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Abstract

Diffusion tensor imaging (DTI) is typically used to study white matter fiber pathways, but may also be valuable to assess the
microstructure of cortical gray matter. Although cortical diffusion anisotropy has previously been observed in vivo, its
cortical depth dependence has mostly been examined in high-resolution ex vivo studies. This study thus aims to investigate
the cortical depth dependence of the diffusion anisotropy in the human cortex in vivo on a clinical 3 T scanner. Specifically,
a novel multishot constant-density spiral DTI technique with inherent correction of motion-induced phase errors was used
to achieve a high spatial resolution (0.62560.62563 mm) and high spatial fidelity with no scan time penalty. The results
show: (i) a diffusion anisotropy in the cortical gray matter, with a primarily radial diffusion orientation, as observed in
previous ex vivo and in vivo studies, and (ii) a cortical depth dependence of the fractional anisotropy, with consistently
higher values in the middle cortical lamina than in the deep and superficial cortical laminae, as observed in previous ex vivo
studies. These results, which are consistent across subjects, demonstrate the feasibility of this technique for investigating
the cortical depth dependence of the diffusion anisotropy in the human cortex in vivo.
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Introduction

Diffusion tensor imaging (DTI) has traditionally been used to

study fiber pathways in the white matter (WM), but its application

for the investigation of diffusion anisotropy in the human cortical

gray matter (GM) may also be highly valuable in both basic and

clinical neurosciences. For example, it could potentially be used to

characterize the cortical cyto- and myeloarchitecture noninvasive-

ly or to detect cortical abnormalities in various neurological

disorders.

Cortical diffusion anisotropy has previously been observed in a

number of DTI studies performed in the developing brain,

including in the animal brain ex vivo [1–3], in the animal brain

in vivo [4,5], in the human brain ex vivo [6,7], and in the human

brain in vivo [8–11]. More recently, it has also been observed in

high-resolution DTI studies performed in the adult brain,

including in the macaque brain in vivo [12], in the human brain

ex vivo [12–14], and in the human brain in vivo [12,15–19].

However, since the cortex is only a few millimeters thick,

investigating the cortical depth dependence of the diffusion

anisotropy requires a much higher spatial resolution than the

typical 2–3 mm isotropic resolution used for human in vivo

applications. As such, it has so far mostly been performed in

animal or human ex vivo brain samples [1,20–26]. Such studies

can afford very long scan times (i.e., hours or even days) and take

advantage of small-bore MRI scanners with ultra-high field

strengths and strong gradients to achieve a sufficiently high spatial

resolution and signal-to-noise ratio (SNR). They are also useful in

that they can be validated with histology in the same samples.

However, the generalization of the findings may be limited by

differences across species, subjects, or brain regions and by

alterations to tissue properties due to death or tissue fixation. The

ability to investigate the cortical depth dependence of the diffusion

anisotropy in the human cortex in vivo and hence to obtain

subject-specific, whole-brain results, preferably on a clinical (e.g.,

3 T) scanner and in a general population, would therefore be

extremely valuable.

For human in vivo studies, DTI is typically performed with

single-shot echo-planar imaging, which is generally limited by a

low spatial resolution, a low SNR, and a high vulnerability to

geometric distortions. Multishot spiral DTI, on the other hand,

can achieve a higher spatial resolution and SNR, but is more

challenging because subject motion causes phase errors among

different shots, leading to signal loss and aliasing artifacts in the

reconstructed images as well as subsequent errors in the resulting

DTI metrics and fiber tracts.

These motion-induced phase errors can be estimated and

corrected by using a variable-density spiral trajectory [27,28] or a

navigator echo [29], however at the cost of a longer scan time,

which limits the spatial and/or angular resolution. These errors

can also be corrected by using an iterative phase correction

method [30], which does not require any additional data

acquisition, but suffers from long computation times. To address

these issues, we recently proposed an alternative method that can

inherently and more efficiently correct for phase errors caused by

both rigid and nonrigid (e.g., pulsatile) motion, without increasing

the scan time or reducing the SNR [18].

In the present study, we apply this novel multishot constant-density

spiral DTI technique with inherent correction of motion-induced

PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | e91424

http://creativecommons.org/licenses/by/4.0/


Figure 1. DTI results. Maps of the FA (A,F,K), DEC (B,G,L), axial diffusivity (C,H,M), and radial diffusivity (D,I,N) and T1-weighted anatomical images
(E,J,O) for three different subjects. The FA and DEC maps are scaled from 0 to 0.3 to highlight the FA variations within the cortical GM and the
diffusivity maps are scaled from 0 to 261023 mm2/s. The arrowheads in (A,B,F,G,K,L) show a band of low FA in the deep cortical lamina. The numbers
in (A,F,K) refer to the ROIs used in Figs. 5 and 7.
doi:10.1371/journal.pone.0091424.g001
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phase errors to achieve a high spatial resolution and spatial fidelity

and to demonstrate its feasibility for investigating the cortical depth

dependence of the diffusion anisotropy in the human cortex in vivo

at 3 T.

Methods

Data Acquisition
We studied three healthy adult volunteers on a 3 T MR750

MRI scanner (GE Healthcare, Milwaukee, WI) equipped with a

32-channel phased-array head coil (Nova Medical, Wilmington,

MA) and a gradient system with 50 mT/m maximum amplitude

and 200 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 padding was used to restrain the head within

the coil and high-order shimming was performed to reduce the

global B0 inhomogeneity.

Multishot spiral DTI data were acquired in ten contiguous axial

slices at the top of the brain with a single spin-echo spiral sequence

and with repetition time = 2 s, echo time = 51 ms, field-of-

view = 16616 cm, matrix size = 2566256 (for both the acquisition

and reconstruction), in-plane resolution = 6256625 mm, slice

thickness = 3 mm, b-factor = 800 s/mm2, number of diffusion-

weighting directions = 60, number of baseline (b = 0) images = 7,

number of averages = 1, and scan time = 13.6 min. A spatial-

spectral pulse was used for fat suppression and the k-space

trajectory was a six-shot constant-density spiral-out trajectory with

10,892 data points per interleaf and a readout duration of 44 ms.

Figure 2. Principal diffusion direction for subject #1. Color-coded map of the principal eigenvector (A), FA map (B), and T1-weighted
anatomical image (C) in the same slice as that shown in Figs. 1A–E. The green and red arrowheads show cortical GM regions with a primarily radial
principal diffusion direction.
doi:10.1371/journal.pone.0091424.g002
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Sagittal T1-weighted anatomical images of the whole brain

were also acquired with a 3D inversion-prepared spoiled

gradient-echo sequence and with repetition time = 8.1 ms, echo

time = 3.2 ms, inversion time = 450 ms, flip angle = 12o, voxel

size = 16161 mm (interpolated to 62566256625 mm), acceler-

ation factor = 1.83, and scan time = 5 min. In addition, a B0 map

was acquired in vivo to correct for blurring artifacts caused by

susceptibility effects near air/tissue interfaces, whereas B0 maps

were acquired on a phantom with the same diffusion-weighting

gradients as in the DTI scan to correct for blurring artifacts

caused by eddy currents [31]. The whole experiment was

performed twice on subject #1 (on two different days) to assess

the reproducibility of the results and once on subjects #2 and

#3 to assess the consistency of the results across different

subjects.

Data Reconstruction and Analysis
Motion-induced phase errors, signal loss, and aliasing artifacts

in the multishot spiral DTI data were inherently corrected as

described in [18]. Specifically, the central k-space data of each shot

were first reconstructed by using a sensitivity encoding (SENSE)

reconstruction algorithm [32] to generate low-resolution phase

images, which were smoothed to yield estimates of the motion-

induced phase errors. These phase errors were then corrected by

using an iterative conjugate gradient algorithm [27].

Blurring artifacts due to susceptibility effects and eddy currents

were also corrected by using the acquired B0 maps, as described in

[31]. The DTI images were then registered to the anatomical

images with FMRIB’s Linear Image Registration Tool (FLIRT)

[33] before derivation of DTI metrics, including the axial and

radial diffusivity, fractional anisotropy (FA), directionally-encoded

color (DEC), and principal eigenvector.

Figure 3. Principal diffusion direction for subject #2. Color-coded map of the principal eigenvector (A), FA map (B), and T1-weighted
anatomical image (C) in the same slice as that shown in Figs. 1F–J. The green and red arrowheads show cortical GM regions with a primarily radial
principal diffusion direction, whereas the yellow arrowhead shows a cortical GM region with a primarily tangential principal diffusion direction.
doi:10.1371/journal.pone.0091424.g003

Diffusion Anisotropy Cortical Depth Dependence

PLOS ONE | www.plosone.org 4 March 2014 | Volume 9 | Issue 3 | e91424



To investigate the cortical depth dependence of the diffusion

anisotropy, 13 surfaces evenly spaced along the cortical depth in

increments of 10% of the cortical thickness were generated from

the anatomical images with FreeSurfer [34]. These surfaces

included the pial surface and the GM/WM interface (at a cortical

depth of 0% and 100%), nine intermediate surfaces in cortical GM

(at a cortical depth ranging from 10% to 90%), and two additional

surfaces in the adjacent cerebrospinal fluid (CSF) or WM (at a

cortical depth of 210% and 110%).

Cortical profiles of the FA as a function of the cortical depth

were computed by averaging the FA within each of these surfaces.

To minimize partial volume effects along the slice direction (since

the DTI slice thickness was larger than the in-plane resolution), the

normal vectors to the GM/WM interface were generated from the

anatomical images with FreeSurfer. Since the anatomical images

had a higher spatial resolution along z than the DTI data, normal

vectors were generated at multiple locations along z within each

DTI voxel. Then, only voxels for which the normal vectors at all of

these locations were within 620o of the axial plane (i.e., voxels for

which the GM/WM interface was approximately flat and

orthogonal to the axial plane) were used to compute the cortical

profiles. Furthermore, to assess the consistency of the results across

different cortical regions, separate profiles were computed in

different regions-of-interest (ROIs) placed in various anatomical

locations within the acquired slices.

The same method was also used to compute cortical profiles of

the axial diffusivity, radial diffusivity, and radiality index, which is

defined as the absolute value of the dot product between the

principal eigenvector of the diffusion tensor and the normal vector

to the cortical surface (1 = radial, 0 = tangential) [12]. All data

reconstruction and analysis were performed in Matlab (The

MathWorks, Natick, MA) unless stated otherwise.

Note that for a 625 mm in-plane resolution, there are at most a

few voxels across the cortex at any given location along the cortical

ribbon (e.g., about 5 voxels for a cortical thickness of 3 mm).

However, using intermediate surfaces with a finer spacing than the

in-plane resolution allows different cortical depths to be sampled at

Figure 4. Principal diffusion direction for subject #3. Color-coded map of the principal eigenvector (A), FA map (B), and T1-weighted
anatomical image (C) in the same slice as that shown in Figs. 1K–O. The green and red arrowheads show cortical GM regions with a primarily radial
principal diffusion direction, whereas the yellow arrowhead shows a cortical GM region with a primarily tangential principal diffusion direction.
doi:10.1371/journal.pone.0091424.g004
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different locations along the cortical ribbon within an ROI,

resulting in more uniformly sampled cortical profiles [12].

Results

The high-quality, high-resolution multishot spiral DTI results

obtained with our method reveal features typically not seen in

conventional DTI data acquired in vivo at 3 T. In particular, the

FA (Figs. 1A,F,K) and DEC (Figs. 1B,G,L) maps clearly show a

diffusion anisotropy in the cortical GM, whereas the color-coded

maps of the principal eigenvector (Figs. 2A, 3A, 4A) show that

most of the cortical GM regions have a primarily radial diffusion

orientation (i.e., orthogonal to the cortical surface). For example,

cortical GM regions oriented along the right/left direction

generally have a principal eigenvector along the anterior/posterior

direction (green arrowheads in Figs. 2A, 3A, 4A), while cortical

GM regions oriented along the anterior/posterior direction

generally have a principal eigenvector along the right/left

direction (red arrowheads in Figs. 2A, 3A, 4A). There are,

however, also a few cortical GM regions that have a primarily

tangential diffusion orientation (yellow arrowheads in Figs. 3A,

4A).

Although cortical GM appears uniform in the T1-weighted

anatomical images (Figs. 1E,J,O), a striking feature in the FA

(Figs. 1A,F,K) and DEC (Figs. 1B,G,L) maps is the clear cortical

depth dependence of the diffusion anisotropy throughout the

Figure 5. Cortical profiles of the FA. FA (mean 6 standard deviation) as a function of the cortical depth. The solid lines were computed with
cubic spline interpolation. The dashed lines denote the pial surface and the GM/WM interface at a cortical depth of 0% and 100%. The first four
columns show the cortical profiles in the representative ROIs shown in Figs. 1A,F,K, whereas the last column shows the mean cortical profiles
averaged over 20 ROIs. The first two rows show results from identical experiments performed on the same subject on two different days. The arrows
show a local maximum in the middle cortical lamina and a local minimum in the deep cortical lamina.
doi:10.1371/journal.pone.0091424.g005
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brain, characterized by a band of low FA in the deep cortical

lamina adjacent to the GM/WM interface (arrowheads in

Figs. 1A,B,F,G,K,L) and a band of higher FA in the middle

cortical lamina. (In this work, the superficial, middle, and deep

cortical laminae are loosely defined as the regions with a cortical

depth of 0–33%, 33–67%, and 67–100%, respectively, but do not

refer to individual cortical layers, which are not evenly spaced

along the cortical depth.).

This cortical depth dependence can be better seen in the

cortical profiles of the FA (Fig. 5), which consistently show a local

maximum in the middle cortical lamina, at a cortical depth of

(40610)%, and a local minimum in the deep cortical lamina, at a

cortical depth of (74611)%, in all ROIs (arrows in Fig. 5).

Although there is some variability across different ROIs, cortical

profiles measured on the same subject on two different days show a

remarkably good agreement in all ROIs (first two rows in Fig. 5).

Furthermore, the mean cortical profiles averaged over 20 ROIs

are highly consistent across all subjects (last column in Fig. 5).

In theory, the variability across different ROIs may be partly

due to the FA dependence on the underlying cyto- and

myeloarchitecture, which can vary across different cortical regions,

but may also be partly due to partial volume effects or

misregistration between the DTI data and the surfaces generated

with FreeSurfer. However, the high reproducibility of the results

obtained on the same subject on two different days suggests that

the first contribution seems to be dominant, although some of the

variability could still be due to systematic errors affecting both

experiments.

Partial volume averaging between GM and the adjacent CSF

or WM, which generally have a lower or higher FA, respectively,

can potentially bias the FA measurements. Specifically, partial

volume averaging between GM and CSF may result in a lower

FA near the pial surface, whereas partial volume averaging

between GM and WM may result in a higher or lower FA near

the GM/WM interface, depending on whether the diffusion

orientation is similar or different in the GM and WM. However,

partial volume effects alone cannot explain why the cortical

profiles of the FA consistently show a local maximum in the

middle cortical lamina and a local minimum in the deep cortical

lamina rather than at the GM/WM interface. Partial volume

effects may only affect the location of these peaks, but since the

cortical profiles were only computed from voxels for which the

GM/WM interface was approximately flat and orthogonal to the

slice, such effects would at most affect a 625-mm thick layer of

cortex beyond the pial surface or the GM/WM interface, which

would typically not include the middle cortical lamina.

The cortical profiles of the axial and radial diffusivity (Fig. 6) do

not show any notable local maximum or minimum, whereas the

cortical profiles of the radiality index (Fig. 7) show a maximum in

the middle cortical lamina, at a cortical depth of (35612)%, in

nearly all ROIs.

Discussion

The results of this study, performed in the human brain in vivo

at 3 T, show: (i) a clear diffusion anisotropy in the cortical GM,

with a primarily radial diffusion orientation, and (ii) a cortical

depth dependence of the FA, with consistently higher values in the

middle cortical lamina than in the deep and superficial cortical

laminae.

Such a radial diffusion orientation in cortical GM has initially

been observed in DTI studies performed in the developing brain

[2,5,6,8–10], owing to its high cortical diffusion anisotropy, which

is then markedly reduced as microstructural changes occur during

brain maturation. More recently, radial diffusion anisotropy in the

cortex has also been observed in high-resolution DTI studies

performed in the adult brain, including in the pig brain ex vivo

[20], in the macaque brain in vivo [12], in the human brain ex

vivo [12–14], and in the human brain in vivo [12,15–19]. In the

latter case, however, most of the results were obtained with a

reduced field-of-view, a 7 T scanner, long scan times (about

1 hour), and/or a customized 100 mT/m gradient coil.

Some of these in vivo studies, performed with a 1–1.5 mm

isotropic resolution, also showed a regional dependence of the

principal diffusion direction, specifically a radial diffusion orien-

tation in the primary motor cortex (M1) and a tangential diffusion

orientation in the primary somatosensory cortex (S1) [12,35]. Our

results show that most of the cortical GM regions, including M1,

have a primarily radial diffusion orientation, but there are also a

few regions, including parts of S1 (yellow arrowheads in Figs. 3A,

Figure 6. Cortical profiles of the diffusivity. Axial and radial
diffusivity (mean 6 standard deviation in 1023 mm2/s) as a function of
the cortical depth. The solid lines were computed with cubic spline
interpolation. The dashed lines denote the pial surface and the GM/WM
interface at a cortical depth of 0% and 100%. Both columns show the
mean cortical profiles averaged over 20 ROIs. The first two rows show
results from identical experiments performed on the same subject on
two different days.
doi:10.1371/journal.pone.0091424.g006
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4A), that have a primarily tangential diffusion orientation.

However, the tangential orientation in S1 is not consistently seen

in both hemispheres and in all subjects, possibly because of the

anisotropic voxel size. Additional studies, ideally performed with

an isotropic voxel size, are needed to further investigate the

regional dependence of the principal diffusion direction.

The band of low FA seen in the deep cortical lamina

(arrowheads in Figs. 1A,B,F,G,K,L) can also be discerned in other

high-resolution DTI studies, including in the cat brain in vivo

[36], in the macaque brain in vivo [12], in the human brain ex

vivo [13,14], and, to a lesser extent, in the human brain in vivo

[12,18].

More quantitatively, the cortical profiles of the FA obtained in

our in vivo study (Fig. 5) are consistent with those obtained in two

recent ex vivo DTI studies performed in the human M1 and S1

[24] and in the human secondary visual cortex (V2) [26] with a

242–300 mm isotropic resolution, both of which also showed a

maximum diffusion anisotropy in the middle cortical lamina, at a

cortical depth of 33% (M1), 44% (S1), and 35–43% (V2). (Note

that the first study did not show cortical profiles of the FA, but of

the ratio of the two largest peaks of the fiber orientation

distribution function, which is a different way to characterize the

diffusion anisotropy.).

Figure 7. Cortical profiles of the radiality index. Radiality index (mean 6 standard deviation; 1 = radial, 0 = tangential) as a function of the
cortical depth. The solid lines were computed with cubic spline interpolation. The dashed lines denote the pial surface and the GM/WM interface at a
cortical depth of 0% and 100%. The first four columns show the cortical profiles in the representative ROIs shown in Figs. 1A,F,K, whereas the last
column shows the mean cortical profiles averaged over 20 ROIs. The first two rows show results from identical experiments performed on the same
subject on two different days.
doi:10.1371/journal.pone.0091424.g007
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Furthermore, variations in the cortical profiles across different

regions within the same brain samples were also observed in these

studies, specifically between M1 and S1 [24] and, to a larger

extent, between the primary visual cortex (V1) and V2 [26]. In V1

(which was not included in our data), a local minimum rather than

maximum of the FA was actually observed in the middle cortical

lamina at a cortical depth close to that of the stria of Gennari in

layer IVb, which contains both radial and tangential fibers.

Previous ex vivo DTI studies performed in V1, M1, and S1 with

a 18861886376 mm or 242 mm isotropic resolution [21,23] also

showed a cortical depth dependence of the principal diffusion

direction, specifically a radial diffusion orientation in the middle

cortical lamina and a tangential diffusion orientation in the deep

and superficial cortical laminae. An in vivo DTI study performed

with a 1 mm isotropic resolution [12] found a similar dependence

in M1, but not in S1. In addition, the ex vivo DTI study

performed in V2 with a 300 mm isotropic resolution [26] further

showed a correlation between the fiber orientation distributions

and the cortical profiles of the FA. The middle cortical lamina had

a primarily radial diffusion orientation, corresponding to the FA

maximum in the cortical profiles, whereas the deep cortical lamina

contained both radial and tangential diffusion orientations,

corresponding to the FA minimum in the cortical profiles.

The cortical profiles of the FA (Fig. 5) and radiality index (Fig. 7)

obtained in our in vivo study are consistent with these findings and

with each other. In the middle cortical lamina, the principal

diffusion direction is primarily radial and both the FA and radiality

index reach a maximum at a cortical depth of (40610)% and

(35612)%, respectively. In the deep cortical lamina, the principal

diffusion direction gradually changes from radial to tangential and

the FA reaches a minimum while the radiality index crosses 0.707

(corresponding to a 45o angle between the principal eigenvector

and the normal vector to the cortical surface) at a cortical depth of

(74611)% and (7169)%, respectively.

While the present study was not designed to demonstrate a

cortical depth dependence of the diffusion orientations on a voxel-

by-voxel basis, as shown in previous ex vivo DTI studies

performed with a higher resolution (242–300 mm isotropic)

[22,26], it did, however, consistently show a cortical depth

dependence of the diffusion anisotropy, both in the FA maps

and in the cortical profiles of the FA averaged within different

ROIs. Importantly, these cortical profiles obtained in vivo on a

clinical 3 T scanner are in good agreement with those obtained ex

vivo on small-bore scanners with much higher field strengths (9.4–

11.7 T), stronger gradients (600–1500 mT/m), and longer scan

times (e.g., 14 hours) [24,26]. These findings bridge the gap and

illustrate the complementarity between ex vivo studies, which can

be performed at a very high resolution and be validated with

histology [22,37], and in vivo studies, which can provide whole-

brain, subject-specific results and potentially lead to a much

broader range of applications.

This proof-of-concept study only focused on ten axial slices at

the top of the brain and used a larger slice thickness than the in-

plane resolution. However, special care was taken to minimize

partial volume effects along the slice direction by restricting the

data analysis to voxels for which the GM/WM interface was

approximately flat and orthogonal to the slice. As a result, it was

not possible to place ROIs in all anatomical locations throughout

the brain, either because they were not included in the acquired

slices or because they did not have a GM/WM interface that was

approximately flat and orthogonal to the slice. It was therefore also

not possible to place all of the ROIs in similar locations across all

subjects, because of individual variations in the orientation of the

cortical surface (although ROIs #1–4 were placed in similar

locations for both scans on subject #1). Nevertheless, ROIs were

placed in as many locations as possible within the acquired slices

and cortical profiles of the FA were computed both in individual

ROIs and averaged over all ROIs to demonstrate that the results

are consistent across ROIs and subjects.

A more systematic investigation of the variability of the results

across different cortical regions and of their consistency across

different subjects would ideally require a whole-brain coverage

and an isotropic voxel size, which would allow ROIs to be placed

in any location throughout the brain and in similar locations

across all subjects. However, achieving a sub-millimeter isotropic

voxel size requires further technical improvements to increase the

SNR (e.g., with 3D acquisition techniques), which are beyond the

scope of this work.

Conclusions

The results of this study show: (i) a clear diffusion anisotropy in

the human cortical GM in vivo, with a primarily radial diffusion

orientation, as observed in previous ex vivo and in vivo DTI

studies, and (ii) a cortical depth dependence of the FA, with

consistently higher values in the middle cortical lamina than in the

deep and superficial cortical laminae, as observed in previous ex

vivo DTI studies. These results, which are consistent across all

subjects, demonstrate that our multishot constant-density spiral

DTI technique with inherent correction of motion-induced phase

errors can be used to study the cortical depth dependence of the

diffusion anisotropy in the human cortex in vivo at 3 T, which will

be valuable to assess the cortical microstructure noninvasively

across a general population.
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