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Abstract: Superficial white matter (SWM) lies immediately beneath cortical gray matter and consists pri-
marily of short association fibers. The characteristics of SWM and its development and aging were seldom
examined in the literature and warrant further investigation. Magnetization transfer imaging is sensitive
to myelin changes in the white matter. Using an innovative multimodal imaging analysis approach,
vertex-based surface statistics (VBSS), the current study vertexwise mapped age-related changes of mag-
netization transfer ratio (MTR) in SWM from young adulthood to old age (30–85 years, N 5 66). Results
demonstrated regionally selective and temporally heterochronologic changes of SWM MTR with age,
including (1) inverted U-shaped trajectories of SWM MTR in the rostral middle frontal, medial temporal,
and temporoparietal regions, suggesting continuing myelination and protracted maturation till age 40–50
years and accelerating demyelination at age 60 and beyond, (2) linear decline of SWM MTR in the middle
and superior temporal, and pericalcarine areas, indicating early maturation and less acceleration in age-
related degeneration, and (3) no significant changes of SWM MTR in the primary motor, somatosensory
and auditory regions, suggesting resistance to age-related deterioration. We did not observe similar pat-
terns of changes in cortical thickness in our sample, suggesting the observed SWM MTR changes are not
due to cortical atrophy. Hum Brain Mapp 37:1759–1769, 2016. VC 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Superficial white matter (SWM) lies immediately
beneath the cortical mantle and consists primarily of short
association fibers, called the U-fibers of Meynert [1872],
which make up the majority of corticocortical white matter
pathways in the human brain. After leaving the cortex,
U-fibers travel tangentially along the cortical folding
within SWM, and re-enter the adjacent cortex at a distance
up to 30 mm, connecting neighboring gyri. Within the cen-
tral nervous system, U-fibers are among the slowest myeli-
nating fibers and the myelination process may extend into
the fourth decade of life [Barkovich, 2000; Sch€uz et al.,
2006; Maricich et al., 2007; Reiser et al., 2008], which
makes the U-fibers and SWM vulnerable to cumulative
developmental insults. Understanding nondisease-related
changes in SWM during normal development and aging
can inform pathological changes associated with age-
related neurodegenerative disorders such as Alzheimer’s
disease. Microstructural changes in SWM during normal
development and aging have seldom been systematically
examined across the entire cortical mantle, except for
recent diffusion tensor imaging (DTI)-based studies prob-
ing fiber coherence in SWM [Tamnes et al., 2010; Phillips
et al., 2013; Wu et al., 2014]. However, to date no studies
have evaluated the accompanied biophysical changes of
the macromolecular protein pools (i.e., myelin) in SWM
from young adulthood to old age, which warrants further
investigation.

Magnetic resonance imaging (MRI) has been used to
study macro- and microstructural changes in white matter
(WM) from healthy young adulthood to old age. White mat-
ter volume shows a nonlinear decline with age in younger
adults, and reaches a plateau in middle age before progress-
ing precipitously in older adults [Jernigan et al., 2001; Raz
et al., 2005]. White matter hyperintensities (WMH), areas
with higher intensity than normal-appearing WM on
T2-weighted images, are also common and increase with age
in normal elderly adults [Ylikoski et al., 1995; Longstreth
et al., 1996]. White matter hyperintensities are believed to be
of ischemic origin except for lesions around the borders of
the ventricles (i.e., periventricular WMH) [Fazekas et al.,
1993; Spilt et al., 2006; Kim et al., 2008]. With the advent of
DTI, it became possible to noninvasively probe age-related
WM changes at a microscopic level. For deep white matter
tracts, age-dependent decrease in fractional anisotropy
(FA) is more prominent in association tracts (i.e., the supe-
rior longitudinal fascicle, inferior fronto-occipital fascicle,
and inferior longitudinal fascicle) than projection tracts
[Stadlbauer et al., 2008]. Specifically, age-related deteriora-
tion is greater in the anterior than posterior segments of
association tracts [Davis et al., 2009]. In SWM, age-related
decrease of FA is more pronounced in the prefrontal white
matter, relative to parietal regions [Sullivan et al., 2001;
Phillips et al., 2013], whereas increase in radial diffusivity
(RD) is observed in widespread SWM regions [Phillips
et al., 2013].

Magnetization transfer (MT) imaging has been used to
examine developmental and pathological changes in the
macromolecular protein pools of brain tissues, through
indirect measurement of protons bound to macromolecules
[Chen et al., 2008; Kumar et al., 2009]. Compared to free
protons in tissue water, protons bound to macromolecules
(e.g., myelin in WM and cell membrane proteins and
phospholipids in gray matter [GM]) are less mobile and
usually undetectable by conventional MRI, as bound pro-
tons have very short T2 relaxation time and MR signal
from bound protons decays rapidly to the noise level
before data readout [Wolff and Balaban, 1989; Henkelman
et al., 2001; Cercignani and Alexander, 2006]. In MT imag-
ing, an off-resonance prepulse is applied to selectively sat-
urate the bound protons, and magnetization is then
transferred from the saturated bound protons to free pro-
tons through exchange mechanisms such as chemical
exchange and direct dipolar coupling. Magnetization
transfer leads to decreased MR signal from the free pro-
tons. The contrast between MT images with and without
the saturation prepulse indirectly measures the bound pro-
tons and accordingly informs the biophysical integrity of
macromolecular protein pools in brain tissue [Mehta et al.,
1996]. Within WM, MT effects are dominantly contributed
by the macromolecular protein pools associated with mye-
lin [Stanisz et al., 1999]. Therefore, magnetization transfer
ratio (MTR), a contrast index derived from MT images,
can probe changes in macromolecular protein pools and
provide specific information on the myelin status in WM.

Previous studies on age-related MTR changes in WM
have reported inconsistent findings that the MTR either
remained relatively stable [Mehta et al., 1995], or increased
[Armstrong et al., 2004], or decreased [Hofman et al., 1999;
Ge et al., 2002; Fazekas et al., 2005] from healthy young
adulthood to old age. In these studies, linear age effects
were evaluated on regional MTR with region of interest
(ROI)-based methods [Mehta et al., 1995; Armstrong et al.,
2004; Fazekas et al., 2005] or on global MTR using
histogram-based approaches [Hofman et al., 1999; Ge
et al., 2002]. While providing valuable insights into the
WM development and aging, these studies lacked fine spa-
tial details in probing MTR changes and did not model
nonlinear age effects, which might jointly lead to the afore-
mentioned inconsistency. Therefore, MT-based studies
with finer spatial scales and nonlinear age models are
needed to clarify the changing patterns of macromolecular
protein pools (i.e., myelin) in SWM from young adulthood
to old age.

In the current study, we developed an innovative multi-
modal image analysis approach, vertex-based surface sta-
tistics (VBSS), to automatically map individual SWM MTR
onto a common surface and vertexwise characterize the
effects of age on SWM MTR across the entire cortex in
healthy adults from 30 to 85 years of age. Consistent with
previous findings on regional WM variations in DTI-
derived indices [Tamnes et al., 2010; Phillips et al., 2013;
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Wu et al., 2014], we hypothesized that SWM would pres-
ent regionally selective and temporally heterochronologic
changes in MTR from young adulthood to old age.

MATERIALS AND METHODS

Subjects

The data of this study were collected at the University
of Illinois at Chicago (UIC), Department of Psychiatry. Par-
ticipants selected for this study were all healthy volunteers
with age of 30 and older, and were recruited from the
greater Chicago area through flyers and local advertise-
ments. Exclusion criteria included: current or past history
of neurological and psychiatric disorders (i.e., dementia,
stroke, seizure, transient ischemic attack, and depression),
learning disability or attention deficit hyperactivity disor-
der, significant head trauma, active psychotropic medica-
tion, current or past history of substance dependence, and
Type 1 or Type 2 diabetes.

The subject sample consisted of 66 healthy adults in the
age range of 30–85 years, of which 36 participants were
females and all were right handed. The sample had a
mean age of 60.22 6 14.51 years (mean 6 standard devia-
tion), mean full scale IQ at 106.80 6 12.20, mean years of
education at 16.03 6 3.00, mean Cumulative Illness Rating
Scale (CIRS) at 3.80 6 2.52, mean Mini-Mental Status
Examination (MMSE) score at 29.20 6 0.95, mean Hamilton
Depression Rating Scale (HDRS) score at 1.00 6 1.38, and
mean hemoglobin A1c (HbA1c) level at 5.62 6 0.34%
(38 6 3.7 mmol/mol). The study was approved by the UIC
Institutional Review Board and written informed consent
was obtained from all participants.

MRI Data Acquisition

MRI scans were performed on a Philips Achieva 3T
scanner (Philips Medical Systems, Best, the Netherlands)
with an 8-element phased-array (Philips SENSE-Head-8)
coil. Participants were equipped with soft ear plugs, posi-
tioned comfortably in the head coil using custom-made
foam pads to minimize head motion, and instructed to
remain still. The MT images were acquired using a three-
dimensional (3D) spoiled gradient-echo sequence with
multishot echo-planar imaging (EPI) readout: TR/TE 5 64/
15 ms, flip angle 5 98, FOV 5 24 cm, 67 axial slices, slice
thickness/gap 5 2.2 mm/no gap, EPI factor 5 7, recon-
structed voxel size 5 0.83 3 0.83 3 2.2 mm3, P reduction
factor 5 2, with a nonselective five-lobed Sinc-Gauss off-
resonance MT prepulse (B1/Df/dur 5 10.5 lT/1.1 kHz/
24.5 ms) [Smith et al., 2006]. The image slices were pre-
scribed axially, parallel to the anterior commissure–poste-
rior commissure plane. Prior to the MT scan, a high
resolution 3D T1-weighted (T1w) magnetization prepared
rapid acquisition gradient echo (MPRAGE) image was
acquired: TR/TE 5 8.4/3.9 ms, flip angle 5 88,

FOV 5 24 cm, 134 axial slices/no gap, reconstructed voxel
size 5 0.83 3 0.83 31.1 mm3, for intersubject cortical spa-
tial normalization and registration.

Image Processing

The proposed VBSS analysis pipeline of T1w and MT
images is summarized in Figure 1. For each subject, Free-
Surfer (https://surfer.nmr.mgh.harvard.edu/) was used
on the T1w image for automated intersubject cortical spa-
tial normalization and for cortical thickness estimation,
based on individual’s cortical folding patterns. Customized
manual interventions were applied when the automated
processing stream failed. Individual T1w image was first
linearly registered to the Talairach space [Talairach and
Tournoux, 1988; Collins et al., 1994]. This transformation
result was visually checked and was manually reoriented
and/or scaled when necessary. Next, the intensity varia-
tion in WM was used to estimate the bias field from B1

inhomogeneity, which was used for intensity inhomogene-
ity correction on the T1w image. Skull stripping was per-
formed to remove the nonbrain tissue using a deformable
model, and WM was segmented based on intensity and
neighbor constraints. The brain mask was also visually
inspected and input parameters were adjusted to improve
skull stripping. Control points were manually added
within the WM boundary to avoid erroneous WM segmen-
tation. Next, the white surface (gray–white boundary) was
generated by tilting the outside of the WM and refined by
following the intensity gradient between GM and WM.
The pial surface was estimated by nudging the WM sur-
face to follow the intensity gradients between GM and
CSF. Cortical surface of each hemisphere was inflated,
warped, and normalized to the standard average spherical
atlas based on cortical folding patterns (individual T1w
surface ! template surface) [Dale et al., 1999; Fischl et al.,
1999a, 1999b].

For each subject, the MT images with (Ms) and without
the MT prepulse (M0) were coregistered for motion correc-
tion, and the MTR image was voxelwise calculated using
the following formula: MTR 5 (M0 2 Ms)/M0. The Ms

image was further coregistered with the T1w image. Skull
stripping was performed on both images (Ms and T1w)
prior to coregistration for improved accuracy. With the Ms

! T1w intrasubject transformation, SWM MTR was aver-
aged and projected onto individual WM surface. Specifi-
cally, to reduce partial volume effects, SWM MTR at each
vertex was determined by averaging the MTR values of
SWM sampled along the WM surface normal from 1 mm
to up to 5 mm of distance to the WM surface. The SWM
MTR surface map in individual T1w surface space was
further projected onto the common template surface using
the T1w ! template surface transformation. Surface-based
smoothing with a 10-mm FWHM Gaussian kernel was
then applied to the warped SWM MTR surface maps. The
proposed multimodal image analysis method, called
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Figure 1.

Analysis pipeline of vertex-based surface statistics (VBSS) (L 5 left; R 5 right). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com


Figure 2.

(a) Significant age-associated changes of SWM MTR from young

adulthood to old age (age range: 30–85 years). The gold-edged clus-

ters outline the SWM regions that survived multiple comparisons

with a corrected P< 0.0001. (LH 5 left hemisphere; RH 5 right

hemisphere). (b) Scatterplots of SWM MTR (y-axis) and age (x-axis)

at four representative vertices as marked in (a): (1) right rostral mid-

dle frontal, (2) right middle temporal, (3) left parahippocampus, and

(4) right anterior cingulate cortex (ACC) (L 5 left; R 5 right).

Depending on the “goodness of fit” r2, the curves in the graphs rep-

resent linear or quadratic line fittings of SWM MTR and age. [Color

figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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“vertex-based surface statistics (VBSS),” maps SWM MTR
images from individual space onto the common template
surface and facilitates vertexwise cross-subject statistical
comparisons of SWM MTR across the cortical surface.

Statistical Analysis

General linear model (GLM) analyses were performed to
test the effects of gender and age on SWM MTR and corti-
cal thickness at each vertex, with linear and quadratic
terms of age (age and age2) as continuous covariates. A
cluster-size threshold was estimated with Monte Carlo
simulation (10,000 iterations of simulation) and was used
to correct for multiple comparisons [Hagler et al., 2006].

RESULTS

Preliminary Analyses

The GLM analyses with age and gender as between-
subject contrasts yielded no significant main effect of gen-
der or age 3 gender interaction (corrected P’s< 0.05).
There were no significant gender-related variations in
SWM MTR or gender-related differences in the rates of
SWM MTR change with age. Therefore, male and female
participants are combined in the following GLM analyses
of age effects.

Age Effects on SWM MTR

The association between SWM MTR and age was ver-
texwise evaluated using GLM. The effects of age on SWM
MTR were illustrated in Figure 2, in which the gold-edged
clusters outlined the SWM areas that survived multiple
comparisons (corrected P< 0.0001). Significant age-related
changes of SWM MTR was observed in widespread SWM
regions across all brain lobes: the frontal lobe (bilateral
rostral middle frontal, inferior frontal [pars triangularis,
pars orbitalis], lateral orbitofrontal, insula, and medial
superior frontal), the limbic lobe (bilateral caudal anterior
cingulate and parahippocampus), the temporal lobe (bilat-
eral superior and middle temporal, fusiform, and left infe-
rior temporal cortex), the parietal lobe (bilateral angular
gyri), and the occipital lobe (bilateral cuneus, pericalcar-
ine, lingual, and lateral occipital cortices). In contrast,
there is no significant change of SWM MTR with age in
the SWM regions associated with basic motor and sensory
functions, such as the primary motor cortex (precentral),
somatosensory cortex (postcentral), auditory cortex
(Hechl’s or transverse temporal gyri), and tertiary hetero-
modal regions (superior parietal and superior lateral
frontal).

To illustrate the heterogeneous patterns of relationship
between SWM MTR and age, SWM MTR was plotted by
age at 25 SWM vertices in Figure 3. Linear decrease of
SWM MTR with age was presented in SWM regions

including the frontal lobe (lateral orbitofrontal [Fig. 3b,r],
medial superior frontal [Fig. 3j,s]), the limbic lobe (the
anterior cingulate [Fig. 3k,u,t]), the temporal lobe (middle
and superior temporal [Fig. 3p,e]), and the occipital lobe
(pericalcarine [Fig. 3y]). Quadratic age effects on SWM
MTR were observed in the frontal lobe (rostral middle
frontal [Fig. 3a,q], medial orbitofrontal [Fig. 3l]), the limbic
lobe (parahippocampus [Fig. 3i,x]), the parietal lobe
(supramarginal [Fig. 3o], the inferior parietal [Fig. 3f,m]),
and the occipital lobe (lingual [Fig. 3h]). No significant
age-related changes in SWM MTR were observed in the
primary motor (precentral, Fig. 3d,n) and somatosensory
(postcentral, Fig. 3c), and supplementary motor areas
(paracentral, Fig. 3g,v).

Age Effects on Cortical Thickness

Significant cortical thinning with age was found in the
primary motor and sensory regions (the precentral gyrus,
occipital lobe/calcarine), and association cortices (the right
inferior frontal gyrus, right supramarginal, isthmus of
cingulate, superior and middle temporal regions) (corrected
P< 0.01, Supporting Information Fig. 1).

DISCUSSION

To the best of our knowledge, this is the first study to
vertexwise characterize the age-related changes in SWM
MTR across the entire cortical mantle from healthy young
adulthood to old age (30–85 years). We found regionally
selective and temporally heterochronologic changes of
SWM MTR with age, including: (1) inverted U-shaped tra-
jectories of SWM MTR with age in the rostral middle fron-
tal, medial temporal, and temporoparietal regions, which
suggests myelination and protracted maturation of SWM
till age 40–50 years and accelerating demyelination at age
60 years and beyond, (2) linear decline of SWM MTR with
age in the middle and superior temporal, and pericalcarine
areas, which may be interpreted as early maturation and
less acceleration in age-related degeneration of SWM, and
(3) no significant changes in SWM MTR in the primary
motor (precentral), somatosensory (postcentral), auditory
(Hechl’s gyri) regions, which indicates early maturation
and resistance to age-related deterioration of SWM.

SWM MTR in the rostral middle frontal, medial temporal
(e.g., parahippocampus), and temporoparietal (e.g., supra-
marginal) regions followed inverted U-shaped trajectories
with age. In these regions, SWM MTR increased slowly to 40
years of age, reached a plateau, and remained relatively sta-
ble during age 40–50 years before declining precipitously at
age 60 years and beyond. In line with our observations,
other studies reported similar inverted U-shaped patterns of
change in WM volume ratio (i.e., the ratio of WM volume to
total intracranial volume) and microstructure during normal
aging [Bartzokis et al., 2001, 2012; Raz et al., 2010; Imperati
et al., 2011; Kochunov et al., 2011; Taki et al., 2011; Chen

r Superficial White Matter Myelin Mapping by VBSS r

r 1764 r



et al., 2013]. Using a longitudinal design of over 6 years,
Taki and colleagues showed that the WM ratio increased
until around 50 years old before starting to decrease, follow-
ing an inverted U-shaped curve [Taki et al., 2011]. Further,
DTI-based studies also reported inverted U-shaped trajecto-
ries of WM microstructural changes with age [Imperati
et al., 2011; Kochunov et al., 2011; Bartzokis et al., 2012;
Chen et al., 2013]. Chen et al. demonstrated that in both
humans and chimpanzees, the FA of regional and global
WM exhibited a quadratic (inverted U-shaped) relationship
with age [Chen et al., 2013]. Phillips et al. reported similar
age-related changes in FA and RD in the middle frontal and
temporoparietal (including supramarginal and angular)
regions, but not in parahippocampus in healthy participants
within a similar age range as those recruited in the present
study [Phillips et al., 2013]. Consistent with these findings,
the present study contributes that SWM MTR in above
regions also follows inverted U-shaped developmental tra-
jectories from young adulthood to old age.

SWM MTR in several regions (e.g., the middle and supe-
rior temporal [Fig. 3p,e] and the pericalcarine [Fig. 3y]
regions) linearly declined with age. Similar linear changes
of the microstructural measures of SWM with age were
also reported in [Phillips et al., 2013]. Specifically, Phillips
et al. [2013] demonstrated that SWM FA decreased linearly
with age in the superior and middle temporal regions,
accompanied by complementary increase of SWM RD in
these regions. One possible explanation is that the SWM in
these regions may mature earlier (e.g., before 30 years old)
and have earlier onsets but less acceleration of MTR
decline with age. With the limited age range of 30–85
years, the current study might not be able to capture
increasing SWM MTR in these regions, but only character-
ized the linear decline of SWM MTR with age. Future
work is needed to include younger individuals (i.e., <30
years of age) to verify this explanation.

MT imaging has been utilized to monitor changes in
myelin integrity during normal brain development

Figure 3.

Scatterplots of SWM MTR and age (graphs a–y) are shown at

representative SWM vertices at different anatomical locations

(as marked in red dots). The graphs were plotted with age on

the x-axis (age range: 30–85 years) and SWM MTR on the

y-axis. Left hemisphere: (a) rostral middle frontal, (b) lateral

orbitofrontal, (c) postcentral, (d) precentral, (e) superior tempo-

ral, (f) inferior parietal, (g) paracentral, (h) lingual, (i) parahippo-

campus, (j) medial superior frontal, (k) rostral anterior cingulate,

and (l) medial orbitofrontal. Right hemisphere: (m) inferior pari-

etal, (n) precentral, (o) supramarginal, (p) middle temporal,

(q) rostral middle frontal, (r) lateral orbitofrontal, (s) medial

superior frontal, (t) caudal anterior cingulate, (u) rostral anterior

cingulate, (v) paracentral, (w) precuneus, (x) parahippocampus,

and (y) pericalcarine. Depending on the “goodness of fit” r2, the

curves in the graphs represent linear or quadratic line fittings.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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[Engelbrecht et al., 1998] and aging [Silver et al., 1997], as
well as disease progression [Horsfield et al., 2003; Fox
et al., 2005; Zaaraoui et al., 2008]. Animal and human
studies of multiple sclerosis have shown that brain regions
with low MTR are accompanied by considerable myelin
loss, and there is a significant correlation between MTR
and the level of demyelination [Dousset et al., 1992; Bro-
chet and Dousset, 1998; Schmierer et al., 2004], suggesting
MTR as a marker of myelin integrity. Further, using an
animal model of experimental chronic cerebral hypoperfu-
sion to mimic age-related WM alterations, Holland et al.
demonstrated that MTR is a sensitive marker of myelin
damages and is capable of detecting diffuse and subtle
biophysical changes in myelin during brain aging [Holland
et al., 2011]. Because MTR is proportional to the macromo-
lecular protein pools in WM (i.e., myelin), increased MTR in
WM in developing brains is attributed to myelination [Barko-
vich, 2000; van Buchem et al., 2001], whereas reduced MTR
in WM is attributed to myelin abnormalities, especially mye-
lin loss or demyelination as seen in neurodegenerative brains
[Silver et al., 1997].

As a sensitive marker of myelin integrity, divergent tra-
jectories of SWM MTR with age (i.e., SWM MTR peaks or
decreases at different ages or rates) suggest that myelin
change (such as myelination, myelin loss or demyelin-
ation) in SWM occurs at varying paces across the cerebral
cortex. Specifically, myelin in SWM regions including the
rostral middle frontal, medial temporal and temporoparie-
tal junction regions follows inverted U-shaped trajectories
with age, with continuing myelination and relatively pro-
tracted maturation till age 40–50 years, and accelerating
demyelination at age 60 years and beyond. In contrast, the
primary motor (precentral), somatosensory (postcentral)
and auditory (Hechl’s gyri) regions do not show age-
related deterioration in SWM. In line with our observa-
tions, minimal age-related changes of SWM FA and RD
were reported in the precentral and postcentral areas
[Phillips et al., 2013]. These converging findings suggest
myelin integrity in these SWM regions is largely main-
tained in normal aging.

Regionally varying susceptibility to myelin degradation
in SWM during normal aging may relate to different mye-
lination mechanisms and fiber profiles in the regions. In
the central nervous system, oligodendrocytes produce and
maintain myelin [F€unfschilling et al., 2012], and they are
markedly heterogeneous through the protracted develop-
mental process of SWM. Compared with oligodendrocytes
in the early-myelinating SWM regions (e.g., the primary
somatosensory and motor regions), oligodendrocytes in
the late-maturing SWM regions (e.g., parahippocampus)
produce thinner myelin, ensheathe more axons of smaller
diameters in diverse directions, have slower rate of turn-
over and are less efficient for myelin repair [Wood
and Bunge, 1984; Bartzokis, 2004]. The characteristics of
late-differentiating oligodendrocytes may render the late-
myelinating SWM regions more vulnerable to age-related

degenerative processes, with accelerating decline after age
60 years. In contrast, early-differentiating oligodendrocytes
produce thicker myelin, sheathe fewer axons of larger
diameters, and have more rapid myelin turnover as well
as a better ability for myelin repair [Wood and Bunge,
1984; Bartzokis, 2004], which may lead to resistance to
age-related deterioration in the early-myelinating SWM
regions (e.g., the primary somatosensory and motor
regions). Stereological studies demonstrated that thou-
sands of kilometers of thin fibers were lost but essentially
all the thick fibers were retained during normal aging
[Tang et al., 1997; Pakkenberg et al., 2003], suggesting thin
fibers are more prone to age-related degeneration. It is
possible that varying properties of oligodendrocytes may
contribute to the regionally varying vulnerability of SWM
myelin. However, future work is needed to combine
imaging and histological methods to directly link proper-
ties of oligodendrocytes with vulnerability of SWM myelin
during aging.

The heterogeneous relationships between SWM MTR
and age across the cortex may provide an explanation for
inconsistent findings of previous MT-based studies on
WM aging. Armstrong et al. reported significant positive
correlation between MTR and age [Armstrong et al., 2004],
which deviated from reports of negative correlations [Sil-
ver et al., 1997; Hofman et al., 1999; Ge et al., 2002] or no
age effect on MTR [Mehta et al., 1995] in regional or global
WM. These studies used ROI-based or global histogram-
based approaches, which averaged MTR changes in large
areas and might miss sub-regional variations. In contrast,
VBSS can detect MTR changes in SWM with a finer spatial
resolution. Further, these studies only examined linear
relationships between MTR and age, which might over-
shadow possible quadratic relationships in some SWM
regions.

We evaluated the linear and quadratic effects of age on
cortical thickness as well (see Supporting Information
Fig. 1), which aligned well with the literature findings. For
example, in the present study, significant cortical thinning
with age was observed in the inferior frontal gyrus and
superior and middle temporal gyrus, which were among
regions with the strongest age effects across multiple sam-
ples [Fjell et al., 2009]. Significant age effects were also
found in fusiform and pericalarine, which were previously
found to be very prone to age effects [Fjell et al., 2009].
Our data also demonstrated significant decrease of cortical
thickness with age in the precentral gyrus, which was
found in some samples [Salat et al., 2004] but not in others
[Fjell et al., 2009]. Comparing Figure 2 and Supporting
Information Figure 1, there is no substantial spatial over-
lap in the age effects between SWM MTR and cortical
thickness. For example, age-related decrease of SWM MTR
was observed in a large frontal SWM area encompassing
the orbitofrontal, inferior frontal, rostral middle frontal,
and superior frontal regions, while change in cortical
thickness was observed only in smaller areas of left
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orbitofrontal and right inferior frontal regions. In addition,
cortical thickness of the primary motor region decreased
linearly with age, but the SWM MTR of the same region
did not demonstrate an age-related decline. Distinct age
effects on SWM and cortical GM suggest that the age-
related changes of SWM MTR in the present study were
not due to cortical atrophy but reflected alterations of
SWM myelin with age.

Several limitations of the present study should be con-
sidered. Firstly, we used MTR to measure the myelin sta-
tus in SWM, which is based on a two-pool model for
quantitative interpretation of MT effects [Henkelman et al.,
1993]. More complex biophysical models have been pro-
posed and may provide additional insight into the under-
lying mechanisms of MT effects. Secondly, while MTR is a
valid and useful measure for quantitation of MT effects,
the actual amount of magnetization transfer depends on
two competing processes: the exchange of magnetization
between tissue compartments and the recovery of magnet-
ization from T1 relaxation within each tissue compartment.
As a result, MTR may depend on tissue type and MT
pulse sequences and parameters [Henkelman et al., 2001].
Such variations make it difficult to compare results across
studies and may have also contributed to the inconsistent
findings of MTR in WM aging in the literature. Thirdly,
animal and human postmortem MT and histopathological
studies have shown that MTR is a sensitive marker of
semisolid constituents of biological tissue and primarily
reflects myelin in the white matter [Deloire-Grassin et al.,
2000; Levesque and Pike, 2009]. However, it was previously
reported that MTR was also correlated with the change in
water content due to inflammation and edema in pathologi-
cal tissue [Vavasour et al., 2011]. Contradictorily, some
studies showed that the changes of T1 due to edema and
inflammation had minimal effect on MTR in acute lesions
[Giacomini et al., 2009; Vavasour et al., 2011] and the
effects of edema on MTR in nonacute lesions were only
moderate [Ropele et al., 2000]. These contradictory find-
ings warrant caution when associating MTR with myelin
in the presence of edema and/or inflammation. Whether
in the presence or absence of edema and/or inflamma-
tion, there were consistent correlations between MTR and
myelin integrity in the above studies. This study only
involved healthy participants, in which edema and
inflammation in brain tissues were negligible; therefore
the MTR measured in the present study primarily
reflected the integrity of myelin in SWM.

Other limitations of the present study are included below.
Partial volume effects can influence the calculation of SWM
MTR. To reduce the partial volume effects, we sampled and
averaged SWM MTR from 1 up to 5 mm from the GM/WM
boundary. A cross-sectional instead of longitudinal design
was used in this study. The cross-sectional design evaluates
age-related changes through correlations, which is inher-
ently vulnerable to intersubject variance and cohort effects.
The present study has a relatively modest sample size
(N 5 66), which may not have sufficient power to detect

subtle myelin changes in some SWM areas. Future studies
with more participants and longitudinal designs will be
valuable to further confirm our findings.
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