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a b s t r a c t 

Myelin development during adolescence is becoming an area of growing interest in view of its potential rela- 

tionship to cognition, behavior, and learning. While recent investigations suggest that both white matter (WM) 

and gray matter (GM) undergo protracted myelination during adolescence, quantitative relations between myelin 

development in WM and GM have not been previously studied. We quantitatively characterized the dependence 

of cortical GM, WM, and subcortical myelin density across the brain on age, gender, and puberty status during 

adolescence with the use of a novel macromolecular proton fraction (MPF) mapping method. Whole-brain MPF 

maps from a cross-sectional sample of 146 adolescents (age range 9–17 years) were collected. Myelin density 

was calculated from MPF values in GM and WM of all brain lobes, as well as in subcortical structures. In general, 

myelination of cortical GM was widespread and more significantly correlated with age than that of WM. Myeli- 

nation of GM in the parietal lobe was found to have a significantly stronger age dependence than that of GM in 

the frontal, occipital, temporal and insular lobes. Myelination of WM in the temporal lobe had the strongest asso- 

ciation with age as compared to WM in other lobes. Myelin density was found to be higher in males as compared 

to females when averaged across all cortical lobes, as well as in a bilateral subcortical region. Puberty stage was 

significantly correlated with myelin density in several cortical areas and in the subcortical GM. These findings 

point to significant differences in the trajectories of myelination of GM and WM across brain regions and suggest 

that cortical GM myelination plays a dominant role during adolescent development. 
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. Introduction 

Adolescence is the period of marked physical, psychological,

ognitive and social transition between childhood and adulthood

 Blakemore, 2008 ). It is a critical period during which many variables

an affect long term behavioral outcomes and vulnerability to dysfunc-

ion ( Gur and Gur, 2016 ). Understanding macro- and microstructural

hanges in the brain during this period has a potential to allow for iden-

ifying neurophysiological mechanisms of cognitive and behavioral de-

elopment and opportunities to provide environmental influences that

ould lead to long-term psychological well-being ( Dahl, 2004 ). 

Most studies of cortical maturation in the adolescent brain have

ocused on morphological features such as cortical thickness, surface

rea and volume. In contrast, studies of white matter (WM) maturation

ave focused on characteristics of WM microstructure (for reviews of

hese structural changes, see Blakemore, 2012 ; Mills and Tamnes, 2014 ).

hese studies have revealed a substantial increase in WM volume during

dolescence, as well as decreases in cortical volume and thickness. Mul-
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iple reports based on diffusion tensor imaging (DTI; Blakemore, 2012 ;

ills and Tamnes, 2014 ) documented a heterogeneous increase in

ractional anisotropy and decrease in mean diffusivity in certain WM

ber tract during adolescence. Several studies have investigated corti-

al myelination in samples that included adolescents ( Grydeland et al.,

013 ; Shafee et al., 2015 ; Whitaker et al., 2016 ; Grydeland et al., 2019 ;

aquola et al., 2019 ; Kwon et al., 2020 ) and have generally reported a

lobal but heterogeneous increase in metrics related to gray matter (GM)

yelination across the brain through adolescent development. These

hanges have been linked to performance on cognitive tasks ( Grydeland

t al., 2013 ; Kwon et al., 2020 ), underscoring the relevance of myelina-

ion of the cortex to brain function, and hinting at possible opportunities

or malleability that could affect the dramatic cognitive and social de-

elopmental changes that occur during this period. 

A common limitation of previous studies of cortical myelination is

he use of semi-quantitative imaging metrics to assess myelin content

hanges, such as the ratio of T1 and T2 weighted signals ( Grydeland

t al., 2013 , 2019 ; Kwon et al., 2020 ) or a magnetization transfer (MT)
 December 2020 

e CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

https://doi.org/10.1016/j.neuroimage.2020.117678
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuroimage
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2020.117678&domain=pdf
mailto:nevao@uw.edu
https://doi.org/10.1016/j.neuroimage.2020.117678
http://creativecommons.org/licenses/by-nc-nd/4.0/


N.M. Corrigan, V.L. Yarnykh, D.S. Hippe et al. NeuroImage 227 (2021) 117678 

Table 1 

Subject information by age and puberty status. 

Sample Size Mean Age ± SD Mean PDS ± SD 

Age Group (years) Male Female Male Female Male Female 

9 12 13 9.2 ± 0.05 9.1 ± 0.04 1.2 ± 0.6 1.5 ± 0.8 

11 14 14 11.1 ± 0.07 11.1 ± 0.06 1.6 ± 0.6 2.8 ± 0.7 

13 15 17 13.2 ± 0.06 13.1 ± 0.06 2.6 ± 0.6 3.6 ± 0.6 

15 14 16 15.2 ± 0.05 15.1 ± 0.06 3.5 ± 0.5 4.2 ± 0.4 

17 16 15 17.1 ± 0.06 17.1 ± 0.08 3.9 ± 0.5 4.5 ± 0.5 

Total 71 75 

PDS = Petersen Development Scale. 
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aturation index ( Whitaker et al., 2016 ; Paquola et al., 2019 ). Since

hey are heavily dependent on imaging protocol, these variables are

ncapable of providing quantitation of the myelin content on an ab-

olute scale and may be substantially affected by certain confounders,

uch as tissue iron content for T1/T2 signal ratio. Fast macromolec-

lar proton fraction (MPF) mapping ( Yarnykh, 2012 , 2016 ) is a new

uantitative MRI method for assessing myelin content in brain tis-

ues that overcomes these limitations. It is based on the magnetization

ransfer (MT) effect and yields a biophysical measure of the amount

f macromolecular protons engaged in cross-relaxation with free wa-

er protons ( Yarnykh, 2012 ). The ability of MPF mapping to accu-

ately measure myelin content has been validated in animal studies

 Khodanovich et al., 2018 ; Underhill et al., 2011 ; Samsonov et al.,

012 ; Janve et al., 2013 ; Thiessen et al., 2013 ; Khodanovich et al.,

017 , 2019 ). MPF has been shown to be sensitive to myelin loss caused

y disease ( Petrie et al., 2014 ; Yarnykh et al., 2015 , 2018b ) and

yelin development in the course of brain maturation ( Yarnykh et al.,

018a ; Korostyshevskaya et al., 2019 ). Of particular interest, MPF pro-

ides the histologically confirmed capability to quantify myelination in

oth GM and WM ( Khodanovich et al., 2018 ; Underhill et al., 2011 ;

hodanovich et al., 2017 , 2019 ) and is insensitive to iron content

 Yarnykh et al., 2018b ). 

Although previous studies have looked at WM and GM myelination

uring adolescence separately, no studies have compared the changes in

yelination in these two compartments within the same study sample

sing a quantitative metric. Evaluations of differences in myelination

rajectories may provide insight into the relative contributions of plas-

icity in these regions to adolescent development. 

Neuroimaging studies of the adolescent brain have also revealed gen-

er differences in both GM and WM characteristics as well as trajectories

f change during this developmental period ( Lenroot and Giedd, 2010 ;

ur and Gur, 2016 ). However, little is known about gender differences

n myelination of WM or GM. Additionally, no previous studies of myeli-

ation during adolescence have included an evaluation of the effect of

uberty stage, which can differ greatly between males and females of

he same age. 

This study was driven by the overall hypothesis that myelin devel-

pment continues over late childhood and adolescence and aimed to:

1) utilize MPF to quantitatively characterize brain myelination in late

hildhood and adolescence, (2) compare age-related changes in myeli-

ation between cortical GM, WM, and subcortical regions, (3) assess for

ender differences in myelination across brain regions, and (4) examine

ssociations between myelination and puberty status. We explored these

hanges in myelination at the voxel level, and also sought to investigate

attens across the brain more globally in a lobe-level analysis. 

. Materials and methods 

.1. Experimental design and statistical analysis 

.1.1. Sample 

MRI data were acquired from a cross-sectional sample of healthy

hildren and adolescents at 9, 11, 13, 15 and 17 years of age. Par-
2 
icipants were excluded from the study if they were left-hand domi-

ant (as determined by the Edinburgh Handedness Inventory), if En-

lish was not the primary language spoken in the home, if they had

ny history of speech, language or hearing difficulties, if they had an

ncorrected vision problem, if they had ever been diagnosed with a de-

elopmental or psychiatric disorder, if they had any surgical implants

r dental work that could interfere with the MRI, or if they were taking

sychotropic medications. Data were collected from 32 nine-year-olds,

3 eleven-year-olds, 35 thirteen-year-olds, 31 fifteen-year-olds, and 32

eventeen-year-olds. Data from 7 nine-year-olds, 5 eleven-year-olds, 3

hirteen-year-olds, 1 fifteen-year-old, and 1 seventeen-year-old were ex-

luded from the study due to artifacts caused by motion and/or dental

ardware as well as one incidental finding. Image quality assurance was

arried out as the two-step procedure. In the first step, a single operator

raded each source image obtained using the protocol described below

ccording to the three-point scale (0 – severe artifacts precluding fur-

her usage; 1 – minor artifacts present but further processing can be per-

ormed; and 2 – no problems with image quality). Datasets containing

ny image with a quality grade of “0 ″ were excluded. In the second step,

wo operators performed consensus reviews of MPF maps for the pres-

nce of residual artifacts and anatomical consistency. Out of 16 datasets

xcluded for the image quality reasons, 13 and 3 were excluded on the

rst and second step, respectively. Data from 71 male and 75 female

ubjects were found to be usable and were included in our analysis. The

ample size and demographics for the subjects with data included in this

tudy are shown in Table 1 . All study procedures were approved by the

W Human Subjects Board and informed consent was obtained from

ach participant and a parent. 

.1.2. Puberty stage assessment 

For every subject, puberty development stage was assessed using the

etersen Development Scale (PDS) self-report ( Petersen et al., 1988 ).

his questionnaire includes questions about changes in skin, stature,

nd body hair, as well as changes in gender-specific characteristics, such

s presence of menarche and breast development in females, and voice

nd facial hair changes in males. Puberty was classified into one of five

ategories, each represented by a number: 1 = pre-pubertal, 2 = beginning

ubertal, 3 = mid-pubertal, 4 = advanced pubertal, and 5 = post-pubertal.

he average puberty stage for each age group examined is shown in

able 1 . The number of males and females, as well as the mean age

or each puberty stage is shown in Table 2 . Correlations between age,

ender and puberty stage are shown in Table 3 . 

.1.3. MRI data acquisition 

All data were acquired on a 3.0 T Philips Ingenia MRI system using a

2-channel head coil. A Pearltec Crania (Pearltec AG, Schlieren/Zurich

witzerland) head fixation system was used to minimize head mo-

ion. High resolution T 1 -weighted images of the head were acquired

sing a multi-echo MPRAGE sequence with FOV = 240 × 240 × 200,

cquisition voxel size 1.0 × 1.0 × 1.0mm 

3 , reconstructed voxel size

.5 × 0.5 × 0.5 mm 

3 , TR/TI/TE1/TE2 = 13.6/1100/3.7/9.8 ms, shot in-

erval 2200 ms, and flip angle (FA) = 12°. A fast 3D MPF mapping pro-

ocol was implemented according to the single-point synthetic reference
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Fig. 1. Study-specific template derived from MPF maps for all 146 study subjects. 

Table 2 

Subject information by puberty stage. 

Sample Size Mean Age ± SD 

PDS Male Female Male Female 

1 16 9 9.9 ± 0.98 9.4 ± 0.65 

2 15 5 11.9 ± 1.28 9.9 ± 1.08 

3 19 20 14.2 ± 2.03 11.7 ± 1.31 

4 20 28 16.2 ± 1.20 14.9 ± 1.66 

5 1 13 17.1 16.2 ± 1.31 

Total 71 75 

Table 3 

Correlations between age, gender, and PDS. 

Variables 

Dependent Independent R 2 R P-value 

PDS Age 65% 0.81 < 0.001 

PDS Age, gender 76% 0.87 < 0.001 

PDS Age, gender, age x gender 76% 0.87 < 0.001 

PDS Gender 10% 0.31 < 0.001 

Age Gender 0% 0.01 0.90 
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ethod ( Yarnykh, 2012 , 2016 ) and included three spoiled gradient-echo

equences with MT (TR = 31 ms, flip angle (FA) = 8°), proton-density

TR = 21 ms, FA = 4°), and T 1 (TR = 21 ms, FA = 25°) contrast weight-

ngs. Off-resonance saturation in the MT-weighted sequence was applied

t the offset frequency 4 kHz with effective FA = 430° and pulse dura-

ion 7 ms. All images were obtained in the sagittal plane with dual-echo

eadout (TE 1 /TE 2 = 4.9 ms/10.0 ms), FOV = 240 × 240 × 200 mm 

3 ,

nd actual voxel size of 1.25 × 1.25 × 1.24 mm 

3 interpolated to

.625 × 0.625 × 0.620 mm 

3 . Additionally, actual flip-angle imag-

ng (AFI) B 1 maps ( Yarnykh, 2007 ) (TR 1 /TR 2 /TE = 60/240/4.8 ms,

A = 60°, voxel size 2.5 × 5.0 × 5.0 mm 

3 ) were acquired in the same ge-

metry and reconstructed with 0.625 × 0.625 × 0.620 mm 

3 voxel size.

arallel imaging (SENSE) was used in two phase encoding directions

ith an acceleration factor of 1.8. In all sequences, non-selective excita-

ion and optimal spoiling schemes ( Yarnykh, 2010 ) were used. The total

can time for MPF mapping was about 11 min. 

.1.4. Calculation of MPF maps 

MPF maps were reconstructed according to a single-point synthetic

eference algorithm ( Yarnykh, 2016 ) with correction of B 1 field non-

niformity using custom-written C-language software with previously

etermined ( Yarnykh, 2012 ) constraints for the non-adjustable two-pool

odel parameters. Correction of B 0 field inhomogeneity was not ap-
3 
lied because of a negligible effect of B 0 -related errors on MPF mea-

urements ( Yarnykh et al., 2020 ). Prior to map reconstruction, indi-

idual echo images in each data set were averaged to increase SNR

 Helms and Dechent, 2009 ). Rigid-body registration of the component

mage volumes was performed using the FLIRT toolbox of the FSL soft-

are package ( Smith et al., 2004 ). 

.1.5. Conversion of MPF values to myelin density 

MPF values were converted to equivalent myelin density values

ased on the linear equation relating MPF and myelin density derived

rom quantitative histological measurements as reported by Underhill

nd coauthors ( Underhill et al., 2011 ). This myelin density value ap-

roximately represents the percent dry weight of myelin in a given re-

ion. 

.1.6. Voxel-based analysis 

The “buildtemplateparallel ” function of the Advanced Normalization

ools (ANTs) software package ( Avants et al., 2011 ) was utilized to con-

truct a study-specific template for voxel-based analyses ( Fig. 1 ). This

emplate was constructed using all 146 MPF image volumes. The dif-

eomorphic demons style exponential mapping transformation model

ption was used to register image volumes from all subjects to the tem-

late. 

The template was segmented using the FAST toolbox of the FSL soft-

are package to generate GM and WM masks. The cerebellum and mid-

rain were removed from these masks through manual editing. Whole

rain GM and WM MPF values were calculated for each subject by av-

raging the MPF values within the masks for the subject volumes that

ere registered to the template. 

The FSL RANDOMIZE tool was used to perform a voxel-by-voxel cor-

elation between MPF and age on the individual subject images reg-

stered to the study-specific template. This was done with a general

inear model construct, where age and gender were specified as sep-

rate covariates. Gray and white matter masks were utilized to per-

orm the voxel-based correlations separately for the two compartments.

hreshold-free cluster enhancement ( Smith and Nichols, 2009 ) was uti-

ized, and a significance threshold of 0.05 was applied to the result-

ng maps of p -values after adjustment for multiple comparisons. The

ANDOMIZE tool adjusts for multiple comparisons using a permutation-

ased method ( Winkler et al., 2014 ). These statistical maps were regis-

ered to the standard MNI 1.0 mm template using the FSL FLIRT tool,

nd the FSL CLUSTER and ATLASQUERY tools were utilized to deter-

ine the size and anatomical location of each significant cluster. These

rocedures were repeated to conduct a similar voxel-by-voxel correla-

ion analysis between MPF and puberty. 
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Table 4 

Comparison of myelin density in GM and WM by 

lobe. 

Compartment ∗ 

Region GM WM 

Frontal lobe 7.2 ± 1.5 33.5 ± 2.8 

Occipital lobe 8.5 ± 1.6 28.8 ± 2.5 

Parietal lobe 7.9 ± 1.4 32.9 ± 2.6 

Temporal lobe 7.1 ± 1.5 30.7 ± 2.6 

Insula 5.1 ± 1.7 26.9 ± 2.8 

Subcortical nuclei 14.4 ± 2.3 –

∗ Values are mean ± SD of myelin density (%). 
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.1.7. Lobe-level analysis 

The acquired high-resolution T1 image volume for each sub-

ect was parcellated according to the Desikan-Killiany (DKT) Atlas

 Desikan et al., 2006 ) using FreeSurfer v.6 ( Fischl et al., 2002 ). This par-

ellation labeled 68 regions of cortical gray matter (GM). Adjacent WM

ssociated with each brain region was additionally labeled ( Salat et al.,

009 ), as well as subcortical regions. The FreeSurfer default maximal

epth of 5 mm from the corresponding GM cortical parcel was utilized

or the WM parcellations. Masks for left and right frontal, temporal,

arietal, and occipital lobes were created by combining masks for par-

ellated regions that corresponded to each lobe. Maps for the GM and

M of each lobe were constructed separately. The frontal lobe GM and

M masks were constructed by combining the superior frontal, rostral

nd caudal middle frontal, pars opercularis, pars triangularis, pars or-

italis, lateral and medial orbitofrontal, precentral, paracentral, frontal

ole, rostral anterior cingulate, and caudal anterior cingulate regions of

he DKT atlas. The parietal lobe GM and WM masks were constructed by

ombining the superior parietal, inferior parietal, supramarginal, post-

entral, precuneus, posterior cingulate and isthmus cingulate regions of

he atlas. The temporal lobe masks were constructed by combining the

uperior, middle and inferior temporal regions, as well as the banks of

he superior temporal sulcus, fusiform, transverse temporal, entorhinal,

emporal pole and parahippocampal regions. The occipital lobe masks

ere constructed by combining the lateral occipital, lingual, cuneus, and

ericalcarine regions. Masks for the left and right basal ganglia were cre-

ted by combining the regions for the caudate, putamen, and pallidum.

eft and right hemisphere masks were additionally created for the insu-

ar GM, insular WM, and the thalamus. The thalamus was subsequently

ombined with the basal ganglia into the subcortical nuclei region. 

Myelin density values for the left and right hemisphere of each cor-

ical compartment and lobe, as well as the subcortical nuclei (combined

alues for caudate, putamen, globus pallidus, and thalamus), were av-

raged for the analysis. Left and right hemisphere myelin density for all

egions were highly correlated ( r > 0.8), except for the insula where the

orrelation was more moderate ( r = 0.6–0.7) (Supplementary Table 1).

owever, the mean differences between left and right hemispheres of

he insula were small ( < 2%), as they were for all regions (median: 1.4%,

ll < 6%) (Supplementary Table 1). As a sensitivity analysis, we re-ran

he analysis of the insula with left and right hemispheres analyzed sep-

rately to assess whether conclusions were affected by averaging hemi-

pheres. 

Our primary lobe-level analysis was based on a general linear model

f lobe-specific myelin density with age and gender as covariates (bivari-

ble model). Prior to inclusion in the model, myelin density was scaled

y the grand mean of myelin density for each region across all subjects,

o the regression coefficients could be presented as a percentage of the

ean. In particular, this step helps to account for the large differences in

yelin density between the WM and GM, where myelin density was 3–5

imes higher in the WM than the GM ( Table 4 ). For example, the same

bsolute change in myelin density with age in the GM and WM would

orrespond to a larger percentage change in the GM than in the WM

ecause of this baseline difference. Associations were also assessed us-
4 
ng partial Pearson correlation coefficients. The possibility that the age

ffects on regional myelin density differ between males and females was

ested by adding an interaction term. For completeness, regression mod-

ls were also fit using native myelin density values. Using native myelin

ensity values or rescaled values only impacts the magnitudes of the

egression coefficients and does not affect their associated p -values. 

Eleven bivariable models and 11 interaction models were fit, cor-

esponding to the five cortical GM lobes, the subcortical basal gan-

lia/thalamus region, and the five WM lobes. The Bonferroni correc-

ion was applied to the tests of age, gender, and the age x gender in-

eraction separately to control the family-wise error rate at < 0.05 for

ach. Accordingly, the Bonferroni-corrected p -value threshold used was

= 0.0045 or 0.05/11. Regression coefficients for age and gender from

he bivariable models, hereafter denoted as 𝛽age and 𝛽male , respectively,

ere compared between lobes and compartments using the nonparamet-

ic bootstrap. A list of models assessed can be found in Supplementary

able 2. Additionally, the strengths of correlations of myelin density

ith age or puberty status was compared between WM and GM within

he same lobe using the Hotelling-Williams test. These tests were car-

ied without adjustments for multiple comparisons. All analyses were

onducted using the R statistical computing language (version 3.6.1; R

oundation for Statistical Computing, Vienna, Austria). 

.1.8. Data and code availability 

All code utilized for data reconstruction, processing, and analysis in

his study is available from the authors by request. Data used in the

odeling for this study are available upon reasonable request and will

equire a data sharing agreement. Software for reconstruction of MPF

aps is available at https://www.macromolecularmri.org/ . 

. Results 

.1. Age dependence of myelin density – voxel-level analysis 

The voxel-level analysis identified specific regions in the cerebral GM

nd WM and subcortical structures where myelination was most strongly

orrelated with age ( Fig. 2 ). GM correlations with age were found to be

idespread across the lobes of the brain, whereas WM correlations with

ge were found to be rather localized. The significant WM correlations

ith age were located mainly in the precentral and postcentral cortices,

he orbitofrontal cortex, as well as the right superior temporal cortex.

arge subcortical clusters were located in the bilateral putamen, with

maller clusters in the bilateral caudate and thalamus. A list of cluster

izes and locations for the largest clusters in each lobe for both the GM

nd WM is provided in Supplementary Table 3 and the percentage of

oxels in each lobe showing significant correlations with age in the GM

nd WM are provided in Supplementary Table 4. Scatterplots showing

he correspondence between and age and myelin density for the largest

ignificant clusters in the GM and WM of the frontal and temporal lobes

s shown in Fig. 3 . 

.2. Age dependence of myelin density – lobe-level analysis 

Grand mean values and standard deviations of myelin density for

ach lobe of the brain and compartment are shown in Table 4 . The mean

alues from Table 4 were used to scale individual myelin densities in

egion-wise regression analyses reported below. Mean myelin density

alues ranged from 5.1% to 8.5% in the GM and 26.9% to 33.5% in

he WM. Myelin density was the lowest in the insula in both GM and

M compartments ( p < 0.001 compared to the other lobes). Within the

ortical GM, the occipital lobe had the highest myelin density ( p < 0.001

ompared to the other lobes). 

The results of linear regression analysis of myelin density in the

rain lobes are presented in Table 5 and Supplementary Table 5 for

he scaled and native values, respectively. Average GM myelin density

ver all cortical lobes was significantly positively correlated with age

https://www.macromolecularmri.org/
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Fig. 2. Locations of voxels with significant correlations between myelin density and age ( p < 0.05) in the cerebral gray matter and subcortical regions (red) and 

cerebral white matter (blue) superimposed on the study-specific MPF mapping template in MNI space, with negative x coordinates indicating the left side of the 

brain. All color-coded voxels represent positive correlations. 
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 𝛽age = 2.0%/ year, p < 0.001), while there was a trend towards age-

elated increase in overall WM myelin density ( 𝛽age = 0.4%/ year,

 = 0.08). These two regression coefficients were significantly different

 p < 0.001, Fig. 4 ). 

Controlling for gender and after Bonferroni correction, myelin den-

ity in the GM of all cortical lobes ( 𝛽age = 1.8–2.5%/year, p ≤ 0.003),

xcept for the insula ( 𝛽age = 0.2%/ year, 95% CI: − 1.7, 2.1, p = 0.82),

as significantly correlated with age ( Table 5 , Supplementary Table 5).

he myelin density of GM in the parietal lobe showed a significantly

tronger age effect than the myelin density in GM of all other lobes ( 𝛽age 

 2.5 vs. 1.5%/year, p < 0.001), whereas the insular GM had a signifi-
5 
antly weaker age dependence than the GM in all of the other cortical

obes ( 𝛽age = 0.2 vs. 2.1%/year, p = 0.009). ( Table 5 , Fig. 5 ). 

The myelin density of temporal WM was significantly correlated with

ge ( 𝛽age = 0.8%/year, p = 0.002 after Bonferroni correction) while cor-

elations for WM in the other lobes were no longer statistically signif-

cant after correction ( 𝛽age = 0.4–0.6%/year) ( Table 5 , Supplementary

able 5). As in the GM, the myelin density in the WM of the insula had

o significant correlation with age ( 𝛽age = 0.0%/year, 95% CI: − 0.6, 0.6,

 = 0.97). The myelin density of WM in the temporal lobe demonstrated

 significantly stronger dependence on age than WM in the other lobes

 𝛽age = 0.8 vs. 0.4%/year, p < 0.001), whereas the myelin density in the



N.M. Corrigan, V.L. Yarnykh, D.S. Hippe et al. NeuroImage 227 (2021) 117678 

Fig. 3. Average myelin density plotted as a function of age for the largest clusters in the GM and WM in the frontal and temporal lobes from the voxel-based analysis. 

Each data point corresponds to an individual subject. 

Table 5 

Associations of myelin density with age and gender. 

Age Gender 

Region r age (95% CI) 𝛽age (95% CI) P 𝛽male (95% CI) P 

GM frontal 0.27 (0.13, 0.39) 1.9 (0.8, 3.1) 0.001 ∗ 8.8 (2.4, 15.1) 0.007 

GM occipital 0.30 (0.13, 0.46) 2.0 (0.9, 3.0) < 0.001 ∗ 8.0 (2.2, 13.8) 0.007 

GM parietal 0.40 (0.27, 0.51) 2.5 (1.6, 3.5) < 0.001 ∗ 5.3 ( − 0.1, 10.6) 0.055 

GM temporal 0.25 (0.09, 0.40) 1.8 (0.6, 3.0) 0.003 ∗ 6.3 ( − 0.1, 12.8) 0.055 

GM insula 0.02 ( − 0.15, 0.18) 0.2 ( − 1.7, 2.1) 0.82 9.7 ( − 0.8, 20.1) 0.069 

subcortical 0.16 (0.00, 0.31) 0.9 (0.0, 1.8) 0.050 7.5 (2.4, 12.6) 0.004 ∗ 

WM frontal 0.13 ( − 0.03, 0.28) 0.4 ( − 0.1, 0.9) 0.11 3.0 (0.3, 5.7) 0.030 

WM occipital 0.18 (0.01, 0.34) 0.6 (0.0, 1.1) 0.033 3.4 (0.6, 6.2) 0.018 

WM parietal 0.17 (0.02, 0.31) 0.5 (0.0, 0.9) 0.046 2.0 ( − 0.5, 4.6) 0.12 

WM temporal 0.25 (0.10, 0.40) 0.8 (0.3, 1.2) 0.002 ∗ 1.8 ( − 0.9, 4.4) 0.19 

WM insula 0.00 ( − 0.16, 0.15) 0.0 ( − 0.6, 0.6) 0.97 2.1 ( − 1.3, 5.5) 0.23 

r age = partial Pearson’s correlation coefficient between mean myelin density and age, adjusted for gender. 

𝛽age = difference in mean myelin density per 12-month increase in age as a percentage of the grand mean. 

𝛽male = difference in mean myelin density between genders (males - females) as a percentage of the grand 

mean. 
∗ Statistically significant after Bonferroni correction. 

6 
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Fig. 4. Myelin density in whole brain cortical GM and WM plotted against age. 

The dashed lines are trends estimated using general linear models. ∗ = slope was 

significantly higher in the GM than in the WM. Partial Pearson correlation co- 

efficients for GM and WM were 0.32 (95% CI: 0.18, 0.44; p < 0.001) and 0.15 

(95% CI: − 0.01, 0.29; p = 0.08), respectively. 
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nsular WM showed a significantly lower age effect than the WM in the

ther cortical lobes ( 𝛽age = 0.0 vs. 0.5%/year, p = 0.003). 

Myelin density in GM was more significantly correlated with age as

ompared to WM in the frontal ( p = 0.006), parietal ( p < 0.001), and

ccipital ( p = 0.03) lobes, whereas no significant differences between

orrelation coefficients were found for the temporal lobe and insula

 p > 0.4). Correlations between myelin density in the WM and GM of each

obe can be found in Supplementary Figure 1. Since the left and right

emispheres of the insula were more moderately correlated than for the

ther lobes (Supplementary Table 1), they were also analyzed separately

s a sensitivity analysis. The correlation of insula myelin density with

ge was similarly low for both hemispheres in the GM (left: 𝛽age = 0.5

ercent per year, p = 0.61; right: 𝛽age = − 0.1%/year, p = 0.93) and WM

left: 𝛽age = − 0.1%/year, p = 0.86; right: 𝛽age = 0.1%/year, p = 0.82),

onsistent with the primary analysis. 

.3. Gender dependence of myelin density – voxel-level analysis 

The voxel-level analysis identified specific regions in the cerebral

M and in subcortical regions where myelination was most strongly

orrelated with gender, after correcting for age ( Fig. 6 ). No significant

ifferences in myelination were found in the WM. The largest clusters

f significant GM correlations with gender were located in the bilateral

iddle and superior temporal gyri, and the right parietal lobe. Subcor-

ical regions with large clusters with correlations with gender were lo-

ated in the bilateral caudate, putamen, and globus pallidus. 

.4. Gender dependence of myelin density – lobe-level analysis 

After controlling for age, mean myelin density across all cortical re-

ions was significantly higher in males than females in the GM (mean

ifference: 7.3 percent of the grand mean, 95% CI: 1.7–12.8, p = 0.011)
7 
nd WM (mean difference: 2.7 percent, 95% CI: 1.3–2.1, p = 0.037)

 Fig. 7 ). Myelin density was also numerically higher in males within

ach lobe and compartment ( Table 5 , Fig. 7 ). However, of the individual

ubregions, only the subcortical region showed a statistically significant

ifference between genders in myelin density after Bonferroni correc-

ion, where it was 7.5 percent higher in males as compared to females

95% CI: 2.4, 12.6%, p = 0.004). The myelin density rate of change

ith age was not statistically significantly different between males and

emales in the subcortical region or any of the cortical lobes or compart-

ents. 

.5. Puberty stage dependence of myelin density – voxel-level analysis 

The voxel level analysis of puberty and myelin density revealed clus-

ers in cortical GM and subcortical structures with significant correlation

 p < 0.05) in all lobes of the brain ( Fig. 8 ). However, there were fewer

lusters than for the age-based analysis. They were more predominantly

ocated in the right hemisphere of the brain than the left, with large

lusters in the orbitofrontal cortex, the superior and middle temporal

ortex, the occipital cortex, the frontal pole, and the superior and mid-

le frontal gyri. Large subcortical clusters were located in the bilateral

audate, pallidum, and putamen. No significant correlations between

uberty and myelin density were observed in the WM. 

.6. Puberty stage dependence of myelin density – lobe-level analysis 

We repeated the primary lobe-level analysis using a general linear

odel of lobe-specific myelin density with gender and puberty stage

s covariates. Due to substantial multicollinearity, age could not be in-

luded in the models as a covariate. Trends between myelin density and

uberty stage were similar to those observed for age, but tended to be

eaker ( Table 6 ). 

Controlling for gender and after Bonferroni correction, the myelin

ensity of the gray matter in the parietal lobe (rate: 4.4 percent per 1-

evel increase in PDS, p < 0.001) was statistically significantly correlated

ith puberty stage. Myelin density of the gray matter in the frontal lobe

 p = 0.015), occipital lobe ( p = 0.019) and temporal lobe ( p = 0.075)

ended to be correlated with PDS but were not statistically significant af-

er Bonferroni correction. No correlations between white matter myelin

ensity and puberty stage were significant after Bonferroni correction.

yelin density in GM had a significantly stronger correlation with age

s compared to WM in the parietal lobe only ( p < 0.001), whereas no

ignificant differences between correlation coefficients were found for

ther lobes ( p > 0.05). 

. Discussion 

Our results indicate that during late childhood and adolescence,

yelin content increases with age in widespread areas of cortical GM

nd, to a lesser extent, in WM and the basal ganglia/thalamus. Average

yelination of the cortical GM showed a stronger relative increase with

ge than myelination of WM. The lobe-level analysis was in good agree-

ent with the voxel-based results and revealed regional differences in

he effect of age on myelination. Notably, parietal lobe GM exhibited a

arger age-related increase in the myelin content than GM in the frontal,

ccipital, and temporal lobes. Temporal lobe WM was found to have the

trongest age dependence as compared to other lobes. In contrast, myeli-

ation of WM and GM in the insula was found to show no detectable

ncrease over this age span. Additionally, we found a statistically signif-

cant higher level of myelin in males as compared in females in cortical

M and WM as well as in the subcortical ROI. 

Our results suggest that myelination plays substantially different

oles in the development of GM and WM during adolescence. Partic-

larly, a relatively large and widespread increase of myelin density in

ortical GM, which is not paralleled by a similar effect in WM, suggests
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Fig. 5. Myelin density in GM and WM for different lobes of the brain. The dashed lines are trends estimated using general linear models. ∗ = slope was significantly 

higher in the parietal lobe (GM) or the temporal lobe (WM) than that in other four lobes; ∗∗ = slope was significantly lower in the insula (GM and WM) than that 

in the other four lobes. Partial Pearson correlation coefficients the GM frontal lobe, occipital lobe, parietal lobe, temporal lobe, and insula were 0.27 (95% CI: 0.13, 

0.39; p = 0.001), 0.30 (95% CI: 0.13, 0.46; p < 0.001), 0.40 (95% CI: 0.27, 0.51; p < 0.001), 0.25 (95% CI: 0.09, 0.40; p = 0.003), and 0.02 (95% CI: − 0.15, 0.18; 

p = 0.82), respectively. Partial Pearson correlation coefficients in the WM frontal lobe, occipital lobe, parietal lobe, temporal lobe, and insula were 0.16 (95% CI: 

0.00, 0.31; p = 0.050), 0.13 (95% CI: − 0.03, 0.28; p = 0.11), 0.18 (95% CI: 0.01, 0.34; p = 0.033), 0.17 (95% CI: 0.02, 0.31; p = 0.046), 0.25 (95% CI: 0.10, 0.40; 

p = 0.002), and 0.00 (95% CI: − 0.16, 0.15; p = 0.97), respectively. 

Table 6 

Associations of myelin density with puberty stage and gender. 

Age Gender 

Region r pds (95% CI) 𝛽pds (95% CI) P 𝛽male (95% CI) P 

GM frontal 0.20 (0.05, 0.34) 3.4 (0.7, 6.1) 0.015 11.5 (4.7, 18.3) 0.001 ∗ 

GM occipital 0.19 (0.02, 0.37) 3.0 (0.5, 5.6) 0.019 10.4 (4.1, 16.7) 0.001 ∗ 

GM parietal 0.29 (0.16, 0.42) 4.4 (2.0, 6.7) < 0.001 ∗ 8.8 (2.9, 14.6) 0.004 ∗ 

GM temporal 0.15 (0.00, 0.30) 2.5 ( − 0.3, 5.3) 0.075 8.4 (1. 4, 15.3) 0.018 

GM insula − 0.03 ( − 0.18, 0.13) − 0.7 ( − 5.1, 3.7) 0.76 9.2 ( − 1.8, 20.1) 0.10 

Subcortical 0.11 ( − 0.05, 0.27) 1.5 ( − 0.7, 3.7) 0.17 8.7 (3.3, 14.1) 0.002 ∗ 

WM frontal 0.12 ( − 0.03, 0.27) 0.9 ( − 0.3, 2.0) 0.14 3.7 (0.8, 6.6) 0.011 

WM occipital 0.09 ( − 0.07, 0.25) 0.7 ( − 0.6, 1.9) 0.28 3.9 (1.0, 6.9) 0.010 

WM parietal 0.10 ( − 0.04, 0.24) 0.7 ( − 0.4, 1.8) 0.22 2.6 ( − 0.1, 5.3) 0.064 

WM temporal 0.21 (0.07, 0.34) 1.5 (0.3, 2.6) 0.013 2.9 (0.1, 5.8) 0.043 

WM insula − 0.04 ( − 0.20, 0.11) − 0.3 ( − 1.8, 1.1) 0.64 1.8 ( − 1.8, 5.4) 0.31 

r pds = partial Pearson’s correlation coefficient between mean myelin density and age, adjusted for gender. 

𝛽pds = difference in mean MPF (% of the mean) per 1-level increase in PDS. 

𝛽male = difference in mean MPF (% of the mean) between genders (males - females). 
∗ Statistically significant after Bonferroni correction. 
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hat remodeling of the brain cortex in adolescence is mainly accompa-

ied by formation of short-distance intracortical myelin fibers, which

ay be caused by either the development of new connections within

he same cortical zones or selective myelination of a portion of existing

xonal networks. While our results do not obviate protracted WM myeli-

ation during adolescence, they underscore cortical GM myelination as

 dominant and possibly independent process. Such a relationship be-

ween GM and WM myelination in adolescence seems to be substan-

ially different from that in early childhood and infancy. Earlier brain

aturation is dominated by the sequential development of myelin in
8 
M tracts, whereas myelination of the cortex follows that of WM and

ainly reflects formation of myelin sheath around proximal segments of

xons enabling long-range connectivity ( Deoni et al., 2012 ; Deoni et al.,

015 ). The disconnection between the age dependences of WM and GM

PF in adolescence is in line with the view of WM development dur-

ng this period as a process dominated by axonal remodeling rather

han myelination ( Paus, 2010 ). Particularly, it has been hypothesized

hat an increase of WM volume along with diffusion anisotropy dur-

ng adolescence found in multiple studies ( Blakemore, 2012 ; Mills and

amnes, 2014 ; Lebel and Deoni, 2018 ; Tamnes et al., 2018 ) is
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Fig. 6. Locations of voxels with significant correlations between MPF and gender ( p < 0.05) in the cerebral gray matter and subcortical regions (red) superimposed 

on study-specific MPF mapping template in MNI space, with negative x coordinates indicating the left side of the brain. All color-coded voxels represent positive 

correlations. 
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rimarily caused by changes in axonal caliber rather than myelin con-

ent ( Paus, 2010 ). At the same time, the continuing WM myelina-

ion is mainly localized in the temporal and frontal lobes according to

he results of our study. These WM regions are known to be the lat-

st to myelinate in the course of development in WM ( Yakovlev and

ecours, 1967 ). Taken together, the results of our and previous studies

emonstrate that cortical GM myelination during adolescence is striking

n both magnitude and extent, suggesting that the role of this process in

rain maturation is more significant during adolescence than previously

ecognized. 
9 
We report a linear relationship between age and myelin content dur-

ng adolescence (see also Grydeland et al., 2013 ; Paquola et al., 2019 ;

won et al., 2020 ). Our estimates of change of cortical myelination per

ear are about two-fold larger than that previously reported for a young

dult population (18–22 years; Shafee et al., 2015 ), and for the ado-

escent subsample (10–20 years) of a lifespan study ( Grydeland et al.,

013 ), both of which were based on the T1/T2 signal ratio analysis. Our

ean age effects for all lobes except the insula are in the upper range of

hose reported across the brain by Paquola and colleagues, who utilized

n MT metric as their measure of myelination ( Paquola et al., 2019 ).
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Fig. 7. Average myelin density of GM (left panel), the subcortical ROI (center panel), and WM regions (right panel) in males and females. Error bars correspond 

to 95% CIs. ∗ = statistically significant difference in myelin density between males and females ( p < 0.05); ∗∗ = statistically significant difference in myelin density 

between males and females after Bonferroni correction for testing the subcortical region and each cortical lobe and compartment ( p = 0.004). 
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ur finding of a lack of change in myelin content across adolescence in

he both the insula GM and WM are in stark contrast to those reported

or a previous study based on T1/T2 weighted signal, in which insula

M and WM percent change in T1/T2 values were found to increase at

ates similar to regions of the parietal cortex ( Grydeland et al., 2013 ).

dditionally, the differences we found between GM and WM in the effect

f age on myelin density are much greater than those reported for the

nly other previous study that calculated myelin-related values for both

he GM and WM compartments ( Grydeland et al., 2013 ). The marked

ifferences between rates of change estimated from our MPF approach

s compared to studies that utilized T1/T2 signal as a metric for myelin

ay be due to a higher sensitivity and specificity of MPF to myelin. 

MPF mapping also provided unique insight into myelination of the

asal ganglia, which has not been previously measured, as it is not ob-

ainable by any other MRI measures of myelin due to the high levels

f iron deposits in this area. Our findings of associations between age

nd myelination of the basal ganglia/thalamus are consistent with pre-

ious reports of indirect measures of structural changes in these regions

ith adolescence ( Barnea-Goraly et al., 2005 ). Our voxel-based analy-

is localized the most significant age-related changes in the subcortical

egion to the bilateral putamen. Further work with MPF mapping can

robe myelination of subcortical regions in more detail. 

To our knowledge, this is the first report of gender differences in cor-

ical GM myelin content in the brain. Gender differences in WM develop-

ent during adolescence have been previously reported. Most notably,

M volume has been reported to grow more rapidly across adolescence

n males as compared to females ( De Bellis et al., 2001 ; Lenroot et al.,

007 ), and rapid FA increases in specific regions of WM have also been

lso reported ( Silveri et al., 2006 ; Schmithorst et al., 2008 ). It has been

peculated that these differences in WM maturation rates between the

enders may in part explain the marked differences in the rates of emo-

ional, behavioral, and psychiatric issues between males and females

hat emerge during adolescence ( Lenroot and Giedd, 2010 ). Given the

idespread changes in GM myelination demonstrated in this study, fur-

her investigation of gender differences in GM myelination and rela-

ionships to behavior in adolescence as well as behavioral outcomes are

arranted. 

Brain development during adolescence is affected by puberty

 Blakemore et al., 2010 ), and a number of studies have investigated the

ffect of puberty on various structural and microstructural MRI mea-

ures ( Herting and Sowell, 2017 ). However, potential relationships be-

ween myelination as a separate aspect of brain maturation and puberty

tatus have not been investigated to date. Our results indicate significant

ssociations between myelination and puberty predominantly localized

n several cortical areas (primarily parietal cortex) and subcortical GM.
10 
hese areas are also characterized by a strong age effect on the myelin

ontent. Similar to age, we found substantial disconnection between the

ffect of puberty on GM and WM myelination, as no significant corre-

ations were identified for WM after correction for multiple tests. At

he same time, associations of myelin content with puberty were sub-

tantially affected by gender which is biologically plausible in view of

 strong age dependence of brain myelination and a lag in the puber-

al development between females and males. Possible mechanisms that

ould explain the similarities and differences in the effects of puberty

nd chronological age on the course of GM and WM myelination in

he adolescent brain are worth mentioning. The hallmark of puberty is

he surge in production of sex hormones. While the brain is undergoing

hanges in structure during adolescence that may be driven by develop-

ental factors unrelated to puberty, the brain is also a target of the sex

ormones ( Sisk and Zehr, 2005 ). Sex hormone receptors are distributed

hroughout the brain, with regional differences. These differing densities

f receptors to the hormones involved in the female and male pubertal

evelopment may explain some of the gender differences we encoun-

ered in this study ( Goddings et al., 2014 ). Furthermore, studies in ani-

al models and cell cultures suggest that sex-related steroids and their

etabolites affect proliferation of oligodendrocytes and myelin biosyn-

hesis ( Garcia-Segura and Melcangi, 2006 ). As such, chronological age

s more likely to reflect the influence of genetic, environmental, and

ocial factors on the brain maturation, whereas puberty may be more

pecifically related to the effect of hormonal changes. The effects of pu-

erty and chronological age are intertwined, and this may be a source

f the similarities and differences in their relationship to GM and WM

yelination observed in this study. 

However, correlations between puberty and myelination found in

ur study should be interpreted with caution, since they were obtained

ithout controlling for age. In our analyses of puberty at both voxel-

ise and lobe-wise levels, inclusion of age as a covariate resulted in se-

ere multicollinearity and, as a consequence, the loss of model signifi-

ance. A common problem in developmental studies involving multiple

easures, including puberty, is their strong relationship to age, which

recludes interpretation of synchronous changes in terms of causality.

ikewise, a strong correlation between the puberty stage and age was

bserved in this study. As such, our results do not allow for a conclu-

ion on whether puberty or age provide a primary factor driving re-

ional myelin content changes during adolescence. While our study was

ot specifically designed to investigate the effects of puberty, future re-

earch involving stratification of participants according to both age and

uberty stage may help answering this question. 

This is the first study to characterize myelin development in a large

ohort of healthy participants using the fast MPF mapping method
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Fig. 8. Locations of voxels with significant correlations between MPF and puberty ( p < 0.05) in the cerebral gray matter and subcortical regions (red) superimposed 

on study-specific MPF mapping template in MNI space, with negative x coordinates indicating the left side of the brain. All color-coded voxels represent positive 

correlations. 
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 Yarnykh, 2012 , 2016 ). Earlier applications of this method in humans

ere limited to relatively small groups in pilot studies of multiple

clerosis ( Yarnykh et al., 2015 , 2018b ) and traumatic brain injury

 Petrie et al., 2014 ) and investigations of prenatal brain development

 Yarnykh et al., 2018a ; Korostyshevskaya et al., 2019 ). To date, a

umber of quantitative or semi-quantitative MRI methods have been

roposed to characterize brain myelination. Detailed overviews of

hese techniques can be found in recent reviews ( Heath et al., 2018 ;

iredda et al., 2020 ; Mancini et al., 2020 ). However, only a few ap-

roaches based on the MT saturation index ( Helms et al., 2008 ), T1/T2
11 
ignal ratio ( Glasser and Van Essen, 2011 ), and 3D myelin water frac-

ion ( Deoni et al., 2008 ) mapping appeared capable of producing whole-

rain coverage, reasonable spatial resolution, and sufficient sensitiv-

ty to myelin to identify subtle regional distinction in myelination of

ortical GM. These techniques were employed in a number of sub-

equent studies of cortical myelination in children and adolescents

 Grydeland et al., 2013 , 2019 ; Kwon et al., 2020 ; Shafee et al., 2015 ;

hitaker et al., 2016 ; Paquola et al., 2019 ). The technical demands

or cortical myelin mapping include sufficiently high spatial resolution

typically < 1.3 mm 

3 isotropic voxel size), high signal-to-noise ratio en-
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bling reliable performance of brain segmentation and registration al-

orithms ( Fischl et al., 2002 ; Avants et al., 2011 ), and a reasonable scan

ime allowing serial studies in large cohorts of participants. At the cur-

ent state of development, MPF mapping using the single-point method

ith synthetic reference normalization ( Yarnykh, 2012 ) fully meets the

bove technical requirements and provides additional advantages of

igh specificity to myelin ( Mancini et al., 2020 ), quantitative myelin

ontent measurements ( Underhill et al., 2011 ), and high reproducibil-

ty ( Yarnykh et al., 2020 ). Our results demonstrate that high-resolution

PF maps enable generation of high-quality templates with excellent

elineation of fine neuroanatomical structures ( Fig. 1 ) and can be suc-

essfully used in large-scale neuroscience studies. 

There are several limitations to this study. Our data were cross-

ectional rather than longitudinal, meaning that changes with age were

ot directly measurable on an individual basis and were inferred. The

ge range of this study was chosen to focus specifically on late child-

ood and adolescence. It is possible that the findings that we report

ere may extend to ages in earlier childhood and to some extent through

arly adulthood. Further work using MPF mapping and a sample with a

arger age range would be necessary to determine whether the findings

e report here can be extrapolated to other stages in life, as well as to

etect possible non-linear trends in myelin development. Another lim-

tation is that the voxel-level and lobe-level analyses of the WM were

ot directly analogous, because the lobe-level WM analysis was limited

o a “surface ” layer, with a maximum depth of 5 mm from the WM-

M border, whereas the voxel-based analysis included all WM. Hence,

nterpretation of the lobe-based findings and comparisons between the

obe-based and voxel-based results need to be taken with caution in view

f limited WM coverage in the lobe-level analysis. An additional limi-

ation is that we utilized parcellations from FreeSurfer to derive our

egions in the lobe-level analysis. A well-known limitation of FreeSurfer

s inaccuracies in segmentation and parcellation of the amygdala and

ippocampus ( Schoemaker et al., 2016 ). For this reason, we excluded

hese regions from our lobe-level analyses. FreeSurfer similarly had dif-

culty in accurate parcellation of the inferior temporal lobe of our data

ue to signal drop-off in our high resolution T1-weighted image vol-

mes in this area so the parcellation in this region may not have been

ntirely accurate in all subjects. Finally, our estimates of myelin con-

ent in GM showed somewhat greater variability as compared to WM.

his observation may be related to a lower MPF-to-noise ratio associated

ith lower MPF values in GM ( Anisimov et al., 2020 ). Alternatively, un-

ertainty in FreeSurfer parcellation may be another reason for such vari-

bility. It should be pointed out that a recent study ( Yarnykh et al., 2020 )

emonstrated high repeatability of whole-brain MPF measurements in

oth WM and GM with coefficients of variation < 2%. However, no data

xist about reliability of MPF-based brain cortical and subcortical par-

ellation. Nevertheless, it should be emphasized that highly-significant

ge effects were observed in GM despite the larger measurement

ariations. 

In conclusion, we report significant effects of age, gender, and pu-

erty on brain myelination during late childhood and adolescence. Cor-

ical GM myelination across the brain showed a widespread age-related

ncrease in contrast to a weaker effect in WM which was predomi-

antly localized in the temporal and frontal lobes. The magnitude of

rogression of myelination with age in the cortical GM as compared

o the WM suggests it may play a more important role in brain de-

elopment across adolescence, and in restructuring of the GM during

his period, than previously recognized. Future work further charac-

erizing the mechanisms that underlie myelination of the cortex and

ow they relate to mechanisms involved in WM microstructural changes

uring this period may yield valuable insights into the adolescent

rain. 
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