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Abstract

The relationship between regional brain myelination and aging has been the subject of intense 

study, with magnetic resonance imaging (MRI) perhaps the most effective modality for elucidating 

this. However, most of these studies have used nonspecific methods to probe myelin content, 

including diffusion tensor imaging, magnetization transfer ratio, and relaxation times. In the 

current study, we used the BMC-mcDESPOT analysis, a direct and specific method for imaging of 

myelin water fraction (MWF), a surrogate of myelin content. We investigated age-related 

differences in MWF in several brain regions in a large cohort of cognitively unimpaired 

participants, spanning a wide age range. Our results indicate a quadratic, inverted U-shape, 

relationship between MWF and age in all brain regions investigated, suggesting that myelination 

continues until middle age followed by decreases at older ages. We also observed that these age-

related differences vary across different brain regions, as expected. Our results provide evidence 

for nonlinear associations between age and myelin in a large sample of well characterized adults, 

using a direct myelin content imaging method.
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1. INTRODUCTION

Age is the main risk factor for degenerative central nervous system (CNS) disease and 

associated cognitive and functional impairment. It is therefore crucial to characterize 

microstructural changes in the brain that occur with normal aging to distinguish them from 

changes caused by disease. Postmortem studies have shown that myelin degeneration is 

among the main sequelae of aging and may be associated with concomitant motor and 

cognitive decline, as well as likely being closely linked to a number of age-associated 

neurodegenerative disorders and dementias (Bronge et al., 2002; Flynn et al., 2003; 

Kolasinski et al., 2012). Myelin, an electrical insulator essential for action potential 

conduction and for transporting trophic support to the neuronal axons of the CNS, is crucial 

to higher-order integrative functions of the brain. However, the oligodendrocytes that 

produce myelin and myelin itself are vulnerable to various insults including amyloid-beta 

and tau protein aggregation and iron accumulation (Bradl and Lassmann, 2010; Nasrabady 

et al., 2018; Ward et al., 2014). Aside from potential direct damage, these insults can lead to 

loss of oligodendrocytes or impairment of their myelin synthetic capacity, resulting in 

deficits in myelin maintenance and repair during turnover, or frank demyelination (Bradl and 

Lassmann, 2010; Domingues et al., 2016).

It has been observed that brain myelination follows an inverted U-shaped trajectory peaking 

in the fourth decade of life (Bartzokis et al., 2010). While this nonlinear pattern has been 

identified in several studies using magnetic resonance imaging (MRI) measures, mostly 

using diffusion tensor imaging (DTI) and, to a lesser extent, relaxation times imaging, other 

studies have indicated a linear decrease in myelin from young adulthood to older age using 

the same MRI modalities (Arshad et al., 2016; Bartzokis et al., 2003; Fjell et al., 2009; Inano 

et al., 2011; Sullivan and Pfefferbaum, 2006; Yeatman et al., 2014). One possible cause of 

this discrepancy may be that while DTI outcomes, such as fractional anisotropy (FA) and 

radial diffusivity, as well as relaxation times and magnetization transfer ratio (MTR), are 

sensitive to myelin content and therefore provide precise and reliable quantitative metrics, 

they cannot serve as specific markers of myelination (Alexander et al., 2007; Deoni, 2010). 

This is due to their sensitivity to a number of tissue properties, including hydration, 

macromolecular content, axonal density, and architectural features such as fiber crossing and 

fanning. To address these limitations, more advanced analysis methods based on 

multicomponent signal decomposition have been introduced to improve both sensitivity and 

specificity of MR-based myelination studies. Towards this, Mackay and colleagues (MacKay 

et al., 1994; MacKay and Laule, 2016) pioneered in-vivo MR imaging of myelin water 

fraction (MWF), which has been histologically validated as a proxy for myelin content 

(Laule et al., 2008; Laule et al., 2006). This approach has been extensively applied to 

characterize CNS demyelinating diseases and brain development (Borich et al., 2013; 

Bouhrara et al., 2018a; Dean et al., 2017; Flynn et al., 2003; Laule et al., 2004; Sirrs et al., 

2007). Although these methods, like DTI, relaxation time mapping, and MTR provide 

results that are model-dependent, MWF is, in principle, proportional to myelin content and 

so provides unique insight into local myelination. However, this method also exhibits greater 

noise sensitivity than other approaches, leading to ongoing methodological development.
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In recent work, Arshad and colleagues found that MWF over the age range of 18 to 84 years 

follows an inverted U-shaped trend with normative aging across different brain regions 

(Arshad et al., 2016), indicating brain maturation until middle age, followed by a gradual 

process of demyelination. We believe this to be the first report investigating age-related 

differences in MWF in adults’ brain spanning a relatively large age range. However, using a 

similar MRI approach and age range, Faizy and colleagues instead found a linear reduction 

in MWF with advancing age in all brain regions studied (Faizy et al., 2018). In addition to 

differences in experimental details, this discrepancy is likely further amplified by the limited 

cohort sizes in both studies (n = 61 and n = 45, respectively), as well as the high sensitivity 

to noise of the multicomponent relaxometry analysis method used (Bouhrara et al., 2018b; 

Levesque et al., 2010).

In the current study, we investigated the pattern of myelin changes with normative aging in a 

larger cohort of well-characterized cognitively unimpaired participants (n = 106), across the 

extended age range of 22 to 94 years. Our measures of MWF were conducted using the 

Bayesian Monte Carlo analysis of multi-component driven equilibrium single-component 

observation of T1 and T2 (BMC-mcDESPOT) method (Bouhrara and Spencer, 2016, 2017). 

BMC-mcDESPOT generates a high-resolution whole brain MWF map with higher accuracy 

and precision as compared to conventional MWF analysis methods, and has been previously 

applied to provide evidence of myelin loss in mild cognitive impairment and dementia using 

MWF imaging (Bouhrara et al., 2018a). Our main goal in the present work is to use this 

method to characterize age-related differences in regional brain myelination and to provide 

further insights into regional brain maturation and aging over the adult lifespan.

2. MATERIAL & METHODS

2.1. Participants

Participants were drawn from two ongoing healthy aging cohorts at the National Institute on 

Aging (NIA). Ninety volunteers recruited from the Baltimore Longitudinal Study of Aging 

(BLSA) (Ferrucci, 2008; Shock, 1985), and thirty-five from the Genetic and Epigenetic 

Signatures of Translational Aging Laboratory Testing (GESTALT) were enrolled in this 

study. The study populations, experimental design, and measurement protocols of the BLSA 

have been previously reported (Ferrucci, 2008; Shock, 1985). The BLSA is a longitudinal 

cohort study funded and conducted by the NIA Intramural Research Program (IRP). 

Established in 1958, the BLSA enrolls community-dwelling adults with no major chronic 

conditions or functional impairments. The GESTALT study is also a study of healthy 

volunteers, initiated in 2015, and funded and conducted by the NIA IRP. The goal of the 

BLSA and GESTALT studies is to evaluate multiple biomarkers related to aging. We note 

that the inclusion and exclusion criteria for these two studies are essentially identical. 

Participants underwent testing at the National Institute on Aging’s clinical research unit and 

were excluded if they had metallic implants, or neurologic, medical, or psychiatric disorders. 

All participants underwent a Mini Mental State Examination (MMSE) (Table 1) and thirteen 

cognitively impaired participants were excluded. The final cohort consisted of 106 

cognitively unimpaired volunteers ranging in age from 22 to 94 years (mean ± standard 

deviation 55.1 ± 21.3 years) of which 58 were men (56.7 ± 22.5 years) and 48 were women 
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(53.4 ± 20 years), after removal of six imaging datasets with technically limited scans, 

caused by, for example, excessive motion. Figure 1 provides a detailed distribution of the 

number of participants per age-decade and for each sex. Age, MMSE, and years of 

education did not differ significantly between men and women (Table 1). Experimental 

procedures were performed in compliance with our local Institutional Review Board, and 

participants provided written informed consent.

2.2. Data acquisition

MRI scans were performed using a 3T Philips MRI system (Achieva, Best, The 

Netherlands). For each participant, 3D spoiled gradient recalled echo (SPGR) images were 

acquired with flip angles (FAs) of [2 4 6 8 10 12 14 16 18 20]°, echo time (TE) of 1.37 ms, 

repetition time (TR) of ~5 ms, and acquisition time of 5 min, as well as 3D balanced steady 

state free precession (bSSFP) images acquired with FAs of [2 7 11 16 24 32 40 60]°, TE of 

2.8 ms, TR of 5.8 ms, and acquisition time of ~6 min. The bSSFP images were acquired 

with radiofrequency excitation pulse phase increments of 0 or n in order to account for off-

resonance effects (Deoni, 2011). All SPGR and bSSFP images were acquired with an 

acquisition matrix of 150 × 130 × 94, voxel size of 1.6 mm × 1.6 mm × 1.6 mm, without 

signal averaging. Further, we used the double-angle method to correct for excitation radio 

frequency inhomogeneity (Stollberger and Wach, 1996). For that, two fast spin-echo images 

were acquired with flip angles of 45° and 90°, echo time of 102 ms, repetition time of 3000 

ms, acquisition voxel size of 2.6 mm × 2.6 mm × 4 mm, and acquisition time of ~4 min. The 

total acquisition time for the entire imaging protocol was ~21 min.

All images were obtained with field of view of 240 mm × 208 mm × 150 mm and 

reconstructed to a voxel size of 1 mm × 1 mm × 1 mm. We emphasize that all MRI studies 

and ancillary measurements were performed with the same MRI system, running the same 

pulse sequences, at the same facility, and directed by the same investigators for both BLSA 

and GESTALT participants.

2.3. Data processing

After thorough visual inspection of data quality for each participant, the scalp, ventricles, 

and other nonparenchymal regions within the images were eliminated using the FMRIB 

Software Library (FSL) using an input image consisting of the SPGR images averaged over 

all 10 flip angles (Jenkinson et al., 2012); this provides high tissue contrast and signal-to-

noise ratio for accurate segmentation. Next, a whole-brain MWF map was generated for the 

remaining regions of interest using the BMC-mcDESPOT analysis (Bouhrara and Spencer, 

2016, 2017). Briefly, BMC-mcDESPOT assumes a two-component non-exchanging system 

consisting of a short and long T1 and T2 components. The short component corresponds to 

the signal of water trapped within the myelin sheets while the long component corresponds 

to intra/extra cellular water. Analysis was performed explicitly accounting for nonzero TE as 

incorporated into the TE-corrected-mcDESPOT signal model (Bouhrara and Spencer, 2015). 

BMC-mcDESPOT permits determination of MWF in each voxel through marginalization 

over nuisance parameters, that is, relaxation times. This is in contrast to conventional 

stochastic region contraction algorithm evaluating single parameters combinations for a joint 

estimation of all parameters to optimize the objective function; this leads to potential 
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difficulties with local minima, especially in higher-dimensional problems such as 

mcDESPOT (Bouhrara and Spencer, 2017; West et al., 2019). However, high-dimensional 

integration is needed in BMC-mcDESPOT to perform the marginalization which is 

computationally extensive; this is overcome using Monte Carlo sampling. The averaged 

SPGR image of each participant was registered using nonlinear registration to the MNI 

standard space image using the FSL software tools FLIRT and FNIRT. The derived 

transformation matrix was then applied to the MWF map for that corresponding participant. 

Twenty five regions of interest (ROIs) were defined encompassing white matter (WM) and 

deep gray matter (GM) regions of the brain corresponding to regions previously identified as 

the focus of investigation (Arshad et al., 2016; Faizy et al., 2018; Uddin et al., 2019) (Figure 

2). Twenty one WM ROIs were derived from the MNI structural atlas, corresponding to 

whole brain (WB) WM, frontal lobes (FL), parietal lobe (PL), occipital lobe (OL), temporal 

lobe (TL), cerebellum (CRB), splenium of corpus callosum (SCC), body of corpus callosum 

(BCC), genu of corpus callosum (GCC), and internal capsule (IC), anterior corona radiata 

(ACR), posterior corona radiata (PCR), cerebral peduncle (CP), posterior thalamic radiation 

(PTR), anterior thalamic radiation (ATR), superior fronto-occipital fasciculus (SFOF), 

inferior fronto-occipital fasciculus (IFOF), superior longitudinal fasciculus (SLF), inferior 

longitudinal fasciculus (ILF), forceps major (FM), forceps minor (Fm), while the four deep 

GM regions, corresponding to insula (Ins), caudate (Cau), putamen (Put), and thalamus 

(Tha), were derived from the Johns Hopkins University (JHU) ICM-DTI-81 atlas. For the 

WM regions, we used the FSL tool FAST to delineate the amount of WM in each voxel and 

included only voxels displaying more than 80% WM. Finally, for each ROI and each 

participant, mean MWF values were calculated. All analyses, including MWF map 

calculation, registration, and ROI segmentation, were performed blinded to any information 

related to participants age, sex, and cognitive status.

2.4. Statistical analysis

For each ROI, the effects of age and sex on myelination were investigated using linear 

regression with the mean MWF within the ROI as the dependent variable and sex, age, and 

age2 as independent variables after mean age centering. The initial model incorporated 

interactions between sex and age as well as sex and age2, but any term was removed if found 

not to be significant. The resulting parsimonious model was then constructed without the 

nonsignificant interactions. In all cases, the threshold for statistical significance was p < 0.05 

after correction for multiple ROI comparisons using the false discovery rate (FDR) method 

(Benjamini, 2010). Furthermore, for each ROI, we performed a runs test for randomness on 

the fit residuals for the regression models with and without a quadratic age term. Finally, for 

each of the 25 brain regions, ANOVA statistical analysis was performed to test for 

differences between mean MWF values averaged over participants within 10-year intervals; 

these age intervals are given in Fig. 3. Post-hoc Bonferroni correction was applied at the 

significance level of 0.002 (i.e. 0.05/25) to account for multiple comparisons. All 

calculations were performed with MATLAB (MathWorks, Natick, MA, USA).
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3. RESULTS

Figure 3 shows average MWF maps by age decade over the adult lifespan for three 

representative axial slices. Visual inspection indicated increases in MWF values from early 

adulthood until middle age (i.e. 40–49 years), followed by reduced MWF in several brain 

regions, consistent with progressive myelination followed by reductions in myelin. 

Furthermore, we note that different regions exhibit different pattern associations between 

MWF and age, with the occipital and parietal lobes exhibiting greater MWF values as 

compared to the more anterior brain regions.

Figure 4 shows quantitative results for MWF values from all participants as a function of age 

for the indicated 21 WM regions and 4 deep GM regions. Visual inspection shows increasing 

MWF until middle age followed by decreases in MWF with age in all examined ROIs, in 

agreement with Figure 3. The best-fit curves indicate that while the fundamental U-shaped 

relationship between MWF and age was consistent across all ROIs, the age curves displayed 

regional variation. Furthermore, in agreement with Figure 3, the high MWF values were 

found in the occipital and parietal lobes, with the frontal and temporal lobes exhibiting 

overall lower MWF values. Overall, all WM regions exhibited high MWF values while the 

lowest MWF values were found in the deep GM regions, as expected. In addition, we note 

that that as compared to the other regions evaluated, caudate and putamen regions exhibited 

much lower R2 values for the correlation between MWF and age. Finally, the R2 values of 

the model fit incorporating a quadratic age term were higher than the R2 values of the model 

fit incorporating a linear age term only, for all ROIs (Table 1 of supplementary material).

Significant age effects were found for all brain regions evaluated except the caudate after 

FDR correction and the forceps major before FDR correction (Table 2). Similarly, the 

quadratic effect of age, age2, was significant in all brain regions except in the genu of the 

corpus callosum, the cerebral peduncle, and the anterior thalamic radiation (Table 2). Our 

statistical analyses indicate that all ROIs exhibited non-significant interactions between age2 

and sex. However, while there were significant main effects of sex in three brain regions, 

namely the parietal lobes (F = 4.0, p = 0.048), the body of corpus callosum (F = 5.2, p = 

0.025), and the splenium of corpus callosum (F = 7.3, p = 0.008), significance did not 

survive FDR correction. In these brain regions, women had ~10% higher myelin content 

than men. Interaction between age and sex was also nominally significant in five brain 

regions, but in these cases as well significance did not survive the FDR correction; these 

regions were the whole brain (F = 4.45, p = 0.04), the temporal lobes (F = 4.3, p = 0.041), 

the body of corpus callosum (F = 5.1, p = 0.026), the anterior corona radiata (F = 5.8, p = 

0.018), and the posterior corona radiata (F = 10.7, p = 0.002). In these regions, women 

showed a non-significant trend to greater reduction in MWF with age as compared to men.

To further support our choices of model, we applied the runs test of randomness (RTR) to 

the residuals from the parsimonious model fit to determine whether the residuals were 

randomly distributed. For all ROIs, the RTR test indicated randomness (p > 0.05 for 

structured residuals), showing that the model provided an adequate fit to the data, except for 

the posterior corona radiata, anterior thalamic radiation, and the forceps major and minor. 

We note that except for the forceps minor, the anterior corona radiata, the inferior 
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longitudinal fasciculus, and the genu of corpus callosum, all other ROIs exhibited lower 

RTR significance of the model incorporating the quadratic age term as compared to that 

incorporating the age term only; this further supports the choice of the quadratic regression 

model. Finally, for each ROI, we determined the specific year at which MWF peaked (Fig. 

4). As seen, white matter regions overall peaked earlier as compared to deep gray matter 

regions, in which fully developed myelination may serve a less central role in function. For 

the WM regions, the MWF of the occipital lobes, temporal lobes, and cerebellum reached a 

maximum at later ages as compared to all other WM structures.

Finally, the ANOVA analysis comparing the regional mean MWF values averaged over 

participants within 10-year age intervals indicated that for all ROIs except the cerebral 

peduncles, the forceps major, and the caudate, there was a statistically significant variation 

in MWF values across age (Table 2). However, the cerebellum, the genu of corpus callosum, 

the inferior front-occipital fasciculus, the inferior longitudinal fasciculus, the forceps minor, 

and the putamen regions did not survive Bonferroni correction (Fig. 1 of the supplementary 

material). The post hoc analysis indicated that significance was mainly between age-

intervals 20–29, 30–39, or 40–49 and 60–69, 70–79 or 80–89. Figure 1 of the supplementary 

material provides a detailed description of these differences.

4. DISCUSSION

Myelin water fraction (MWF) provides important insights for understanding brain 

maturation and neurodegeneration (MacKay and Laule, 2016). However, to our knowledge, 

only two in-vivo studies have been conducted to date to investigate the regional associations 

between myelin and aging in cognitively normal adults (Arshad et al., 2016; Faizy et al., 

2018). Our work has several advantages with regard to these previous MWF studies. We 

made use of a larger cohort spanning a wider age range and with relatively dense sampling 

for each decade of life. Moreover, we employed a highly stabilized technique for MWF 

mapping, enabling us to derive MWF maps at higher-spatial resolution (Fig. 3), leading to 

better delineation of small brain structures and decreased partial volume effects, in which 

measurements of a given brain region are contaminated by adjacent regions.

Our results indicate a quadratic association between MWF and age in most white matter and 

deep gray matter regions (Figs. 3–4). These results are consistent with Arshad and 

colleagues’ recent study indicating an inverted U-shape trend of MWF values with age in 

different white matter regions (Arshad et al., 2016). The quadratic association between 

MWF and age is attributed to the process of myelination from youth through middle age, 

followed by demyelination in later years (Arshad et al., 2016; Bartzokis et al., 2010); this 

pattern is in agreement with postmortem observations (Peters, 2002; Tang et al., 1997). As 

expected, we found that different regions exhibit both similarities and differences in 

associations between MWF and age, with most regions peaking at the fourth life decade. 

This finding is in good agreement with several studies based on myelin-sensitive, but 

nonspecific, MRI methods such as diffusion tensor imaging and relaxation times (Bartzokis 

et al., 2010; Okubo et al., 2017; Westlye et al., 2010; Yeatman et al., 2014). Our results also 

showed relatively high myelin content in the cerebral peduncle, thalamic radiation, corona 

radiata, and superior longitudinal fasciculus (Fig. 4 and Table 2 of supplementary material), 
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in agreement with Uddin’s and colleagues and Arshad’s and colleagues studies (Arshad et 

al., 2016; Uddin et al., 2019), indicating the sensitivity of MWF imaging to these particular 

complex fiber regions. Moreover, parameter maps (Fig. 3) and quantitative analyses (Fig. 4 

and Table 2) showed that the occipital lobes exhibited delayed demyelination as compared to 

the other lobes. This pattern is consistent with the retrogenesis hypothesis (first in-last out), 

in which posterior brain regions are spared from degeneration as compared to anterior brain 

regions (Bender et al., 2016; Brickman et al., 2012; Raz, 2000; Stricker et al., 2009). 

However, additional studies, and in particular longitudinal studies, are required for further 

validation of this finding. Moreover, iron-rich structures such as the caudate and putamen 

exhibited very low R2 values (Fig. 4); this is likely due to various biological or post-

processing factors. Indeed, studies have shown that these regions are particularly susceptible 

to increased iron deposition during the processes of normative aging (Pfefferbaum et al., 

2009; Wang et al., 2012). This iron may serve to catalyze free radical reactions promoting 

lipid peroxidation and oxidative tissue damage, promoting myelin breakdown and 

consequent additional release of iron. Given the strong influence of iron on transverse 

relaxation, small variations in this process would be expected to lead to relatively large 

variations in MWF, limiting the strength of correlations. This indicates the importance of 

linking MWF analysis with methods such as quantitative susceptibility mapping in 

subsequent studies. Further, accurate segmentation of these regions is challenging, mainly 

due to their small size as well as relatively poor contrast between adjacent substructures. 

While we have conducted a careful examination of all ROIs, some degree of partial volume 

bias in the calculated MWF values cannot be excluded.

Of note, Arshad and colleagues found that myelin content peaks around the fourth to sixth 

decade of life in contrast to our results, which indicated somewhat earlier peak myelination. 

This partial discrepancy is likely due to several differences between the current study and 

their study including their more limited cohort size and age range, less homogeneous 

sampling density, and the noise-sensitive and low-resolution MWF mapping methods used 

in their investigation. As an illustration, we performed a linear regression on a subset of our 

datasets covering the age range used in (Arshad et al., 2016), that is, excluding participants 

over 75 years of age. The results clearly indicate a shift of the apparent MWF peak, derived 

from the fit, towards later ages; this may partially explain the observations of the 

aforementioned study (Fig. 5) (Fjell et al., 2010). Another potential source of the 

discrepancy in the literature regarding the apparent age of maximum myelination is the 

dependency on the variables used in the final regression model; with these differences, the 

discrepancy may be due to modeling rather than physiologic differences.

Overall, it must be recognized that the relative importance of the linear versus quadratic age 

trends, as well as apparent ages of maximal myelination, and the specific values of the 

parameters and their significant, will exhibit some variability as a function of sampling 

density within age groups, range of ages incorporated, and consistency of data. In addition, 

the choice of a quadratic regression model is conventional and consistent with our visual 

inspection and well-represented in the literature. Thus, this choice must be regarded as an 

expedient to model the data, without representing this as a description of underlying 

physiologic processes. Other models, such as piecewise linear may serve equally well as 

data descriptors. However, the present analysis provides a basic demonstration of 
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myelination trajectories as increasing from early adulthood through middle age, with a 

decrease thereafter. Finally, derived MWF values and their association with age are strongly 

influenced by iron, which is well-known to accumulate in several brain regions with 

increasing age (Hallgren and Sourander, 1958). It has been shown that diffusion of iron into 

the extracellular space may shorten the corresponding transverse relaxation time leading to 

an artificial overestimation of MWF values (Birkl et al., 2019). Therefore, the effect of iron 

could also explain reported differences in the age-dependence of myelination, since all 

imaging methods exhibit some sensitivity to transverse relaxation.

Our analysis was conducted in several brain regions. This was made possible by our 

application of a particularly high-resolution MWF imaging method as compared to 

conventional methods (Bouhrara and Spencer, 2017). In fact, the mcDESPOT approach 

pioneered by Deoni and colleagues (Deoni et al., 2008) permits rapid imaging MWF 

mapping, and has been extensively used to characterize brain maturation in pediatric 

participants as well as myelination changes in various neurodegenerative diseases (Bouhrara 

et al., 2018a; Dean et al., 2017; Dean et al., 2015; Deoni et al., 2015). However, parameter 

estimates using mcDESPOT can show a great deal of variability with respect to noise 

(Bouhrara et al., 2015; Lankford and Does, 2013; West et al., 2019). Our Bayesian 

implementation greatly stabilizes these parameter estimates, thereby permitting high-spatial 

resolution imaging with greatly improved parameter estimates (Bouhrara and Spencer, 2016, 

2017). This advance was critical to accurately delineate small brain structures, such as the 

deep gray matter regions and various white matter structures, while greatly minimizing 

partial volume bias; this represents one of the main limitations of conventional mcDESPOT 

methods as well as multi-echo-based techniques (Alonso-Ortiz et al., 2015). The use of 

BMC-mcDESPOT could be particularly suitable for studies focusing on small brain 

structures, such as brainstem substructures, or for whole brain coverage with high spatial 

resolution.

We found statistically significant sex differences in a limited number of brain regions before 

FDR correction, with women exhibiting higher myelin content than men. This finding is in 

good agreement with the literature (Arshad et al., 2016). We also found that the MWF in 

women, compared with men, shows greater reduction with age in several brain regions, 

although these observations were not significant after FDR correction. These trends indicate 

potential lines of investigation in larger cohorts, with the current study potentially 

underpowered to detect subtle group differences. Indeed, the sex differences we observed in 

myelin are consistent with previous demonstrations that proliferation of oligodendrocytes 

and myelin proteins are regulated differently in males and females (Cerghet et al., 2006; 

Greer et al., 2004). A recent study suggests that sex steroids may influence this differential 

regulation, possibly contributing to sex differences in repair (Marin-Husstege et al., 2004). 

Cross-sectional and longitudinal studies indicate sex differences in brain maturational 

processes and emphasize the importance of myelination in understanding the mechanism of 

neuropsychiatric disorders. Finally, the age/sex interaction was significant in a limited 

number of brain regions before FDR correction; this is unlikely to be due to differences in 

sex distribution within this cohort, since such differences were minimal (Fig. 1).

Bouhrara et al. Page 9

Neurobiol Aging. Author manuscript; available in PMC 2021 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Our calculated MWF mean values were overall in good agreement with those previously 

reported (Dean et al., 2017; Dvorak et al., 2019). However, we note that mcDESPOT in 

general, and BMC-mcDESPOT in particular, provide relatively higher MWF values as 

compared to MSE-based methods. This discrepancy is likely due several physiologic and 

experimental factors that are not modeled in either mcDESPOT- or MSE-based signal 

formalisms, including exchange between water pools (Harkins et al., 2012; van Gelderen 

and Duyn, 2019). However, incorporation of water exchange in conventional mcDESPOT 

signal modeling leads to a further increase in the instability of MWF determinations 

(Bouhrara et al., 2015; Lankford and Does, 2013; West et al., 2019). We are currently 

investigating the potential of BMC-mcDESPOT analysis to improve MWF determination 

when water exchange is incorporated. Other parameters that may bias MWF estimation are 

magnetization transfer between free water protons and macromolecules, T1 effects resulting 

from short TRs, off-resonance effects, J-coupling, spin locking, internal gradients, and signal 

attenuation due to differences in water diffusion in within different compartments. These 

issues remain as major challenges throughout quantitative MR studies of myelin, with 

significant ongoing activity seeking to either improve existing methods or to introduce new 

techniques for accurate MWF determination.

Although our work examines a large cohort using advanced methodology, certain limitations 

remain. While our cohort spanned a wide age range, it does not include very young 

participants (< 20 years old); this limitation derives from the exclusion criteria of the BLSA 

and GESTALT studies. Inclusion of younger participants may influence the shape of MWF 

age-related trajectories (Fjell et al., 2010). We also note that it was not feasible to obtain 

optimal uniform sampling across all age intervals in this convenience sample of participants 

in ongoing research protocols, with the number of subjects aged 50–70 years being lower as 

compared to the other age decades. This may also influence the overall interpretability of 

myelination during the process of aging, as discussed above. Nevertheless, we obtained a 

meaningful sample size across the age range of our study. Finally, our dataset is cross-

sectional, so that the quadratic trajectories observed here and elsewhere require further 

validation through longitudinal studies. Such work, motivated by the present results, is 

underway.

5. CONCLUSIONS

Using an advanced magnetic resonance myelin water fraction mapping technique, we 

showed that myelin content follows an inverted-U shaped trajectory with normal aging. We 

interpret this as indicating brain maturation with respect to myelination until middle age 

followed by decreased myelination with advancing age. These age curves during adulthood 

vary across different brain regions, as expected based on histologic studies. These results 

support the overall conclusions of previous MRI studies that implemented sensitive but 

nonspecific myelin-mapping approaches. Finally, our results provide reference values for 

MWF values in normative aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Number of participants per age-decade and sex within the study cohort.
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Figure 2. 
Visualization of the white matter and deep gray matter ROIs used in our analysis. 1) Frontal 

lobes, 2) Parietal lobes, 3) Occipital lobes, 4) Cerebellum, 5) Splenium of corpus callosum, 

6) Body of corpus callosum, 7) Genu of corpus callosum, 8) Internal capsule, 9) Forceps 

minor, 10) Interior corona radiata, 11) Cerebral peduncle, 12) Inferior longitudinal 

fasciculus, 13) Forceps major, 14) Anterior thalamic radiation, 15) Posterior thalamic 

radiation, 16) Superior longitudinal fasciculus, 17) Caudate, 18) Putamen, 19) Insula, 20) 

Thalamus, 21) Temporal lobes, 22) Inferior fronto-occipital fasciculus, 23) Superior fronto-

occipital fasciculus, and 24) Posterior corona radiata.
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Figure 3. 
Myelin water fraction (MWF) represented as averaged participant maps calculated over 10-

year intervals. Results are shown for three representative slices. Visual inspection of MWF 

maps shows an increase in MWF values from early age until middle age, that is, 40–49 year, 

followed by a more rapid decrease in several brain regions. This suggests progressive 

myelination continuing into middle age followed by a decline in myelin content at older 

ages.
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Figure 4. 
Regional myelin water fraction (MWF) trajectories as a function of age. For each ROI, the 

coefficient of determination, R2, and the significance of the linear regression model, p, are 

reported. Gray areas indicate 95% confidence intervals. All regions investigated show an 

inverted U-shaped trend of MWF with age, but with differences in detail between regions in 

MWF trajectories with age. WB: whole brain white matter, FL: frontal lobes, PL: parietal 

lobes, OL: occipital lobes, TB: temporal lobes, CRB: cerebellum, SCC: splenium of corpus 

callosum, BCC: body of corpus callosum, GCC: genu of corpus callosum, IC: internal 

capsule, ACR: anterior corona radiata, PCR: posterior corona radiata, CP: cerebral peduncle, 

PTR: posterior thalamic radiation, ATR: anterior thalamic radiation, SFOF: superior fronto-

occipital fasciculus, IFOF: inferior fronto-occipital fasciculus, SLF: superior longitudinal 

fasciculus, ILF: inferior longitudinal fasciculus, FM: forceps major, Fm: forceps minor, Ins: 

insula, Cau: caudate, Put: putamen, Tha: thalamus, MWF: myelin water fraction.
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Figure 5. 
Myelin water fraction (MWF) as a function of age for white matter throughout the entire 

brain. Left panel: results obtained on a subset of participants covering a similar age range as 

in a previous study (Arshad, Stanley, and Raz 2016), that is, excluding participants over age 

75. Right panel: results obtained from our full dataset, that is, incorporating all participants. 

The coefficient of determination, R2, and the significance of the linear regression model, p, 

are reported. It is readily seen that exclusion of the oldest participants, that is, over 75 years, 

shifts the apparent age of maximum myelination derived from the fit toward late ages; this 

partially explains the discrepancy reported in the literature regarding the apparent age of 

maximum myelination (Fjell et al. 2010). Of note, a similar effect was observed in most 

ROIs.
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Table 1.

Study group characteristics stratified by sex (mean (standard deviation values))

Men Women p

Number 58 48 NA

Age (years) 56.7 (22.5) 53.4 (20) 0.41

MMSE 28.3 (1.7) 28.9 (1.4) 0.051

Education (years) 15.6 (2.9) 16.6 (2.4) 0.054

MMSE: Mini Mental State Examination. The mean and standard deviation (SD) MMSE values were calculated over 101 participants as the MMSE 
scores of five participants (3 males) were not available, while the mean and SD values of the education years were calculated over 102 participants 
as the education years of four participants (2 females) were not available. Although the difference in MMSE and educational level between men 
and women did not formally reach statistical significance, we nevertheless performed analyses correcting for both of these covariates; results were 
virtually unchanged from those presented in Table 2.

Neurobiol Aging. Author manuscript; available in PMC 2021 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bouhrara et al. Page 21

Table 2.

Significance of regression terms in the linear regression, year of apparent maximum myelination, runs test of 

randomness, and ANOVA from MWF values across age-intervals.

Age Age2

Year of maximum MWF
RTR ANOVA

p F p F p p F

WB < 0.01 50.4 < 0.01 10.2 39.7 > 0.1 < 0.01 9.9

FL < 0.01 46.6 < 0.01 12.8 42.3 > 0.1 < 0.01 8.7

OL < 0.01 16.7 < 0.01 6.6 45.9 > 0.1 < 0.01 5.3

PL < 0.01 52.1 < 0.01 9.0 38.2 > 0.1 < 0.01 9.6

TL < 0.01 29.2 < 0.01 8.8 43.0 > 0.1 < 0.01 7.0

CRB < 0.01 19.6 < 0.01 7.9 45.1 > 0.1 < 0.01 4.5

BCC < 0.01 29.4 < 0.05 4.4 36.7 > 0.1 < 0.01 6.1

GCC < 0.01 26.2 > 0.1 2.2 NA > 0.1 < 0.01 4.2

SCC < 0.01 36.4 < 0.01 9.6 42.0 > 0.1 < 0.01 7.1

IC < 0.01 35.4 < 0.05 4.2 33.9 > 0.1 < 0.01 6.7

ACR < 0.01 60.3 < 0.05 3.4 23.3 > 0.1 < 0.01 10.4

PCR < 0.01 60.5 < 0.05 6.6 33.2 < 0.05 < 0.01 11.1

CP < 0.05 5.7 > 0.1 1.2 NA > 0.1 > 0.1 1.4

PTR < 0.01 52.3 < 0.01 7.1 35.7 > 0.1 < 0.01 11.8

ATR < 0.01 43.7 > 0.1 1.7 NA < 0.05 < 0.01 8.7

SFOF < 0.01 60.8 < 0.05 4.7 28.5 > 0.1 < 0.01 10.2

IFOF < 0.01 23.4 < 0.05 3.5 36.7 > 0.1 < 0.01 4.2

SLF < 0.01 50.9 < 0.01 6.5 35.0 > 0.1 < 0.01 9.7

ILF < 0.01 21.2 < 0.01 5.3 41.5 > 0.05 < 0.01 4.8

FM > 0.05 3.1 < 0.05 4.0 50.7 < 0.05 > 0.05 1.9

Fm < 0.01 32.3 < 0.01 9.6 42.9 < 0.05 < 0.01 7.4

Cau > 0.1 0.9 < 0.05 6.0 54.7 > 0.1 > 0.1 1.4

Ins < 0.01 24.4 < 0.01 21.1 49.2 > 0.1 < 0.01 6.1

Put < 0.01 7.0 < 0.05 4.9 48.1 > 0.1 < 0.05 2.2

Tha < 0.01 25.5 < 0.01 7.9 43.2 > 0.1 < 0.01 6.3

WB: whole brain white matter, FL: frontal lobes, PL: parietal lobes, OL: occipital lobes, TB: temporal lobes, CRB: cerebellum, SCC: splenium of 
corpus callosum, BCC: body of corpus callosum, GCC: genu of corpus callosum, IC: internal capsule, ACR: anterior corona radiata, PCR: 
posterior corona radiata, CP: cerebral peduncle, PTR: posterior thalamic radiation, ATR: anterior thalamic radiation, SFOF: superior fronto-
occipital fasciculus, IFOF: inferior fronto-occipital fasciculus, SLF: superior longitudinal fasciculus, ILF: inferior longitudinal fasciculus, FM: 
forceps major, Fm: forceps minor, Ins: insula, Cau: caudate, Put: putamen, Tha: thalamus. RTR: run test of randomness for the model incorporating 

a quadratic age term, MWF: myelin water fraction. NA indicates not applicable for a non-significant Age2 term. Bold indicates significance. 
Besides the ANOVA results, all p-values presented are obtained after FDR correction.
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