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Images of terrestrial and marine invertebrates (snails and bivalves) have been obtained by using an
X-ray phase-contrast imaging technique, namely, synchrotron-based diffraction-enhanced imaging.
Synchrotron X-rays of 20, 30 and 40 keV were used, which penetrate deep enough into animal soft
tissues. The phase of X-ray photons shifts slightly as they traverse an object, such as animal soft tissue,
and interact with its atoms. Biological features, such as shell morphology and animal physiology, have
been visualized. The contrast of the images obtained at 40 keV is the best. This optimum energy
provided a clear view of the internal structural organization of the soft tissue with better contrast.
The contrast is higher at edges of internal soft-tissue structures. The image improvements achieved
with the diffraction-enhanced imaging technique are due to extinction, i.e., elimination of ultra-small-
angle scattering. They enabled us to identify a few embedded internal shell features, such as the origin
of the apex, which is the firmly attached region of the soft tissue connecting the umbilicus to the
external morphology. Diffraction-enhanced imaging can provide high-quality images of soft tissues

valuable for biology.

© 2010 Elsevier Ltd. All rights reserved.

1. Motivation

In studies of the structural organization of terrestrial and
marine invertebrates, such as snails and bivalves, it is important
to visualize organs and complex internal features. The organisms
of these groups are excellent models useful for better under-
standing of living systems. It is difficult to obtain high-contrast
X-ray images of the soft tissues of these organisms with
conventional methods because the X-ray absorption coefficients
of the light elements, which constitute the soft tissues, are small.
As a result, the soft tissues are relatively transparent for X-rays,
and the contrast is poor. The problem of insufficient contrast
of soft tissues is typically overcome by using lower-energy
X-rays, but, because of the dense outer shell, this is not a feasible
solution for imaging of such objects. The contrast in X-ray images
of soft tissues can also be improved by effective monochromati-
zation. Such monochromatization is provided, in particular, in
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synchrotron-based diffraction-enhanced imaging, one of the
X-ray phase-contrast imaging techniques.

Synchrotron sources provide beams with intensities of many
orders of magnitude higher than the intensities of X-rays from
conventional X-ray tubes. Synchrotron radiation is characterized
by high collimation (small angular divergence of the beam), low
emittance (the product of source cross-section and solid angle of
emission is small), wide range of energies/wavelengths available
with monochromatization (from below 1 eV up to several MeV),
high level of polarization (linear or elliptical), and pulsed light
emission (pulse durations at or below 1 ns). The combination of
the high flux and low divergence achievable with synchrotron
sources was crucial to the great success of experiments in
synchrotron-based soft-tissue X-ray imaging. Due to the high
intensity of synchrotron beams, the flux of photons transmitted
through the sample is much higher than in the case of an X-ray
tube source, and the produced images have better contrast (Rao
et al., 2003a).

2. Diffraction-enhanced imaging

The behavior of X-rays traversing a sample can be described
with a complex index of refraction, just like in the conventional
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optics. In the X-ray region, the index of refraction n deviates from
unity only slightly and can be expressed as 1—0J—if5, where
describes the absorption of X-rays and the phase-shift term o
represents refractive effects.

Diffraction-enhanced imaging derives contrast from absorp-
tion, refraction and extinction. The real and imaginary parts of the
refractive indices are responsible for the phase shifts and
absorption resulting in enhanced contrast imaging. For biological
samples, the real part is up to 1000 times greater than the
imaginary part, which makes phase-sensitive imaging techniques
more effective than conventional methods. Important advantages
of X-ray refraction over X-ray absorption were found recently in
some imaging applications. Refraction provides one-to-two orders
of magnitude higher sensitivity, particularly in the case of
biological and other low-Z materials. Diffraction-enhanced ima-
ging technique with highly collimated synchrotron X-rays takes
advantage of these refraction properties to differentiate between
similar biological soft tissues (Fitzgerald, 2000; Wilkins et al.,
1996).

Diffraction-enhanced X-ray imaging (DEI) makes use of the
combination of absorption, refraction and scatter rejection, which
enables one to visualize small differences in tissue densities with
X-rays (Chapman et al., 1997). This new X-ray imaging technology
implemented at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory (USA) is able to visualize breast
tissue and other similar biological tissues (Zhong et al., 1997;
Chapman et al., 1998; Muehleman et al., 2003; Oltulu et al., 2003;
Li. et al., 2003; Lewis et al., 2003; Kiss et al., 2004).

High-intensity synchrotron X-rays are presently finding many
applications, and techniques are being rapidly developed that can
detect X-ray phase shifts within soft tissues. DEI was used to

= | Origin of the apex

Fig. 1. (a) A round snail (local name Monzette), 20 mm in diameter, (b) and (c) two
snails of type Helix aspersa, diameters 20 and 10 mm.

image rat bone and lumber vertebra (Rao et.al., 2005), rat spine
(Kelly et al., 2006), cartilage damage (Muehleman et al., 2006a),
effects of ophthalmic diseases (Antunes et al., 2006)) and
controlled defects within bone, including bone-metal gaps
(Connor et al., 2006). There are also publications on using wide-
beam source in DEI (Kim et al., 2006), mass density imaging
(Wernick et al., 2006), multiple-image radiography (Khelashvili
et al., 2006; Brankov et al., 2006; Muehleman et al., 2006b; Chou
et al., 2007), compositional images (Hasnah et al., 2007), images of
seeds (Young et al.,, 2007) and images of biological soft tissues
(Rao et al.,, 2007). In the last few years, the diffraction-enhanced
imaging system at NSLS beamline X15A was upgraded with new
optics, electronics, mechanics and software. The quality of images
of phantoms and real biological samples has been steadily
improving (Hasnah and Chapman, 2008; Kelly et al., 2007). These
studies suggest that diffraction-enhanced imaging is a potent,
valuable and reliable tool for studying the refraction and
scattering properties of objects. Furthermore, because relatively
high-energy X-rays are used, X-ray absorption is weak, and the
resulted radiation damage is small.

Fig. 3. Experimental setup. Samples are fixed in the middle of the Perspex
containers with water.
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Fig. 2. Synchrotron radiography and DEI system, with the associated electronics, used for the acquisition of the images at X-15 A, NSLS, BNL, USA.
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2.1. Specimens

Fresh samples of terrestrial (snails) and marine (bivalves)
invertebrates of various sizes, which contained considerable
amounts of biological soft tissue, were collected in winter before
spawning to maximize the biomass. The samples were packed in
Teflon containers and stored in cold water. Before the acquisition
of the images, they were checked for any leakage of the soft tissue
from the boundaries of the shells (Rao et al., 2003b). The soft
tissue goes out of the apex when the animal moves. The
movement of the animal was minimal because the sample was
in cold water. In addition, the water bath ensured a more uniform
distribution of the X-ray absorption in the sample and container.
Fig. 1 shows the shape of the samples used in the experiments.
Two snails (type Helix aspersa) of different diameters (10 and
20 mm) and a round snail (locally known as Monzette) of 20-mm
diameter were used. These snails had 5-10 mm of the embedded
soft tissue depending on the snail size.

3. Materials and methods

Details of the diffraction-enhanced imaging technology and
the associated instrumentation have been presented previously
(Zhong et al., 1997; Zhong et al., 2000). Fig. 2 shows a diagram of
the diffraction-enhanced imaging system used in our experiments
at the X15A beamline of NSLS. The highly collimated beam of
X-rays was produced by a Si(3 3 3) monochromator consisting of
two perfect silicon crystals. Once this beam passed through the

A

Void space

object, a third crystal (analyzer crystal) of the same reflection
index diffracted the X-rays onto a radiographic film (Kodak
Professional Industrie 150, Industrex SR45) or an image plate
detector (Fuji HRV image plate, read out by a Fuji BAS2500 image
plate reader). The distance between the X-ray source and the
specimen was approximately 20 m, while the distance between
the specimen and the X-ray film or the image plate detector was
1 m. The image of the object was produced by scanning the object
and X-ray film at the same speed through the fan beam in
approximately opposite directions to take account of the Bragg
reflection by the analyzer crystal. Due to the non-dispersive
nature of the crystals, the small Darwin width of the diffraction,
and the short distance between the sample and the detector, the
resolution of the image was limited by the resolution of the X-ray
film (50 pm).

The Bragg condition in the analyzer crystal is met only when
the incident beam makes the correct angle with the lattice planes
in the crystal specific for a given X-ray energy. When this is the
case, the beam diffracts from the planes over a narrow range of
incident angles. As the analyzer crystal is rotated about the
horizontal axis, the crystal will go through the Bragg condition for
diffraction, and the diffracted intensity will trace out a profile or a
rocking curve. The rocking curve of the analyzer in the protocol
described here is roughly triangular and has peak reflectivity close
to unity. The width of this profile is typically a few microradians
(the full width at half maximum is 1.5 prad at 40 keV and 3.6 prad
at 18 keV, if the Si(3 3 3) reflection is used). Due to this small
angular width, it is possible to analyze, on the microradian scale,
the angles of X-ray beams modified by the traversed object. As the
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Fig. 5. Diffraction-enhanced images of the bivalve at 30 keV with improved contrast at the beginning of the apex at different orientations of the sample. The void space

seen in images (a)-(c) and dense soft tissue seen in image (d).

Soft-tissue at optimum
energy

Dense soft-tissue with
improved contrast at
optimum energy

Fig. 6. Diffraction-enhanced images of a bivalve at 40 keV with improved contrast at the beginning of the apex (a) and boundaries (b).
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range of the angles that can be accepted by the analyzer crystal is
only a few microradians, the analyzer crystal detects the X-ray
scattering (ultra-small-angle scattering) and refraction of X-rays
from the object at the microradian level with angular sensitivity
unachievable in conventional radiography. In order to extract
refraction information, the analyzer crystal is typically set to the
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half-intensity points on the low- and high-angle sides of
the rocking curve (referred to as —1 and +1, respectively) or to
the points at the base of the rocking curve (referred to as —2 and
+2, respectively) for the low- and high-angle sides during image
acquisition. For optimal extinction (scatter rejection) sensitivity,
the analyzer crystal is typically set to the peak of the rocking

Intensity

a
10
04
2 0
)
£
T o4
02
00 !
-16 0 10
Analyzer Angle (micro-radians)
¢
10
0a
ol 1
9
-
—

£

02

Analyzer Angle (micro-radians)

Fig. 7. Rocking curves for bivalves at (a) 20 keV, (b) 30 keV and (c) 40 keV. The sharp peak is from air and the broadened ones are from the sample.
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curve. In addition, if two images are taken on the steepest slope of
the reflectivity, so-called absorption image and refraction image
can be calculated. Diffraction-enhanced imaging relies on images
recorded at well-known positions on the reflectivity curve of the
analyzer crystal.

The reproducibility of diffraction-enhanced images is provided
by checking the intensity of the X-rays diffracted by the analyzer
crystal just prior to imaging to make sure that the analyzer crystal
is in the prescribed angular position. Fig. 3 shows a diffraction-
enhanced imaging system with a sample. All specimens were
imaged in a medial-to-lateral direction at 20, 30 and 40 keV using
diffraction-enhanced imaging and conventional synchrotron
X-ray radiography with the analyzer crystal removed and the
object scanned through the monochromatic fan beam (at the
same X-ray energy and the same X-ray dose as in diffraction-
enhanced imaging).

Soft-tissue
distribution

Fig. 8. Diffraction-enhanced images of small snails of different shapes taken at
20 keV, focusing the apex. The orientation of the soft tissue is partially visible.

Void space towards
operculum

Soft-tissue distribution from
the origin of the apex towards
operculum

4. Results and discussion
4.1. Diffraction-enhanced image analysis

Bivalve diffraction-enhanced images acquired at 20, 30 and
40 keV are shown in Figs. 4-6. Figs. 4a and b show absorption and
refraction images of marine bivalves obtained at 20 keV. We used
a data set of 22 images obtained at various analyzer settings. The
images clearly depict anatomical features of the embedded soft
tissues and the void space adjacent to the external hard shell.
Figs. 5 and 6 show similar images obtained at 30 and 40 keV.

An analysis of these images in relation to their energies
prompted us to use contrast agents (such as water) for choosing
the optimal energy providing better visualization of the em-
bedded soft-tissue distribution within the shell. The contrast in
the diffraction-enhanced images (Figs. 5a-d) represents differ-
ences in intensity scattered at a particular angle. At 40 keV, we
acquired images at various orientations of the objects. The
contrast was considerably higher than in the images acquired at
20 and 30 keV. The diffraction-enhanced images show that the
bivalves are joined by a hinge along the length of the body on the
dorsal side. There was some decomposition of the soft tissue in
the process of image acquisition seen in the form of bubbles.
These shells have elastic ligaments (strips between the valves,
which prevent loss of biomass) (Fig. 6b).

Soft-tissue
distribution

Clearly visible soft tissue

Fig. 10. (a)-(d) same as in Fig. 8, but taken at 40 keV.
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The rocking curve of the analyzer crystal characterizes the
angular sensitivity of the diffraction-enhanced imaging system.
A rocking curve scan was performed with the beam across the
embedded soft tissue. A rocking curve is sensitive to the
microradian alterations in the direction of the incident beam
resulted from the changes in the refractive index within soft
tissues. In diffraction-enhanced imaging, two images at the
opposite sides of the rocking curve are combined on a pixel-by-
pixel basis to obtain a single image containing both the refraction
and the absorption information. Fig. 7 shows rocking curve of the
bivalves with the embedded biological soft tissue obtained at 20,
30 and 40keV through the specific regions of interest and
the peak position of the rocking curve. The sharp peak is the
analyzer’s rocking curve with the beam passing outside
the sample, through air. The other rocking curves are through
the shell, and they correspond to a typical region of the embedded
soft tissue, including the soft tissue within the two valves, i.e.,
front and back, and other body tissues. To account for the
absorption of X-rays, the rocking curves were normalized so that
the area under each rocking curve was equal to the integrated
reflectivity of the analyzer measured through the air. In the

Occupied area of the
soft-tissue

The body whorl and
penultimate

Origin of the soft-tissue
from apex

diffraction-enhanced peak image, the external shell and the soft
tissue are less dense, while the X-rays passing through the
external shell and the soft tissue are more intense. The
considerable contrast gain for external shell and the embedded
biological soft tissue reflect the sensitivity and soft-tissue
specificity of the diffraction-enhanced imaging system, which
are not typical of the conventional radiography.

Figs. 8-10 show the diffraction-enhanced images of a smaller
snail in the regions of apex, operculum and soft tissue, which
were obtained at 20, 30 and 40 keV. Figs. 10a-d demonstrate that
the contrast improves with increasing energy. At 40 keV, the
contrast and the visibility of the soft-tissue shape are reasonably
acceptable (Fig. 10d). Fig. 11 shows an image of a larger snail
obtained at 40 keV. The internal anatomical features are clearly
visible here, and the contrast is much better than in the images
obtained at the other energies. We have chosen this energy to
image the soft tissue without the shell. The magnified regions of
the diffraction-enhanced image with reliable diagnostic shell
features are shown in Fig. 11.

Fig. 12 shows a diffraction-enhanced image of the soft tissue in
water obtained at 20, 30 and 40 keV. Diffraction-enhanced images

Firm attachment of the soft-
tissue with operculum

Dense soft-tissue region
with firm attachment to the
umblicous

External morphology

A 4

Concentring
rings of growth

Fig. 11. Diffraction-enhanced image obtained at 40 keV, showing the anatomical architecture of apex and interior soft-tissue features with operculum attachment.

No leakage of the soft tissue from the boundaries.

a

Soft tissue towards the
operculum included the
animalfoot

1004.261.0010 rovs . 0010

Soft tissue at the origin
of the apex

Fig. 12. Diffraction-enhanced images of the soft tissue (taken from a larger snail) obtained in water at (a) 20 keV, (b) 30 keV and (c) 40 keV with improved contrast from

the origin of the apex towards operculum.
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obtained at the top of the rocking curve have contrast from ultra-
small-angle scattering, refraction and pure absorption. The
internal features are clearly visible in all these images, but
the contrast at 40 keV is higher. The 40-keV images provided
unique views (Fig. 12c) and demonstrated high sensitivity of the
method to low-absorbing structures, which normally produce
very poor contrast in conventional radiography. For example,
diffraction-enhanced imaging has visualized the attachment of
the soft tissue to the umblicuous, highlighting the barrier
between the soft tissue and the elastic strip. This became
possible as a result of studying factors affecting the contrast and
choosing optimal energy. With this method and optimal
parameters, weakly-attenuating soft tissue can be differentiated
from strongly-attenuating hard shell.

5. Conclusion

At the optimum energy, the morphogenetic features in the
external shell and certain features of the internal anatomy are
clearly visible. Further improvements of imaging of soft tissues of
these small animals will provide new information useful for
biology, paleontology and marine geology.
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