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a b s t r a c t 

In spite of extensive work, inconsistent findings and lack of specificity in most neuroimaging techniques 

used to examine age- and gender-related patterns in brain tissue microstructure indicate the need for ad- 

ditional research. Here, we performed the largest Multi-component T 2 relaxometry cross-sectional study 

to date in healthy adults (N = 145, 18 −60 years). Five quantitative microstructure parameters derived 

from various segments of the estimated T 2 spectra were evaluated, allowing a more specific interpretation 

of results in terms of tissue microstructure. We found similar age-related myelin water fraction (MWF) 

patterns in men and women but we also observed differential male related results including increased 

MWF content in a few white matter tracts, a faster decline with age of the intra- and extra-cellular wa- 

ter fraction and its T 2 relaxation time (i.e. steeper age related negative slopes) and a faster increase in 

the free and quasi-free water fraction, spanning the whole grey matter. Such results point to a sexual 

dimorphism in brain tissue microstructure and suggest a lesser vulnerability to age-related changes in 

women. 

© 2021 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

1. Introduction 

The female and male brains are known to develop and age

differently, showing anatomical, functional, and biochemical dif-
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ferences in all stages of life ( Zaidi, 2010 ). To properly interpret

and design ongoing and future clinical imaging studies it is im-

portant to understand the differential impact of age and gender

on brain tissue. Several volumetric studies using Magnetic Reso-

nance Imaging (MRI) have reported sex- and age-related differ-

ences ( Coffey et al., 1998 ). Global anatomical differences between

women and men were found in a sample of healthy controls

(N = 200, mean age, 21.6 years) showing that, on average, the

male brain is larger and has a smaller percentage of grey mat-

ter (GM) ( Leonard et al., 2008 ). This latter finding is in agree-

ment with other studies employing additional metrics to charac-
n open access article under the CC BY-NC-ND license 
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terize the GM morphology. For example, a cortical thickness anal-

ysis in a sample of healthy individuals (N = 176, age range, 7 −87

years) revealed thicker cortices up to 0.45 mm in women than in

men in the right inferior parietal and posterior temporal regions

( Sowell et al., 2007 ). Another study in healthy youths (N = 1189,

age range, 8 −23 years) found that women have higher GM density

than males throughout the brain ( Gennatas et al., 2017 ). 

To characterize the regional and tissue-class specificity of the

brain volume changes with age, a longitudinal study analyzed a

cohort of healthy aged participants (N = 122, age range, 58 −95

years) using voxel-based morphometry (VBM) ( Smith et al., 2007 ).

Regression analyses showed a global GM volume decrease at a rate

of -0.18% per year, a total cerebrospinal fluid (CSF) increase by

0.20% per year, and a no significant decrease in the total white

matter (WM) volume; although a focal WM decrease with age

was detected in the anterior part of the corpus callosum (CC)

( Smith et al., 2007 ). More recently, a longitudinal study of re-

gional brain volumes (17 boys and 12 girls, age range 10 −14 years,

and 55 men and 67 women, age range 20 −85 years) reported

rises in ventricular and Sylvian fissure volumes; declines in se-

lective cortical volumes; little effect of aging on the CC volume;

and more rapid expansion of CSF-filled spaces in men than women

( Pfefferbaum et al., 2013 ). 

Given the established dependence of global and regional brain

volumes on gender and age, the question of how this dependence

is sustained at the microstructure level has been addressed by

various research groups. A diffusion tensor imaging (DTI) study

(N = 135, mean age, 25 years) using the Fractional Anisotropy

(FA) index detected gender differences in the WM microstructure

( Kanaan et al., 2012 ). Specifically, higher FA in cerebellar WM and

the superior longitudinal fasciculus was observed in men, whilst

women had a higher FA in the CC. However, as noted by the au-

thors, previous studies disagreed on the direction of the observed

differences ( Bava et al., 2011 ; Liu et al., 2010 ; Westerhausen et al.,

2003 ), making it difficult to reconcile these findings. Another DTI

study (N = 63, age range, 18 −50 years) reported WM microstruc-

ture differences between individuals as a function of sex and intel-

ligence. Interestingly, while in men higher intelligence was related

to higher FA and lower radial diffusivity (RD) in the CC, in women

this relationship was not significant ( Dunst et al., 2014 ). The au-

thors suggested that higher FA and lower RD could be explained by

higher myelination and/or a larger number of axons in men. More

recently, in a multimodal study combining DTI and proton density

scans an approximated approach for measuring the g-ratio in the

CC was proposed (N = 92, age range, 7 −81 years) ( Berman et al.,

2018 ). The estimated g-ratio, defined as the ratio between the in-

ner and outer radii of myelinated axons, was found to be relatively

stable with age, and no support for a significant sexual dimor-

phism was found. A recent study (N = 116, age range, 45 −72 years)

using neurite orientation dispersion and density imaging (NODDI),

an advanced multi-compartment diffusion MRI technique, reported

widespread increases in the volume fraction of the free-water com-

partment, and localized decreases in neurite density with age in

frontal white matter regions ( Merluzzi et al., 2016 ). 

However, despite the proven sensitivity of these neuroimag-

ing techniques, many of them are unspecific. The most widely

used methods to study the brain tissue microstructure ̶ VBM

( Ashburner and Friston, 20 0 0 ) and DTI ( Basser et al., 1994 ) ̶ do

not allow us to unambiguously identify the tissue compartment

or the biological parameter underlying the observed changes. On

the one hand, the nature of the GM and WM changes identified

with VBM in healthy participants is poorly understood because the

reported amount of tissue per voxel, often referred to as ’density’

or ’concentration’, should not be confused with cell packing den-

sity as measured by counting cell bodies ( Mechelli et al., 2005 ).
On the other hand, DTI-derived metrics like FA and RD, depend

on various microstructure parameters ( Beaulieu, 2002 ) including

microscopic fiber dispersion, inter-fiber angle in fiber crossing

regions, cell permeability, intercompartmental water exchange, cell

packing density, and distribution of axonal diameters ( Jones and

Cercignani, 2010 ). As a result, interpreting findings from solely

DTI and/or VBM metrics in terms of issue microstructure is risky.

We note that despite the improved specificity provided by more

advanced diffusion MRI models such as NODDI ( Zhang et al., 2012 ),

there are still important confounding factors not fully modeled. For

example, NODDI is based on assuming both a constant axial diffu-

sivity for all brain voxels (and for all participants independently of

their ages) and the same T 2 relaxation time for the different tissue

compartments (i.e., intra-axonal, extra-axonal, and CSF). Hence,

any relationship of these non-modeled parameters with age or sex

may affect the interpretation of the estimated parameters. 

A potentially useful technique for characterizing the mi-

crostructure of different tissue compartments is multi-component

T 2 -relaxometry. This technique allows obtaining quantitative infor-

mation about the transverse relaxation times and water volume

fractions of various cell compartments from multi-echo T 2 MRI

data. It is considered as the gold standard to compute the myelin

water fraction (MWF) ( Alonso-Ortiz et al., 2015 ), a metric highly

correlated with the volume of the myelin tissue ( Laule et al.,

2008 ). Notably, several works have demonstrated the existence of

cellular-compartment specific T 2 values ( MacKay et al., 2006 ). Still

few studies using multi-component T 2 -relaxometry have been con-

ducted to find age-related differences in MWF, and far fewer for

examining gender differences. Inconsistent findings have been, so

far, reported. Specifically, two studies observed a linear increase in

MWF with age (i.e., N = 27 healthy participants, age range 15 −55

years ( Flynn et al., 2003 ); and N = 44, age range 5 −40 years

( Lang et al., 2014 )), two other studies reported a linear decrease

(i.e., N = 90 healthy adults, aged 22 −81 years ( Papadaki et al.,

2019 ); and N = 45, age range 18 −79 years ( Faizy et al., 2018 ))

and, yet, a couple of studies more observed mixed patterns. In

the multimodal study conducted by ( Billiet et al., 2015 ) (N = 59,

age range, 17 −70 years) only minor differences were found in

MWF between the period of late development and early aging,

with age-related positive correlations in brain regions where MWF

differences were detected. Finally, another study (N = 61, age

range, 18–84 years) found an inverted-U pattern of age-myelin

association in six white matter tracts, with shapes differing across

tracts ( Arshad et al., 2016 ). This finding is in line with another

report based on BMC-mcDESPOT, an alternative technique for

quantifying MWF ( Bouhrara et al., 2020 ). 

Taken together, these results point to a poor understanding of

the interaction between sex, tissue microstructure, and normal ag-

ing, and suggest the need for additional research to reveal the true

direction of age-related microstructural differences and whether

there is gender dimorphism. As the commonly employed neu-

roimaging techniques (e.g., VBM and DTI) are not specific to any

tissue microstructure parameter, there exists a research gap. In our

study, we aimed to quantify whole-brain voxel-based age- and sex-

related differences in the largest sample of healthy adults recruited

to date to perform multi-component T 2 -relaxometry. The main ad-

vantage of this technique is that the information provided by the

estimated T 2 spectra is more closely related to tissue microstruc-

ture parameters. Specifically, to provide a more complete and spe-

cific characterization of age- and gender-related differences, and

to better interpret our findings in terms of tissue microstructure,

we evaluated 5 metrics derived from the estimated T 2 spectra, in-

cluding MWF, the intra- and extra-cellular water fraction, the mean

T 2 relaxation time of the intra- and extra-cellular water, the total

water content per voxel, and the volume fraction of the free and
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quasi-free water. Notably, as these metrics are related to different

portions of the spectra and quantify distinct tissue water pools, re-

sults are less affected by partial volume effects and confounding

factors. 

2. Methods 

2.1. Sample 

A total of 145 Caucasian healthy participants were recruited.

The sample consisted of 91 women and 54 men with no fam-

ily relationship, selected to be matched for age, estimated Intel-

ligence Quotient (IQ), and years of education. Exclusion criteria for

all participants included left-handedness, personal history of neu-

rological disease, brain injury, presence of cardiovascular risk fac-

tors for cognitive impairment (i.e., ictus), suffering from a severe

physical condition (e.g., cancer), personal or family (first degree)

history of a psychiatric disorder, current or previous psychophar-

macological treatment, alcohol/substance abuse/dependence in the

12 months before participation, claustrophobia, and presence of

contraindications for MRI scanning (i.e. cardiac pacemaker, metal

fragment/prostheses, pregnancy, surgical intervention within one

month before scanning). Moreover, all participants were required

to be aged between 18 and 60 years old, and to have an estimated

IQ (based on the results in the Word Accentuation Test score (Test

de Acentuación de Palabras (TAP) ( Gomar et al., 2011 ), which re-

quires pronunciation of Spanish words which have had the accents

removed) in the normal range (i.e., IQ > 85, TAP > 14). All partici-

pants were recruited by three institutions (62 from FIDMAG Re-

search Foundation, 46 from Universitari Institut Pere Mata, and 37

from Hospital Clínic de Barcelona, Spain), and were scanned using

the same 3T MRI scanner (Philips Ingenia CX) at the Barcelona βeta

Brain Research Center, Pasqual Maragall Foundation (Barcelona,

Spain). The study was carried out following the latest version of

the Declaration of Helsinki, and it was reviewed by the ethical

committee of the three institutions. Written informed consent was

obtained from all participants. 

2.2. MRI acquisition 

Multi-echo T 2 data were acquired for each participant using

a standard 32-channel head/neck coil and a gradient and spin-

echo sequence ( Prasloski et al., 2012b ) with the following sequence

parameters: Field-of-view = 240 × 230 mm; acquisition voxel-

size = 3.5 × 3.5 mm 

2 , reconstructed voxel-size = 1.6 × 1.6 mm 

2 ;

number of echoes = 32; echo-time spacing ( �TE) = 7.7 ms; rep-

etition time (TR) = 8620 ms; excitation pulse = 90 0 ; refocusing

pulses = 180 0 ; number-of-slices = 40; slice-thickness = 3.5 mm;

number of averages = 1; acceleration factor (SENSE) = 2; acquisi-

tion time = 8:37 min. 

2.3. Preprocessing, estimation, and spatial normalization 

The brain MRI images were filtered using a 3D total variation

algorithm (i.e., ’denoise_tv_chambolle’ function within the ’scikit-

image’ python toolbox) before fitting. Spatial filtering is effec-

tive for decreasing the variability of the estimated MWF maps

( Jones et al., 2003 ). To estimate the T 2 distribution per voxel, dif-

ferent dictionary matrices of synthetic signals were generated us-

ing the EPG model ( Prasloski et al., 2012a ), each one correspond-

ing to a fixed refocusing flip angle value selected from a dis-

crete set of values between 90 ° and 180 ° equally spaced by 1 °.
Moreover, a fixed T 2 range from 10 to 20 0 0 ms ( Prasloski et al.,

2012b ) with p = 60 T 2 logarithmically spaced points was em-

ployed. The fitting process was carried out independently for
each matrix dictionary by using the standard non-negative least

squares (NNLS) algorithm and the actual flip angle was determined

as the one minimizing the mean squared error ( Prasloski et al.,

2012a ). As the B 1 inhomogeneities are expected to be smooth

and not dependent on the brain anatomy, the acquired MRI data

were smoothed with a Gaussian kernel (FWMH of 4.8 mm) for

determining the actual flip angle ( Drenthen et al., 2019 ). Fi-

nally, the intra-voxel T 2 distribution was calculated by using reg-

ularized NNLS ( Laule et al., 2007a ; Mackay and Laule, 2012 )

with a second-order Laplacian regularization term to promote

smooth solutions that better represent the distribution expected

from tissue microstructure ( Mackay et al., 1994 ; Whittall et al.,

1997 ) as described in ( Canales-Rodríguez et al., 2019 ). The reg-

ularization parameter was determined using the L-curve method

( Hansen, 1992 ) as implemented in ( Castellanos et al., 2002 ). The

estimation was done using the multi-component T 2 reconstruc-

tion toolbox ( Canales-Rodríguez et al., 2021 ): https://github.com/

ejcanalesr/multicomponent- T2- toolbox . 

From the estimated T 2 spectra, five quantitati ve imaging

biomarkers characterizing the brain tissue were derived: (1) the

total water content (TWC), proportional to the predicted signal

for TE = 0 (i.e., proton density) and estimated as the area un-

der the curve of the whole T 2 distribution ( Meyers et al., 2017 ),

(2) the MWF, calculated as the area under the curve for T 2 times

smaller than the myelin water cutoff T 2 = 40 ms, normalized by

TWC ( Meyers et al., 2017 ), (3) the intra- and extra-cellular wa-

ter fraction (IEWF), computed as the area under the T 2 distri-

bution in the range 40 −200ms, normalized by TWC, (4) the T 2
of the intra- and extracellular water ( T IE 

2 
), computed as the geo-

metric mean of the distribution in the T 2 range specified above

( Bjarnason, 2011 ) and, (5) the water fraction of the pool with

longest T 2 time, which characterizes the free and quasi-free water

fraction (FQFWF) estimated as the area under the T 2 spectrum in

the range 20 0-20 0 0ms, normalized by TWC. Note that in previous

studies this range was split into two different parts: a long-T 2 from

20 0 −80 0ms and a very long-T 2 from 80 0 −20 0 0 ms ( Laule et al.,

20 08 , 20 07b ) to discriminate between the water pools present in

diseased white matter and CSF (i.e., free water), respectively. In

this study, we have merged both T 2 ranges and used the term ’free

and quasi-free water’ instead. It refers to those water molecules

that do not interact with the tissue during the experimental time

(i.e., free water) or that have a reduced interaction in comparison

to the intra- and extra-cellular compartment (i.e., quasi-free wa-

ter). On the other hand, as the estimated TWC maps are affected

by spatial intensity variations due to bias field inhomogeneities

( Meyers et al., 2016 ), they were corrected a posteriori by using the

FAST v4.0 tool ( Zhang et al., 2001 ) included in the FSL software

package (for more details, see https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/

FAST ). The underlying method is based on a hidden Markov ran-

dom field model. The whole process is robust, fully automated, and

produced bias field-corrected TWC images. Finally, it is important

to keep in mind that the bias field correction does not affect the

MWF, IEWF, and FQFWF maps, because these metrics are normal-

ized, that is, their sum is equal to one. 

After skull removal, images were normalized using the high-

resolution nonlinear registration Symmetric Normalization (SyN)

algorithm ( Avants et al., 2008 ). All images were simultaneously

used for coregistration, producing multimodal study-specific

templates that were later applied in the final normalization.

Specifically, a single deformation field was estimated for each

participant by considering all the estimated metrics. Then, this

field was applied to transform each image to the MNI space, as

described in ( Canales-Rodríguez et al., 2013 ). As a result, our sta-

tistical analyses are not affected by metric-specific normalization

bias (i.e., miss-registration between images) because all maps from

https://github.com/ejcanalesr/multicomponent-T2-toolbox
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FAST
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Table 1 

Demographic features of the two groups of healthy participants 

Variables Women (N = 91) Men (N = 54) p -value 

Age (years) 37.02 ± 11.24 36.48 ± 10.6 0.78 

TAP 24.37 ± 3.44 24.49 ± 3.27 0.83 

Years of education 15.5 ± 3.1 14.6 ± 3.5 0.13 

Key: TAP, Word Accentuation Test (i.e., in Spanish: ’Test de Acentuación de 

Palabras’). 

Values are given as mean ± standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

each participant were normalized using the same deformation

field. The analyses of all metrics included both GM and WM tissue,

except for MWF which was restricted to WM because MWF is close

to zero in the cerebral cortex. Before doing the statistical analy-

ses, all images were spatially filtered with a Gaussian kernel of

σ = 2 mm. 

2.4. Statistical analyses 

Differences in demographic characteristics among the groups

were examined using chi-square tests (categorical variables) and

ANOVAs (continuous variables). 

To characterize the differential association among age, gender,

and brain tissue microstructure, three statistical models were con-

sidered. The first model was designed to identify brain regions

showing significant age-related differences for each gender, sepa-

rately. This was done by testing for positive and negative corre-

lations between age and each one of the five studied metrics. A

second analysis was conducted to determine if the observed age-

related differences were faster in one group than in another. This

was done by comparing the slopes of the regression lines between

males and females. Finally, a direct inter-group comparison was

performed to identify the brain regions where both groups differ,

after controlling for age effects. This last analysis, though, could

not be performed when both groups showed different aging trajec-

tories (i.e., second analysis) as the observed differences would be

age-specific. In those cases, inter-group differences were reported

at the mean age of both groups. 

It is important to note that only linear relationships with age

were studied because our healthy participants were aged under

60 years. Quadratic relationships (i.e. inverted U-shape patterns)

between age and surrogates of myelin content have been reported

in previous studies, for example, see ( Bouhrara et al., 2020 ; Melie-

Garcia et al., 2018 ), but these were more evident for populations

involving participants over age 55 −60 years. In a preliminary

analysis, we plotted the variables under study and verified that

their dependence with age was dominated by linear relationships,

in conformity with a previous study that used the same MRI tech-

nique on participants with a similar age range ( Flynn et al., 2003 ).

All statistical analyses were carried out by fitting voxel-wise

general linear models and by applying non-parametric permutation

tests, as implemented in the ’randomise’ FSL tool ( Jenkinson et al.,

2011 ; Smith et al., 2004 ). Specifically, the Threshold-Free Cluster

Enhancement (TFCE) method ( Smith and Nichols, 2009 ) was em-

ployed using 50 0 0 permutations. Only significant results at p ≤
0.05, corrected for multiple comparisons are reported. Anatomi-

cal locations of the significant white matter regions were reported

considering the Johns Hopkins University (JHU) white-matter at-

las ( Mori et al., 2008 ; Oishi et al., 2008 ) included in FSL. Signifi-

cant regions in grey matter were determined with reference to the

Anatomical Automatic Labeling atlas ( Tzourio-Mazoyer et al., 2002 )

included in the MRIcron software. 

3. Results 

Demographic data for the two groups of healthy controls (i.e.,

women and men) are shown in Table 1 . Groups were matched for

age, estimated IQ (TAP score), and years of education. 

Fig. 1 shows average maps by age decade for each of the five

studied metrics over the adult life span for one representative ax-

ial slice. Visual inspection indicates increases in MWF and FQFWF

and decreases in IEWF and T IE 
2 

values with age. On the other hand,

it seems that TWC remains unchanged. In the next sections, we

will present results from the statistical analyses to verify if the ob-

served trends are significant and if there are gender-related effects.
3.1. Total water content 

All analyses involving TWC were not significant. This metric did

not show age-related effects, and there are no inter-group (i.e.,

gender) differences. 

3.2. Myelin water fraction 

Results for the MWF are shown in Fig. 2 and an exhaustive

description of the significant clusters is reported in Table S1 of

the Supplementary Material. While no regions of negative corre-

lation between MWF and age were found, various regions show-

ing a significant positive correlation were reported for both men

and women (see panels A and B). Specifically, three clusters were

detected in men and one big cluster in women, involving in both

cases common white matter bundles, that is, fornix, cingulum, and

inferior occipito-frontal fasciculus in the left (L) hemisphere; and

the cortico-spinal tract and inferior occipito-frontal fasciculus of

the right (R) hemisphere. The comparison of age-related slopes be-

tween both groups did not show significant results, suggesting that

age-related MWF differences are similar in both men and women.

Finally, the inter-group comparison revealed that men had higher

MWF in three clusters (see Panel C and Table S1). The biggest clus-

ter was located in the left hemisphere, spanning the corpus callo-

sum (CC), white matter regions adjacent to the temporal middle

cortex, and the posterior segment of the arcuate fasciculus. The

second cluster included the uncinate fasciculus R and CC L, and

the third cluster was located in the inferior longitudinal fasciculus

R. 

3.3. Intra- and extra-cellular water fraction 

As shown in Fig. 3 (panels A and B), the IEWF decays with age

in nearly all brain regions in both groups of participants, except

for some white matter regions in the CC. However, this decay is

more extended in men than in women (see Table S2 of the Sup-

plementary Material). In contrast, there were no regions of signif-

icant positive correlation with age. The comparison of slopes re-

vealed that the decay in women was milder than in men in one

big cluster (see panel C) comprising several GM regions including

the cuneus, angular, inferior temporal and occipital cortices, and

the cerebellum in the right hemisphere, as well as the left supe-

rior occipital cortex and the medial prefrontal cortex. This clus-

ter also reached the cingulum bundle, bilaterally. The inter-group

comparison of IEWF showed that, at the average age of the pooled

sample, women had a higher mean IEWF than men in three main

clusters involving similar regions to those reported in the previ-

ous analysis (see panel D). However, the most significant peaks

were found in different regions, that is, the inferior parietal, an-

gular and precentral cortices in the right brain hemisphere; and

the precuneus, fusiform, and inferior temporal grey matter regions

on the left hemisphere. 
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Fig. 1. Average maps from all participants in this study grouped by age decade. These maps are for illustrative purposes only. FQFWF, free and quasi-free water fraction; 

IEWF, intra- and extra-cellular water fraction; MWF, myelin water fraction; TWC, total water content; T IE 2 , T 2 relaxation time of the intra- and extra-cellular water. For 

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Intra- and extra-cellular T IE 
2 

The results for this metric are reported in Fig. 4 and Table

S3 in Supplementary Material. Fig. 4 (panels A and B) depict

brain regions where T IE 
2 

was negatively correlated with age in

males and females. Although significant areas span through the

whole GM, the most significant peaks were located at similar

regions in both groups, that is, the temporal middle and the

inferior fronto-occipital fasciculus in the left brain hemisphere;

and the lingual and frontal cortices on the right side. Besides,

four clusters of positive correlation were only found in the white

matter of women (see panel C). The two biggest clusters were

located in the CC bilaterally; the third cluster was over the left

cortico-spinal tract, and the smallest cluster was found in the right

inferior longitudinal fasciculus. Interestingly, no regions of positive

correlation were found in men. To determine if men had a similar

trend to women in these regions, we plotted (result not shown)

the mean T IE 
2 

taken over these clusters versus age, and verified

that the slope of the regression line was positive for men. The
comparison of slopes between groups revealed that women had

a significantly milder decline in several small clusters located at

the anterior cingulum bilaterally, inferior and parietal cortices, left

supplementary motor area, and middle temporal gyrus (see panel

D and Table S3). Finally, the inter-group comparison at the mean

age did not reveal any significant difference. 

3.5. Free and quasi-free water fraction 

No regions of negative correlation between FQFWF and age

were found in any group. In contrast, significant positive correla-

tions were found in both groups, spanning many different brain

regions, see Fig. 5 (panels A and B) and Table S4 of the Supple-

mentary Material where the most significant peaks are reported.

The analysis comparing the age-related slopes revealed that men

had higher slopes than women in two clusters mainly affecting

the cerebral cortex but also including some white matter tracts

(see panel C). The first cluster spanned across several regions and

the most significant peaks were located at the precuneus, CC, and
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Fig. 2. Myelin water fraction (MWF) results. Panels A and B depict brain regions where MWF increases significantly with age in men and women, respectively. Scatter plots 

are based on the mean value over all significant voxels. Panel C shows brain regions where men have a higher MWF, after controlling for age effects. For interpretation of 

the references to color in this figure legend, the reader is referred to the Web version of this article. 

Fig. 3. Intra- and extra-cellular water fraction (IEWF) results. Panels A and B depict brain regions where IEWF decreases with age for men and women, respectively. Panel 

C shows brain regions where the IEWF decay is slower in women. The scatter plot shows the mean value over all the significant voxels for men and women and their 

corresponding regression lines. Brain regions where women had a higher IEWF at the mean age of both groups are shown in panel D. For interpretation of the references to 

color in this figure legend, the reader is referred to the Web version of this article. 
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Fig. 4. Significant results in the T 2 of the intra- and extra-cellular compartment ( T IE 2 ). Panels A and B depict brain regions where T IE 2 decreased with age for men and women, 

respectively. Panel C shows brain regions where T IE 2 is positively correlated with age in women. The scatter plots show the mean value over all the significant voxels for all 

the participants and corresponding regression lines, respectively. Panel D shows brain regions where women had a higher (i.e., less negative) regression slope than men. For 

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

anterior cingulate in the left hemisphere; and the cerebellum and

cingulum bundle on the right hemisphere. The second cluster was

much smaller and was located in the triangular part of the infe-

rior frontal gyrus of the left hemisphere. Finally, the inter-group

comparison evaluated at the mean age of both groups showed that

men had higher FQFWF than women in 8 relatively small clusters,

including the cerebellum, precuneus, thalamus, lingual and the in-

ferior longitudinal fasciculus in the left hemisphere; and the an-

terior part of the cingulate cortex, superior cerebellar pedunculus,

and cortico-spinal tract on the right side. 

4. Discussion and conclusions 

Previous MRI studies support the hypothesis of age- and sex-

related brain volume differences. Our results confirm that these

differences also occur at the microstructure level. In the largest

cross-sectional multi-component T 2 relaxometry study conducted

to date, we evaluated five quantitative metrics derived from the
estimated T 2 distributions. As these metrics were computed from

adjacent but separated segments of the T 2 distribution, they cor-

respond to distinct tissue compartments and, in consequence, our

results are less affected by partial volume effects than previous

quantitative MRI studies based on estimating the mean T 2 value

per voxel. 

Notably, the total water content was not affected by age or

gender. This implies that the total number of water molecules

per voxel is similar in men and women and that it is preserved

with age. This result is in line with that reported by ( Saito et al.,

2012 ), which showed a stable proton density value in both GM

and WM tissue during adulthood. Considering this finding, all of

our remaining results are to be interpreted in terms of relative

differences in the volume fractions and biochemical composition

of the different microstructure compartments. Nevertheless, as

TWC images have to be corrected for bias field inhomogeneities

and different correction algorithms may produce slightly different

results ( Belaroussi et al., 2006 ), our TWC findings may depend on

the chosen algorithm. 
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Fig. 5. Significant results in the free and quasi-free water fraction compartment. Panels A and B depict brain regions where FQFWF increases with age for both men and 

women groups, respectively. Panel C shows brain regions where the slope of the regression line FQFWF versus Age is higher in men. The scatter plot shows the mean value 

over all the significant voxels for men and women and their corresponding regression lines. Panel D depicts brain regions where men have a higher FQFWF at the mean age. 

For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We found similar age-related MWF differences in men and

women, although men exhibited a higher MWF than women in

WM regions, especially in the left hemisphere. No regions with

a negative correlation between MWF and age were found. In

contrast, several white matter regions showed significant positive

correlations for both men and women. The linear increase in

MWF with age is similar to that reported in previous reports

( Flynn et al., 2003 ; Lang et al., 2014 ), but is opposed to the

findings in two other studies ( Faizy et al., 2018 ; Papadaki et al.,

2019 ). Our result is also similar to that reported in ( Arshad et al.,

2016 ); however, as our sample only included relatively young

adult participants (18 −60 years), we could not assess if older

participants have a reduced MWF ( Melie-Garcia et al., 2018 ). A re-

cent study using BMC-mcDESPOT also found an inverted U-shape

between age and MWF ( Bouhrara et al., 2020 ), suggesting that

myelination decreases at older ages, and especially for participants

over the age of 55 −60 years. Interestingly, although multi-echo T 2 
relaxometry and mcDESPOT aims at computing MWF, results from

both techniques have been reported to disagree, with mcDESPOT

providing consistently higher estimates ( Dvorak et al., 2021 ). Given

that multi-component T 2 relaxometry is a quantitative technique,

further research needs to be done regarding the acquisition

sequences and reconstruction algorithms for understanding the

conflicting findings across studies. 

The positive correlation found between MWF and age may in-

dicate an increase of myelin content with age in some brain re-

gions. Although in a previous study a similar result was consid-

ered counterintuitive ( Billiet et al., 2015 ) it may not necessarily be

the case. In an outstanding review of the effects of normal aging

on myelin, it was described that despite some myelin sheaths ex-

hibit degenerative changes, myelin formation is continuing during

aging ( Peters, 2002 ). This is supported by the formation of redun-
dant myelin and thicker sheaths ( Peters, 2009 ), and by the fact that

oligodendrocytes increase in number with age ( Peters, 2002 ). On

the other hand, multi-component T 2 analysis may not be sensitive

enough to distinguish between intact myelin, degenerating myelin,

and myelin debris ( MacKay and Laule, 2016 ; Webb et al., 2003 ).

The most common form of age-related degeneration is splitting of

the myelin lamellae at the major dense line to accommodate pools

of dense cytoplasm, which may decrease the axonal conduction ve-

locity ( Peters, 2002 ). If the T 2 associated to these pools is within

the range prescribed for myelin water (i.e., 10 −40 ms), then these

compartments are going to inflate the actual MWF value. Unfortu-

nately, we could not find any reference value for the T 2 of such

micro-compartments. 

The reported negative correlation between IEWF and age may

indicate a reduction in the relative volume of the intra- and extra-

axonal compartment. This result was significant throughout the

whole brain, except for some regions in the corpus callosum, and

was more extended in men. When we compared the regression

slopes of this linear relationship we found that IEWF decays more

slowly in women in one large cluster, suggesting that women may

be less vulnerable to age-related changes. At the mean age for both

groups, women had higher IEWF than men in regions similar to

those showing different slopes. Here, it is important to recall that

we are analyzing relative water fractions, which sum is normalized

to unity. Therefore, the reduction in IEWF may be explained by a

relative increase in MWF or FQFWF. A limitation of this technique

is that we cannot separate the individual contributions from the

intra- and extra-cellular compartments and only their sum can be

determined. Interestingly, using the NODDI diffusion MRI model,

which can separate these two terms, a linear decrease of the intra-

axonal volume fraction (i.e., neurite density) with age was found in

healthy participants aged 45 −72 years ( Merluzzi et al., 2016 ). This
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finding was generalized to several white matter tracts in a very

large population (N = 3513, age range, 45 −77 years) from the UK

Biobank ( Cox et al., 2016 ). 

Our results revealed a strong negative correlation between

T IE 2 and age extending through the whole grey matter and reach-

ing a few white matter tracts in both groups. Notably, a signifi-

cant positive correlation was found in women but not in men in

the frontal WM and when we compared the regression slopes, we

found that the T IE 
2 

decay was slower in women in various small

clusters. On the other hand, the inter-group comparison at the

mean age for both groups did not show any significant difference.

Interpreting these results in terms of tissue microstructure is chal-

lenging because T 2 depends on a number of factors. For instance,

it is well known that it depends on the surface-to-volume (SA:V)

ratio and the surface relaxivity of the sample ( Brownstein and

Tarr, 1979 ; Cohen and Mendelson, 1982 ). Considering this evidence,

the observed increase in T 2 in some white matter regions may

be explained by a smaller SA:V ratio caused by a reduction in

the neurite density, or by a reduction in the surface relaxivity

of the cells. Moreover, the T 2 reduction in GM regions may be

partially explained by an age-related increase in the number of

macromolecules, iron deposition ( Correia et al., 2010 ), dysregula-

tion of neuronal Ca 2 + homeostasis, and accumulation of dysfunc-

tional and aggregated proteins as a result of oxidative imbalance

( Mattson and Arumugam, 2018 ), which distorts the uniformity of

the local magnetic field experienced by the hydrogen protons. 

Finally, FQFWF results involved extended positive correlations

with age in both genders, but faster increases in men, mainly af-

fecting the GM tissue and some WM tracts. Results from the inter-

group comparison at the mean age revealed several small regions

where on average men had higher FQFWF than women (in both

GM and WM tissue). We are not the first group reporting a positive

correlation between FQFWF and age. An earlier optimized VBM

study showed a significant increase in the free water compartment

(i.e., CSF) obtained after segmenting T1w images from 465 adult

brains ( Good et al., 2001 ). This result has been also replicated in

more recent VBM studies ( Smith et al., 2007 ) and by analyses us-

ing multi-shell diffusion MRI data ( Cox et al., 2016 ; Merluzzi et al.,

2016 ). This result suggests that men may be more susceptible to

aging effects. 

Our results revealed a sexual dimorphism in the brain tissue

microstructure, with WM areas showing increased MWF and

GM areas showing increased FQFWF and decreased T IE 
2 

in men,

respectively. While sexual dimorphism has been well described

by several volumetric MRI studies, for example, see ( Coffey et al.,

1998 ; Gur et al., 1991 ; Leonard et al., 2008 ), only a few studies

have investigated gender differences in brain microstructure. And

most of these, either employed nonspecific metrics from DTI, for

example, ( Bava et al., 2011 ; Kanaan et al., 2012 ; Liu et al., 2010 ;

Westerhausen et al., 2003 ) or used more specific techniques (e.g.,

multi-echo T 2 relaxometry) in small samples ( Faizy et al., 2018 ;

Liu et al., 2010 ). Other multi-echo T 2 relaxometry studies with rel-

atively larger samples did not investigate gender effects, for exam-

ple, ( Billiet et al., 2015 ; Flynn et al., 2003 ; Lang et al., 2014 ). Inter-

estingly, our findings might be in line with previous evolutionary

theories suggesting that males and females age at different rates,

resulting in longevity gender gaps ( Barrett and Richardson, 2011 ;

Blagosklonny, 2010 ; Regan and Partridge, 2013 ). Although it has

been suggested by different groups that sexual differentiation of

the human brain is a multi-factorial process as a consequence

of the influence of genetic factors and sex hormones on brain

organization during development ( Zaidi, 2010 ) (which also exists

in most sexually reproducing species ( Regan and Partridge, 2013 )),

a comprehensive explanation for understanding the underlying

mechanisms at the cellular level does not exist yet. Consequently,
we cannot explain how this multi-factorial process shapes the

brain tissues and the water pools measured in our study. Our

work adds more evidence supporting a sexual dimorphism at the

microstructural level, complementing previous volumetric and

functional MRI studies ( Koch et al., 2007 ; Salvador et al., 2020 ). 

We have used an experimental repetition time (i.e., TR = 8620

ms) higher than those used in previous studies (i.e., TR range,

110 0 − 380 0ms). This may be an important advantage, as this

implies that our measured signals are less affected by T 1 ef-

fects. If the signal depends on the T 1 relaxation time, a change

in T 1 with age may be wrongly interpreted as a relative water

fraction change. And in fact, previous studies have shown T 1
variations with age ( Okubo et al., 2017 ; Yeatman et al., 2014 ).

Other methodological advantages of our study can be mentioned.

First, the data were acquired in a modern 3T scanner, while some

previous studies used 1.5T ( Flynn et al., 2003 ; Lang et al., 2014 ;

Papadaki et al., 2019 ). Moreover, the acquisition spanned the whole

brain, whereas some of the previous studies only acquired a few

slices with very large slice-thickness (i.e., 8 − 10 mm) ( Flynn et al.,

2003 ; Lang et al., 2014 ; Papadaki et al., 2019 ), thus our analysis is

less affected by localization errors across participants. Additionally,

we performed voxelwise whole-brain analyses while previous

studies evaluated a few preselected regions of interest. Finally, in

contrast to previous studies that mainly focused on MWF, here

we also evaluated other four imaging biomarkers computed from

the T 2 spectra, including the total water content, the intra- and

extra-cellular water fraction and its corresponding T 2 , and the free

and quasi-free water fraction. 

While our work is the largest multi-component T 2 relaxome-

try study conducted to date in healthy adults, certain limitations

remain. Even if our cohort included a wide age range, it did not

include very young ( < 18 years) and very old ( > 60 years) partic-

ipants and thus our findings cannot be extrapolated outside the

studied age range. Also, although both genders were matched by

age, and age was added as a covariate in the statistical analyses,

we still had more females (N = 91) than males (N = 54). Con-

sequently, the parameters estimated (e.g., slope and intercept) for

the women group were probably more robust (i.e. they had less

variance and more statistical power to detect significant patterns).

This was not a problem for between gender comparisons but may

have potentially led to less extended patterns in analyses involving

only males. Yet, in our opinion, the number of participants in the

men’s group was large enough to achieve accurate results and to

uncover major male-related traits, as is strongly suggested by the

large extent of male-related clusters shown in Figs. 2 −5 . 

A further concern is that the employed methodology does not

account for additional confounding factors that may modulate the

measured signals, such as iron deposition ( Birkl et al., 2019 ) and

magnetization transfer effects ( Malik et al., 2018 ), which could

compromise the validity of our results. Moreover, the employed

technique might not be sensitive enough to distinguish between

intact myelin, degenerating myelin, and myelin debris. Although

using a 3T field strength is in general advantageous over a 1.5T,

it produces stronger field inhomogeneities and introduces new

challenges for correcting the TWC map. Future developments need

to be implemented to properly model these factors and to further

minimize partial volume effects by using acquisition sequences

with a higher spatial resolution ( Piredda et al., 2021 ). The MRI

sequence used in this work was designed for studying healthy

participants without brain lesions. Future studies focused on brain

diseases may opt for using an increased data acquisition window,

that is, a longer TE range ( Dvorak et al., 2020 ) for improving

the detection of tissue components with long-T 2 ( Kumar et al.,

2018 ), as those previously reported in Multiple Sclerosis and

Phenylketonuria, and the posterior internal capsules of healthy
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participants ( Laule et al., 2007b ). It is important to note that

the correlation analyses conducted in this study do not imply a

causal relationship and that other variables partially related to age

may have influenced the results. However, there were no gender

differences in any of the collected demographic variables. In a

secondary analysis, we repeated the statistical tests after including

estimated IQ as a covariate, and the same findings were obtained

(result not shown). Additionally, we repeated the analyses by using

an alternative T 2 spectrum estimation technique ( Guo et al., 2013 ),

and all of our results remained valid (result not shown). Neverthe-

less, other promising reconstruction techniques could be explored,

including multi-voxel spatial regularized algorithms ( Kumar et al.,

2018 ) and machine learning ( Yu et al., 2021 ). Finally, we have not

evaluated the relationship between brain tissue microstructure

and age-related cognitive decline. 

In summary, using advanced multi-component T 2 relaxometry

in a large population of healthy adults we have found age- and

gender-related differences in brain tissue microstructure. Our

results revealed similar age-related MWF differences in men and

women; increased MWF content in men (in a few WM tracts);

a faster decline with age of IEWF and T IE 2 in men (the negative

slopes of the regression lines were steeper); and a faster in-

crease in FQFWF in men (spanning the whole GM). By visually

inspecting the regression slopes of the studied metrics, it seems

that on average, women’s brains may be less vulnerable to age

changes than those from men from 35 − 40 years onwards.

Future longitudinal studies should be conducted to confirm our

findings, and to investigate if these results could explain the less

age-associated cognitive decline observed in women ( Gur and

Gur, 2002 ; McCarrey et al., 2016 ). The strong association between

the evaluated parameters and age suggests that these could be

used as sensitive imaging biomarkers to reveal insight into the

aging mechanism. However, from the methodological point of

view, new developments are required to improve the specificity of

this technique. These should be oriented to minimize the impact

of confounding factors like iron deposition and magnetization

transfer effects, to increase the spatial resolution of the acquired

data, and to separate the intra- and extra-cellular compartments

by complementing T 2 relaxometry with advanced diffusion MRI

models, for example, ( Barakovic et al., 2021 ). This report provides

valuable normative data for future studies using this technique. 
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