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Abstract

Our understanding of early development in Alzheimer's disease (AD) is clouded by the scale at 

which the disease progresses; amyloid beta (Aβ) plaques, a hallmark feature of AD, are small 

(∼50 μm) and low contrast in diagnostic clinical imaging techniques. Diffraction enhanced 

imaging (DEI), a phase contrast x-ray imaging technique, has greater soft tissue contrast than 

conventional radiography and generates higher resolution images than magnetic resonance 

microimaging. Thus, in this proof of principle study, DEI in micro-CT mode was performed on 

the brains of AD-model mice to determine if DEI can visualize Aβ plaques. Results revealed small 

nodules in the cortex and hippocampus of the brain. Histology confirmed that the features seen in 

the DEI images of the brain were Aβ plaques. Several anatomical structures, including 

hippocampal subregions and white matter tracks, were also observed. Thus, DEI has strong 

promise in early diagnosis of AD, as well as general studies of the mouse brain.

Introduction

Since Alois Alzheimer's discovery of what is now called Alzheimer's disease (AD), it has 

been known that plaques in the affected brain are a hallmark of the AD diagnosis. In the 

mid-1980s, (Glenner and Wong 1984) found that these plaques were composed of clumped 

together fibrils of amyloid β protein (Aβ), a peptide product of the amyloid precursor 

protein. Not long afterwards, (Hardy and Higgins 1992) published their amyloid cascade 

hypothesis, which states that Aβ proteins are the “causative agent of Alzheimer's pathology” 

and thus an underlying cause of the deleterious effects of AD. If the amyloid hypothesis is 

correct, then drugs designed to remove the Aβ protein and the associated plaques might cure 
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the disease. Thus AD drug development efforts focus on removing the Aβ protein. In order 

to test the effectiveness of any AD therapy aimed at decreasing the Aβ-plaque load in the 

brain, it becomes imperative to have a non-invasive, safe, and cost-effective imaging method 

to track Aβ protein and the number and size of the Aβ plaques within the brain.

Direct tracking of Aβ plaques is a nontrivial task since the individual plaques are both small 

(5–200 μm) (Esiri et al., 1997) and of low inherent contrast in CT and MRI, and much 

smaller than the resolution limits of nuclear medicine modalities. Initial efforts of medical 

imaging research associated with AD have focused on the measurement of gross structural 

changes that occur in AD, including hippocampal atrophy (Jack et al., 1999). Currently, only 

MRI, CT, and FDG PET are in routine clinical use for imaging AD patients (DeKosky and 

Marek, 2003; Petrella et al., 2003), primarily to rule out other possible causes of dementia. 

Neither modality presently has the combined spatial and contrast resolution necessary to 

image individual Aβ plaques in the live human brain. Within the last decade, radioligands 

have been developed to specifically target Aβ within the brain and are used with PET 

imaging for visualization of the precipitated amyloid plaque load (DeKosky and Marek, 

2003; Nichols et al., 2006; Nordberg, 2004; Petrella et al., 2003). These have shown great 

promise and will likely play a pivotal role in the clinical assessment of AD, assessment of 

Aβ protein and/or plaque load, and drug efficacy in the future. However, although PET can 

see the plaques' signature, it cannot provide the spatial resolution to visualize or give the 

properties of individual Aβ plaques, and thus only provides a measure of the precipitated 

bulk amount of Aβ in a given brain region.

Several prongs of AD imaging research are underway using MRI. Magnetic resonance 

spectroscopy (Jessen et al., 2000) provides an indirect measure of the bulk local amyloid 

load, but cannot visualize or determine properties of individual plaques. Very high field (7 T 

and greater) research MRI systems have shown the ability to visualize individual plaques in 

transgenic mice both ex vivo (minimum reported plaque size imaged of about 20 μm) 

(Benveniste et al., 1999; Braakman et al., 2006; Jack et al., 2004) and in vivo (minimum 

reported plaque size image of 35 μm) (Braakman et al., 2006; Jack et al., 2005, 2007). MRI 

visualizes Aβ plaques in the brain tissue because their T2- and T2*-weighted tissue contrast 

is different than the surrounding tissue (Benveniste et al., 1999). The exact physico-chemical 

property of the Aβ plaques which causes T2- or T2* contrast changes is at present unknown. 

It is also important to point out that the T2- or T2* contrast change associated with Aβ 

plaques is not diagnostic per se because it also occurs in a wide range of other pathological 

processes (e.g. hemorrhages, inflammation, and ischemia).

Recently, major research efforts have focused on phase contrast x-ray imaging because of its 

superiority compared to conventional x-ray imaging, especially for soft-tissue imaging 

applications (Arfelli et al., 1998; Lewis, 2004; Pagot et al., 2005; Wilkins et al., 1996). 

Propagation-based phase contrast imaging is based on variations in the phase of the 

transmitted x-ray beam caused by the variations in the electron density in the sample. The 

resulting contrast is proportional to the second derivative of the phase of the transmitted x-

rays. We note that this effect is closely related to the refractive index effect measured by 

DEI because image contrast in both is related to the real component of the index of 

refraction, as described below. To date, the only published phase contrast x-ray imaging 
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study related to AD showed that propagation-based phase contrast imaging is capable of 

both visualizing individual Aβ plaques and of measuring their mass density ex vivo (Noda-

Saita et al., 2006).

Diffraction enhanced imaging (DEI), sometimes referred to as analyzer-based imaging, is a 

type of phase contrast x-ray imaging in which an analyzer crystal is used to provide image 

contrast (Chapman et al., 1997). In DEI, a monochromatic synchrotron beam is incident 

upon a sample. Variations in the real component of the index of refraction within the sample 

lead to refraction of the transmitted x-ray beam. An analyzer crystal is placed between the 

sample and the detector. The analyzer crystal has a reflectivity profile, or rocking curve, that 

has a peak close to unity at the Bragg angle for the particular energy and crystal reflection. 

Analyzer reflectivity drops to nearly zero within a few microradians. The steep slope of the 

reflectivity profile converts angular changes in the transmitted beam into intensity changes 

in the image. DEI has been shown to have significant contrast-to-noise ratio gains over 

conventional mammography in both planar (Pisano et al., 2000) and CT modes (Fiedler et 

al., 2004). Furthermore, (Muehleman et al. 2004) have shown that DEI is capable of 

resolving micron-sized soft tissue structures within cartilage. At present, there are no 

published studies on the use of DEI to image Aβ plaques.

Because DEI can image soft tissue features at a very high spatial resolution, the hypothesis 

to be tested here is that DEI, applied in the micro-CT mode (DECT), can both visualize 

individual Aβ plaques and determine the mass density of each individual plaque in a 

transgenic mouse brain.

Materials and methods

Specimen preparation

Formalin-fixed brains excised from the skull of a 6-month-old 

B6C3Tg(APPswe,PSEN1dE9)85Dbo/J transgenic mouse (Jankowsky et al., 2004) (Jackson 

Laboratory, Bar Harbor, Maine) and an age-matched wild-type mouse were used. The wild-

type mouse was a non-carrier mouse from the same colony as the transgenic mouse. Both 

animals were perfused with PBS and paraformaldehyde prior to fixation. The mouse brains 

were positioned with minimal external compression in a water-filled acrylic tube (12 mm 

inner diameter and 1 mm wall thickness) that was placed on top of a rotation stage 

(D-83253, Huber, Rimsting, Germany). The brain was oriented in the container so that the 

sagittal plane was parallel to the plane of the x-ray beam.

DECT data acquisition

A diagram of the experimental setup for DEI at the National Synchrotron Light Source 

(NSLS; Brookhaven National Laboratory, Upton, NY, USA) is shown in Fig. 1 (Zhong et 

al., 2000). The monochromator and analyzer crystals were aligned to the 20 keV silicon 

[333] reflection. The height of the x-ray beam was 3 mm and the width was about 36 mm. 

The digital detector (X-ray Imager VHR 1:1, Photonic Science Limited, UK) has a 36 by 24 

mm field of view and a 9 μm pixel size. The rotation stage and sample holder were placed 

on top of a kinematic mount. Before beginning data acquisition, the detector was leveled 
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with respect to the incoming x-ray beam and then the rotation stage was leveled with respect 

to the detector.

In order to obtain the DECT data sets, images were obtained on both the positive and 

negative sides of the rocking curve. A total of 2000 images were acquired at both the +1.2 

and −1.2 μ radian points on the reflectivity profile (roughly the half reflectivity points), in 

addition 50 dark images and 100 air images were acquired for each of the analyzer crystal 

positions. The images were taken in 0.18° increments over 360°. The acquisition time was 1 

s per projection image. The dark images were acquired with the shutter closed, thus with no 

incident beam on the detector. The air images were acquired by lowering the sample out of 

the beam and imaging only the air. The average total absorbed dose within the brain was 28 

Gy. The brain height was greater than that of the beam, thus the rotation stage was raised in 

2.8 mm increments after acquisition of each of CT projections until the full brain was 

imaged.

Image reconstruction

After air and background corrections, the data from the opposite sides of the reflectivity 

profile were then combined according to Chapman's DEI refraction equation (Chapman et 

al., 1997):

(1)

where Δθz is the total up-down angular deviation of the beam, IH and IL are the measured 

intensity on the positive and negative side of the reflectivity profile, respectively, and R is 

the reflectivity of the analyzer crystal as a function of the detuning angle θ (that is the 

deviation from the Bragg peak). The planar refraction images then served as the projection 

images for the refraction DECT image reconstruction (Dilmanian et al., 2000). Images were 

reconstructed using filtered backprojection. The reconstructed image sets were combined to 

form a volumetric data set of the brain. The volumetric data set represents a map of the z-

gradient of the index of refraction. From this volumetric data, planar images were generated 

along the vertical plane, perpendicular to the plane of the x-ray beam, thereby generating 

coronal sections of the brains. For each image, each set of seven adjacent coronal slices were 

averaged together; thus the resulting voxels had an in-plane size of 9 by 9 μm and an out-of-

plane size of 63 μm.

Immunocytochemistry

Brains were blocked posterior to the hypothalamus, the left hemispheres were marked with 

subcortically placed artifacts, and the tissue was coronally sectioned on a freezing 

microtome (40 μm). Separate rostrocaudal series of sections from each animal were then 

immunoreacted using a monoclonal antibody recognizing the mouse beta amyloid protein 

(the generous gift from Dr. William Van Nostrand, Department of Infectious Diseases, 

Stony Brook University). In preparation, endogenous peroxidase was eliminated by 

incubating the sections in 1% H2O2 (45 min). Afterward, the sections rinsed repeatedly in 50 
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mM Tris buffered saline (TBS), pH 7.4. Next, the sections were placed in a blocking 

solution (50 mM TBS containing 10% normal swine serum—NSS) for 2 h, prior to 

incubation in anti-beta amyloid antibody (2–3 days, diluted 1:500 in TBS containing 1% 

NSS, 4 °C). The tissue sections were then rinsed in TBS, incubated in biotinylated 

secondary antibodies (Vector, Burlingame, CA., 2 h, room temperature, working dilution 

1:100), additionally rinsed in TBS, and then were placed in avidin–biotin-complexed 

horseradish peroxidase (ABC, Vector, 2 h, room temperature). After this step, sections were 

rinsed in Tris buffer, pH 7.6, and reacted using 0.07% 3,3′-diaminobenzidine (DAB, brown 

reaction product) as chromagen. As a control, immunocytochemical labeling was carried out 

on representative sections with the omission of primary antisera. Brightfield, low power 

histology images were obtained using a Zeiss Stemi 2000 dissecting scope interfaced with a 

Zeiss Axiocam (B/W digital camera) and Axiovision acquisition software; the magnification 

is 8×; the digital image was converted to a Tiff file and adjusted for contrast and brightness 

only.

Determining plaque size, number density, and physical density

From the coronal slice refraction DECT images the plaque sizes, contrast-to-noise ratio, and 

density were measured for different plaques (n = 100). The plaque sizes were determined 

using a line profile through a plaque by measuring the distance between the peak (upward 

refraction) and trough (downward refraction) of the refraction signal. The contrast-to-noise 

ratio was found according to Eq. [2],

(2)

where ∂n/∂zmax,min are the maximum and minimum values of z-gradient of the index of 

refraction through the plaque and σ is the standard deviation of a feature-free region of the 

image.

The number density of the plaques was measured in the cortex region of the brain. To do 

this, a DECT slice image was opened in the NIH Image program (developed at the U.S. 

National Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-

image/). The freehand selection tool was used to outline the cortex and measure the cortex 

size. Within the image, each of the plaques was marked and counted. In order to ensure that 

only plaques were counted, and not blood vessels, the DECT slice image was compared to 

adjacent slice images; if the feature seen in the slice image was a blood vessel, then it will be 

apparent upon looking at the adjacent slices since blood vessels are tube-like structures 

whereas plaques are more spherical. The plaque density was then calculated according to 

Eq. [3],

(3)

where ρ is the number density of the plaques in the cortex, n is the number of plaques 

counted, A is the cortex area in the slice, and t is the slice thickness. This procedure was 
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repeated for five additional slices. The mean and the standard deviation of the number 

density of the plaques were determined.

To determine the mass density of the plaques relative to the surrounding brain tissue, first 

the refraction signal from an interface between two materials of known density (air and 

water) was found. This was done through measuring the ∂n/∂z maxima and minima on a line 

profile through an air bubble of similar size to the plaques. Since Δρ at the water–air bubble 

interface is known (1 g/cm3) and because Δρ is proportional to Δn, Δρ of the brain–plaque 

interface, and thus the mass density of the plaques, can be determined through measuring the 

refraction amount relative to the refraction amount at the air–water interface. Plaques from 

the cortex region from four slices were analyzed and the mean and standard deviation of Δρ 

were determined.

Results

AD-model and wild-type comparison

The volumetric refraction DECT data from the AD-model mouse brain were compared to 

the DECT data for a wild-type mouse brain. Such a comparison for coronal slice images is 

presented in Fig. 2. Both images show a detailed view of the anatomical structure. Fig. 2a 

includes labeling of the anatomical structures in the wild-type brain. In addition to revealing 

ventricular spaces, the contrast that is achieved between regions of gray and white matter 

enables a clear delineation of fiber tracts, including the large corpus callosum, fasciculus 

retroflexus and cerebral peduncles. These, as well as smaller tracts and white matter-

enriched laminae that are also visible, create outlines that enable identification of discrete 

gray matter structures. The cerebral cortex, the cornu ammonis (CA) fields of the 

hippocampus, the dentate gyrus, and several individual nuclei of the thalamus can be seen 

(surrounded by the external medullary lamina and the medial lemniscus of the thalamus). 

Supplemental Figs. 1 and 2 present refraction DECT videos of coronal sections through the 

full wild-type and AD-model mouse brains, respectively.

In the AD-model brain, small nodules can be seen throughout the cerebral cortical mantle 

and within the hippocampus. The DEI contrast of the nodules is white over black meaning 

that the nodules are denser than the surrounding tissue. These nodules occupy regions where 

Aβ plaques are typically concentrated and are not visible in the WT mouse brain. Figs. 2b 

and e show the zoomed-in views of corresponding regions of the cortex of the WT and AD-

model mouse brains. The WT brain is noticeably smoother than the AD-model brain. The 

same is true for Fig. 2c and f that display a zoomed-in view of the hippocampus region of 

the two brain types.

Comparison of AD-model to histology

After imaging was completed, the AD-model mouse brain was sectioned and 

immunostained for comparison with the DECT data. Fig. 3 shows the image of an 

immunostained histology coronal section from the AD-model mouse brain along with its 

corresponding DECT slice image. Plaques can be clearly seen throughout the cortex and 

hippocampus regions of the histology image, just as the nodules can be seen in the DECT 
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image. The zoomed-in images of the histology and DECT image are displayed in Figs. 3b 

and d. Within the zoomed-in region, there is a near one-to-one correspondence between the 

nodules in the DECT image and the plaques in the histology image (as pointed out by the 

arrows in Figs. 3b and d). Because of the steps involved in generating an immunostained 

histology slice, it is not feasible to generate a slice image that fully corresponds between 

histology and DECT; the freezing, slicing and staining processes lead to distortions and 

warping of the brain, making it impossible to generate fully corresponding images. Thus, it 

is only feasible to have correspondence over small regions of the images. The usefulness of 

image comparison lies both in large-scale correspondence or global values of plaque 

locations, sizes, and number densities, and in small-scale correspondence over a small image 

region.

From the histology, the plaques averaged 52±18 μm (mean± standard deviation) in diameter. 

From the DECT images, the plaques averaged 44±13 μm in diameter. The difference can be 

explained as follows. Plaques have a dense core consisting primarily of the Aβ protein and a 

loosely packed external region Aβ and other associated proteins (Noda-Saita et al., 2006). 

Since DEI is sensitive to changes in local density, it is expected that it would be less 

sensitive to the loosely packed external region and more sensitive to the denser central 

region. Thus, one would expect the average plaque size as measured by DEI to be smaller 

than that measured through histology.

From histology, the number density of the plaques (defined as the number of plaques per 

unit volume) in the cortex was 87 plaques/mm3 in the displayed slice. The corresponding 

cortex plaque number density from the displayed DECT slice image was 80 plaques/mm3. 

There was some variation in the number density of plaques in the cortex region from slice to 

slice in the DECT slices. For example the plaque density in five randomly selected DECT 

slice images, averaged 69±8 plaques/mm3 with a range from 58 to 80 plaques/mm3. Because 

of the substantial variation in the number density of plaques in the cortex region as measured 

from several different DECT refraction slice images, and because it was not possible to fully 

align the slice image from the 3D DECT refraction data to the histological slice image, it is 

fair to say that the number density of plaques as measured with DECT agrees with the 

measured number density as measured from histology. The plaques seen in the histology 

image are primarily neuritic, dense core plaques. Because the plaque counts in histology and 

DECT are similar, DECT is visualizing neuritic, dense core plaques.

Properties of plaques from refraction DECT

Averaging over five DECT slice images, the cortical plaque number density was 69 ±8 

plaques/mm3, and thus the Aβ plaques take up 0.29 ± 0.04% of the brain's cortical volume. 

The contrast-to-noise ratio (CNR) of the plaques was 9±2 and ranged from 5 to 12. The 

relative difference in physical density (defined as the mass per unit volume) between the 

plaques and the surrounding brain tissue, Δρ was measured to be + 21 ± 4 mg/cm3 and 

ranged in Δρ from +13 to + 31 mg/cm3. It is unlikely that iron concentration in the plaque 

substantially contributes to the contrast. In order for a feature to be visible with DECT, it 

must have a measurable difference in density from the surrounding material. Iron content 

within plaques is responsible for a density increase of 0.006% within the plaque (relative to 
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the surrounding tissue) (Lovell et al., 1998), which is far below the observed 2% density 

difference recorded here.

Discussion

Our primary finding in this technology-driven, proof of principle study is that DECT-based 

x-ray imaging can be used, without histological sectioning, to visualize a wide range of 

anatomical substructures within the mouse's brain without the use of a contrast agent. 

Specifically we show that, in a whole mouse brain, and without the use of contrast agents, 

DECT resolves Aβ plaques below 30 μm in diameter that vary in density by ∼2% from the 

surrounding brain tissue. This is an important and promising result because it is well 

accepted that all x-ray approaches (e.g. micro-CT) are incapable of visualizing anatomical 

structures within the rodent brain without the use of contrast agents.

Because of DECT's ability to generate soft tissue contrast, the images are more similar in 

appearance to high resolution magnetic resonance imaging (referred to as magnetic 

resonance microscopy or MRM) (Benveniste et al., 2000) than to standard micro-CT. 

Supplemental Fig. 3 presents coronal section video comparison between the refraction 

DECT of the wild-type mouse brain and in vitro, high field (17.6 T) MRM T2* images from 

the 3-D MRI digital atlas database of an adult C57BL/6J mouse brain (Ma et al., 2005, 

2008). MRM has been used to create rodent brain atlases in vivo (Bock et al., 2006) and in 

vitro (Ma et al., 2005) because of its excellent tissue contrast and its spatial resolution (in the 

range of 20–40 μm3). The MRM brain atlases can therefore be used to define and display 

substructures in all dimensions and used to quantify, map, and display a variety of data (Ma 

et al., 2005). Our work presented here shows that DECT also has the potential to display 

mouse brain anatomy with high anatomical accuracy. For example, on the DECT images we 

were able to easily identify at least ten different brain regions at the level of the ventral 

hippocampus alone. Considering that DEI has a theoretical maximum resolution of about 2 

μm, it is possible that DEI can be used to create rodent brain atlases with higher spatial 

resolution compared to atlases created by MRM.

DEI has unique and unexplored image contrast for brain tissue. We are planning to further 

explore this potential of DEI in studies focused on visualizing mouse brain anatomy in 

normal and transgenic mouse models of AD in vivo using DEI. This is a complicated task 

because the subtle contrast of the plaques is obfuscated by CT artifacts generated at the 

skull–brain interface. Because the skull causes the attenuation, extinction, and refraction of 

x-rays, and all to a much greater extent than the surrounding tissue, reconstruction artifacts 

are generated by the skull. DEI has two major advantages over propagation-based phase 

contrast for achieving the goal of imaging through the skull. First, for a given energy, DEI 

has greater contrast than propagation-based imaging (Pagot et al., 2005). Second, DEI's 

contrast is inversely proportional to the x-ray energy (Chapman et al., 1997; Zhong et al., 

2000), whereas propagation-based phase contrast has inverse squared relationship with 

energy (Pagot et al., 2005). Thus, it is possible to use higher energy x-rays in order to reduce 

attenuation from the skull, while still being able to resolve individual plaques. Initial studies 

have shown that the hippocampus/cortex interface can be visualized with DECT when 

Connor et al. Page 8

Neuroimage. Author manuscript; available in PMC 2015 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



imaging through the skull (Connor et al., 2007), but in vivo studies with living transgenic 

mice have yet to be performed.

For this study, the limiting factor for minimum resolvable plaque size was the detector, 

which has a pixel size of 9 μm. DECT has a theoretical lower limit for resolution of around 2 

μm, thus DECT should be able to resolve even the smallest neuritic plaques (5 μm). Further 

future studies will focus on high contrast and high resolution (<5 μm) DECT of whole, 

excised brains. This technique has the advantage of requiring minimal processing of the 

brain prior to imaging; several of the intervening steps required for histological sectioning 

can be removed.

The resolution, and thus high dose, required for imaging individual plaques makes it 

unlikely that DECT can be used for resolving individual, developing plaques in vivo in 

humans. Lower dose planar DEI can yielda measure of relative plaque load. When DEI is 

performed with the analyzer on the peak of the rocking curve, the net angular deviation of 

the beam by the plaques leads to a reduction of x-ray intensity (extinction contrast); this 

gives a macroscopic measurement of the average Aβ plaque load within the brain. In future 

studies, we will measure the extinction contrast as a function of Aβ plaque load.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Diagram of the DEI experimental setup at beamline X15A at the NSLS.
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Fig. 2. 
Comparison between DECT slice images of the wild-type (a) and transgenic mouse (d) both 

taken with an in-plane size of 9 by 9 μm and an out-of-plane size of 63 μm. Several 

anatomical features are labeled in the wild-type brain including the cortex (CX), the CA 

fields in the hippocampus (CA), the corpus collosum (CC), the dentate gyrus (DG), the 

external medullary lamina of the thalamus (EM), the dorsal and ventral parts of the lateral 

geniculate nuclei of the thalamus (LGd, LGv), the fasciculus retroflexus (FR), the medial 

lemniscus (ML), the cerebral peduncles (CP) and ventricular spaces (V). The black x's 

demark image artifacts. Images (b) and (c) are zoomed-in views from the wild-type brain; 

images (e) and (f) are zoomed-in views of the corresponding region of the transgenic mouse 

brain. White arrows are used to demark blood vessels, while black arrows are used to 

demark nodules.
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Fig. 3. 
Slice images of the brain of a transgenic mouse obtained through histology (a) and the 

corresponding brain region imaged with DECT (c). Zoomed-in views of the boxed regions 

of (a) and (c) are presented in (b) and (d), respectively. The numbered arrows point to 

plaques [in (b)] and nodules [in (d)].
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