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Abstract

As indicated by several recent studies, magnetic susceptibility of the brain is influenced mainly by
myelin in the white matter and by iron deposits in the deep nuclei. Myelination and iron deposition
in the brain evolve both spatially and temporally. This evolution reflects an important
characteristic of normal brain development and ageing. In this study, we assessed the changes of
regional susceptibility in the human brain in vivo by examining the developmental and ageing
process from 1 to 83 years of age. The evolution of magnetic susceptibility over this lifespan was
found to display differential trajectories between the gray and the white matter. In both cortical
and subcortical white matter, an initial decrease followed by a subsequent increase in magnetic
susceptibility was observed, which could be fitted by a Poisson curve. In the gray matter,
including the cortical gray matter and the iron-rich deep nuclei, magnetic susceptibility displayed
a monotonic increase that can be described by an exponential growth. The rate of change varied
according to functional and anatomical regions of the brain. For the brain nuclei, the age-related
changes of susceptibility were in good agreement with the findings from R2" measurement. Our
results suggest that magnetic susceptibility may provide valuable information regarding the spatial
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and temporal patterns of brain myelination and iron deposition during brain maturation and

ageing.
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INTRODUCTION

Magnetic susceptibility maps derived from gradientecho MRI provide unique and excellent
contrast among various cortical and subcortical gray- and white-matter tissues [de Rochefort
et al., 2010; Shmueli et al., 2009; Wharton et al., 2010]. The excellent tissue contrast is
attributed to the sensitivity of magnetic susceptibility to the spatial variations of molecular
or cellular components that have different magnetic properties than bulk water, especially
iron and myelin [Duyn et al., 2007]. In cerebral cortex and white matter, iron content is low,
in the range of 10-60 pg/g w/w [Haacke et al., 2005], and the cortical gray- and white-
matter contrast appears to be dominated by myelin [Langkammer et al., 2012; Lee et al.,
2012; Liu et al., 2011]. In subcortical gray-matter regions, however, myelin content is low,
and iron content can be two- to eightfold higher than that in cortical gray matter [Haacke et
al., 2005]. Hence, iron may play a major role in determining the magnetic susceptibility in
these regions [Schweser et al., 2011; Shmueli et al., 2009].

Over the course of the lifespan, the chemical composition of gray and white matter in the
brain evolves both temporally and spatially. Progressive accumulation of iron has been well
documented in many brain regions, especially in subcortical gray-matter nuclei [Haacke et
al., 2005; Hallgren and Sourander, 1958]. In the white matter, myelin synthesis and
formation at young ages and regional myelin break down at old ages were also well known
[Bartzokis, 2004b]. As a result, we expect magnetic susceptibility of various brain tissues to
change dramatically as a function of age. As susceptibility mapping is increasingly being
applied clinically as a tool for characterizing brain tissue abnormalities, for example cerebral
bleeds [Liu et al., 2012], calcification [Schweser et al., 2010], Parkinson’s diseases
[Lotfipour et al., 2012], multiple sclerosis [Chen et al., 2012; Liu and Li, 2012], and so on,
knowledge of the developmental trajectories of magnetic susceptibility in different brain
regions is of particular importance for the assessment and diagnosis of various neurological
diseases. Although the previous studies have demonstrated the lack of gray-white matter
contrast in neonates (Zhong et al., Neurolmage 2011) and also the susceptibility differences
between young and elderly groups [Bilgic et al., 2012], the exact developmental trajectory
of magnetic susceptibility as a function of age is unknown.

In this study, we measured magnetic susceptibility of human brains in vivo ranging from age
1 to 83 years old. We quantified the temporal trajectory of magnetic susceptibility in various
brain regions, including major white-matter fiber bundles, cortical gray and white matter,
and iron-rich deep brain nuclei. Our aim is to provide a quantitative characterization of the
evolution of magnetic susceptibility owing to brain development and ageing. We anticipate
that this knowledge will allow us to gain more insight into the potential abnormalities of
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magnetic susceptibility that arise from various neurological diseases and neural
degeneration. In particular, evaluating susceptibility changes in normal brain development
and ageing may provide a reference for evaluating brain demyelination and iron deposits in
diseased brains.

MATERIALS AND METHODS
Brain MR Imaging

A total of 191 subjects (106 F/85 M) were included in this retrospective study. Although the
subjects of 7 years and older were healthy volunteers (age, 7-83 y/o, n = 174), the children
(age, 1-5 y/o, n = 7) were diagnosed with cerebral palsy (CP). It was recognized that the
inclusion of CP patients introduced heterogeneity into the population. This inclusion,
however, was necessary to obtain information on early brain development, as recruiting
healthy infants and children for an MRI study is generally difficult if not entirely impossible
when clinical benefits are not present. To minimize the impact of nonhomogeneous
population, the following inclusion criterion was applied: subjects with CP had to be
hemiplegic, and the analysis was performed on the normal-appearing hemisphere.
Furthermore, analysis was performed both with and without inclusion of CP subjects.

The subjects were scanned at the Brain Imaging & Analysis Center of Duke University
using a GE HDx or a MR750 3T scanner (GE Healthcare, Waukesha, W1), or at the Medical
University of Graz, Austria using a Siemens TimTrio 3T Scanner (Siemens, Erlangen,
Germany). Because of the retrospective nature of the study, imaging protocols and scanners
employed varied among the scans. To minimize the impact of varying scan parameters, all
the images were resampled to the same spatial resolution of 0.9 x 0.9 x 4 mm? through
operations in k-space. Only images with similar echo times (25.6 + 1 ms) were used to
calculate frequency shift and susceptibility, whereas multiecho data with echo time (TE)
values in the approximate range of 4-26 ms were used for the calculation of R2”, except in
the seven youngest subjects (age, 1.3-5.1 y/0). For these seven subjects, frequency and
susceptibility were quantified from the single-echo data with a TE of 40 ms, whereas R2”
maps were not calculated. In addition, the accuracy of susceptibility mapping with lower
through-plane resolution was evaluated by comparing with the results obtained from images
of 1-mm isotropic spatial resolution (Supporting Information Material S1).

The seven subjects (age, 1.3-5.1 y/o, 3 F/4 M) with CP were scanned on the GE HDx
scanner using a gradient echo sequence with TE = 40 ms, repetition time (TR) = 50 ms, and
an original spatial resolution of 1 x 1 x 1 mm3. After spatial resampling to 0.9 x 0.9 x 4
mm?3, phase and susceptibility were calculated. The 15 healthy subjects (age, 8.1-11.1 y/o, 6
F/9 M) were scanned on the GE MR750 scanner using a multigradient-echo sequence with
TE1 =5 ms, echo spacing = 2.94 ms, eight echoes, TR = 55 ms, and an original spatial
resolution of 0.6 x 0.6 x 1.5mm3. After resampling, the images of the 8th echo (TE = 25.6
ms) were used to calculate frequency shift and magnetic susceptibility, and R2* was
calculated from the magnitude of all eight echoes (TE = 5-25.6 ms). Ten healthy subjects
(age, 14-19 y/o, 6 F/4 M) were scanned on the GE MR750 scanner using a multigradient-
echo sequence with TE1 = 4 ms, echo spacing = 2.82 ms, 10 echoes, TR = 41 ms, and an
original spatial resolution of 0.8 x 0.8 x 2mm3. After resampling, the images of the 9th echo
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(TE = 26.5 ms) were used to calculate frequency shift and magnetic susceptibility, and R2*
was calculated from the magnitude of all nine echoes (TE = 4-26.5 ms). Five healthy
subjects (age, 25.5-32.7 y/o, 1 F/4 M) were scanned on the GE MR750 scanner with a
multigradientecho sequence with TE1 = 5 ms, echo spacing = 2.3 ms, 16 echoes, TR = 55
ms, and original spatial resolution of 1 x 1 x 1mm3, After resampling, the images of the 10th
echo (TE = 25.7 ms) were used to calculate frequency shift and magnetic susceptibility, and
the images of the first 10 echoes (TE = 5-25.7 ms) were used to calculate R2”. In total, 155
healthy subjects (age, 25.0-83.2 y/o, 90 F/64 M) were scanned on the Siemens TimTrio
scanner using a multigradient-echo sequence with TE1 = 4.92 ms, echo spacing = 4.92 ms,
six echoes, TR = 35 ms, and an original spatial resolution of 0.9 x 0.9 x 2 mm?3 or 0.9 x 0.9
x 4 mm3, After resampling, the images of the 5th echo (TE = 24.6 ms) were used to
calculate frequency shift and susceptibility, and the images of the first five echoes (TE =
4.92—- 24.6 ms) were used to calculate R2”. As a result, all susceptibility maps were
calculated with a TE around 25 ms except for seven subjects. Participants provided informed
consent for experiments approved either by the institutional review boards of the Duke
University, Durham VA Medical Center or by the Medical University of Graz.

Image Analysis

Brain images were reconstructed using the complex k-space data for each receiver coil, and
then separated into magnitude and phase. The resulting magnitude images were combined
and used to extract the brain tissue. The extractions were performed using the brain
extraction tool in FSL [Smith, 2002]. R2" was calculated by fitting the logarithm of the
image magnitude with a linear model. Phase maps were unwrapped using a Laplacian-based
phase unwrapping method [Li et al., 2011]. The unwrapped phase maps from all coils were
then normalized by the corresponding echo times and averaged to yield the frequency shift
using the following equation:

Z?:zl%‘e

Af: ?::ITEZ’S @)

Here, ne is the number of echoes, ¢ is the image phase, and Af is the frequency shift. Using
the resulting frequency shift, a background frequency was removed using a modified
SHARP method [Schweser et al., 2011]. Specifically, the diameter of the spherical mean
filter decreases toward the brain boundary [Li et al., 2011; Wu et al., 2012]. Susceptibility
maps were derived by solving the following equation [Marques and Bowtell, 2005; Salomir
et al., 2003] using the LSQR method [Li et al., 2011]:
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where 7y is the gyromagnetic ratio of water protons, Hg is the applied field strength, FT
represents the Fourier transform, FT~1 represents the inverse Fourier transform, k is the
spatial frequency vector, H is the unit directional vector of the applied field, and X is the
magnetic susceptibility. Although different pulse sequence and scan parameters were used,
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both R2™ and susceptibility are quantitative measures of tissue properties, and are not
expected to be sensitive to small variations in scan parameters.

To assess susceptibility evolution in various anatomical structures, one may select these
structures based on a common brain atlas or segment out these structures manually.
Although aligning individual brains to a common atlas may be more efficient, registering
brains of ages from 1 to 83 years old to a common atlas is currently not practical owing to
large variations in tissue contrast and brain anatomy. It has been reported that the shape of
brain structures, such as the subthalamic nucleus, changes locally with age [Keuken et al.,
2013]. To date, there is still a lack of robust 4D developmental atlases that are suitable for
this study. In addition, imperfect registration is problematic for analyzing small anatomical
structures including cortical gray matter and white matter. Owing to these concerns, we
instead manually outlined regions of interest (ROIs) based on their anatomical features. The
ROIs were drawn using an in-house developed software that can easily switch among the
susceptibility, R2*, and magnitude of all TEs to select the best contrast for delineation of
brain tructures. Specifically, the ROIs for iron-rich nuclei and subcortical white-matter fiber
bundles were selected based on magnitude with a TE of approximately 25 ms (or 40 ms for
the CP subjects). Three subcortical white-matter fiber bundles were measured, including the
internal capsule (IC), splenium of corpus callosum (SCC), and optic radiation (OR). Owing
to the high level of structural complexity, the ROIs of these structures were drawn on 1-2 of
the most representative axial slices at similar axial locations (Figs. 2 and 3). Six iron-rich
deep nuclei, including the putamen (PU), globus pallidus (GP), caudate nuclei (CN), red
nuclei (RN), substantia nigra (SN), and dentate nuclei (DN) were assessed with ROI,
covering the entire anatomical structure. The ROI was drawn conservatively by excluding
voxels at the tissue boundaries to minimize partial volume effects. The ROIs of two
representative cortical regions, the sensory cortex (SC) and motor cortex (MC), were drawn
on the magnitude of the first echo. The resulting ROIs were then mapped onto susceptibility
and R2" images as a means of quality control. Minor modifications of the ROIs were made
when necessary. The same set of ROIs was used to determine the values of both
susceptibility and R2”*. During the ROI drawing, the age of the subject was kept unknown to
reduce the impact of ROI selection on evaluating the susceptibility/R2"-age relationship.

As susceptibility is a relative measure, previous studies frequently set the susceptibility
reference to cerebrospinal fluid (CSF) or other tissue. In this study, we proposed to use the
magnetic susceptibility values directly for comparison, as this can reduce potential errors
caused by reference selections. The reliability of this approach was analyzed by comparing
the results with another analysis where susceptibility values were referenced to CSF
(Supporting Information Material S2).

Fitting the Data to Empirical Developmental Models

A variety of analytical models have been proposed to describe the evolution of diffusion
tensor imaging (DTI) parameters in brain white matter, including quadratic [Hasan et al.,
2009], Poisson [Lebel et al., 2012] and cubic functions [Hsu et al., 2010]. Recently, Lebel et
al. [2012] investigated the changes in DTI fractional anisotropy (FA) and mean diffusivity
(MD) of 12 major white-matter connections in 403 healthy subjects aged 5-83 years. This
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comprehensive DTI study showed that the developmental trajectories of both FA and MD
are asymmetrical for most white-matter regions, and are better represented by Poisson
curves than quadratic curves. We observed a similar asymmetrical behavior of magnetic
susceptibility in white matter. Although this asymmetrical behavior could potentially be
fitted with a higher-order polynomial function, this would require an increased number of
variables. To minimize the number of free parameters, we thus chose a three-parameter
Poisson curve similar to Label et al.

X=A x age x exp(—age/B)+C (3)

where A, B, and C are tissue-specific parameters. One advantage of the Poisson curve over
polynomial functions is that the temporal characteristics can be easily retrieved from its
parameters. Particularly, B gives the time when the susceptibility reaches its minimum
value.

In brain nuclei, it is well known that the accumulation of iron follows an exponential growth
pattern [Hallgren and Sourander, 1958]. As the susceptibility of deep-brain gray matter is
mainly determined by iron content, the susceptibilities in iron-rich nuclei and cortical gray
matter were fitted with the following three-parameter exponential equation:

x=a(l — exp[—f x age])+7 ()

where a, (B, and vy are tissue-specific parameters. Particularly, (B is the rate of the
exponential growth. This exponential model was also used to fit the time course of R2* (with
X, replaced by R2" in Eq. (4)). Both functional and observation bounds of 95% confidence
were determined for each curve fitting.

To assess the effect of gender, we fitted the above models in three groups: male, female, and
both male and female combined. To assess the effect of including the CP subjects in the
analysis, separate fittings were conducted by excluding CP subjects (i.e., by including only
subjects >7 y/0) while combining both male and female subjects in the analysis. The image
analyses, line fitting, and statistics were all performed with Matlab R2010a (Mathworks,
Natick, MA).

Gradient-echo MRI-derived Contrasts

Figure 1 shows the contrasts derived from gradient-echo MRI, including magnitude, R2",
frequency shift, and susceptibility at three different ages. Both frequency and susceptibility
provide good gray- and white-matter contrast, whereas the magnitude image and R2* maps
have very weak contrast. The iron-rich nuclei are visible in all image contrasts. Although
these nuclei are well localized in magnitude, R2”, and susceptibility images, their boundaries
in the frequency maps can be altered owing to the convolution of dipole field with a spatial
distribution of underlying susceptibility. Convoluting dipole field is particularly problematic
for quantitative analysis in structures with significantly elevated magnetic susceptibility,
such as PU and GP. Compared to frequency maps, susceptibility maps provide better
structural delineation and more consistent tissue quantification.
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Poisson Trajectory of Susceptibility Evolution in White Matter

Figure 2 shows susceptibility changes in three major fiber groups, including the IC, SCC,
and OR, and Figure 3 shows the susceptibility values of white matter adjacent to the SC and
MC. The experimental data show that susceptibility first decreases (i.e., becomes more
diamagnetic) as the brain matures, and then increases monotonically as the brain ages.
Susceptibility values of these white-matter regions were fitted with Poisson curves. Figures
2 and 3 show the fitted curves (both male and female) and the fitted parameters are listed in
Table I. In the SCC and the OR, susceptibility reaches its peak diamagnetic value at an age
in the late 20s or early 30s. In the IC, susceptibility decreases rapidly from 1 to 30 years,
then gradually slows down, and reaches its minimum at around 45 years of age. In the
sensory white matter, susceptibility reaches its minimum at 25 years of age. In comparison,
susceptibility in white matter of MC reaches its minimum at about 43 years of age.

Although all analyses reveal that the developmental trajectories in white matter can be
characterized by Eq. (3), variations in the fitted parameters between different groups are also
observed (Table ). When all ages (1-83 years) are included, the differences in the temporal
parameter B between male and female subjects are in the range of 1-6 years, which is
similar to or smaller than the 95% conference bounds of 4-15 years. Furthermore, the
difference in B between the analysis including all subjects and the analysis excluding CP
subjects is 2 years. Similar findings with slightly larger variations can be observed in the
fitted A- and C-values. As a comparison, the evolution of susceptibility is also fitted to
quadratic curves, which gives similar but slightly larger R2 and root mean square error in
most of the selected whitematter fiber bundles (Supporting Information Material S3).

Exponential Growth of Susceptibility in Gray Matter

Figure 3 also shows the susceptibility changes in the gray matter of SC and MC. Figure 4
shows the susceptibility changes in the brain nuclei, including the PU, GP, CN, SN, RN, and
DN. The fitted exponential-growth equations are summarized in Table Il. Magnetic
susceptibility of these gray-matter regions shows a monotonic increase with variable rate
constants. Susceptibility of SC shows a small increase of 0.01 ppm from 1 to 83 years with
an almost linear relationship. A much larger increase of 0.03 ppm is observed in the MC. In
comparison, the extent of increase in brain nuclei is much greater than that in the cerebral
cortex, in the range of 0.07-0.13 ppm. In general, the susceptibility is near zero in brain
nuclei at 1 year of age. As the age increases, susceptibility values increase exponentially as
described by Eq. (4). In the GP and the SN, susceptibility value rises rapidly during the first
decade of life and then plateaus around the fifth decade. In the PU, however, susceptibility
increases continuously well into the 80s at a nearconstant rate.

Similar to the white-matter results, parameter variations among different groups are also
observed in gray matter (Table 11). When all ages (1-83 years) are included, the differences
in the temporal parameter B between male and female subjects are in the range of 0-0.04
and 0.01-0.05 year™1 for susceptibility and R2" data, respectively. These variations are
similar to or slightly smaller than the 95% conference bounds of 0.01-0.05 and 0.01-0.09
year™1 for susceptibility and R2", respectively. The difference in B-value between the

Hum Brain Mapp. Author manuscript; available in PMC 2014 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Lietal. Page 8

analysis with all subjects and the analysis with only subjects older than 7 years is 0.04
year~L, Similar findings can be observed in the fitted a.- and y-values.

R2" Versus Susceptibility in Gray-matter Nuclei

Figure 5 plots the corresponding R2” values of the same brain nuclei. The R2" values
increase with age in a trend similar to the susceptibility values shown in Figure 6. The data
are fitted by the same three-parameter exponential growth model. The fitted parameters are
listed in Table 11. Overall, the variation of fitted B-values across regions based on R2*
evolution is consistent with the variation of susceptibility in the selected gray-matter
structures. In addition, a linear correlation between susceptibility and R2” is also observed
when plotting R2™ against susceptibility (Fig. 6).

Magnetic Susceptibility Variations within Large Gray-matter Nuclei

Figure 7 shows the susceptibility maps at two representative axial locations, covering both
the PU and the GP. At 1-year old, the susceptibility in both PU and GP is low (bright image
intensity) and homogeneous. At 5 years old, the inner and outer GP can be well
differentiated, whereas no significant heterogeneity is observed within PU. At 27 years, the
inner and outer GP cannot be differentiated any more, and some degree of heterogeneity is
observed in the PU, with slightly higher susceptibility in the posterior PU than the anterior
PU. At 71 years old, the susceptibility gradient within the PU is apparent.

DISCUSSION

In this study, we assessed susceptibility values in various brain structures as a function of
age ranging from 1 to 83 years old. Differential temporal trajectories were identified in gray
and white matter. A biphasic pattern that could be fitted by a Poisson function was found in
the major whitematter fiber bundles and in cortical white matter. An exponentially growing
trajectory was found in gray matter, including iron-rich deep nuclei and cortical gray matter,
with varying rates of change. These structurally varying temporal characteristics may reflect
different physiological processes: in the white matter, the characteristics are consistent with
the myelination process; in the deep nuclei and in the cerebral cortex, the characteristics
appear to be consistent with the changing iron deposits. These findings suggest that age-
dependent evolution of susceptibility may provide valuable information regarding the spatial
and temporal patterns of myelination and iron deposition during brain development,
maturation, and ageing.

Susceptibility in the White Matter

Recent studies have established that magnetic susceptibility of brain white matter is closely
related to the myelin content. Previously, Liu et al. [2011] reported that the loss of myelin
sheath around axons in a transgenic dysmyelinating shiverer mouse led to an almost
complete loss of phase and susceptibility contrasts between gray and white matter. These
results suggest that myelin is the predominant source of susceptibility difference between
deep gray and white matter. In a recent study, Lodygensky et al. [2012] evaluated phase-
contrast changes during early development of mouse brains. They showed that phase
contrast correlated with myelin content assessed by histology, whereas the gray—white
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matter phase contrast remains unchanged after iron extraction. Lee et al. [2012] also showed
that frequency contrast is substantially reduced in mice with significant myelin loss induced
by a cuprizone diet. Together, these studies indicated the potential value of phase and
magnetic susceptibility for the study of brain white matter.

Our results showed that both major white-matter fiber bundles and cortical white matter
exhibit a consistent biphasic temporal pattern with an initial decrease followed by an
increase in susceptibility. The same pattern was observed in both male and female subjects.
This characteristic trend is consistent with known characteristics of myelin maturation and
decay in the course of normal brain development and ageing. According to Bartzokis
[2004b], the maturation and breakdown of myelin in the human brain are essentially
determined by oligodendrocytes, which are responsible for the generation of myelin sheath.
Oligodendrocytes are likely the most vulnerable cell types to be affected during normal
brain ageing, and the alterations in the number and activities of oligodendrocytes would
predict quadratic trajectories of brain myelination [Bartzokis, 2004b]. Assessing the
temporal characteristics requires data throughout the whole lifespan. From birth to the first
1-2 years, a strong increase in myelination coincides with a dramatic decrease of MD and a
significant increase of magnetic transfer ratio [van Buchem et al., 2001; Xydis et al., 2006;
Zhang et al., 2005]. Following this rapid growth period, a much slower decrease in MD was
observed, which persists into adolescence [Zhang et al., 2005]. Diffusion FA also exhibits a
continuous increase during childhood and adolescence [Barnea-Goraly et al., 2005] followed
by a continuously decreasing period as the brain ages [Moseley, 2002]. This biphasic trend
is further demonstrated by a recent DTI study with 403 healthy subjects aged between 5 and
83 years [Lebel et al., 2012].

The temporal characteristics, especially the time to reach minimum susceptibility, vary
among different whitematter fiber bundles (Figs. 2 and 3). Susceptibilities of sensory and
motor white matter reach their minimums at the ages of 23 and 41, respectively.
Susceptibilities of the IC, the SCC, and the OR reach their minimums at 45, 32, and 26
years, respectively. These results are consistent with the previous findings in that the white-
matter fibers, such as the corpus callosum, continue to develop in terms of size well into
adulthood [Cowell et al., 1992; Pujol et al., 1993]. This continuing developmental process is
also supported by the finding that the transverse relaxation rate (R2) of the frontal lobe white
matter showed a quadratic pattern, with a clear peak and plateau at approximately 40 years
[Bartzokis et al., 2003]. The Poisson temporal trajectories in the white matter are largely
similar to the findings in the DTI study by Lebel et al. [2012], which demonstrated that the
FA and MD peaked at 20-40 years for different fiber bundles. However, the time to peak is
slightly delayed for susceptibility compared to DTI. The study by Lebel et al. showed that
FA and MD peak at 25 years in the SCC, whereas the peak susceptibility occurs at a slightly
later age of 32 years. In the IC, FA and MD peak at approximately 30 years, whereas the
corresponding magnetic susceptibility reaches its peak value at 45 years. Although we
cannot exclude the intrinsic differences between the two study populations, it is also likely
that these results may reflect different aspects of the microstructural changes of white
matter. Although DTI-derived indices largely reflect the structural hindrance on water
diffusion induced by various organelles in the axons and partially by the myelin sheath,
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magnetic susceptibility of the white matter results predominantly from diamagnetic myelin
lipids and proteins of the myelin sheath [Duyn et al., 2007; Lee et al., 2010; Li et al., 2012a].
In addition, the peak susceptibility in the three subcortical white-matter regions shifts from
the posterior to the anterior direction with an increase of age. The same trend of increase is
also observed in the white matter of sensory and motor cortices. This is consistent with the
well-known posterior to anterior gradient of brain myelination [Yakovlev and Lecours,
1967]. A further investigation of these issues may potentially allow for new insights into the
process of normal brain development and ageing.

One important concern in applying susceptibility as an assessment of brain myelination is
the anisotropic property of magnetic susceptibility, which is owing to the highly organized
structure of the white matter. He and Yablonskiy [2009] first described the dependence of
frequency shift on the white-matter fiber orientation (with respect to the main magnetic
field), using a generalized Lorentzian model. Magnetic susceptibility of white matter is also
found to be anisotropic [Lee et al., 2010; Liu, 2010]. A recent study suggested that the
susceptibility anisotropy in brain tissue mainly originates from the radially aligned lipid
molecules in myelin [Li, et al., 2012a, b]. This conclusion was further supported by a recent
study of the multicompartment modeling of gradient-echo phase contrast [Duyn, 2013;
Schéfer et al., 2011; Wharton and Bowtell, 2012]. In this study, the ROIs are drawn at
similar locations among different brains, and hence the fiber orientations are similar for each
selected fiber bundle, and the comparison across different ages is less influenced by
orientation variations. Nonetheless, care should be taken when comparing different
segments of a white-matter fiber bundle with different fiber orientations.

Another factor that can affect the quantification of white-matter magnetic susceptibility is
the variation of head orientation with respect to the magnetic field. To evaluate this factor,
we registered all brains to the standard template in FSL (Supporting Information Material
S4). There is no trend for age-related left-right tilting. However, there is a slight age-related
backward tilting (angle = 0.16 age + 4.35°). This systematic tilting is likely owing to the
anatomic changes of the body during aging. The bias across the entire age range was 0.16 x
82 = 13°. In gray matter, magnetic susceptibility is considered isotropic, and hence no bias is
expected to be caused by this tilting. In white matter, assuming a susceptibility anisotropy of
-0.02 ppm and a sine-squared relationship between magnetic susceptibility and white-matter
fiber orientation with respect to the magnetic field [Li et al., 2012a], the 13° systemic
derivation is estimated to induce an approximately 0.004 ppm bias for the OR, and a bias <
0.001 ppm for the other four white-matter fibers. This small bias is insignificant compared
to the susceptibility changes observed over the lifespan. The bias owing to brain tilting can
be potentially eliminated by including the fiber orientation information from DTI. Future
carefully designed prospective studies should also take this tilting into consideration.

Susceptibility in Gray Matter

Previously, iron deposits have been studied by various MRI contrasts including R2, R2’,
R2", phase, field dependent R2 increase and susceptibility weighted imaging [Bartzokis et
al., 1993; Gelman et al., 1999; Haacke et al., 2010; Hikita et al., 2005]. Particularly, a
number of studies suggested a linear relationship between R2* and iron content [Haacke et
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al., 2005; Hikita et al., 2005]. This linear relationship was further validated using iron
histology at 1.5T, 3T, and 7T [Yao et al., 2009] and also with mass spectrometry in a
postmortem study [Langkammer et al., 2010]. In parallel, gradient-echo signal phase was
increasingly applied to assess iron contents in deep brain nuclei. For example, Schéfer et al.
[2009] evaluated the nonlocal effects in signal phase surrounding deep brain matter
structures. Various quantitative susceptibility mapping methods were also developed to
convert the nonlocal phase into localized tissue magnetic susceptibility [de Rochefort et al.,
2010; Shmueli et al., 2009; Wharton et al., 2010]. Susceptibility mapping showed great
promise for assessing deep-brain nuclei, as it could reliably differentiate subthalamus nuclei
from the adjacent SN [Schéfer et al., 2012]. Recently, emerging evidence suggests that
susceptibility is also linearly correlated with iron content in the basal ganglia nuclei
[Schweser et al., 2011; Wharton and Bowtell, 2010; Wu et al., 2012]. Both R2” and
susceptibility are related to microscopic magnetic field perturbation. Although R2” reflects
the spectral width of field inhomogeneity, susceptibility is derived from the mean field shift.
The good linearity between susceptibility and R2" and their similar temporal parameters
suggest that magnetic susceptibility may be potentially used as a biomarker of brain iron
deposits in gray matter. With standard multiecho gradient-echo sequences, R2" and
susceptibility can be measured simultaneously without a scan time penalty. Together, they
may provide a more complete picture of age-related iron content changes in the brain nuclei.

This study revealed a significant and exponential increase of gray-matter susceptibility in
the MC throughout the lifespan. This increase is consistent with the continuous iron
deposition in the MC reported by Hallgren and Sourander [1958]. This monotonic increase
is also consistent with a recent study by Bilgic et al. [2012], in which the magnetic
susceptibility was found to be higher in the old group (74.4 6 7.6 y/o, n = 11) than in the
younger group (24.0 + 2.5 y/o, n = 12) in all the iron-rich gray-matter nuclei. The rates of
the exponential increase, characterized by the B, are 0.03 and 0.05 (Table I11) for the
evolution of susceptibility and iron content, respectively. These two rate parameters, though
slightly different, are on a comparable scale. In comparison, the SC shows a much smaller
extent of susceptibility changes. It is possible that the different rates of change are associated
with different maturation processes of the sensory and the motor systems.

The susceptibility of the basal ganglia nuclei is very low in children, which is consistent
with the fact that minimal iron content is found in newborns [Aquino et al., 2009]. These
basal ganglia nuclei shows an exponential growth in both magnetic susceptibility and R2",
which is consistent with the previous study based on R2” [Aquino et al., 2009] and the
classic study by Hallgren and Sourander [1958]. However, there are differences in the time
constant B, which reflects the time required to approach a relatively constant susceptibility
value. The comparison of (B-values with the two aforementioned studies are summarized in
Table I11. Furthermore, (B-values also vary among brain regions, reflecting a heterogeneous
accumulation of iron in different brain tissues. Notably, the (B-value of the GP is much
larger than that of the PU and CN; susceptibility and R2™ values of the GP reach plateaus
after 20-30 years, whereas susceptibility and R2* values of the PU and CN continue
increasing well into the 80 s—the maximum age available in this study. This differential age
dependence is consistent with the previous findings in that there is a positive correlation
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between R2” and age in both the PU and the CN but not in the GP in a study with subjects
between 20 and 40 years [Péran et al., 2009], and in another study with subjects between 20
and 70 years [Cherubini et al., 2009]. In general, the (-values of the GP and CN are in good
agreement with the previous studies, whereas the B-values for the PU and SN are
significantly lower than the previously reported values. One reason for this difference may
stem from intersubject differences. Another potential reason could be susceptibility
heterogeneity within basal ganglia nuclei (Fig. 7).

As shown in Figure 7, susceptibility heterogeneity is obvious in the GP and PU. In children,
the inner and outer GP can be well differentiated in susceptibility maps. A recent study also
reported excellent differentiation of the inner and outer GP in nine subjects of 25.3 + 2.8 y/o
[Deistung et al., 2013]. However, as shown in this study, the inner and outer GP cannot be
well differentiated in many subjects after 27 years. The inner and outer GP are separated by
the medial medullary lamina. It is possible that the medial medullary lamina grows thinner
with age, and therefore higher spatial resolution would be required to resolve the inner and
outer GP at older ages. Our results also showed slightly higher susceptibility in the posterior
PU than the anterior PU in subjects of 27 years old. At 71 years old, such a susceptibility
gradient within the PU is apparent. These findings were consistent with the previous
findings that iron accumulation follows a precise direction from the posterior to the anterior
segment [Aquino et al., 2009].

LIMITATIONS

A common technical limitation for susceptibility analysis is its relative nature owing to the
necessary removal of background phase. In this study, a modified SHARP method is used
for the background phase removal. The resulting susceptibility value was used directly for
quantitative comparison. This method essentially sets the susceptibility reference to the
mean susceptibility of the whole brain. In the modified SHARP method, the radius of the
spherical mean value filter is increased from 1 mm at the brain boundary to a very large
radius of ~3 cm toward the center of the brain. This essentially eliminated the need for a
subsequent deconvolution owing to the very rapid drop-off of the restored low-frequency
component with increasing radius [Wu et al., 2012]. This procedure yields consistent
susceptibility values in most of the brain regions, but it is not very successful in certain
regions near strong susceptibility variations. For example, the genu of corpus callosum is
routinely corrupted by the nearby sinus. Hence, further development of susceptibility
mapping method is needed to improve its accuracy in regions with strong susceptibility
variation. Nevertheless, the method used in this study allowed highly reproducible data
analysis among different subjects, and did reveal the distinct patterns of susceptibility
evolution in most of the brain regions. To further validate this method, we compared the
above data analysis to a separate analysis that used susceptibility referenced to CSF
(Supporting Information Material S2). No clear bias was observed between data analysis
with and without referencing to CSF. Compared to the analysis without referencing to CSF,
the magnetic susceptibility referenced to CSF showed larger variations at younger age.

The second limitation is the manual selection of only a few representative ROls, which may
make the results prone to subjective errors, and also is a tedious time-consuming procedure
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that prohibited a detailed analysis of the whole brain. However, this manual selection was
necessary owing to the wide range of ages. Undoubtedly, a detailed automated analysis of
the susceptibility values in different cortical regions may provide much more comprehensive
information. The inclusion of children with CP poses another concern. Nevertheless,
although CP might be associated with some alterations in brain myelination and/or iron
deposition [Yoshida et al., 2011], we used only the hemisphere that is normally functioning.
This rationale is further based on the following facts: (1) the susceptibility of both gray and
white matter for newborn infants should be close to zero owing to minimal iron deposition
and low level of myelination and (2) the subjects from 7 to 83 years are normal volunteers.
As shown in the RESULTS section, the main findings of this study (i.e., the Poisson-shaped
changes in susceptibility in white matter and the exponential growth of susceptibility in gray
matter) were not affected even when the CP subjects were excluded. Furthermore, both male
and female subjects showed consistent developmental trajectories in magnetic susceptibility.

Finally, although our analysis revealed differential trajectories among different brain
structures, further analysis will be needed to determine the statistical significances of
whether the fitted parameters are different between any two structures. Our curve-fitting
analysis here provided only the 95% confidence bounds.

Future Perspectives

Despite the aforementioned limitations, the results clearly demonstrated that magnetic
susceptibility indeed captured the key features of brain white matter and gray matter during
maturation and ageing, and suggested that susceptibility contains a wealth of information
regarding brain myelination and iron deposition. Alteration in myelin and iron contents has
been associated with a large number of neurological diseases, including, for example
Parkinson’s diseases, Huntington’s disease, Alzheimer’s disease, and multiple sclerosis
[Bartzokis, 2004a; Bitsch et al., 2000; Dexter et al., 1991]. In addition to the direct
visualization of bleeding [Liu et al., 2012], magnetic susceptibility, if used properly with the
consideration of age-related alterations, may provide valuable information for the detection
of abnormalities in both the myelination of white matter and the iron deposition in different
regions of gray matter.

CONCLUSIONS

In this study, profound changes in magnetic susceptibility were observed in both the brain
white matter and the gray matter. The Poisson trajectories in the susceptibility of white
matter are consistent with the known characteristics of brain myelination during brain
maturation and ageing. The exponential growth of susceptibility contrast in gray matter is
also in good agreement with the known characteristics of iron deposition and with the R2*
findings. The results suggest that susceptibility imaging may provide a promising and
comprehensive tool for noninvasive assessment of myelination and iron content. In turn, an
improved understanding of the spatial and temporal patterns of myelination and iron
deposition during brain maturation and ageing may result in better utilization of
susceptibility contrast for clinical evaluations of various neurological diseases.
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Figure 1.
Images derived from multiecho gradient echo MRI: T2*-weighted magnitude (T2*-W), R2", frequency shift, and susceptibility.

Magnitude and R2”* show good contrast between iron-rich nuclei and surrounding tissues but show very weak contrast between
gray and white matter. In comparison, both phase and susceptibility show not only good contrast between gray and white matter
but also between iron-rich nuclei and surrounding tissues. Although magnitude, R2”, and susceptibility are all well-localized
contrasts with respect to the anatomical structures, frequency shift is affected by surrounding susceptibility distributions. As
shown by the color bar, both phase and susceptibility are displayed in a reversed scale so that brighter intensity corresponds to
more diamagnetic susceptibility.
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Figure 2.

Susceptibility in selected white-matter fiber bundles. IC: internal capsule; SCC: splenium of corpus callosum; OR: optic
radiation. Locations of the ROIs were highlighted in three different colors on the corresponding susceptibility maps: red for IC,
green for SCC, and blue for OR. The solid lines were fitted using the Poisson curves in Eq. (3) (including both male and
female), and the fitted equations are listed in Table I. The dashed and dotted lines represent the functional and observation
bounds of 95% confidence. Open circles: male, closed circles: female. It is noted that the susceptibility is displayed in a reversed
scale so that brighter intensity corresponds to more diamagnetic susceptibility. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Susceptibility in selected cortical gray and white matter. GM: gray matter; WM: white matter. 1: sensory GM; 2: sensory WM;
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1o .. Age (years)

0 30 60

3: motor GM; 4: motor WM. Susceptibility values of sensory and motor GM were fitted with the exponential model [Eq. 4],
whereas the values of the sensory and motor WM were fitted with the Poisson equation [Eq. 3]. The fitted equations are listed in
Tables I and 11, and the fitted curves are plotted as solid lines (including both male and female). The dashed and dotted lines
represent the functional and observation bounds of 95% confidence. Open circles: male, closed circles: female. It is noted that

the susceptibility is displayed in a reversed scale so that brighter intensity corresponds to more diamagnetic susceptibility.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.

Susceptibility in selected iron-rich nuclei. PU: putamen; GP: globus pallidus. CN: caudate nucleus; SN; substantia nigra; RN:
red nucleus; DN: dentate nucleus. Susceptibility values of these nuclei were fitted with the exponential model [Eq. (4)]. The
fitted equations are listed in Table 11, and the fitted curves are plotted as solid lines (including both male and female). The
dashed and dotted lines represent the functional and observation bounds of 95% confidence. Open circles: male, closed circles:
female. It is noted that the susceptibility is displayed in a reversed scale so that brighter intensity corresponds to more
diamagnetic susceptibility. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.

R2" in the same selected iron-rich nuclei as shown in Fig. 4. PU: putamen; GP: globus pallidus. CN: caudate nucleus; SN;
substantia nigra; RN: red nucleus; DN: dentate nucleus. The R2” values of these nuclei were fitted with the exponential model
[Eq. (4)]. The fitted equations are listed in Table Il, and the fitted curves are plotted as solid lines (including both male and
female). The dashed and dotted lines represent the functional and observation bounds of 95% confidence. Open circles: male,
closed circles: female.
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Figure 6.
Relationship between R2" and magnetic susceptibility in graymatter nuclei. The R2" and susceptibility relationship were fitted

with a linear model. The dashed and dotted lines represent the functional and observation bounds of 95% confidence.
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Figure 7.
Evolution of susceptibility with age in the PU and GP, and susceptibility gradients within PU. The upper and lower rows show

susceptibility images at two different axial locations. Susceptibility of the iron-rich nuclei, for example, the PU and GP, increase
significantly over time. In addition, the contrast also changes over time. At 5 years, the inner and outer GP can be well
differentiated, and no significant heterogeneity is observed within either the PU or GP. At 27 years, the inner and outer GP
cannot be differentiated, and some degree of inhomogeneity is observed in PU. At 71 years, the susceptibility gradient within
the PU is apparent. PU1 and PU2 represent anterior and posterior parts of the PU, respectively. It is noted that the susceptibility
is displayed in a reversed scale so that brighter intensity corresponds to more diamagnetic susceptibility.
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The fitted model parameters of susceptibility evolutions in white matter

TABLE |

¥ = A xage xexp(-age=B) +C

A (ppb/year) B (year) C(ppm)
IC Male -22+11 41+8 —-0.03 £ 0.01
Female -1.6+09 46 £ 11 —-0.03 £ 0.01
Both -1.7+0.7 45+8 -0.03 £ 0.01
Both (>7 y/o) -1.0+16 46+£26  -0.04+0.02
SCC Male -1.9+10 29+6 0.00 +0.01
Female -15+1.0 35+8 0.00 +0.01
Both -16+0.7 32+5 0.00 +0.01
Both (>7y/o) -26+18  33+7 0.01 +0.02
OR Male -2.7+09 26 +4 -0.02 £ 0.01
Female -14+10 24+11  -0.03+0.01
Both -2.0x0.7 26+4 —-0.03 £ 0.01
Both (>7ylo)  -2.3+17 279  -0.02+0.02
SC-WM Male -3.0+11 23+4 —-0.01 +0.01
Female -23%11 25+6 -0.01+0.01
Both -24+08 25+4 -0.01 +0.01
Both (>7 y/o) -26+0.9 27+4 -0.01+0.01
MC-WM  Male -1.1+08 40 12 -0.01+0.01
Female 20.8+0.7 43 +16 -0.02 £ 0.01
Both -0.9+05 43+10 -0.02+0.00
Both (>7y/o) -13+07 42+7  -0.01+0.01

Page 25

Note: Values were reported as the fitted parameter + 95% confidence bounds. Male (Female): when only male (female) subjects were included in

the analysis. Both: when all subjects were included. Both (>7 y/0): when only subjects older than 7 y/o were included.
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