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The myelin content of the cortex changes over the human lifetime and aberrant cortical myelination is associated
with diseases such as schizophrenia and multiple sclerosis. Recently magnetic resonance imaging (MRI) tech-
niques have shown potential in differentiating between myeloarchitectonically distinct cortical regions in vivo.

) Here we introduce a new algorithm for correcting partial volume effects present in mm-scale MRI images
ﬁ;:vl;;ms' which was used to investigate the myelination pattern of the cerebral cortex in 1555 clinically normal subjects
MRI using the ratio of T1-weighted (T1w) and T2-weighted (T2w) MRI images. A significant linear cross-sectional
age increase in T1w/T2w estimated myelin was detected across an 18 to 35 year age span (highest value of ~
1%/year compared to mean T1w/T2w myelin value at 18 years). The cortex was divided at mid-thickness and
the value of TIw/T2w myelin calculated for the inner and outer layers separately. The increase in T1w/T2w esti-
mated myelin occurs predominantly in the inner layer for most cortical regions. The ratio of the inner and outer
layer T1w/T2w myelin was further validated using high-resolution in vivo MRI scans and also a high-resolution
MRI scan of a postmortem brain. Additionally, the relationships between cortical thickness, curvature and T1w/
T2w estimated myelin were found to be significant, although the relationships varied across the cortex. We dis-

Cortical development
Partial volume effect

cuss these observations as well as limitations of using the T1w/T2w ratio as an estimate of cortical myelin.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Myelin expedites the conduction of electrical signals along axons and
is essential for normal, healthy function of the nervous system. While
most abundant in the cerebral and cerebellar white matter, significant
amounts of myelinated fibers are present in the cortical gray matter.
Classic histological studies of postmortem brains by Vogt, Campbell,
and Elliot Smith (Nieuwenhuys, 2013) depict how the distribution of
myelinated fibers can vary significantly between cortical regions.
Recently, advances of MRI techniques enabled the investigation of the es-
timated myelin content of the human brain in vivo. Studies have shown
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that the T1, T2 and T2* relaxation times of the brain tissue depend on the
myelin content of the tissue (Bock et al., 2009, 2011, 2013; Geyer et al.,
2011; Clark et al., 1992; Barbier et al., 2002; Walters et al.,, 2003, 2007;
Clare and Bridge, 2005; Eickhoff et al., 2005; Bridge et al., 2005;
Sigalovsky et al., 2006; Dick et al., 2012; Cohen-Adad et al., 2012; Lutti
et al,, 2013; Stiiber et al., 2014). Using the ratio of T1- and T2-weighted
(T1w and T2w) image intensities, Glasser and Van Essen (2011) detected
the boundaries of myeloarchitectonically distinct cortical regions. Their
method has subsequently been applied to link estimated cortical myelin
content to cognitive performance and also to investigate the lifelong ef-
fect of age on cortical myelination (Grydeland et al., 2013). The myelin
density map calculated from the ratio of T1w and T2w images has also
been found to show significant correlation with the retinotopic map of
the occipital cortex (Abdollahi et al., 2014).

The present paper builds on this prior work and explores a partial
volume correction as applied to a large uniformly collected dataset.
MR images common in biomedical research are subject to partial
volume effect in which the intensity of the cortical gray matter (GM)
can be contaminated by intensities of local white matter (WM) and ce-
rebrospinal fluid (CSF). Here we introduce a partial volume correction
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algorithm to correct for this effect, and apply our technique to quantify
the T1w/T2w intensity ratio as an estimate of myelin map (T1w/T2w
myelin) of 1555 clinically normal 18 to 35 year old subjects using
1.2 mm isotropic voxel MRL

It is important to note that T1w/T2w estimated myelin is not a
pure measure of myelin but nonetheless an MR-accessible proxy.
The ratio of the Tlw and T2w images of a subject provides a
unitless quantity that correlates with cortical myelination (Glasser
and Van Essen, 2011; Glasser et al., 2013; Grydeland et al., 2013)
but does not provide an absolute measure of myelin density. Also,
iron, in addition to myelin, has been found to contribute to cortical
MR image contrast. However, it has been shown that iron and my-
elin are often colocalized in the cortex (Fukunaga et al., 2010).
Therefore, while we do not expect myelin to be the only factor con-
tributing to the T1w/T2w image intensity ratio, a large fraction of
the variation in T1w/T2w is likely due to variation in myelin density
(more details in the MRI, myelin and comparison between subjects
section).

With these caveats in mind, we (1) quantified partial volume effect
on T1w/T2w myelin measurement, (2) used our technique to investi-
gate the vertical distribution of myelin in the cortex, (3) quantified the
effect of age on T1w/T2w myelin, and (4) investigated the relationship
between cortical thickness, curvature and T1w/T2w myelin. We com-
pared our results with high resolution in vivo MRI scans of five subjects
and also a postmortem ex vivo brain scan to ensure that the difference
in inner and outer layer myelination detected in the main dataset was
not an artifact of mm-scale voxel size.

Materials and methods
Main dataset

1555 clinically normal, English-speaking subjects with normal or
corrected-to-normal vision aged 18-35 years (mean age =
21.2 years, standard deviation = 3.0 years, 43.3% male) were includ-
ed. Participants were recruited from universities around Boston, the
Massachusetts General Hospital, and the surrounding communities.
The subjects were acquired as part of the Brain Genomics Superstruct
Project (http://neuroinformatics.harvard.edu/gsp) and subsets of
the data have been published previously (e.g., Yeo et al., 2011;
Holmes et al., 2012). Initially 1800 subjects were divided into two
age and gender matched groups of 900 to check replicability of re-
sults. Subjects were excluded if fMRI signal-to-noise ratio (SNR)
was below 100 (Yeo et al., 2011; Van Dijk et al., 2012), or if manual
inspection of the MR images showed artifacts (the fMRI quality as-
sessment was not specific to the structural images but allowed a gen-
eral means to exclude participants with high motion). Quality
control steps reduced the number of subjects in the two groups to
773 and 782 and results are reported only for these 1555 subjects.
For 99 of these subjects, two separate scanning sessions were proc-
essed independently to check test-retest reliability of the results.
Participants provided written informed consent in accordance with
the guidelines of the Harvard University and Partners Health Care in-
stitutional review boards.

All images for the main dataset were collected on matched Sie-
mens 3 T Tim Trio scanners at Harvard University and Massachusetts
General Hospital using the vendor-supplied 12-channel phased-
array head coil. Data included bandwidth-matched T1w and T2w im-
ages for each session of each subject. T1w images were acquired using
a high-resolution multi-echo MPRAGE protocol (TR = 2200 ms, FA =
7°,1.2 x 1.2 x 1.2-mm voxels, and FOV = 192 x 192). In this method
(van der Kouwe et al., 2008) four structural scans are obtained (with
TE values of 1.54, 3.36, 5.18 and 7.00 ms) over the same timespan as a
conventional scan. This was achieved by using a much higher band-
width than is usual in MPRAGE. Each subject's T2w image was ac-
quired with 3D T2-weighted high resolution turbo-spin-echo (TSE)

with high sampling efficiency (SPACE, Lichy et al., 2005) in the
same scanner during the same session as the T1w image with
TR = 2800 ms, TE = 327 ms, 1.2 x 1.2 x 1.2-mm voxels, and
FOV = 192 x 192. Multi-echo MPRAGE T1w image acquisition allowed
bandwidth matching of the T1w and T2w images (both acquired with
651 Hz/pixel). The matched bandwidth, spatial resolution and FOV of
the T1w and T2w images of each subject imply that there is no differen-
tial distortion between the image types, allowing direct superposition
and comparison of the two images. In conventionally acquired T1w im-
ages different brain regions would suffer different levels of distortion
for Tlw and T2w images and the images would not register properly
everywhere.

High resolution data

In addition to the main dataset, high-resolution T1w in vivo scans
(Siemens Magnetom 3 T scanner, MPRAGE sequence, 500 pm isotropic
voxels, TR = 2530 ms, TE = 4.85 ms, flip angle 7°) of five subjects
(mean age = 26.6 years, standard deviation = 4.8 years, 80% female)
and a T2w ex vivo scan (Siemens Magnetom 7 T scanner, FLASH se-
quence, TE = 9.39 ms, TR = 22 ms) of a postmortem brain (male,
60 year old at time of death) with 200 um isotropic voxels were used
to investigate two-layer myelination.

MRI data preprocessing

Each subject's T1w image was processed using the FreeSurfer version
4.5.0 software package (RRID:nif-0000-00304) pipeline, which is freely
available online (http://surfer.nmr.mgh.harvard.edu). The software
package reconstructs an individual's cortical surface from the subject's
T1w structural scan. Processing included the following steps: correction
of intensity variations due to MR inhomogeneities (Dale et al., 1999),
skull stripping (Ségonne et al., 2004 ), segmentation of cortical gray
and white matter (Dale et al,, 1999), separation of the two hemispheres
and subcortical structures (Dale et al., 1999; Fischl et al., 2002, 2004) and
eventually construction of smooth representations of the gray/white in-
terface and the pial surface (Dale et al,, 1999). After reconstruction of the
individual's cortical surfaces, correspondence between the individual's
gyral and sulcal patterns and that of an average brain was calculated
(Fischl et al., 1999a,b). This information was later used to bring the indi-
vidual myelin maps to a common surface for comparison.

Partial volume correction (PVC) and T1w/T2w myelin map estimation

We define the T1w/T2w estimated myelination of a region as the
ratio of the PVC GM intensities of the T1w and T2w images in that re-
gion. First, the 1.2-mm voxel resolution raw T1w and T2w data was
resampled to 1-mm isotropic voxels. Next, the T2w image of each sub-
ject was aligned to the T1w image using boundary-based registration
(Greve and Fischl, 2009). For the two-layer analysis, an intermediate
surface was generated at mid-thickness of the cortex using a novel sur-
face deformation algorithm (Polimeni et al., 2010). Only the T1w image
was used for surface construction and the generated surfaces were used
with both the T1w image and the T2w image aligned to the T1w image.
Next, PVC GM intensities were calculated as follows.

The intensity of a voxel of a T1w or a T2w image is due to signals
from various tissue classes that might occupy the voxel. Voxels that in-
tersect the pial surface contain both GM and CSF whereas those that in-
tersect the white surface contain GM and WM. To calculate the partial
volume corrected intensity of GM we assumed a linear forward model
in which the observed image intensity I(x) at location x, is a combination
of true, unobservable intensities I. for tissue class c, for each of C tissue
classes (typically, GM, WM and CSF but also inner and outer GM for

C

the two-layer analysis): where f.(x) € [0, 1], 21 fe = 1is the fraction
c=

of the voxel at location x that is occupied by tissue class c. We estimated
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fe(x) by forming a high-resolution volume (typically 0.125 mm isotro-
pic) so that every 1-mm voxel of the TIw and T2w images contained
8% = 512 high-resolution voxels. The interior of each surface compart-
ment was then filled in this high-resolution space to form high-
resolution binary volumes. Boolean operations on these volumes then
yielded the different compartments we are seeking (e.g. the single-
layer GM compartment is computed as voxels that are interior to the
pial surface and NOT interior to the white surface and an inner cortical
layer mask is computed as voxels that are interior to the intermediate
mid-gray surface and NOT interior to the white surface). The volume
fractions f.(x) were computed by simply counting the number of high-
resolution voxels in each tissue class that were 1 in each low-
resolution voxel. Inline Supplementary Fig. S1 shows this methodology
for a simplified two-dimensional case where each 1-mm voxel is divid-
ed into four high-resolution voxels. We then assumed that the true in-
tensities I. are constant in a small neighborhood N(x) around each
voxel, and compiled a set of linear equations that made inverting
Eq. (1) well-posed. That is, we found at least C nearby locations in
which f.(x’) > T, X’ € N(x) for some small threshold T (we used T =
0.3) for every class c so that I. could be estimated accurately using a
pseudoinverse. Solving this linear system resulted in estimates of GM
(single layer or two-layer), WM and CSF intensities with less contami-
nation from other tissue classes. The corrected estimate of the intensity
of each tissue class was then sampled onto the surface vertices using tri-
linear interpolation.

Inline Supplementary Fig. S1 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2014.10.054.

Next, each subject's PVC T1w GM intensity at each surface vertex
was divided by the subject's T2w GM intensity at the vertex to obtain
the subject's all-surface PVC myelin map (single-layer and two-
layer). These myelin maps were next projected to the average sur-
face (FreeSurfer “fsaverage” surface for mean myelin map,
FreeSurfer “fsaverage5” surface for correlation analysis) for group
comparison.

As an alternate approach the ratio of the raw T1w image and the
aligned T2w image was calculated first followed by partial volume
correction and estimation of the GM T1w/T2w image intensity
ratio. The results obtained using this approach were very similar to
those from the first approach as expected, since the T2w image was
aligned to the T1w image. In this work the first approach was used
for all calculations. All sample-averaged estimated myelin maps
shown in this work were smoothed with a surface-based kernel of
full-width-at-half-maximum (FWHM) value of 5 mm. Individual
myelin maps used for correlation and regression analysis were
smoothed with a 10 mm FWHM kernel to improve signal to noise
ratio.

Additionally, results for TIw/T2w estimated myelin maps were cal-
culated without PVC for comparison when relevant (Figs. 1, 2 and 3).
These “no-PVC” myelin maps were calculated using the FreeSurfer func-
tion mri_vol2surf: the mean intensity of cortical GM was measured
along the normal at each vertex of the subject's reconstructed white
surface. This function does not correct for partial volume effect.

Processing of the high resolution data

Five surface ROIs were chosen based on the results of the two-
layer T1w/T2w myelin map of the main dataset (the Two-layer
T1w/T2w myelin map section) for comparison with the high-
resolution data. Two-layer myelin maps were created using the
T1w images of the five high-resolution (500 um isotropic voxels)
in vivo scans. These maps were used to calculate the ROI-averaged
values of inner to outer layer myelin for comparison with the main
dataset results. Additionally, these ROIs were mapped to a high res-
olution (200 um isotropic voxels) T2w ex vivo scan of a postmortem
brain using spherical morphing to create volumetric snapshots cor-
responding to these surface ROIs for qualitative comparison with
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Fig. 1. Need for partial volume correction. A: GM volume fractions of the voxels of the cor-
tical ribbon overlaid on a T1w image. The pial and white surfaces are shown using black
lines and the mostly white region between the two black surfaces in this figure represents
the GM ribbon. The colors of the voxels in the GM ribbon represent the volume fraction oc-
cupied by GM. Hence, the voxels in the middle of the ribbon have a value of 1 whereas
those near the WM or CSF boundary have values <1. The voxels completely within WM
or CSF are shown in shades of gray. The color scale applies only to the GM voxels. B:
Same T1w image region showing the simulation intensity values of the voxels (the Simu-
lation section). In the simulation GM, WM and CSF were assumed to have constant values
of 80, 110 and 30, respectively. Each voxel in the GM ribbon was assigned an intensity
value using its volume fraction values and Eq. (2). C: Difference map of GM intensity cal-
culated without partial volume correction (no-PVC) and the actual assigned GM value of
80 (in corrected T1w image intensity units) of the simulated volumes. Non-zero value im-
plies erroneous estimation of assigned GM intensity. The error is found to be larger in the
sulci compared to the gyri. D: Difference between measured GM intensity using the PVC
method and the assigned GM intensity value of 80 of the simulated volumes. The PVC
method does a near-perfect job of estimating the assigned GM intensity value. The light
and dark gray patterns on the surface shows the gyral pattern of the FreeSurfer (fsaverage)
surface, light gray representing gyri and dark gray the sulci.

the main dataset results. The volumetric snapshots were generated
by finding the center of the predicted region, and then taking a
zoomed in snapshot in the orientation most perpendicular to the
cortical surface.

Statistical analysis

All statistical analyses were performed using Matlab V 8.0 (R2012b).
Correlation analysis results presented were calculated using the
“partialcorr” or “corr” function, as relevant. Linear regression to investi-
gate the effect of age was performed using the Matlab “regress” and
“regstats” functions. Correlation and regression coefficients were con-
sidered to be significant and shown in figures after False Discovery
Rate (FDR) correction with @ = 0.01 unless specifically stated as


http://dx.doi.org/10.1016/j.neuroimage.2014.10.054
http://dx.doi.org/10.1016/j.neuroimage.2014.10.054

476 R. Shafee et al. / Neurolmage 105 (2015) 473-485

GRP1 N=773

GRP2 N= 782

-1.5

1.5

Z-score

Fig. 2. Single-layer T1w/T2w estimated myelin map. The mean single-layer T1w/T2w estimated myelin map of 1555 clinically normal subjects aged 18 to 35 years is shown. Each subject's
single layer T1w/T2w estimated myelin map was z-transformed (to indicate the deviation of each vertex from the mean value across the cortex, calculated by zyer = (x — M)/s, where zyer
is the z-score at a vertex, x is the T1w/T2w value at the vertex and M and s are the mean and the standard deviation of the TIw/T2w values of all the vertices in both hemispheres) and the
sample-averaged maps of GRP1 (N = 773) and GRP2 (N = 882) are shown for both the PVC and no-PVC methods. On the z-score scale positive and negative values correspond to higher
and lower than average T1w/T2w values, respectively. A: PVC myelin map for GRP1, B: no-PVC myelin map for GRP1, C: PVC myelin map for GRP2 and D: no-PVC myelin map for GRP2. For
both methods, the mean T1w/T2w myelin maps of the two groups are very similar. In all 4 panels, the primary sensory areas display high T1w/T2w myelination and the association areas
show low T1w/T2w values. Compared to the no-PVC method, the PVC method estimated higher myelination in the superior parietal cortex and lower myelination in the association au-
ditory cortex area. However, it should be noted that due to z-score normalization this figure only allows comparison of relative T1w/T2w ratios of different cortical regions. A more direct

difference map is presented in Fig. 3.

P €
e®
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Fig. 3. Difference between PVC and no-PVC T1w/T2w estimated myelin maps. The mean
difference between the no-PVC and PVC T1w/T2w estimated myelin maps of the 1555
subjects is shown. Each subject's individual PVC T1w/T2w map was subtracted from the
subject's no-PVC T1w/T2w map and the sample-averaged percentage difference map
was calculated. Widespread statistically significant differences were detected (FDR,
q = 0.01) across the cortex. The no-PVC method T1w/T2w value was higher than the
PVC T1w/T2w value in most cortical regions. The difference was larger in the sulci
(>15%) compared to the gyri. The pattern of difference was found to be very similar to
the simulated difference map shown in Fig. 1C.

otherwise. Age, gender, handedness, scanner location, console version
and intra-cranial volume (ICV; eTIV in Buckner et al., 2004; an atlas
based spatial normalization procedure) were regressed out in the corre-
lation analysis of thickness, and curvature with T1w/T2w myelin. For
the analysis of the effect of age on T1w/T2w myelin, all these covariates
excluding age were regressed out.

Simulation

To investigate the difference between the image intensities mea-
sured by the PVC and no-PVC methods, we simulated “test brains” for
50 subjects. For this, the voxels of each subject's T1w image were
assigned custom intensity values under the assumption of constant
intensities of GM, WM, and CSF across the brain. Each voxel was
assigned a value that was a linear combination of the different tissue
intensities weighted by the voxel's volume fraction for each tissue
type as calculated from the actual T1w image of each subject using
methods described in the Partial volume correction (PVC) and
T1w/T2w myelin map estimation section. We assigned GM, WM
and CSF constant intensity values of 80, 110, and 30, respectively,
(typical values for FreeSurfer processed T1w images), and voxels
were assigned intensity using the following formula:

I = 110fyy + 80fgy + 30fcsk 2)

where I is the intensity of a voxel, and fyw, fgm and fcsg are the vol-
ume fraction values of the voxel for WM, GM and CSF, respectively.
Accurate measurement of GM intensity in these brains would corre-
spond to a constant value of 80 at every vertex on the cortical surface.
Any deviations would be considered as erroneous.
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Results
Partial volume effect correction: simulation results

MR images that are commonly used in biomedical research have
mme-scale resolution and voxels at the cortical surface boundaries
(gray/white and gray/cerebrospinal fluid) contain varying amounts of
non-GM tissues. Since the ratio of GM intensity of a subject's T1w and
T2w images is the measurement of interest in this technique, intensity
contributions from other tissues such as WM and CSF need to be
accounted for in order to measure the GM intensity accurately. A typical
example of partial volume effect can be seen in Fig. 1A which shows GM
volume fractions of the cortical ribbon voxels superposed on a T1w
image. The mostly white region between the two black surfaces in this
figure represents the GM ribbon. The colors of the voxels in this GM re-
gion represent the volume fraction occupied by GM. Hence, the voxels
in the middle of the ribbon have a value of 1 whereas those near the
WM or CSF boundary have values <1. Corrections need to be made to
compensate for this partial volume effect for an accurate estimation of
the intensity due to GM alone.

Details of our correction method can be found in the Partial volume
correction (PVC) and T1w/T2w myelin map estimation section. To
check the effectiveness of our approach, we applied our algorithm to
simulated T1w images (the Simulation section) with known GM, WM
and CSF intensities. The assigned cortical GM intensity for these volumes
was 80 (Fig. 1B). Voxel-wise intensity values were assigned by weighing
this value with partial volume fraction using Eq. (2). Figs. 1C and D show
the mean difference between measured GM intensity and the actual
value of 80 for the two methods. Our PVC method accurately estimated
the assigned GM intensity (Fig. 1D), whereas the no-PVC method
overestimated the assigned GM intensity (Fig. 1C). The no-PVC error
was larger in the sulci with a maximum value of ~10%. These simulation
results imply that without partial volume correction mean intensity of
the GM ribbon is overestimated in most cortical regions.

Single layer T1w/T2w myelin map

The single layer T1w/T2w myelin map was estimated from the mean
PVC T1w/T2w ratio of the GM ribbon at each vertex. The technique pro-
vided a T1w/T2w value for each vertex of the cortical surface. For each
subject we converted this individual T1w/T2w ratio myelin map to an in-
dividual z-score map using a z-transformation so that the value at each
vertex indicates the deviation of the T1w/T2w value at the vertex from
the mean T1w/T2w value of all the vertices in both hemispheres. The
mean z-score map of the sample is presented as the cortical mean myelin
map in Fig. 2. To check replicability of our results, we divided the subjects
into two age- and gender-matched groups (GRP1,N = 773 & GRP2,N =
782, details in the Main dataset section). Figs. 2A and C show the PVC
method average T1w/T2w maps for GRP1 and GRP2 and Figs. 2B and D
show the average maps of the same groups without PVC. The blue and
red/yellow areas in these z-score maps correspond to cortical regions
with lighter and heavier than average T1w/T2w values, respectively.
We found the estimated mean T1w/T2w myelin maps of GRP1 and
GRP2 to be nearly identical for both methods (r = 0.999, p ~ 0 for both
PVC and no-PVC). The no-PVC T1w/T2w myelin maps (Figs. 2B and
D) are very similar to the T1w/T2w myelin maps of Glasser and Van
Essen (2011) and Glasser et al. (2013). Consistent with their results,
we observed high T1w/T2w myelination in the motor and somatosenso-
1y strips, visual cortex, auditory cortex, posterior cingulate and some re-
gions of the temporal and parietal lobes in both our PVC and no-PVC
myelin maps. Also consistent with their findings, the lowest T1w/T2w
myelination regions in all four of our maps are located in the anterior
insula, temporal pole, prefrontal cortex, and anterior cingulate cortex.

However, the PVC and no-PVC maps differed in some regions. The dif-
ference map obtained by subtracting the sample average (N = 1555) PVC
map from the average no-PVC map (without z-transformation) is shown

in Fig. 3. The no-PVC method displayed an increased T1w/T2w intensity
ratio over much of the cortex particularly in the sulci, where the effect
was as large as 20%. The error pattern closely followed the simulated dif-
ference pattern shown in Fig. 1C.

Data from two independent scan sessions were available for 99 sub-
jects. To assess the reliability of the single layer PVC T1w/T2w myelin
map we processed each session of these 99 subjects independently
and estimated the myelin map for each subject for each session. These
were used to calculate between-session correlation across all the sur-
face vertices for each subject resulting in a mean Pearson correlation
of r = 0.83 (std = 0.03) for all 99 subjects. Additionally, 39 of these
99 subjects were scanned in the same scanner and with the same con-
sole version during both sessions. Using the T1w/T2w myelin maps for
these subjects we calculated the between-session absolute percentage
difference at each vertex. The sample average map of the percentage dif-
ference is shown in Inline Supplementary Fig. S2. Averaged over all sur-
face vertices the mean between-session percentage difference was
found to be 3.3% with a standard deviation of 0.7% with a maximum
value of 9%.

Inline Supplementary Fig. S2 can be found online at http://dx.doi.
org/10.1016/j.neuroimage.2014.10.054.

Two-layer T1w/T2w myelin map

Partial volume corrected myelin maps were created for the inner and
outer gray matter layers (Materials and methods section) by estimating
the T1w/T2w intensity ratio of each layer separately. The aim of this anal-
ysis was to quantify the spatial properties of the laminar distribution of
myelin density of the cortex within the limitation of the data. It should
be noted that the division of the cortex into two broad layers does not di-
vide the cortex at a classical laminar boundary, and may cut through dif-
ferent layers (e.g., Ill vs. IVB) in different cortical regions.

Fig. 4 shows the map of the ratio of T1w/T2w myelin of the inner and
outer layers averaged for all 1555 subjects. A value greater than unity in-
dicates higher T1w/T2w myelination in the inner layer compared to the
outer layer and a value less than unity corresponds to higher
myelination in the outer layer. The inner cortical layer displayed a
higher T1w/T2w value almost everywhere in the cortex except in the
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Fig. 4. Ratio of inner and outer layer T1w/T2w estimated myelin. Our algorithm was used
to create a mid-thickness cortical surface and PVC corrected T1w/T2w estimated myelin
maps were calculated for each layer separately. The sample-averaged ratio of inner layer
and outer layer T1w/T2w myelin values are shown here. The inner layer was found to
be more heavily myelinated (ratio > 1) than the outer layer almost everywhere in the cor-
tex, except in some regions of the prefrontal, parietal and cingulate cortices. In these areas,
the ratio was ~0.95. At each vertex a t-test was performed to test the difference between
the inner and outer layer T1w/T2w values. Only vertices with statistically significant (FDR,
q = 0.01) differences between the inner and outer layer T1w/T2w values are shown.
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prefrontal and superior parietal regions, where the value was about 95%
of the T1w/T2w value of the outer layer. The regions that were found to
be heavily myelinated in the single layer analysis were also found to be
more heavily myelinated in the inner layer compared to the outer layer
(e.g. visual, motor, and somatosensory cortices). In the vast majority of
the cortex the inner layer T1w/T2w value was 10%-20% higher than the
outer layer T1w/T2w value. GRP1 and GRP2 showed nearly identical
ratio maps (r = 0.998, p ~ 0) in this calculation also, and are not
shown separately.

Since the thinnest parts of the cortex (e.g., visual cortex) were often
covered by only a single voxel in our main dataset, we next investigated
the possibility that these results might be somehow due to the resolu-
tion of the data. We selected two ROIs with low inner to outer layer
ratio of T1w/T2w myelin (ROIs 1 and 2 in Fig. 5A) and three ROIs with
high inner to outer layer ratio of TIw/T2w myelin (ROIs 3, 4 and 5 in
Fig. 5A) for comparison with higher resolution in vivo MRI scans of
five subjects. The ROI-averaged inner to outer layer ratios of TIw/T2w
myelin of the main dataset are shown in Fig. 5C. Only T1w images
were available in the high-resolution in vivo dataset and we show the
ROI-averaged ratios of the inner and outer layer PVC T1w image inten-
sity values of these subjects in Fig. 5B. Consistent with the main dataset
results, ROIs 1 and 2 displayed lower values compared to ROIs 3,4 and 5
in the high-resolution data as well. However, the actual value of the
ratio of inner and outer layer myelin for each ROI was slightly different
in the two datasets. Also, the overall difference between the ROIs was
smaller in the higher-resolution dataset (range ~1.06-1.15) compared
to the main dataset (range ~1-1.25). The quantitative difference be-
tween the results shown in Figs. 5 B and C possibly arises from the
fact that although the T1w image intensity is correlated with cortical
myelin content, it is a different measure compared to the T1w/T2w in-
tensity ratio. Additionally, differences in the scanning parameters be-
tween the two datasets make qualitative comparison of the relative
myelination of the ROIs within each dataset more meaningful than di-
rect comparison of the exact value of each ROI in the two datasets.

)
0.7 00

Additionally, Fig. 6 shows T2w images of these five ROIs in a high-
resolution (200 um isotropic voxels) ex-vivo MRI scan. The highly mye-
linated Stria of Gennari of the primary visual cortex is clearly visibly in
ROI 5. Although all six cortical layers are not differentiable in this ROI,
the GM closer to the WM clearly appears to have lower T2w intensity
compared to the GM in the outer cortical region, possibly implying
heavier myelination of the GM below the Stria of Gennari compared to
the GM above it. Although no clear lamination is visible in the other
four ROIs, the increase of T2w intensity (hence possible decrease of
myelination) of the GM from the inner to the outer boundary of the cor-
tical ribbon is more prominent in ROIs 3 and 4 compared to ROIs 1 and 2.
These results are qualitatively consistent with the results of the main
dataset in which ROIs 1 and 2 were found to show comparable inner
and outer layer T1w/T2w myelin values whereas ROIs 3, 4, and 5 were
found to be regions with higher T1w/T2w myelination of the inner
layer compared to that of the outer layer.

Cortical thickness, curvature and T1w/T2w myelination

Just as the estimated myelination pattern of the cortex varies in dif-
ferent regions, so do cortical thickness and curvature. Higher myelin
density in a region could be due to a higher number of myelinated
axons, or due to the axons being more myelinated than in other regions.
Both situations could also make the cortex thicker, creating a correla-
tion between cortical myelination and thickness. Additionally, it has
been shown that cortical curvature is correlated with both myelination
(Annese et al., 2004; Sereno et al., 2013) and thickness (Fischl and Dale,
2000; Sigalovsky et al., 2006; Sereno et al., 2013). For these reasons the
relationship between cortical thickness, curvature and T1w/T2w ratio
was investigated using our large sample.

First, the individual level correlation between T1w/T2w estimated
myelination, thickness and curvature was explored at each vertex of
the cortex. The correlation between myelination and thickness was cal-
culated by controlling for curvature and the correlation between
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Fig. 5. ROI-based analysis of inner and outer layer T1w/T2w estimated myelin. A: Five ROIs selected for comparison with high-resolution data are shown in green superposed on the left
hemisphere of Fig. 4. ROIs 1 and 2 were chosen from regions with low inner to outer layer myelin ratio and ROIs 3, 4 and 5 were chosen from regions with high inner to outer layer myelin
ratio in our main dataset. B: bar plot showing ROI-averaged inner and outer layer ratio of PVC myelin calculated from the high-resolution (500 pum isotropic voxels) T1w images (the High
resolution data section). C: bar plot showing ROI-averaged inner and outer layer ratio of PVC T1w/T2w estimated myelin in the main dataset. In both B and C red dots were used to indicate

individual subject's values. Standard errors of the mean are shown using green lines.
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A Thickness

Fig. 6. ROI analysis in high-resolution postmortem brain. ROIs shown in Fig. 5A were
projected on a high resolution (200 pm isotropic voxels) scan of a postmortem brain.
The numbers in the different panels indicate the ROI number (Fig. 5A). The scan is T2-
weighted and hence lower intensity corresponds to heavier myelination.

myelination and curvature was computed using thickness as a controlled
parameter. For the 1555 subjects, the mean all-cortex correlation

between T1w/T2w myelin and thickness was r = —0.32 4+ 0.07
(mean + std), with mean p-value = 3 x 10~° and that between curva-
ture and myelination was r = —0.34 4 0.07, with mean p-

value < 10~3°, This implies that when cortical regions of similar curvature
are compared, thinner regions tend to have higher T1w/T2w myelination
compared to thicker regions and that when regions of similar thickness
are compared, the more convex regions tend to have higher T1w/T2w
myelination than the more concave regions. These results are consistent
with the results of Sereno et al. (2013) who showed that more convex re-
gions have higher R1 values (R1 = 1/T1, their measure of myelin) com-
pared to more concave regions and that the relationship between R1
and curvature survived even after regressing out cortical thickness.

Next the pattern of correlation between these quantities was investi-
gated at each surface vertex across our sample of 1555 subjects. Both
positive and negative correlations were found between T1w/T2w myelin
and thickness as shown in Fig. 7A. Positive correlations were detected in
the central sulcus, somatosensory cortex (right hemisphere), primary vi-
sual cortex, parahippocampal cortex and parts of the cingulate cortex.
Negative correlations were found extensively along the gyri: pre- and
post-central, superior-parietal, supra-marginal, superior- and middle-
temporal, middle-frontal, pars-triangularis, superior-frontal and the
precuneus. Only correlations that survived a False Discovery Rate (FDR)
with q = 0.01 are shown in Fig. 7A.

A similar correlation analysis between cortical T1w/T2w myelination
and curvature, while controlling for cortical thickness, resulted in mostly
negative correlations throughout the cortex as can be seen in Fig. 7B.

-0.43 -0.1 0.1 0.43
correlation coefficient

Fig. 7. Single-layer T1w/T2w estimated myelin map, thickness and curvature. A. Correla-
tion map of single layer cortical TIw/T2w estimated myelination and cortical thickness
at each vertex while controlling for cortical curvature. B. Correlation map of single layer
T1w/T2w ratio and cortical curvature at each vertex while controlling for cortical thick-
ness. Age, gender, handedness, scanner, console version and ICV were regressed out in cal-
culating both maps. Only correlation coefficients surviving FDR with ¢ = 0.01 are shown.
While both positive and negative correlations are seen between T1w/T2w myelin and cor-
tical thickness, the correlation between myelination and curvature is mostly negative.

Exceptions were small regions in the posterior cingulate, medial prefron-
tal, parahippocampal and temporal pole areas.

The two-layer T1w/T2w myelin maps were analyzed for thickness
and curvature dependence in a similar manner. The relationship be-
tween inner and outer layer T1w/T2w myelination and cortical thick-
ness was almost opposite (Figs. 8A and B). We found that the inner
layer T1w/T2w value correlated positively with cortical thickness al-
most everywhere in the cortex (Fig. 8A) with exceptions in some re-
gions of the motor, somatosensory, visual, and cingulate cortices
where the correlation was negative or insignificant. The outer layer
T1w/T2w value correlated negatively (Fig. 8B) with thickness in most
cortical areas and showed positive or insignificant correlations in the vi-
sual cortex, auditory cortex, central sulcus, cingulate cortex and
parahippocampal cortex. The positive correlation between outer layer
T1w/T2w myelin and thickness was particularly strong in the visual
cortex.

The correlations between inner and outer layer T1w/T2w myelination
and cortical curvature are shown in Figs. 8C and D. Similar to the negative
correlation between single-layer myelination and cortical curvature seen
in Fig. 7B, the inner and outer layer T1w/T2w maps also correlated mostly
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Fig. 8. Two-layer cortical T1w/T2w estimated myelin map, thickness and curvature. Panels A and B show the correlation of cortical thickness with the inner and outer layer T1w/T2w es-
timated myelin maps, respectively, while controlling for curvature at each vertex. Panels C and D display correlation maps of cortical curvature with inner and outer layer T1w/T2w
myelination, respectively, while controlling for cortical thickness at each vertex. Age, gender, handedness, scanner, console and ICV were regressed out in these correlation analyses.

Only regions surviving FDR = 0.01 are shown.

negatively with curvature. However, some regional differences were
present: for example, the correlation between T1w/T2w myelin and cur-
vature in the superior parietal region was stronger in the outer layer com-
pared to the inner layer.

Together these results suggest that T1w/T2w estimated myelination,
thickness and curvature influence each other but that the relationships
between these quantities are not constant across the cortex.

T1w/T2w myelin increases with age

The effect of age on the mean T1w/T2w estimated myelination of the
cortex was explored. After regressing out the effects of sex, handedness,
ICV, scanner, console version, mean thickness and mean curvature, a lin-
ear model was used to fit the residual T1w/T2w value to age, as shown
in Fig. 9A. The slope of the line was significant (p = 10~33) and positive,
indicating that mean cortical T1w/T2w myelination increased with age
between 18 and 35 years. Fitting the residuals to a quadratic model of
age did not show improvement over the linear model (linear model
R? = 0.0954, quadratic model R> = 0.0947). To check replicability of
our results once again we explored the effect of age on GRP1 and
GRP2 separately. This analysis was limited to 18-28 year old subjects
due to the relatively fewer number of subjects in the higher age range.
A multiple linear regression model was fitted at each vertex with single
layer T1w/T2w value as the dependent variable and age, sex, handed-
ness, scanner, console version, thickness and curvature as independent
variables. The partial regression coefficient of age, expressed as the per-
centage of mean T1w/T2w value at age 18 is shown in Fig. 9B. The re-
sults for the two groups were found to be similar. Statistically

significant (FDR, q = 0.05) positive age-dependence was seen almost
everywhere on the cortex. The maximum rate of increase per year
was found to be around 1% of the T1w/T2w myelination at age 18 (pri-
mary motor and somatosensory cortex). For single layer myelination,
statistically significant age dependence was absent in small regions of
the insular, superior parietal and primary visual cortices. Since the pri-
mary visual cortex and the insula are regions where segmentation and
surface reconstruction are often difficult, it is possible that such techni-
cal issues might have contributed to the observed lack of age-
dependence of the measured T1w/T2w myelin in these areas.

To further quantify the estimated increase of myelination with age, a
similar analysis was performed for the two-layer T1w/T2w myelin
maps. The results are shown in Fig. 10. The inner layer T1w/T2w
myelination showed a significant increase with age almost all over the
cortex (Fig. 10A). On the other hand, the T1w/T2w myelination of the
outer layer of most cortical areas showed insignificant or weak age de-
pendence compared to the inner layer (Fig. 10B). Exceptions were no-
ticed in the primary motor and somatosensory cortices, which
displayed a significant increase in T1w/T2w myelination in the outer
layer as well as in the inner layer.

To check for cohort effects arising from recruitment of subjects with
different occupations (college students vs. non-college students, in par-
ticular) we repeated the analysis for the 18 to 22 year old subjects only
(N = 1200). The pattern of rate of change of T1w/T2w myelin with age
in this age group (Fig. 11) overlapped significantly with that of the 18-
35 year olds (Figs. 9 and 10) indicating that the observed increase of
T1w/T2w myelin with age is possibly not driven by the occupational
heterogeneity of the older subjects. However, some regions displaying
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Fig. 9. TIw/T2w estimated myelin increases with age. A: residual mean single-layer T1w/T2w estimated myelination (after regression of sex, handedness, scanner, console, thickness and
curvature) plotted against age. The significant linear fit indicates that mean T1w/T2w myelination increases with age in our cross-sectional sample. B. All-cortex map of the rate of change
of TIw/T2w myelin with age shown for GRP1 and GRP2 separately. Almost global increase of T1w/T2w with age was detected in both groups with small regions in the insular, parietal, visual
and cingulate cortices showing insignificant age dependence. To calculate the rate of change of T1w/T2w, a multiple regression model was fitted at each vertex with TIw/T2w as the inde-
pendent variable and age, sex, handedness, scanner, console, ICV, thickness and curvature as dependent variables. The displayed rate of change is the regression coefficient of age normalized
by the mean T1w/T2w value at that vertex at age 18. Only regression coefficients that survived FDR (q = 0.05) are shown in these maps. Insignificant age-dependence is shown in light blue.

The medial wall is shown masked in gray.

significant age-dependence in the 18-35 year age range did not show
statistical significance in the 18-22 year old age range (for example, me-
dial prefrontal cortex in Figs. 9B and 11B). This was possibly due to the
smaller number of subjects in the latter group. We further checked for
cohort effects within the 18-22 year old group by investigating the rela-
tionship between age and both verbal and non-verbal IQs and found the
results to be consistent with the absence of any cohort effect.

Technical concerns

Several technical issues in interpreting these results are noted and
addressed below.

Since the individual z-score T1w/T2w myelin maps were calculated
by combining both hemispheres (Fig. 2) a direct comparison of the T1w/
T2w maps of the left and right hemispheres was possible. We noticed
significant left-right asymmetry in both the PVC and no-PVC maps par-
ticularly in the lateral occipital and temporal cortices. To check whether
the asymmetry might be due to technical artifacts, we investigated the
left-right asymmetry of the scanner bias field and concluded that the
pattern of asymmetry of the T1w/T2w myelin map showed resem-
blance to the pattern of asymmetry of the scanner bias field, suggesting
incomplete removal of bias field inhomogeneity by the T1w/T2w ratio
technique. Similar T1w/T2w myelin maps presented by Glasser and
Van Essen (2011) and Glasser et al. (2013) were normalized for each
hemisphere separately. Hence it is not possible to compare our detected
asymmetry with their results. Our results indicate that further work to
improve removal of scanner-specific technical artifacts would be useful.
The differences between the hemispheres that resemble features of the
bias field is also a reminder that acquisition inhomogeneity, even after
best practice corrections, can still impact estimates of myelin.

A technical concern in interpreting the correlation between corti-
cal thickness and estimated T1w/T2w myelin, particularly in the
thinnest cortical regions such as the visual cortex, arises from how
FreeSurfer relies on the image intensity as well as intensity gradient
to generate the GM/WM surface. It is possible that in thinner cortical
regions the GM/WM surface is mistakenly placed more superficially,
making the cortex appear thinner and at the same time causing the
T1w/T2w myelin value to be less. This effect could cause an artifactual
positive correlation between thickness and T1w/T2w ratio (Glasser and
Van Essen, 2011; Glasser et al., 2013). Due to the small number of high-
resolution scans available to us we were unable to compare the results
from the main dataset to data with smaller voxel size to quantify any
such artifactual effect.

Several confounding factors could potentially influence the mea-
surement of the real effect of age on cortical myelination in MRL A
subject's movement in the scanner could affect image quality and indi-
rectly affect the positioning and thickness estimation of the cortical sur-
face. As a result, the T1w/T2w value could be erroneously detected to be
a function of age if movement itself is age-dependent. However, the re-
producibility of the result of the 18-35 year olds in the 18-22 year old
subset (4 year age range) in our main cohort indicates that movement
likely did not play a significant role in the detected increase of T1w/
T2w myelin with age. Another possible confounding factor is the matu-
ration of the local white matter (e.g., Giedd, 2004) affecting the detected
increase in T1w/T2w cortical myelin with age. In addition, given that the
data are cross-sectional, there is also the possibility that our sample,
which represents a convenience recruitment sample, differs as a func-
tion of age in ways that reflect imperfect cross-sectional matching. Fur-
ther work with longitudinal data, higher resolution data, and
postmortem data could help clarify these possible confounding effects.
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Fig. 10. Age dependence of the two-layer T1w/T2w estimated myelin map. Panels A and B display the rate of change of T1w/T2w estimated myelination with age (as described in Fig.9) in
the inner layer and the outer layer, respectively. Results are shown for 18-28 year old subjects of GRP1 and GRP2. While statistically significant increase occurs in the inner layer of almost
the entire cortex, the outer cortical layer shows little or no age dependence. Exceptions are noticed in the motor and somatosensory cortices, where the outer layer displays significant

increase in T1w/T2w myelin with age.

Discussion and conclusions
MRI, myelin and comparison between subjects

The above interpretations of our results rely on two assumptions: 1.
the ratio of T1w and T2w image intensities is a reasonable measure of
cortical myelin, and 2. this measure of myelination is comparable across
subjects.

The first assumption is motivated by the observation that myelin is a
significant source of image contrast in MRI. Since Clark et al. (1992) first
used MRI to detect the Stria of Gennari in the primary visual cortex,
many researchers have used the T1 and T2 properties of brain tissue to
detect highly myelinated regions of the cortex. Our work was motivated
by the technique of Glasser and Van Essen (2011) who used the ratio of
T1w and T2w images to successfully map the myeloarchitectonic proper-
ties of many cortical regions. However, it is known that iron, in addition to
myelin, affects MR image intensities. For example, using a cohort of 4.5 to
71.9 year old subjects, Ogg and Steen (1998) showed that age-related
changes in T1 relaxation rate vary linearly with brain iron concentration
in the cortex even within the age range used in our work. However,
iron and myelin are often co-localized in the cortex (Fukunaga et al.,
2010). In a recent study Stiiber et al. (2014) used ion beam analysis to
evaluate the contributions of iron and myelin as sources of MR tissue con-
trast. Their results showed correspondence of iron, myelin and MR con-
trast in different MRI sequences with considerable overlap of iron and
myelin distributions in the visual cortex and in the motor/somatosensory
cortex, in particular. Thus, while we expect factors in addition to myelin to
affect the T1w/T2w image ratio, we interpret our results under the as-
sumption that a large portion of the spatial variation of the T1w/T2w
image ratio reflects variation of myelin density.

The second assumption was that the individual myelin maps are com-
parable across subjects. While factors including the non-uniformity of the
field and the specific placement of each participant's head within the field
of view contribute to confounding differences between subjects, we took
a number of steps to ensure consistency. All T1w and T2w scans were ac-
quired on matched Siemens 3 T Tim Trio scanners at Harvard University
and Massachusetts General Hospital. In addition, the T1w and T2w im-
ages were bandwidth-matched and acquired during the same session,
allowing accurate registration of the images at the single-voxel scale
across the vast majority of the brain. These features make the dataset par-
ticularly suitable for implementing the image ratio technique used in this
work, although acquisition differences across subjects and the inherent
bias field certainly lead to unaccounted for sources of variation.

Laminar distribution of intracortical myelin

Due to the spatial resolution of the data we divided the cortex into
two equal thickness layers instead of the conventional six cortical layers.
According to classic histological studies (Nieuwenhuys, 2013, and refer-
ences therein) cortical regions can be classified as bistriate, unistriate,
unitostriate and astriate depending on the visibility of the myelinated
fiber bands. Direct comparison of the cortical regions that showed the
highest and the lowest inner to outer layer ratio of T1w/T2w myelin
with the same regions of a high resolution ex-vivo MRI scan revealed
that our technique was able to detect many expected differences in
inner and outer layer tissue intensity change. Studies using alternate
MRI techniques (Barazany and Assaf, 2012; Sereno et al., 2013) have
also reported detectable changes in MR image intensity from the inner
to the outer cortical layers.
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Fig. 11. Age dependence of T1w/T2w estimated myelin in 18 to 22 year olds. The effect of age on T1w/T2w estimated myelin was analyzed for only the 18 to 22 year old subjects (N = 1200) to
check whether cohort effects were responsible for the age dependence seen in the 18 to 35 year old subjects. The effect of age is shown for A: mean single-layer T1w/T2w myelination, B: all-
cortex T1w/T2w single-layer myelination, C: the inner layer of the two-layer T1w/T2w myelin map and D: the outer layer of the two-layer T1w/T2w myelin map. The units and calculations are
same as those shown in Figs. 9 and 10. Results for this subset of subjects are very similar to those shown in Figs. 9 and 10 implying that it is unlikely that cohort effects are responsible for the

observed age-related increase of T1w/T2w myelination.

Our technique can be applied to higher resolution data for more de-
tailed investigation of the laminar properties of cortical myelination.
Additionally, our method of PVC can be used together with alternate
lamination techniques such as the equi-volume model of Waehnert
et al. (2013) to separate method-specific artifacts from biological
effects.

Cortical myelination and age

Different anatomical and functional features of the brain follow dif-
ferent temporal trajectories as the brain reaches maturation. Similarly,
age-related atrophy and myelination differences affect some brain re-
gions more than others. The T1w/T2w myelin measure of the cortex in-
creased significantly with age between 18 and 35 years in our cross-
sectional cohort. In fact, the increase was significant even within only
the 18 to 22 year old subjects (Fig. 11). While our sample represents a
cross-sectional convenience sample, it is intriguing that age related ef-
fects were present across such a constrained post-adolescent develop-
mental range.

Prior work suggests that myelination continues to change through-
out the human lifetime. Classic histological studies reported that the
course of maturation of different cortical regions varies significantly
(Flechsig, 1901; Yakovlev and Lecours, 1967; Benes, 1989; Benes et al.,
1994). In their recent work Miller et al. (2012) used stereology in
postmortem brain sections to quantify myelinated axon fiber length
density throughout postnatal life in the human somatosensory, motor,
frontopolar and visual cortices. Their results indicated that myelination
in these regions continued to increase until the third decade of life,
which is consistent with our findings. In another recent study,

Grydeland et al. (2013) investigated the change in T1w/T2w myelin
over the human life span using 8 to 83 year old subjects. Their results
showed that intracortical TIw/T2w myelin increased linearly until the
late 30s, followed by about 20 stable years before declining from the
late 50s. They presented a map of the linear effect of age in the younger
cohort (8-19 year olds) and quadratic age effect maps for the entire co-
hort (8-83 year olds) and the adult cohort (20-83 year olds). In our 18
to 35 year old subjects an almost global statistically significant linear
increase of T1w/T2w myelin with age was detected with no detectable
quadratic age effect. The regions displaying the strongest age-
dependence in our study overlap with regions of significant linear age
effect of Grydeland et al.'s (2013) young cohort. The agreement be-
tween these two studies indicates that it is unlikely that technical issues
such as scanner or location-specific biases contribute significantly to the
findings. Additionally, Miller et al. (2012), who also reported increasing
myelinated fiber length density well into the 30s, used a non-MRI tech-
nique of stereology in postmortem brains to draw their conclusions. To-
gether these results suggest the potential of using MRI T1w/T2w image
intensity as a proxy for cortical myelin density in the living human
brain.

Studies have shown that the myelin content of subcortical structures
also changes throughout the human lifetime. Kochunov et al. (2011)
showed that mean cortical thickness and brain WM fractional anisotro-
py (FA) both follow a quadratic aging trajectory and noted a linear rela-
tionship between these two quantities. They concluded that the age-
related changes in GM thickness and FA are at least partially driven by
a common biological mechanism, presumed to be related to changes
in cerebral myelination. In a recent MRI study Callaghan et al. (2014)
showed that effective transverse relaxation rate Ry and magnetization
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transfer (MT) measures change throughout the lifetime implying an in-
crease in the iron content and decrease of myelination in both the cortex
and subcortical structures. Their study included 19 to 75 year old sub-
jects and as the authors pointed out, due to fewer subjects in the 35 to
55 year range the study was more sensitive to linear effects of age in-
stead of the quadratic effect of age reported by other studies. Possibly
due to this reason they did not detect an increase in cortical myelination
in the 18 to 35 year age range.

Conclusions, limitations and future work

In this work a new partial volume correction algorithm was used to
quantify a TIw/T2w estimate of cortical myelination in 1555 healthy
young adults. We found significant agreement between our results and
past histological results as well as findings from other recent in vivo in-
vestigations of cortical myelination. However, we also find that without
partial volume correction the T1w/T2w intensity ratio of cortical GM is
overestimated. Additionally, results revealed that cortical thickness, cur-
vature and the estimated T1w/T2w myelin value are interdependent and
that the magnitude of partial volume correction itself varies across the
cortex. Together these results suggest that our technique might provide
a more accurate estimation of an individual's T1w/T2w cortical
myelination map than methods that do not incorporate this correction.
Also consistent with past ex vivo results, the inner cortical layers were
found to be more heavily myelinated than the outer layers in most corti-
cal regions. Exceptions were noticed in a few cortical regions, particularly
in the prefrontal cortex, where the T1w/T2w myelin ratio of the inner
layers appeared to be comparable to that of the outer layers. Further in-
vestigation of these regions in a high-resolution postmortem brain and
also in high-resolution in vivo scans provided results that were consis-
tent with the results of the main dataset making it unlikely that the ob-
served T1w/T2w myelin ratio in these cortical areas was due to
technical artifacts. Additionally, we detected that the ratio of T1w/T2w
myelin increased with age between 18 and 35 years in our cross-
sectional sample and that this increase occurred mostly in the inner cor-
tical layers.

Although MRI is a useful tool for investigating anatomical features of
the brain, confounders such as scanner bias field or slight differences in
scanning protocol can affect measurements such as GM thickness and
the volumes of different structures. Such confounds can affect regional
T1w and T2w image intensities as well. We attempted to minimize
such effects by using the same scanning protocol for all subjects and
also by using bandwidth-matched T1w and T2w images. However, the
present method can be improved by implementing solutions to issues
such as biases in the positioning of the cortical surfaces and the influ-
ence of blood vessels on measured GM intensity, as investigated by
Glasser et al. (2013). Replication of the relationship between thickness,
curvature and T1/T2w myelin using a higher resolution dataset and fur-
ther investigation of the effect of age in a longitudinal cohort will clarify
the contributions of such confounding factors.

In this work we were able to noninvasively detect the age-related
differences in cortical T1w/T2w ratio myelin density across a limited
age range of 18 to 35 years, which includes the age of onset for neuro-
psychiatric disorders such as schizophrenia and bipolar disorder.
These disorders have been found to exhibit differences in white matter
volume and integrity (Davis et al., 2003; Héistad et al., 2009; Kubicki
and Shenton, 2014; Sarrazin et al., 2014) and reduced myelin-related
gene expression (Dracheva et al, 2006; Hakak et al, 2001;
McCullumsmith et al., 2007; Harris et al., 2009). An important next
step would be to apply our technique to explore the possibly disrupted
developmental trajectory of cortical myelination in diseased cohorts.
The option to create multiple layers within the cortex and the ability
to apply partial volume correction at each laminar boundary make this
algorithm particularly suitable for the exploration of detailed lamina-
tion patterns of cortical myelination in higher resolution data, and for

laminar analysis of other imaging modalities such as high-resolution
functional MRI (Polimeni et al., 2010).
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