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Abstract

Putative MRI markers of iron in deep gray matter have demonstrated age related

changes during discrete periods of healthy childhood or adulthood, but few studies

have included subjects across the lifespan. This study reports both transverse relaxa-

tion rate (R2*) and quantitative susceptibility mapping (QSM) of four primary deep

gray matter regions (thalamus, putamen, caudate, and globus pallidus) in 498 healthy

individuals aged 5–90 years. In the caudate, putamen, and globus pallidus, increases

of QSM and R2* were steepest during childhood continuing gradually throughout

adulthood, except caudate susceptibility which reached a plateau in the late 30s. The

thalamus had a unique profile with steeper changes of R2* (reflecting additive effects

of myelin and iron) than QSM during childhood, both reaching a plateau in the mid-

30s to early 40s and decreasing thereafter. There were no hemispheric or sex differ-

ences for any region. Notably, both R2* and QSM values showed more inter-subject

variability with increasing age from 5 to 90 years, potentially reflecting a common

starting point in iron/myelination during childhood that diverges as a result of life-

style and genetic factors that accumulate with age.
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1 | INTRODUCTION

Non-heme iron is essential for several key neuronal and glial functions

in the brain, including DNA synthesis, enzyme, and neurotransmitter

function and the formation of myelin (Rouault, 2013; Ward, Zucca,

Duyn, Crichton, & Zecca, 2014). Iron deficiency in early life impairs

brain development (Beard, 2003; Lozoff & Georgieff, 2006), while iron

overload in older adults causes oxidative stress and fosters neu-

rodegeneration (Mills, Dong, Wang, & Xu, 2010), suggesting that a

critical balance of iron is necessary for normal brain function

throughout the lifespan. Several mechanisms are involved in regulat-

ing iron homeostasis, including via the blood brain barrier (Fillebeen

et al., 1999; Moos, Rosengren Nielsen, Skjørringe, & Morgan, 2007);

however, the capacity for iron regulation declines with age leading to

iron deposits that accumulate over time (Farrall & Wardlaw, 2009).

Autopsy studies of previously healthy subjects indicate that iron

is unevenly distributed in the brain, with the highest concentration

found in the basal ganglia and the lowest in the cortex, increasing with

age at varying rates across structures (Hallgren & Sourander, 1958;

Ramos et al., 2014). In the basal ganglia, iron increases level off in

early adulthood, remaining constant or continuing only gradually

across the remainder of the lifespan, while iron in the thalamusSarah Treit and Nashwan Naji are co-first author.
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increases during development and then decreases after approximately

35 years of age (Hallgren & Sourander, 1958). Autopsy studies also

demonstrate that deep gray matter structures undergo myelination in

early development, starting first in the globus pallidus and thalamus

followed by the caudate and putamen (Hasegawa et al., 1992), which

serves to increase the conduction velocity of action potentials and

enhance communication across brain networks.

Several quantitative MRI methods are sensitive to both brain iron

and myelin including the transverse relaxation rate R2*, and quantita-

tive susceptibility mapping (QSM) (Haacke et al., 2005; Schenck &

Zimmerman, 2004; Wang & Liu, 2015). Both R2* and QSM have dem-

onstrated good reproducibility (Feng, Deistung, & Reichenbach, 2018;

Spincemaille et al., 2019) and strong correlations with postmortem

iron measures (Langkammer et al., 2010; Langkammer et al., 2012;

Sun et al., 2015). These techniques suggest that excess iron accumula-

tion or loss is associated with various neurodevelopmental

(e.g., ADHD—Cortese et al., 2012; autism—Tang et al., 2020) and neu-

rodegenerative disorders (e.g., Parkinson's disease, Huntington's dis-

ease, Multiple Sclerosis, and dementia; for review see Wang

et al., 2017). In healthy subjects, studies have demonstrated correla-

tions between R2* or QSM of basal ganglia structures and various

aspects of brain function including working memory in children and

adults (Darki, Nemmi, Möller, Sitnikov, & Klingberg, 2016) processing

speed (Hect, Daugherty, Hermez, & Thomason, 2018) and IQ in chil-

dren (Carpenter et al., 2016; Hect et al., 2018), cognitive switching

(Daugherty, Hoagey, Kennedy, & Rodrigue, 2019), executive function,

and psychomotor speed in adults (Ghadery et al., 2015). Further, a

recent large longitudinal study demonstrated a relationship between

longitudinal increases of R2* of the putamen during late adolescence

and superior overall cognitive performance (Larsen et al., 2020). Cor-

relations between putative measures of brain iron and cognition

across wider age-spans of subjects would contribute to an under-

standing of the functional relevance of changes in these measures.

Putative age-related changes of iron in deep gray matter during

healthy development and aging have mostly been reported using only

R2* (Aquino et al., 2009; Daugherty et al., 2019; Daugherty &

Raz, 2016; Ghadery et al., 2015; Haacke et al., 2010; Hect

et al., 2018; Larsen et al., 2020; Pirpamer et al., 2016) or only QSM

(Acosta-Cabronero, Betts, Cardenas-Blanco, Yang, & Nestor, 2016;

Bilgic, Pfefferbaum, Rohlfing, Sullivan, & Adalsteinsson, 2012; Carpen-

ter et al., 2016; Darki et al., 2016; Gong, Wong, Hui, Chan, &

Leung, 2015; Li et al., 2020; Ning et al., 2019; Persson et al., 2015;

Zhang et al., 2019) in discrete age groups (only children or only adults,

with two exceptions: R2* 1–80 years, n = 80—Aquino et al., 2009;

QSM, 1–81 years, n = 191—Zhang et al., 2018). Only a limited num-

ber of studies have reported both QSM and R2* in deep gray matter

of healthy populations, and include studies of infants (Zhang

et al., 2019), adolescents (Peterson et al., 2019) or adults (Betts,

Acosta-Cabronero, Cardenas-Blanco, Nestor, & Düzel, 2016). Only

one study using both R2* and QSM included participants across the

lifespan (n = 191, 1–81 years); demonstrating steep increases of both

R2* and QSM in the first few years of life followed by slower but

steady increases varying across six deep gray matter structures

(Li et al., 2014). No sex differences in R2* or QSM of deep gray matter

were found, in agreement with some (Hect et al., 2018), but not

others (Gong et al., 2015; Persson et al., 2015; Peterson et al., 2019),

while most studies did not test for sex differences presumably due to

small sample sizes. In addition, the majority of these studies present

results combined across hemisphere (e.g., Acosta-Cabronero

et al., 2016; Li et al., 2014; Zhang et al., 2019), while some smaller

studies have suggested subtle differences in measures of brain iron

between left and right counterparts of gray matter structures

(e.g., Gong et al., 2015) and others present left and right data sepa-

rately without directly testing for differences (e.g., Tullo et al., 2019).

Given that the effects of sex and hemisphere remain unclear and may

differ with age, testing for sex and hemispheric differences in a large

sample spanning a wide age range is warranted.

R2* and QSM presumably provide complementary information

given that both increase with iron, while myelin elevates R2* but

decreases QSM. However, studies including both measures in the

same sample have typically compared R2* and QSM using linear cor-

relations, pooled across structures (e.g., Li et al., 2014; Peterson

et al., 2019). Although this demonstrates a tight relationship between

R2* and QSM, these correlations are potentially confounded by large

differences in both susceptibility and R2* across structures, as well as

the influence of age. This study proposes to convert R2* and QSM to

Z scores to allow comparison on the same scale and test differences

in fit parameters as a means to overcome these confounds.

The purpose of this study is to assess and compare QSM and R2*

of four primary deep gray matter structures (caudate, putamen, globus

pallidus and thalamus) versus age, sex, and cognitive scores in a cross-

sectional sample of 498 healthy subjects over the ages of 5–90 years.

These structures were chosen given their key roles in numerous

developmental and neurodegenerative conditions, and their high

reproducibility with automated segmentation methods. We hypothe-

size that R2* and QSM will increase with age following a pattern simi-

lar to that of previous autopsy work, including continued increases in

the caudate, putamen and globus pallidus, and an inflection and sub-

sequent decrease in the thalamus. R2* and QSM trajectories are

expected to differ during periods of myelination (i.e., during develop-

ment) in structures where myelin is most abundant (e.g., the

thalamus).

2 | METHODS

2.1 | Participants

Five hundred and thirty-seven participants were recruited and

scanned on the same 3T in the Peter S Allen MRI Research Centre at

the University of Alberta as part of two studies on healthy brain

development. Of these 537 subjects scanned, 38 were excluded for

image quality and one was excluded for an incidental finding involving

the basal ganglia, leaving 498 subjects included in the analysis here

from 5 to 90 years (286 females 35 ± 21 years; 212 males 36

± 22 years).

4598 TREIT ET AL.



Participants were recruited through advertising or word of mouth,

and were screened for self-reported history of developmental, psychi-

atric or neurological disorders, history of significant head injury, or

contraindications to MRI. All participants provided written informed

consent (in addition to written assent for participants under the age

of 18) prior to enrollment, and both studies were approved by the

Health Research Ethics Board at the University of Alberta.

2.2 | Cognitive assessment

All participants underwent a brief cognitive assessment using the NIH

Cognition Toolbox (Gershon et al., 2010). Subtests included Picture

Sequence Memory Task, Dimensional Card Sorting, List Sorting Work-

ing Memory, Rey Auditory Verbal Learning, and the Oral Symbol Digit

Task to provide basic measures of memory, processing speed, and

executive function. Standard (age corrected) scores were used for Pic-

ture Sequence Memory, Dimensional Card Sorting and List Sorting

Working Memory, while this battery produces only raw scores for

Oral Symbol Digit and Rey Auditory Verbal Learning tests.

2.3 | MRI acquisition

Participants were scanned with one of two very similar imaging proto-

cols on the same 3T Siemens Prisma with a 64-channel head coil. Both

protocols used the same T1-weighted sagittal magnetization prepared

rapid acquisition gradient echo (MPRAGE) with TR/TE/TI 1,800/

2.37/900 ms, 0.87 � 0.87 � 0.85 mm3, 208 slices, FOV 250 � 250

mm2 in 3:39 min. For R2* and QSM, both protocols used an axial-

oblique 3D multiple gradient echo sequence with TE1 3.82 ms, echo

spacing 5.49 ms, FOV 240 � 202 mm2, in-plane resolution of

0.94 � 0.94 mm2, 260 Hz/pixel bandwidth and 2� parallel imaging.

There were slight variations in other parameters between the two

cohorts: cohort 1 (n = 333 after exclusions; 5–90 years; 195 females)

with 6 echoes, TR 37 ms, flip angle 13�, 1.7 mm slice thickness,

88 slices in 5:30 min and cohort 2 (n = 165 after exclusions;

5–74 years; 91 females) with 7 echoes, TR 45 ms, flip angle 17�,

2.0 mm slice thickness, and 64 slices with 6/8 slice partial Fourier in

3:40 min. Slight differences between protocols were mitigated by

matching image resolution and echo number (described below). In

addition, the effect of 6/8 slice partial Fourier was tested in a small

number of subjects who were scanned with both protocols, yielding

no significant differences in parameter values (p = .426, data not

shown).

2.4 | Image processing

Susceptibility and R2* maps were computed from the multiple

gradient-echo data. To harmonize the two cohorts, the thinner

1.7 mm slice thickness of cohort 1 was downsampled to 2.0 mm to

match cohort 2, and both cohorts used only 6 echoes. R2* maps were

produced using mono-exponential fitting of magnitude signal at differ-

ent echo-times (Du, Jin, Hu, & Tanabe, 2009). For QSM, phase from

different echo-times were corrected for RF-related offsets, and spa-

tially unwrapped using a best-path algorithm (Abdul-Rahman

et al., 2007), and then fitted into a magnetic field map using

magnitude-weighted least squares. A brain mask was generated

using Brain Extraction Tool (BET) in FSL (Smith, 2002). Magnetic field

contributions from sources outside of the brain were removed using

Sophisticated Harmonic Artifact Removal for Phase data with variable

kernel radii (V-SHARP) ranging from the minimum voxel dimension to

a maximum of 9 mm (Li, Wu, & Liu, 2011; Schweser, Deistung, Lehr, &

Reichenbach, 2011). The remnant local field was then inverted into a

susceptibility map using nonlinear Morphology-Enabled Dipole Inver-

sion (MEDI) algorithm with default settings, except a regularization

parameter of 2,500 (Liu et al., 2013). Susceptibility values are not

absolute and are typically normalized to another tissue or CSF (Feng

et al., 2018; Straub et al., 2017). Nevertheless, this normalization is

subject to error if using CSF, and can complicate interpretation if using

another tissue given that both measures change independently over

the lifespan. Reconstructed susceptibility maps are implicitly normal-

ized to the mean value of the whole brain. Previous studies suggested

using susceptibility values directly and showed no systematic bias

between no normalization and normalization to either a white matter

or CSF reference (Acosta-Cabronero et al., 2016; Li et al., 2014). For

these reasons, susceptibility was not further normalized.

To rule out subjects with significant motion artifact, data quality

for R2* and QSM was assessed by examining the multiple gradient

echo sequence using an automated tool which was followed up with

manual inspection of cases above a set artifact threshold. The auto-

matic procedure used a background (i.e., air) region on the first echo

magnitude images (Mortamet et al., 2009), which included all pixels

outside the head mask superior to the nasion-to-posterior-of-the-

cerebellum plane. Artifacts in the background region were then seg-

mented based on an intensity histogram and quantified using the ratio

of the number of artifact voxels to the total number of background

voxels, with lower ratios implying better quality (Mortamet

et al., 2009). Based on manual inspection of a subset of data from

these protocols, a ratio of 0.17 in the automated QA was chosen as

the threshold to flag data for subsequent manual inspection.

T1-weighted images were uploaded to volBrain (Manj�on &

Coupé, 2016) for segmentation to yield volumes (cm3) and 3D regions

of interest (ROIs) of bilateral thalamus, caudate, putamen and globus

pallidus. ROI masks of the caudate, putamen and thalamus were then

eroded by 1 voxel to avoid inclusions of surrounding tissues and mini-

mize partial volume effects. R2*/QSM maps were rigidly co-registered

to T1 images using ANTs (Avants et al., 2011) to yield R2* and QSM

measurements for each structure using the T1-generated 3D ROIs.

2.5 | Volume, R2* and QSM versus age

Non-linear relationships between volume, R2* and QSM versus age

were tested for each structure using the Curve Estimation Toolbox in
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SPSS 26.0 (IBM Corp, Armork, New York). Quadratic, Cubic, and

Exponential functions were tested, and adjusted R2 values were com-

pared between significant fits for each structure/measure. Curve

fitting was initially performed separately in males and females with

left and right separate, and then repeated twice for R2*/QSM: once

with left/right structures averaged (but males and females separated)

and then again with both left/right structures averaged and males and

females combined. Residuals of the final best fit for each structure

(left/right averaged and males/females combined) were used for cor-

relations with cognitive testing.

2.6 | Hemispheric asymmetry and sex differences

Hemispheric asymmetry was tested via Z tests of corresponding curve

fitting parameters (i.e., β(age), β(age2), β(age3), and β(constant) for

cubic curves) in the left versus right counterparts of each structure/

variable, separately in males and females. Likewise, sex differences

were assessed via Z tests of corresponding fit parameters in males

versus females (after combining left and right hemispheres). The

p values were FDR corrected for multiple comparisons.

2.7 | Relationships between R2* and QSM

To assess differences between cross-sectional trajectories of R2* and

QSM, the raw values of each variable were transformed to Z scores

such that they could be plotted on the same scale (left/right and

males/females combined). Best fit curves were applied to each, all-

owing both visual comparison of R2* versus QSM curves as well as

Z tests of the β parameter values for each curve. In addition, to allow

visualization of differences between R2* and QSM independent of

curve fitting, a moving average with a 20-subject window was

calculated for Z scores for each parameter across the entire sample,

shifted by one subject each average (i.e., the mean and SD for subjects

1–20, 2–21, 3–22, and so on, with subjects ordered by age).

2.8 | Correlations with cognitive scores

Relationships between cognitive performance and R2*/QSM values of

each structure were assessed with Pearson's correlations between the

residuals of each R2*/QSM lifespan curve (males/females and left/

right combined) versus standard scores for Picture Sequence Memory

Task, Dimensional Card Sorting and List Sorting Working Memory, or

age corrected residuals for Rey Auditory Verbal Learning, and Oral

Symbol Digit Task. The p values were FDR corrected for multiple

comparisons.

3 | RESULTS

3.1 | Relationships with age

Caudate, putamen, globus pallidus, and thalamus volumes best fit

exponential functions which indicated decreases with age across the

5–90 year old “lifespan” (Figure 1a). Conversely, R2* and susceptibil-

ity of all structures best fit cubic functions which suggested increases

with age across the lifespan for the caudate, putamen, and globus

pallidus, but an increase in childhood, plateau in mid-adulthood and

decrease thereafter for both R2* and susceptibility of the thalamus (all

p < .001, Figures 1 and 2, Table 1). R2* and susceptibility curves of

the caudate, putamen and globus pallidus reached their highest value

over 85 years of age. Likewise, 90% of total change in both R2*

and susceptibility was reached in the later portions of the lifespan

(65–87 years) for these structures, suggesting continual increase,

F IGURE 1 Best-fit curves across 5–90 year lifespan in 286 females and 212 males for (a) volume, (b) R2*, and (c) QSM of the thalamus,
putamen, caudate and globus pallidus, separated by sex (different shade of each color) and hemisphere (solid vs. dashed lines). Volume decreased
with age in all four structures, while R2* and QSM followed either quadratic or cubic curves that increased across the lifespan for all structures
except the thalamus, which increased, reached a peak and then declined. R2* and QSM were highest in the globus pallidus across all ages. R2*
and QSM in the other three structures were similar to each other at the youngest ages, but progressively deviated with increasing age,
particularly after 45–50 years. Curves within each structure were remarkably similar between males and females as well as between the left and
right hemispheres
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F IGURE 2 Raw data (left and
right hemispheres averaged; males
and females colored separately) and
best fit curves for R2* and QSM of
the caudate, putamen, thalamus,
and globus pallidus. VolBrain ROIs
of the caudate (yellow), putamen
(pink), globus pallidus (green), and
thalamus (teal) are overlaid on

(a) R2* and (b) QSM of a 53 year
old female. (c–j) R2* and QSM
showed robust nonlinear changes
with age with large overlap
between males and females. Both
R2* and susceptibility of the
putamen and globus pallidus
increased over the lifespan,
following similar trajectories. For
the caudate, R2* increased across
the lifespan while susceptibility
increased until mid-adulthood and
plateaued thereafter, increasing
very little for the remainder of the
lifespan. The thalamus was the only
structure shown to increase in
childhood, reach a peak in
adulthood and decline thereafter
for both measures
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except for susceptibility of the caudate which reached 90% of total

change at 36 years old followed by a leveling off at older ages

(Table 1; Figure 2).

Unlike the continual increases observed in the basal ganglia, R2*

and QSM curves of the thalamus reached peaks at 41 and 36 years,

respectively, decreasing thereafter. R2* of the thalamus increased

more than it decreased while the opposite was observed for suscepti-

bility, which increased in childhood less than it decreased in later

adulthood (Figure 2g,h).

As a post-hoc analysis an index of subject motion extracted from

the automated QA procedure was added to cubic models and was not

found to be significant for R2* or QSM of any structure (data

not shown), suggesting that age related changes are not accounted

for by subject motion.

3.2 | Hemispheric asymmetry

Nearly identical curve fits were observed for volumes, R2* and QSM

of the left and right counterpart of each structure (Figure 1). Z tests of

the left and right counterparts of each structure yielded no significant

differences in the constant or age parameters for any measure. Thus,

left and right sides were combined for all measures.

3.3 | Sex differences

Males and females were best fit to the same function versus age for

all measures (Figure 1) except volume of the globus pallidus, which

was best fit to a cubic function in females and a quadratic function in

males. Z tests of corresponding β parameters in males versus females

yielded no significant differences for any QSM or R2* fits. Conversely,

there were three significant volume differences: the age parameter of

the caudate (steeper decrease in females; corrected p = .028) as well

as the constant of the putamen (larger volume in males; corrected

p < .001) and thalamus (larger volume in males; corrected p = .002).

Given the minimal sex differences (including none in the variables of

interest: QSM or R2*) and large degree of overlap in the raw data

shown separately for males and females (Figure 2), subsequent analy-

sis was carried out with males and females combined.

3.4 | Qualitative evaluation of regional change on
the QSM and R2* maps

Examination of the R2* and QSM maps over the lifespan showed visible

differences within the deep gray matter with age, particularly between

very young children and adolescents/young adults as well as in older sub-

jects (Figure 3). A sharp increase of both R2* and QSM can be seen in the

globus pallidus from 5 to 15 years of age, in keeping with the curves

reported above in the quantitative analysis. However, there also appears

to be an anterior-to-posterior gradient of susceptibility change with the

anterior portion of the globus pallidus increasing first at the youngest ages,

which is only appreciated by examining the maps (Figures 3 and 4).

R2* contrast between the caudate and putamen became visible

between 5 and 15 years of age, in keeping with quantitative parameter cur-

ves for these structures which start out with similar values at age 5, diverg-

ing with age. This contrast disappeared in later adulthood (75–85 years of

age; Figure 3); however, the high iron content of both structures impedes

visual distinction. Likewise, susceptibility contrast between the caudate and

putamen is also evident in very young subjects (Figure 4), becoming less

apparent around approximately 80 years of age (Figure 5).

Curve fitting suggests that QSM and R2* values in the thalamus

increased slowly over 5–25 years, accompanied by less visible change in

parameter maps than other structures. However, the susceptibility of the

pulvinar (posterior nuclei of the thalamus) became substantially more visi-

ble between 15 and 25 years, again indicating regional heterogeneity that

is not appreciated by QSM measurements of the whole structure

(Figures 3 and 4). Susceptibility of the pulvinar remained elevated relative

to the rest of the thalamus in most subjects in later adulthood (Figure 5).

TABLE 1 Raw values predicted by curve fits for R2* and QSM

Value at 5 years Value at 90 years Age at highest value

Age at 90% of total change

from 5 to 90 years

Caudate

R2* 16 s�1 26 s�1 >90 years 83 years

QSM 11 ppb 40 ppb >90 years 36 years

Putamen

R2* 16 s�1 33 s�1 >90 years 78 years

QSM 2 ppb 54 ppb 87 years 65 years

Thalamus

R2* 18 s�1 19 s�1 41 years n/a

QSM �4 ppb �9 ppb 36 years n/a

Globus pallidus

R2* 24 s�1 46 s�1 >90 years 85 years

QSM 65 ppb 147 ppb >90 years 87 years
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3.5 | Relationships between R2* and QSM

Curve fits of R2* and QSM Z scores, plotted on the same scale, sug-

gest a great degree of overall similarity in the patterns of change with

age between these two parameters (Figure 6a,c,e,g). Both the caudate

(Figure 6a) and globus pallidus (Figure 6g) show nearly perfect overlap

from 5 to approximately 35 years of age, after which the curves

diverge slightly for the globus pallidus and more substantially for the

caudate (with continued increases in R2*). However, the β parameters

of these fits were not significantly different (R2* vs. QSM) for either

structure, likely resulting from the large increase in variance seen at

older age for both parameters (Figure 6b,h; Table 2). Conversely,

F IGURE 3 Examples of
T1-weighted MPRAGE, R2*, and QSM
susceptibility maps from one subject
per decade across the lifespan. T1
contrast is similar across subjects
while both R2* and QSM change
visibly within the first two decades
continuing until the 90s. Although
R2* changes visibly across the

lifespan, QSM appears to provide
more contrast between structures
(e.g., putamen vs. globus pallidus,
which are less distinguishable on R2*
by 90 years of age), as well as
heterogeneity within structures, for
example, the pulvinar of the thalamus
(posterior bright region on QSM)
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F IGURE 4 (a) Susceptibility maps from childhood to early adulthood for example subjects ranging from 5 to 25 years old, along with plots for
(b) globus pallidus and (c) thalamus with example subjects from (a) identified by colored dots. In the globus pallidus, susceptibility increased rapidly
within the 5–10 years range, evident both visually in the first four subjects as well as in the plots. In addition, there appears to be an anterior-to-
posterior gradient with the anterior portion increasing first as only appreciated by examining the maps. Conversely, susceptibility in the thalamus
increased slowly over 5–25 years, with much less visible change overall. However, the pulvinar (posterior nucleus of the thalamus) susceptibility is
shown to increase substantially between 20 and 25 years on the actual susceptibility maps which indicates regional heterogeneity that is not
appreciated by whole structure measurements

F IGURE 5 Susceptibility maps from 10 females aged 68–90 years, showing substantially elevated values in the globus pallidus relative to the
other three deep gray matter regions, as well as the in the pulvinar relative to the rest of the thalamus. However, in these older females there is
also marked inter-subject variability in both structures (e.g., globus pallidus susceptibility much higher in the 75 year old versus 76 year old,
pulvinar not visible in the 75 year old; barely visible in the first 81 year old or 85 year old, yet very clear in most other subjects). In addition, the
ability to visually distinguish the caudate from the putamen appears to be lost around approximately 80 years of age
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curve fits of putamen R2* and QSM yielded subtle but significant dif-

ferences in all β parameters (constant, age, age2, and age3; Figure 6c).

These subtle differences are also evident in the moving averages (not

constrained by fitting parameters; Figure 6d), which show extremely

tight standard deviations and no overlap between the putamen

Z scores of QSM and R2* at the youngest ages below 9 years. The

first inflection (age2 parameter) for R2* and QSM of the putamen is

opposite in direction (Table 2), which can again be appreciated when

looking at the moving averages of subjects from approximately 10 to

25 years of age (Figure 6d). Similar to the caudate and globus pallidus,

an increase in variance is seen for both R2* and QSM of the putamen

in older subjects (Figure 6d). Lastly, Z tests of the β parameters of thal-

amus curve fits indicate significant differences in both the constant

and age parameters, with R2* starting lower and increasing more

steeply than QSM, while the opposite pattern is observed from the

peak to oldest ages (Figure 6e). Although an increase in inter-subject

F IGURE 6 R2* and QSM values
converted to Z scores to permit
comparison on the same scale. The
left column (a,c,e,g) show curve fits
for structure, with arrows indicating
statistically significant differences in
parameter values between R2* and
QSM. The right column (b,d,f,h)
show ±1SD of the moving average

of each measure (average of
20 consecutive subjects, window
shifted every 1 subject). R2* and
QSM curves overlaped substantially,
with a few notable exceptions
(e.g., the thalamus). Moving average
curves provide additional
visualization of the overlap between
R2* and QSM curves (overlap shown
in purple), while also highlighting
places where the curves differ, for
example, youngest ages in the
putamen. Furthermore, in all
structures the SD of both Z scores
increased with age, particularly for
the caudate, putamen, and globus
pallidus
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variability is again observed in older subjects (Figure 6f), this change is

much less striking than for the other deep gray matter structures.

3.6 | Correlations with cognition

Means and standard deviations of age-corrected standard scores for

the Picture Sequence Memory, Dimensional Card Sorting, and List

Sorting Working Memory tasks were 111 ± 17, 111 ± 17, and 103

± 14, respectively, indicating average to high-average performance in

this sample. The NIH Toolbox does not yield standard scores for Audi-

tory Verbal Learning and Oral Symbol Digit tasks. Raw scores for

these measures were 27 ± 6 and 90 ± 20, respectively. Picture

Sequence Memory and Oral Symbol Digit scores were positively

correlated with caudate susceptibility (R = 0.123, p = .007 and

R = 0.109, p = .021, respectively), while Picture Sequence Memory

scores were also positively correlated with putamen susceptibility

(R = 0.101, p = .026); however, these correlations did not survive

FDR correction.

4 | DISCUSSION

This study demonstrates cross-sectional trajectories of R2* and QSM

indicative of putative changes in brain iron in the caudate, putamen,

globus pallidus and thalamus from 5 to 90 years of age in a large

cohort of 498 healthy subjects. Trajectories were strikingly similar

between hemispheres and sex, suggesting robust relationships with

age given that males and females were fit independently. This work

confirms previous findings and adds to the currently limited literature

examining putative iron changes in deep gray matter from samples

that span both childhood and adulthood (Aquino et al., 2009:

1–80 years, n = 80; Li et al., 2014: 1–81 years, n = 191; Zhang

et al., 2018: 1–81 years, n = 191), only one of which included both

R2* and QSM (Li et al., 2014).

4.1 | Age related increase of R2* and QSM in the
basal ganglia continue across the lifespan

Increases of R2* and QSM with age continued across the lifespan in

the globus pallidus, caudate and putamen, albeit at rates that varied

by structure. Both R2* and QSM reached 90% of total change during

the mid-60s to late-80s reflecting continued steady increases into late

adulthood, with the notable exception of susceptibility of the caudate

which reached 90% of total change in the late 30s, increasing only

gradually thereafter. Previous studies including subjects across the

lifespan also found steep changes with age in the globus pallidus dur-

ing childhood that subsequently leveled off in adulthood, and

shallower but more protracted curves for the caudate and putamen

(Aquino et al., 2009; Li et al., 2014). Likewise, the globus pallidus has

been shown to have the steepest slope of change with age relative to

other structures in early development (Ning et al., 2019), and minimal

(Persson et al., 2015) or no significant change with age during adult-

hood (Acosta-Cabronero et al., 2016; Li et al., 2020). Although the

majority of change observed in the globus pallidus in this study

occurred in childhood, we also observe a late life increase of R2* and

QSM that is not consistent with other studies. This increase may be

an artifact of curve fitting as moving average data suggests a steady

continued increase, but may also result from elevated inter-subject

variability observed at these older age (discussed further below).

4.2 | The thalamus follows a distinct age trajectory
relative to the basal ganglia

Both R2* and QSM of the thalamus followed a distinct pattern relative

to the other three deep gray matter structures, increasing until the

late 30s to early 40s and then decreasing thereafter for the remainder

of the lifespan in keeping with previous autopsy work indicating a

peak of iron in the thalamus at 35 years of age (Hallgren &

Sourander, 1958). This finding is also in agreement with previous

TABLE 2 Beta parameter values for
curve fits of R2* and QSM Z scores (for
comparison on the same scale)

Adjusted R2 β (constant) β (age) β (age2) β (age3)

Caudate

R2* 0.634 �2.58 0.15 �2.4E-3 1.4E-5

QSM 0.433 �2.51 0.15 �2.5E-3 1.3E-5

Putamen

R2* 0.712 �2.32 0.12 �1.5E-3 8.0E-6

QSM 0.671 �1.58 0.05 1.2E-4 �3.0E-06

Thalamus

R2* 0.401 �2.76 0.20 �3.3E-3 1.6E-5

QSM 0.285 �1.56 0.13 �2.3E-3 9.0E-6

Globus pallidus

R2* 0.550 �2.91 0.19 �3.4E-3 2.0E-5

QSM 0.351 �2.67 0.19 �4.0E-3 2.7E-5
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QSM work indicating an increase followed by a decrease in the whole

thalamus (Zhang et al., 2018). However, Zhang et al. (2018) further

show distinct patterns within thalamic nuclei, including an increase of

susceptibility in the pulvinar that reaches a plateau that does not then

decrease (Zhang et al., 2018), which was also qualitatively observed

here (though not measured). The propensity for the basal ganglia to

continue to accumulate iron while the thalamus loses iron after mid-

life has been speculated to relate to the role of these structures in

motor versus sensory functions, respectively (Acosta-Cabronero

et al., 2016) or differential susceptibility to dysregulation of iron

metabolism (Ward et al., 2014). However, this unique pattern may

also reflect changes to myelin. Although both the globus pallidus and

thalamus are high in myelin relative to the caudate and putamen, the

globus pallidus is also very high in iron, overshadowing the effects of

myelin on its R2* and QSM trajectories. Conversely, the thalamus is

high in myelin (concentrated within the internal and external inter-

medullary lamina) but low in iron, which could amplify the relatively

minor contribution of myelin to susceptibility signal. Change with age

from 5 years to young adulthood was steeper for R2* than for suscep-

tibility, which is likely due to the additive effects of myelination on

R2* in the thalamus. Conversely, the slope of susceptibility loss after

the mid-30s to 40s was steeper than for R2*, suggesting that QSM

may be more sensitive to non-heme iron loss known to occur over this

age range in the thalamus (Hallgren & Sourander, 1958), also given

that myelin loss in the thalamus would attenuate this QSM decrease

rather than accelerate it (Liu, Li, Johnson, & Wu, 2011).

4.3 | Regional heterogeneity is observed within
deep gray matter regions

Whole-structure quantitative measures were complemented by qual-

itative evaluation of parameter maps, which indicated regional het-

erogeneity within structures, such as increasing susceptibility in the

pulvinar at older ages (despite whole-structure decreases of the

thalamus after mid-life). Likewise, an anterior to posterior gradient

of susceptibility increase with age was observed in the globus

pallidus among young children, as well as increasing susceptibility in

the posterior putamen among older subjects, neither of which are

appreciable by examination of the whole structures. Keuken

et al. (2017) also show greater susceptibility in posterior putamen in

middle-aged and elderly subjects but not young adults. Further

examination of the subregions that comprise these structures is

needed.

4.4 | Patterns of volume change are distinct from
R2* and QSM

R2* and QSM followed distinct patterns of change with age relative

to volume, which decreased at a relatively even pace across the

lifespan. Nonetheless, to determine if volume atrophy contributed to

elevations of R2* and QSM, a post-hoc analysis was conducted adding

intracranial volume and structure volume to cubic models of R2* and

QSM versus age. Structure volume was significant in the models of

thalamus and putamen QSM versus age (p = .039 and p < .001,

respectively). Likewise, intracranial volume was significant in the

model of thalamus R2* versus age (p = .027). However, adding vol-

umes to these models only explained an additional 0.6–2.5% of the

variance. This suggests that age related changes in R2* and QSM are

largely independent of changes in brain volumes, in keeping with past

work demonstrating no correlation between R2*/QSM and volume

(n = 30, 20–41 years; Péran et al., 2009).

4.5 | The relationship between R2* and QSM is
complementary

Although the overall pattern of change between QSM and R2* is

remarkably similar, comparison on the same scale (via conversion to

Z scores) enabled comparison of the age-related differences in the

relationship between these measures. From early childhood to

the late teens, Z score curves of R2* increased more rapidly than sus-

ceptibility of both the putamen and thalamus (Figure 6c,e), presum-

ably due to the additive effects of iron accumulation and myelination,

while myelin is subtractive for QSM. In the caudate, continued steep

increases of R2* relative to QSM in older subjects may relate to

increasing microcalcification (Betts et al., 2016) that would reduce

susceptibility while increasing R2*; however, this divergence of the

Z scores curves in later adulthood was not statistically significant. Age

related changes in the relationship between R2* and QSM cannot be

appreciated by measuring correlations pooled across ages and struc-

tures, as done in past literature (e.g., Betts et al., 2016; Li et al., 2014;

Peterson et al., 2019).

4.6 | Inter-subject variability increases with age

The raw data in Figure 2 as well as the moving-average standard devi-

ations shown in Figure 6 indicate that inter-subject variability of R2*

and QSM increased with age across the lifespan. Indeed, the range of

R2* values in the caudate and putamen in the last two decades of the

lifespan were nearly double that of the first two decades. This vari-

ability can be also appreciated visually, for example, inconsistent visi-

bility of the pulvinar is apparent among older subjects (Figure 5)

relative to younger subjects (Figure 4). An increase in variability with

age is also apparent in Hallgren and Sourander (1958), as well as in

the raw QSM and R2* plots of Li et al. (2014), suggesting this may be

a consistent finding. Increased variability among elderly subjects rela-

tive to children and adolescents may reflect an accumulation of life-

style and other factors (e.g., cardiovascular disease, smoking, and

body mass index) shown to influence measures of brain aging includ-

ing iron deposition, brain volumes, and white mater hyperintensities

(Debette et al., 2011; Pirpamer et al., 2016). These additional factors

were not measured here and may account for some of the variability

observed among older subjects.
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4.7 | Limitations

Several nonbiological factors must be considered when comparing

relationships with age as well as when comparing to previous litera-

ture. By definition, the choice of statistical fitting parameters impacts

resulting trajectories (particularly in cross-sectional datasets), and also

complicates comparison between studies. One of the other QSM

lifespan studies (Li et al., 2014), as well as the formative autopsy study

examining iron content (Hallgren & Sourander, 1958) exclusively used

exponential growth models on all structures (except the thalamus)

without comparison to other models. As a post-hoc analysis, the

exponential growth model was plotted against the best fit model cho-

sen here (data not shown). The exponential growth curve yields a sim-

ilar approximation of the data in the first half of the lifespan for most

structures, closely matching the steep upswing seen in the moving

average during early childhood, but is unable to model the continued

increases in later adulthood, underscoring the challenge of curve

fitting in lifespan data. Sample characteristics such as age range and

distribution of cross-sectional data vary widely across the R2*/QSM

literature, and are known to influence some statistical fits more than

others (Fjell et al., 2010). To overcome these limitations moving aver-

age data was also presented here, which is free from fitting con-

straints. The present study offers a further advantage over previous

literature by the inclusion of a greater number of subjects in middle

ages of the lifespan which may mitigate extrapolation between young

and older subjects. Although this study includes subjects as young as

5 years of age, this excludes critical years of early development mar-

ked by large changes in tissue susceptibility (Ning et al., 2019; Zhang

et al., 2019) and iron accumulation (Hallgren & Sourander, 1958).

Future work should strive to include large longitudinal cohorts span-

ning all ages to confirm cross-sectional findings.

5 | CONCLUSIONS

This cross-sectional study confirms past work documenting nonlinear

and regionally dependent changes of putative brain iron in deep gray

matter across the lifespan, which are not accounted for by changes in

structure volume. The large sample size is sufficient to confirm a lack

of sex or hemispheric differences, in keeping with other smaller stud-

ies. Inter-subject variability is shown to increase substantially at older

ages for both R2* and QSM, potentially reflecting the influence of

genetic, environmental and lifestyle factors that accumulate over time.

This work provides a baseline for studies examining the role of myelin

and brain iron in neurodevelopmental and neurodegenerative

disorders.
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