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One of the core pathological features of Alzheimer's disease (AD) is the accumulation of amyloid plaques in
the brain. Current efforts of medical imaging research aim at visualizing amyloid plaques in living patients in
order to evaluate the progression of the pathology, but also to facilitate the diagnosis of AD at the prodromal
stage. In this study, we evaluated the capabilities of a new experimental imaging setup to image amyloid pla-
ques in the brain of a transgenic mouse model of Alzheimer's disease. This imaging setup relies on a grating
interferometer at a synchrotron X-ray source to measure the differential phase contrast between brain tissue
and amyloid plaques. It provides high-resolution images with a large field of view, making it possible to scan
an entire mouse brain. Here, we showed that this setup yields sufficient contrast to detect amyloid plaques
and to quantify automatically several important structural parameters, such as their size and their regional
density in 3D, on the scale of a whole mouse brain. Whilst future developments are required to apply this
technique in vivo, this grating-based setup already gives the possibility to perform powerful studies aiming
at quantifying the amyloid pathology in mouse models of AD and might accelerate the evaluation of anti-
amyloid compounds. In addition, this technique may also facilitate the development of other amyloid imag-
ing methods such as positron emission tomography (PET) by providing convenient high-resolution 3D data
of the plaque distribution for multimodal comparison.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Alzheimer's disease (AD) is the most common form of dementia in
the elderly (Reitz et al., 2011). It is characterized by an insidious onset
and a progressive decline of cognitive functions associated with pre-
dominant memory impairment. AD diagnosis is based mostly on the
neuropsychological evaluation of the patient, which is always con-
firmed by the post mortem examination of the brain (McKhann et
al., 1984). Indeed, two histopathological features characterize an AD
brain: the amyloid plaques (AP) and the neurofibrillary tangles
(NFTs). These lesions are formed of proteinaceous aggregates, which
can be detected throughout the brain in the extracellular and the
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intracellular compartment, respectively. They appear early in the course
of the disease several years before the occurrence of the first symptoms,
and they spread to the temporo-parietal neocortex and subcortical
nuclei following a typical pattern as the disease progresses (Braak
and Braak, 1991; Delacourte et al., 1999; Thal et al., 2002). Therefore,
detecting these two AD hallmarks through imaging techniques per-
formed on the living patient is of major interest not only for diagnosis,
but also for the evaluation of AD-modifying drugs.

Until recently, imaging techniques have been used mainly to ex-
clude other causes of dementia (Petrella et al., 2003). However, sig-
nificant technical progresses have been made, which now allow
clinicians to use both structural and functional imaging to diagnose
AD positively (Frisoni et al., 2010; Nordberg et al., 2010). New criteria
for AD, mostly based on brain imaging, have even been proposed
(Dubois et al., 2007, 2010; Reitz et al., 2011; Sperling et al., 2011).
Among the recent progresses, the development of new tracers for
Positron Emission Tomography (PET) dedicated to AD diagnosis like
the flutemetamol, florbetapir, and florbetaben (Herholz and Ebmeier,
2011) offers the possibility to visualize the global averaged distribution
of amyloid plaques in the brains of living patients. Unfortunately, this
technique has a millimeter-range resolution and does not allow for the
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detection of amyloid deposits at a single-plaque level, which might re-
sult in a limited sensitivity, especially at the onset of the disease.

Imaging amyloid plaques at a single-plaque resolution remains a
technical challenge because of their small size. They are spherical
extracellular aggregates that range from b10 μm to >120 μm in diam-
eter, depending on the brain region where they are observed with a
major proportion of plaques around 10–40 μm in humans (Armstrong
et al., 1995; Delaère et al., 1991). They are heterogeneous in shape
and composition, and theirmorphology varies fromdiffuse (amorphous
material) to focal deposits (dense aggregates), a typical plaque com-
bining a dense core and a corona of fibrils (Dickson and Vickers,
2001; Wisniewski et al., 1989). Among current imaging techniques
that could be used to detect amyloid plaques at a single-plaque resolu-
tion, Magnetic Resonance Imaging (MRI) has shown promising results.
Several reports have indicated thatmicroMRI devices are able to detect
single amyloid plaques in the brain of transgenic mouse models of Alz-
heimer's disease, both ex vivo and in vivo (Braakman et al., 2006;
Dhenain et al., 2009; Jack et al., 2005; Petiet et al., 2011; Vanhoutte et
al., 2005; Wadghiri et al., 2003; Wengenack et al., 2011; Yang et al.,
2011; Zhang et al., 2004) and in human brain tissue (Benveniste et
al., 1999) (See Braakman et al., 2009 for an extensive review). However,
this technique is currently limited by its relatively low spatial resolution
when compared to the mean plaque size measured in human brains.
Although this parameter varies depending on the device, the MRI se-
quence, and the time of acquisition, so far only large amyloid deposits,
which represent a small fraction of the total amyloid burden, could be
detected and quantified by this technique in small animals. Below this
limit, the specificity of the signal remains to be established even if
abnormal radiologic features could be detected (Diaz-de-Grenu et al.,
2011; van Rooden et al., 2009).

Another imaging technique that has been widely used for AD diag-
nosis is X-ray Computed Tomography (CT). Although MRI is now pre-
ferred to CT to assess macroscopic changes in AD patients – mainly
because it is less invasive – a new set of experimental imaging tech-
niques, also based on X-rays, is currently under development. In con-
trast to conventional absorption-based CT, these methods rely on
sensing the phase shift induced by the interaction of X-rays with mat-
ter. The result is a considerable improvement of contrast in soft tissue
(Zhou and Brahme, 2008). These methods include propagation-based
methods (Cloetens et al., 1999; Groso et al., 2006), analyzer-based
methods like diffraction enhanced imaging (DEI) (Chapman et al., 1997)
and interferometric methods using a crystal (Bonse and Hart, 1965;
Momose, 1995) or a grating interferometer (McDonald et al., 2009;
Weitkamp et al., 2005). Among them, two setups have been shown to
image amyloid plaques ex vivo in mouse models of AD (Connor et al.,
2009; Noda-Saita et al., 2006). The setup presented here – based on a
grating interferometer – provides higher quality images, giving the pos-
sibility to visualize both anatomical features and individual amyloid
plaques at a micrometer resolution in the entire brain of a transgenic
mouse model of AD, without using any contrast agents and in a nonde-
structive manner. With the high-quality images obtained from these
scans, automated quantification of plaque features like size and density
over the entire brain was possible. The measurement technique to-
gether with automated segmentation render large cross-sectional
studies feasible and will facilitate multimodal comparison with other
imaging techniques. The ability of this setup to further increase the res-
olution of images in selected areas by performing local tomography
(McDonald et al., 2009) opens also new possibilities, such as visualizing
the morphology of amyloid plaques in large brain areas.

Materials and methods

Animals and brain processing

The 5xFAD mouse line was generated in the laboratory of Dr
Robert Vassar at Northwestern University, Chicago (Oakley et al.,
2006) and was transferred to the École Polytechnique Fédérale de
Lausanne (EPFL) in 2009 from Jackson Laboratories, US (Stock num-
ber: 006554). This transgenic line over-expresses both the amyloid
precursor protein gene (APP) and the presenilin-1 gene (PSEN1), car-
rying familial AD mutations: APP K670N/M671L (Swedish), I716V
(Florida) and V717I (London); PSEN1 M146L and L286V.

Animals were euthanized by intraperitoneal injection of pentobar-
bital (150 mg/kg) and transcardially perfused by cold phosphate buff-
ered saline (PBS). Subsequently, the brains were harvested, fixed
with 4% paraformaldehyde in PBS for a week at 4 °C and stored in
sterile PBS until further processing. The brain samples were brought
to the Swiss Light Source in order to perform the tomographic scan-
ning, and then transferred back to EPFL for histology. All procedures
were approved by the Committee on Animal Experimentation for
the canton of Vaud, Switzerland, in accordance with Swiss Federal
Laws on Animal Welfare and the European Community Council direc-
tive (86/609/EEC) for the care and use of laboratory animals.

Histology

In order to avoid tissue distortion during the histological process,
thick brain sections (400 μm) were prepared using a vibratome
(Leica VT1200S). Brain sections were next stained by Thioflavin S
(Sigma-Aldrich) according to the following procedure. Free-floating
sections were incubated in a solution of Thioflavin S 0.01% (w:v) in
ethanol 50% for 8 min at room temperature under low agitation and
were next washed in two baths of ethanol 50% (2×5 min) and two
baths of PBS (2×10 min). Sections were next mounted in glycerol
80% using secure-sealed spacers (Invitrogen).

Fluorescence microscopy

Multi-photon fluorescence imaging
Thick brain sections stained by Thioflavin S were acquired on a

LEICA SP5 Multi-photon microscope (Leica Microsystems, Germany)
at the EPFL bioimaging and optics facility (http://biop.epfl.ch). A mo-
torized platform was used to scan the whole sections at 8000 Hz with
a Plan-Apochromat 10×/0.40 glycerine immersion objective (Leica
#11506293). Excitation was performed at 800 nm and external Non
Descanned Detectors (NDD) were used to capture the emitted fluo-
rescence between 500 nm to 650 nm. 130 stacks covering the whole
section were acquired at a frame resolution of 512×512 pixels
every 4 μm (final voxel size in xyz: 2 μm×2 μm×4 μm), and were
stitched together using the Leica Application Suite Software.

Processing of fluorescence images
The fluorescence images did not require any further normalization

step. For noise reduction, a Lagrangian-of-Gaussian (LoG) filter, also
known asMexican-hat filter, was applied. This type of convolution filter
is well known to serve as a detector for spherical particles in back-
ground noise (Sage et al., 2005). In our case, an isotropic Gaussian σ fil-
ter size of 23 voxels gave the best results. The LoG filter was applied to
the image stack in 3D to emphasize the spherical plaques embedded
in background noise.

Differential phase contrast (DPC) tomography

DPC image acquisition
In X-ray optics, the interaction of X-rays with typical materials is

encoded in the material's index of refraction n=1-δ+iβ, where δ is
the decrement of the real part of the refractive index (responsible
for the phase shift) while the imaginary part β describes the absorp-
tion properties of the tissue. Since biological tissue (e.g. brain matter)
consists mainly of light elements like water and hydrocarbons, there
is negligible absorption contrast, and thus conventional (absorption-
based) X-ray tomography is not suited to distinguish anatomical or

http://biop.epfl.ch
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pathological features in soft tissue. However, at diagnostically rele-
vant photon energies (between 10 and 130 keV), the decrement of
the real part of the refractive index in soft tissue is three orders of
magnitude larger than the absorption coefficient. Therefore, a better
contrast is obtained if an adequate phase-sensitive measurement
technique is used (Momose and Fukuda, 1995).

To measure the phase shift impressed on the wave front when it
passes through the sample, we used a grating interferometer (GI)
together with a phase-stepping protocol as described previously
(McDonald et al., 2009;Weitkamp et al., 2005). The GI allowsmeasure-
ment of the very small refraction angles (on the order of submicro-
radians, Modregger et al., 2011) with respect to the undisturbed
wave, by determining the refraction-induced lateral displacement of
an interference pattern. Because the length scale of this displacement
is much smaller than one pixel, the phase-stepping approach virtually
decouples the pixel size of the camera from the measurement of the
refractive shift of the interference pattern, which can be viewed as an
implementation of a “ruler”. To produce this ruler, a π-shifting phase
grating is used to imprint a periodic intensity variation on the beam.
Refraction by the sample leads to a lateral deflection of the interference
pattern by a small fraction of its period, which can be detected by scan-
ning the interference pattern with an absorption mask of the same
periodicity. The resulting bright–dark pattern in each pixel, called a
phase stepping curve, allows for measuring the displacement and thus
the refraction angle in every pixel of thedetector. For an in-depth review
of themeasurement technique, the reader is referred to McDonald et al.
(2009).

The presented data sets were obtained at the TOMCAT beamline of
the Swiss Light Source (Stampanoni et al., 2007) (see also supporting
information Fig. S1), at a photon energy of 25 keV, using 8 phase-
steps distributed over 2 periods of the phase stepping curve. The rel-
ative bandwidth of the beam was about 10−2, a typical value for a
multilayer monochromator. The distance between the two gratings
was set to the third fractional Talbot distance, i.e. 121 mm, as shown in
thepicture of the setupprovided as supplementary Fig. S1. The absorption
(analyzer) grating G2 had a pitch of 2 μm, which determined the design
pitch for the phase grating G1 to be 3.981 μm, taking the magnification
effect by the diverging beam and the source-to-G1 distance of 25 m into
account. The detector directly behind the analyzer grating was realized
by a CCD camera with 7.4 μm pixel size (PCO2000), coupled to a LuAG:
Ce scintillator (350 μm thickness) via a 1:1 optics. When referring to
local tomography later in the text, only the detector systemwasmodified
as follows: instead of the 1:1 optics, a 4× magnification objective was
used and the photonswere captured by binning 4 pixels (binning factor
of 2 in eachdirection). Therefore, the pixel sizewas 3.7 μm,with awidth
of thefield of viewof 3.8 mm, the height still being limited by the height
of the beam (about 3 mm).

For the comparison with histology, the brain was scanned with an
exposure time of 300 ms, and the tomographic reconstruction was
based on 2000 projections covering 180° of rotation. For the study
of the kinetics of amyloid deposition in 5xFAD mice, where the brains
of 11 animals were scanned, the combination of exposure time vs.
number of projections was 240 ms vs. 2400 projections. Both parame-
ter sets resulted in a total exposure time of approximately 80 min. An
order-of-magnitude estimate of the rate of dose deposition in the sam-
ple can be obtained by assuming the absorption properties of water for
the brain, which is suggested by the lack of absorption contrast be-
tween brain and water (see supporting information, Fig. S3). Based
on a photon flux of 7.8×1010 s−1 mm−2 impinging on the sample
and an approximate absorption of 22% (that of a 10 mmwater column
illuminated with 25 keV photons), a dose rate of about 6.9 Gy/s is
obtained, corresponding to a total volume-averaged dose of about
3×104 Gy. This dose would be lethal for a living animal; however, it
is below the 106 Gy needed to induce significant structural changes
(Kirz et al., 1995). Accordingly, we did not observe any morphological
modifications on histological sections after the scan. This justifies the
relatively high number of phase steps as well as the large number of
tomographic projections, which were chosen to optimize the signal-
to-noise ratio, regardless of the deposited dose. The issue of dose re-
duction is addressed below in the discussion section.

Processing of DPC images
A general problem that can be traced back to monochromator

vibrations is the inhomogeneous background within the slices and
different offsets in gray values across slices. Therefore, as a key step
for any further automated evaluation of the data, a normalization pro-
cedure in the sinogram space was developed. The principle of this
filter is to normalize the sinogram of each slice by subtracting an az-
imuthally blurred version of itself. This procedure was inspired by the
observation that the variations of background gray level had the form
of circular sectors, varying with azimuth angle but not very much
with the radius. Azimuthal blurring was achieved by applying a 1D
Gaussian kernel filter with a large sigma of 100 pixels and a support
of 600 pixels, only along the angular axis of the sinogram. The partic-
ular width of the Gaussian was determined heuristically — a balance
between erasing small features (for small sigma) and increasing
edge-enhancement artifacts (for large sigma). The sinograms were
periodically continued to projection angles φb0 and φ>180° before
filtering, in order to avoid artifacts at the boundary pixels. Note that
this filtering procedure emphasizes the small-scale features like amy-
loid plaques, but blurs features with a low spatial frequency (e.g.
anatomical features) and introduces edge-enhancement artifacts
around the outer surface of the brain (e.g. Fig. 4). After this normali-
zation step, all slices had the same base gray level. Finally, noise re-
duction was achieved by applying a 3D LoG filter as described in the
Processing of fluorescence images section.

Registration of DPC data with histological images
The comparison of CT images to histological images required a

semi-automatic registration procedure. First, the DPC data set was
rotated in 3D (bicubic interpolation, implemented with ImageJ) to
place the antero-posterior axis of the brain perpendicularly to the
coronal plane of the histological images. This was done interactively,
guided by anatomical features and the small lesion that was acciden-
tally produced during the extraction of the brain. Second, to register a
slice of the fluorescence images with the corresponding CT slice, a
landmark based rigid registration was first performed (Thevenaz et
al., 1998), followed by an elastic registration based on vector-spline
regularization (Sorzano et al., 2005). The registration was based on
the gray level images. Finally, for a direct object-by-object compari-
son, histogram based segmentation of the two images was carried
out, with an automatically determined threshold according to the
maximum entropy method (Kapur et al., 1985).

Quantitative analysis
Depending on the quality of the extracted brain, the two neocor-

tices or only one cortex per animal were segmented in order to
avoid possible bias on the quantification procedure. Cerebral cortices
were manually delineated using aWacom Cintiq 12WX tablet accord-
ing to the Allen mouse brain atlas (www.brain-map.org) and the
Paxinos atlas (Paxinos and Franklin, 2001) on subsequent 2D coronal
slices using the segmentation-editor plugin for ImageJ (http://www.
neurofly.de/). Each cortex was segmented slice-by-slice at the front
and the back of the structure and approximately every 10th slice in
the central part of the brain and interpolated with the plugin. Within
the resulting 3D ROI, an automatic threshold segmentation was car-
ried out slicewise according to the maximum entropy method
(Kapur et al., 1985). Since this automatic threshold was fluctuating
between different slices, a mean of all slices was finally applied to
the entire data set. The variation between different slices provides a
measure of the uncertainty for the threshold determination. Since
quantitative parameters derived from the segmented plaque data

http://www.brain-map.org
http://www.neurofly.de/
http://www.neurofly.de/
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are sensitive to the chosen threshold, this uncertainty value translates
into an error estimate of the quantitative parameters. The spatial res-
olution of an optical system is essential for the visualization of small
objects, especially if quantitative conclusions are drawn from it.
Therefore, we made a rigorous model-independent assessment of
the resolution by determining the highest spatial frequency compo-
nent that is still distinguishable from the baseline of the background
noise (Poisson noise from counting statistics plus white readout
noise) (Modregger et al., 2007). This highest frequency component
is directly related to the minimal structure size present in the image
by xres=2π/kres. Objects below this limit were excluded from the
quantitative analysis. The size distribution of amyloid plaques was
determined by counting the volume of individual, unconnected ob-
jects and assigning a diameter to each object that corresponds to an
equivalent sphere of the same volume. This underlying sphere
model represents the shape of the plaques very well.

The amyloid plaque load, defined as the proportion of a brain area
covered by amyloid plaques, was measured in the segmented neocor-
tex both on the 3D volume and on 2D coronal sections along the
antero-posterior axis in order to compare the data to previous histo-
logical studies (Jawhar et al., 2012; Katsouri and Georgopoulos, 2011).
For the 2D analysis, four consecutive tomogram slices were merged in
order to provide values corresponding to a virtual histological section
thickness of 30 μm.

Results

Detection of amyloid plaques by DPC tomography

In order to show that DPC tomography is capable of detecting am-
yloid plaques in the brain, we used a new transgenic mouse model of
Alzheimer's disease that presents a strong pathology. The 5xFAD
transgenic line develops amyloid plaques as early as 2 months old
in the frontal cortex and the subiculum. With aging, the pathology
spreads to the whole neocortex and the hippocampus, as well as in
sub-cortical regions, including the thalamus, the amygdala and the
brain stem (Jawhar et al., 2012; Oakley et al., 2006). Importantly,
this particular transgenic line presents amyloid plaques with a
Fig. 1. Unfiltered DPC tomograms of a wild type (A, D) and a 5xFAD transgenic mouse brain
week at 4 °C and were scanned by DPC tomography with an isotropic voxel size of 7.4 μm. Th
deposits (C, F). Lower panels (D, E, F) represent magnified regions of the whole brain images
and at the same resolution.
relatively small diameter (on the order of 20 μm), similar to those ob-
served in humans (Armstrong et al., 1995).

We first performed a DPC scan on the posterior part of the brain of
wild-type and 5xFAD mice at 13 months, an age at which abundant
amyloid plaques are expected to be present in all cortical regions. The
tomographic reconstruction of the real part of the refractive index is
shown in Fig. 1. The setup provides a pixel size of 7.4×7.4×7.4 μm3

for a field of view covering the entire coronal plane of the brain
(12.8×12.8×2 mm3) and easily allows the visualization of the gross
anatomy of the brain even on unprocessed DPC images. Cerebral corti-
ces, hippocampi and ventricles are clearly visible in both wild type
(Fig. 1A) and transgenic brains (Fig. 1B). Among other brain structures,
the corpus callosum, the hippocampal layers, the mammillothalamic
tracts and the fasciculus retroflexus, two bilateral fiber tracts that ap-
pear as round hypo-intense signals (Fig. 1A and B), are also easily visu-
alized (See also supporting information, Fig. S2, for a more extensive
description of several sections of a whole mouse brain). It is important
to note that such a high contrast could not be achieved by absorption to-
mography, because the signal-to-noise ratio of this sample is extremely
low, evenwith the high dose thatwas deposited here. For the interested
reader, a direct comparison of absorption contrast vs. phase contrast is
shown in the supplementary Fig. S3, for a slice of the same brain as in
Fig. S2. The absorption image was reconstructed from the same raw
data, implying the same dose. However, without the grating interfer-
ometer (and thus post-sample absorption by the analyzer grating), an
absorption image with equal signal-to-noise ratio could have been
recorded with half the dose. Despite this difference, the advantages of
phase contrast imaging are obvious.

When comparing the wild type and the AD mouse brains, we ob-
served small hyper-intense dots throughout the neocortex and the hip-
pocampus, which were only detected in the AD mouse brain (compare
Figs. 1A and Dwith Figs. 1B and E). The contrast of these hyper-intense
dots was particularly high in the piriform cortex/amygdala region
(Fig. 1E). In addition, the distribution of these hyper-intense dots and
the one of amyloid plaques revealed by Thioflavin S were highly similar
(Figs. 1C and F), suggesting that they were indeed amyloid deposits.
These observationswere consistentlymade in several transgenic brains.
Occasionally, we were also able to visualize particularly intense dots in
s (B, E) at 13 months. Brains were extracted and fixed in paraformaldehyde 4% for one
e 5xFAD brain was next sliced at 400 μm and stained with Thioflavin S to reveal amyloid
shown in the upper panels (A, B, C), at the level of the piriform cortex/amygdala region
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the thalamus in a subset of AD mouse brains (Supporting information,
Fig. S4). Such deposits have been previously described (Dhenain et al.,
2009; Vanhoutte et al., 2005) and correspond to a particular subtype
of amyloid deposit that contains a high proportion of calcium and iron.

In order to validate these observations, we directly compared the
two sets of images (Fig. 2). The DPC volume was segmented as de-
scribed in the Materials and methods section, and a 2D image from
fluorescence microscopy was registered with the DPC tomogram.
The different thickness of the slices was taken into account by averag-
ing two subsequent fluorescence slices of 4 μm, in order to be close to
the CT slice thickness of 7.4 μm. For a direct comparison, an animation
that shows an overlay of 2D slices from both modalities is provided
online (Supporting information, Video S1). Figs. 2A and B show the
signals of the DPC scan and the fluorescence microscopy, respectively,
before segmentation. Themagnified insets compare the overlap of the
detected structures, where the red color indicates a pixel-wise match
of both techniques. Object-pixels that appear only in the DPC scan are
colored in blue while object-pixels in the fluorescence image without
correspondence in the DPC image are colored in green. A more global
comparison within the region of interest, drawn as a black line in both
images, shows that 75% of all detected objects in the DPC image (201
of 269) have a direct corresponding object in the fluorescence image
(Fig. 2C). Inversely, 73% of all fluorescence objects (209 of 287) have a
direct overlap with a DPC spot. The correspondence between the two
signals was very good considering that the preliminary 3D alignment
of the DPC data set was done manually. The slight distortion of the
fluorescence image that was necessary to match the CT data indicates
that even with thick histological sections, mechanical distortion cannot
be avoidedduring the brain histological processing, highlighting the dif-
ficulties of comparing histological images to other imaging modalities.

Visualization of amyloid plaque morphology by local DPC tomography

In order to quantify smaller amyloid deposits, we next investigat-
ed the potential of the DPC setup to perform local tomography as pre-
viously described (Pfeiffer et al., 2008). This method allows imaging a
sub-region of interest deep in the tissue at a high resolution (here: voxel
size 3.7×3.7×3.7 μm3 for a field of view of 3.7×3.7×2.8 mm3). Based
on the full-brain visualization, we selected and measured a brain sub-
Fig. 2. Automated overlapping of DPC tomography and histology images from a 5xFAD trans
and were compared to filtered histological images (B) at the level of the piriform cortex/amy
the fluorescent image to correct artifactual stretching during histological processing. The sm
cated in blue and histology deposits in green. Overlap is indicated in red. C — Overview of th
jects in the DPC image, with red particles having a direct corresponding particle in the flu
image.
region including parts of the striatum, the descendant part of the hippo-
campus, and the auditory/perirhinal cortex (Fig. 3A). At this resolution,
and without post-processing of the images, the morphology of the
hyper-intense dots that were previously observed on standard DPC im-
ages appeared clearly (Fig. 3B). Several spots were composed of a small
and intense dense core surrounded by a corona made of weaker signal.
Other spots were composed only of an intense and compact signal
(Fig. 3C). The morphology of these spots is typical of the amyloid de-
posits that are observed in this AD transgenic mouse model as well as
in humans (Duyckaerts et al., 2009) (compare to Fig. 3D).

Quantification of amyloid plaque burden

After confirming that we were indeed detecting amyloid plaques
with DPC tomography, we next investigated the distribution of amyloid
plaques in a whole transgenic mouse brain at 13 months. The rotation
stage supporting the sample was translated along the anteroposterior
axis of the brain for subsequent scans, in order to stitch together several
fields of view. Six measurements were necessary to capture the whole
brain. In order to highlight the amyloid-plaque signal and to suppress
artifacts, the raw images were filtered as described in the Materials
and methods section. Orthogonal views of the sinogram-normalized
transgenic brain are presented in Fig. 4 (see also supporting information
Video S2), showing the distribution of the amyloid deposits throughout
the brain. To demonstrate the quantitative capabilities of this technique,
we next focused on the right neocortex, which was manually drawn on
slices based on the Allen mouse brain atlas. Within this region of inter-
est, the signal to noise ratiowas sufficient to perform a simple threshold
segmentation of the amyloid deposits. The threshold was determined
according to the maximum entropy criterion as described in the
Materials andmethods section. The standard deviation of the automatic
threshold was 2.3% of the dynamic range of the gray levels.

The segmented collection of plaques contains objects of all sizes,
including a size of only one voxel. Taking into account the finite reso-
lution of the imaging system, it is not realistic to quantify the plaque
size of amyloid plaques measuring only one voxel. Therefore, a Fourier
analysis was applied to the raw images of the scan presented in Fig. 4
to determine the highest spatial frequency component that could be
accurately measured in this data set. We obtained a spatial resolution
genic mouse brain at 13 months old. DPC images were tilt-corrected in 3D, filtered (A)
gdala region. The grid depicted in B highlights the deformation that has been applied to
all insets show details of the overlap of the segmented images. DPC deposits are indi-
e overlap between both signals at a larger scale. The image depicts the segmented ob-

orescence image and blue particles lacking an overlapping partner in the fluorescence

image of Fig.�2


Fig. 3. High-resolution DPC tomogram of a 5xFAD mouse brain at 13 months old. A —

Low-resolution scan of the whole brain showing the position of the brain region (ento-
rhinal and perirhinal cortex/hippocampus) that was scanned at high resolution
(3.7×3.7×3.7 μm3) (B). C— Detail of the high resolution scan. The structure of amyloid
deposits, consisting of a dense core surrounded by diffuse material, is clearly visible
and comparable to the one revealed by Thioflavin S staining on similar brain sections
(D).

1341B.R. Pinzer et al. / NeuroImage 61 (2012) 1336–1346
of 3 pixels, corresponding to 22 μm. For objects below this limit, plaques
might appear larger than they are in reality, even if they are visually
detectable on the images. To reduce the impact of noise on the quanti-
tative evaluation, plaques measuring less than 4 voxels were not con-
sidered (See supporting information, Video S3, for a 3D animation of
the plaque load distribution in the cortex under this restriction).

Two important structural parameters were quantified in the right
neocortex: the density of plaques and their size distribution. The den-
sity of plaques (plaques/mm3) was sensitive to small variations of the
threshold. Even when carefully ignoring possible noise by focusing on
plaques larger than 3 voxels, a variation in threshold yielded a signif-
icant change in the plaque number. For example, the total number of
plaques in the cortical region shown in Fig. 4 and in particular in the
Video S3 was 16,561 (18,588 without any size restriction). When the
threshold was increased by one standard deviation as explained
above, the total number of particles was decreased by 4110
(−24.8%). When the threshold was decreased by one standard devi-
ation, the total number of particles increased by 8826 (+53.3%).
However, the visual inspection of the segmentation results clearly
shows that these limits were worst-case scenarios and that a
human operator would not choose such a threshold. These figures
describe a possible systematic error, which must be distinguished
from the repeatability of quantification for different data sets. For
data acquired from different animals and processed according to the
same protocol, it is shown below that the repeatability is better,
meaning that relative changes between different data sets can be re-
liably detected.

The mean plaque size was a more robust parameter. For the same
threshold variations as described above, the mean plaque diameter
dropped from 36.3 to 34.0 μm (−6.3%) when increasing the threshold
and increased to 38.0 μm (+4.8%) when decreasing the threshold.
These values were higher than the 20 μm of mean diameter reported
by (Oakley et al., 2006), although in their study, no systematic quantifi-
cation was performed. In addition, the exclusion of small plaques from
this systematic analysis leads to an overestimation of these values. To
confirm this hypothesis, the mean plaque size was evaluated in the
high-resolution volume described above in Fig. 3. At this resolution,
an automatic thresholding was not possible due to the complexity of
the structure. Therefore, a manual threshold was applied visually (see
supporting information Fig. S5). Two thresholds were compared, one
considering only the dense core of amyloid plaques, the other consider-
ing both the core and the surrounding corona (Figs. S5A and B). Objects
smaller than 3 voxels were excluded from the analyses because the
spatial resolution was found to be close to 3 pixels. For the first thresh-
old (plaque core), the distribution of amyloid plaque size was close to
the quantification precision limit giving a mean plaque diameter of
13.1 μm (Fig. S5C). For the second threshold (plaque core and corona),
the size distribution was similar to the one measured above in the
whole neocortex, but with a significant fraction of smaller amyloid pla-
ques (b20 μm), resulting in a mean plaque size of 27 μm. On the one
hand, these data suggest that some plaques are too small to be reliably
quantified with the larger voxel size of 7.4 μm. In that case, the lower
resolution of the overview scan could lead to a smearing out of smaller
plaques,whichwouldmean that the plaques are detected but their size
can not be precisely measured. Once a plaque would be so small as to
completely fit within one voxel, the averaging of the differential
phase signal over one detector pixel would lead in general to a zero sig-
nal, and thus very small objects could be missed. On the other hand,
these data also indicate that the automatic segmentation of amyloid
plaques that are larger than 20 μm is robust and takes into account
the less compact material of the corona in amyloid plaques.

Finally, we explored the repeatability of the method in several
5xFAD animals at different ages from 12 to 70 weeks. Hyper-intense
spots were detected as early as 12 weeks in several brain regions,
mainly in the subiculum, but also in the neocortex, in the amygdala,
and in different nuclei of the brain stem, such as the magnocellular
part of the red nucleus, the oculomotor nucleus and the motor tri-
geminal nucleus. Although no systematic comparison with histology
was performed in these sub-cortical brain regions, the morphology
and the localization of the spots suggest they are indeed amyloid pla-
ques. In addition, this observation suggests that DPC-imaging with a
grating interferometer is capable of detecting amyloid plaques even
in young animals whatever the state of amyloid plaque maturation. The
visual inspection of the different brains confirmed the age-dependent
accumulation of the amyloid pathology in the neocortex and in other
brain regions like the amygdala (Fig. 5A). A systematic evaluation of
amyloid plaque content was next performed for each brain according
to the method described above. Fig. 5B presents three representative
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Fig. 4. Overview of amyloid deposition in a 5xFAD transgenic mouse brain at 13 months old. A, B, C — Orthogonal views of a DPC tomogram with an isotropic voxel size of 7.4 μm
that was post-processed to emphasize the amyloid deposition as described in the Materials and methods section. A sagittal stack of this brain is also available in Video S2. D— Detail
of the horizontal view (C) at the level of the right frontal neocortex and at the same resolution.
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data sets at different ages showing the progressive accumulation of
amyloid plaques in the neocortex with age. For each brain, the amyloid
plaque number and size were determined and summarized in Table 1
(See also supplementary Table S1 for complete data). In addition, an
average plaque load corresponding to the proportion of the segmented
brain region covered by amyloid plaques was also calculated for each
neocortex, according to the Quantitative analysis section. This parame-
ter was calculated from the 3D data set and from virtual 2D sections in
order to facilitate comparison with previous reports. As shown in sup-
plementary Fig. S6, the plaque load varies along the antero-posterior
position. Therefore, the frontal and caudal regions were excluded from
the analysis in order to provide more consistent data. The mean plaque
load for each neocortex is represented in Fig. 6A. Both the plaque load
and the number of amyloid plaques were increased with age (Supple-
mentary Table S1). As shown in Fig. 6B, the amyloid plaque diameter
also varies with age. Larger plaques were more frequent at later stages.
Although intuitive, this data is ofmajor importance for all methods aim-
ing at visualizing single amyloid plaques. Indeed, it suggests that they
will be more difficult to detect at early stages of amyloid deposition.
Discussion

DPC tomography overcomes several limitations of the classical,
absorption-based CT-scan. In contrast to a traditional CT-scan, DPC
tomography measures the refraction angle, i.e. the gradient of the
local phase shift of the transmitted X-rays that is caused by their in-
teraction with the tissue. DPC tomography thus takes advantage of a
different contrast modality as compared to traditional (absorption)
CT, resulting in a considerable improvement of the image contrast
in soft tissues (see supplementary Fig. S3 for a comparison of absorp-
tion and phase contrast).

Here, we applied DPC tomography to brain imaging and proved
that this technique can be used to image one of the pathological hall-
marks of Alzheimer's disease in brains: the amyloid plaque. In this
study, we were not only able to visualize the anatomy of a mouse
brain in more physiological conditions than previously reported
(McDonald et al., 2009), but also to detect amyloid plaques in the
brain of a transgenic mouse model of Alzheimer's disease. The resolu-
tion of the technique allowed us to visualize deposits as small as
10 μm in thewhole brain, and to perform an automatic quantification
of their number, size and density in defined ROIs.

In contrast to previous studies aiming at visualizing and quantifying
amyloid plaques in transgenic mouse models of Alzheimer's disease by
using a phase-contrast approach, the major advantage of the approach
described in this report is the quality of the images that it generates.
The setup provides high spatial resolution images with a voxel size of
7.4×7.4×7.4 or 3.7×3.7×3.7 μm3 for standard or local tomography,
respectively. With such a resolution, it was possible to detect the vast
majority of amyloid plaques as well as to visualize their morphology
without using any contrast agent. In comparison to the method de-
scribed by Connor and colleagues (Connor et al., 2009), which is based
on DEI and provides images with similar pixel size (9×9×9 μm3), the
setup presented here generates highly contrasted images, giving the
possibility to assess amyloid plaque features by a simple threshold seg-
mentation. In contrast to Noda-Saita and colleagues (Noda-Saita et al.,
2006), who have used a Bonse-Hart interferometer to capture plaque-
signals (voxel size: 18×18×18 μm3) and have performed an interac-
tive threshold-segmentation of amyloid plaques, the quality of the im-
ages generated by our setup allowed us to segment the amyloid
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Fig. 5. Kinetics of brain amyloid deposition in 5xFADmice. A–D— Representative DPC scans of 5xFADmouse brains at the level of amygdala at 12 (A), 19 (B), 39 (C), 70 weeks of age
(D). E — Representative 3D views of the right neocortex of 5xFAD mice at different ages (upper panel: lateral view; lower panel: top view) showing the distribution of amyloid
plaques (in red) segmented as described in the Quantitative analysis section.
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plaque signal automatically. This is a significant step since all of the
parameters that were measured are sensitive to the chosen threshold,
in particular the number of plaques. Indeed, although it is reasonable
to perform a manual thresholding of plaque signal in a small ROI
because a trained operator can verify the segmentation visually, this
strategy becomes extremely time-consuming and less accurate when
assessing amyloid plaque load in large ROIs, such as in the whole
mouse neocortex for example. In addition, a manual segmentation
Table 1
Evaluation of amyloid plaque deposition in 5xFAD mouse neocortex.

n Vol. ROIa Number of plaquesb

12 weeks 1 68.51 2214
19 weeks 4 64.94±3.01 7535±5180
39 weeks 3 65.79±1.22 37154±6604
70 weeks 3 61.58±2.69 48610±11085
Age effect p valuef ns 0.024

a Mean volume of the right neocortex±SD (mm3).
b Mean number of amyloid plaques in the right neocortex≥3 voxels±SD.
c Mean plaque diameter in μm±SD.
d Mean volume of the right neocortex covered by amyloid plaques±SD (in %).
e Mean area in the right neocortex covered by amyloid plaques determined on virtual 2D
f Kruskal–Wallis non-parametric test was performed on 19-, 39- and 70-week-old-anima
does not allow one to assess the influence of the threshold on the quan-
tification. On the contrary, themethod presented in this report provides
an automatic quantification of amyloid plaques and an error estimate
of the measurement that is important when absolute numbers are con-
sidered, and not only relative differences between samples.

An important feature of amyloid plaques is their size. Imaging amy-
loid plaques at two different resolutions has revealed the significance of
spatial resolution for plaque size determination. Here, we show that we
Mean plaque diameterc Plaque LOAD 3Dd Plaque LOAD 2De

24.15 0.08 0.1
25.73±1.51 0.16±0.13 0.35±0.28
31.49±0.53 1.30±0.16 2.60±0.30
31.19±1.15 1.75±0.37 3.54±0.66
0.038 0.018 0.018

coronal sections (Thickness: 30 μm) (Mean±SD in %).
ls to determine the effect of age on all the parameters. ns: non significant.
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Fig. 6. Quantification and size distribution of amyloid deposits in the neocortex. Several
brains between 12 and 70 weeks of age were scanned and segmented according to the
method described in the Quantitative analysis section. Depending on the quality of the
extracted brains, one or two neocortices were segmented per animal for the quantifi-
cation. A — Quantification of amyloid plaque burden was performed in the neocortex
on coronal 2D sections along the antero-posterior axis as described in the Quantitative
analysis section. Data are represented for each segmented neocortex as Mean+/−SD
of all the values calculated along the longitudinal axis (see also supplementary material
S4 and Table S1 for the complete data). Each symbol represents a segmented region
corresponding to the left (empty symbols) or right neocortex (filled symbols). Blue
symbols correspond to males and red symbols to females. B — The diameter of each
segmented amyloid plaque was determined for each animal on the whole segmented
volume and is depicted by size classes from b20 μm to >50 μm. Data are represented
relative to the total number of plaques at each age of analysis as Mean+/−SD. At
12 weeks of age, only one brain was scanned and is just shown for comparison
(12 weeks, n=1; 19 weeks, n=4; 39 weeks, n=3; 70 weeks, n=3).
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can accurately measure amyloid plaques larger than 20 μm in diameter
over the entire brain, even though plaques are detectable below this
limit. This limit falls to 10 μmwhen using local DPC tomography. There-
fore, by using local DPC tomography, one can already measure the size
distribution of the majority of plaques and even visualize plaque sub-
structure.

In summary, we present the first imaging technique that produces
images with a sufficient signal-to-noise ratio for automated segmen-
tation of amyloid plaques and a resolution high enough to assess their
size distribution. The segmentation routine used in the present study
did not involve the intervention of a trained operator, and the thresh-
old fluctuations naturally lead to an error estimate for the plaque
parameters.

Currently, recording one complete tomogramat a voxel size of 7.4 μm
requires 80 min, resulting in the deposition of roughly 3×104 Gy of total
radiation dose. Such doses are not compatible with in vivo applications,
and are a consequence of the high resolution of the measurements. A
general relationship between dose and resolution for DPC is difficult
to establish, because of the completely different noise properties of
phase contrast images compared to classical absorption tomography
(Koehler et al., 2011; Raupach and Flohr, 2011). In the latter case, the
dose scales with the 4th power of the required resolution when the
signal-to-noise ratio is kept constant (Bonse and Busch, 1996). The
problem of ‘mixed voxels’, i.e. when an object occupies only part of a
voxel, plays an even more important role in DPC imaging, since in the
extreme case where an object is completely contained in one pixel,
the fringe phase valuewill average to zerowithin that pixel and the ob-
ject would not be detected.

Nevertheless, several modifications in the method in order to de-
crease the time of exposure and therefore the dose received by the
tissue are under development. For instance, in this work, we used a
phase stepping approach with 8 phase steps to extract the refraction
information. Therefore, the sample was exposed 8 times for one an-
gular step. It has been shown recently that an alternative method
with only two projections per angular step was possible (Zhu et al.,
2010). This would decrease the exposure time by a factor of 4. Another
line of research towards faster tomography is to use fast and more effi-
cient detectors to reduce the exposure time of each single acquisition.
Absorption tomography in the range of 1 s, with exposure times on
the order of milliseconds, has been already demonstrated (Mokso et
al., 2010). Other technical modifications such as improving the effi-
ciency of the scintillator could also decrease the deposited dose on
the specimen, but further investigations are necessary to determine
the impact of these modifications on the imaging capacities of our
setup. By far the most promising approach to reduce the dose would
be to use higher X-ray energies (100 keV or higher). Higher energies
could also possibly solve another issue specific to brain imaging, the
significant interaction of X-ray radiation with the skull. The problem
is that the high sensitivity of the setup required to detect minute dif-
ferences in electron density within the brain is not compatible with
the high phase contrast of the skull, which introduces severe phase
wrapping artifacts. In addition, the strong absorption of the skull de-
creases the signal to noise ratio (Revol et al., 2010) inside the brain
region to a level where interpretation becomes unfeasible. The major
challenge for going to higher energies is the fabrication of reliable ab-
sorption gratings that block high energy photons. So far, this technique
is not applicable to in vivo studies, but there is high potential to reduce
the deposited dose from X-ray radiation.

In themeantime, this technique is already useful to the neuroscience
community by facilitating the analysis of the amyloid plaque load in an
AD transgenic mouse brain ex vivo. The relatively short measurement
time together with the ease of sample preparation and segmentation
allows for large studies with a statistically relevant number of samples.
One possible application for this setup would be to facilitate the valida-
tion of new PET-scan biomarkers or other imaging methods aiming at
visualizing amyloid plaques in vivo. Indeed, their validation requires a
comparative histological study that involves time-consuming histolog-
ical sectioning and staining of amyloid plaques as well as complex 2D/
3D registration to compare both images. The setup presented here gen-
erates high-resolution isotropic 3D images of a whole mouse brain, on
which the large majority of amyloid plaques can be detected and
segmented automatically, facilitating multimodal comparison. Further-
more, the surrounding brain anatomical structures are clearly visible
with this technique, allowing the fine segmentation of small regions of
interest that could be helpful for generating precise masks for atlas
based segmentation of brain structures in mice (Bae et al., 2009; Ma et
al., 2008). Finally, the possibility to further increase the resolution in
defined brain areas opens new possibilities to assess morphological
changes in the small brain structures in pathological conditions.
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