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Abstract

The presence of neurofibrillary tangles containing hyper-phosphorylated tau is

a characteristic of Alzheimer’s disease (AD) pathology. The positron emission

tomography (PET) radioligand sensitive to tau neurofibrillary tangles

(18F-AV1451) also binds with iron. This off-target binding effect may be

enhanced in older adults on the AD spectrum, particularly those with

amyloid-positive biomarkers. Here, we examined group differences in
18F-AV1451 PET after controlling for iron-sensitive measures from magnetic

resonance imaging (MRI) and its relationships to tissue microstructure and

cognition in 40 amyloid beta positive (Aβ+) individuals, 20 amyloid beta

negative (Aβ-) with MCI and 31 Aβ- control participants. After controlling for

iron, increased 18F-AV1451 PET uptake was found in the temporal lobe and

hippocampus of Aβ+ participants compared to Aβ- MCI and control partici-

pants. Within the Aβ+ group, significant correlations were seen between
18F-AV1451 PET uptake and tissue microstructure and these correlations

remained significant after controlling for iron. These findings indicate that

off-target binding of iron to the 18F-AV1451 ligand may not affect its sensitivity

to Aβ status or cognition in early-stage AD.
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1 | INTRODUCTION

Alzheimer’s disease (AD) is the most frequent cause of
dementia and it is estimated that 1 in 85 people world-
wide will develop AD by 2050 (Brookmeyer et al., 2007).
Patients with mild cognitive impairment (MCI) exhibit
declines in cognitive performance that do not meet the
threshold for dementia, but are likely to later convert to
AD (Albert et al., 2011). AD pathology is characterized by
the presence of β-amyloid (Aβ) extracellular plaques and
neurofibrillary tangles containing hyper-phosphorylated
tau (Hardy & Allsop, 1991; Sayre et al., 2000;
Selkoe, 1991). Both Aβ plaque and tau neurofibrillary
tangle deposition precede cognitive decline (Arnsten
et al., 2021; Braak et al., 2011; Hedden et al., 2013) and
are associated with neurodegeneration and cognitive
impairment (Bejanin et al., 2017; G�omez-Isla et al., 1997).
Aβ pathology in individuals with MCI increases the risk
of transitioning from MCI to dementia (Doraiswamy
et al., 2012; Koivunen et al., 2011). In addition, Aβ patho-
logy is related to higher rates of memory decline and
higher rates of grey matter atrophy in cognitively normal
elderly adults (Chételat et al., 2012; Lim et al., 2013).

The development of positron emission tomography
(PET) radioligands sensitive to tau neurofibrillary tangles,
such as 18F-AV1451, has allowed for the visualization and
assessment of AD pathology in vivo. Increased tau-PET
uptake has been reported in individuals with AD relative
to controls (Chen Jingyun et al., 2018; Cho et al., 2016;
Johnson et al., 2016; Ossenkoppele et al., 2016; Passamonti
et al., 2017; Whitwell et al., 2018) as well as in the
medial temporal lobe of Aβ+ control participants relative
to Aβ- control participants (Leuzy et al., 2022; Pascoal
et al., 2021). Imaging studies using 18F-AV1451 have
found tau-PET signal to be associated with lower brain
volume (Iaccarino et al., 2018) and cortical thickness

(Gordon et al., 2018; Ossenkoppele et al., 2019; Xia
et al., 2017) derived from T1-weighted images. Other
studies examining tissue microstructure measured using
diffusion-weighted imaging, a MRI contrast sensitive to
the motion of water molecules (Beaulieu, 2002), have
found that tau-PET signal is also related to microstructure
measures associated with neurodegeneration in AD
(Lee et al., 2020; Sintini et al., 2019; Torso et al., 2021).

However, the radioligand used in 18F-AV1451 binds
with iron in addition to tau neurofibrillary tangles
(Choi et al., 2018; Lockhart et al., 2017; Lowe et al., 2016;
Marquié et al., 2017), which may confound these associa-
tions to cognition and tissue microstructure as changes in
18F-AV1451 uptake could be due to iron or tau. In partic-
ular, strong associations in the cortex have been observed
when tau-PET uptake is compared to tissue susceptibility
(Cogswell et al., 2021; Spotorno et al., 2020), an MRI
measure sensitive to iron (Langkammer et al., 2012).
Elevated cortical iron levels have been observed in the
AD spectrum (Ayton et al., 2015; Ayton et al., 2020; van
Duijn et al., 2017; van Rooden et al., 2015). Further,
imaging and histology studies have linked iron deposition
to Aβ pathology (Connor et al., 1992; van Bergen
et al., 2016), and cerebral amyloid angiopathy may
contribute to iron deposition seen in the AD spectrum
(Schrag et al., 2011). Taken together, this iron deposition
may be related to altered uptake of the 18F-AV1451
radioligand. To date, however, there has been a dearth of
literature accounting for potential off-target binding of
the 18F-AV1451 radioligand on iron.

The current study sought to examine whether the
previously reported relationships between 18F-AV1451
tau-PET signal and tissue microstructure or cognitive
impairment remain significant in the hippocampus and
temporal lobe after controlling for iron, which would pro-
vide confidence that these relationships are in fact due to
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tau and not iron. Multimodal neuroimaging analyses,
combining iron-sensitive measures from MRI with
18F-AV1451 PET, may allow for off-target binding effects
of the 18F-AV1451 radioligand to be assessed. We used
tissue susceptibility as an independent marker for iron
and examined effects before and after statistically control-
ling for this iron measure on 18F-AV1451 PET uptake.
Group differences in 18F-AV1451 PET uptake and its rela-
tionship to tissue microstructure and cognition were
examined in 40 Aβ+ individuals, 20 Aβ- with MCI and
31 Aβ- control participants.

2 | METHODS

2.1 | Alzheimer’s disease neuroimaging
initiative (ADNI) overview

Data used in this study were obtained from the ADNI
database (adni.loni.usc.edu). ADNI was launched in 2003
as a public-private partnership-supported project. The
primary goal of ADNI is to test whether serial MRI, PET,
other biological markers and clinical and neuropsycho-
logical assessments can be combined to measure the
progression of MCI and early AD. Up-to-date information
can be found at www.adni-info.org. The ADNI data were
collected from over 50 research sites and the ADNI study
was approved by the local Institutional Review Boards
(IRBs) of all participating sites. The detailed information
and complete list of ADNI sites’ IRBs could be found at
https://adni.loni.usc.edu/about/centers-cores/study-sites/
and http://www.adni-info.org/.

Study participants and, if applicable, their legal repre-
sentatives, gave written informed consent at the time of
enrollment for imaging data, genetic sample collection
and clinical questionnaires. Exclusion criteria determined
by ADNI were followed. Participants were excluded from
the analysis if they had Parkinson’s disease, Huntington’s
disease, progressive supranuclear palsy, a history of sei-
zures, normal pressure hydrocephalus, brain tumours,
multiple sclerosis, subdural hematoma, a history of head
trauma, known brain structural abnormalities, a history
of major depression, schizophrenia, alcohol or substance
abuse, bipolar disorder or currently using psychoactive
medications. Individuals with contraindications to MRI
imaging such as pacemakers, heart valves or other
foreign objects or implants in the body were excluded.

2.2 | Participants

The ADNI3 database was queried for individuals with
tau-sensitive PET (18F-AV1451), multi-echo gradient echo

MRI images and multi-shell diffusion-weighted MRI
images at the same scanning visit, as well as Aβ status.
From this cohort, we selected all individuals with a diag-
nostic status of MCI or control at the time of the visit,
which included 40 Aβ positive (Aβ+) participants (20 Aβ
+ MCI and 20 Aβ+ controls), 20 Aβ negative (Aβ-) MCI
participants and 31 Aβ- control participants. Imaging data
were downloaded between December 2019 and July 2022.

All MCI participants in the ADNI3 database had a
subjective memory concern reported by a clinician,
abnormal memory function on the education-adjusted
Logical Memory II subscale and a clinical dementia
rating greater than 0.5. Further, MCI participants were
deemed to have cognitive and functional performance
that was sufficiently intact to not merit a diagnosis of
attention deficit disorder by the site physician.

2.3 | MRI acquisition

All MRI data used in this study were acquired on Siemens
Prisma or Prisma fit scanners. Anatomic images were
acquired with an MP-RAGE sequence (echo time (TE)/
repetition time (TR)/inversion time = 2.98/2300/900 ms,
flip angle = 9�, voxel size = 1.0 � 1.0 � 1.0 mm3 and
GRAPPA acceleration factor = 2) and were used for
registration to common space and correction of partial
volume effects in the PET data.

Iron-sensitive data were collected with a three-echo
2D gradient recalled echo GRE) sequence (TE1/ΔTE/
TR = 6/7/650 ms, flip angle = 20�, field of
view = 220 � 220 mm2, matrix size of 256 � 256, 44
slices, slice thickness = 4.0 mm) and used for measure-
ment of brain iron.

Diffusion-weighted imaging (DWI) data were
acquired with a multiband diffusion-weighted echo
planar imaging (EPI) spin echo sequence
(TE/TR = 71/3400 ms, field of view = 232 � 232 mm2,
voxel size = 2 � 2 � 2 mm3, multiband acceleration
factor = 3, PA phase encoding direction). Diffusion
weighting was applied in 54 directions with b values of
1000 and 2000 s/mm2. A two-echo 2D GRE sequence
(TE1/TE2/TR = 4.92/7.38/571 ms, flip angle = 60�, voxel
size = 3.0 � 3.0 � 3.0 mm3) was used for correction of
susceptibility distortion in the diffusion images.

2.3.1 | T1-common space registration

Transforms for MRI imaging data were derived with
FMRIB Software Library (FSL). A transformation was
derived between individual subject space to 2 mm
Montreal Neurological Institute (MNI) T1-weighted space
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using FMRIB’s Linear Image Registration Tool (FLIRT)
and FMRIB’s Nonlinear Image Registration Tool
(FNIRT) in the FSL software package using the following
steps (Smith et al., 2004; Woolrich et al., 2009). First, the
T1-weighted image was skull-stripped using the brain
extraction tool (BET). Next brain extracted T1-weighted
images were aligned with the MNI brain extracted image
using an affine transformation. Finally, a nonlinear
transformation was used to generate a transformation
from individual T1-weighted images to T1-weighted MNI
common space.

2.3.2 | QSM processing

Susceptibility images were constructed using the follow-
ing procedure. First, a brain mask was derived from the
first echo of the magnitude data. Next, the brain mask
was carefully examined and any areas of the mask out-
side the brain were manually removed. The background
phase was removed using harmonic phase removal using
the Laplacian operator (iHARPERELLA) (Li et al., 2014).
Finally, susceptibility maps were derived from the
frequency map of brain tissue using an improved least-
squares (iLSQR) method (Li et al., 2011; Li et al., 2015)
and Laplace filtering with a threshold of 0.04 as a trunca-
tion value. All susceptibility images were processed in
MATLAB (The MathWorks, Inc., Natick, MA, USA)
using STISUITE. The resulting susceptibility maps were
aligned to each subject’s T1-weighted image using a rigid
body transform derived via the magnitude image from
the first echo.

2.3.3 | DWI processing

Diffusion data were preprocessed with FSL (Jenkinson
et al., 2002; Jenkinson & Smith, 2001; Smith et al., 2004)
and were first corrected for motion and eddy currents
using EDDY. Next, field maps were constructed and used
to correct magnetic field inhomogeneities in the diffusion
images using FUGUE. Finally, the b = 0 image was brain
extracted and a transform between each subject’s
T1-weighted and b = 0 images was derived using a rigid
body transform with a boundary-based registration cost
function.

Single-compartment parameters (fractional anisotropy,
FA; mean diffusivity, MD) were derived from the
diffusion data using DTIFIT. Advanced modelling was
performed using the NODDI toolbox v1.0.1 (http://www.
nitrc.org/projects/noddi_toolbox) in MATLAB (Zhang
et al., 2012). NODDI fitting was performed using the
default settings and maps of cerebrospinal fluid (CSF)

volume fraction (denoted fiso) and the fraction of water in
the restricted compartment (ficvf) were generated.

2.3.4 | PET acquisition and processing

The radiochemical synthesis of 18F-AV1451 was overseen
and regulated by Avid Radiopharmaceuticals and distri-
buted to the qualifying ADNI sites where PET imaging
was performed according to standardized protocols. The
18F-AV-1451 protocol entailed the injection of 10 mCi of
tracer followed by an uptake phase of 75 min during
which the subjects remained out of the scanner, and then
collection of the 18F-AV-1451 emission data as 6 � 5 min
frames. PET with computed tomography imaging
(PET/CT) scans preceded these acquisitions with a CT
scan for attenuation correction; PET-only scanners per-
formed a transmission scan following the emission scan.

PET imaging data were analysed with FSL and PET
partial volume correction (PETPVC) toolbox (Thomas
et al., 2016). Motion was corrected in 18F-AV1451 PET
scans were co-registered to the first frame and averaged
using rigid-body transforms with FLIRT in FSL. Next, the
motion-corrected mean PET scans were registered to
the participant’s own T1-weighted MRI image using a
rigid-body transform with a normalized mutual informa-
tion cost function in FLIRT. Grey matter, white matter
and CSF maps were segmented in the T1-weighted MRI
image and used to correct for partial volume effects using
PETPVC (Thomas et al., 2016). A combination of Labbé
(Labbe et al., 1996) and region-based voxel-wise correc-
tion (Thomas et al., 2011) was chosen to mitigate sensi-
tivity to point spread function mismatch. The median
standardized uptake value (SUV) in the left + right cere-
bellar cortex was chosen as a reference. Figure 1 shows a

F I GURE 1 Illustrations of typical susceptibility (top row) and

tau-PET SUVR (bottom row) images in subjects from the Aβ-
control (left column), Aβ- MCI (middle column) and Aβ+ (right

column) groups.
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comparison of typical susceptibility maps and SUV ratios
(SUVR) for a subject from each group.

2.4 | Regions of interest

Atlases from the Harvard-Oxford subcortical atlas and a
prior study parcelling the cortex (Zhang et al., 2010) were
used to define standard space regions of interest (ROIs)
in the bilateral hippocampus and temporal lobe, respec-
tively. The ROIs were then transformed from MNI space
to subject space using linear and nonlinear transforms in
FSL as described in the earlier sections.

Each aligned ROI was thresholded at 60% and
binarized. To ensure that the signal from white matter
did not contaminate measures in the temporal lobe, the
binarized temporal lobe ROI was multiplied by each
individual’s grey matter mask. Mean single-compartment
diffusion (FA, MD), NODDI (fiso, ficvf), tau-PET SUVR
and susceptibility were measured in each resultant ROI
for each participant.

2.5 | Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics software version 24 (IBM Corporation, Somers,
NY, USA) and results are reported as mean ± standard
deviation. A P value of 0.05 was considered significant for
all statistical tests performed in this work. Normality of
tau-PET, diffusion and iron data was assessed using the
Shapiro–Wilk test for each group and all data was found
to be normal.

The effect of group (Aβ+, Aβ- MCI, Aβ-control) was
tested with separate analysis of covariance (ANCOVA) in
each ROI (hippocampus, temporal lobe) for each imaging
metric (tau-PET SUVR, susceptibility, single compart-
ment diffusion [FA, MD], multicompartment diffusion
indices [fiso, ficvf]), controlling for sex and age. The
ANCOVAs for tau-PET SUVR and single compartment
diffusion metrics also controlled for susceptibility since
iron is an off-target bind for the 18F-AV1451 radioligand
and local magnetic field inhomogeneities from iron
produce cross terms with diffusion encoding gradients
and reduce the apparent diffusion coefficient (Novikov
et al., 2018; Zhong et al., 1991). This relationship between
iron and single-compartment diffusion measures has
been observed in vivo (Langley et al., 2020; Syka
et al., 2015), but has not been observed for multi-
compartment diffusion measures (Langley et al., 2021).
For all ANCOVAs, if the main effect of the group was
significant, post hoc comparisons between each pair of
groups were performed using respective two-tailed t-tests.

Iron-related off-target binding effects were assessed
by examining the relationship between tau-PET SUVR
and susceptibility using Pearson correlations in each
ROI, separately for each group. The impact of iron on
the relationship between tau-PET SUVR and both
microstructural (FA, MD, fiso, ficvf) and cognitive
(delayed word recall, ADAS13) measures was assessed by
performing separate multiple regressions that excluded
susceptibility as a predictor in the second step. For each
dependent measure, an R2-change F-test was used to
statistically compare the models with and without con-
trolling for susceptibility.

Scan-rescan reproducibility of cortical susceptibility
was assessed using intraclass correlation coefficients
(ICC) using control subjects with baseline and 12-month
follow-up scans. Reproducibility of interscan cortical
susceptibility measurements at baseline and 12-month
follow-up was tested with a two-way random ICC evalu-
ating absolute agreement. ICC is a measure of agreement
between two groups of measurements and ICC values
were interpreted according to the criteria set by Landis
and Koch: (0.8,1] = almost perfect agreement and
(0.6, 0.8] = substantial agreement (Landis & Koch, 1977).

3 | RESULTS

3.1 | Sample demographics

Demographic data for each group is shown in Table 1.
Age exhibited a significant group effect with the Aβ
+ group having a higher age relative to the Aβ- control
group (P < 10�3) but no difference was observed in other
group comparisons (Ps>0.115). As expected, significant
group effects were observed in MOCA, MMSE and CDR,
with the Aβ+ group and Aβ- MCI group showing lower
scores on MOCA (Aβ+: P < 10�3; Aβ-: P = 0.003) relative
to the Aβ- control group, whereas only the Aβ+ group
had a lower MMSE score than the control group
(P = 0.003). Higher CDR (Aβ+:P < 10�3; Aβ-: P < 10�3)
was observed in the Aβ+ group and Aβ- MCI group
relative to the Aβ- control group. Significant group effects
were also seen in ADAS delayed recall and ADAS13, with
higher scores in the Aβ+ group relative to the Aβ- MCI
(Ps<0.036) and control (Ps<10�3) groups, and in the Aβ-
MCI group relative to the control group (Ps<10�3).

3.1.1 | Reproducibility of cortical
susceptibility measurements

The reproducibility of mean cortical susceptibility was
assessed using baseline and 12-month follow-up scans in
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the Aβ-control group. Thirteen control participants (nine
female; mean age = 77.0 years; standard deviation of
age = 7.2 years) had baseline and 12-month follow-up
scans and the mean time between scans was 403 days
(standard deviation = 49 days). Cortical susceptibility in
the temporal lobe (ICC: 0.801; P < 10�3), frontal lobe
(ICC: 0.828; P < 10�3), occipital lobe (ICC: 0.835;
P < 10�3) and parietal lobe (ICC: 0.855; P < 10�3)
showed excellent reproducibility. Interscan reproducibi-
lity for these ROIs is shown in Figure S1.

3.1.2 | Group differences in susceptibility

The effect of group (Aβ+, Aβ- MCI, Aβ- control) on sus-
ceptibility was assessed with separate ANCOVAs for each
ROI (temporal lobe, hippocampus) with sex and age as a
covariate. For the temporal lobe, no significant main
effect of group (P = 0.125; F = 2.137) was observed. For
the hippocampus, a significant main effect of group
(P = 0.039; F = 3.372) revealed higher susceptibility in
the Aβ+ group relative to the Aβ- control (P = 0.011)
group. These results are summarized in Table 2.

3.1.3 | Group differences in tau-PET SUVR

The effect of group on tau-PET SUVR was assessed with
separate ANCOVAs for each ROI, with sex, age and ROI
susceptibility as covariates (Figures 2–3). For the tempo-
ral lobe, a significant main effect of group (P = 0.008;
F = 5.173) revealed higher tau-PET SUVR in the Aβ
+ group relative to the Aβ- MCI and control groups

(Ps<0.026), the latter of which did not differ from each
other (P = 0.459). Age (P = 0.080; F = 3.158) and sex
(P = 0.827; F = 0.040) were not a significant covariate in
the model but tissue susceptibility (P = 0.027; F = 5.107)
was a significant covariate in the model.

For the hippocampus, a significant main effect of
group (P = 0.010; F = 4.891) similarly revealed higher
tau-PET SUVR in the Aβ+ group relative to the Aβ- MCI
(P = 0.008) and control (P = 0.012) groups, the latter of
which did not differ from each other (P = 0.573). Age
(P = 0.034; F = 4.679) and tissue susceptibility
(P = 0.034; F = 4.680) were significant covariates in the
model but sex was not a significant covariate (P = 0.506;
F = 0.447).

3.1.4 | Group differences in tissue
microstructure

The effect of the group on the microstructure was
assessed with separate ANCOVAs for each ROI and diffu-
sion parameter (FA, MD, fiso, ficvf), with sex and age as
covariates (Figure 3). Tissue susceptibility was added as a
covariate for FA and MD comparisons. For the temporal
lobe, significant main effects of group were seen for FA
(P = 0.012; F = 4.638), MD (P = 0.021; F = 4.070) and
fiso (P = 0.027; F = 3.780), but not ficvf (P = 0.301;
F = 1.221). A pairwise comparison of the marginal
means revealed significantly lower temporal lobe FA
(P = 0.002) and higher temporal lobe MD (P = 0.006)
and fiso (P = 0.011) in the Aβ+ group relative to the con-
trol group. No other pairwise comparisons were signifi-
cant (Ps>0.088). Age was a significant covariate in each

TAB L E 1 Demographic information for the groups used in this analysis. Data is presented as mean ± standard error. One-way analysis

of variances (ANOVAs) were used for group comparisons of age, education and cognition from which P values are shown. Significant

comparisons are shown in bold.

Aβ-

Aβ+

Group difference

Control MCI F P

N (M/F) 31 (12/19) 20 (12/8) 40 (20/20)

Age 70.5 ± 6.0 73.8 ± 6.6 76.8 ± 8.2 6.722 0.002

APOE ε4+ 9 4 20 – –

Education 16.2 ± 2.2 16.4 ± 2.7 15.6 ± 2.8 0.651 0.524

MOCA 25.2 ± 2.4 22.3 ± 3.7 22.4 ± 3.5 7.824 <10�3

MMSE 29.0 ± 1.1 28.4 ± 1.8 27.6 ± 2.3 4.738 0.011

CDR global 0.0 ± 0.0 0.3 ± 0.2 0.4 ± 0.3 23.062 <10�3

CDR SB 0.0 ± 0.0 0.9 ± 0.7 1.3 ± 1.5 12.422 <10�3

ADAS13 8.5 ± 3.7 16.0 ± 5.3 16.0 ± 8.4 13.263 <10�3

ADAS delayed recall 3.8 ± 2.1 2.7 ± 1.8 5.1 ± 2.6 11.590 <10�3
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model (Ps<10�3; Fs>11.315) but sex, for all comparisons
and tissue susceptibility, for comparisons with FA and
MD, were not significant covariates (Ps>0.175;
Fs<1.874).

For the hippocampus, significant main effects of the
group were also seen for FA (P = 0.003; F = 6.145), MD
(P < 10�3; F = 9.003) and fiso (P < 10�3; F = 9.027), but
not ficvf (P = 0.637; F = 0.453). Pairwise comparison of

TAB L E 2 Group differences for hippocampal and temporal lobe imaging metrics. Data is presented as mean ± standard deviation. One-

way analysis of covariances (ANCOVAs) were used for group comparisons controlling for sex and age from, which P values are shown.

Variables where susceptibility was controlled for are italicized. Significant comparisons are shown in bold.

Aβ-

Aβ+

Group difference

Control MCI F P

Temporal lobe susceptibility
[ppm]

0.008 ± 0.005 0.009 ± 0.005 0.011 ± 0.006 2.137 0.125

Temporal lobe tau-PET
SUVR

1.145 ± 0.072 1.117 ± 0.166 1.254 ± 0.244 4.967 0.009

Temporal lobe FA 0.191 ± 0.002 0.186 ± 0.002 0.184 ± 0.001 4.638 0.012

Temporal lobe MD [mm2/s] 8.91 � 10�4 ± 1.2 � 10�5 9.25 � 10�4 ± 1.6 � 10�5 9.38 � 10�4 ± 1.1 � 10�5 4.070 0.021

Temporal lobe fiso 0.271 ± 0.008 0.289 ± 0.011 0.302 ± 0.007 3.780 0.027

Temporal lobe ficvf 0.492 ± 0.004 0.482 ± 0.006 0.485 ± 0.004 1.221 0.301

Hippocampal susceptibility
[ppm]

0.017 ± 0.010 0.020 ± 0.013 0.027 ± 0.019 3.372 0.039

Hippocampal tau-PET
SUVR

1.383 ± 0.035 1.348 ± 0.050 1.514 ± 0.034 4.891 0.010

Hippocampal FA 0.146 ± 0.016 0.139 ± 0.010 0.133 ± 0.010 6.145 0.003

Hippocampal MD [mm2/s] 8.85 � 10�4 ± 1.9 � 10�5 9.33 � 10�4 ± 2.5 � 10�4 9.96 � 10�3 ± 1.7 � 10�4 9.003 <10�3

Hippocampal fiso 0.243 ± 0.014 0.292 ± 0.019 0.328 ± 0.013 9.027 <10�3

Hippocampal ficvf 0.435 ± 0.006 0.444 ± 0.008 0.442 ± 0.006 0.453 0.637

F I GURE 2 Comparison of tau-PET SUVR. Axial views of mean tau-PET SUVR in the Aβ- control (top row), Aβ- MCI (middle row) and

Aβ+ (bottom row) groups. Elevated tau-PET SUVR is seen in the hippocampus and temporal lobe of the Aβ+ group relative to the Aβ- MCI

and control groups.
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the marginal means revealed significantly lower hippo-
campal FA (P = 0.002) and higher hippocampal MD
(P < 10�3) and fiso (P < 10�3) in the Aβ+ group relative
to the control group. Higher hippocampal MD
(P = 0.047) was seen in the Aβ+ group relative to the
Aβ- MCI group. Significantly lower hippocampal FA
(P = 0.032) and higher hippocampal fiso (P = 0.041) was
also seen in the Aβ- MCI group relative to the control
group. No other pairwise comparisons were significant
(Ps>0.113). Age was a significant covariate in each model
(Ps<0.004; Fs>8.662). Sex, for all variables, and tissue
susceptibility, for FA and MD, were not significant
covariates (Ps>0.095; Fs<2.856). These comparisons are
summarized in Table 2.

3.1.5 | Relationships between tau-PET
SUVR and susceptibility

A significant correlation between tau-PET SUVR and sus-
ceptibility was observed in the temporal lobe (r = 0.279;
P = 0.049) and hippocampus (r = 0.312; P = 0.044) of
the Aβ+ group. A significant correlation was seen in the
hippocampus (r = 0.597; P = 0.009) but not in the tem-
poral lobe (r = 0.144; P = 0.149) of the Aβ- MCI group.
No association was observed between tau-PET SUVR and
susceptibility in either ROI in the Aβ- control (temporal:

r = 0.273; P = 0.076; hippocampus: r = �0.009;
P = 0.962) groups. This relationship in the Aβ+ group, as
well as their aforementioned elevated iron levels, may
indicate iron-related off-target binding effects in tau-PET
SUVR. The relationships between tau-PET SUVR and
susceptibility in the hippocampus in the Aβ+ group are
shown in Figure S2.

3.1.6 | Relationships between tau-PET
SUVR and tissue microstructure

Separate multiple regressions were used to examine the
impact of iron on the relationship between tau-PET
SUVR and tissue microstructure (MD, FA, fiso, ficvf)
before (model 1) and after (model 2) controlling for
susceptibility in each ROI and each group. In the Aβ
+ group, tau-PET SUVR was a significant predictor of
temporal lobe MD in model 1 (β = 0.434, P = 0.020) and
in model 2 (β = 0.464, P = 0.017). Tau-PET SUVR was
also a significant predictor of temporal lobe FA in model
1 (β = �0.373, P = 0.046) and (β = �0.395, P = 0.038).
Tau-PET SUVR was not a significant predictor in either
model for temporal lobe fiso (βs<0.367, Ps>0.066) or in
either model for temporal lobe ficvf (βs<0.265, Ps>0.195).
These relationships are summarized in Figure 4. Neither
model was significant for hippocampal microstructure in

F I GURE 3 Group comparisons of

tau SUVR (shown in A) and

microstructural measures of FA (shown

in B), MD (shown in C) and fiso (shown

in D) in the temporal lobe and

hippocampus ROIs. Significantly higher

tau SUVR (A), MD (C) and fiso (D) and

lower FA (B) were seen in the temporal

lobe and hippocampus ROIs of the Aβ
+ group relative to the control group.
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the Aβ+ MCI group (Ps>0.423) or for microstructure
in either ROI for the Aβ- MCI and Aβ- control groups
(Ps>0.161).

3.1.7 | Relationships with cognition

The relationship between temporal lobe MD and cogni-
tion in the Aβ+ group is shown in Figure 5. Separate
multiple regressions were used to examine the impact of
iron on the relationship between tau-PET SUVR, iron-
sensitive diffusion measures (MD, FA) and cognition
(ADAS delayed word recall, ADAS11) before (model 1)
and after (model 2) controlling for susceptibility in each
ROI and each group. In the Aβ+ group, temporal lobe
MD was a significant predictor of ADAS 11 in both
models (model 1: β = 0.378, P = 0.023; model 2:
β = 0.363, P = 0.029). Similarly, temporal lobe FA was a
significant predictor of ADAS 11 in both models in the
Aβ+ group (model 1: β = 0.-374, P = 0.046; model 2:
β = �0.395, P = 0.038). In the hippocampus of the Aβ
+ group, hippocampal MD was a significant predictor of
ADAS 11 and ADAS delayed recall (βs>0.382, Ps<0.020)
but hippocampal FA was not a significant predictor of

ADAS 11 and ADAS delayed recall (βs<�0.220,
Ps>0.191). Tau-PET SUVR was not a significant predictor
of cognition (ADAS delayed word recall or ADAS11) in
either ROI of the Aβ+ group (βs<0.326, Ps>0.066). For
the Aβ- MCI and Aβ- control groups, neither model was
significant for either cognitive measure for each imaging
measure in both ROIs (Ps>0.175).

4 | DISCUSSION

This study examines the relationship between tau deposi-
tion and both microstructural measures associated with
neurodegeneration and cognition as a function of Aβ
status, controlling for the off-target binding effects of
iron. Compared to the Aβ- MCI and/or Aβ- control
groups, the Aβ+ group had significantly higher tau
pathology (tau-PET SUVR uptake) when controlling for
iron, and microstructural degradation (increased MD,
increased fiso, decreased FA) in the temporal lobe and
hippocampus, as well as worse cognition. Tau pathology
was related to iron and microstructure in the temporal
lobe and hippocampus in the Aβ+ MCI group. Interest-
ingly, correlations between tissue microstructure and

F I GURE 4 Correlations between mean temporal lobe tau-PET SUVR and temporal lobe microstructural measures of FA (shown in A),

MD (shown in B) and fiso (shown in C) without controlling for temporal lobe susceptibility and the relationship between tau-PET SUVR and

FA (shown in D), MD (shown E) and fiso (shown in F) after controlling for susceptibility in the Aβ+ group. Correlations remained

significant before and after controlling for temporal lobe susceptibility.
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tau-PET SUVR remained unchanged when controlling
for iron and suggest that iron-related off-target binding
effects may not substantially contribute to tau-PET SUVR
in the temporal lobe and hippocampus.

Postmortem studies of human and rodent tissue
found iron is present in Aβ plaques (Connor et al., 1992;
Meadowcroft et al., 2009) and Aβ plaques have been
shown to exhibit elevated R2* values (Meadowcroft
et al., 2009). Consistent with this, imaging studies
have reported elevated cortical iron levels in individuals
with overt AD relative to controls (Ayton et al., 2020;

Bulk et al., 2018; Damulina et al., 2020; van Bergen
et al., 2016). In this study, higher susceptibility values
were seen in the temporal lobe of Aβ+ participants rela-
tive to Aβ- participants. Our results suggest that temporal
lobe iron deposition in AD may occur prior to the onset
of dementia.

Tau deposition (Brecht et al., 2004; Tesseur et al., 2000;
Wadhwani et al., 2019) has been reported in cognitively
impaired individuals with AD. We similarly found higher
iron and tau burden in the temporal lobe and hippo-
campus in the Aβ+ group relative to the Aβ- MCI and Aβ-
control groups. Importantly, this result was seen using the
18F-AV1451 radioligand and when controlling for iron
with tissue susceptibility, as previous studies did not
account for these possible off-target binding effects (Baek
et al., 2020; Therriault et al., 2020). Moreover, relation-
ships between cortical susceptibility and tau-PET SUVR
have previously been observed in cognitively impaired
individuals (Cogswell et al., 2021; Spotorno et al., 2020). In
agreement with these studies, we found that iron content
was associated with tau-PET SUVR in the temporal lobe
and hippocampus in Aβ+ individuals as well as in the
hippocampus of Aβ- MCI individuals. In contrast, no
association was seen between susceptibility and tau-PET
SUVR in either ROI in the Aβ- groups, which may be due
to either low tau or iron deposition in these regions.

In AD, tau hyperphosphorylation is related to cortical
thinning (das et al., 2018; la Joie et al., 2020; LaPoint
et al., 2017) and cortical thinning should manifest in
diffusion metrics as increased diffusivity or increases in
the free water compartment in single-compartment or
multi-compartment diffusion models, respectively. Prior
imaging studies reported relationships between single-
compartment DTI measures and tau-PET SUVR in the
temporal lobe and hippocampus in AD (Carlson
et al., 2021; Zhou & Bai, 2017). Interestingly, we observed
a positive correlation between both temporal lobe MD
and temporal lobe fiso with tau-PET SUVR. We extended
this work by also examining multicompartment diffusion
metrics (ficvf, fiso) and by controlling for susceptibility as
both single-compartment diffusion measures (Langley
et al., 2020; Syka et al., 2015) and tau-PET SUVR (Choi
et al., 2018; Lockhart et al., 2017; Lowe et al., 2016;
Marquié et al., 2017) are known to correlate with iron
content. We found significant correlations between
tau-PET SUVR and single-compartment diffusion mea-
sures (MD and FA) and fiso in the temporal lobe of the
Aβ+ MCI group. These effects were significant in con-
trolling for susceptibility and when susceptibility was not
included in the model. This result suggests that relation-
ships between diffusion and tau reported in prior studies
(Carlson et al., 2021; Zhou & Bai, 2017) may be due to
disease processes rather than to the influence of iron.

F I GURE 5 The relationship between temporal lobe tau SUVR

and cognition in the Aβ+ group. Correlations between temporal

lobe tau-PET SUVR and ADAS11 remained significant before

(A) and after (B) controlling for susceptibility.
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This study has several caveats. First, QSM is sensitive
to iron (Langkammer et al., 2012) and is also sensitive to
myelin (Liu et al., 2011). Our interest here was in grey
matter regions (hippocampus, temporal lobe) with low
myelin content and efforts were made to exclude white
matter from our segmentations. Nonetheless, partial
volume effects may include white matter and bias cortical
susceptibility measurements. Second, iron deposition has
been hypothesized to accelerate tau hyperphosphoryla-
tion (Yamamoto et al., 2002). Off-target binding of the
18F-AV1451 radioligand to iron impedes investigation of
the relationship between iron deposition and tau
hyperphosphorylation.

In this work, tissue susceptibility was used to
assess iron-related off-target binding effects with the
18F-AV1451 radioligand in the hippocampus and tempo-
ral lobe in cognitively normal and impaired individuals
that varied by Aβ status. We found significantly higher
susceptibility, higher tau-PET SUVR uptake after control-
ling for iron and worse microstructure in the temporal
lobe and hippocampus for the Aβ+ group relative to the
Aβ- MCI and control groups. In the Aβ+ group, we found
a significant correlation between susceptibility and
tau-PET SUVR uptake in these regions, consistent with
the notion that elevated iron in this group may contribute
to off-target binding effects in tau-PET SUVR. We further
found that controlling for susceptibility influenced corre-
lations between tau-PET SUVR and diffusion metrics,
but not cognitive performance. Specifically, relationships
between tau-PET SUVR and microstructure were signi-
ficant in the Aβ+ group before and after, controlling for
iron, suggesting that microstructural correlations in this
group may be due to AD pathology rather than off-target
binding effects. In contrast, relationships between
temporal lobe microstructural measures and cognitive
performance were also only significant in the Aβ+ MCI
group but did not differ when controlling for iron. Taken
together, these results suggest that iron does not need to
be accounted for in analyses of 18F-AV1451 data in the
cortex and hippocampus.
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