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Abstract

The evolution of magnetic susceptibility of the brain is mainly determined by myelin

in white matter (WM) and iron deposition in deep gray matter (DGM). However,

existing imaging techniques have limited abilities to simultaneously quantify the mye-

lination and iron deposition within a voxel throughout brain development and aging.

For instance, the temporal trajectories of iron in the brain WM and myelination in

DGM have not been investigated during the aging process. This study aimed to map

the age-related iron and myelin changes in the whole brain, encompassing myelin in

DGM and iron deposition in WM, using a novel sub-voxel quantitative susceptibility

mapping (QSM) method. To achieve this, a cohort of 494 healthy adults (18–80 years

old) was studied. The sub-voxel QSM method was employed to obtain the paramag-

netic and diamagnetic susceptibility based on the approximated R2
0 map from

acquired R�
2 map. The linear relationship between R�

2 and R2
0 maps was established

from the regression coefficients on a small cohort data acquired with both 3D gradi-

ent recalled echo data and R2 mapping. Large cohort sub-voxel susceptibility maps

were used to create longitudinal and age-specific atlases via group-wise registration.

To explore the differential developmental trajectories in the DGM and WM, we

employed nonlinear models including exponential and Poisson functions, along with

generalized additive models. The constructed atlases reveal the iron accumulation in

the posterior part of the putamen and the gradual myelination process in the globus

pallidus with aging. Interestingly, the developmental trajectories show that the rate

of myelination differs among various DGM regions. Furthermore, the process of mye-

lin synthesis is paralleled by an associated pattern of iron accumulation in the primary

WM fiber bundles. In summary, our study offers significant insights into the distinc-

tive developmental trajectories of iron in the brain's WM and myelination/

demyelination in the DGM in vivo. These findings highlight the potential of using

sub-voxel QSM to uncover new perspectives in neuroscience and improve our

understanding of whole-brain myelination and iron deposit processes across the

lifespan.
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1 | INTRODUCTION

It is known that iron deposition plays a critical role in various neuro-

logical processes such as myelin synthesis and maintenance, myelin

production and metabolism of neurotransmitters (Algarin et al., 2003;

German & Juul, 2021). The tight association of iron deposition with

axonal myelination during brain development has been reported

(Ward et al., 2014). Previous studies have extensively investigated the

distribution and accumulation of iron in the brain. Hallgren et al.

reported a progressive accumulation of iron in the basal ganglia and

the cerebral cortex by iron staining (Hallgren & Sourander, 1958).

Ramos et al. demonstrated the heterogeneous iron distribution in the

brain using graphite furnace atomic absorption spectrometry, with the

highest level found in putamen and the lowest in the medulla (Ramos

et al., 2014). Haacke et al. explored the response of iron in the brain

that produces signal changes in both magnitude and phase images as

revealed by MRI and suggested a correlation between these images

and the iron content in the brain (Haacke et al., 2005). Quantitative

susceptibility mapping (QSM) is an MRI postprocessing technique that

allows for non-invasive quantification of the bulk magnetic suscepti-

bility of brain tissue. To date, QSM has already been widely used to

assess magnetic susceptibility changes of paramagnetic iron and dia-

magnetic myelin in the brain (Wei Li et al., 2011; Liu et al., 2015;

Schweser et al., 2011). For example, previous studies have shown that

iron concentration is unevenly distributed in the brain, with the basal

ganglia exhibiting the highest iron content. It has also been demon-

strated that myelination occurs during brain development and demye-

lination occurs in white matter (WM)-related diseases (Bartzokis

et al., 2007; Connor, 2004). The validity of QSM as a suitable in vivo

imaging technique to map the temporal trajectories of iron and myelin

in normal brain development has been demonstrated in earlier studies

(Betts et al., 2016; C. He et al., 2022).

Myelin is produced not only in the brain WM but also in the gray

matter (GM). The Schaltenbrand and Wahren atlas (Schaltenbrand &

Wahren, 1977) reveals evident myelin staining results in the globus

pallidus (GP). Bao et al. (2021) also investigated a thin internal medul-

lary lamina between external GP (GPe) and internal GP (GPi) on sus-

ceptibility tensor images. However, myelination and demyelination in

GM have been relatively understudied, which might provide new

views for understanding the biophysical mechanisms of various neu-

rodegenerative diseases. Likewise, iron also plays a crucial role in WM

generation, with both human and animal studies showing that iron is

necessary for myelin synthesis and maintenance (Algarin et al., 2003;

Ortiz et al., 2004). Iron deficiency may result in a retarded myelination

during brain development, while iron overload would result in neuro-

degeneration and demyelination (Bartzokis et al., 2007; Connor, 2004;

Roncagliolo et al., 1998; Todorich & Connor, 2004). However,

traditional QSM methods cannot differentiate molecular sources with

opposing susceptibility sources, such as paramagnetic iron and dia-

magnetic myelin, within the imaging voxel. The paramagnetic and dia-

magnetic susceptibility effects may partly or entirely cancel each

other out, yielding a voxel-averaged susceptibility value and inaccu-

rate quantification. Thus, developing a new imaging technique to

quantify iron and myelin throughout the whole brain regions is essen-

tial. A few studies have attempted to separate paramagnetic suscepti-

bility proportion from diamagnetic susceptibility (Chen et al., 2021;

Shin et al., 2021). The recently proposed APART-QSM has demon-

strated an improved performance for simultaneously quantifying brain

iron and myelin by employing a comprehensive complex data model

and iterative voxel-wise magnitude decay kernel estimating algorithm

(Z. Li et al., 2023). However, the developmental trajectories of both

paramagnetic and diamagnetic susceptibility as a function of age and

their association remain to be elucidated.

In this study, we assessed the sub-voxel magnetic susceptibility

of the human brain in vivo ranging from aged 18 to 80 years. First, we

developed longitudinal and age-specific atlases of paramagnetic and

diamagnetic susceptibility, serving as templates for normative brain

iron accumulation and myelin development across adulthood. Further-

more, we quantified the developmental trajectories of paramagnetic

and diamagnetic susceptibility in various brain regions to characterize

the age-related iron and myelin alternations, particularly myelin in

deep gray matter (DGM) and iron in WM. Our findings revealed that

myelination rates varied among DGM nuclei. Moreover, in the major

WM fiber bundles, the myelination process was accompanied by a

complementary trend of iron accumulation. Our goal is to offer a

quantitative description of sub-voxel magnetic susceptibility changes

associated with brain aging. We anticipate that this understanding will

enable us to gain deeper insights into potential abnormalities of mag-

netic susceptibility arising from various neurological diseases and neu-

ral degeneration. In particular, examining alterations in paramagnetic

and diamagnetic susceptibility within the same voxel during normal

brain aging and their potential relationships could provide a reference

for evaluating brain demyelination and iron deposits in diseased

brains.

2 | METHODS

2.1 | Data acquisition

A total of 494 subjects (age 18–80, 244M/250F, Cohort 1) were

included in the analysis study. The subjects were scanned using a 3T

MR scanner (uMR790, United Image Healthcare (UIH), Shanghai,

China). The 3D multi-echo gradient echo (GRE) sequence was utilized
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to reconstruct the susceptibility map and estimate R�
2 map.

T1-weighted (T1w) images were acquired using a magnetization pre-

pared rapid acquisition gradient echo (MPRAGE) sequence. The acqui-

sition protocols of both sequences are listed in Table 1.

Another 13 subjects (age 23–29, 7M/6F, Cohort 2) were

recruited and scanned at the same MR scanner as used for the data

acquisition of Cohort 1. The protocols of 3D multi-echo GRE and 2D

multi-echo spin echo (SE) sequences were conducted to acquire R�
2

and R2 maps (Table 2). These maps were utilized to estimate the

essential R0
2 map for susceptibility separation in Cohort 1. In addition,

32 subjects (age 4–39, 22M/10F, Cohort 3) were scanned at Shanghai

Ruijin Hospital using a UIH 3T MR scanner (uMR890, UIH, Shanghai,

China). The 3D multi-echo GRE and 2D multi-echo SE sequences

were also scanned for precise susceptibility separation and the fitting

of developmental trajectory in Cohort 3. Additionally, this fitted

developmental trajectory was compared with the susceptibility trajec-

tories derived from the data in Cohort 1.

2.2 | Image preprocessing

R�
2 and R2 maps were estimated using a mono-exponential fitting of

the magnitude at different echo times of the multi-echo GRE data and

multi-echo SE data, respectively. The first echo of multi-echo SE was

excluded for fitting R2 maps because of the different components of

the first echo with respect to the other echoes (Biasiolli et al., 2013).

For QSM reconstruction, the raw phase of multi-echo GRE data was

first unwrapped using a Laplacian-based phase unwrapping method

(Schofield & Zhu, 2002). The tissue phase was extracted from the

unwrapped phase using V-SHARP method (W. Li, Avram, et al., 2014;

Wu et al., 2012). Then susceptibility maps were derived based on

STAR-QSM (Wei et al., 2015).

Each individual T1w image was rigidly co-registered to the first

echo of the multi-echo GRE magnitude image using the advanced

normalization tools (ANTs) (Avants et al., 2010). The intensity of the

co-registered T1w image was then rescaled to 0–255. Using the

TABLE 1 The acquisition protocols of Cohort 1.

Sequence 3D multi-echo GRE MPRAGE

TR (ms) 34.6 8.1

Echo number 8 1

TE1/spacing/TElast (ms) 3.3/3.7/29.2 3.4

Readout mode Bipolar N/A

TI (ms) N/A 1060

Flip angle (�) 15 8

Bandwidth (Hz/pixel) 280 260

Matrix size 318 � 336 � 74 208 � 300 � 250

Spatial resolution (mm) 0.65 � 0.65 � 2 0.8 � 0.8 � 0.8

Parallel imaging GRAPPA �2 GRAPPA �2

Scan time (min) 8.8 5.3

TABLE 2 The acquisition protocols
and the age information of Cohort 2 and
Cohort 3.

Cohort 2 Cohort 3

Age (years) 23–29 4–39

3D multi-echo GRE TR (ms) 34.6 40

Echo number 6 7

TE1/spacing/TElast (ms) 4.5/4.5/26.8 2.4/4.3/28.2

Readout mode Bipolar Bipolar

Flip angle (�) 15 8

Bandwidth (Hz/pixel) 300 350

Matrix size 240 � 240 � 80 224 � 224 � 80

Spatial resolution (mm) 1 � 1 � 2 1.03 � 1.03 � 2

Parallel imaging GRAPPA �2 GRAPPA �2

Scan time (min) 7.4 8.7

2D multi-echo SE TR (ms) 4013 3864

Echo number 4 5

TE1/spacing/TElast (ms) 16.7/16.7/66.8 16.1/16.1/80.5

Bandwidth (Hz/pixel) 160 160

Matrix size 240 � 240 � 80 224 � 224 � 80

Spatial resolution (mm) 1 � 1 � 2 1.03 � 1.03 � 2

Parallel imaging GRAPPA �2 GRAPPA �2

Scan time (min) 17.8 16.1
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normalized T1w images and reconstructed QSM images, the

QSM(T1w) hybrid images were generated following Equation (1):

QSM T1wð Þ¼ μ�T1w�QSM ð1Þ

where μ is a weighting variable and empirically set to 0.0025

(Y. Zhang et al., 2018). The QSM(T1w) hybrid images preserve both

the strong anatomical contrast of DGM nuclei in QSM and the clear

cortical gray and white matter boundaries in the T1w image, which

were used for the following atlas construction.

2.3 | Separation of paramagnetic and diamagnetic
susceptibility

In this study, the paramagnetic and diamagnetic susceptibility

mapping were reconstructed using the recently proposed method

APART-QSM (Z. Li et al., 2023). Briefly, the APART-QSM employed a

comprehensive complex data model on the raw GRE signal:

S tð Þ¼M0e
� R2þajχpara jþajχdiað Þt �ei ϕresþϕbg tð Þþ2πγB0 D� χparaþχdiað Þð Þtð Þ ð2Þ

where χpara is the paramagnetic susceptibility, χdia is the diamagnetic

susceptibility, ϕres represents the time-independent residual phase,

ϕbg represents an echo time-dependent background phase, D is the

magnetic dipole kernel and � denotes the spatial convolution. Specifi-

cally, a is the magnitude decay kernel, which is a proportionality con-

stant between R0
2 (¼R�

2�R2) and absolute susceptibility sources.

APART-QSM utilized an iterative algorithm to solve the optimization

problem and estimate the voxel-wise parameter a-map.

The estimation of R2 map typically acquired using a multi-echo SE,

which is time-consuming. Previous studies assumed that R�
2 was

approximately proportional to the magnitude of susceptibility sources in

the approximation of small concentrations (Dimov et al., 2022). In this

study, we proposed a linear model to represent the magnitude of suscep-

tibility source concentration and R�
2. Specifically, R

�
2 can be expressed

as a first-order approximation of the reversible relaxation rate R0
2:

R�
2 ¼ αR0

2þβ ð3Þ

where α and β are the slope and intercept estimated from the linear

least-squares regression between mean R�
2 and R0

2 value of five iron-

rich deep nuclei ROIs in Cohort 2, including caudate nuclei (Cau),

putamen (Pu), globus pallidus (GP), substantia nigra (SN) and red nuclei

(RN). The approximated cR0
2 can be calculated according to

Equation (3):

cR0
2 ¼ R�

2�β
� �

=α ð4Þ

With the approximated cR0
2 map, APART-QSM can be used to recon-

struct paramagnetic and diamagnetic susceptibility maps based on the

GRE data in Cohort 1. We assume the bias induced by the estimated cR0
2

map to the final susceptibility separation results could be absorbed by

the magnitude decay kernel a, which is intrinsically determined using

an iterative algorithm in APART-QSM. As for the separation of para-

magnetic and diamagnetic susceptibility in Cohort 2 and Cohort 3, we

directly applied APART-QSM since R0
2 map is available.

2.4 | Atlas construction

The subjects in Cohort 1 were divided into 6 groups by age intervals.

Figure 1 shows the number of subjects and sex distribution at each

age interval. Based on the QSM(T1w) hybrid images, a similar two-

F IGURE 1 The number of
subjects at each age interval for atlas
construction and statistical analysis.
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step registration strategy (Y. Zhang et al., 2018) was employed, as

shown in Figure 2. First, the group-wise registration was performed

using ANTs within each age group to generate an age-specific atlas.

Next, the longitudinal registration was applied to co-register each age-

specific atlas to the MuSus-100 atlas (C. He et al., 2022) in Montreal

Neurological Institute (MNI) space. The transformations from these two

steps were respectively applied to the individual QSM, paramagnetic

and diamagnetic susceptibility images to produce the longitudinal and

age-specific atlas of different modalities. The constructed longitudinal

atlases for paramagnetic and diamagnetic susceptibility are also publicly

available at https://github.com/AMRI-Lab/SubVoxel-QSM-Atlas.

Moreover, the whole brain parcellation map was created based

on the longitudinal atlas of T1w. To obtain the parcellation map in

WM and cortex, the JHU DTI-based white-matter atlas (Mori

et al., 2005) and AAL3 atlas (Rolls et al., 2020) in MNI space were rig-

idly registered to the MuSus-100 atlas to ensure the same spatial res-

olution. Subsequently, the whole brain parcellation map was formed

by combing the MuSus-100 atlas, the warped JHU DTI-based white-

matter atlas and the warped AAL3 atlas.

2.5 | Statistical analysis

In order to perform ROI-based statistical analysis, the individual ROIs

segmentation was achieved by applying the inverted transformations

generated in Section 2.4. The mean susceptibility of each ROI in the

individual space was calculated for further analysis.

The progression of the iron deposition and myelin development

were both investigated in DGM and WM over the lifespan. In brain

nuclei, the progressive accumulation of iron with aging has been

reported to follow the exponential growth model (Hallgren &

Sourander, 1958). As iron is the main source of susceptibility in DGM,

the susceptibility can be fitted with the following three-parameter

exponential equation:

F IGURE 2 The outline of two-step registration for atlas construction. (a, b) The group-wise registration was conducted to generate the age-
specific atlas for each age interval (blue: the first age interval; orange: the mth age interval). φj

i represents the transformation from the ith
individual subject in the jth group toward the jth age-specific atlas and nj represents the number of subjects in the jth group. (c) A longitudinal
registration was conducted on the age-specific atlases to generate the longitudinal atlas of QSM(T1w) and the corresponding transformations
(dashed line). The longitudinal atlases of QSM, paramagnetic susceptibility (χpara) and diamagnetic susceptibility (χdia) were constructed by
applying the two-step transformations.
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χ¼ α 1�exp �β �ageð Þð Þþ γ ð5Þ

where χ represents the magnetic susceptibility, α, β, and γ are tissue-

specific parameters. In contrast, several nonlinear models have been

proposed to fit the evolution of myelin in WM with aging, including

quadratic (Hasan et al., 2009) and Poisson (Lebel et al., 2012) func-

tions. In this work, we used the three-parameter Poisson function

(W. Li, Wu, et al., 2014) to model the asymmetrical behavior of sus-

ceptibility developmental trajectories in WM:

χ¼A�age�exp �age=Bð ÞþC ð6Þ

where A, B, and C are tissue-specific parameters. It is worth noting

that B represents the age when the susceptibility value reaches its

minimum. To model the myelin development in DGM and iron deposi-

tion in WM over the lifespan, we employed generalized additive

models (GAMs) to flexibly capture the linear and nonlinear pattern of

development (Larsen et al., 2020). To evaluate the accuracy of devel-

opmental trajectories, the same fitting procedure was conducted on

Cohort 3 aged from 4 to 39 years as well. Two developmental trajec-

tories of magnetic susceptibility from Cohort 1 and Cohort 3 were

compared.

The curve fitting was conducted using the optimization toolbox

of Scipy (Virtanen et al., 2020). All data processing and computing

procedures were implemented in Python 3.9 on a workstation with an

Intel Core i7-11700 CPU and 64 GB RAM.

3 | RESULTS

3.1 | Feasibility of cR0
2 approximating R0

2

Figure 3 shows the validation of the first-order approximation of R0
2

map estimated from R�
2 map. Figure 3a presents the linear regression

between R0
2 and R�

2 within 5 DGM ROIs in Cohort 2. The resulting

regression coefficients are α=1.1781 and β=12.9629, respectively

(R2=0.9255, p< .001). The representative slices of measured R0
2 and

the approximated cR0
2 map exhibit a similar appearance, as illustrated in

Figure 3b. To verify the feasibility of susceptibility separation based

on cR0
2 maps, Figure 4 presents the qualitative and quantitative com-

parison between the results of R0
2-based and cR0

2-based susceptibility

separation. The paramagnetic susceptibility maps (χpara), diamagnetic

susceptibility maps (χdia) and their difference maps are displayed in

Figure 4a. The difference maps indicate a minor difference of anatom-

ical details in brain gray and white matters on χpara and χdia maps. The

large contrast difference mainly comes from the vessels due to

the blooming artifacts on the R�
2 map. Quantitatively, the correlation

analysis between the separated susceptibility values from the

R0
2-based and cR0

2-based results demonstrate a good consistency with a

coefficient of determination R2=0.9996 and a slope of 0.9748, as

shown in Figure 4b.

3.2 | Atlas construction

Figure 5 displays six representative axial slices of the longitudinal

brain atlases of QSM, χpara and χdia constructed in Cohort 1.

Although the longitudinal atlases are constructed from a large number

of subjects across 18–80 years old, the atlases effectively preserve

anatomical structures in DGM and the structural details in WM

visually.

Figure 6 exhibits the zoomed-in views of the age-specific atlases

within the basal ganglia and thalamus. The magnetic susceptibility of

basal ganglia and thalamus varies diversely in different sub-regions.

Compared to the magnetic susceptibility changes of QSM with age in

Figure 6a, the separated χpara and χdia maps can provide more accurate

iron-related and myelin-related temporal variations with age. The

magenta arrow in Figure 6b indicates that the paramagnetic

F IGURE 3 The first-order approximation of R0
2 map. (a) Linear regression between R0

2 and R�
2. (b) Qualitative comparison between R0

2 and the
approximated cR0

2 map.
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F IGURE 4 The qualitative and quantitative comparison between the susceptibility separation results of APART-QSM based on R0
2 and cR0

2

maps. (a) A representative slice of R0
2 and cR0

2 based susceptibility separation and their difference maps. (b) Correlation analysis between separated
susceptibility based on R0

2 and cR0
2 maps over five ROIs in Cohort 2.

F IGURE 5 The representative slices of longitudinal atlases of QSM, χpara, and χdia from the first row to the third row. The fourth row displays
the whole brain parcellation map formed by combing the MuSus-100 atlas, the warped JHU DTI-based white-matter atlas and the warped AAL3
atlas.

LAO ET AL. 5959



susceptibility in Pu obviously increases with aging. The blue arrow in

Figure 6c points to the developments of diamagnetic susceptibility in

GP, which becomes more diamagnetic with aging. This variation is not

possible to obtain based on traditional QSM due to the averaged

opposing susceptibility values in a single voxel. In addition, the sus-

ceptibility of the internal medullary lamina in the thalamus (green

arrow) becomes more diamagnetic with aging, which is also not obvi-

ous on traditional QSM images.

F IGURE 6 Age-specific atlases of QSM, χpara and χdia within the basal ganglia and thalamus from top to bottom. The paramagnetic
susceptibility of Pu increases with aging (magenta arrow). The diamagnetic susceptibility of GP (blue arrow) and internal medullary lamina
(green arrow) decrease with aging.

F IGURE 7 Evolution of susceptibility with aging in SN and RN. (a) The χpara maps of the individual subjects at each age interval. The upper
and lower rows show the rostral level and caudal level of SN, respectively. (b) The χdia maps of individual subjects. aSN, anterior substantia nigra
(dark green arrow); pSN, posterior substantia nigra (light green arrow); RN, red nuclei (pink arrow).
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3.3 | Individual susceptibility variations within
small deep gray matter nuclei

Figure 7 displays the χpara and χdia maps of each age interval at two

representative axial locations, covering SN and RN. The individual

images were all registered to the common space of the longitudi-

nal atlas by applying the corresponding transformations. The ante-

rior SN (aSN) and posterior SN (pSN) were defined by splitting the

SN ROI along the line of the anterior–posterior axis. The pink

arrow in Figure 7a indicates an obvious χpara increasing with aging

in RN. Additionally, the heterogeneity of χpara is observed in SN with

slightly higher susceptibility in aSN (dark green arrow) than pSN

(light green arrow). This obvious anteroposterior gradient of iron

between aSN and pSN is consistent with a previous postmortem

validation (Massey & Yousry, 2010). In Figure 7b, it is observed

that both the χdia value at the rostral level (the first row) and the

caudal level (the second row) of SN behave more diamagnetic with

aging.

3.4 | Developmental trajectory of susceptibility
across lifespan

Based on the parcellation maps of the MuSus-100 atlas (C. He

et al., 2022) and the JHU DTI-based white-matter atlas (Mori

et al., 2005), five DGM ROIs and three WM ROIs in MNI space are

shown in Figure 8. Additionally, two sub-region ROIs in the thalamus

were manually extracted based on the constructed longitudinal atlas.

The inverted transformations in Section 2.4 were applied to generate

the individual ROIs segmentation for the analysis of the susceptibility

development with normal aging.

3.4.1 | Trajectory of susceptibility development in
deep gray matter

Figure 9 shows the developmental trajectories with aging in Cau.

The trajectories of traditional susceptibility (Figure 9a,d) and

F IGURE 8 The representative ROIs in DGM and WM. (a) The DGM ROIs include caudate nuclei (Cau), putamen (Pu), globus pallidus (GP),
substantia nigra (SN) and red nuclei (RN). The thalamus sub-region ROIs include thalamus paracentral (Thal-Pc) and pulvinar thalami (Thal-Pu). (b) The
WM ROIs include the retrolenticular internal capsule (Retrolen IC), splenium of the corpus callosum (SCC) and posterior corona radiata (Post CR).

LAO ET AL. 5961



paramagnetic susceptibility (Figure 9b,e) show an exponential-

growth increase, while the diamagnetic susceptibility (Figure 9c,f)

displays a slight decrease with aging. Due to the separation of χdia

at the sub-voxel level, χpara exhibits a faster increase rate than

QSM. The paramagnetic susceptibility value rises rapidly during

the first four decades of life and then reaches plateaus around the

fifth decade, which is consistent with the results reported by Li

et al. (W. Li, Wu, et al., 2014). Besides, the slight monotonic

decrease of χdia in Cau indicates the myelination process might

continue throughout the lifespan. In addition, the trajectories fitted

in Cohort 3 are compared with those in Cohort 1 as shown in

Figure 9a–c. The trajectories calculated from the two cohorts are

roughly consistent, demonstrating the efficiency of cR0
2- based sus-

ceptibility separation using APART-QSM.

Figures 10 and 11 present the developmental trajectories in Pu

and RN, respectively. Similar to the trajectory of Cau, the paramag-

netic susceptibility in Pu and RN also follow the exponential growth

model. Differently, susceptibility increases continuously at an

approximately constant rate until the age of the 80s in Pu. The

developmental trajectory of χdia in Pu displays a rapid drop during the

first two decades then gradually approaches its plateau. In Figure 11c,

the trajectory in Cohort 1 slightly deviates from that in Cohort

3 in RN.

The developmental trajectories of two sub-regions in the thala-

mus are displayed in Figures 12 and 13. In Thal-Pu, the trajectories of

χpara follow the exponential growth model, revealing continuous iron

accumulation with aging in the thalamic nuclei (Figure 12b,e). Interest-

ingly, the χdia in Thal-Pu (Figure 12c,f) remains constant over the life-

span. In comparison, the development of χdia in Thal-Pc exhibits

continuous decrease with aging (Figure 13c,f) whereas χpara displays

no obvious variation throughout the lifespan (Figure 13b,e). The sex

difference of the developmental trajectories in DGM is presented in

Figures S7–S13.

3.4.2 | Trajectory of susceptibility development in
white matter

Figures 14–16 show the susceptibility evolutions in three white matter

regions, including Retrolen IC, SCC and Post CR. The developmental

F IGURE 9 The developmental trajectories of susceptibility with aging in Cau. (a–c) The comparison of QSM, χpara and χdia trajectories in
Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red points: male, blue
points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot curves represent the
fitted trajectories, 95% confidence and prediction intervals, respectively.
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trajectories calculated based on the traditional QSM remain stable over

the lifespan in Figure 14a,d. However, the χdia first becomes more dia-

magnetic as the brain matures and then increases monotonically with

aging, as shown in Figure 14c,f. Therefore, the fitted Poisson trajec-

tory of χdia is consistent with the asymmetrical behavior of white mat-

ter, as reported by DTI studies (Lebel et al., 2012). In Retrolen IC

(Figure 14), χdia reaches its peak diamagnetic value at around 44years of

age, which is similar to the fitted model parameters in the previous study

(W. Li, Wu, et al., 2014). In SCC (Figure 15), χdia decreases rapidly in the

first decade, gradually slows down and reaches its minimum at around

39 years of age. In comparison, susceptibility in the white matter of

Post CR (Figure 16) reaches its minimum at roughly 44 years of age.

Iron deposition in the white matter has been found to be essential

for the development of myelin (Algarin et al., 2003). Therefore, the

investigation of the development of χpara in white matter is also of

great significance. Our results show that the evolutions of χpara in Ret-

rolen IC (Figure 14b,e) exhibit significant increases during the first

four decades, then trend to decrease. It is worth noting that the

trajectories of χpara and χdia in Retrolen IC (Figure 14e,f) show the

complementary trend, that is, χpara becomes more paramagnetic while

χdia becomes more diamagnetic in the same WM region from the age

of 4 to about 40 years. This may imply the essential role of iron depo-

sition for WM myelination in this area. In contrast, the developmental

trajectory of χpara remains stable in SCC (Figure 15b,e). The sex differ-

ence of the developmental trajectories in WM is presented in

Figures S14–S20.

4 | DISCUSSION

In this study, we assessed the sub-voxel magnetic susceptibility across

various brain structures ranging from 18 to 80 years old in a cohort of

494 healthy adults. Based on the assumption that R0
2 can be estimated

as the first-order approximation of R�
2, the susceptibility separation

method (Z. Li et al., 2023) was performed on the GRE data to obtain

the paramagnetic and diamagnetic susceptibility maps. Subsequently,

F IGURE 10 The developmental trajectories of susceptibility with aging in Pu. (a–c) The comparison of QSM, χpara and χdia trajectories in
Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red points: male, blue
points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot curves represent the
fitted trajectories, 95% confidence and prediction intervals, respectively.
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the longitudinal and age-specific atlases of QSM, χpara and χdia were

constructed. The age-specific atlases of χpara and χdia can effectively

reflect tissue susceptibility variations at each age interval, offering a valu-

able reference for investigating the development of brain gray and white

matter with aging and for identifying deviations from a healthy popula-

tion. We also investigated the developmental trajectories of paramag-

netic and diamagnetic susceptibility simultaneously in various brain

structures. The observed exponential growth trajectories corroborate the

findings from previous studies (W. Li, Wu, et al., 2014) on paramagnetic

susceptibility progression in iron-rich DGM nuclei. Additionally, the

three-parameter Poisson equation fits well with the asymmetrical pattern

observed in the evolution of diamagnetic susceptibility in the major WM

fiber bundles. In addition, our results also reveal the developmental tra-

jectories of χpara in WM and χdia in DGM in vivo. Our results uncover,

for the first time, the developmental synchrony between myelination

and iron deposition in WM. These findings imply that age-dependent

evolution of both paramagnetic and diamagnetic susceptibility, utiliz-

ing the proposed sub-voxel QSM method, may provide valuable

insights into the spatiotemporal patterns of myelination and iron accu-

mulation during aging and neurodegenerations.

4.1 | Iron and myelin development inferred from
the trajectory of sub-voxel susceptibility

QSM has been extensively used to investigate the development of

susceptibility in the iron-rich DGM nuclei and myelin-rich WM during

brain maturation and aging (W. Li, Wu, et al., 2014; Treit et al., 2021;

Y. Zhang et al., 2018), to reflect the change of iron deposition and

myelination/demyelination within various brain regions. These studies

suggested that the susceptibility change in DGM is consistent with

the previous histochemical findings of iron deposition (Hallgren &

Sourander, 1958), following the exponential growth model. Mean-

while, the asymmetrical development trend of susceptibility in WM is

coincident with the age-related microstructural changes using diffu-

sion tensor imaging (DTI) (Lebel et al., 2012). However, the

F IGURE 11 The developmental trajectories of susceptibility with aging in RN. (a–c) The comparison of QSM, χpara and χdia trajectories in
Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red points: male, blue
points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot curves represent the
fitted trajectories, 95% confidence and prediction intervals, respectively.
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conventional QSM technique can only provide the voxel-averaged

susceptibility value from the mix of opposing susceptibility sources in

a single voxel. Recently, several studies proposed sub-voxel QSM

techniques to distinguish the contributions of intra-voxel paramag-

netic and diamagnetic susceptibility sources and quantify these two

opposing susceptibilities (Chen et al., 2021; Shin et al., 2021). In this

study, we utilized APART-QSM (Z. Li et al., 2023), a promising

susceptibility separation method, to investigate the developmental

trajectories of QSM, χpara and χdia simultaneously. With the advantage

of sub-voxel QSM, the χpara and χdia can be separately quantified and

analyzed in the same region. Our results demonstrate that there is an

obvious gap between the trajectories of χpara and QSM in most of the

ROIs in DGM (Figures 9–11). This phenomenon arises from the under-

estimation of iron quantification in QSM due to the presence of mye-

linated axons in DGM (Naidich et al., 2012; Schaltenbrand &

Wahren, 1977). Therefore, the trend of χpara provided a more accurate

developmental trajectory of iron in DGM during brain maturation and

aging. Similarly, our results reveal a biphasic temporal pattern of χdia in

WM, with an initial decrease followed by an increase whereas QSM

exhibited a plateau in certain WM regions (Figures 14 and 16). This

trend coincides with the characteristic of myelin maturation and deg-

radation during aging. Consequently, the trajectories of χdia in WM

have the potential to reveal a more accurate myelination or demyelin-

ation process compared to conventional QSM. In addition, we com-

pared the developmental trajectories of males and females and

observed minimal differences in most DGM and WM regions

(Figures S7–S20). However, it is worth noting that within RN and

Thal-Pu, we noticed a faster increasing rate of χpara in males, which

may indicate a higher level of iron deposition with aging in these

regions compared to females.

More importantly, our results show that the development of

iron deposition in WM and myelination/demyelination in DGM

in vivo can be quantified using sub-voxel QSM. We observed spa-

tial variation in the diamagnetic susceptibility trajectories within

DGM. For example, the developmental trajectories of χdia in Pu

and RN (Figures 10f and 11f) depict the myelination process in the

F IGURE 12 The developmental trajectories of susceptibility with aging in Thal-Pu. (a–c) The comparison of QSM, χpara and χdia trajectories in
Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red points: male, blue
points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot curves represent the
fitted trajectories, 95% confidence and prediction intervals, respectively.
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first four decades followed by a plateau, while the trajectory of χdia in

Cau (Figure 9f) indicates a relatively slower trend of myelination

throughout the lifespan. The different spatial patterns of the χdia

trajectories reflect a heterogeneous myelination process in the

brain DGM nuclei. The impact of such heterogeneity on neural

function during brain development remains unclear and warrants

further investigation. Additionally, this finding holds the potential

to enhance our comprehension of the pathology associated with

various neurodegenerative disorders, such as Parkinson's disease

(PD), Alzheimer's disease (AD) and multiple sclerosis (MS). A recent

study demonstrated that QSM showed diverse discriminative

power for health controls (HC) with PD in different SN sub-

divisions, attributable to the heterogeneous distribution of iron and

myelin within SN (Lee et al., 2021). Our results (Figure 7b) depict

the presence of increasing myelin in both rostral and caudal level of

SN, contrasting with the inference in the previous study (Lee

et al., 2021). Consequently, we could carry out the longitudinal

investigation of iron accumulation and myelination in the whole SN

using χpara and χdia. By quantifying the changes in iron and myelin

simultaneously, we may be better equipped to differentiate PD from

HC and unveil a more comprehensive understanding of PD pathology.

On the other hand, our study also yields interesting results regarding

the trends of χpara and χdia in the selected WM fiber bundles

(Figure 14e,f). In particular, we observed complementary trends of

χpara and χdia, suggesting that myelin synthesis is accompanied by the

iron accumulation in these WM fibers. This finding reinforces the view

of the indispensable role of iron in myelination (Ortiz et al., 2004) and

provides new insights into the longitudinal influence of iron deficiency

on the functional development of the nervous system, such as the

long-term effect of iron-deficiency anemia (IDA) on auditory and

visual system (Algarin et al., 2003).

4.2 | Potential applications of sub-voxel QSM
atlases

In this work, we constructed the longitudinal and age-specific atlases

of QSM, χpara and χdia. The longitudinal atlas provides high efficiency

F IGURE 13 The developmental trajectories of susceptibility with aging in Thal-Pc. (a–c) The comparison of QSM, χpara and χdia trajectories in
Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red points: male, blue
points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot curves represent the
fitted trajectories, 95% confidence and prediction intervals, respectively.
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for projecting the individual susceptibility maps into the common

space. The age-specific atlases reduce the bias introduced by age dif-

ferences in the longitudinal atlas and assist in the regional analysis at

each age interval. Moreover, the age-specific atlases of χpara and χdia

(Figure 6b,c) could provide a clear and comprehensive representation

of the typical variation in iron and myelin during brain development,

such as the iron accumulation with aging in the posterior part of Pu

and the gradual myelination process in GP.

In addition, the constructed sub-voxel QSM atlases deliver

improved magnetic susceptibility contrast compared to conventional

QSM, enabling clearer boundary definition for small brain nuclei. For

instance, Figure 6c exhibits the prominent WM fiber in the internal

medullary lamina of the thalamus and the aging-associated myelina-

tion process in this area. In comparison, such differentiation is scarcely

noticeable in the conventional QSM atlases (Figure 6a). As a result,

these atlases potentially serve as an efficient segmentation tool for

precise sub-region visualization and delineation. For instance, accurate

segmentation can be achieved in structurally and functionally complex

brain regions, such as the thalamus and hippocampus, using the

atlases of χpara and χdia. This sub-region segmentation is beneficial not

only for the target localization in neurosurgery, particularly in deep

brain stimulation (DBS) planning, but also for exploring and diagnosing

nervous system diseases.

4.3 | Limitations and future work

In this work, the susceptibility separation was performed using the

first-order approximation of R0
2 map, which might introduce system-

atic error to the result. This approximation relies on the assumption

that the susceptibility-induced R�
2 and R0

2 maps are approximately pro-

portional under small concentrations of susceptibility sources

(Bloembergen & Morgan, 1961; Yablonskiy & Haacke, 1994), which

has been validated in the previous study (Dimov et al., 2022). In our

study, a constant component representing the residual term in R2 was

introduced to the first-order approximation model. The good spatial

F IGURE 14 The developmental trajectories of susceptibility with aging in Retrolen IC. (a–c) The comparison of QSM, χpara and χdia
trajectories in Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red
points: male, blue points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot
curves represent the fitted trajectories, 95% confidence and prediction intervals, respectively.
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agreement between the results of R0
2-based and cR0

2-based susceptibil-

ity separation supports its feasibility. Furthermore, the high consis-

tency between the developmental trajectories derived from R0
2-based

susceptibility separation (Cohort 3) and cR0
2-based susceptibility sepa-

ration (Cohort 1) also indicates that this systematic error induced by

the approximation of R0
2 could be ignored under the large cohort

condition.

The precise separation of susceptibility necessitates R2 mapping

acquired using a multi-echo SE sequence, which is time-consuming

and not feasible for data collection in large cohorts. Recently, the pro-

posed multi-contrast imaging techniques have the potential to speed

up data acquisition. For example, both MR multitasking (Cao

et al., 2022) and BUDA-SAGE (Z. Zhang et al., 2022) are able to simul-

taneously obtain R�
2 and R2 mapping from a single MRI scan. However,

these techniques still suffered from the inaccurate R�
2 value estimation

and lengthy reconstruction time. Future research should concentrate

on further reducing the reconstruction time and improving quantita-

tive accuracy.

5 | CONCLUSION

Our study investigated the developmental trajectories of sub-voxel

paramagnetic and diamagnetic susceptibility of brain tissues across

the lifespan. The longitudinal and age-specific atlases of paramag-

netic and diamagnetic susceptibility provide a standard coordinate

space and efficient segmentation tool for sub-region delineation.

Notably, this study, for the first time, uncovered the evolution of

myelin in brain DGM and iron accumulation in WM in vivo. The

findings indicate that the myelination process behaves at various

rates among different nuclei in DGM. The complementary trajecto-

ries of paramagnetic and diamagnetic susceptibility highlight the

essential role of iron deposition in myelin synthesis within WM. In

summary, the longitudinal trajectory of sub-voxel QSM delivers

valuable and comprehensive insights into the spatial and temporal

patterns of iron deposition and myelination/demyelination concur-

rently during brain aging. This may expand our understanding of

susceptibility alternation in various neurological diseases and help

F IGURE 15 The developmental trajectories of susceptibility with aging in SCC. (a–c) The comparison of QSM, χpara and χdia trajectories in
Cohort 1 (the solid curves and closed circles) and Cohort 3 (the dashed curves and open circles) from the age of 4 to 39. Red points: male, blue
points: female. (d–f) The QSM, χpara and χdia trajectory in Cohort 1 over the adult lifespan. The solid, dashed and dash-dot curves represent the
fitted trajectories, 95% confidence and prediction intervals, respectively.
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unveil the pathological processes of neurodevelopmental and neu-

rodegenerative disorders.
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