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Abstract

Accumulation of non-heme iron in the brain has been proposed as a biomarker of the progressive
neuroanatomical and cognitive declines in healthy adult aging. Postmortem studies indicate that
iron content and lifespan differences therein are regionally specific, with a predilection for the
basal ganglia. However, the reported /n vivo estimates of adult age differences in iron content
within subcortical nuclei are highly variable. We present a meta-analysis of 20 /n vivo magnetic
resonance imaging (MRI) studies that estimated iron content in the caudate nucleus, globus
pallidus, putamen, red nucleus, and substantia nigra. The results of the analyses support a robust
association between advanced age and high iron content in the substantia nigra and striatum, with
a smaller effect noted in the globus pallidus. The magnitude of age differences in estimated iron
content of the caudate nucleus and putamen partially depended on the method of estimation, but
not on the type of design (continuous age vs. extreme age groups).
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Introduction

Many aspects of the human brain, from molecular processes and gene expression to gross
anatomy and systemic physiology, change profoundly with age. However, the magnitude
and the pace of change differ among brain regions and vary in their impact on cognitive
performance (Raz and Kennedy, 2009). The reasons for the lack of uniformity in the brain
aging remain unclear. It may reflect differential sensitivity of brain components to age-
related changes in key metabolic and neurochemical processes that affect cellular
homeostasis and structural integrity. One such putative marker of age-related cellular
vulnerability is iron. Although iron is an essential metabolite that is omnipresent in the
neurons and neuritic processes, its excessive accumulation in specific regions of the brain
may be a sensitive indicator of increased oxidative stress and thus a marker of age-related
vulnerability (Bartzokis, 2011; Mills et al., 2010).
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Within the brain, iron appears primarily in two forms: intracellular non-heme iron and heme
iron that occupies the core of the hemoglobin molecule and thus present in any location
where blood flows or accumulates (Tingey, 1938). Whereas heme iron does not appear to
play a significant role in oxidative stress and neurodegeneration (Halliwell, 1992; Mills et
al., 2010), non-heme iron is an established promoter of reactive oxygen species (ROS)
within brain tissue and is thus a potential contributor to cellular deterioration (Mills et al.,
2010). As a rule, more than 90% of intracellular non-heme iron is sequestered in ferritin
(Gomori, 1936; Hallgren and Sourander, 1958; Lauffer, 1992; Jara et al., 2006), until it is
released to meet metabolic demands of neurotransmission, mitochondrial ATP generation,
and DNA replication (Chrichton and Ward, 1992; Fisher et al., 2006; Mills et al., 2010).
Outside of ferritin, metabolically active (ferric) iron forms a labile pool bound to amino
acids (Lauffer, 1992), other metabolites (Cbantchik et al., 2002), and possibly
metallochaperones (Mills et al., 2010).

Non-heme iron is unevenly distributed across brain regions and structures, andthe magnitude
of age differences in iron contentvaries among the regions. Among the brain components,
the basal ganglia have the highest concentrations of iron in early adulthood and show the
most substantial age differences (Hallgren and Sourander, 1958; Thomas et al., 1993,;
Haacke et al., 2005). This pattern of non-heme iron distribution may reflect regional
differences in need for iron that is proportional to metabolic demands of neurotransmission
(see Mills et al., 2010 for a review). Indeed, dopaminergic transmission that is one of the
main modes of neural activity in the iron-rich striatum depends on availability of iron (Zecca
et al., 2004).

With iron being a necessary actor in neurotransmission and a potential promoter of apoptosis
intracellular stores of ferric iron must be strictly regulated. However, with advanced age,
this fine balance gradually changes. As transport and storage mechanisms deteriorate (Singh
etal., 2009; Zhang et al., 2009; Bartzokis et al., 2011), metabolically active iron
accumulates outside of ferritin, increases oxidative stress, and notably degrades cellular
integrity (Mills et al., 2010; Zecca et al., 2004). Although the causal relationship remains
unclear, it is known that increased non-heme iron content is associated with atypical
dopamine and serotonin metabolism (Berg et al., 2007), mutations in mitochondrial and
nuclear DNA (Hamilton et al., 2001), and accelerated apoptosis (Zhang et al., 2009).

Cellular degradation related to iron accumulation might explain the cumulative structural
declines that accompany aging and neurodegenerative disease (Harman, 1956). For example,
it is plausible that iron plays an important role in Alzheimer’s disease (AD), as iron deposits
co-localize with tangles (House et al., 2004), plagues (Quintana et al., 2006), and amyloid
burden (Rival et al., 2009). According to a recent theory, iron-catalyzed oxidative stress is a
primary cause of demyelination in normal aging and accelerated demyelination in AD
(Bartzokis, 2011). Elevated iron concentration has been linked to the formation of Lewy
bodies (Berg et al., 2007) and decline in the extra-pyramidal motor system (Spatz, 1922).

Iron content is relevant to cognitive performance. In older rodents, iron overload and
oxidative stress produce declines in spatial navigation and motor control (Joseph et al.,
2005; Maaroufi et al., 2009). In healthy adults, high iron content of the hippocampus
contributes to age-related differences in memory (Rodrigue et al., 2012). Greater iron
presence in the brain, primarily in the basal ganglia, is associated with general cognitive
aptitude in septuagenarians (Penke et al., 2012). However, until recently, information about
brain burden of non-heme iron in humans came almost exclusively from post-mortem
studies, thereby hampering an understanding of its role in functional and cognitive changes
that occur in healthy aging. Thus, the importance of obtaining correct /n vivo estimates of
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brain iron content in healthy adults cannot be overstated, and the recent advent of MRI
methods that derive contrast from the presence of iron is encouraging.

A notable feature of iron behavior in the healthy aging brain is significant regional
variability in its content (Thomas et al., 1993). In their landmark study, Hallgren and
Sourander (1958) quantified regional age-related differences in healthy brains from infancy
to the age of 100 years. They found that in younger and middle-aged brains, advanced age
was associated with greater iron concentrations in the basal ganglia than in subcortical white
matter, but noted that the association between age and iron content was attenuated after
middle age (Hallgren and Sourander, 1958). However, the reported estimates of adult
lifespan differences in iron content could have been biased by several factors, such as
inclusion of pre-adolescent participants and the exponential accumulation of iron in early
life (Aquino et al., 2009; Thomas et al., 1993). These factors could have obscured a
relatively small, but potentially meaningful, difference across the adult lifespan. The
introduction of /n vivo techniques has offered further insight into the potential role of iron in
adult aging.

In principle, MRI is very well suited for /n vivo assessment of regional iron content in the
brain. Paramagnetic materials, such as iron, have very high magnetic susceptibility and,
therefore, a short transverse relaxation time (T2) or long relaxation rate (R2). On T2-
weighted images, iron-rich regions such as the basal ganglia, red nucleus and substantia
nigra appear hypointense. Moreover, low intensity values of these regions are even lower in
the brains of older adults (Siemonsen et al., 2008; Thomas et al., 1993). In spite of a strong
correlation between T2 and iron content, T2-weighted imaging and T2 relaxometry are not
the optimal methods of estimating iron content /n vivo, as they are sensitive to other factors.
For example, decreased water content also results in shortening of T2 and thus may be
misinterpreted as increased iron content (Haacke et al., 2005).

To reduce the likelihood of such misinterpretations one can use the field-dependent R2
increase (FDRI) method, which relies on differences in spin-spin relaxation rates obtained
from magnets of different field strength. In FDRI, identical sequences with the same
acquisition parameters are repeated back-to-back in two different magnets that differ in their
field strengths (Bartzokis et al., 2011). In comparison to a single-magnet measure, FDRI
yields a more precise estimate of local susceptibility related to iron content. However, the
method calls for two different imaging systems. Thus, even with a great similarity of
acquisition sequences and a minimal delay between the runs, the FDRI introduces unwanted
variability in subject orientation and scanner properties.

The validity of relaxometry as a method for /n7 vivo estimation of brain iron content can be
improved by using T2*, which is a sum of T2 and T2” (or R2*, a sum of their reciprocals).
T2* and R2* are sensitive to the local field inhomogeneity and are less ambiguously related
to the amount of iron in tissue than T2 is (Ordidge et al., 1994; see Haacke et al., 2005 for a
review). The main disadvantage of the T2* method is that background field inhomogeneity
that is unrelated to iron content may confound the estimates especially in the presence of
other para- and diamagnetic elements(see Haacke et al., 2005 for a review). A component of
T2*, T2, is potentially a more precise index of iron content than T2*, but its values are
relatively small and difficult to measure with desirable precision.

To rule out the influence of potential confounds, phase information provided by

susceptibility-weighted images (SWI; Haacke et al., 2005) has been recently proposed to
deliver more precise and specific estimates of iron content than other methods. Regional
differences in phase are proportional to iron content, as has been validated by correlation
with published postmortem values (Ogg et al., 1999; Haacke et al., 2005). Theoretically,
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phase can detect small regional differences in iron content better than T2* estimates and is
easier to measure than T2” (Haacke et al., 2005). Further, phase is directional, and
differences in phase direction can distinguish regions of calcification (diamagnetic) from
those that contain non-heme iron (paramagnetic) based upon image intensity. However,
phase-based estimates of iron content are not entirely problem-free. For example, unlike the
T2* and T2’, regional phase values are poorly localized and may be affected by signal from
neighboring tissue. New post-acquisition processing methods have been developed to
remove non-local effects and to improve regional estimates (Haacke et al., 2010;
Langkammer et al., 2012), but at the time of this writing only one study (Bilgic et al., 2011)
has used these methods to measure age differences in healthy adults.

Based on a histological study, ferritin and hemosedrin are the only paramagnetic materials
of sufficient concentration to affect MR signal from brain tissue (Schenck, 1995).
Concentrations of transferrin-bound iron, the labile pool, and soluble iron particles are
probably insufficient to cause differences in MR signal (Haacke et al., 2005). Other
endogenous paramagnetic materials (i.e., copper and manganese) are also at inadequate
concentrations in healthy individuals to affect the signal (Haacke et al., 2005). However, the
MRI methods cannot readily distinguish between heme (i.e., cerebral blood volume) and
non-heme iron sources, which may correlate highly in subcortical regions (Anderson et al.,
2005). Despite their limitations, the various MRI methods have been validated in several
phantom studies and in comparison to post-mortem assays (Antonini et al., 1993; Bizzi et
al., 1990; Vymazal et al., 19953; Peran et al., 2009; Pujol et al., 1992; Brass et al., 2006;
Thomas et al., 1993; Bartzokis et al., 1994). Like post-mortem observations, MRI studies of
adult age differences in iron content have found regional discrepancies, albeit of various
magnitudes (Bartzokis et al., 2007; Drayer, 1988; Pfefferbaum et al., 2009; Bartzokis et al.,
1997; Pujol et al., 1992; Peran et al., 2009; Cherubini et al., 2009; Xu et al., 2008;
Pfefferbaum et al., 2010). Haacke and colleagues (2005) recently commented on the
variability among extant MRI studies and post-mortem methods, although the review only
listed the results without a specific analysis of regional age differences.

Thus, the goal of this meta-analysis was to evaluate quantitatively the outcomes of studies
reviewed in the last narrative review (Haacke et al., 2005) as well as those that appeared
after that publication. In the meta-analysis, we focused on the brain regions, age differences
in which have been examined in a sufficient number of /in vivo studies, i.e., globus pallidus
(GP), putamen (Pt), caudate nucleus (Cd), red nucleus (RN), and substantia nigra (SN).
Finally, our aim was to evaluate two potential sources of discrepancies among the studies in
observed age differences: method of iron content estimation and the type of design vis a vis
age (extreme groups or continuous).

2.1 Sample of Studies

We searched the computerized database PubMed through April 2012. Search terms were
“rain iron,” “R2*,” “T2*,” “R2,” “T2,” “R2’,” “T2’,” “FDRI,” “phase,” “susceptibility-
weighted imaging (SWI),” “aging,” “age,” “caudate,” “putamen,” “globus pallidus,” “red
nucleus,” and “substantia nigra.” Because studies may report age-related differences in
regions of interest (ROIs) for the purposes of a control comparison, but not include these as
key terms, we performed general searches and reviewed the additional studies manually for
reported age differences. Reference lists of review articles, book chapters, and publications
meeting the search terms were also reviewed.
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2.2 Inclusion Criteria and Study Coding

For initial inclusion, selected studies necessarily reported a relationship between age and /n
vivo brain iron estimation in one of the five ROIs in a healthy sample screened at least for
major neurological pathologies, psychiatric conditions, and dementia. Considered studies
were in a peer-reviewed publication and available in English. This initial search yielded 49
studies, many of which reported effects within the same sample across multiple ROIs (see
Table 1). We contacted authors of studies that met the inclusion criteria but did not report a
usable statistic to calculate an effect size, those who estimated brain iron in healthy controls
but did not publish age differences, and those who included pre-adolescent children in the
sample. Twenty studies that estimated brain iron in healthy control groups were excluded for
lack of data. Five studies were excluded because the samples included children under 18
years old, as the relationship of brain iron during childhood development is different from
that in adulthood (Aquino et al., 2009). One study was excluded because brain iron was
estimated from T1-weighted scans (Vymazal et al., 1995b), which is an incomparable
methodology to the others considered. A small-sample study that reported R2” values
(Martin et al., 1998) was excluded because it was the only extant study to use this method to
estimate age differences and because the sample was small, and therefore the study could
have biased the meta-analysis. Two studies (Bartzokis et al., 2010; 2011) were excluded as
each used a sample already reported in the previous study included in the analyses
(Bartzokis et al., 2007).

Twenty studies that met the final inclusion criteria and reported complete data were used in
the meta-analysis (see Table 1). Besides the inclusion criteria, there were no known
systematic differences in samples between the studies included and those excluded. In
addition to estimating an average effect size within each ROI, we modeled potential study
differences based on MRI estimation method and the treatment of age either as stratified
groups or as a continuous distribution. Although we took notice of several other
characteristic study variables, such as sample average age and age range, MRI sequences,
and magnet strength, we could not analyze these potential moderators due to the limited
number of available studies.

2.3 Meta-Analytic Procedures

2.3.1 Computation of effect sizes—Using DSTAT (Johnson, 1993), all relevant study
statistics were converted to Pearson correlations (7; see Table 1) and sample-size corrected
effect sizes (d). Such correction is of a special concern when studies with small samples are
included in the analyses. The computations were based on #tests, group means and standard
deviations, p-values and sample sizes, whole sample correlations (7) or linear regression
statistics (R2). For studies that reported a significant effect without reporting a statistic or p-
value, dwas conservatively estimated from p=0.049 (i.e., Cherubini et al., 2009). Studies
that reported a non-significant effect without a statistic and a sample size smaller than 100
were excluded because a conservative estimate of 7= 0 may be biased by a small sample
(i.e., Antonini et al., 1993 for the Cd and GP). When left and right ROI values were
reported, the effects were averaged for a whole ROI estimate prior to calculating @ Only
whole GP (i.e., no separation of medial and lateral) and Pt (i.e., no distinction between
anterior and posterior) effects were considered. To conform to the relaxation rate (rather
than relaxation time) metric, effects from studies estimating iron content from T2 and T2*
methods were inverted, so that higher values were associated with larger iron content. When
a study reported multiple indices of iron content measured in a single sample (i.e.,
Pfefferbaum et al., 2010), we selected one measure that was strongest in study design and
offered the best statistical power for the moderator analyses. Finally, when whole lifespan
samples were used but values were reported by decade, adult age effects were manually
estimated (i.e., Aquino et al., 2009).
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2.3.2 Statistical methods—To avoid violating the assumption of independent
observations, each ROl was analyzed separately. Within each ROI, categorical models for
the relationship between age and /n vivoiron content estimates were tested. The analyses
followed the Hedges and Olkin’s (1985) approach to meta-analysis with fixed-effects model
estimation. This approach allows correction of each effect size for study sample size, as
insufficient power is a concern in this sample of studies.

Homogeneity tests for within-class (Q,,) and between-class (Qp) effect sizes were calculated
according to Hedges and Olkin’s (1985) procedures. @y, assessed the homogeneity of effect
sizes within each class as a 2 distribution with & — 1 degrees of freedom, where ks the
number of effect sizes within the class; whereas Qp assessed between classes with p -1
degrees of freedom (p is the number of classes).

A significant overall Q,, statistic indicated inhomogeneity (variability) among studies effect
sizes and suggests existence of moderators. For comparisons between groups in a moderator
analysis, Qp estimated variance with p—1 degrees of freedom, where p is the number of
classes or subgroups within a moderator. A significant Qy, statistic was taken as an indicator
that the moderator explains the variance in effect sizes.

Regional iron content estimated /7 vivo by various MRI techniques positively correlated
with age within all ROIs: for all regions, the 95% CI did not include zero (Figures 1-5).
Comparing across regions, the age-related differences in iron content were smaller in the GP
(d=0.61, 95% ClI: 0.50-0.72) than in the Pt (¢= 0.88, 95% CI: 0.77/0.98). The magnitude
of age differences in Cd iron content (¢'=0.74, 95% CI: 0.64-0.84) was intermediate
between those in the Pt and the GP, and did not differ significantly from either region,
although the respective 95% CI overlapped by no more than 0.08 ¢ (standard deviation
units). The magnitude of age differences in the RN (&= 0.78, 95% CI: 0.59-0.97) and SN (¢
=0.71, 95% CI: 0.55-0.86) iron content also did not differ from the effects observed in
other ROIs. The effect sizes were heterogeneous for all the ROIs: the Cd (Qy, x? (16, N =
966) = 166.68, p < 0.05), GP (@, x? (13, N = 782) = 93.68, p< 0.05), Pt (Q,, % (15,N =
917) = 160.15, p < 0.05), RN (Qy, x? (4, N = 299) = 27.15, p< 0.05), and SN (Q,, x? (7, N
=396) = 31.21, p< 0.05). We explored potential sources of this heterogeneity.

3.1 Methodological Features as Moderators of the Effect Size

Studies included in this meta-analysis differed on multiple features. Because of a limited
number of studies, we could not explore most potential moderators. However, we were able
to examine two important moderators of age differences in estimated iron content: the
estimation method and the treatment of age in the study (i.e., extreme age groups or a
continuous age distribution).

Differences in MRI methods of iron content estimation explained a significant share of inter-
study variability in age effects (Tables 2-6). Only for the Cd, all methods found equivalent
age differences. In the GP, studies that used R2 calculations to estimate brain iron content
produced age differences that were smaller than those noted in R2*-based measures (4=
0.29, 95% CI: 0.01-0.56 vs. d=0.79, 95% CI: 0.58-1.00), although neither method differed
from FDRI or phase (Table 3). R2-based measures in the RN (¢ =0.05, 95% CI: -0.41/0.51)
and SN (&= 0.16, 95% CI: —0.20/0.53) yielded no significant age differences, whereas the
other methods revealed a positive association between age and iron content in both regions
(Tables 5-6). Age differences in the Pt found in R2-based studies were comparable to the
effects observed in R2*- and FDRI-based investigations (Table 4). However, phase
measures revealed a larger age effect than any other method (@ =1.94, 95% CI: 1.68-2.19).
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With exception of the Pt, the R2 method systematically revealed smaller age differences in
iron content across all regions relative to the other methods (wa2 =0.81-3.61, ns). In
comparison, age differences in FDRI estimates of iron content in the GP, RN and SN were
similar to the effects yielded by other methods and equivalent across studies: Osz (5,N=
258) = 8.44, nsfor the GP, QWxZ (1, N = 46) = 0.00, ns for the RN, and QWxZ (2, N =60)
=0.12, nsfor the SN. Significant between-study heterogeneity of age effects was observed
for the Cd and Pt: Q,, x? (5, N = 258) = 29.27, p < 0.05 for the Cd and @, x? (5, N = 258)
=49.79, p<0.05 for the Pt. Age differences in R2* and phase measures were also
heterogeneous across studies in all ROIs (QWXZ =14.07-66.88, p < 0.05), except for phase-
based estimates in the Pt (QWX2 (1, N =178) = 1.07, ns). Because of a small number of
studies, it was impossible to explore the reason for the observed effect heterogeneity by
region.

3.1.2—Design type (extreme age groups vs. age-continuous) did not moderate age
differences in iron concentration in the basal ganglia as there were no significant
heterogeneity of effects: @ x2 = 0.03-0.37, n1s. Although extreme-group designs yielded
somewhat smaller effects in these regions, the difference was not significant. However,
extreme-group studies reported significantly smaller age differences in the RN and SN in
comparison to the age-continuous samples (Tables 5 and 6).

Discussion

In the meta-analysis of 20 studies, we documented a robust positive correlation between age
and iron content estimated from MRI in the basal ganglia, RN and SN. The greatest age-
related differences were observed in the Pt, and the smallest in the GP. The smaller age
effect observed in the GP may reflect the earlier onset of free iron accumulation and, as a
consequence, a relatively high pallidal content in early adulthood (Aquino et al., 2009).
Reaching its peak level early, GP iron content would not change substantially during the rest
of the lifespan in healthy adults. Exceeding this normative asymptote, the accumulation of
large amounts of iron in the GP may be a marker of neurodegenerative disease (i.e.,
Hallervorden and Spatz, 1922), which was intentionally excluded in the studies entered into
the meta-analysis.

The mechanisms of the age-related increase in iron content are unclear. Iron is a co-factor in
the production of ATP (Todorich et al., 2009) and according to some interpretations, its
accumulation may, at least initially, represent an organism’s attempt to meet metabolic and
energetic demands needed to maintain normal function of a declining system (Bartzokis,
2011; Harder et al., 2008; Mills et al., 2011). According to this scenario, iron concentration
eventually exceeds the requirements to maintain homeostasis and overwhelms cellular
metabolism, thus contributing to neurodegenerative processes. Indeed, brain iron plays an
important role in myelination and re-myelination throughout the lifespan (Todorich et al.,
2009; Bartzokis, 2011). Yet, induced iron overload causes axonal injury and accelerated
apoptosis (Zhang et al., 2009), as expected to occur in regions commonly affected by age
and neurodegenerative disease (Moos et al., 2007; see Zecca et al., 2004 and Moos et al.,
2004 for reviews). Even in subcortical nuclei and regions with little myelination, such as the
basal ganglia and the hippocampus, larger iron content is associated with smaller volumes in
healthy adults (Peran et al., 2009; Rodrigue et al., 2011). Thus, non-heme iron may be
essential to maintain brain integrity, but its excessive accumulation may cause
demyelination and volumetric shrinkage - the hallmarks of brain aging. In conjunction with
the extant evidence, the strong positive correlation between age and iron content identified
in this meta-analysis supports a general model of brain aging that is associated with
oxidative stress (Harman, 1956). Future studies with direct quantification of oxidative stress
and assessment of brain iron may clarify this connection.
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The present conclusions are constrained by common limitations of /n vivo methods. On MR
images, myelin appears to be the main source of white-gray matter contrast (Fukunaga et al.,
2010; Langkammer et al., 2012; Lodygensky et al., 2012). Although the structures examined
in this review are primarily composed of neurons and their unmyelinated processes, it is
important to take into account that small myelinated fibers are found in the striatum (Xiang
et al., 2005) and can contribute to MRI findings that are interpreted as evidence of iron.
Indeed, this may account for the notable heterogeneity in the age differences measured by
R2* and FDRI in the Cd and Pt. Diffusion tensor imaging may be a useful though imperfect
way to gauge the effect of myelin integrity on these measures. However, the observed age
differences in fractional anisotropy of the basal ganglia are in the direction opposite to the
expected (Pfefferbaum et al., 2010), and it is unclear if this finding reflects a methodological
limitation or a meaningful physiological phenomenon. Further, /n vivo methods may be
biased by age-related differences in cerebral blood volume and flow (Gomori and Grossman,
1993; Schenck, 1995; Schenker et al., 1993). R2 relaxation rate decreases with age in
relation to physiological changes in blood oxygenation (Wagner et al., 2012) and vascular
health (Rodrigue et al., 2011), which may explain the systematic underestimation of age
differences with the R2 method. Although the formulae for R2* and FDRI share the R2
relaxation term, reported age differences were equivalent and therefore these methods may
be more robust than the others. The findings from R2- and R2*-based studies may be further
confounded by comorbid calcification that affects these indices in the same manner as iron
does and can be separated only with phase estimates of iron (Naderi et al., 1993; Haacke et
al., 2005). However, the magnitude of calcium deposits and ensuing MRI effects in healthy
aging is probably small.

Although the examined techniques can identify relative iron content in the brain, they allow
for little specificity in conclusions about non-heme iron. The amount of iron in a given voxel
is proportional to signal loss due to the magnetic influence of iron neighboring spins (R2 and
FDRI), local field inhomogeneity (R2*), or phase differences (phase). In a healthy brain, the
local iron deposits are sufficiently large to affect the MR signal. However, the magnitude
and direction of this effect is not specific to non-heme iron, and may also reflect the
influence of heme iron in circulating blood or hemosiderin. However, this possibility is
unlikely as a recent study of older adults revealed little influence of the microbleeds on the
estimates of brain iron content (Penke et al., 2012).

Based upon the respective underlying physical principles, each of the reviewed methods lays
different claims of sensitivity and specificity of its estimates of iron content. FDRI is
considered to be a more precise measure of ferritin-bound iron and less vulnerable to
concomitant pathology factors (Bartzokis et al., 1994), unlike R2 and R2* (Langkammer et
al., 2012), whereas phase measures are theoretically better to detect small differences in iron
concentrations and distinguish iron deposits from calcification (Haacke et al., 2005).
However, the present meta-analysis found that FDRI, R2* and phase studies measured
equivalent age differences in iron content in all regions, except for the Pt. Even though
phase measures identified a stronger age-iron association in the Pt than FDRI or R2* did, all
three techniques distinguished the Pt as having the largest relative age difference among the
examined regions. Therefore, in the study of healthy age differences, R2* and phase are
empirically equivalent to FDRI. In practical consideration, R2* and phase methods have the
benefit of using a single acquisition in one imaging system, rather than relying on two
systems as is necessary for FDRI calculations.

Regardless of the method, however, /n vivo measures underestimate iron content by
averaging differences within a single voxel, in which small amounts are counted as zero.
Age differences in regional iron content might have been further reduced by the stringent
inclusion criteria used in this meta-analysis to avoid a bias from major neurological
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pathology. The reviewed studies used an ROl approach, which emphasizes a priori
hypothesis testing and can manually exclude vasculature (i.e., a source of heme iron) from
measurements. This approach, however limits the number of anatomical regions that can be
evaluated. In contrast, voxel-based approaches (see Radua and Mataix-Cols, 2012 for a
review) cover the whole brain. However, too few voxel-based studies of age differences in
R2* have been conducted thus far and the dearth of studies precludes quantitative
comparison of voxel-based methods with ROI approaches. Thus far, ROI- and voxel-based
method of iron evaluation reveal a similar pattern of regional and age-related differences
(Peran et al., 2007, 2009).

Despite these limitations, the meta-analysis identified a robust positive correlation between
age and iron content within the nigra striatum and smaller differences in the GP, which is
consistent with post-mortem studies (Thomas et al., 1993; Hallgren and Sourander, 1958).
Moreover, the observed age differences might have been overestimated because few studies
controlled for a major confound of age effects — concomitant vascular risk and outright
vascular pathology. In cross-sectional studies, non-linearity of age-iron content associations
is thought to reflect individual differences in chronic inflammation (Zecca et al., 2004) and
hypertension (Rodrigue et al., 2011), as well as in iron metabolic proteins (Bartzokis et al.,
2011). Age-related iron accumulation is likely to follow a non-linear trajectory (Thomas et
al., 1993; Hallgren and Sourander, 1958), although in the absence of longitudinal studies the
true life-course of this phenomenon is unknown. Although a cross-sectional design may
provide clues to the mean age trends, in the absence of longitudinal studies, there is little to
be said about the true trajectories of age-related change and, more importantly, individual
differences therein and potential mediators of change (Maxwell and Cole, 2007; Raz and
Lindenberger, 2010).

4.1 Conclusions

In conclusion, presuming the validity of MRI-based estimates, advanced age is associated
with higher iron content in the striatum, substantia nigra, and the red nucleus. Although MRI
methods cannot readily distinguish between heme and non-heme iron, imaging studies with
concurrent post-mortem assays indicate that ferritin-bound non-heme iron is the primary
source of signal inhomogeneity in these subcortical nuclei (Thomas et al., 1993; see Haacke
et al., 2005 for a review). Longitudinal studies with multiple imaging modalities are
necessary to determine the trajectories of age-related change in regional brain iron content,
individual variability therein, temporal relations among various indicators of brain integrity,
and their cognitive, behavioral and health-related correlates.
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Figure 1.

A plot of effect sizes for age differences in iron content of the putament (Pt). Sample size-
corrected effect sizes (d) are shown with 95% confidence intervals and the median value
across studies is marked with the dotted line. Confidence intervals not including zero
indicates significant age-related difference.
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A plot of effect sizes for age differences in iron content of the caudate nucleus (Cd). Sample
size-corrected effect sizes (d) are shown with 95% confidence intervals and the median
value across studies is marked with the dotted line. Confidence intervals not including zero
indicates significant age-related difference.
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A plot of effect sizes for age differences in iron content of the globus pallidus (GP). Sample
size-corrected effect sizes (d) are shown with 95% confidence intervals and the median
value across studies is marked with the dotted line. Confidence intervals not including zero

indicates significant age-related difference.
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Figure 4.

A plot of effect sizes for age differences in iron content of the red nucleus (RN). Sample
size-corrected effect sizes (a) are shown with 95% confidence intervals and the median
value across studies is marked with the dotted line. Confidence intervals not including zero
indicates significant age-related difference.
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A plot of effect sizes for age differences in iron content of the substantia nigra (SN). Sample
size-corrected effect sizes (d) are shown with 95% confidence intervals and the median
value across studies is marked with the dotted line. Confidence intervals not including zero

indicates significant age-related difference.
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