corresponding pairs of vertices 

from the pial and WM/GM surface meshes, which were essentially the same surface mesh 

with the same vertices at different cortical depths. Generating FA and RI vs. cortical depth 

profiles requires FA and RI maps derived from the DWI images to be sampled along cortical 

columns derived from the anatomical images. However, registering the DWI images to 

the anatomical images to derive FA and RI maps in the anatomical image domain would 

cause blurring in the DWI images and inaccuracies in the FA and RI maps. Conversely, 
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registering the anatomical images to the DWI images to derive cortical columns in the 

DWI image domain would cause blurring in the anatomical images and inaccuracies in 

the cortical columns (as well as the cortical curvature and cortical thickness values). To 

avoid any interpolation of the DWI or anatomical images, the cortical columns derived in 

the anatomical image domain were transformed to the DWI image domain by applying the 

inverse of the transformation matrix M to all vertices from the pial and WM/GM surface 

meshes. This method allowed the FA maps derived in the DWI image domain to be directly 

sampled along each transformed column at 21 equidistant cortical depths from the pial 

surface to the WM/GM surface (i.e., with a step size of 5% of the cortical thickness) to 

generate FA vs. cortical depth profiles (Fig. 2H, green), with FAdiff denoting the difference 

between the local maximum and minimum in the FA profile of each column, if any. The FA 

local maximum and minimum were determined by using the Matlab functions islocalmax 
and islocalmin to find all local maxima and minima within cortical depths ranging from 10% 

to 90% (if any) and then choosing those resulting in the largest FAdiff (if more than one local 

maximum or minimum).

Similarly, the normals to the WM/GM surface derived in the anatomical image domain were 

transformed to the DWI image domain by applying the inverse of the transformation matrix 

M. The dot product between these transformed normals and the V1 vectors derived in the 

DWI image domain were calculated to generate RI maps (Fig. 2D) (McNab et al., 2013), 

which were then sampled along each transformed column at 21 equidistant cortical depths 

to generate RI vs. cortical depth profiles (Fig. 2H, yellow), with RImax denoting the global 

maximum in the RI profile of each column. Even though the average cortical thickness only 

spans about 3 voxels, the pial and WM/GM surface meshes, and hence the cortical columns, 

are arbitrarily oriented with respect to the voxels, so that using 21 sampling points enables a 

more uniform sampling of the FA and RI values when averaging columns within an ROI, as 

opposed to using only 4 sampling points (see Koopmans et al. (2011) for a discussion of the 

effective resolution of cortical sampling). In addition, the FA and RI at the pial, middle (50% 

cortical depth), and WM/GM surfaces as well as the FAdiff and RImax of each column were 

displayed on the inflated cortical surface of each subject.

2.5. ROI-based cortical depth analysis

The easy_lausanne version (https://github.com/mattcieslak/easy_lausanne) of the 

Connectome Mapper (Daducci et al., 2012) was used to parcellate each subject’s brain 

according to the Lausanne multi-scale cortical parcellation (Cammoun et al., 2012), 

resulting in 5 atlases per subject containing 1000, 448, 219, 114, or 68 ROIs, with the 

larger ROIs encapsulating the smaller ROIs sequentially and with the latter atlas (containing 

68 ROIs) corresponding to the Desikan-Killiany atlas (Desikan et al., 2006). The FA and 

RI vs. cortical depth profiles of single cortical columns were then averaged in each of these 

ROIs. For each ROI, correlation coefficients of these averaged profiles were calculated, 

either between both DTI scans from subjects 1–3 or across one DTI scan from each 

of the 6 subjects, to assess the consistency of the results between repeated scans from 

the same subjects or across different subjects, respectively. More specifically, Pearson’s 

correlation coefficients of these profiles (i.e., their covariance divided by the product of their 

standard deviations) were calculated to measure the linear correlation between them. The 

Ma et al. Page 6

Neuroimage. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://github.com/mattcieslak/easy_lausanne


correlation coefficients across the 6 subjects were calculated as the average of the correlation 

coefficients from all 15 possible pairs of subjects. In addition, GM partial volume maps were 

also generated from the anatomical images with FreeSurfer, sampled along each cortical 

column in the anatomical image domain by using the MRtrix3 command mesh2voxel, and 

then averaged in each ROI to generate GM fraction vs. cortical depth profiles.

2.6. ROI-based cortical curvature and cortical thickness analyses

All cortical columns across the 6 subjects were binned into cortical curvature bins from 

the gyral crown to the sulcal fundus according to the FreeSurfer curvature value (Fig. 2I). 

This curvature was calculated at each vertex of the WM/GM surface mesh as the average 

of the two principal curvatures, which are the maximal and minimal curvatures of the two 

orthogonal tangent directions for which the curvatures are extremal (Pienaar et al., 2008). 

Similarly, all of the cortical columns were also binned into cortical thickness bins from 1 

to 5 mm according to the FreeSurfer cortical thickness value (Fig. 2L), which was derived 

from the pial and WM/GM surface meshes and which could be any value rather than integer 

multiples of the voxel size. For both the curvature and cortical thickness, 8 bins were used 

to obtain relatively smooth FA and RI vs. curvature or cortical thickness profiles, while also 

ensuring that each bin contained a sufficiently high number of columns, which was further 

enforced by excluding bins containing less than 2000 columns from further analyses. For 

each ROI of the atlas with 68 ROIs, the FA and RI were averaged across one DTI scan from 

each of the 6 subjects, at each cortical depth and within each curvature bin or each cortical 

thickness bin, to generate FA and RI vs. cortical depth profiles for different curvature bins 

(Fig. 2K) or different cortical thickness bins (Fig. 2N) as well as FA and RI vs. curvature 

profiles (Fig. 2J) or vs. cortical thickness profiles (Fig. 2M) for different cortical depths. 

The FAdiff and RImax of each column were also averaged within each curvature bin or 

each cortical thickness bin to generate FAdiff and RImax vs. curvature or cortical thickness 

profiles.

3. Results

3.1. V1, RI, and FA maps

Fig. 3 shows representative high-resolution DWI images and DTI metrics revealing fine 

details of the cortical microstructure. For example, the V1 maps (Fig. 3B,F) show a 

primarily radial diffusion orientation in most cortical regions, as exemplified by the zoomed-

in V1 maps of the precentral gyrus and the inferior and superior parietal cortices. This 

radial diffusion orientation, for which the angle between the V1 vector and the normal 

vector to the WM/GM surface is close to 0°, corresponds to a high RI in the RI maps 

(Fig. 3C,G). A different diffusion orientation observed in some voxels near the pial surface 

or WM/GM interface could be due to partial volume effects or misregistration between 

the DWI and anatomical images. The FA maps (Fig. 3D,H) show a band of low FA near 

the WM/GM interface in most cortical regions, as pointed to by the arrowheads in the FA 

maps. These bands of low FA can be observed along any direction rather than only along 

the frequency-encoding (right/left) direction, which suggests that they are not caused by 

residual Gibbs ringing artifacts. In the postcentral gyrus of both hemispheres, however, there 

is a primarily tangential diffusion orientation, lower RI values, and no band of low FA, 
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which has also been observed in other studies (McNab et al., 2013; Gulban et al., 2018; 

Balasubramanian et al., 2021; Liao et al., 2021; Cottaar et al., 2018). While the two largest 

eigenvalues λ1 and λ2 are more different in the WM than in the GM, as expected, they are 

nevertheless generally still significantly different in the cortical GM, whether the diffusion 

orientation is primarily radial or tangential (Supplementary Fig. S2). The variations in FA 

and RI along the cortical depth and their characteristic features can be better visualized and 

quantified by using the proposed cortical column-based analysis, as shown below.

3.2. ROI-based FA and RI vs. cortical depth

Fig. 4 shows the ROI-based FA and RI vs. cortical depth profiles across the 6 subjects 

in 8 representative ROIs from each of the 5 at-lases. The profiles in most ROIs show 

characteristic shapes, with the FA profiles having a local maximum and a local minimum (or 

at least two inflection points) and the RI profiles having a single maximum at intermediate 

cortical depths. However, the postcentral ROI does not show any FA peaks and has much 

lower RI values compared to other ROIs (Fig. 4I, arrowheads). Overall, FAdiff decreases as 

the ROI size increases (black arrows) because more cortical columns are averaged in larger 

ROIs and because their FA profiles may vary within the ROIs. The RI profiles tend to be 

more similar for different ROI sizes, although in some cases (e.g., inferior and superior 

parietal ROIs) they become broader and flatter as the ROI size increases, again because more 

cortical columns are averaged in larger ROIs and because their RI profiles may vary within 

the ROIs.

Supplementary Figs. S3 and S4 show the ROI-based FA and RI vs. cortical depth profiles 

for each of the two DTI scans from subjects 1–3 and for the single DTI scan from subjects 

4–6 to better visualize the consistency of the profiles within and across subjects. Profiles of 

the same color, representing pairs of repeated scans from the same subjects, generally align 

very well across all ROIs. The consistency across profiles of different colors, representing 

different subjects, is also high, although there is a higher consistency within subjects than 

across subjects, as expected.

Supplementary Figs. S5–S7 show DWI images, FA maps, and ROI-based FA and RI 

vs. cortical depth profiles without vs. with MPPCA denoising of the DWI images. The 

denoising substantially reduced the noise in the DWI images and FA maps, resulting in 

somewhat lower FA values in the FA profiles. However, the shape of these profiles and the 

corresponding local maximum and minimum (or inflection points) remain very similar. With 

denoising, the RI profiles are also very similar, with slightly higher RI values in most ROIs 

and slightly lower RI values in the postcentral ROI. Supplementary Figs. S8 and S9 show 

that up-sampling the DWI images by a factor 2 before calculating the diffusion tensor results 

in very similar FA and RI vs. cortical depth profiles, but with more prominent FA and RI 

peaks.

Supplementary Figs. S10 and S11 show that using a somewhat smaller or larger number 

of sampling points (i.e., 11 or 31 instead of 21) results in virtually identical FA and RI 

vs. cortical depth profiles. Supplementary Figs. S12 and S13 show that using a slightly 

higher or lower spatial resolution for both the DTI and anatomical scans (i.e., 0.8 or 1.0 

mm instead of 0.9 mm isotropic and with 30 or 46 instead of 38 diffusion-weighting 
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directions, respectively, to maintain a similar DTI scan time) results in very similar FA 

and RI vs. cortical depth profiles in most ROIs, with a few exceptions likely due to the 

trade-off between spatial resolution and SNR. All of these results show that the denoising 

and upsampling of the DWI images were beneficial, whereas the number of sampling points 

and spatial resolution (in the 0.8–1.0 mm range) did not significantly change the findings.

To provide more quantitative results, Fig. 5 shows the correlation coefficients of the FA and 

RI vs. cortical depth profiles, either between both DTI scans of subject 1 (Fig. 5B,D) or 

across one DTI scan from each of the 6 subjects (Fig. 5C,E), in each ROI of the 5 atlases. 

Additionally, Supplementary Fig. S14 shows the correlation coefficients between both DTI 

scans of subjects 2 and 3. The mean correlation coefficients between both scans of subjects 

1–3 averaged over all ROIs of each atlas range from 0.959 to 0.994 for the FA profiles 

and from 0.897 to 0.993 for the RI profiles. The mean correlation coefficients across the 6 

subjects averaged over all ROIs of each atlas are slightly lower, as expected, and range from 

0.923 to 0.972 for the FA profiles and from 0.835 to 0.970 for the RI profiles. As the ROI 

size increases, the correlation coefficients increase for the RI profiles, whereas they increase 

and then decrease for the FA profiles. Yet, all of these correlation coefficients are very high, 

in agreement with the results from Supplementary Figs. S3 and S4, and show that the image 

acquisition, reconstruction, post-processing, and column-based cortical depth analysis can 

generate consistent FA and RI profiles, both between repeated scans from the same subjects 

and across different subjects.

Supplementary Fig. S15 shows the ROI-based GM fraction vs. cortical depth profiles. 

This fraction is about 0.5 near the pial surface and the WM/GM interface. Partial volume 

contaminations from cerebrospinal fluid (CSF), in which diffusion is isotropic, could 

decrease the FA and increase the noise in the RI measurement near the pial surface, whereas 

partial volume contaminations from WM could either increase or decrease the FA or RI near 

the WM/GM interface, depending on whether the diffusion orientation in the neighboring 

WM and GM regions is predominantly radial or tangential. In most ROIs, however, the GM 

fraction is close to 1 at intermediate cortical depths where the FA and RI peaks are located, 

showing that the FA and RI profiles are minimally affected by partial volume contaminations 

from CSF or WM at these cortical depths. The postcentral ROI, which has a smaller cortical 

thickness, has a narrower profile compared to other ROIs and may thus be more affected by 

partial volume effects.

3.3. Column-based FA and RI vs. cortical depth

Fig. 6 shows the column-based cortical curvature, cortical thickness, FA and RI at three 

cortical depths, as well as FAdiff and RImax on the inflated cortical surface of each subject. 

The DTI metrics show some patterns that are similar between the repeated scans from 

subjects 1–3 and across the 6 subjects and that are also correlated with the cortical curvature 

and cortical thickness. For example, blue arrowheads point to a thin band of high FA and 

RI (yellow bands in Fig. 6D,G) at the crown of the postcentral gyrus (blue band in Fig. 

6A), while cyan arrowheads point to an adjacent wide band of high FA (yellow band in 

Fig. 6E), low FAdiff (gray band in Fig. 6F), and low RI and RImax (red bands in Fig. 6H,J) 

where the cortical thickness is the smallest (cyan band in Fig. 6B). As another example, 
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red arrowheads in Fig. 6F point to a wide band of high FAdiff at the bank lateral to the 

intraparietal sulcus in the inferior parietal lobule, while yellow and white arrowheads point 

to two surrounding thin bands of low FAdiff at the crown and at the fundus, respectively, 

which will be shown more quantitatively in the FAdiff vs. curvature profiles in Fig. 7E.

3.4. ROI-based FA and RI vs. cortical depth, cortical curvature, and cortical thickness

Fig. 7 shows how the cortical curvature affects the shape of the FA and RI vs. cortical depth 

profiles. Fig. 7A shows that the FA profiles have a more pronounced local maximum and 

minimum (or inflection points) at the middle curvature bins (black arrowheads) than at the 

fundus or the crown. Fig. 7B shows that the RI profiles towards the fundus have a peak that 

occurs at a different cortical depth and with a lower RImax value compared to the RI profiles 

towards the crown (orange arrowheads). These profiles also show that the RI tends to be 

lower at the WM/GM interface (i.e., more tangential diffusion orientation), higher at the 

middle cortical depth (i.e., more radial diffusion orientation), and somewhat lower again at 

the pial surface. This trend is more pronounced at the banks (black lines) than at the crown 

(blue lines) or the fundus (green lines). At the WM/GM interface, the RI is higher at the 

crown than at the banks or the fundus.

Fig. 7C shows that the FA vs. curvature profiles are more densely distributed and/or 

overlapped at the middle cortical depths than at the pial surface or the WM/GM interface 

and at the middle curvature bins than near the fundus or the crown (blue arrowheads). 

This denser distribution corresponds to the FA local maximum and minimum (or inflection 

points) in the FA vs. cortical depth profiles (Fig. 7A, black arrowheads) and to the peak in 

the FAdiff vs. curvature profiles (Fig. 7E, magenta arrowheads), both of which occur at the 

middle curvature bins. Specifically, since Fig. 7A and C both show the same FA data as a 

function of the cortical depth and curvature, but plotted in two different ways, moving along 

one of the lines in Fig. 7A, which represents a given curvature bin, is equivalent to moving 

vertically through different lines in Fig. 7C, which represent different cortical depths. Thus, 

if a line in Fig. 7A has a local maximum and minimum (or two inflection points), the lines in 

Fig. 7C at the corresponding curvature bin are more widely distributed near the pial surface 

and WM/GM interface and more densely distributed and/or overlapped at the middle cortical 

depths. Fig. 7D shows that there is a larger variation in RI along the cortical depth at the 

banks (black dashed lines) than near the crown (blue dashed lines) or the fundus (green 

dashed lines), which is consistent with Fig. 7B. Fig. 7E shows that FAdiff is larger at the 

banks than near the crown or fundus, which is also observed in Fig. 6F (red, yellow, and 

white arrowheads, respectively) and which is consistent with Fig. 7A. Finally, the postcentral 

ROI shows unique profiles with lower RI, FAdiff, and RImax values compared to other ROIs 

(red arrowheads).

Fig. 8 shows how the cortical thickness affects the shape of the FA and RI vs. cortical 

depth profiles. Fig. 8A shows that the FA profiles have a more pronounced local maximum 

and minimum (or inflection points) typically at the largest cortical thickness bin (black 

arrowheads). In contrast, no FA peaks were observed at the smallest cortical thickness bins, 

which only had one or two voxels across the cortex (cyan lines). Fig. 8B shows that the 

RI profiles with a larger cortical thickness have a peak that typically occurs closer to the 
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WM/GM interface and with a higher RImax value compared to the RI profiles with a smaller 

cortical thickness (orange arrowheads). As in Fig. 7B, these profiles also show that the RI 

tends to be lower at the WM/GM interface, higher at the middle cortical depth, and typically 

somewhat lower again at the pial surface. This trend is more pronounced for larger cortical 

thickness bins (pink lines) than for smaller cortical thickness bins (cyan lines).

Fig. 8C shows that the FA vs. cortical thickness profiles are more densely distributed and/or 

overlapped at the middle cortical depths and at the largest cortical thickness bin (blue 

arrowheads). This denser distribution corresponds to the FA local maximum and minimum 

(or inflection points) in the FA vs. cortical depth profiles (Fig. 8A, black arrowheads) and to 

the peak in the FAdiff vs. cortical thickness profiles (Fig. 8E, magenta arrowheads), both of 

which typically occur at the largest cortical thickness bin. Fig. 8D shows that in most ROIs, 

the RI tends to increase with the cortical thickness at larger cortical depths, whereas it tends 

to decrease with the cortical depth at smaller cortical depths. Since Fig. 8B and D both show 

the same RI data as a function of the cortical depth and cortical thickness, but plotted in two 

different ways, moving along one of the lines in Fig. 8B, which represents a given cortical 

thickness bin, is equivalent to moving vertically through different lines in Fig. 8D, which 

represent different cortical depths. Thus, since the RI peak in Fig. 8B is more pronounced 

for larger cortical thickness bins as noted above, the lines in Fig. 8D are also more widely 

distributed for larger cortical thickness bins, with RI values increasing from the WM/GM 

interface to the middle cortical depths and then decreasing from the middle cortical depths to 

the pial surface.

Fig. 8F shows that the peak in the RImax vs. cortical thickness profiles also occurs at the 

largest cortical thickness bin (green arrowheads). These RImax values were first calculated 

along each cortical column (since this is how RImax is defined), then averaged in each 

cortical thickness bin, whereas the RI values at each cortical depth in Fig. 8D were just 

averaged in each bin. Thus, if RImax occurs at different cortical depths for different cortical 

columns within a bin, the average RImax value in Fig. 8F would be higher than the largest 

average RI value in Fig. 8D. However, the RImax profiles and the largest RI profiles 

follow the same trend (and similarly for Fig. 7). Finally, the postcentral ROI, which has 

a distribution of cortical thickness that is more skewed towards the thinner bins compared to 

other ROIs (Fig. 8G), has much lower RI and RImax values at the smallest cortical thickness 

bins (red arrowheads).

4. Discussion

The results of this study are consistent with those from previous high-resolution DTI studies 

of the cortex (Kleinnijenhuis et al., 2013; Truong et al., 2014; McNab et al., 2013; Gulban 

et al., 2018; Balasubramanian et al., 2021; Liao et al., 2021; Kleinnijenhuis et al., 2015; 

Cottaar et al., 2018; Schilling et al., 2018; Dai et al., 2021; Wang et al., 2021; Ramos-

Llordén et al., 2021) in that for most cortical regions except for the postcentral gyrus, the 

FA, V1, and RI maps (Fig. 3) show a band of low FA near the WM/GM interface and 

a primarily radial diffusion orientation, while the ROI-based FA and RI vs. cortical depth 

profiles (Fig. 4, Supplementary Figs. S3 and S4) show an FA local maximum and minimum 

(or two inflection points) and an RI maximum at intermediate cortical depths.
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In contrast to previous studies, however, we were able to perform a more specific and 

comprehensive analysis of the FA and RI dependence on the cortical depth, ROI location, 

ROI size, cortical curvature, and cortical thickness across the whole brain by using an 

efficient multi-band multi-shot EPI sequence to acquire 0.9-mm isotropic whole-brain DTI 

data in vivo and by using a column-based analysis to sample the FA and RI along radially 

oriented cortical columns. This method enables both column-based (Fig. 6) and ROI-based 

(Fig. 4, Supplementary Figs. S3 and S4) analyses. Averaging the FA and RI profiles 

from single cortical columns within ROIs provides a more robust way to measure their 

characteristic features and enables any similarities or differences across ROIs or across 

subjects to be identified. The ROI-based FA and RI vs. cortical depth profiles in 5 different 

atlases with increasing ROI sizes show that the FA (and to a lesser extent RI) peaks tend to 

become less prominent as the ROI size increases. Thus, using excessively large ROIs may 

reduce the specificity because of the higher spatial heterogeneity within the ROIs and the 

ROI size should be optimized for different applications.

While Gulban et al. (2018) also investigated the dependence of the diffusion anisotropy and 

radiality on the cortical depth and curvature (but not thickness) across the whole brain, the 

results were displayed on fiber orientation maps, along fiber tracts, as well as on cortical 

surfaces and as histograms at only three cortical depths (superficial, middle, deep), which 

did not allow the characteristic shapes of FA and RI profiles (e.g., local maximum and 

minimum) to be quantified. Cottaar et al. (2018) proposed a 3D coordinate system based on 

the gyral geometry for each voxel, but did not investigate the dependence of the diffusion 

anisotropy or radiality on the cortical depth, curvature, or thickness. They also tried to model 

the transition from mostly tangential orientations in the superficial WM to mostly radial 

orientations in the cortical GM with a sigmoidal function, but found that this model could 

only provide a qualitative measure. In contrast to these two previous studies, the proposed 

column-based cortical depth analysis of the FA and RI enables a systematic and quantitative 

assessment of their dependence on the cortical depth, ROI, cortical curvature, and cortical 

thickness across the whole brain, which is needed to provide quantitative biomarkers for 

neurological disorders.

In addition to averaging profiles from single cortical columns within ROIs, the cortical 

columns can also be sorted based on the cortical curvature (Fig. 7) or cortical thickness 

(Fig. 8) values to take into account the underlying variations in the layering of individual 

cortical layers along the cortical depth. Sorting cortical columns based on the cortical 

curvature can reduce any bias caused by averaging the FA or RI from cortical regions with 

different cortical curvatures because, according to the equivolume principle (Waehnert et 

al., 2014; Huber et al., 2021), deeper layers are thicker and superficial layers are thinner 

around gyri, while deeper layers are thinner and superficial layers are thicker around sulci. 

Thus, by only averaging the FA or RI across cortical columns with a similar curvature, 

the FA or RI values at a given cortical depth (e.g., 50%) are more likely to reflect the 

microstructure of the same cortical layers rather than potentially different cortical layers. 

Similarly, sorting cortical columns based on the cortical thickness can reduce any bias 

caused by averaging the FA or RI from cortical regions with different cortical thicknesses 

because the thickness of individual cortical layers does not vary proportionally with the total 

cortical thickness (Wagstyl et al., 2020). The cortical curvature and cortical thickness are not 
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strongly correlated (Supplementary Fig. S16), so it is useful to investigate the dependence of 

the results on these two variables separately.

The cortical curvature-based analysis shows that the FA local maximum and minimum 

(or inflection points) do not necessarily appear at the crown or the fundus, but are more 

prominent at the banks in most ROIs (Fig. 7A,E). This result is consistent with the band of 

low FA near the WM/GM interface, seen in Fig. 3 and in previous studies at the banks but 

not at the crown, which has been attributed to: (1) crossing tangential and radial fibers in the 

deep cortical layers, and (2) a sharp transition of the fiber orientations at the banks as the 

fibers enter the cortex at an angle before becoming radial, but not at the crown where they 

enter radially (Gulban et al., 2018; Cottaar et al., 2018). In a similar DTI study performed 

in a sagittal slab centered on the inter-hemispheric fissure, such FA peaks were not as 

prominent (see Fig. 1b in Kleinnijenhuis et al., 2015), possibly because the FA profiles 

were averaged, and hence smoothed out, across the entire medial wall of the hemispheres, 

including regions such as the postcentral gyrus that show no FA peaks. However, both 

studies show that the FA tends to increase from the pial surface to the WM/GM interface 

for all cortical curvature bins (Fig. 7A) and that it tends to decrease from the crown to 

the fundus at intermediate cortical depths (Fig. 7C). In this work, we focused on analyzing 

the FA vs. cortical depth profiles that showed a local maximum and minimum, and we 

quantified the difference in FA values between them (i.e., FAdiff). In future work, this 

analysis could be extended to include the FA profiles that only show inflection points rather 

than peaks, and the difference in FA values between them could be quantified by calculating 

the derivative of the profiles.

The cortical curvature-based analysis also shows that the largest variation in RI along the 

cortical depth occurs at the banks rather than at the crown or the fundus (Fig. 7D), with 

the RI increasing from a more tangential to a more radial diffusion orientation when going 

from the WM/GM interface to intermediate cortical depths (Fig. 7B) and when going from 

the banks to the crown at larger cortical depths (Fig. 7D), which was also observed in the 

previous study (see Fig. 1c in Kleinnijenhuis et al., 2015). Both studies further show that the 

RI peak occurs at different cortical depths for different cortical curvature bins. The previous 

study found that the RI peak occurs closer to the WM/GM interface at the crown than at the 

fundus. The current study shows that this was also the case in some ROIs, but that in other 

ROIs, the RI peak occurs closer to the pial surface at the crown than at the fundus (Fig. 7B). 

This difference may be due to the two different cortical depth sampling methods used: the 

previous study used an equivolume sampling, which defines the cortical depth as a function 

of the cortical curvature (see Eq. (1) in Kleinnijenhuis et al., 2015), whereas we used an 

equidistant sampling to ensure that the cortical depth is an independent variable that does not 

depend on the cortical curvature, since we also investigated the FA and RI dependence on 

the cortical curvature. Such an equidistant sampling can affect the location of the RI peak, 

since at the crown, deeper layers are compressed and become thicker, whereas superficial 

layers are stretched and become thinner, which tends to shift all cortical layers, including the 

location of the RI peak, closer to the pial surface. Conversely, at the fundus, deeper layers 

are stretched and become thinner, whereas superficial layers and compressed and become 

thicker, which tends to shift all cortical layers, including the location of the RI peak, closer 

to the WM/GM interface. Since the equivolume sampling should already take into account 
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the dependence of the cortical depth on the cortical curvature, the shift in the cortical depth 

of the RI peak observed in the previous study was thought more likely to be caused by 

partial volume effects (Kleinnijenhuis et al., 2015), which could also be a confound in our 

study.

The cortical thickness-based analysis shows that FAdiff and RImax, which reflect the 

underlying microstructure of different cortical layers, typically increase with the cortical 

thickness (Fig. 8E,F), which can be due to several reasons. First, as the cortical thickness 

increases, partial volume averaging across different cortical layers are reduced, thereby 

improving the ability to resolve layers with different FA and RI values, which would tend 

to increase FAdiff but also RImax since most cortical regions have a predominantly radial 

diffusion orientation. Second, the thickness of individual cortical layers does not increase 

proportionally with the total cortical thickness, which was shown to be primarily driven by 

layers III, V, and VI (Wagstyl et al., 2020), and this factor can further contribute to variations 

in the FA and RI vs. cortical depth profiles, and hence FAdiff and RImax.

Thus, establishing an accurate correspondence between specific cortical depths and cortical 

layers I-VI would require a sampling method that defines the cortical depth as a function 

of both the cortical curvature and cortical thickness, which would require additional 

information about the relative thickness of individual cortical layers in different cortical 

regions (e.g., from histological studies) and which may not be easily implemented across 

the whole brain. Nevertheless, the proposed cortical curvature- and cortical thickness-based 

analyses can still provide valuable information and do not necessarily require the cortical 

depths of individual cortical layers to be accurately known in order to identify any 

differences in FA and RI profiles between, for example, healthy subjects and patients with 

neurological disorders.

In this study, such analyses were performed by combining the cortical columns from all six 

subjects before sorting these columns by cortical curvature or cortical thickness to ensure 

a sufficiently high number of columns in each cortical curvature or cortical thickness bin. 

In addition, we used the atlas with 68 ROIs, which has the largest average number of 

cortical columns per ROI among the 5 atlases and which is the only one with a symmetrical 

cortical parcellation between the left and right hemispheres, so that the columns could be 

averaged across both hemispheres. Since the FA and RI profiles were already shown to be 

consistent across the six subjects, the cortical columns from all subjects were combined to 

increase the robustness of the cortical curvature- and cortical thickness-based analyses. In 

the future, however, further improvements in SNR could potentially enable such analyses to 

be performed on individual subjects or in smaller ROIs.

The goal of this study was not to use the highest possible spatial resolution or b-value, since 

doing so would inevitably come at the expense of a lower SNR, smaller number of diffusion-

weighting directions, reduced spatial coverage, or longer scan time. Instead, we chose a 

pulse sequence and scan parameters that could simultaneously achieve a submillimeter 

isotropic resolution, sufficiently high SNR, whole-brain coverage, and reasonable scan time. 

Similarly, we chose to investigate DTI metrics such as FA and RI rather than use more 

advanced diffusion models (e.g., Tuch et al., 2002; Jensen et al., 2005; Assaf and Basser, 
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2005; Behrens et al., 2007; Tournier et al., 2007; Wedeen et al., 2008; Zhang et al., 2012; 

Kaden et al., 2016), which could potentially provide additional benefits such as the ability 

to resolve crossing fibers, but many of which require a higher angular resolution, higher 

b-value, and/or multi-shell acquisition, again at the expense of the spatial resolution, SNR, 

spatial coverage, or scan time. Thus, the pros and cons of different acquisition protocols and 

diffusion models need to be investigated in future studies.

This study was performed on a scanner with a maximum gradient strength of 100 mT/m. For 

a more conventional gradient strength of 40–50 mT/m, the TE is expected to be about 15–20 

ms longer, resulting in a modest reduction in SNR of 13–17% (assuming a T2 value of 110 

ms in GM at 3T (Wansapura et al., 1999)). Signal dropout due to subject motion was not 

observed in this study, but may affect future studies, in which case DWI image volumes with 

dropout artifacts should be discarded, reacquired, or corrected for with prospective motion 

correction methods, which have been developed for DWI with a multi-shot EPI acquisition 

and MUSE reconstruction (Herbst et al., 2015).

Finally, this initial study was performed in relatively young healthy subjects to develop 

the data acquisition and analysis pipeline and to assess the consistency of the results 

between repeated scans from the same subjects and across different subjects, which 

is a prerequisite before considering any potential clinical application of the proposed 

methodology. Importantly, such results are still valuable to better understand how the FA 

and RI vary as a function of the cortical depth, ROI, cortical curvature, and cortical thickness 

across the whole brain of healthy subjects. However, additional studies are needed in older 

healthy subjects and in patients with neurological disorders to investigate whether any 

differences in the FA and RI profiles due to normal aging or to pathology can be detected 

and to demonstrate the clinical utility of this methodology.

5. Conclusion

In this study, we performed a quantitative cortical column-based analysis of the FA and RI 

dependence on the cortical depth, ROI location, ROI size, cortical curvature, and cortical 

thickness using 0.9-mm isotropic whole-brain DTI data acquired in healthy subjects. The 

results showed characteristic FA and RI vs. cortical depth profiles, with an FA local 

maximum and minimum (or two inflection points) and a single RI maximum at intermediate 

cortical depths in most cortical regions, except for the postcentral ROI where no FA peaks 

and a lower RI were observed. These results were consistent between repeated scans from 

the same subjects and across different subjects. They were also dependent on the cortical 

curvature and cortical thickness in that the characteristic FA and RI peaks were more 

prominent at the middle curvature bins (i.e., at the banks rather than at the crown or the 

fundus) and at the largest cortical thickness bins. This high-resolution DTI methodology can 

help characterize variations in microstructure across the cortex and over the whole brain 

in vivo, which can potentially be used to provide quantitative biomarkers for neurological 

disorders.
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CSF cerebrospinal fluid

DTI diffusion tensor imaging

DWI diffusion-weighted imaging

EPI echo-planar imaging

FA fractional anisotropy

FOV field-of-view

GM gray matter

MB-MUSE multi-band multiplexed sensitivity-encoding

MB-SENSE multi-band sensitivity-encoding

MPPCA Marchenko-Pastur principal component analysis

RI radiality index

ROI region-of-interest

SNR signal-to-noise ratio

WM white matter
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Fig. 1. 
MB-MUSE reconstruction. The k-space data from each shot (A) are first reconstructed with 

MB-SENSE, resulting in noisy phase maps (B). The complex images are then denoised, 

resulting in phase maps that are smoother, but without blurring at the brain boundaries (C). 

Finally, the denoised phase maps are used to correct for the shot-to-shot motion-induced 

phase errors and to reconstruct the final images (D).

Ma et al. Page 21

Neuroimage. Author manuscript; available in PMC 2023 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Cortical column-based and ROI-based analysis pipeline. After preprocessing, the DWI 

images (A) are used to derive V1 (B), RI (D), and FA (E) maps. The T1-weighted anatomical 

images are used to generate pial (yellow) and WM/GM (magenta) surface meshes (F) 

and normal vectors (C) to the WM/GM surface. Cortical “columns” (G) are generated by 

connecting corresponding vertices from the pial and WM/GM surface meshes, with 21 

equidistant sampling points along each column, then transformed from the anatomical image 

domain to the DWI image domain to generate single-column FA and RI vs. cortical depth 

profiles (H), typically showing an FA local maximum and minimum (separated by FAdiff) 

and a single RI maximum (RImax). The cortical columns across all subjects are equally 

binned into 8 cortical curvature bins from the gyral crown to the sulcal fundus (I) or into 8 

cortical thickness bins (L) to generate, in each ROI, FA and RI vs. cortical depth profiles for 

different curvature (K) or cortical thickness (N) bins as well as FA and RI vs. curvature (J) 

or cortical thickness (M) profiles for different cortical depths.
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Fig. 3. 
Axial and coronal isoDWI images (mean of all diffusion-weighted images; A,E), V1 maps 

(B,F), RI maps (C,G), and color-coded FA maps (D,H) from subject 3, showing a primarily 

radial diffusion orientation (black arrowheads in B,F), high RI values, and a band of low 

FA (open arrowheads in D,H) in most cortical regions, but a primarily tangential diffusion 

orientation (gray arrowhead in B), lower RI values, and no band of low FA in the postcentral 

gyrus. The black and white lines denote the pial surface and WM/GM interface derived from 

the registered T1-weighted anatomical images.
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Fig. 4. 
(A) 8 representative ROIs from each of the 5 atlases shown on inflated cortical surfaces, 

with the larger ROIs encapsulating the smaller ROIs sequentially. Note that the left and right 

hemispheres of the first four atlases are not symmetrical and that only results from the left 

hemisphere are displayed here. (B-I) Mean (solid lines) ± standard deviation (dashed lines) 

across the 6 subjects of the FA (red) and RI (blue) vs. cortical depth profiles in each of 

these ROIs, showing that FAdiff decreases as the ROI size increases (black arrows) and that 

there are no FA peaks and a lower RImax in the postcentral ROI (arrowheads). The number 

of cortical columns in each ROI (averaged over all 6 subjects) is shown at the bottom right 

corner of each plot.
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Fig. 5. 
(A) ROIs from the 5 atlases displayed on the inflated cortical surface of subject 1. 

Correlation coefficient of the FA (B,C) or RI (D,E) vs. cortical depth profiles between 

both DTI scans of subject 1 (B,D) or across one DTI scan from each of the 6 subjects (C,E) 

calculated in each ROI and displayed on inflated cortical surfaces. (F) Plot of the mean 

correlation coefficients averaged over all ROIs (also shown at the top right corner of each 

brain).
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Fig. 6. 
(A) Cortical curvature, (B) cortical thickness, (C-E) FA at the pial, middle, and WM/GM 

surfaces, (F) FAdiff, (G-I) RI at the pial, middle, and WM/GM surfaces, and (J) RImax 

displayed on each subject’s inflated cortical surface. In the postcentral gyrus, there is a thin 

band of high FA and RI at the crown (blue arrowheads) next to a wide band of high FA, low 

FAdiff, low RI, and low RImax where the cortical thickness is the smallest (cyan arrowheads). 

At the bank lateral to the intraparietal sulcus, there is a wide band of high FAdiff (red 

arrowheads) between two thin bands of low FAdiff at the crown (yellow arrowheads) and 

at the fundus (white arrowheads). In (D), the regions with FAdiff < 0.008 (i.e., with no 

significant FA local maximum and minimum in the FA vs. cortical depth profiles) are not 

color-coded and instead show the underlying inflated cortical surface, which is light gray in 

regions with a curvature between ± 0.15 (banks) and dark gray in regions with a curvature 

smaller than −0.15 (crown) or larger than 0.15 (fundus).
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Fig. 7. 
(A,B) FA and RI vs. cortical depth profiles at different curvature bins, color-coded from 

blue (crown) to black (banks) to green (fundus). (C,D) FA and RI vs. curvature profiles 

at different cortical depths, color-coded from orange (pial surface) to black (WM/GM 

interface). (E,F) FAdiff and RImax vs. curvature profiles. The FA local maximum and 

minimum (or inflection points) at the middle cortical depths and middle curvature bins 

(black arrowheads) correspond to the more densely distributed FA vs. curvature profiles 

(blue arrowheads) and to the peak in the FAdiff vs. curvature profiles (magenta arrowheads). 

RImax occurs at a different cortical depth and is lower in value towards the fundus 

(downward orange arrowheads) than towards the crown (upward orange arrowheads). The 

largest variation in RI along the cortical depth occurs at the banks (black dashed lines). The 

postcentral ROI shows lower RI, FAdiff, and RImax values (red arrowheads). (G) Histograms 

of the cortical curvature, with pink lines denoting the probability density function. Bins 

containing less than 2000 columns are excluded from the curvature-based analysis.
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Fig. 8. 
(A,B) FA and RI vs. cortical depth profiles at different cortical thickness bins, color-coded 

from cyan (minimum) to pink (maximum). (C,D) FA and RI vs. cortical thickness profiles 

at different cortical depths, color-coded from orange (pial surface) to black (WM/GM 

interface). (E,F) FAdiff and RImax vs. cortical thickness profiles. The FA local maximum 

and minimum (or inflection points) at the middle cortical depths and typically at the largest 

cortical thickness bin (black arrowheads) correspond to the more densely distributed FA 

vs. cortical thickness profiles (blue arrowheads) and to the peak in the FAdiff vs. cortical 

thickness profiles (magenta arrowheads). RImax typically occurs at larger cortical depths and 

is higher in value as the cortical thickness increases (orange and green arrowheads). The 

postcentral ROI shows lower RI and RImax values at the smallest cortical thickness bins 

(red arrowheads). (G) Histograms of the cortical thickness, with pink lines denoting the 

probability density function and pink arrows denoting its peak in each ROI. Bins containing 

less than 2000 columns are excluded from the cortical thickness-based analysis.
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