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Abstract

Post mortem studies suggest protracted myelination of subcortical white matter into the middle
age followed by gradual decline in the late adulthood. To date, however, establishing the proposed
inverted-U pattern of age-myelin association proved difficult, as the most common method of
investigating white matter, diffusion tensor imaging (DTI), usually reveals only linear associations
between DTI indices and age among healthy adults. Here we use a novel method of estimating
Myelin Water Fraction (MWF) based on modeling the short spin-spin (T,) relaxation component
from multi-echo T, relaxation imaging data and assess subcortical myelin content within six white
matter tracts in a sample of healthy adults (N=61, age 18-84 years). Myelin content evidenced a
quadratic relationship with age, in accord with the pattern observed postmortem studies. In
contrast, DTI-derived indices that are frequently cited as proxies for myelination, fractional
anisotropy (FA) and radial diffusivity (RD), exhibited linear or null relationships with age.
Furthermore, the magnitude of age differences in MWF varied across the white matter tracts.
Myelin content estimated by MWF was unrelated to FA and correlated with RD only in the
splenium. These findings are consistent with the notion that myelination continues throughout the
young adulthood into the middle age. The results demonstrate that DTI cannot serve as a specific
proxy for myelination of white matter tracts.
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1. Introduction

Postmortem studies in humans and non-human primates have consistently demonstrated life-
span differences in white matter structure, including significant regional variations in myelin
content (Kaes, 1907; Yakovlev et al., 1966; Peters, 2002), and multiple alterations appearing
in older adulthood, including gliosis, loss of myelin, decreased nodes of Ranvier density and
deformation of myelin sheaths (Peters, 2002; Tang et al., 1997). These studies suggest
progressive myelination continuing into the fourth decade of life, with cortical association
regions exhibiting the starkest differences in myelin content between infancy and middle age
(YYakovlev et al., 1966, Kaes, 1907). Furthermore, subcortical and intracortical myelination
of sensory-motor brain regions appears to progress faster and decline slower than that of the
association areas (Flechsig, 1901; Kaes, 1907).

The obvious limitations of post-mortem studies are impossibility of evaluating changes over
time and assessing cognitive performance concurrently with the brain measurements.
Therefore, there is a need for accurate, valid and safe methods that would allow gauging
brain myelin content in vivo. Early studies of age differences in white matter volume
suggested non-linear age trends (Bartzokis et al., 2001; Jernigan et al., 2001; Raz et al.,
2005; but see Raz et al., 1997; 2004). Gross volume, however, is a very coarse index of
white matter properties, as it reflects contributions of multiple components, and proliferation
of some types of them, such as astroglia and microglia as well increased number of myelin
sheaths and increased axon diameter may offset the loss of myelin.

The advent of diffusion tensor imaging (DT, Basser et al., 1994) facilitated assessment of
white matter macrostructure through examining the anisotropy of water diffusion in the
brain tissue. As myelin constitutes a formidable barrier to diffusion of water molecules, it is
plausible that degree of myelination and myelin content can be represented by DTI indices
such as fractional anisotropy (FA) and radial diffusivity (RD). Indeed, in several studies,
these DTI-derived indices have been linked to myelin content (Gulani et al., 2001; Song et
al., 2003) and age differences in RD are frequently interpreted as evidence of changes in
myelin content (e.g., Lebel et al., 2012). Other DTI-derived indices, such as mean diffusivity
(MD, a trace of the diffusion tensor) and axial diffusivity (AD, the principal eigenvalue of
the diffusion tensor) are usually not considered proxies for myelin (see Salat, 2014 for a
review).

To date, life-span age differences in myelination have been inferred predominantly from
DTI-based indices, especially RD, which has been interpreted as a marker of myelin
integrity in the context of training-related white matter plasticity (Mackey et al., 2012),
schizophrenia (Davis et al., 2003), and age-related cognitive decline (Davis et al., 2009). It is
important to note, however, that signal from the very short (10-40 ms) component of the
spin-spin (Ty) relaxation of water molecules within myelin sheaths is undetected by most
DTI studies with TE times that typically exceed 50ms. The reported validation of DTI
indices vis a vis myelin is therefore not only limited to regions of uniform fiber
directionality but is insensitive to diffusion of water between myelin sheaths. In recent years,
there is a growing awareness that although the DTI-derived indices may be sensitive to
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myelin presence, these measures are unlikely to serve as specific indicators of myelin
content or myelin sheath integrity (Jones et al., 2013).

Although multiple cross-sectional studies revealed significant negative associations between
age and FA as well as positive associations between age and RD of the subcortical white
matter (see Madden et al, 2012 for a review), in the extant literature, association of age with
FA and RD has been described by various functional relationships. In adult life span studies
FA evidenced linearly declining, flat or accelerating slope with age and RD showed flat or
accelerated age differences (Michielse et al., 2010; Westlye et al., 2010; Hasan et al., 2009).
The results of cross-sectional investigations of age differences in FA and RD are inconsistent
and, when adults are concerned, do not conform to the patterns of protracted life-span
myelination and regional differences suggested by the postmortem studies (e.g., Kaes,
1907). DTI-derived indices lack specificity because FA and RD (as well as AD and MD)
reflect multiple structural and organizational properties of the white matter, including axon
density and caliber, the intra- and extracellular space, and local geometry of crossing and
kissing fibers (Beaulieu, 2002; Jeurissen et al., 2010; Jones et al., 2013; Vos et al., 2012).
Moreover, whereas recent longitudinal studies showed significant differential changes in
local FA and diffusivity components in a wide age range of healthy adults, the lack of
neurobiological specificity of DTI-derived indices significantly constrains interpretation of
these findings (Barrick et al., 2010; Sexton et al, 2014; Bender and Raz, 2015; Bender,
Voelkle and Raz, 2016).

Several alternatives have been proposed to overcome the limitations of DTI-based methods
in estimating myelin content. A promising method of myelin assessment is the multi-
component driven equilibrium single-component observation of T1 and T, (mcDESPOT,
Deoni et al., 2008). This approach generates whole-brain maps of T4, T, and myelin
fraction by using a combination of spoiled gradient echo recalled (SPGR) and balanced-
steady-state free precession (b-SSFP) sequences along with fitting a three-compartment
model to the data (Deoni et al., 2013). While whole-brain acquisition with SPGR and b-
SSFP sequences is relatively quick, mcDESPOT requires application of multiple flip angles
for both sequences (Deoni et al., 2008), which prolongs acquisition times. Moreover,
mcDESPOT may be sensitive to magnetization transfer effects (Bieri et al., 2006; Lenz et
al., 2010), tends to over-estimate MWF (Deoni et al., 2008; Zhang et al., 2015) and is yet to
be validated by quantitative comparison with direct histological measures of myelin (Deoni
etal., 2015).

These limitations can be mitigated by a method that has been developed more than two
decades ago (Mackay et al., 1994). This approach relies on the multi-exponential T, decay
modeling of multi-echo T, relaxation imaging data, which directly estimates Myelin Water
Fraction (MWF) and thus can provide valid estimates of myelin content. MWF imaging
draws on well-known physical properties that determine behavior of water protons within
myelin sheaths in magnetic field (Menon & Allen, 1991). Namely, for water trapped
between the myelin sheaths the T, relaxation time is approximately between 10 and 40 ms
(short To component), whereas the T, relaxation time of water associated with the intra- and
extra-axonal spaces ranges between 60-70 ms (middle T, component). These T, relaxation
components and their relative contribution to the total water signal can be estimated by
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modeling the multi-exponential decay as a distribution of T, components (Mackay et al.,
2006; Whittal et al., 1997). Notably, estimates of myelin content derived from MWF have
been extensively validated and agree with histological measures of myelin obtained from
optical density measurements with luxol fast blue staining (Laule et al., 2006; Laule et al.,
2008). In addition, animal models of myelin degeneration (McCreary et al., 2009; Webb et
al., 2003) demonstrate sensitivity and utility of MWF in monitoring demyelination and re-
myelination. Collectively, these studies provide strong support for the use of MWF imaging
for in vivo quantification of myelin content. Moreover, recent MRI sequence development
has dramatically reduced the acquisition time (Prasloski et al. 2012), thus improving the
feasibility of the histologically validated measures of myelin content in humans. To the best
of our knowledge, this approach has been used in only one comprehensive study of white
matter diffusion properties in 17—70 year old healthy adults (Billiet et al., 2015). That
investigation revealed only a few linear as well as quadratic correlations between MWF and
age in some regions, and none of these correlations survived a correction for multiple
comparisons. Notably, diffusion-based indices in the same sample evidences curvilinear
relationship with age in some regions (Billiet et al., 2015). In two other studies that used
multi-echo T2 imaging sequences but were not designed to examine age differences, linear
increase in MWF with age was observed (Flynn et al., 2003; Lang et al., 2014). Notably, in
these two studies, sample age covered the range from early or late childhood to the middle
age: 15-55 years (Flynn et al., 2003) and 5-40 (Lang et al., 2014). These studies suggest an
increase in MWEF values (and, by implication, myelination) into middle age. Thus, the
question of age-related differences in regional myelin content requires further study, with a
focus on comparison between putative proxies of brain myelin based on multi-T2
component analysis and DTI.

In this study, we had two main objectives. First, we wanted to characterize the age
differences in myelin content within selected regions of subcortical white matter in a life-
span sample of healthy adults. In accord with the post-mortem evidence, we hypothesized
that across adult life span, age would be quadratically related to MWF and this relationship
would vary across white matter tracts. Second, we compared age differences in MWF-based
estimates with the most commonly reported DTI indices, FA and RD that are frequently
taken as indicators of myelination (e.g., Kumar et al., 2014; Lebel et al., 2012; Madden et
al., 2012; Song et al., 2003). To avoid adding multiple statistical tests and inflating Type |
error, we did not include other DTI-derived indices (AD and MD) that are usually not
viewed as proxies for myelin content or integrity. We hypothesized that DTI-based indices,
in accord with the extant literature would exhibit linear associations with age. We expected
that because of these differences in their associations with age, DTI indices would be
unrelated to MWEF estimates of myelin content and thus be deemed unsuitable proxies for
myelin.

2. Methods

2.1 Participants

Participants were paid volunteers recruited from the Detroit metropolitan area. They were
screened via a telephone interview and a mail-in questionnaire for history of neurological
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and psychiatric disorders, cardiovascular disease other than medically treated hypertension,
metabolic and endocrine disorders, head injury accompanied by loss of consciousness for
more than five minutes, use of antiepileptic, anxiolytic, and antidepressant medications. The
participants were screened for cognitive impairment with the Mini Mental State
Examination (Folstein et al., 1975; cutoff = 26) and for symptoms of depression with the
Geriatric Depression Questionnaire (CES-D; Radloff, 1977; cutoff = 15).

The sample consisted of consequently recruited 61 healthy adults (59% women) between the
ages of 18 to 84 years (mean age = 52.1 years, SD = 17.9 years) who were enrolled in a
longitudinal study currently underway. Men and women did not differ in age, education,
MMSE and CES-D scores but higher proportion of men had history of hypertension (see
Table 1). Multi-echo T relaxation imaging data were collected on all participants; DTI data
were missing for one, due to a technical error.

2.2 MRI acquisition and processing

2.2.1 MRI acquisition protocol—Imaging was performed on a 3T MRI system (Siemens
MAGNETOM Verio™) with a 12-channel RF coil. The acquisition session was part of an
ongoing longitudinal study and therefore included multiple MRI sequences, of which the
structural T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE), DTI, and
multi-echo T, relaxation imaging were used in this study. Fluid-attenuated inversion
recovery (FLAIR) sequence was used to screen for space-occupying lesions and clinically
significant white matter abnormalities.

DTI images were acquired in the axial plane with a single-shot echo-planar sequence. The
parameters were as follows: repetition time (TR) = 12000 ms, echo time (TE) = 124 ms,
Generalized Autocalibrating Partial Parallel Acquisition (GRAPPA) acceleration factor 2, 20
diffusion directions, 2 averages, field of view (FOV) = 256x256 mm?, matrix size =
192x192, slice thickness = 2 mm, number of slices = 50, b = 1000 s/mm?, in-plane
resolution = 1.3 x 1.3 mm2. The duration of the DTI sequence was 9 min. Multi-echo T
relaxation images were acquired in the axial plane with a 3D-gradient and spin-echo
(GRASE) sequence generously contributed by Dr. Jongho Lee (Seoul National University),
which was based on the sequence developed by Prasloski and colleagues (Prasloski, et al.,
2012). Acquisition parameters for the GRASE sequence were as follows: TR = 1100 ms,
number of echoes = 32, first echo = 11 ms, inter-echo spacing = 11 ms, FOV = 190x220
mm?2, matrix size = 165x192, slice thickness = 5 mm, number of slices = 24, in-plane
resolution = 1.15 x 1.15 mmZ. The duration of GRASE sequence was 16 min. A T4-
weighted MPRAGE sequence was acquired with the following parameters: TE = 4.38 ms,
TR =1,600 ms, inversion time (T1) = 800 ms, FOV = 256x256 mm?, voxel size = .67x.
67x1.34 mm3, matrix size = 384x384, flip angle = 8°, and GRAPPA factor = 2. The duration
of MPRAGE sequence was 5:41 min. To evaluate possible white matter lesions, FLAIR
images were acquired with the following parameters: TR = 8,440 ms, TE =112 ms, Tl =
2,200 ms, flip angle = 150°, FOV = 256x256 mm?, voxel size= 1x1x2 mms3, matrix size =
256x256, 50 axial slices. The duration of FLAIR sequence was 3:49 min. All MPRAGE and
FLAIR images were inspected for potential pathology and possible incidental findings were
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reviewed by an experienced radiologist at the scanning facility. No incidental findings were
noted in this sample.

2.2.2 Image processing—The principles underlying the post-acquisition processing are
illustrated in Figure 1. The 3D GRASE dataset was analyzed using a combination of FMRIB
Software Library (FSLM, Jenkinson et al., 2012) and in-house MATLAB scripts to generate
MWEF images. GRASE images were interpolated to 2.5-mm thickness. The T{-weighted
images were co-registered to the first-echo of the GRASE dataset using FSL FLIRT tool (six
degrees of freedom) as well as to MNI152 T, images using FSL FNIRT and the resultant
transformation and warp-field maps were saved.

Six regions of interest (ROI) were demarcated using the JHU white matter atlas, in template
space and included two commissural tracts: genu of the corpus callosum (genu CC), and
splenium of the corpus callosum (splenium CC); two association tracts: superior longitudinal
fasciculus (SLF) and the inferior fronto-occipital-fasciculus (IFOF); and two projection
tracts: anterior (ALIC), and posterior (PLIC) limbs of the internal capsule. These ROIs
(illustrated in Figure 2) were selected based on theoretical and practical considerations.
First, we strived to sample diverse white matter regions that vary in their onto- and
phylogenetic timing properties and functional significance. Second, we took care to select
the regions that would contain primarily white matter and would be least prone to partial
voluming artifacts and to avoid relatively thin and narrow tracts such as the fornix. The ROIs
were mapped back into subject space by inverting and applying the warp-field map
generated by FNIRT. The subject-space ROI masks were then applied to the GRASE images
using fslmaths .Thus, all analyses were conducted in subject space. All ROIs were examined
for errors of misregistration and none were found.

Voxel-wise multi- To component analysis was conducted for each ROI using a regularized
non-negative least squares (rNNLS) algorithm (Whittal et al., 1997). Generalized cross
validation was used to find the optimal regularization parameter (Golub et al., 1979). To
account for non-ideal refocusing flip-angles the extended phase graph (EPG) algorithm was
implemented as a part of the rNNLS fitting (Hennig, 1988; Prasloski et al., 2012).
Distributions of T, relaxation components were generated using 200 logarithmically spaced
T, values ranging from 10 to 2000 ms. MWF was calculated as the discrete integral for T,
relaxation times from 10 to 40 ms normalized to the discrete integral for T, times from 10 to
2,000 ms. MWF values were averaged within each ROI. Typical MWF maps are displayed
in Figure 3. DTI data were analyzed with FSL tools (Jenkinson et al., 2012). The FSL Eddy
Current correction with the first by volume as a reference was applied. The b-vectors were
rotated after motion correction, followed by application of FSL Brain Extraction Tool to
generate a brain mask. The brain mask was used in the FSL DTIFIT tool generate FA
images. RD images were generated by averaging the images of two planar components of
the diffusion tensor, A, and A3. To enable a comparison between MWF with FA and RD co-
registration of the datasets was accomplished in two steps. First, from the GRASE data, the
images with an echo-time = 121 ms were co-registered with the DTI by image because the
latter were collected with a similar echo-time. The by image was co-registered to the chosen
GRASE volume-using FLIRT (six-degrees of freedom) and the registration matrix was saved
for the second step. Next, FA images were co-registered to the first echo from the GRASE
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dataset using FNIRT. The FLIRT matrix was used as starting point for the FNIRT step.
Similar to the MWF analyses, the subject space ROIs were applied to FA and RD images,
and mean indices were calculated for each ROI.

Lastly, Tq-weighted images were segmented voxel-wise into white matter (WM), gray
matter (GM) or cerebrospinal fluid (CSF), using FSL FAST module. To minimize partial
volume artifacts only those voxels whose WM partial volume fraction was 0.95 or greater
were included in the final binarized ROI masks. All ROIs were inspected for gross
registration errors for the DTI and GRASE datasets.

2.2.3 Data Conditioning—To minimize rounding errors and avoid scaling artifacts in the
analyses, MWF and FA values were multiplied by a factor of 100, and RD was multiplied by
a factor of 10,000. To reduce the effect of outliers, all MRI measures were winsorized at the
90™ percentile (values above the 95t percentile were set to the 95™ percentile and values
below the 5t percentile were set to the 5! percentile). Because the extant literature
consistently reports no age-related lateral differences (Callaghan et al., 2014; Lebel et al.,
2012; Yeatman et al., 2014), we had no reason to hypothesize such effects for any of the
variables of interest. Therefore values from each hemispheric ROI (SLF, ILF, ALIC, PLIC)
were averaged to yield single measures thus reducing the number of parameters in statistical
models, conserving degrees of freedom, and reducing the potential number of post-hoc
comparisons.

3. Statistical analysis

To assess age differences in myelin content (operationalized by MWF) and DTI indices
across the ROIs we used the repeated measures general linear model (RM-GLM)
framework. In each RM-GLM, MWF (or DTI) values were the dependent variable, with ROI
being a six-level within-subject factor, sex as a between subject categorical factor and age,
centered at the sample mean, and mean-centered aged squared (age?) as continuous
independent variables. Within-subject interactions between sex and age and sex with age?
were also included in the model and removed if found nonsignificant (p > 0.05). Reduced
models were then re-evaluated without the nonsignificant interaction term. Significant (p <
0.05) interactions were decomposed using post-hoc simple effects analysis, i.e., regressions
for each ROI separately. To mitigate violation of sphericity assumption for the RM-GLM, all
p-values for within-subject factors were adjusted using the Huynh-Feldt correction. In
addition, with six possible regressions in the post-hoc analysis, the nominal a level of 0.05
was adjusted to a’=.008, using Bonferroni correction. For each ROI, in the post-hoc
analysis, only those effects, which were significant in the within-subjects analysis, were
included (ex: age? term). For each ROI 95% confidence intervals for the slope of the age?
term were generated using 5000 bootstrapped samples; bias corrected and accelerated
confidence intervals reported.

Associations between age and DTI-derived indices were evaluated in the RM-GLM, as used
for MWF measures. Bivariate correlations between MWF with FA and RD within each ROI
were computed and their significance was adjusted family-wise from nominal a=.05to0 a’=.
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008, using the Bonferroni correction. All statistical analyses were performed using SPSS
Statistics (IBM Corp. IBM Statistics for Mac, Version 21.0).

4.1 Age-related regional differences in MWF

After discarding nonsignificant within-subjects interactions ROl x age x sex and ROI x age?
x sex (F<1 for both), and between-subjects interactions age x sex [F(1,55) < 1] and age? x
sex [F(1,55) = 1.233, p = .27], a reduced model was fitted to the data. The results of that
analysis revealed significant main effects of sex [F(1,57) = 5.651, p = .021] and age?
[F(1,57) = 16.521, p < 0.001]. Women had higher MWF than the men did, mean +SE: 14.3
+.3 % vs 13.3+ .3%. The main effect of age was not significant (F<1). The ROI x sex
interaction [(F(5,285) = 1.255, p = .29] and ROI x age [F(5,285) = 1.722, p = .42]
interaction were not significant. However, the ROI x age? interaction was significant
[F(5,285) = 4.726, p = .0010], indicating that the magnitude of the quadratic effect of age
differed across ROIs.

Decomposition of the ROI x age? interaction revealed a significant effect of age? for the
SLF [F(1,59) = 16.385, p < .001], ALIC [F(1,59) = 22.44, p <.001], PLIC [F(1,59) = 14.83,
p <.001], IFOF [F(1,59) = 7.659, p =.0080] and the splenium [F(1,59) = 8.118, p =.0060].
For the genu it was significant only at the unadjusted o [F(1,59) = 5.228, p =.026] (see
Table 2 and Figure 4).

4.3 Age-related regional differences in DTI-derived indices

4.3.1 Fractional Anisotropy—After discarding nonsignificant within-subjects
interactions ROI x age x sex [F(5,270) = 1.083, p = .36] and ROI x age? x sex [F(5,270) =
1.365, p = .25] and between-subjects interactions age x sex (F<1) and age? x sex [F(1,54) =
3.603, p =.063], a reduced model was fitted to the FA data. The analysis revealed
nonsignificant main effects of sex and age? (F<1 for both). The ROI x sex [F(5,280) = 1.832,
p =.12] and ROI x age? [F(5,280) = 1.916, p = .11] interactions were not significant, but the
ROI x age interaction was: F(5,280) = 6.297, p < .001. After dropping the age? term the
model was re-evaluated. The main effect of sex (F<1) and the ROI x sex interaction
[F(5,285) = 1.901, p = .11] were not significant. The main effect of age was significant
[F(1,57) = 14.489, p < .0010], but it was qualified by a significant ROI x age interaction
[F(5,285) = 5.565, p < .0010]. The interaction indicated that the linear effect of age on FA
varied across ROls. Post-hoc analysis revealed significant linear effects of age for the genu
[F(1,58) = 18.091, p <.0010], splenium [F(1,58) = 9.125, p = .0040] and the IFOF [F(1,58) =
35.372, p <.0010]. All other ROIs either did not reach significance at the Bonferroni-
adjusted level (see Table 3 and Figure 5).

4.3.3 Radial Diffusivity—After discarding nonsignificant within-subjects interactions

ROI x age x sex (F<1) and ROI x age? x sex [F(5,270) = 1.279, p = .28], respectively, and
between-subjects interactions age x sex (F<1) and age? x sex [F(1,54) = 1.648, p = .21], a
reduced model was fitted to the data. The analysis revealed nonsignificant main effects of
sex (F<1) and age? [F(1,56) = 2.508, p = .12]. The ROI x sex [F(5,280) = 2.114, p = .080]
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and ROI x age? [F(5,280) = 1.901, p = .11] interactions were not significant. After dropping
the age? term the model was re-evaluated. The main effect of sex (F<1) and the ROI x sex
interaction [F(5,285) = 2.3, p = .069] were not significant. The main effect of age was
significant [F(1,57) = 14.451, p < 0.0010]. This effect, however, was qualified by the ROI x
age interaction: F(5,285) = 14.541, p < 0.001. Post-hoc analysis revealed significant effects
of age for the genu [F(1,58) = 23.344, p <.001], splenium [F(1,58) = 12.426, p = .001], and
the IFOF [F(1,58) = 32.810, p < .001]. All other ROIs either did not reach significance at the
Bonferroni level (see Table 3 and Figure 6).

4.4 Correlations between MWF and DTI indices across ROls

Correlations between MWF and FA and between MWF and RD, within each ROI, did not
pass the Bonferroni adjusted significance. The correlation between RD and MWF was
significant only for the splenium: r = .346, F(1,58) = 8.201, p = .006, whereas for PLIC and
the SLF they were significant at the unadjusted significance level of a= .05 (See Table 4 and
Figures 7 and 8).

5. Discussion

5.1 Heterochronic associations between age and myelin content

The main finding in this study is the in vivo demonstration that age differences in myelin
content of subcortical white matter tracts conform to the parabolic (inverted U) relationship
described in postmortem literature. The results suggest that across examined regions, peak
myelin content is found around the fourth-sixth decade of life. The observed positive linear
association between age and MWF up to the middle age is in agreement with the reports on
samples that included only that part of the adult life span (Flynn et al., 2003; Lang et al.,
2014).

We observed no consistent U-shaped age curves for the DTI indices (FA and RD), but even
in the studies that report such non-linear relationships, this estimated peak age of
myelination derived from DTI indices appears to be driven by inclusion of young children
and adolescents (Lebel et al., 2012; Westlye et al., 2010). Peak age of myelination is
estimated in these studies at much earlier decades, e.g., 24-33 years of age (Westlye et al.,
2010) or 32-39 years (Kochunov et al., 2012), depending on selection of a white matter
region. These estimates suggest earlier peak ages than is apparent from Kaes (1907)
postmortem data that shows extensive myelin staining in the brains harvested from cadavers
of in the 6! decade of age. This discrepancy may reflect differences in development of
multiple components and properties of the white matter that are expressed in FA and RD,
with myelin contribution being relatively minor. Later ages of peak myelination estimated
here may be in a closer correspondence to those estimated from Kaes (1907) myelin staining
study, as they reflect virtually exclusive contribution of myelin. Notably, in agreement with a
previous report (Billet et al., 2015), we observed only weak if any associations between
DTI-derived indices and MWF . Thus, it is unlikely that individual differences in myelin
content contributed significantly to variation in FA or RD.
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Quadratic effects of age were observed for all ROIs, similar to a recent study, which used Ry
(1/T4) as a proxy for myelin content (Yeatman et al., 2014). Furthermore, we found that the
magnitude of age differences in myelin content varied across white matter tracts. Projection
fibers (ALIC, PLIC) and the SLF (association fiber) evidenced the largest quadratic age
effects, with IFOF showing weaker relation to age and the weakest association with age?
was observed in the genu of corpus callosum. This pattern of results is inconsistent with the
“first-in-last-out” hypothesis, which posits that white matter tracts connecting the late-to-
myelinate association areas would show the greatest effects of age, whereas for the tracts
originating or ending in primary sensory-motor cortices, the associations with age would be
the weakest.

We also found that women had greater myelin content than men did: Cohen’s d = .62.
Although in vivo literature on sex differences in white matter properties is very inconsistent
(Salat, 2014), this finding is consistent with the reported higher levels of myelin associated
proteins in female rodents (Bayless & Daniel, 2015) and may reflect greater g-ratio in men
compared to women (Paus, et al., 2009). The g-ratio, the fraction of the axon radius within
its membrane in the its radius including the myelin sheath, is a dimensionless index
bracketed between 0 and 1, with values closer to 1 indicating thinner myelin sheathe relative
to the axonal radius. Recent study suggested that g-ratio might be sensitive to sex-specific
developmental factors such as androgens, which can contribute to expansion of axonal
caliber, and ensuing increase of g-ratios (Pesaresi et al., 2015). In our study, direct
ascertainment of this hypothesis, however, was not possible due to the absence of relevant
data. In addition, higher proportion of men had diagnosis of hypertension and thus it is
unclear whether disproportionally higher vascular risk among men has contributed to the
observed sex difference. Prior reports on the independent samples drawn from the same
population indicated that hypertension was associated with less favorable status on multiple
indicators of white matter (Kennedy & Raz, 2009; Burgmans et al, 2010). In this sample, the
frequency of hypertension was too low to warrant its inclusion as a covariate.

The biological mechanisms of age-related decline in myelin content remain unclear.
Assuming a dynamic equilibrium between myelin production and loss (Peters, 2009), and
observing the continuing myelination into the fourth-fifth decade of life, it is plausible that
during that period, the myelin generating processes overtake their counterparts that drive
myelin attrition. It is plausible to hypothesize that this dynamic equilibrium shifts over time
and the decline in myelin content is driven by decreased myelin synthesis, increased myelin
degeneration or some combination of the two. Although the mechanisms for such shift in
homeostasis are unknown, it is possible that progressive decline in myelin content is just
another expression of age-related energy crisis. Synthesis of myelin and maintenance of the
oligodendrocyte resting potential is energetically costly (Harris et al., 2012). Aging is
associated with decline in mitochondrial respiration (Bratic et al., 2010), decreased glucose
and oxygen consumption, and decreased cerebral blood flow (Aanerud et al., 2012; Lin et
al., 2014) as well as poor vascular health (Mozaffarian et al., 2015). These age-related
factors would be expected to limit myelin synthesis given its energetic costs. Additionally,
age related reduction in the number of myelinated axons (Marner et al., 2003; Meier-Ruge et
al., 1992; Peters, 2002; Tang et al., 1997) would also contribute to decreased myelin content.
Future investigations should assess age differences in both anabolic and catabolic aspects of
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myelination in conjunction with investigations of age differences in brain energetics,
vascular risk and axonal loss.

5.2 Heterochronic age differences in DTl indices: Unrelated to myelin content

In line with previous studies, we found linear associations between age and DTI indices,
with the magnitude of association varying across the examined ROls. We observed a
negative linear association between FA and age in the genu and splenium of the corpus
callosum, IFOF, and the ALIC. Positive linear associations between RD and age were noted
in the genu, splenium and the IFOF. These relationships are in a stark contrast with
consistent quadratic effects of age on MWF. Thus, age-related differences in FA or RD that
are frequently reported in cross-sectional age-heterogeneous studies should not be
interpreted as evidence of age differences in myelin content.

We observed no significant associations between MWF and FA, and MWF was significantly
associated with RD only in ROIs containing larger diameter axons such as in the PLIC and
Splenium, in accord with previously published work (Mé&dler et al., 2008). This finding is
also consistent with studies demonstrating that the axonal plasma membrane, fiber density
and crossing fibers, contribute to diffusion anisotropy and radial diffusivity, thus
complicating the biological interpretation of DTI-derived indices (Beaulieu, 2002; Jones et
al., 2013; Vos et al., 2012). Therefore, future studies should not interpret changes in
diffusion metrics as reflecting myelin changes.

5.3 Limitations

The results of this study should be interpreted within the constraints of several limitations.
First and foremost, the cross-sectional design precludes inferring age-related change from
observed age differences in myelin content (Baltes and Nesselroade, 1979; Kramer et al.,
2000; Lindenberger et al., 2011). Longitudinal and cross-sectional findings in investigation
of brain aging are not always in agreement with respect to the mean change (e.g., Raz et al.,
2005; Bender and Raz, 2015; Daugherty et al., 2015) and cannot address an important
question of individual differences in trajectories of aging. Thus, longitudinal studies are
needed to establish whether the nonlinear age-myelin content relationships that we observed
indeed hold and whether common age-related risk factors affect their parameters. Moreover,
because of its lack of temporal component, cross-sectional design precludes testing
hypotheses and reconciling various theoretical accounts of the observed patter of age
differences, such as “first-in-last-out” (Raz et al., 1997) and “gain-predicts-loss” (Yeatman et
al., 2014). We hope to accomplish this goal in a longitudinal study currently underway.

Second, we used an ROI based analysis, which would not reveal myelin differences within a
totality of any white matter tract. The parameters of our DTI images were not optimal for
tractographic analyses and we opted for ROl approach in both MWF and DTI. If the
resolution of MWF imaging could be further increased, future studies could combine
tractography with MWEF to investigate differences in myelin content along the tracts. In
addition, it should be noted that the differential quadratic effects of age that we observe
maybe the result of differential reliability across the ROIs investigated. Assessment of
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reliability of MWF estimates across white matter regions is currently underway in our
laboratory.

Third, although we sampled typical regions of interest that represent three major types of
white matter tracts, it is possible that other regions would deviate from the inverted-U
pattern of age differences that was consistently observed here. In particular, those may be
smaller regions of the myelinated pathways evaluation of which was not feasible with the
current 5-mm slice thickness.

Fourth, the shape of age-MWF relationship has been approximated by a quadratic curve.
The symmetry of myelination at the younger age and loss of myelin content at the end of
adult life span engendered by such regression fit does not necessarily reflect reality. Other,
higher order curves could have been fitted to the data if more data points, including
observations in young children, were available.

Fifth, it is important to state that the long component is included in the modeling of T2
relaxation. However, according to our analyses, it happens to have negligible contribution,
and we can conclude that it contributes no new water signal. Nonetheless, it is indeed the
case that MWF is a proportion of the entire T2 spectrum and the concern is that changes in
other compartments would change the MWEF value. A decrease in MWF is possible if there
was an additional water compartment that increased the overall water content. Such a
scenario observed in pathological conditions such as multiple sclerosis (Laule et al. 2007a)
and phenylketonuria (Laule et al. 2007b) is unlikely in our case as we screened our subjects
for white matter abnormalities using FLAIR images.

We have conducted a reliability study for MWF (Arshad, Stanley, Lee & Raz, in
preparation), in which we found no differences in reliability among the tracts investigated.

6. Conclusions

Using a novel myelin-specific imaging method, we observed quadratic associations between
age and myelin content across all six examined ROIs, in accord with post-mortem studies.
Regional differences in myelin content, as expected from postmortem studies, ranged from
the largest values in the PLIC, ALIC and splenium to the smallest in the genu. In contrast to
MWEF, we observed linear associations between DTI indices of white matter macrostructure
and age, which also varied in strength across ROIs. We found no correlations between
myelin content and FA in any of the examined ROIls, while RD correlated with MWF only in
the splenium. Thus, whereas DTI can provide important information about the state of the
white matter, commonly used DTI-based descriptors of the white matter diffusion properties
do not specifically reflect myelin content and are not suitable for examining age differences
therein.
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A summary of the principles of Myelin Water Fraction imaging. The measured MRI signal
originates from the myelin, intra-axonal, and extra-axonal (IE) water compartments (A). By
decomposing the measured multi-exponential T, decay signal into the components of T2
relaxation times, the short-T, water signal from the myelin compartment can be quantified

and its fraction in the total signal can be computed (B). Mean values for the short and

intermediate components are indicated on the graph. Values on axes Y are in arbitrary units

(AU).
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Figure 2.
Regions of interest mapped from standard space onto subject space for myelin

quantification. The same regions were used in the DTI analysis. ROIs in subject space for a
representative participant are shown below, left to right: (A.) Genu of the corpus callosum
(1), Anterior limb of the internal capsule (2), Posterior limb of the internal capsule (3) and
Splenium of the corpus callosum (4). The middle axial slice (B.) Superior longitudinal
fasciculus (5), and (C.) Inferior fronto-occipital fasciculus (6).
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Figure 3.
Representative example of MWF maps of participants in early, mid, and late adulthood. This

figure depicts myelin content expressed as MWF values (scale on the right) across the adult
life span in three representative individuals. All MWF images, across persons, are from
anatomically identical slices. Visual inspection reveals greater myelin content in middle age
compared to early and late adulthood. Quantitative analyses are summarized in Table 2.
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Associations between MWF and age for each ROI. 95% confidence limits (dashed line) and
prediction limits (dot-dot-dash line) are drawn around the regression line. Plotted on the
same scale, the regional differences in myelin content are apparent.
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Association between Fractional Anisotropy (FA) and age for each ROI. 95% confidence

limits (dashed line) and prediction limits (dot-dot-dash line) are drawn around the regression
line. Note the regional differences in FA.
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Association between Radial Diffusivity (RD) and age for each ROI. 95% confidence limits
(dashed line) and prediction limits (dot-dot-dash line) are drawn around the regression line.
Plotted on the same scale to illustrate the regional differences in RD values.
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Figure 7.

Association between Myelin Water Fraction (MWF) and Fractional Anisotropy (FA) for
each ROI. 95% confidence limits (dashed line) and prediction limits (dot-dot-dash line) are
drawn around the regression line.
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A summary of post-hoc analyses of associations between the MWF and age? for each ROl with bootstrapped

confidence intervals.

Table 2

ROI R? P b(MWFlyr))  95%Cl
ALIC g **  <.001 -.005 -.006, -.003
PLIC 1 ** <.001 -.003 -.004, -.001
GenuCC g * 026 -.001 -.003, .000
Splenium CC 1 **  .006 -.002 -.004, -.001
SLF o ** <001 -.003 -.004, -.002
IFOF 12 ** 008 -.002 -.004, -.001

Note: MWF — myelin water fraction , percent. Only age2 was included in the post-hoc models as this was the only term that was significant in the

RM-GLM.

significant at the unadjusted a. = .05 level;

Hok

significant at Bonferroni adjusted a” = .008 level
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