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Abstract

Altered iron metabolism has been hypothesized to be associated with Alzheimer’s disease
pathology, and prior work has shown associations between iron load and beta amyloid plaques.
Quantitative susceptibility mapping (QSM) is a recently popularized MR technique to infer local
tissue susceptibility secondary to the presence of iron as well as other minerals. Greater QSM
values imply greater iron concentration in tissue. QSM has been used to study relationships
between cerebral iron load and established markers of Alzheimer’s disease, however relationships
remain unclear. In this work we study QSM signal characteristics and associations between
susceptibility measured on QSM and established clinical and imaging markers of Alzheimer’s
disease. The study included 421 participants (234 male, median age 70 years, range 34-97 years)
from the Mayo Clinic Study of Aging and Alzheimer’s Disease Research Center; 296 (70%) had a
diagnosis of cognitively unimpaired, 69 (16%) mild cognitive impairment, and 56 (13%) amnestic
dementia. All participants had multi-echo gradient recalled echo imaging, PiB amyloid PET, and
Tauvid tau PET. Variance components analysis showed that variation in cortical susceptibility
across participants was low. Linear regression models were fit to assess associations with regional
susceptibility. Expected increases in susceptibility were found with older age and cognitive
impairment in the deep and inferior gray nuclei (pallidum, putamen, substantia nigra, subthalamic
nucleus) (betas: 0.0017 to 0.0053 ppm for a 10 year increase in age, £ = 0.03 to < 0.001; betas:
0.0021 to 0.0058 ppm for a 5 point decrease in Short Test of Mental Status, p=0.003 to p<
0.001). Effect sizes in cortical regions were smaller, and the age associations were generally
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negative. Higher susceptibility was significantly associated with higher amyloid PET SUVR in the
pallidum and putamen (betas: 0.0029 and 0.0012 ppm for a 20% increase in amyloid PET, p=
0.05 and 0.02, respectively), higher tau PET in the basal ganglia with the largest effect size in the
pallidum (0.0082 ppm for a 20% increase in tau PET, p< 0.001), and with lower cortical gray
matter volume in the medial temporal lobe (0.0006 ppm for a 20% decrease in volume, p=0.03).
Overall, these findings suggest that susceptibility in the deep and inferior gray nuclei, particularly
the pallidum and putamen, may be a marker of cognitive decline, amyloid deposition, and off-
target binding of the tau ligand. Although iron has been demonstrated in amyloid plaques and in
association with neurodegeneration, it is of insufficient quantity to be reliably detected in the
cortex using this implementation of QSM.
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1. Introduction

Altered iron metabolism has been hypothesized to be associated with Alzheimer’s disease
pathology, as supported by histochemical, histopathology, and imaging studies.
Histochemical studies have shown accumulation of iron in brain regions with Alzheimer’s
disease histopathologic changes and associations with beta amyloid aggregates and
neurofibrillary tangles (Deibel et al., 1996; Smith et al., 1997; Hautot et al., 2003;
Collingwood et al., 2005, 2008; Everett et al., 2014). Magnetic resonance (MR) studies
using ex vivo samples and an in vivo mouse model have detected iron associated with
amyloid plaques based on T2* properties (Benveniste et al., 1999; Jack et al., 2004, 2005;
Meadowcroft et al., 2009). More recently, it has been proposed that iron accumulation and,
therefore, potentially plague accumulation may be measured in vivo using quantitative
susceptibility mapping (QSM), a non-invasive MRI technique capable of measuring tissue
susceptibility from a gradient recalled multi-echo acquisition (Haacke et al., 2015; Liu et al.,
2015; Wang and Liu, 2015).

Although the susceptibility measured by QSM is nonspecific and can be due to substances
such as iron, calcium, lipid, or myelin, in the study of neurodegenerative diseases it is
generally considered a measure of cortical iron (Li et al., 2011; Deistung et al., 2013; Lim et
al., 2013). QSM signal (susceptibility) has been studied with respect to aging and cognition,
as well as with amyloid PET signal. Susceptibility has been shown to increase with age in
the regions of the cortex as well as deep gray nuclei (Bilgic et al., 2012; Acosta-Cabronero
et al., 2016; Zhang et al., 2018). Studies have demonstrated the correlation of susceptibility
with cognitive decline (van Bergen et al., 2016; Ayton et al., 2017; Kim et al., 2017; van
Bergen et al., 2018) and shown differences in QSM signal between Alzheimer’s disease and
cognitively unimpaired participants (Acosta-Cabronero et al., 2013; Tiepolt et al., 2018).
QSM has been used to study correlations between iron deposition and amyloid accumulation
based on amyloid PET (van Bergen et al., 2016; Ayton et al., 2017; Tiepolt et al., 2018; van
Bergen et al., 2018) and in ex vivo brain specimens and in vivo mouse models (Gong et al.,
2019). However, associations between susceptibility and amyloid are variable among
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studies, with some studies showing no significant association in the cortex, some showing
regional positive associations, and some showing associations that depend on relative
amounts of amyloid and iron. Relationships between QSM signal and established markers of
neurodegeneration and Alzheimer’s disease remain unclear.

The goals of this study were to (i) describe the regional and within-participant variability in
susceptibility across cortical and deep and inferior gray regions as quantified by QSM, (ii)
assess associations between susceptibility and clinical variables of age, cognition, and
clinical diagnosis, and (iii) assess associations between susceptibility and imaging measures
of amyloid PET standardized uptake value ratio (SUVR), tau PET SUVR, and cortical
volume in a population of study participants with diagnoses of cognitively unimpaired (CU),
mild cognitive impairment (MCI), and amnestic dementia. This study will help inform about
the suitability of QSM for clinical and research applications.

2. Materials and methods

2.1. Participants, inclusion criteria

Individuals in this study were enrolled in either the Mayo Clinic Study of Aging (MCSA), a
longitudinal cohort study of residents in Olmsted County, Minnesota (Roberts et al., 2008),
or the Mayo Alzheimer’s Disease Research Center (ADRC), a longitudinal study of patients
identified through the clinical practice. This study was approved by the Mayo Clinic and
Olmsted Medical Center Institutional Review Boards, all participants provided written
informed consent, and the study was carried out in accordance with the Declaration of
Helsinki. If participants had cognitive impairment sufficient to interfere with capacity,
consent was obtained from a legally authorized representative. All participants underwent
evaluation including review of past medical history, mental status examination, neurologic
examination, and neuropsychological assessment. These were used to determine clinical
diagnoses of MCI and dementia via expert panel review and using established criteria
(Petersen, 2004; McKhann et al., 2011). Cognitively unimpaired individuals were those who
did not meet criteria for either MCI or dementia.

Inclusion criteria for this study were a 3D multi-echo GRE (3D-MEGRE) MR, amyloid
PET, tau PET, and clinical diagnosis of cognitively unimpaired, mild cognitive impairment,
or amnestic dementia. The age ranges of this study correspond with the age ranges recruited
for the MCSA and ADRC. These studies include young adults, as detecting early stages of
aging requires studying this group. Similarly, iron deposition is present in young adults
(Bilgic et al., 2012; Li et al., 2014). Therefore, it is reasonable to include a wide age range in
this study when assessing associations between age and susceptibility.

2.2. Cognitive assessment

The Short Test of Mental Status (STMS) (Kokmen et al., 1991) was used as the measure of
cognitive performance. For a small number of individuals where STMS was not available (n
= 8), but the Montreal Cognitive Assessment (MoCA) was available, the MoCA test score
was converted to an equivalent STMS test score (Townley et al., 2019). The STMS was
chosen as a metric of cognition as it works across the cognitive range such that one cognitive
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assessment may be used for both cognitively unimpaired and cognitively impaired
participants.

2.3. Tlw image acquisition and processing

MRI was performed on a 3.0T system (Siemens Prisma VE11C). T1-weighted (T1w)
imaging was performed using a 3D Magnetization Prepared Rapid Acquisition Gradient
Recalled Echo (MPRAGE) sequence with parameters: TR/TE ~2300/3 ms, T1 900 ms,
spatial resolution 0.8 x 0.8 x 0.8 mms3. We used Unified Segmentation (Ashburner and
Friston, 2005) in SPM12 with population-optimized templates and settings from the Mayo
Clinic Adult Lifespan Template (MCALT: https://www.nitrc.org/projects/mcalt/). Total
intracranial volume (TIV) masks were computed from these segmentations, as previously
described (Schwarz et al., 2016b). The gray matter was segmented by two atlases that
included the cortex and gray nuclei. The first atlas, MCALT_ADIR122 (https://
www.nitrc.org/projects/mcalt/), contained 86 cortical regions-of-interest (ROIs), 43 right and
43 left, and was chosen to evaluate cortical regions in detail. The second atlas combined the
ADIR122 regions in a manner similar to MCALT_ADIR28 (https://www.nitrc.org/projects/
mcalt/) and contained a total of 14 cortical ROIs: frontal, parietal, temporal, medial
temporal, cingulate, sensorimotor, and occipital for the left and right cerebral hemispheres.
The 14 gray nuclei will be referred to as two groups, the deep and inferior gray nuclei. The
deep gray nuclei included the basal ganglia (pallidum, putamen, and caudate) and thalamus.
The inferior gray nuclei included the subthalamic nucleus, substantia nigra, and red nucleus.
Regions are based on the DISTAL atlas (Ewert et al., 2018). The atlases contain additional
cerebellar ROIs that were not used in this study.

Gray matter volumes were calculated in the cortical ROIs using the sum of probabilities
computed by Unified Segmentation within each ROI. Gray matter volume analysis was not
performed for the deep and inferior gray nuclei due to unreliable segmentation.

2.4. QSM image acquisition and processing

The 3D-MEGRE acquisition, from which the QSM was obtained, consisted of five echoes
with acquisition parameters: TR 28 ms; TE 6.7, 10.6, 14.5, 18.4, and 22.4 ms; flip angle 15°;
FOV 200 x 200 mm; acquired matrix 384 x 269; reconstructed in-plane resolution 0.52 x
0.52 mm?; slice thickness 1.8 mm; slices 88; GRAPPA Ry = 2; acquisition time 6:37 min:s.
These parameters and the number of echoes were chosen based on prior literature and a
balance of SNR available at the last echo, bandwidth, and spatial resolution. A publically
available software package (STI Suite, https://www.eecs.berkeley.edu/~chunlei.liu/
software.html) was used to process the 3D-MEGRE data and generate QSM maps. First,
affine registration parameters were computed between the T1wimages and mean of the
magnitude GRE images across echo times, and these were used to align the TIV mask with
the magnitude and phase GRE images. Laplacian-based phase unwrapping was applied, and
masking was performed to remove voxels not in the gray matter or white matter based on the
T1 segmentation (Li et al., 2011; Wu et al., 2012). Finally, a sparse linear equations and least
squares (LSQR) method (Li et al., 2011) was applied to compute the QSM from the
unwrapped, masked phase data. Quality control was performed to assess image quality (e.g.
motion artifact, susceptibility artifact obscuring parenchymal assessment) and to assess for

Neuroimage. Author manuscript; available in PMC 2021 February 04.


https://www.nitrc.org/projects/mcalt/
https://www.nitrc.org/projects/mcalt/
https://www.nitrc.org/projects/mcalt/
https://www.nitrc.org/projects/mcalt/
https://www.nitrc.org/projects/mcalt/
https://www.eecs.berkeley.edu/~chunlei.liu/software.html
https://www.eecs.berkeley.edu/~chunlei.liu/software.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cogswell et al.

Page 5

accurate registration of the MEGRE images to T1 space. Fifteen QSM scans were excluded
due to poor image quality.

As some prior studies have used a reference region for QSM analyses, we assessed both the
unnormalized and normalized QSM data. A frontal white mater ROl with a 3 x 3 erosion
kernel was used as a reference region, as frontal white matter has been shown to be the
region with the least variation in susceptibility (Ayton et al., 2017; Fazlollahi et al., 2017).
The QSM signal in each ROI was calculated as the median across all voxels in that ROI; this
was used for the unnormalized data analyses. The median QSM signal in the eroded frontal
white matter ROI was subtracted from the median QSM signal in each ROI for the
normalized data analyses. For some analyses, corresponding left and right ROIs were
combined using a voxel-number weighted average of the median.

2.5. PET imaging and analysis

Amyloid PET was performed with Pittsburgh compound B (Klunk et al., 2004). Tau PET
was performed with Tauvid ([18F]flortaucipir) (Avid Radiopharmaceuticals) (Schwarz et al.,
2016a). Low dose CT was used for attenuation correction. PET SUVR values were
determined by normalization to the cerebellar crus gray matter (Jack et al., 2017). The PET
data were co-registered with the T1wimages using a rigid transformation in SPM12.
Masking was performed to remove voxels not containing primarily gray or white matter by
T1 segmentation. The atlas ROIs were applied to the PET SUVR data to generate region-
level summary statistics for each ROI via an in-house processing pipeline (Senjem et al.,
2005). Median ROI values were used for analysis and regions were combined using a voxel-
number weighted average.

2.6. Statistical analysis

First, distributions and characteristics of the QSM signal were studied to inform the choice
of ROIs for further analysis. Susceptibility was plotted for each cortical ROI in the
ADIR122 and ADIR28 atlases as well as the deep and inferior gray nuclei to visually
compare the distribution of susceptibility among participants across the regions. The ROIs in
the left and right cerebral hemispheres were considered individual regions. Both the
unnormalized and normalized QSM data were examined.

To better understand the sources of variability in the QSM signal, we performed a variance
components analysis using linear mixed effects models where the response was median
susceptibility in each region (keeping left and right sides distinct). The model included two
factors of variability: region and participant. These factors were treated as random effects
leading to three variance components: variability due to participant, variability due to region,
and variability due to random error. Estimation was performed using restricted maximum
likelihood (REML) (Pinheiro and Bates, 2000; Theory and Computational Methods for
Linear Mixed-Effects Models, 2000; Cox and Solomon, 2003). The magnitudes of standard
deviations (SDs) of these three variance components were compared. Because of the order-
of-magnitude difference in QSM signal, we fit one model including cortical regions and a
second model including deep and inferior gray nuclei. The assumption motivating these
models is that while one can expect different degrees of regional variation across
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biomarkers, an informative biomarker requires the participant-to-participant variation to be
appreciably greater than the residual/error variation. For comparison, variance components
models were performed for amyloid PET SUVR, tau PET SUVR, and cortical volume.

Pearson correlations were performed between susceptibility in the corresponding left and
right ROIs to evaluate for differences between sides. Based on the results of the above
analyses, further analyses were performed using the ADIR28 atlas, combining the right and
left sides. This yielded a total of 14 ROIs: 7 cortical and 7 deep and inferior gray nuclei.

Associations between susceptibility as an outcome and age, STMS, clinical diagnosis,
amyloid PET SUVR, tau PET SUVR, and cortical volume as predictors were assessed using
linear regression models fit separately for each region. The association between age and
susceptibility was estimated among MCSA participants only, as the ADRC cohort included
early-onset Alzheimer’s disease cases who are not representative of the typical aging
spectrum. All other models were adjusted for age and sex and the models using volume as a
predictor were also adjusted for TIV. We reported the following effect sizes: estimates of
mean difference in susceptibility for a 10-year increase in age, a 5-point decrease/worsening
in STMS, a 20% increase in amyloid PET, a 20% increase in tau PET SUVR, and a 20%
decrease in gray matter volume. Additionally, estimates of mean difference in susceptibility
among MCI and amnestic dementia were shown compared to cognitively unimpaired.

The linear regression models assume that susceptibility and the continuous predictors are
approximately linearly related. To evaluate if the assumption was appropriate, we also fit
each of the models with continuous predictors (14 age + 14 STMS + 14 amyloid PET + 14
tau PET + 7 cortical volumes = 63 models) using a 3-degree-of-freedom restricted cubic
spline for the predictor to allow for nonlinearity in the relationship with susceptibility. The
Bayesian Information Criteria (BIC) were compared between the spline and linear fits for
each.

Associations with p<0.05 were considered statistically significant. All analyses were done
using the R language and environment for statistical computing version 3.6.2.

2.7. Data availability

Numeric data underlying these analyses will be made available to investigators upon
reasonable request.

3. Results

3.1. Participants

A total of 421 participants were included (234 male, median age 70 years, range 34-97
years); 296 (70%) had a diagnosis of cognitively unimpaired, 69 (16%) MCI, and 56 (13%)
amnestic dementia. Demographics are summarized in Table 1. Imaging was performed
between April 2018 and July 2019. The time between imaging exams was a median (inter-
quartile range) of 1 (0, 3) days from MRI to PET.
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3.2. Evaluation of regional susceptibility

Dot plots of median susceptibility across all participants in each ROI (Fig. 1 and
Supplemental Fig. 1) showed that the distribution of signal among participants was similar
across the cortical ROIs, with a narrow range of susceptibility among participants generally
centered at or near zero. With the exception of the thalamus, the deep and inferior gray
nuclei had a greater magnitude of susceptibility with a correspondingly wider range of
values. When comparing plots of the ADIR122 (Supplemental Fig. 1) and ADIR28 atlases
(Fig. 1), no additional information was gained with the more granular atlas, and therefore,
the ADIR28 atlas was used going forward. Using the white matter reference region for
normalization typically resulted in all regional values increasing by a small number but did
not change the overall data distributions (Supplemental Fig. 1). Subsequent analyses were
essentially unchanged with use of the reference region, and, therefore, only the results using
the unnormalized data are shown.

Pearson correlations between the right and left regions in the ADIR122 atlas (Supplemental
Fig. 2) showed only weak to moderate correlations between the sides. With no prior
expectation of biological asymmetry, we interpreted the relatively low correlations as
primarily reflecting measurement variation. Therefore, the two sides were combined for
further analysis as a way to reduce random variation. Correlations between the two sides
were generally higher in the deep and inferior gray regions.

While Fig. 1 indicated very little regional variability across cortical regions but a greater
degree of variability across deep and inferior gray regions, it is also important to assess the
extent of variation across participants. Fig. 2 and Table 2 show the results of a variance
components analysis. For susceptibility in the cortical ROls, the SD across participants was
low and on the order of the regional and error SDs. In comparison, amyloid and tau PET
showed a relatively large degree of variation across participants for cortical regions. For
cortical volume the SD was greatest across regions given the wide range of ROI sizes. For
susceptibility in the deep and inferior gray nuclei, the SD across regions was greater than
that across participants and the estimated error. For amyloid PET and tau PET in the deep
and inferior gray nuclei, the SDs across the three variance components were comparable.

3.3. Associations between susceptibility and demographic or clinical metrics

Associations between susceptibility and age, cognition (STMS), and diagnosis are shown in
Fig. 3. Cortical and gray nuclei regions are shown separately as the cortical effect sizes are
on average a factor of 10 less than deep and inferior gray nuclei effect sizes. Susceptibility in
general increased with age in the deep and inferior gray nuclei with an increase ranging from
0.0017 ppm (95% CI: 0.0002-0.0032; p= 0.03) for a 10 year increase in age in the pallidum
to 0.0053 ppm (95% CI: 0.0031-0.0075; p<0.001) in the subthalamic nucleus. In the
thalamus, susceptibility showed a small decrease with older age (beta: —0.0014; 95% ClI:
-0.0018 to —0.0011; p<0.001). The majority of the cortical regions had a small but
statistically significantly negative association between susceptibility and age. In models
adjusted for age and sex, lower STMS scores (i.e. worse cognition) were associated with
greater susceptibility in most deep and inferior gray nuclei, ranging from a 0.0021 ppm
(95% CI: 0.0007-0.0035; p = 0.003) increase in the putamen for a 5 point decrease in STMS
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to a 0.0058 ppm (95% ClI: 0.0026-0.0091; p<0.001) increase in the substantia nigra. In the
cortex, greater susceptibility was also associated with lower STMS in the occipital, parietal,
and sensorimotor regions with smaller effect sizes. Relative to CU participants, participants
with amnestic dementia had higher susceptibility in the occipital, parietal, sensorimotor,
pallidum, substantia nigra, and subthalamic nucleus regions (effect sizes ranging from
0.0005 ppm [p = 0.01] in the occipital to 0.014 ppm [p<0.001] in the subthalamic nucleus).
However, amnestic dementia participants had lower susceptibility compared to CU in the
thalamus (effect size —0.0027 ppm [p<0.001]). Patients with mild cognitive impairment
showed no clear pattern of differences in susceptibility compared to CU. Box plots of
susceptibility by diagnosis for each region are shown in Supplemental Fig. 3.

3.4. Associations between susceptibility and imaging metrics

Associations between susceptibility and imaging metrics of amyloid PET SUVR, tau PET
SUVR, and gray matter volume are shown in Fig. 4. As in Fig. 3, the cortical regions and
deep and inferior gray nuclei are shown separately due to differences in effect size (deep and
inferior gray nuclei > cortical regions). For amyloid PET, there were positive associations
with susceptibility in the pallidum and putamen (0.0029 ppm [p = 0.05] and 0.0012 ppm [p
= 0.02] increase for a 20% increase in amyloid PET, respectively) but negative associations
in several regions including the frontal and temporal ROIs (-=0.0001 ppm [p = 0.04] and
-0.0001 [p = 0.01], respectively). Associations of susceptibility and tau PET SUVR tended
to be positive with the largest association seen in the pallidum where a 20% increase in tau
PET was associated with a 0.0082 ppm (95% CI: 0.0057-0.0107; p<0.001) increase in
susceptibility (Fig. 4). Representative examples of the associations between susceptibility
and amyloid and tau PET are shown in Fig. 5. Greater susceptibility was associated with
lower cortical volume in the medial temporal region (0.0006 ppm [95% CI: 0.0001-0.0012;
p=0.03] increase for a 20% decrease in volume) with variable and non-significant
relationships between susceptibility and volume in the other cortical regions.

Nonlinearity in the associations between susceptibility and age, STMS, and other imaging
measures was evaluated, and both linear and nonlinear fits are shown for one cortical and
one deep and inferior gray region in Supplemental Fig. 4. In 61 of the 63 models, the BIC
was lower (better) for the linear vs spline fit indicating the linear model was an appropriate
fit.

4. Conclusions

In this study we assessed regional and inter-participant variability in susceptibility
throughout the cerebral gray matter on QSM and evaluated associations between
susceptibility and clinical and imaging measures of neurodegeneration and Alzheimer’s
disease. The main findings were (i) participant to participant variation in QSM signal was
small, which may limit ability to detect associations with other measures, (ii) there were
expected increases in susceptibility with age and cognitive decline in the deep and inferior
gray nuclei with smaller, more variable associations in cortical regions, (iii) susceptibility
was positively associated with amyloid PET SUVR in the basal ganglia with small negative
associations in some cortical regions, (iv) susceptibility was positively associated with tau
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PET SUVR in the deep and inferior gray and to a lesser extent the cortical regions, and (v)
only the medial temporal regions showed a small association between susceptibility and
cortical volume.

Corresponding with known regions of iron deposition, susceptibility was much greater (by
approximately a factor of 10) in the basal ganglia and inferior gray nuclei than in cortical
regions. A clinically useful biomarker should have much greater inter-person variance across
a phenotypically diverse cohort in comparison to the estimated inherit measurement error.
However, in both the cortical and deep and inferior gray nuclei, the participant to participant
variation in susceptibility was small and of a similar magnitude as the error SD, which may
limit our ability to detect associations between the QSM measure and other imaging or
clinical measures. The limited inter-person variability in susceptibility contrasts with that of
established Alzheimer’s disease imaging biomarkers of amyloid and tau PET, which have a
relatively large variance among participants relative to regional differences and error.
Although the study designs are different, we note that our estimates of error in susceptibility
are comparable to previously published estimates (Deh et al., 2015; Hinoda et al., 2015).

We evaluated differences in signal among cortical ROIs and between corresponding right
and left regions using a more granular cortical parcellation (ADIR122 atlas) but found it did
not provide additional information in comparison to the coarser parcellation of the ADIR28
atlas. The smaller ROls may be more susceptible to noise and, therefore, the larger ROls of
the ADIR28 atlas were chosen for subsequent analyses. Similarly, corresponding right and
left ROIs showed no systematic difference and, therefore, right and left sides were
combined. As smaller ROIs may be more specific for detection of MCI or dementia, the
subsectioning of lobes in the ADIR28 atlas was chosen in an attempt to preserve some
regional specificity, for example with a medial temporal lobe region.

Susceptibility and age were positively associated in the pallidum, putamen, subthalamic
nuclei, and substantia nigra. These findings correspond with known age-related iron
deposition in these regions and have been similarly demonstrated in prior QSM studies
(Bilgic et al., 2012; Li et al., 2014; Acosta-Cabronero et al., 2016). We predicted that
susceptibility would similarly increase with age in the cortical regions in association with
iron deposition and neurodegeneration, as some of the prior QSM studies have shown (Li et
al., 2014; Acosta-Cabronero et al., 2016). However, in our study, cortical regions showed
variable results with very small, yet statistically significant, negative associations in most
regions, particularly in the cingulate and medial temporal regions. Given the small effect
sizes, findings may not be clinically meaningful and are of unclear etiology. The difference
among results in the cortical regions and lack of anticipated increase in cortical
susceptibility with age may be due to differences in study population and ROI selection.
Measured susceptibility in cortical regions that include all cortical layers, as in this study,
reflects cumulative effects of regional iron and myelin, which have been shown to both be of
highest concentration in the deeper cortical layers and vary in relative amounts across the
cerebral cortex (Duyn et al., 2007). While ex vivo studies may allow iron and myelin effects
to be separately studied, current in vivo techniques do not allow for such distinction.
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Overall, cortical and deep and inferior gray regions showed an expected increase in
susceptibility with declining STMS and with a diagnosis of dementia vs cognitively
unimpaired. STMS showed a larger association with susceptibility in the pallidum, putamen,
substantia nigra, and subthalamic nuclei. As described above, these greater effect sizes in the
deep and inferior nuclei are likely based on the greater dynamic range in these regions. Prior
studies have similarly shown an increase in susceptibility, presumably iron deposition, with
a decrease in cognition and diagnosis of dementia vs cognitively unimpaired that is greater
in the deep gray nuclei than cortex (Ayton et al., 2017; Kim et al., 2017; Tiepolt et al., 2018).

As with the clinical associations, QSM showed larger effect sizes with other imaging
markers in the deep and inferior gray nuclei than in cortical regions. Susceptibility and
amyloid PET showed positive associations in the pallidum and putamen independent from
age and sex; prior work has similarly shown the greatest correlation of amyloid PET and
susceptibility in the basal ganglia (van Bergen et al., 2018). Relationships between cortical
susceptibility and amyloid have been more variable in the literature, with some prior work
identifying positive correlations between susceptibility and amyloid PET in the
frontotemporal cortex (Ayton et al., 2017; van Bergen et al., 2018) and others finding no
significant relationships (Tiepolt et al., 2018). In this study relationships between cortical
susceptibility and amyloid PET SUVR were variable. Statistically significant negative
associations of susceptibility and amyloid in the frontal and temporal lobes had small effect
sizes, —0.0001 compared to 0.0012 in the putamen. Our findings suggest that although
cortical iron has been found to be associated with beta amyloid plaques in ex vivo and
animal studies, it does not appear to be of sufficient quantity for in vivo detection on QSM.
Alternatively, the iron associated with plagues may not demonstrate the anticipated
paramagnetic properties, or there may be counteracting regional diamagnetic effects. While
recent ex vivo works suggest that the negative associations of susceptibility and amyloid in
some cortical ROIs may reflect amyloid deposition without localization of iron (Gong et al.,
2019), prior studies have indicated that iron facilitates, and may be necessary for, amyloid
plaque formation (Huang et al., 1999; Telling et al., 2017).

Associations between QSM and tau PET have been less extensively studied. We found a
positive association between susceptibility and tau PET SUVR in the basal ganglia and saw
a similar pattern in the cortical regions. Associations of tau PET and susceptibility are most
likely due to off-target binding of the tau ligand, as similarly suggested in prior literature
demonstrating correlations of tau PET SUVR and susceptibility in the basal ganglia and
cortex (Choi et al., 2018; Spotorno et al., 2020). Off-target tau binding may be secondary to
monoamine oxidase (MAQ) and/or iron deposition in the setting of inflammation, as has
been shown to occur with multiple tau tracers and confirmed with autopsy studies (Harada et
al., 2018; Lemoine et al., 2018; Baker et al., 2019). Though not quantified, the extent of
elevated susceptibility and tau PET SUVR do not appear to exactly overlap on visual
inspection (Fig. 5B). Findings suggest the possibility of two physiologic processes in basal
ganglia that may not be related to each other on a voxel-wise basis. Further study of tau PET
ligands in the basal ganglia may help better understand the relationship of susceptibility
changes with off-target tau binding.
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The medial temporal lobe was the only cortical region to show a statistically significant
increase in susceptibility with a decrease in cortical volume. This finding may represent iron
deposition associated with neurodegeneration. However, given the small effect size and
relatively wide confidence interval, partial volume effects in the medial temporal lobe are
also possible. The lack of significant associations between gray matter volume and
susceptibility in the remainder of the cortical regions is in agreement with prior work (van
Bergen et al., 2018).

As described with respect to each of the clinical and imaging variables evaluated, results of
QSM studies in respect to Alzheimer’s disease and neurodegeneration have been variable in
the cortex with more reproducible results in the deep and inferior gray nuclei. The greater
dynamic range and greater regional variability in the deep and inferior gray nuclei regions
relative to the cortical regions may contribute to more reliable signal and reproducible
results across studies. This is best demonstrated in amyloid PET where associations of
susceptibility/iron deposition and amyloid have been proven in ex vivo studies but are
difficult to reproduce in in vivo human studies. Differences among study results may be due
to patient population, including disease status, age, and sample size. The sample in this
study is larger than that included in prior work and encompasses the spectrum from
cognitively unimpaired to dementia. Differences in technique must also be considered.
Acquisition parameters, such as the chosen echo times, may affect the calculated
susceptibility (Sood et al., 2017). The QSM processing technique utilized in this study (STI
Suite) is widely used and accepted for QSM processing. However, differences in QSM may
arise from the degree of masking applied, use of or choice of a reference region, region-
based vs voxel-based analysis, correction for age and other variables, and use of mean or
median susceptibility. Regarding masking and noise levels, as discussed in prior studies,
more advanced methods to address noise in QSM, such as adjacent to vessels or at edges of
the field-of-view (e.g. anterior and middle cranial fossa) could improve the ability to detect
signal in cortical regions (Acosta-Cabronero et al., 2018). The masking applied in this study
should remove nearly all voxels not containing primarily parenchyma. Additionally, the use
of median for our analyses should minimize effects from outlier values at edges. Therefore,
more advanced methods of masking may not significantly change overall results. Regarding
use of a reference region, we found similar results with vs without normalization to a
reference region. In theory, normalization should not be required for QSM given that it is
designed to quantify magnetic susceptibility and provide signal linearly proportional to
susceptibility. Subtracting the susceptibility of a reference region would be beneficial to
remove systematic variation that is larger than biologic variability in the reference region.
However, if biologic changes are present in the reference region, the normalization may
transfer biologic effects of the reference to other locations and confound analyses. In light of
these considerations and the large size of our sample, we chose to focus our analyses on the
unnormalized QSM data.

There are limitations in this study. The sample in this study is large relative to prior studies
of QSM. However, the number of cognitively impaired (MCI and dementia) individuals in
the sample is moderate. Additionally, because the minimum age was 34 years we were not
able to asses QSM changes associated with brain development. Voxel-wise analysis was not
performed; based on noise and error levels in the regional analyses it was concluded that

Neuroimage. Author manuscript; available in PMC 2021 February 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cogswell et al.

Page 12

voxel-wise analysis would not provide additional information, particularly for cortical
regions. As discussed above, cortical ROIls include all layers of the cortex, which may
contain myelin, amyloid, and tau in addition to iron, and therefore observed susceptibility
represents the cumulative effects of these components.

In conclusion, in this study we found regional associations of susceptibility with aging,
cognition, amyloid PET, and tau PET in the basal ganglia and inferior gray nuclei. However,
the cortical regions did not consistently show significant disease related changes on in vivo
QSM. The variable and low level associations of cortical susceptibility with age and
measures of cortical amyloid deposition and neurodegeneration appear to in part be due to
inadequate biological signal and possibly inability to study individual cortical layers with
QSM as currently applied. Our findings suggest that iron levels associated with cortical
amyloid plaque and neurodegeneration are of insufficient quantity to be detected in vivo
with QSM or that there may be local factors, including amyloid deposition, counteracting
the anticipated susceptibility changes from local iron deposition. Further studies correlating
in vivo imaging measures with both histopathology and ex vivo imaging may help better
elucidate local susceptibility changes in neurodegeneration as well as the potential
applications for QSM in assessing pathology in vivo. Overall, our findings suggest that QSM
may be an informative marker in the deep and inferior gray nuclei but in the current
implementation has a limited role in the cortex for clinical evaluation along the aging to
dementia spectrum.
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Fig. 1.
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Median susceptibility by region using the ADIR28 atlas. The unnormalized QSM data are
shown. For each region, each participant is represented by a dot, blue for left and orange for
right. The ROIs are listed from high to low median value. The basal ganglia and inferior
gray nuclei show positive susceptibility with a broad range among participants compared to
the cortical ROIs, which show signal centered about zero with a relatively narrow range.
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Fig. 2.

Normal densities reflecting the estimated SDs from the variance components analysis for

susceptibility, amyloid PET SUVR, tau PET SUVR, and cortical gray matter volume.
Analysis was performed using the unnormalized susceptibility measures and PET and

volume measures were log-transformed. Results are shown separately for cortical (top row)

and deep and inferior gray nuclei (bottom row). The x-axis differs among plots and is

representative of spread or variation in values. The y-axis represents amplitude with values

based on the SD of each measure such that the area under the curve is equal to 1.
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Fig. 3.

Estimate

Estimated mean (95% confidence interval) difference in susceptibility for an increase in age
of 10 years, diagnosis of amnestic dementia (aDem) or mild cognitive impairment (MCI)
relative to cognitively unimpaired (CU), and a decrease in Short Test of Mental Status
(STMS) score of 5 points. Linear regression models were fit separately for each region and
variable of interest. All models except age were adjusted for age and sex. All age models
were fit among MCSA participants only. Cortical regions and deep and inferior gray nuclei
are shown separately due to differences in effect sizes. Those regions whose 95% confidence
interval does not cross zero are statistically significant.
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Estimated mean (95% confidence interval) difference in susceptibility for a 20% increase in
amyloid PET SUVR, 20% increase in tau PET SVUR, and a 20% decrease in gray matter
volume. Linear regression models were fit separately for each region and variable of interest.
All models were adjusted for age and sex, and volume models were adjusted for TIV.
Cortical regions and deep and inferior gray nuclei are shown separately due to differences in
effect sizes. Those regions whose 95% confidence interval does not cross zero are
statistically significant.
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Qsm Tau PET Amyloid PET

Fig. 5.
Images from representative participants. QSM, tau PET, and amyloid PET for (A) a 35-year-

old participant and (B) an 83-year-old participant, both cognitively unimpaired. In the older
participant, there was elevated susceptibility and tau PET SUVR in the pallidum and
putamen. Though not quantified, the extent of elevated susceptibility and tau PET SUVR do
not appear to exactly overlap on visual inspection, which may imply more than one process
contributes to these signal changes on QSM and PET. Amyloid PET SUVR was low
throughout for both of the participants.
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