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Abstract

While iron over-accumulation has been reported in late stage Alzheimer's disease

(AD), whether this occurs early in the asymptomatic stage of AD remains unknown.

We aimed to assess brain iron levels in asymptomatic AD using quantitative MR

relaxometry of effective transverse relaxation rate (R2*) and longitudinal relaxation

rate (R1), and recruited 118 participants comprised of three groups including healthy

young participants, and cognitively normal older individuals without or with positive

AD biomarkers based on cerebrospinal fluid (CSF) proteomics analysis. Compared

with the healthy young group, increased R2* was found in widespread cortical and

subcortical regions in the older groups. Further, significantly higher levels of R2*

were found in the cognitively normal older subjects with positive CSF AD biomarker

(i.e., asymptomatic AD) compared with those with negative AD biomarker in subcorti-

cal regions including the left and right caudate, left and right putamen, and left and

right globus pallidus (p < .05 for all regions), suggesting increased iron content in

these regions. Subcortical R2* of some regions was found to significantly correlate

with CSF AD biomarkers and neuropsychological assessments of visuospatial func-

tions. In conclusion, R2* could be a valuable biomarker for studying early pathophysi-

ological changes in AD.
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1 | INTRODUCTION

Alzheimer's disease (AD) poses enormous economic and societal bur-

dens with a projected increase in cost to $1.2 trillion by 2050 (World

Health Organization, 2015). While the deposition of Aβ plaques and

neurofibrillary tangles of hyperphosphorylated tau proteins in the

brain are two hallmarks of AD (Jack et al., 2018; Selkoe, 1991), recent

clinical trials (Doody et al., 2014; Salloway et al., 2014) targeting the

reduction of Aβ burden have failed to show positive effects on cogni-

tive outcomes despite evidence of successful reduction of Aβ burden

in the brain. It is also known that cognitively normal elderly patients

with positive cerebrospinal fluid (CSF) or positron emission tomogra-

phy (PET) biomarkers of brain Aβ deposition can remain asymptomatic

for decades, and some may never become symptomatic (Chetelat
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et al., 2013; Vandenberghe et al., 2013). Aβ pathology alone is not suf-

ficient to cause cognitive impairment as evidenced by the fact that

about 30% of cognitively normal subjects older than 80 years have

severe Aβ pathology (Fagan et al., 2007; Mintun et al., 2006; Rowe

et al., 2013; Shaw et al., 2009). These findings and others suggest that

other pathologies beyond Aβ and Tau are important in driving the

neuronal damages that eventually lead to cognitive impairments.

The accumulation of iron in the brain is a hallmark of aging and

neurodegenerative diseases (Daugherty & Raz, 2015; Ward

et al., 2014). While iron is essential for supporting many normal func-

tions such as oxygen transportation, synthesis of adenosine triphos-

phate (ATP) in mitochondria (Mills et al., 2010), DNA replication

(Ward et al., 2014), and the formation of myelin (Todorich

et al., 2009), excessive accumulation of intracellular non-heme iron in

the brain can promote oxidative stress and trigger a cascade of neuro-

inflammatory and other pathological processes that will eventually

lead to neuronal damage (Haider et al., 2014; Mills et al., 2010). Iron is

closely linked to AD pathology: a meta-analysis of 300 postmortem

AD cases showed elevated brain iron in cortical regions although the

elevation was variable among regions (Tao et al., 2014). Postmortem

studies have also shown that high iron concentrations are associated

with amyloid plaques and neurofibrillary tangles in AD (Collingwood

et al., 2005; Smith et al., 1997; Ward et al., 2014), and neuroinflamma-

tion and activation of microglia have also been associated with ele-

vated iron in AD (Zeineh et al., 2015). Several previous in vivo studies

using MR measures sensitive to iron, such as transverse relaxation

rate R2* (Haacke et al., 2005; Langkammer et al., 2010), have found

increased iron content in both healthy aging (Aquino et al., 2009;

Ghadery et al., 2015; Langkammer et al., 2010; Lin et al., 2019;

Sedlacik et al., 2014), and in the symptomatic stages of AD (Ayton

et al., 2020; Bulk et al., 2018; Damulina et al., 2020; Spotorno

et al., 2020; van Bergen et al., 2016). However, it is unclear whether

brain iron over-accumulation occurs early in the asymptomatic stage

of AD when the participants have accumulated positive CSF bio-

marker of AD pathology but are cognitively normal based on their

neuropsychological assessments.

In this study, we performed a cross-sectional study comparing

cortical and subcortical MR relaxometry in 118 participants comprised

of three groups: healthy young (HY) adults, cognitively normal older

participants with negative CSF biomarkers of AD (CN�) and cogni-

tively normal older participants with positive CSF biomarkers of AD

(CN+). Besides studying MR effective transverse relaxation R2*, we

also studied MR longitudinal relaxation rate R1 (the inverse of T1)

since R1 has been previously shown to be sensitive to tissue loss and

myelination (Callaghan et al., 2014; Lutti et al., 2014; Sigalovsky

et al., 2006; Stuber et al., 2014; Yeatman et al., 2014). Comparisons

between HY and CN� allow us to study the differences in R1 and R2*

associated with healthy aging, while comparisons between CN� and

CN+ could suggest early brain microstructural differences associated

with asymptomatic AD pathology compared to controls. We hypothe-

sized that (1) there are significant differences in quantitative R2* and

R1 values between the three groups; (2) the CN+ group would show

a higher R2* value indicating higher iron deposition level compared

with CN� and HY groups and these values are associated with neuro-

psychological performance.

2 | MATERIALS AND METHODS

2.1 | Participants

A total of 118 subjects were included in the present study, comprised

of 39 HY adult participants (mean ± SD age: 26.6 ± 5.1, 14 males),

61 CN� (67.4 ± 4.2 years; 9 males) and 18 CN+ (70.6 ± 6.4, years,

2 males). Members of the CN� and CN+ groups were participants in

the ongoing Emory Healthy Brain Study (EHBS; Goetz et al., 2019). All

participants provided written informed consent under a protocol that

was approved by the Institutional Review Board of Emory University.

All participants were cognitively normal individuals, and participants

with prior history of neurological disorders were excluded from enroll-

ment in the EHBS such as stroke, epilepsy, brain tumors, or clinical

history of Parkinson's disease.

2.2 | Neuropsychological assessment

From a larger cognitive assessment battery administered to each par-

ticipant, we selected the following tests for further analysis because

of their significant association with CSF biomarkers in a large pool of

EHBS participants (Goetz et al., 2019): Montreal Cognitive Assess-

ment (MoCA; Nasreddine et al., 2005) for overall cognitive perfor-

mance; Rey Complex Figure Test (RCFT; Osterrieth, 1944) for

memory and visuospatial functions; Judgment of Line Orientation

(JoLO; Benton et al., 1994) for visuospatial functions. The RCFT test

includes three subdomains: immediate recall score, delay recall score

and copy accuracy score of Rey Figure.

2.3 | CSF biomarkers collection and analysis

Lumbar punctures were performed both in CN� and CN+ partici-

pants at the L3-4 or L4-5 interspace with a 24-g Sprotte atraumatic

spinal needle. We did not perform CSF collections in the HY group.

CSF samples were collected into polypropylene transfer tubes and

frozen on dry ice within 1 h after collection. Aliquots (0.5 mL) were

prepared from these samples after thawing (1 h) at room temperature

and gentle mixing. Following a single freeze–thaw cycle, amyloid-β

1-42 (Aβ42), total tau (T-tau), and tau phosphorylated at threonine

181 (pTau) were measured using the multiplex xMAP Luminex plat-

form (Luminex Corp., Austin, Texas, USA) with Innogenetics (INNO-

BIA AlzBio3; Ghent, Belgium) immunoassay kit-based reagents. All

assays were performed in a single laboratory (AKESOgen, Peachtree

Corners, Georgia, USA). Subsequent aliquots were stored in bar code-

labeled FluidX 0.9 mL polypropylene vials (Brooks Life Sciences,

Chelmsford, Massachusetts, USA) at �80�C. The CSF biomarkers in

the current study include Aβ42, T-tau, phosphorylated Tau (pTau), T-
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tau/Aβ42 ratio and pTau/Aβ42 ratio. T-tau/Aβ42 ratio was calculated

as an indicator of Aβ and tau burden. A local cutoff of T-tau/Aβ42
ratio >0.18 for AD-biomarker positivity were established by analyzing

results from 1298 individuals including those diagnosed with MCI or

dementia due to AD (n = 345), other non-AD dementia (n = 37), and

normal controls (n = 916). Hence, the cognitively normal older partici-

pants with T-tau/Aβ42 ratio >0.18 were classified as having positive

AD pathology therefore included in the CN+ group, while others

were classified as having negative AD pathology and included in the

CN� group.

2.4 | MRI acquisitions

All scans were performed on a Siemens Magnetom Prisma 3T scanner

with a 32-channel phased-array head coil at the Brain Health Center

of Emory University. A variable flip-angle multi-echo 3D Spoiled Gra-

dient Echo (ME-GRE) protocol was performed with the following

parameters: voxel size = 0.72 � 0.72 � 1.44 mm3, TR = 37 ms, 5 ech-

oes with TE = 6.61, 12.85, 19.09, 25.33, 31.57 ms at two flip angles

(FA): 15� and 40�. The multi-echo variable flip-angle approach extends

a previous method (Deoni et al., 2003) to allow for simultaneous

quantification of both quantitative R1 and R2*. To account for inho-

mogeneity in B1 transmit field, a double-angle technique using a 2D

echo-planar-imaging (EPI) sequence was performed to estimate the

radiofrequency transmission field (B1-transmit) with the following

parameters: flip angle 30� and 60�, TR = 10,000 ms, TE = 23 ms,

voxel size = 3.5 � 3.5 � 4.2 mm3. 3D T1-weighted (T1w) image were

acquired using a Magnetization Prepared Rapid Gradient Echo

(MPRAGE) sequence with the following parameters: TR = 2300 ms,

TE = 2.96 ms, TI = 900 ms, flip angle = 9 �, 208 sagittal slices with

slice thickness = 1 mm, in-plane matrix size = 256 � 240, isotropic

voxel size.

2.5 | Image preprocessing and statistical analyses

Following the quantification of R2* and R1 map as detailed below, we

performed surface-based analysis for the cerebral cortex because

surface-based analysis has been shown to increase sensitivity to aging

effects and reduce confounds due to smoothing across the sulcus in

volume-based analysis. For deep brain regions including the caudate,

the putamen, the globus pallidum, the nucleus accumbent, the thala-

mus, the hippocampus, and the amygdala, we performed region of

interest-based analysis.

2.5.1 | Quantification of R2* and R1

The R2* value of each voxel was calculated by fitting a mono-

exponential function to the magnitude signals of the 5 echoes from

the ME-GRE for both acquisitions with flip angle 15� and 40�, respec-

tively and then averaged. To calculate quantitative R1, we extended

the DESPOT1 method (Deoni et al., 2003) to the multi-echo data.

More specifically, R1 values were calculated for each of the five ech-

oes from the FA = 15� and FA = 40� acquisitions using the DEPOT1

method, and then a weighted average of the estimated R1 values

across the 5 echoes was then calculated (Figure 1). In order to account

to inhomogeneous B1-transmit field, we performed B1-transmit field

mapping using a fast double flip-angle methods (Cunningham

et al., 2006), and the estimated flip angle mapping was used in the cal-

culation of R1. More details of the calculation of quantitative R2* and

R1 are provided in the Supporting Information.

2.5.2 | Surface-based analysis of R2* and R1 in the
cortex

Instead of using traditional volume-based approaches, we used

surface-based analysis for the cortex, which has been shown to

reduce the partial volume effect, reduce the bias and variance con-

taminated by smoothing, and enable more precise spatial localization

of regions of effect in the cortical area. Cortical surface reconstruction

and tissue segmentation were performed on the T1w images using

the Freesurfer pipeline (v6.0, Massachusetts General Hospital, MA,

USA, http://surfer.nmr.mgh.harvard.edu). Then, the R2* and R1maps

of each participant were coregistered to the individual T1w image

using an affine transformation derived from the boundary-based reg-

istration between the magnitude image of flip-angle 40� and T1w

image. Both quantitative R2* and R1 values of the cortex were then

projected to the cortical surface generated by Freesurfer by sampling

along the mid-surface estimated from the center of the cortical ribbon

based on the inner and outer surfaces. Then, all surface-based R2*

and R1 maps were smoothed with a 3-mm full width half maximum

(FWHM) 2D kernel to improve the reliability and detectability of

effects for the analysis. Surface-based one-way ANOVA analysis was

performed for the cortical regions to detect group differences

between HY, CN�, and CN+, followed by post hoc analyses to detect

the pair-wise difference in R2* and R1 values between groups with a

statistical threshold at p < .05 after false discovery rate (FDR) correc-

tion for multiple comparisons. General linear modeling (GLM) was

then applied to study differences in both R2* and R1 in the cortical

surface between the CN� and CN+ groups with age and sex as cov-

ariates, followed by an FDR correction at corrected p < .05.

2.5.3 | ROI-based analysis of R2* and R1 in the
deep brain regions

For the subcortical regions, the mean R2* and R1 values of each ana-

tomical region were calculated by using the corresponding Freesurfer

segmentation outputs from the 3D T1w images as masks. A total of

seven subcortical regions from each hemisphere (a total of 14 regions)

were considered, including the left and right thalamus, caudate

nucleus, putamen, globus pallidus, hippocampus, amygdala, and

nucleus accumbens. Similar to the surface-based analysis, one-way
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ANOVA was first performed to determine the group effects in the

subcortical regions followed by post hoc analysis to detect the pair-

wise difference between the groups with a statistical threshold at

p < .05 after FDR correction for multiple comparisons. To further ana-

lyze specific differences in both R2* and R1 in the subcortical regions

between the CN� and CN+ groups, we applied additional GLM ana-

lyses with the age and sex as covariates followed by an FDR correc-

tion at corrected p < .05. Brain regions that showed significant

differences among the three groups, associations between R2* or R1,

each of the CSF biomarkers, and neuropsychological performance

were further examined using partial correlation analysis controlling for

age in the CN� and CN+ groups.

3 | RESULTS

3.1 | Demographic results

The age of CN+ group is slightly higher than CN� group (p = .025) as

expected due to the higher prevalence of positive AD pathology with

increasing age, therefore we included age as a covariate in all our

subsequent analyses when appropriate. Two-sample T-test showed

no significant differences in years of education or cognitive perfor-

mances between CN� and CN+ groups (Table 1).

3.2 | Group comparisons in quantitative R2*

One-way ANOVA analysis showed significantly different R2* between

the HY, CN� and CN+ groups (p < .05, FDR corrected) in most of the

subcortical regions bilaterally, including the caudate nucleus, putamen,

pallidum, hippocampus, amygdala, and nucleus accumbens, possibly

due to dominating effects of aging between HY and the two older

groups (CN� and CN+). There were no significant differences in

either the left or right thalamus in the ANOVA analyses including all

three groups (Figure 2). More interestingly, compared with the CN�
group, the CN+ group showed significantly increased R2* values

(p < .05, FDR corrected) in the right caudate, right and left putamen

and the right and left pallidum after controlling for the effect of age

and sex (Table 2; Figure 2).

Surface-based analysis for the cortex demonstrated wide-spread

differences in R2* values between HY, CN� and CN+ across cortical

F IGURE 1 Brief overview of data preprocessing workflow. (1A) The B1 transmission (B1t) field was calculated from the double flip angle
(FA) fast echo-planar-imaging sequence data. (1B) For each flip angle, R2* maps were acquired by mono-exponential fitting (2) Combined with the
B1 transmission field, T1/R1 maps were calculated from the two flip angles ME-GRE sequence data using the variable-flip angles R1 mapping
method and (3) the mean T1(R1) map were obtained by weighted average from 5 echoes, mean R2* images were averaged from FA 15� and FA
40�. The calculation details of quantitative R2* and R1 are provided in the Supporting Information. (4) Cortical/subcortical regions and cortical
surfaces were derived from the tissue segmentation and surface reconstruction of MPRAGE data and then R1 and R2* maps were projected onto
the cortical surface for further statistical analysis
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regions (p < .01, FDR corrected), again possibly due to dominating

effects of aging between HY and the older two groups (CN� and CN

+; Figure 3). Post hoc analysis showed that there were significantly

increased R2* values bilaterally in the frontal lobes, parietal lobes, and

some portions of the temporal lobes in CN� and CN+ compared with

the HY group. No significant difference in R2* was found between

the CN� and CN+ groups in the cortical regions after controlling for

the effects of age and sex and multiple comparison correction.

3.2.1 | Correlation between R2*, CSF biomarkers,
and neuropsychological assessments

In the older groups (combining the CN� and CN+ groups), significant

correlations between the R2* and the CSF biomarkers was found in

several basal ganglia areas after controlling for the effects of age

(Figure 4). R2* values were significantly correlated with CSF T-tau/Aβ

ratio in the left putamen (r = 0.326, uncorrected p = .0036, FDR-

TABLE 1 Demographic
characteristics and neuropsychiatric data
of participants

Group Young CN� CN+ p-Value

Number 39 61 18 N/A

Age 26.6 ± 5.1 67.4 ± 4.2 70.6 ± 6.4 <10�6a

Gender (M/F) 14/25 14/47 2/16 NS

Education - 16.47 ± 2.31 17.50 ± 2.34 NS

Rey-O copy - 31.37 ± 3.56 30.83 ± 4.17 NS

Rey-O immediate - 17.09 ± 6.66 15.36 ± 5.15 NS

Rey-O delayed - 16.16 ± 6.48 14.63 ± 6.95 NS

JoLO total - 24.84 ± 3.58 24.53 ± 3.09 NS

Note: Data are presented as the mean ± standard deviation (SD); HY: Healthy young group; CN�:

cognitively normal old with CSF biomarker negative; CN+: cognitively normal old with CSF biomarker

positive; Rey-O copy: Copy accuracy score of Rey Figure Test; Rey-O immediate: ImmedIate free recall

score of Rey Figure Test; Rey-O delayed: Delayed recall score of Rey Figure Test; JoLO: Judgment of

Line Orientation test.
ap value form one-way ANOVA, the p value of the 2-sample t-test between CN� and CN+ is 0.025;

N/A: not applicable; NS: no significant differences.

F IGURE 2 Boxplot of mean R2* value of subcortical regions. The median of R2* values of each region is displayed by the central line within
the box. Box edges represent the 25th and 75th percentile values for each group. Outliers are displayed by cross markers. Blue color represents
the healthy young (HY) group; Grey color represents the CN� group and orange color represents the CN+ group. R2* values are given in
kilohertz (ms�1); * indicates the significance level of one-way ANOVA at p < .01; ** indicates the significance level at p < .001. All these results
were corrected by using FDR under p < .05; L: left hemisphere; R: right hemisphere; THA: thalamus; CAU: caudate; PUT: putamen; PAL: pallidum;
HIP: hippocampus; AMY: amygdala; ACCU: accumbens
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TABLE 2 R2* value for subcortical regions in HY, CN�, and CN+ (Unit: ms�1)

Regions HY CN� CN+ p Value for ANOVA for 3 groups p Value for CN� vs. CN+

Left-Caudate 0.021 ± 0.0014 0.024 ± 0.0029 0.026 ± 0.0047 <0.00001** 0.0323*

Left-Putamen 0.023 ± 0.0015 0.028 ± 0.0042 0.035 ± 0.0083 <0.00001** 0.0003**

Left-Pallidum 0.033 ± 0.0025 0.037 ± 0.0054 0.042 ± 0.0073 <0.00001** 0.0062**

Left-Hippocampus 0.017 ± 0.0010 0.018 ± 0.0015 0.018 ± 0.0017 0.00067** NS

Left-Amygdala 0.016 ± 0.0012 0.017 ± 0.0017 0.017 ± 0.0014 0.00258** NS

Left-Accumbens 0.016 ± 0.0015 0.018 ± 0.0021 0.018 ± 0.0022 0.00237** NS

Right-Caudate 0.021 ± 0.0012 0.023 ± 0.0027 0.026 ± 0.0049 <0.00001** 0.0044**

Right-Putamen 0.023 ± 0.0014 0.028 ± 0.0042 0.034 ± 0.0076 <0.00001** 0.0004**

Right-Pallidum 0.034 ± 0.0024 0.038 ± 0.0054 0.043 ± 0.0079 <0.00001** 0.0050**

Right-Hippocampus 0.017 ± 0.0009 0.018 ± 0.0014 0.018 ± 0.0011 0.00004** NS

Right-Amygdala 0.016 ± 0.0018 0.017 ± 0.0023 0.017 ± 0.0016 0.00628** NS

Right-Accumbens 0.018 ± 0.0018 0.019 ± 0.0024 0.019 ± 0.0024 0.00236** NS

Note: All the values present as mean ± SD; R2* values are given in kilohertz (ms�1); HY: healthy young; CN�: cognitively normal older with CSF biomarkers

negative; CN+: cognitively normal older with CSF biomarkers positive.

*Indicates p < .05; **Indicates p < .01; NS: no significant differences.

F IGURE 3 R2* difference among groups in cortical regions. The color bar indicates the significance level with regions after the FDR
correction (p < .05). p Values were projected onto the smoothed brain pial surface with the Freesurfer toolbox. (a) The p values of F-maps of one-
way ANOVA analysis among three groups with FDR correction. (b) R2* difference between the CN� and HY groups with FDR corrected. (c) R2*
difference between the CN+ and HY groups with FDR corrected. (d) R2* difference between the CN� and CN+ groups with controlling the age
under significance level p < .01 uncorrected
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adjusted p = .0083), and right putamen (r = 0.360, uncorrected

p = .0012, FDR-adjusted p = .0042) with FDR correction p < .05.

There were also some trend toward significant correlations for other

regions that did not survive with FDR correction. More specifically,

the R2* value of right putamen was correlated with CSF total Tau

with a positive slope (r = 0.247, uncorrected p = .0291). R2* values

were significantly correlated with CSF T-tau/Aβ ratio in the left cau-

date (r = .243, uncorrected p = .0325), and right pallidum (r = .233,

uncorrected p = .0434). The R2* value of the right putamen was sig-

nificantly correlated with CSF pTau/Aβ ratio with a positive slope

(r = 0.233, uncorrected p = .039).

Significant negative correlations were found between neuropsy-

chological performance and R2* value of several subcortical regions

(p < .05, uncorrected; Figure 5). The total JoLO score was significantly

negatively correlated R2* value of the left pallidum (r = �0.261,

p = .027), right putamen (r = �0.252, p = .033), and right pallidum

(r = �0.326, p = .0053). The Rey-O immediate recall score was signif-

icantly negatively correlated with R2* values of the left accumbens

(r = �0.253, p = .032). Rey-O delayed recall score was negatively cor-

related with R2* value of left putamen (r = �0.251, p = .035;

Figure 5).

3.3 | Group comparison of quantitative R1 and
correlation with CSF biomarkers and cognitive tests

In contrast to differences found in R2* between the three groups,

one-way ANOVA analysis revealed no significant differences in R1

between the HY, CN�, and CN+ groups in the subcortical and cortical

regions after multiple comparison correction, although right accum-

bens showed an uncorrected group effect (F = 3.67, p = .028, uncor-

rected). In contrast to correlations seen with R2*, no significant

correlations were found between regions showing significant group

effects in R1 and cognitive measurements after controlling for the

effect of age. No significant correlations were found between R1

and age.

4 | DISCUSSION

In this study, we investigated quantitative MR relaxation rates, R2*

and R1, between healthy young and cognitively normal older subjects

with positive (i.e., CN+) and negative (i.e., CN�) CSF biomarkers of

AD pathology, respectively. We found widespread differences of R2*

F IGURE 4 Correlations between subcortical R2* and cerebrospinal fluid (CSF) biomarkers in old groups. Partial correlation was applied to
detect the relation between CSF biomarkers and subcortical R2* with controlling the age effects. Blue dots represent the CN� group and orange
dots the CN+ group. R2* values are given in kilohertz (ms�1); cerebrospinal fluid Total Tau levels are given in picogram per milliliter (pg/Ml); **
indicates the correlations that survives with p < .05 FDR correction
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in the cortex among HY, CN�, and CN+, primarily due to aging-

related differences between HY and the two older groups. More inter-

estingly, when comparing CN� with CN+ to study the effects of AD

pathology in the older subjects, we found significantly increased R2*

in the basal ganglia regions in the CN+ group; to our knowledge, this

finding has not been previously reported previously in asymptomatic

AD (i.e., CN+) subjects. We further found that R2* values in some

basal ganglia regions correlated primarily with CSF total Tau level and

total Tau to Aβ ratio but not with raw Aβ level in the older subjects.

The elevated R2* in some basal ganglia regions were found to have

neurocognitive implications as shown by their significant correlation

with neuropsychological performance primarily related to visuospatial

functions.

While R2* values in the white matter might have a significant

contribution from myelin content, R2* values in the basal ganglia

regions are primarily driven by iron content (Langkammer et al., 2010).

Therefore, it is reasonable to infer that the increased R2* values in the

basal ganglia regions in the asymptomatic AD are due to iron over-

accumulation in these regions and that it could play a role in the early

pathophysiology of AD, consistent with findings in animal and post-

mortem studies (El Tayara et al., 2006; House et al., 2007).

Widespread differences in R2* in many cortical and subcortical

regions between HY and the older groups are consistent with previ-

ous reports of increased iron deposition with age (Callaghan

et al., 2014; Ghadery et al., 2015). However, it is also noteworthy that

no R2* changes in either the left or right thalamus were found in our

study, consistent with previous reports (Aquino et al., 2009; Ghadery

et al., 2015) and the general recognition that the thalamus is relatively

spared from iron accumulation in healthy aging (Bartzokis et al., 1997;

Hallgren & Sourander, 1958).

Our results demonstrate, for the first time, increased R2* in basal

ganglia regions in cognitively normal subjects with positive AD

pathology compared to those with negative AD pathology. These

findings extend previous animal and postmortem studies in suggest-

ing that iron accumulation occurs early in AD and could play a causal

role in AD pathophysiology instead of being a downstream effect.

Although the exact etiology and causal relationship between iron

accumulation, Aβ and Tau in AD patients remain to be fully

F IGURE 5 Correlations between subcortical R2* and cognitive scores in CN� and CN+ groups. Partial correlation was applied to detect the
relationship between cognitive scores (JoLO and RCFT) and subcortical R2* in old group (CN� and CN+ combined) controlling for age effects
(uncorrected p-value). Blue dots represent the CN� group and orange dots the CN+ group. R2* values are given in kilohertz (ms�1); Rey-O
immediate: Immediate free recall score of Rey Figure Test; Rey-O delayed: Delay recall score of Rey Figure Test; JoLO: judgment of line
orientation test
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uncovered, iron accumulation is closely linked to Aβ, Tau, and neu-

roinflammation. It is either possible that positive AD pathology initi-

ates iron accumulation, or that people with higher brain iron are

more likely to develop positive AD pathology. Aβ plaques can directly

initiate the accumulation of iron or directly through the activation of

microglia. Several previous studies have demonstrated Aβ and tau

depositions in basal ganglia in asymptomatic and symptomatic AD

patients (Chetelat et al., 2013; Rowe et al., 2008). Iron deposits have

been found to colocalize with amyloid plaques and neurofibrillary

tangles in transgenic mouse models of AD (Falangola et al., 2005)

and patients with AD (Bulk et al., 2018; Spotorno et al., 2020; van

Bergen et al., 2016). Iron has also been found to colocalize with acti-

vated microglia around and presumably activated by amyloid plaques

(Zeineh et al., 2015). Conversely, iron accumulation in the brain is a

hallmark of aging, which is the greatest risk factor for AD. Some

authors even suggest that the pathophysiological mechanisms under-

lying the role of aging on the onset of AD are closely related to brain

iron and oxidative stress (Bonda et al., 2010; Nnah & Wessling-

Resnick, 2018; Pratico, 2008). And there is evidence that iron aggra-

vates Aβ accumulation (Edler et al., 2021; Zecca et al., 2004). In a

study of the brain of fly where the iron levels was manipulated using

iron-selective chelating compound and RNAi-mediated knockdown of

endogenous ferritin, higher iron levels have been found to slow the

progression of the Aβ peptide from an unstructured conformation to

the ordered cross-β fibrils, which would lead to aggregation of Aβ

plaque and enhances Aβ toxicity (Liu et al., 2011). In cultured primary

cortical neurons and the brain of APP/PS1 AD-model mice, iron

overload was found to increase the production of amyloidogenic

kunitz protease inhibitor amyloid precursor protein (KPI-APP) and Aβ

(Becerril-Ortega et al., 2014). In addition, during brain ageing and iron

accumulation, iron is partially converted from stable and soluble form

(ferritin) to higher reactivity form of hemosiderin and other oxyhydr-

oxide derivatives that might perturb the cellular environment and

lead to neuroinflammation (Zecca et al., 2004). Several recent studies

also reported that iron is associated with tau and mediates the effect

of tau on brain volume and cognitive decline (Ayton et al., 2020;

Spotorno et al., 2020). It is therefore possible that participants with

higher brain iron content are at higher risk of developing

AD. Conversely, it is also possible that AD pathology might promote

over-accumulation of brain iron. There are also studies proposing

that iron accumulations in the brain might be associated with the

myelin loss process (Bartzokis, 2011; Khattar et al., 2021). Future

studies are warranted to further investigate the relationships

between brain morphology changes, AD pathology, and iron deposi-

tion. For example, longitudinal studies would be required to investi-

gate whether AD biomarker-negative individuals with higher

subcortical R2* are at a higher risk of becoming biomarker-positive

over time. Iron over-accumulation has been reported in temporal and

parietal regions among individuals with symptomatic AD (Damulina

et al., 2020; Griffiths & Crossman, 1993; House et al., 2008; Tao

et al., 2014), but we did not find significant R2* differences between

CN+ and CN� groups in these or other cortical regions. This discrep-

ancy may be explained by the very early stage of AD pathology in

our CN+ participants. This may indicate that increased R2* value in

the older group may be related to the Aβ and total tau deposition

levels and how iron overload interacts with other pathophysiological

processes in leading to cognitive impairment.

We found significant negative correlations between the R2*

values of basal ganglia areas and cognitive performance. While basal

ganglia have traditionally been considered primarily in the context

of motor functions, structural connectivity studies have revealed

that basal ganglia loops with widespread connections with cortical

regions (Karnath et al., 2002; Umarova et al., 2010). These are part

of the fronto-basal ganglia-parieto-cerebellar pathway, which is a

key part of the visuospatial attention network (Karnath et al., 2002;

Umarova et al., 2010). The cognitive tests examined in the current

study included Rey Complex Figure Test, which measures visuospa-

tial constructional ability and nonverbal memory skills (Shin

et al., 2006) and Judgment of Line Orientation, which measures

visuoperceptual functions. We found a negative association of R2*

with visuospatial functions, which are declining in healthy aging and

early stages of AD (Darnai et al., 2017; Trojano & Gainotti, 2016).

Interestingly, visuospatial deficits may also be detected at the pre-

clinical stage of AD (Iachini et al., 2009; Wilson et al., 2011). Taken

together, these results suggested that the increased iron deposition

as measured by R2* in the basal ganglia regions may be related to

decline of visuospatial and memory functions in the early

stages of AD.

4.1 | Changes in quantitative R1 mapping

Quantitative R1 value is thought to be related to changes in tissue

myelination and cellularity (Callaghan et al., 2014; Yeatman

et al., 2014). In current study, we found no significant R1 differ-

ences between the older and younger control groups. This may be

because the age-related changes of R1 in brain regions follow an

inverted U-curve, with increasing R1 values up to around age 40 fol-

lowed up by a decreasing trend (Carradus et al., 2020; Yeatman

et al., 2014). The R1 decline with age after 40 years is mirror-

symmetric with the R1 increase during development (Yeatman

et al., 2014). In our current study, the age of most of the younger

group was between 21 and 30, and the age of the older group ran-

ged from 60 to 80. These age ranges are at the two ends of the

inverted U-curve, likely resulting in the lack of differences. Future

studies with more subjects between 30 and 60 years of age might

provide more information on the non-linear pattern of T1 changes

across the adult lifespan.

4.2 | Limitations and further considerations

Several methodological issues need to be addressed. First, we used

CSF protein levels as evidence of AD pathology, but unlike PET, CSF

biomarkers provide no information about the regional accumulation of

AD pathology. It will be interesting to study whether increased R2* in
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the basal ganglia is associated with local levels of AD pathology in

these regions. Future studies incorporating advanced amyloid and tau

PET imaging would allow exploration of R2* signal relative to spatial

patterns of Aβ and Tau deposition. Second, in the imaging processing

part, we used double-flip angle 2D EPI sequences to correct the B1

transmission inhomogeneity. The 2D EPI imaging may be affected by

the out-of-bandwidth magnetization contamination and slice profile

distortions (Bouhrara & Bonny, 2012). We used a mono-exponential

fit method to calculate the R2*. Future advanced models incorporat-

ing the non-Gaussian noise models could help to get more accurate

R2* mapping (Balbastre et al., 2021). Third, our current study focused

on healthy older participants 60–80 years of age and younger controls

21–30 years of age. The inclusion of individuals between 30 and

60 years would provide important information about brain microstruc-

tures across the life span. Also, there are only 18 participants total

with only two male participants in CN+ group due to the natural low

prevalence of positive AD pathology in cognitively normal individuals

in the current age-range (Jansen et al., 2015) and high proportion of

female volunteers in our cohort. Future studies with larger sample size

and better gender balance will be needed to increase statistical power.

Fourth, the correlations between the R2* value of subcortical regions

and cognitive performance were not corrected by multiple compari-

sons. Caution must be exercised in interpreting these correlations.

These exploratory results need further confirmation in larger and

independent data sets in further study. Additionally, the APOE-e4

might be a risk factor that influences the brain iron depositions in nor-

mal aging and AD pathology, however, we did not have the APOE-e4

gene status at the time of analyses. The relationships between the

APOE status and iron depositions in the early asymptomatic stages of

AD need to be further studied. Lastly, our study is cross-sectional.

Future studies incorporating longitudinal data are needed for provid-

ing more specific information about how brain microstructure changes

during the aging process and in the transition from asymptomatic to

symptomatic stages of AD.

In conclusion, we found significantly increased R2* values in sub-

cortical brain regions in individuals with asymptomatic AD, suggesting

iron over-accumulation in early stages of disease evolution. These

findings lead us to conclude that quantitative MR may be able to pro-

vide a sensitive biomarker for detecting early microstructural brain

changes in AD, justifying further investigations with longitudinal study

designs.
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