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Abstract. Alzheimer’s disease (AD) is the most common cause of dementia worldwide. So far, diagnosis of AD is only
unequivocally defined through postmortem histology. Amyloid plaques are a classical hallmark of AD and amyloid load is
currently quantified by Positron Emission tomography (PET) in vivo. Ultra-high field magnetic resonance imaging (UHF-
MRI) can potentially provide a non-invasive biomarker for AD by allowing imaging of pathological processes at a very-high
spatial resolution. The first aim of this work was to reproduce the characteristic cortical pattern previously observed in vivo
in AD patients using weighted-imaging at 7T. We extended these findings using quantitative susceptibility mapping (QSM)
and quantification of the effective transverse relaxation rate (R2*) at 9.4T. The second aim was to investigate the origin of the
contrast patterns observed in vivo in the cortex of AD patients at 9.4T by comparing quantitative UHF-MRI (9.4T and 14.1T)
of postmortem samples with histology. We observed a distinctive cortical pattern in vivo in patients compared to healthy
controls (HC), and these findings were confirmed ex vivo. Specifically, we found a close link between the signal changes
detected by QSM in the AD sample at 14.1T and the distribution pattern of amyloid plaques in the histological sections of
the same specimen. Our findings showed that QSM and R2* maps can distinguish AD from HC at UHF by detecting cortical
alterations directly related to amyloid plaques in AD patients. Furthermore, we provided a method to quantify amyloid plaque
load in AD patients at UHF non-invasively.
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INTRODUCTION

Alzheimer’s disease (AD) is one of the most
prevalent causes of dementia affecting approximately
50 million people worldwide. One of the classical
hallmarks of AD is fibrillar amyloid-� (A�) deposi-
tion. However, to date, an unambiguous diagnosis of
AD is only achieved through postmortem examina-
tion using well-established histological techniques.
According to one of the current prevailing hypotheses
of AD, abnormal accumulation of A� in the neocortex
is one of its earliest pathological markers [1–4]. This
accumulation begins 15–20 years prior to the onset
of clinical symptoms [1–8]. During this period AD
patients can potentially receive therapeutic treatment.
It is therefore pivotal to develop in vivo biomarkers
which will aid in more targeted treatments of AD
and could be used as outcome measures assisting in
AD diagnosis during the preclinical stage [9, 10].
Among imaging techniques, the gold standard for
in vivo quantification of A� load in AD is currently
positron emission tomography (PET) using the 11C-
labelled Pittsburgh Compound-B (11C-PiB) [11–18].
However, PET imaging presents several limitations
as it requires exposure to ionizing radiation and is
hampered by low spatial resolution, providing only
a coarse localization of the affected areas. Further-
more, there is evidence that the 11C agent also binds
to diffuse plaques in the parenchyma and cerebral A�
angiopathy at vessels [13, 16, 19, 20] thus reducing
the specificity of 11C-PiB PET for in vivo diagnosis
of AD.

On the other hand, the clinical use of ultra-high
magnetic field strengths (UHF) of 7T and above is
emerging as a new tool for AD research, as it allows
imaging of pathological processes at an unprece-
dented level of detail and, therefore, potentially
provides a non-invasive means for AD diagnosis. Pre-
vious studies have shown that A� plaques can be
detected ex vivo in AD specimens or in mice mod-
els [21–28] by using T2*-weighted images at UHF.
The detected signal modulation is likely produced by
the presence of iron associated with the plaques [22,
29] and by the plaque morphology per se [23, 24,
30]. Furthermore, one of the first high-field AD stud-
ies performed in vivo showed that cortical changes
in gradient-echo (GRE) phase images can be used to
diagnose AD with high specificity (93–100%) and
sensitivity (50–69%), and also, enable to distinguish
between late and early AD onset, likely dependent
on differential iron accumulation in these two patient
categories [31–33].

However, T2*-weighted images are not quantita-
tively related to the tissue parameters and the phase
signal depends on non-local effects and on the orien-
tation of the tissue with respect to the length axis
of the static magnetic field [34]. Therefore, these
kinds of signal-weighted magnetic resonance imag-
ing (MRI) techniques are not quantitative and do not
reflect the local magnetic susceptibility distribution
at the level of tissue microstructure. Recent devel-
opments have enabled the use of quantitative MRI
parameters to assess microstructural features as those
present in healthy tissue, e.g., linked to myelin and
iron [35]. Such studies are paving the way to develop
new AD imaging biomarkers based on quantitative
measures [29, 36–38].

State-of-the-art quantitative MRI techniques
mainly employed for the detection of iron in the
brain, include the effective transverse relaxation
rate (R2*) and quantitative susceptibility mapping
(QSM) methods [39–42]. R2* is sensitive to local
perturbations of the magnetic field and has been
used to detect A� plaques ex vivo [23, 43, 44], but
it cannot separate diamagnetic from paramagnetic
signal sources. QSM, on the other hand, is highly
sensitive and specific to the presence of local
diamagnetic (e.g., myelin) and paramagnetic (e.g.,
iron deposits) signal sources, since the technique
inverts the non-local and orientation-dependent
field perturbations observed in phase images, and
provides a measure which is independent of the
strength of the magnetic field [45]. Although the
two methods are quantitatively related to variations
in both iron concentration and myelin density [40,
46–48], R2* shows a linear increase with the concen-
tration of iron [35, 49] and myelin [35, 50], whereas
these two contrast sources contribute in opposing
ways to QSM [35, 40, 45–47]. Since this leads to
different contrasts in the two quantitative maps,
the complementary use of both MR quantitative
methods can help to distinguish between iron and
myelin contrast sources. For A� deposits, we thus
expect to see hyperintense effects arising from both
paramagnetic (e.g., high focal iron concentration
and highly compact fibrillar A� loads [22]) and
diamagnetic (e.g., A� protein [30]) sources in the
R2*-maps of AD patients, while paramagnetic and
diamagnetic sources will appear as hyper- and
hypointense regions, respectively, in QSM.

The first aim of this study was to validate the
distinctive cortical pattern previously observed in
vivo in AD patients using weighted imaging at 7T
[32]. We reproduced these findings and we extended
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them by introducing quantitative MRI methods (QSM
and R2*) at the stronger field strength of 9.4T,
the strongest field strength hitherto employed for
MRI studies of AD patients, using voxel sizes
down to 132 × 132 × 600 �m3 in vivo. The second
aim was to investigate the contrast source of the
cortical patterns observed in vivo in AD patients
at 9.4T in more detail in ex vivo measurements.
These measurements were performed at 9.4T, using
the clinical measurement protocol, and at 14.1T
using advanced high-resolution acquisition protocols
(down to 37 × 37 × 37 �m3). MRI maps were then
validated using histological stains specific for A�
deposits and myelin. Finally, the third aim was to
evaluate the possibility to determine the A� plaque
load based on the QSM images, and to investigate
possible limitations posed by increasing voxel sizes
available for clinical studies.

MATERIALS AND METHODS

In vivo MRI

Data acquisition in vivo at 9.4T
Two symptomatic autosomal-dominant mutation

carriers of AD patients with positive A�-PET (female
and male < 65 years) and two age- and sex-matched
healthy controls (HC) volunteered and gave their
written consent to participate in this study, which
was approved by the Ethics Review Board of the
Eberhard Karl’s University of Tübingen. All partic-
ipants underwent scanning sessions in a 9.4T MRI
whole body human research system (Siemens med-
ical Systems, Erlangen, Germany). A custom-built
16-channel transmit (Tx) and 31-channel receive (Rx)
RF-coil-array optimized for homogeneity and signal-
to-noise ratio (SNR) inside the human head were
used for 400 MHz proton-resonant transmission, and
detection of the induced signal [51]. The measure-
ment protocol employed three optimized acquisition
sequences with a relatively short total duration
(32 min and 37 s) thus minimizing motion artifacts,
which represent a critical issue at ultra-high field.

The acquisition sequence for QSM was a partial-
coverage, flow-compensated, single-echo 3D GRE
with weighted averaging of phase-encoding steps for
ultra-high resolution imaging [52] and the following
acquisition parameters: field of view (FOV) = 180
× 135 × 12.8 mm3, reconstructed matrix = 1362 ×
1024 × 21 voxels, voxel size = 132×132×610 �m3,
repetition time/echo time/flip angle: TR/TE/� =

24/16.5 ms/8◦, acquisition time (TA) = 14.75 min.
The FOV was aligned with the anterior commissure
(AC) - posterior commissure (PC) line in the sagittal
view and included the basal ganglia, basal frontal and
visual cortex. The sequence for quantitative R2* map-
ping was a multi-echo 3D GRE: FOV = 192 × 174 ×
72 mm3, voxel size = 375 × 375 × 1000 �m3, elliptic
trajectory and partial Fourier coverage of 6/8 in the
phase-encoding dimensions, additional GRAPPA
factor of 2 in the first phase-encoding dimension, TR
= 41 ms, TE = 6/12/18/24/30/36 ms, � = 11◦,
TA = 8.5 min. The FOV was centered and oriented
as the single-echo GRE image to include the basal
ganglia and the frontal and visual cortex.

Finally, a Magnetization Prepared 2 Rapid
Gradient Echo (MP2RAGE) sequence was used
for whole brain quantitative T1 mapping: inver-
sion times = TI1/TI2 = 900/3500 ms; � = 4/6◦; read-
out TR = 6 ms; inversion TR = 8894 ms, 800 �m3

isotropic voxel size, FOV = 205 × 205 × 154 mm3,
TA = 9 min and 40 s. These images were corrected
for deviations of the transmit field as described pre-
viously [53].

Data analysis of in vivo 9.4T MRI data

QSM image reconstruction
In a first step, staircase jumps in the k-space

introduced by the discrete step-wise averaging of
phase-encoded signals were corrected [52]. Image
slice number 4 to 20 (i.e., resulting in 16 slices
along the second 3D phase-encode dimension) were
selected for further processing in order to avoid
through-slice folding effects and low SNR resulting
from imperfect rectangular slab excitation. Geomet-
rically homogeneous, complex image datasets were
calculated using an adaptive phase preserving com-
bination of the signal from individual channels of
the Rx-coil-array with an iterative algorithm [54].
Image phase wraps from the unmasked phase images
were corrected using a Laplacian-based unwrapping
algorithm (specifically the ”unwrapLaplacian.m”
function) [55] as implemented in the MEDI-toolbox
(http://pre.weill.cornell.edu/mri/pages/qsm.html). A
brain mask was generated from the magnitude image
using the brain extraction tool (BET) with a fractional
intensity threshold of 0.05 and volume padding in
the second phase-encode dimension (option ‘-Z’), as
implemented in FSL (http://www.fmrib.ox.ac.uk/
fsl/) [56]. The median value of the unwrapped phase
values within the brain as defined by the brain mask
was subtracted from all unwrapped phase values to

http://pre.weill.cornell.edu/mri/pages/qsm.html
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
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facilitate the regularization process for the back-
ground correction and QSM calculation. Removal of
the background B0-field modulation superimposed
on the local brain tissue phase-contrast was attained
by the RESHARP algorithm [57] with a Tikhonov
regularization parameter of 10–3 and a kernel size
set to 2 times the voxel size in the second phase-
encode dimension (1.6 mm). After background field
removal, the QSM were obtained by applying the
iterative least squares (iLSQR) approach using 15
iterations and 40% zero-padding in the second phase-
encode dimension, as implemented in the STI-Suite
v2.2 [58].

Generation of R2*-maps
The influence of local field variations detectable

by R2* mapping was evaluated assuming a mono-
exponential decay of the MRI magnitude signal. A
non-linear fitting of the square of the MRI magnitude
signal based on the steepest-descent Levenberg-
Marquardt algorithm was used for this purpose [59,
60]. Linear fitting of the logarithm of the signal
would have led to increased noise in areas with very
high R2* [61], as expected near strong local field
in-homogeneities, and was therefore not used.

Grey and white matter tissue segmentation
Grey matter (GM) and white matter (WM)

probability tissue maps were segmented from the
quantitative T1-map using SPM12 (http://www.fil.
ion.ucl.ac.uk/spm/). A threshold of 0.95 was applied
to each tissue probability map to obtain a binary
mask for each tissue class. This threshold was chosen
to avoid contributions from areas affected by partial
volume effects.

Image coregistration and determination of
plaque load

In order to assess the A� load in GM tissue the
QSM images were evaluated in native image space, as
acquired by the scanner. For this purpose, we applied
a two-step procedure for optimized image registration
of the QSM images to the T1-maps used for GM/WM
tissue segmentation:

1. In order to facilitate the spatial coregistration
of the QSM images to the T1-map space, the
magnitude of the single-echo GRE image was
coregistered to the T1-map using a normalized
mutual information function in SPM12 (Gaus-
sian smoothing = 7 mm).

2. The inverse transformation was applied to the
segmented binary tissue masks to obtain masks
valid for the QSM images.

Finally, to evaluate the ability to detect A� load
using quantitative susceptibility maps, the fraction
(frac) of paramagnetic spots (pixels) detected by
QSM within the cortex of AD and HC was calculated
at different values of QSM (cutoff values, between
10 and 40 ppb in steps of 2 ppb) using Matlab. For
this purpose, a cortical area close to the region inves-
tigated ex vivo at 14.1T was chosen and obtained by
masking the GM segmentation with a frontal ROI as
defined in the Harvard Atlas. The number of paramag-
netic pixels obtained after thresholding at each cutoff
was then divided by the number of pixels within the
cortical mask.

Ex vivo MRI

Human postmortem tissue was obtained from the
brain bank affiliated with the Department of Neu-
ropathology at the University of Tübingen. Written
informed consent for autopsy and usage of tissue for
research was obtained by the volunteers or by their
legal representatives in accordance with the approval
for the study from the local medical ethical review
board. Two adjacent formalin fixed, 1 cm thick, coro-
nal slices of the frontal cortex from an AD patient with
no evidence for autosomal dominant AD (sequencing
of mutations in APP, presenilin 1 (PS1) and in prese-
nilin 2 (PS2), male, age of death 65 years, ABC score:
A3, B3, C3 according to the NIA-AA guidelines
[62]) and from a volunteer without detectable AD-
related pathology (male, age of death 82 years, ABC
score: A0, B1, C0) were provided for the study. This
anatomical region was chosen considering that A�
pathology begins in the basal portions of the frontal,
temporal and occipital lobe and spreads throughout
the entire neocortex (and subcortical areas) in the late-
stages of AD [63]. MRI from these samples were
acquired at 9.4T and, additionally, the same cortical
area of two adjacent coronal slices, were measured at
14.1T. A� immunohistochemistry and myelin stains
of paraffin-embedded tissue sections from the corre-
sponding AD and HC samples were performed after
the MRI measurements. To facilitate the spatial reg-
istration between histology and MRI the central slice
of each specimen was selected for the histological
stains. Tissues had been fixed with PBS buffered
4.5% formalin solution for > 2 years by the time of
the study.

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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Data acquisition ex vivo at 9.4T
The frontal coronal tissue slices from both AD

and HC were positioned pair-wise inside a dedicated
polyethylene container filled with PBS-buffered
4.5% formalin solution and simultaneously investi-
gated at 9.4T, using the same three imaging protocols
as used for the in vivo experiments. Air bubbles were
minimized by placing the container in a vacuum
pump [64] before the experiment.

Data analysis of ex vivo 9.4T MRI data

Generation of quantitative maps and image masking
R2* maps and QSM were generated as described

for the in vivo data. The main difference in the post
processing workflow with respect to the in vivo data
analysis was the implementation of brain tissue mask-
ing. A common tissue mask including both coronal
tissue slices was drawn manually on the magnitude
images (for each of the 16 slices) delineating the area
within the tissue sample boundaries while removing
image pixels located at- and in- proximity of prevail-
ing air bubbles. For the distinct identification of such
air bubbles, typically encapsulated in fine sulci, the
unwrapped phase images were searched for strong
dipole source effects at suspected coordinates. The
common mask was then used for the regularized
background removal process and QSM calculation, to
obtain a common QSM reference value. By this pro-
cedure we ensured that the QSM values determined
in the two samples could be directly compared.

Image registration and determination of plaque
load

The boundaries of GM regions in MR images were
determined with the aid of myelin stained sections
after reorientation of MR images to the histologi-
cal sections. For this purpose, first the quantitative
MRI maps of the two samples were separated from
each other, and then independently reoriented to the
2D A�- and myelin-stained images, using Matlab
(http://www.mathworks.com/products/matlab/) and
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). The spa-
tial reorientation of the MRI 3D volumes to the 2D
histological sections was facilitated by choosing the
central slice of the specimens for the histological
examinations. The magnitude MRI images of the
two samples, specifically, the single-echo GRE mag-
nitude image for QSM, and the third echo of the
multi-eco GRE magnitude images for R2* were then
manually reoriented (using Matlab and SPM12) to
the stained sections, until a sufficient, but not perfect

match, was achieved. The same transformation was
then applied to the quantitative QSM and R2*-maps.
As for the in vivo data, we evaluated the ability to
detect A� load by computing the fraction of param-
agnetic pixels detected by QSM within the cortex of
AD and HC. For this purpose, the masks were man-
ually drawn on the magnitude images and included a
cortical area corresponding to the region investigated
at 14.1T. The A� load fraction was calculated as for
in vivo data. In view of the common QSM reference
value of the two samples, we could make a direct
comparison between the two distributions from these
single-case AD and HC samples at different voxel
sizes. In order to achieve an estimate of the level of the
difference in A� load observed, but without claim-
ing generalizability to a broader AD population, we
used a 2-sample Kolmogorov-Smirnov (KS) test to
compare the two curves, with n = 100 observed data
points in each distribution, as implemented in Matlab
(“kstest2” function).

Data acquisition ex vivo at 14.1T
Tissue samples (2 × 2 × 1 cm3) were dissected

from the same frontal region in coronal slices adja-
cent to the ones used for MRI at 9.4T and were
prepared for the measurements using a 14.1T spec-
trometer (600 MHz, Bruker Biospec). The samples
were positioned pair-wise (AD and HC) in the same
21 mm diameter syringe for simultaneous measure-
ments, and lightly fixed with a layer of gelatin in order
to reduce artifacts due to vibrations. To prevent the
development of alterations in the tissue structure the
samples were kept immersed in the 4.5% formalin
solution during scanning. In order to minimize trap-
ping of air bubbles, special care was taken during the
closure of the syringe and by keeping the samples
at room temperature at least 40 h before scanning.
A custom-made radio frequency birdcage transceiver
volume coil (22 mm diameter) was employed for
all measurements. The resonance frequency of the
coil was tuned to the exact frequency of the spec-
trometer (599.6421 MHz) and the impedance of the
coil with the sample inside was matched to the 50�

Tx/Rx cable, which is dynamically routed to the
Tx-amplifier or the Rx-preamplifier during an exper-
iment. Efficient RF power transmission was ensured
by reducing the reflected power down to –35 dB at
the beginning of each experimental session. Image
acquisition was performed using the Paravision 6.0
Bruker software (http://www.bruker.com/service/sup
port-upgrades/software-downloads/mri.html). Posi-
tioning of the tissue samples at the center of the

http://www.mathworks.com/products/matlab/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.bruker.com/service/support-upgrades/software-downloads/mri.html
http://www.bruker.com/service/support-upgrades/software-downloads/mri.html
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magnet and the RF coil was ensured by running a
rapid GRE sequence. To obtain QSM, a single-echo
3D GRE sequence was used for image acquisi-
tion. First, a spatial resolution of 50 �m3 was set
as a tradeoff between partial volume effects and
SNR, with a FOV of 50 × 37.45 × 25.6 mm3, allow-
ing simultaneous image acquisition of both samples,
and an acquisition matrix of 1000 × 749 × 512,
using sampling points with the long axes in the
sagittal plane, � = 10◦ and a frequency band-
width (BW) of 2099 Hz/px, while TE = 17.5 ms and
TR = 34.43 ms were set to their respective mini-
mum achievable values for the given FOV, voxel
size and BW. Four measurements (NA = 4) were
averaged at this spatial resolution, resulting in a
total acquisition time of 14 h and 40 min. For
the calculation of R2*-maps we acquired a 3D
multi-echo GRE (Necho = 3) with a spatial resolu-
tion of 100 �m3, TE = 4.5/11/17.5 ms, TR = 27 ms,
FOV = 50 × 30 × 25.6 mm3 covering both the sam-
ples, acquisition matrix = 500 × 300 × 256, � = 10◦,
NA = 4 and BW = 2099 Hz/px. The total scan time
was 2 h and 18 min. Images were reconstructed
in the sagittal plane prior to further analysis.
A segmented (NSeg = 4) Magnetization Prepared
Rapid Gradient Echo (MPRAGE) sequence with
the same FOV as the 3D multi-echo GRE was
also acquired (TE/TR = 2.75/4300 ms; 256 sagit-
tal slices, in-plane acquisition matrix = 500 × 300,
spatial resolution = 100 × 100 × 100 �m3, NA = 1,
BW = 2280 Hz/px and a total scan duration of 1 h and
31 min) to obtain a common mask of the two sam-
ples for background removal from the unwrapped
phase images obtained using single-echo 3D GRE
sequences as well as for QSM computation. A TI of
1100 ms was chosen to suppress the signal contribu-
tion coming from the background formalin solution.

Additionally, we acquired a single-echo 3D
GRE with an isotropic 37 �m3 voxel size,
FOV = 50 × 27.45 × 19.2 mm3, an acquisition matrix
of 1340 × 749 × 512 using sampling points with the
long axes in the coronal plane for generating QSM
at higher spatial resolution. The acquisition param-
eters were: TE = 16.8 ms, � = 12◦, TR = 42.65 ms
and BW = 2099 Hz/px. The number of averages was
increased by a factor of 3 (total NA = 12) to com-
pensate for the SNR loss at the higher resolution,
yielding a total acquisition time of 54 h and 24 min.
Shimming preceded each of these 12 measurements
and raw data were independently recorded. Averag-
ing of the resulting complex signals was performed
offline prior to further analysis.

Data analysis of ex vivo 14.1T MRI data

Generation of R2* and susceptibility maps
A binary tissue mask including both samples was

obtained by thresholding the MPRAGE sequence.
The mask was resliced and interpolated using nearest-
neighbor (NN) interpolation to match both the image
resolutions and matrix sizes of each R2* and QSM
dataset obtained with different voxel sizes.

R2* and susceptibility maps at 14.1T were
generated using the same workflow as at 9.4T,
with slight modifications. For the QSM process-
ing, the RESHARP algorithm was performed on the
unwrapped phase values within the two samples as
defined by the common mask, with a convolution ker-
nel size of 4 times the in-plane spatial resolution and
a Tikhonov regularization parameter of 10–10. For
the 37 �m isotropic voxels data a convolution ker-
nel radius of 0.148 mm (i.e., 4 × 0.037 mm) ensured
the removal of field modulation sources with a size
greater than plaques (being between 20 and 160 �m).
Owing to edge erosion of the mask intrinsic to the
RESHARP algorithm [57], the original mask was
used as input into the iLSQR algorithm in order to
obtain susceptibility values in edge regions. This was
possible due to the absence of strong susceptibility
differences between the tissue and the background
formalin.

Registration of MRI data to histological sections
In order to correlate the susceptibility distribution

of the QSM images with the A� deposits determined
by histology, first, the MR images of the AD and HC
samples were separated, then the 3D map of each
sample was independently coregistered to the 2D
images of A� and myelin-stained histological sec-
tions. To this end, one representative slice of each
specimen was selected for the histological examina-
tion. In order to facilitate this process, a four-step
spatial registration was performed:

1. The mismatch between the orientation of the
acquired MRI volumes and the histological sec-
tions was minimized by manual reorientation
of the reconstructed MR magnitude volume of
each sample parallel to its inferior surface, using
the image processing utilities of the Paravision
6.0 software.

2. The reoriented MR volumes were then resam-
pled, using trilinear interpolation in SPM12, to
a 20 �m isotropic voxel size to facilitate spatial
reorientation to the stained sections.
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3. The resampled MR volumes were then reori-
ented to the histological sections using Matlab
and SPM12, but no perfect match could be
reached.

4. Finally, a one-step transformation matrix for
the highest resolution (37 �m3) QSM dataset
was obtained by coregistering the acquired MR
magnitude image volumes to the reoriented
volumes using several iterations of the nor-
malized mutual information algorithm (with
decreasing values for the target separation = 4,
2, 1, 0.8, 0.5, 0.3, 0.2, and 0.1 mm) in SPM12.

In order to facilitate the comparison between the
susceptibility maps and histology, the QSM images
at the lower spatial resolution (50 �m3) were coreg-
istered to the higher resolution susceptibility maps
(37 �m3), using the same function in SPM12.

Effects of the MRI voxel size on Aβ plaque load
detection

In order to evaluate the influence of the spatial reso-
lution on the susceptibility maps at high field strength,
QSM was also calculated at 100 �m isotropic reso-
lution from the multi-echo dataset, using the signal
refocused at the longest echo time (17.5 ms). A ker-
nel size of 0.4 mm (4 × 0.1 mm) was chosen at this
spatial resolution for the RESHARP method. Simi-
larly to the 50 �m isotropic map, the QSM image was
spatially coregistered to the highest resolution map,
using SPM12.

Determination of the Aβ load from QSM
As for the in vivo and ex vivo data at 9.4T, the

ability to quantify A� load using susceptibility maps
was evaluated by calculating the fraction of GM cov-
ered by paramagnetic (hyperintense) pixels detected
by QSM above different susceptibility cutoff values.
GM masks were hand-drawn on the MR magnitude
images reoriented to the myelin stained sections. The
number of pixels obtained after thresholding at each
cutoff was then divided by the number of pixels within
the GM. A� load was assessed on the susceptibil-
ity maps sampled using 37 �m, 50 �m, and 100 �m
isotropic voxel size. The fraction of plaques in the his-
tological images of AD patient was also calculated,
after converting the A�-stained histological images
into NIFTI image format and into grayscale, using
Matlab. Images were then normalized to the maxi-
mum values and thresholded at 0.8 to include all the
plaques. The fraction of plaques was calculated as for
QSM. Analyses of histograms of the cerebral cortex

were also performed in QSM images at each spatial
resolution. As for the ex vivo data at 9.4T, possible
differences between the apparent A� load distribu-
tions of AD and HC were also estimated using the
KS test and the whole brain QSM value for each case
as a reference value.

Histology

After MRI analysis, selected regions from the
slices were paraffin-embedded and used for histo-
logical analysis and immunohistochemistry on 4 �m
thick sections. Luxolfast blue-periodic acid-Schiff
(LFB-PAS) staining was performed using a standard
protocol to label myelin. Anti-A� immunohisto-
chemistry was performed with the antibody clone
4G8 (BioLegend) using the Ventana BenchMark
XT automated staining system (Ventana, Tuscon,
AZ) with the OptiView DAB detection kit. Antigen
retrieval was performed by incubating sections for
5 min in 88% formic acid.

RESULTS

In vivo MRI

Quantitative R2* and susceptibility maps in vivo
at 9.4T

Both quantitative maps showed a distinct pattern
with an enhanced contrast between the GM and WM
in AD patients compared to HC (Fig. 1). Figure 1
shows susceptibility (a, b, e, f) and R2* (c, d, g, h)
maps of one AD patient (a, b, c, d) and a matched HC
(e, f, g, h). Susceptibility values of up to 40 ppb were
observed in the cortex of AD (a, b) while values up
to 25 ppb were found in the cortex of HC (e, f). In
the R2*-maps values up to 70 s–1 and 60 s–1 were
observed in the cortex of AD (c, d) and HC (g, h),
respectively.

Ex vivo MRI

Quantitative R2* and susceptibility maps ex vivo
at 9.4T and comparison with histology

From the LFB-PAS stain the border between GM
and WM could be identified in both AD and HC sec-
tions (Fig. 2a, e, dashed white lines). Dashed white
lines in all the images of Fig. 2 show the tissue border
based on LFB-PAS stain. The anti-A� immunohisto-
chemistry stain revealed plaques located within the
cerebral cortex of the AD patient (Fig. 2b), while
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Fig. 1. Susceptibility (a, b, e, f) and R2* (c, d, g, h) maps of one AD patient (a, b, c, d) and a matched HC (e, f, g, h) at 9.4T, obtained
using voxel sizes of 132 × 132 × 610 �m3 and 375 × 375 × 1000 �m3, respectively. As highlighted in the zoomed images (b, d, f, h), both
quantitative maps showed a distinct pattern with an enhanced contrast between GM and WM in the AD patient (b, d) compared to HC (f,
h). Susceptibility values of up to 40 ppb were observed in the cortex of AD while values up to 25 ppb were found in the cortex of HC. In the
R2*-maps we detected values up to 70 s–1 and 60 s–1 in the cortex of AD and HC, respectively.

no A� deposits were detected in the cortex of the
HC (Fig. 2f). Furthermore, in AD no plaques were
detected in the deepest cortical layers, as indicated
by the black arrows in Fig. 2b. Hyperintense point
shaped structures, corresponding to paramagnetic
effects, were observed in the QSM of the AD patient
within the cortex (Fig. 2c, open white arrows) and
reached maximum values of 30 ppb. These regions
are likely to contain plaques as indicated by the pat-
tern of A� immunoreactivity seen in histological
sections of the AD patient (Fig. 2b). Such structures
could not be observed in the HC (Fig. 2 g). Further-
more, a clear hyperintense pattern was also observed
in the QSM of both AD and HC, immediately beneath
the GM/WM tissue border (Fig. 2c, g, filled white
arrows), reaching maximum susceptibility values of
30 ppb in AD and 20 ppb in HC, respectively. A simi-
lar pattern, albeit at a lower image resolution, could be
distinguished in the R2*-maps, with maximum values
of 100 s–1 in AD (d) and 80 s–1 in HC (h). In Fig. 3,
showing the overview images of the MRI zoomed-in
areas (c, d, g, and h) in Fig. 2, these hyperintense pat-
terns in the superficial WM of both AD (a, b) and HC
(c, d) are better highlighted.

Quantitative R2* and susceptibility maps at 14.1T
Similarly to the ex vivo results obtained at 9.4T

we observed a clear pattern in the juxtacortical WM
characterized by hyperintense effects, which were
present in both R2* (Fig. 4c, f, dashed black arrows)
and QSM (Fig. 4a, b, d, e, dashed white arrows)
in AD (Fig. 4a, b) and HC (Fig. 4d, e). Specifi-
cally, the effective transverse relaxation rate was 100
s–1 in the juxtacortical WM of HC and 120 s–1

in AD. In the same region we observed maximum
susceptibility values of 40 ppb in AD (Fig. 4a, b)
and 30 ppb in HC (Fig. 4d, e), at the spatial sam-
pling of 50 (Fig. 4a, d) and 100 �m (Fig. 4b, e). A
distinct contrast variation across the cortical depth
was observed that distinguished the AD patient from
the HC sample in both R2* and susceptibility maps
at each spatial resolution. Specifically, in the cor-
tex of AD, both quantitative maps clearly indicated
two main areas running tangential with the cortical
surface: a predominantly paramagnetic band charac-
terized by hyperintense effects, apparently extending
from layer I to layer V, as pointed out in Fig. 4 (a, b,
c, filled white arrows) and a diamagnetic band, char-
acterized by strong hypointense effects, apparently
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Fig. 2. Comparison between histology (a, b, e, f) and ex vivo MRI at 9.4T (c, d, g, h). LFB-PAS staining and anti-A� immunohistochemistry
in the frontal cortex of an AD patient (a, b) and a matched HC (e, f). QSM and R2* of the AD patient (c, d) and HC (g, h), obtained using
voxel sizes of 132 × 132 × 610 �m3 and 375 × 375 × 1000 �m3, respectively. GM/WM border, based on the LFB-PAS staining, is indicated
by the dashed white lines in all the images. Amyloid plaques were detected in the A� stain of the AD patient within the cortex (b), while no
plaques were detected in the cortex of HC (f). Hyperintense spots detected by QSM in the cortex of the patient (c, open white arrows) may
likely correspond to the plaques in the A� stain (b). A clear hyperintense pattern was also observed in the susceptibility maps of both AD
and HC in the superficial WM (c, g, filled white arrows), reaching susceptibility values up to 30 ppb in AD and 20 ppb in HC, respectively.
The same pattern, with values of up to 100 s–1 in AD and 80 s–1 in HC, was also detected in the R2*-maps, although in less details due to
the coarser voxel size used (d, h, white arrows).

corresponding to the deepest portion of the cortex
(possibly layer VI) (Fig. 4a, b, c, open white arrows).
These strong diamagnetic effects may contribute to
the greater contrast observed in the GM/WM border
in AD compared to HC. On the other hand, in the
cortex of the HC, three bands could be detected: two
diamagnetic bands in the superficial and deep lay-
ers of the cerebral cortex (Fig. 4d, e, f, open white
arrowheads) and a paramagnetic band (Fig. 4d, e, f,
filled white arrows) in the intermediate layers of the
cortex. Compared to AD this intermediate paramag-
netic band was identified as being less broad and less
paramagnetic.

Comparison of high resolution 14.1T ex vivo
susceptibility maps with histology

Pushing further the limits of MRI to voxel sizes
of 37 �m isotropic confirmed and showed in more
detail the presence in the susceptibility maps of a
distinctive pattern across the cortical depth of the
AD patient when compared to the HC. Specifically,
Fig. 5 shows two main bands in the cortex of AD (c
and m, open white arrowheads (paramagnetic band)
and filled white arrows (diamagnetic band), respec-

tively), and three bands in the cortex of HC (f and
s, filled white arrows (diamagnetic bands) and open
white arrows (paramagnetic band), respectively). Sig-
nificantly, dotted paramagnetic effects were observed
in the cortex of the AD patient (Fig. 5c, m, open
white arrowheads) at this spatial resolution. These
effects resembled the A� plaques distribution found
in the histological sections with regard to their shape
and the cortical layers in which they were localized
(Fig. 5b, i, open black arrowheads). In contrast, no
plaques were revealed in the cortex of the HC with
A� immunohistochemistry (Fig. 5e, dashed box, and
5q), and, accordingly, no paramagnetic effects could
be observed in QSM in the cortex of the HC, as
evidenced in Fig. 5 (f, s). Also, in the juxtacortical
WM the same pattern as that observed using 100 and
50 �m isotropic voxels was detected in the QSM of
both AD (Fig. 5c, n, white arrowheads) and in HC
(Fig. 5f, t, dashed white arrows), reaching values
up to 30 ppb and 20 ppb in AD and HC, respec-
tively. In corresponding WM areas in the AD patient,
the histological sections revealed the presence of
A� deposits (Fig. 5b, l, filled black arrowheads).
In accordance with these results, a previous study
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Fig. 3. Overview image of the ex vivo MRI at 9.4T. QSM (a, c) and R2* (b, d) of an AD patient (a, b) and a matched HC (c, d) obtained
using voxel sizes of 132 × 132 × 610 �m3 and 375 × 375 × 1000 �m3, respectively. A distinct hyperintense pattern in the superficial WM
of both AD (a, b) and HC (c, d) could be observed in both QSM (a, c, white arrows) and R2*-maps (b, d, black arrows). White boxes in a,
b, c and d correspond to the MRI zoomed-in areas (c, d, g, h, respectively) in Fig. 2.

has reported increased intensity in iron stained sec-
tions in the juxtacortical WM in HC [65], likely
reflecting vessels [66, 67]. These observations are
concordant with our detected paramagnetic signal in
the HC.

Aβ load detection
From the evaluation of the immunohistochemical

data, we found an A� plaque fraction of 0.15 (% of the
cortical area), which is in line with previously pub-
lished reports on mice models [28]. Dependent on
the QSM cutoff value and the image voxel size, this
expected amount of plaque load could be observed
in QSM. Figure 6 shows the A� load detected by
QSM at different cutoffs in AD (red) and HC (blue),
ex vivo (a–d) and in vivo (e) at 14.1T (a–c) and
at 9.4T (d-e) (please refer to the online version for
coloured figures). The plaque fraction (PL) detected
by A�-stained histological sections within the cortex
of AD is also shown (black horizontal line). The frac-
tion of QSM-detected paramagnetic voxels decreased

non-linearly with the cutoff values. The plaque load
distributions of the two samples were consistently dif-
ferent (KS, p < 0.05), with higher apparent A� load
detected in AD than in HC, despite decreasing spa-
tial resolutions. To be thorough, we also investigated
possible differences between the A� load distribu-
tions at 9.4T in vivo. The same trend was found at
this coarser spatial resolution. The intersection of
the QSM-based A� load and the fraction of plaques
determined from the A� stain varied with voxel size
and tissue (ex vivo or in vivo). For the ex vivo samples,
using voxel sizes of 100 �m or larger, the QSM-
detected A� load never reached the values observed
by the A� stain when selecting cutoffs equal or higher
than 10 ppb (Fig. 6c, d, red curve). If even lower
cutoffs had been chosen, the risk of false positives,
indicated by the curve obtained in HC, would also
have increased. This observation from the same sam-
ple measured at 14.1T (a–c) could be confirmed for
the ex vivo sample at 9.4T (d). In vivo, the detection of
the expected A� load corresponded to a QSM cutoff
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Fig. 4. Ex vivo MRI at 14.1T, obtained from the frontal cortex of an AD patient and a matched HC. QSM (–20 to 40 ppb) of an AD patient (a,
b) and a HC (d, e) obtained using an isotropic voxel size of 50 �m (a, d), and 100 �m3 (b, e), respectively. R2*-maps (0–120 ms–1) of AD (c)
and HC (f), obtained using a voxel size of 100 �m isotropic. Similarly to the ex vivo results obtained at 9.4T a clear hyperintense pattern in the
juxtacortical WM was observed in both R2* (c, f, dashed black arrows) and QSM (a, b, d, e, dashed white arrows). Also, a distinct contrast
variation across the cortical layers was detected in AD (a, b, c) compared to HC (d, e, f) in both R2*(c, f) and QSM (a, b, d, e). Specifically,
in the cortex of AD, both quantitative maps clearly indicated two main areas running tangential with the cortical surface: a predominantly
paramagnetic band characterized by hyperintense effects apparently extending from layer I to layer V (a, b, c, filled white arrows) and a
diamagnetic band characterized by strong hypointense effects, apparently corresponding to the deepest portion of the cortex (possibly layer
VI) (a, b, c, open white arrows). In the cortex of the HC, three bands could be detected: two diamagnetic bands in the superficial and deep
layers of the cerebral cortex (d, e, f, open white arrowheads) and a paramagnetic band (d, e, f, filled white arrows) in the intermediate layers
of the cortex. Compared to AD this intermediate paramagnetic band was identified as being less broad and less paramagnetic.

of 20 ppb (Fig. 6e) as generally greater QSM values
were observed in vivo than ex vivo. The susceptibility
maps corresponding to the plaque load at the 10 ppb
cutoff within the cerebral cortex clearly evidenced
the spatial distribution of the plaques (Fig. 6, bottom
row) and were closely similar to the plaque distribu-
tion already noted in the A� stained sections (Fig. 5b).
Most plaques were located in the intermediate layers
of the cerebral cortex, while the deeper layers were
devoid of paramagnetic effects. However, a clear dis-
tinction of this cortical pattern was mainly possible
using high resolution techniques at 14T. In the QSM
obtained using a clinical imaging protocol ex vivo at
9.4T this pattern was less evident whereas in vivo it
was not possible to observe it.

Histogram analysis of QSM values at 14.1T
Analyses of histograms of QSM values measured

within the GM of AD and HC ex vivo at 14.1T showed
a general broadening of the curve in AD compared
to HC, at each spatial resolution (Fig. 7). Figure 7

shows normalized histograms in the cortex of the AD
patient (red) and the HC (blue), at each spatial res-
olution at 14.1T. Broader curves were obtained for
isotropic voxel size of 37 and 50 �m (a, b) compared
to 100 �m (c), thus suggesting a higher capacity to
detect both paramagnetic and diamagnetic effects at
finer sampling. Furthermore, the AD curves showed
an overall shift towards diamagnetic values compared
to HC when using isotropic voxel sizes of 100 �m
(c). The vertical dotted black line shows the thresh-
old at 10 ppb, corresponding to the binary plaque load
images in the bottom row of Fig. 6.

Beyond exploring the cortical layers, we further
analyzed the magnetic properties of the WM. How-
ever, no visible differences between AD and HC were
found at any of the investigated spatial resolutions
suggesting that only alterations across the cortical
layers may be taken into account in order to differenti-
ate between AD and HC, and hence, that QSM values
in the WM may be used as an internal reference region
in future clinical studies.
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Fig. 5. Comparison between ex vivo MRI at 14.1T using isotropic voxel size of 37 �m and histology. LFB-PAS staining (a, d), anti-A�
immunohistochemistry (b, e), and QSM (c, f) from the frontal cortex of an AD (a, b, c) and of a matched HC (d, e, f). (g), (i), and (m),
zoomed-in areas corresponding to the dashed boxes in (a), (b), and (c). (h), (l), and (n), zoomed-in areas corresponding to the boxes in
(a), (b), and (c). (o), (q), and (s), zoomed-in areas corresponding to the dashed boxes in (d), (e), and (f). (p), (r), and (t), zoomed-in areas
corresponding to the boxes in (d), (e), and (f). Dotted paramagnetic effects were observed in the cortex of the AD patient in the susceptibility
maps (m, open white arrowhead). These effects resembled the A� plaques distribution found in the histological sections with regard to
their shape and the cortical layers in which they were localized (i, open black arrowhead). No plaques were revealed in the cortex of the
HC with A� immunohistochemistry (q) and, accordingly, no paramagnetic effects could be observed in QSM in the cortex of the HC (s).
The juxtacortical WM showed the same pattern as that observed using 100 and 50 �m isotropic voxels in the QSM of both AD (n, white
arrowhead) and in HC (t, dashed white arrow), reaching values up to 40 ppb and 30 ppb in AD and HC, respectively.

DISCUSSION AND CONCLUSION

We found a distinctive cortical pattern in AD
patients compared to HC in agreement with pre-
vious in vivo results at 7T using non-quantitative
MRI techniques [32]. This observation was con-
firmed by ex vivo measurements at both 9.4T and
14.1T. We observed a close similarity between the
signal changes detected by QSM in the cortex of the
AD sample at 14.1T and the spatial distribution of
A� plaques in the histological sections of the same
specimen. Finally, we found that the cortical layers
with a high plaque load can be detected using QSM
at a cutoff between 10 and 20 ppb ex vivo and 20 ppb
in vivo.

Our in vivo findings are in line with previous
results obtained using GRE phase images at 7T [32].
Extending upon these studies we used quantitative
R2* and QSM and we found an enhanced contrast
between the GM and WM in AD patients in com-
parison with HC at 9.4T. This contrast originated
from a strong difference in the magnetic suscepti-
bility and in the effective transverse relaxation rate
between GM and WM, and it was higher in AD than
in HC. The use of QSM in this work offered the addi-
tional advantage to separate between paramagnetic
(e.g., iron) and diamagnetic (e.g., myelin and A�
protein [30]) sources, since the technique removes
the non-local and orientation-dependent effects of the
GRE phase signal and provides a measure that more
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Fig. 6. Fraction (frac) of paramagnetic pixels detected by QSM in the cortex of an AD patient (red) and a HC (blue) samples, at different
cutoff values for QSM at 14.1T (a–c) at 37 �m (a), 50 �m (b), and 100 �m (c) isotropic voxel size and using a clinical imaging protocol
at 9.4T with 132 × 132 × 610 �m3 voxels (d). In vivo results using the same QSM method at 9.4T (e). The fraction of plaques (PL) in the
cortex of the AD sample obtained from A�-stained histological slice is also shown (horizontal black line). In the bottom row susceptibility
maps thresholded at 10 ppb, corresponding to the A� plaque load in (a–e), are shown. A consistent difference between AD and HC was
found in vivo and ex vivo (at each spatial resolution). Load detection ability, ex vivo, showed a decrease in performance as a function of
the spatial resolution, being lower for voxel sizes of 100 �m isotropic and 132 × 132 × 610 �m3 (c, d), in comparison with 50 and 37 �m
isotropic (a, b). The apparent A� load detected in vivo (e) was higher compared to the ex vivo measurements at the same field strength and
spatial resolution.

Fig. 7. Normalized histograms within the cortex of AD patient (red) and HC (blue) at 37 (a), 50 (b). and 100 �m (c) isotropic voxel sizes,
at 14.1T. In general, a greater range of both diamagnetic and paramagnetic QSM values were observed in AD than in HC at each spatial
resolution. Broader distribution curves at 37 and 50 �m isotropic voxel sizes indicate a higher ability to detect both paramagnetic and
diamagnetic effects at higher spatial resolutions. For a greater isotropic voxel size of 100 �m, a diamagnetic shift towards lower QSM values
was observed for the AD patient. The vertical dotted black line shows the threshold at 10 ppb used for the binary spatial maps in the bottom
row of Fig. 6.

closely reflects the underlying tissue microstructure
compared to other techniques. In previous studies,
QSM has been found to be increased in the cortex
of AD patients compared to HC at 3T [36] and at 7T
[29], as well as in the globus pallidus [29], precuneus,
and hippocampus [38]. Nevertheless, these studies
were burdened by low spatial resolutions and enabled
only a relatively coarse localization of the regions
affected by the A� load, since voxel sizes from
0.7 mm isotropic were used. Due to recent advance-
ments in hardware and efficient spatial encoding at
9.4T in this study we were able to push the image res-
olution down to 132 × 132 × 610 �m3 in vivo. In line
with the previously mentioned studies, we could find

a global effect distinguishing AD from HC. However,
from our data we are still not able to conclude with
certainty that it is possible to detect in vivo highly
localized paramagnetic effects corresponding to the
A� deposits.

These in vivo preliminary results in AD patients
at 9.4T deserve further investigation to fully develop
clinically compatible methods. Such methods should
also take into account effects related to phase fluctua-
tions in the brain caused by physiological noise (e.g.,
breathing) and motion (e.g., swallowing or arms mov-
ing) within the field, especially in patients, besides
possible system instabilities causing field fluctuations
affecting the measures. A navigator echoes approach
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has been proposed to better estimate the spatio-
temporal magnetic field distribution during large
B0-fluctuations for GRE-based MRI in 2D [68, 69].
Such methods may possibly enhance the visibility of
A� deposits in vivo, since data blurring will likely
be diminished. The implementation of such quanti-
tative approaches will likely improve the quality of
in vivo data and their use may therefore be extended
to a broader patient population and elderly people.
We are currently undertaking actions in this direction
and have obtained promising results for a navigator
echo-based approach in 3D [70]. On the other hand,
the detectability of the effects of A� plaques would
still be hampered by the large voxel sizes achiev-
able in vivo, as it is more than 100-fold bigger than
the plaques diameter (20–160 �m). Thus, in order
to better understand the source of the MRI contrast
in vivo, we measured postmortem samples using the
same measurement protocol used for patient studies
at 9.4T, and validated our observations by histology.

The ex vivo susceptibility maps obtained at 9.4T
with our clinical protocol showed some point shaped
regions with paramagnetic effects in the cortex of AD,
but less so in HC tissue. These regions corresponded
to areas in the cortex of AD where plaques were
detected by the A� stain in the histological section
of the same specimen. However, at the spatial resolu-
tion used for the in vivo protocol single plaques could
not be distinguished with certainty, thus confirming
an inherent detection limit for single plaques in vivo.
A paramagnetic increase in QSM was also observed
in the juxtacortical WM of both the AD patient and
HC in the susceptibility maps. This effect is consistent
with a strong contrast observed at 7T in R2*-maps and
susceptibility weighted images (SWI) of healthy sub-
jects [65] likely due to the presence of short vessels in
the U-fibers [66, 67], located in a 3-4 mm thick band
of WM immediately beneath the cortex. In our data
we found that the paramagnetic effect in this area was
greater in the AD patient compared to the HC, sug-
gesting that other factors may influence the detected
QSM values. To better understand the MRI contrast
obtained at 9.4T ex vivo, we further validated our
measurements of postmortem samples using higher
magnetic field strength (14.1T), where finer sampling
is feasible in view of the increased signal. Morover,
increased magnetic field also causes higher values
of the R2* and greater effects of the local magnetic
susceptibility which can facilitate the observation of
subtle differences in the tissue.

The histopathological basis of MRI contrast
changes associated with A� plaques has been previ-

ously investigated in human and animal specimens
ex-vivo at 7T using 60 �m thick histological sec-
tions and a fine in-plane spatial sampling of 45 �m
[22, 23]. By comparing T2*-weighted images with
histological sections stained with the iron-sensitive
diaminobenzidine (DAB)-enhanced Perl’s stain and
A� immunohistochemistry, before and after iron
chelation, the authors suggested that both the high
focal iron concentration, the highly compact fibrillar
A� and the morphology of the deposits per se may
explain T2* shortening, since hypointensities corre-
sponding to A� plaques could still be detected after
iron chelation. However, T2* weighting is not a quan-
titative method, and it cannot distinguish between
diamagnetic (A� protein) and paramagnetic sources
(iron). Therefore, the observed signal after chelation
could have been caused by the presence of the A� pro-
tein itself, being a diamagnetic source, independently
of its morphology. Moreover, due to the inability
to distinguish between the two contributions, T2*-
weighted images cannot provide a refined measure of
the actual microstructure of the tissue. In the present
work we therefore used quantitative measures, such
as QSM and R2*, to complement such observations.

At 14.1T we could confirm the observations made
using clinical measurement protocols at 9.4T. In
addition to the strong paramagnetic effects in the
intermediate layers of the cortex, we observed para-
magnetic values in the juxtacortical WM of both AD
and HC. The difference in the apparent layering pat-
tern across the cortical depth between AD and HC
was clear in R2*-maps using an isotropic voxel size of
100 �m, and in the susceptibility maps using 100 and
50 �m isotropic voxel sizes, respectively, showing a
predominantly paramagnetic cortex in AD compared
to HC, and local paramagnetic hyperintensities that
were more frequent in the intermediate layers of the
cerebral cortex.

At even higher spatial resolution (37 �m isotropic)
we found a close similarity between the localization
of the paramagnetic spots detected by QSM in the cor-
tex of the AD patient and the distribution pattern of
A� plaques, by comparing the results of QSM and A�
immunohistochemistry, although a direct one-to-one
correlation of single A� plaques to MR signals could
not be achieved. The presence of the plaques, there-
fore, could explain the distinct cortical (para- and
diamagnetic) bands observed in AD cortex compared
to HC. The strong diamagnetic effect in the deepest
layers of the cortex of AD, close to the GM/WM
border, corresponded to an area where the A� stain
showed absence of plaques, but no increase in the
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myelin stain (LFB-PAS) was found. Although this
diamagnetic effect was also present in HC, the values
in AD outsized the values observed in healthy tissue.
Previous reports show that this cortical area is domi-
nated by tau pathology [71, 72]. The slight deposition
of A� in the superficial WM of AD revealed by the
stain and the diamagnetic band in the deepest corti-
cal layers, could explain the higher enhanced contrast
between GM and WM we observed in both R2* and
QSM of AD, at each spatial resolution. The increased
signal detected by QSM and R2*-maps in the juxta-
cortical WM of both AD and HC is likely due to the
presence of vessels [66, 67], but we could show that
this effect can be further enhanced in the presence
of A� deposits. Furthermore, this contrast is stronger
in QSM than in the R2*-map, and could also reflect
demyelination processes in the superficial WM of AD
patients [73, 74]. Hereby, a lower contribution from
the diamagnetic susceptibility to the global effect will
lead to an increase of QSM and a reduction of R2*
values in the maps.

To develop clinically useful MRI-based biomark-
ers, quantitative analysis is desirable. Previous
studies have quantified the A� load by using T2*-
weighted images in comparison with 11C-PIB PET
in mice models [28]. The authors found a linear cor-
relation between 11C-PIB PET and T2*-weighted
A�-positive fractions in thalamus, hippocampus,
temporo parietal, and frontal cortex. In the present
study we assessed the A� load using QSM in compar-
ison with the plaques load obtained from histology.
We found that the cortical layers with a high plaque
load can be detected using QSM at a cutoff between
10 and 20 ppb ex vivo, and 20 ppb in vivo. Notice
that, in ex vivo measurements, higher cutoff was
required to detect the A� load at higher spatial res-
olutions, being 15 ppb for 37 �m3 and lower than
10 ppb for 100 �m3, respectively. This could be due
to the presence of partial volume effects that mask the
dominantly paramagnetic effect of the A� deposits,
when larger voxel sizes are used. After application
of the cutoff, we were able to obtain mask images
that closely matched the distribution of A� in his-
tological sections, with a predominant localization
of the plaques along the intermediate portion of the
cerebral cortex and absence of paramagnetic effects
in the deepest cortical layers. The apparent A� load
detected in vivo at 9.4T was higher compared to the
ex vivo measurements at the same field strength and
spatial resolution. This is possibly due to the loss of
iron in ex vivo samples, which could occur during the
fixation process. Furthermore, venous blood could

significantly contribute to the MRI contrast in in vivo
measurements. Since perfusion differences between
AD and healthy subjects do exist, the influence of
such factors on the in vivo QSM results deserve fur-
ther investigations in future studies. In addition, in
view of the common QSM reference value we could
directly compare the QSM values observed in the
two samples at different voxel sizes. Similarly, we
estimated the difference between the A� load curves
and the histograms of the single-case AD and HC
samples. A difference between the A� load distribu-
tion of the two samples was consistently found, with
higher values in AD than in HC, at each spatial resolu-
tion, at both 9.4T and 14.1T. Likewise, we also found
a difference for the in vivo A� load distributions.
Also, a difference between the histograms of the AD
and the HC samples was found at each voxel size
at 14.1T.

Interestingly, we not only detected paramagnetic
effects linked with A� deposits in the ex vivo spec-
imens at 14.1T, as evidenced by the QSM obtained
at different voxel sizes in AD, but we also showed
an increase in the diamagnetic effects through anal-
ysis of the distribution of QSM values in histograms
within the cortex. The QSM distributions of AD and
HC were consistently different at each spatial res-
olution. At the finest sampling the distribution was
roughly symmetric around 0 ppb. Interestingly, with
increasing voxel size, the diamagnetic effect outsized
the paramagnetic effects. One explanation of this phe-
nomenon is that partial volume effects diminish the
iron-related paramagnetic effect. Adding on to this,
the diamagnetic effects in the deeper located parts of
the cortex may dominate the total signal when larger
voxel sizes are used thus explaining previous reports
concerning such effects [30].

Our study was restricted by some limitations. First
of all, obtaining QSM by ex vivo MRI can be cumber-
some. Thin histological sections pose challenges as
the mathematical algorithms used for QSM compu-
tation generally depend on 3D information in Fourier
space. On the other hand, it is possible to achieve such
results for thicker specimens, as we showed in the
present study. Also, a big effort was required for the
spatial registration of the 3D-MRI volume to the 2D
histological slice and no perfect match was reached
between MRI images and histology. Although an eas-
ier, faster and accurate registration could have been
provided by the use of a histological coil, leading to
an easier 2D-2D registration, a 3D volume was nec-
essary to perform QSM, which strongly depends on
both the slice thickness and coverage [75]. There-
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fore, a volume coil had to be used. Nevertheless, we
deemed the spatial registration to be sufficient to per-
form quantitative analysis and to evaluate the relation
between MRI and histology. Another inherent caveat
of QSM is the absence of an absolute reference value.
We circumvented this issue by acquiring and pro-
cessing MRI data of both specimens (AD and HC)
together. This procedure ensured that the QSM val-
ues in the two samples could be directly compared,
thus allowing a more precise evaluation of pathology
induced differences, including overall shifts in mag-
netic susceptibility. Besides that, the current approach
used to remove the background field for the calcula-
tion of QSM ex vivo could not eliminate the presence
of false positives in the ex vivo maps, which may
explain the apparent A� load detected by QSM in the
cortex of the HC, which was not confirmed through
histology, as no A� deposits were detected in the
histological stain of the HC.

This study clarified that UHF quantitative MRI
provides optimized spatial localization of the affected
areas by A� deposits in the cortex of AD, in con-
trast to the coarse localization provided by PiB-PET.
We further demonstrated that R2*-maps and QSM
at UHF are an indirect measure of the spatial distri-
bution of the A� deposits in specific layers of the
cerebral cortex, since these techniques can detect the
prevalent effects directly related to A� deposits in
AD patients, besides possible alterations in tissue
microstructure across the cortical layers.

We also showed the limitations posed in terms of
quantifying the plaque load when going to imag-
ing parameters achievable in vivo. Ex vivo MRI
measurements proved that higher spatial resolutions
are necessary to directly observe these dominant
effects and, therefore, to precisely estimate the plaque
load. Interestingly, we found a consistent difference
between the A� load distributions of the AD and the
HC samples, at each spatial resolution and at each
field strength. This difference was also observed at
the coarsely sampled in vivo data.

Furthermore, analyses of histogram showed that
the diamagnetic properties of the cortex could provide
a further means to distinguish AD patients from HC
using voxel sizes from (100 �m)3. Layer-dependent
microstructural changes should also be taken into
account for AD classification and as biomarkers of
AD.

In conclusion, our findings confirm that it is pos-
sible to differentiate between AD and HC in vivo
at UHF by achieving very high spatial resolutions
and by detecting changes in the cortex of AD arising

from A� plaques. In addition, this study provided
a method for detecting these changes independently
of the acquisition protocol and the orientation of the
object with respect to the static field.

Finally, we provided a quantitative method to quan-
tify the amyloid plaque load in AD patients at UHF
non-invasively. Future work will focus on studying a
larger cohort to generalize our findings to a broader
AD population and other target brain areas.

To our knowledge, and in line with a recent review
paper [76], this is the first time QSM is used to investi-
gate AD patients at 9.4T, as well as human AD and HC
samples both at 9.4T and 14.1T in comparison with
histology. Furthermore, for the first time a direct com-
parison of QSM values between AD and HC could
be achieved, ex vivo, since the samples were acquired
and processed simultaneously, thus allowing an unbi-
ased comparison between them.

The availability of a potentially non-invasive tech-
nique capable to detect, locally, the areas affected by
A� plaques in preclinical stages of AD is of crucial
importance, since it would allow the patient to be
treated before the clinical onset of the disease many
years in advance.
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