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Abstract

An analyzer-based X-ray phase-contrast imaging (ABI) setup has been mounted at the Brazilian Synchrotron Light Laboratory

(LNLS) for multiple imaging radiography (MIR) purposes. The algorithm employed for treating the MIR data collected at LNLS is

described, and its reliability in extracting the distinct types of contrast that can be obtained with MIR is demonstrated by analyzing a test

sample (thin polyamide wire). As a practical application, the possibility of studying ophthalmic tissues, corneal sequestra in this case, via

MIR is investigated.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phase-contrast X-ray imaging is a well-established
technique that has been employed in many fields of
knowledge, such as biology [1], materials science [2],
medical sciences [3,4], and archeology [5]. It reveals
structural details of the samples that are invisible to
conventional radiography. Several methods are reported in
the literature to acquire phase-contrast images: (1) X-ray
wave propagation method, which uses either monochro-
matic [2,6] or partially coherent polychromatic [7] X-ray
sources; (2) methods based on X-ray interferometry [8–10]
and (3) analyzer-based imaging (ABI) methods [11–15]
where the X-ray beam transmitted through the sample is
diffracted in a highly perfect crystal (known as the analyzer
crystal) prior to detection. Hence, ABI methods require
monochromatic and non-dispersive (+, �) [16] X-ray
beams instead of high-coherence sources.
e front matter r 2007 Elsevier B.V. All rights reserved.
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X-ray absorption, refraction, and ultra-small angle
scattering (USAXS) are the three main features resulting
from radiation–matter interaction processes to which ABI
methods are sensitive to. By rocking the analyzer crystal
through the Bragg diffraction condition, it is possible to
enhance selectively each one of these features, since they
occur at distinct angular ranges. However, their contribu-
tions in the acquired images of the diffracted beam still
appear overlapped, even at different angular positions of
the analyzer’s rocking curve (RC). To extract the exact
amount of absorption, refraction, and scattering taking
place as the beam crosses the sample, multiple images
acquired as a function of the RC angle are, therefore,
needed for further processing via deconvolution algo-
rithms. In high-flux synchrotron sources where several
images can be quickly recorded, a linear deconvolution
algorithm, known as the diffraction-enhanced imaging
(DEI), has been used in a geometric optics approximation,
where the intensity variation during the RC is considered
to be linear with the angular displacement of the beam
[15,17]. In other words, the line-profile function of the RC
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is taken by a triangular one. This linear behavior has
been replaced for more realistic ones in improved
versions of the DEI algorithms [18–21]. Moreover, even
more sophisticated algorithms for processing multiple
images from analyzer-based techniques have been
proposed by Nesterets et al. [22,23] and Pavlov et al. [24]
accounting for other minor details, such as phase
modulation due to objects, diffraction in all crystals
along the beam path, effects of wave propagation
in free space, polychromaticity of the source and its finite
size.

In the present work, the improved DEI algorithm
proposed by Rigon et al. [19] was implemented for
analyzing images collected at the Brazilian Synchrotron
Light Laboratory (LNLS). This algorithm requires only
three images to be taken at specific positions of the RC,
and this fact makes it very attractive for being used with
relative low-flux X-ray sources. Quantitative studies have
been carried out with a thin polyamide wire by comparing
measured and simulated images. Moreover, the algorithm
was also applied for treating images of corneal sequestra.
The possibilities of studying ophthalmic diseases related to
this particular tissue are discussed.

2. Experiment

ABI has been carried out with the experimental setup
schematized in Fig. 1, and characterized in details else-
where [25]. The non-dispersive four-crystal ABI setup [26]
consists of two symmetrical Si 333 channel-cuts, one as the
first crystal positioned prior to the sample and the other as
the analyzer crystal. Rotation of both channel-cuts are
motor controlled by a double-axis diffractometer of very
good thermo-mechanical stability and resolution of
0.3 mrad/step [27]. X-ray photon energy was set to
10.7 keV by a double-crystal Si 111 beamline monochro-
mator. Beamline mirrors and the sagital focusing mono-
chromator have been adjusted to aim, as much as possible,
a parallel beam in both vertical and horizontal scattering
planes; measured divergences in this near-parallel-beam
Fig. 1. (a) Non-dispersive (+, �) ABI setup at the XRD2 beamline at LNLS (1

1–3 where the images were acquired.
configuration were 40 and 600mrad, respectively. Beamsize,
at the sample position, is 0.7� 20mm2 (vertical� horizontal).
During image acquisition, coupled vertical translators scan
both sample and detector simultaneously in front of the
beam; the total scan range is 25mm. Conventional
synchrotron attenuation radiographs were taken with the
sample placed after the analyzer crystals and very close to
the CCD detector, which has 1242� 1152 pixels of
22.5� 22.5 mm2 each.

3. Quantitative studies

Fig. 1(b) shows the analyzer’s RC carried out before
placing the sample in between the two channel-cut crystals.
The three images necessary to use the deconvolution
algorithm [19] were taken at the positions indicated by
numbers 1 (slope minus), 2 (vicinity of the top), and 3
(slope plus) in Fig. 1(b). For quantitative studies, a
300-mm-thick polyamide wire has been used as a test
sample, and the set of multiple images collected at the
above mentioned positions is shown in Fig. 2(a)–(c), while,
for sake of comparison, the corresponding simulated
images are provided in Fig. 2(d)–(f).
Simulated images are obtained by a geometrical optics

approach within the plane wave approximation where the
incoming monochromatic beam is attenuated and refracted
by the sample; it is a procedure similar to that used by
Protopopov and Kalnov [28]. To predict the images at the
positions 1, 2, and 3 of the RC, its line-profile function is
taken into account by a Gaussian function of 7 mrad full-
width at half-maximum (FWHM). Hence, the theoretical
intensity at each pixel is predicted by the following
procedure: (1) the angular deviations of the beam on each
spatial position of the sample (corresponding to a pixel
size) are calculated by using the Snell law; (2) the computed
deflections in the beam directions are convoluted with the
Gaussian function; and (3) the final calculation is to
multiply these intensity values with the percentage of
attenuation (linear absorption) in each pixel of the image.
This simulation procedure was found to be suitable when
0.7 keV). (b) Analyzer Si 333 rocking curve (RC) and the angular positions
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Fig. 2. (a–c) Measured AB images of a polyamide wire acquired on the slope minus, vicinity of the top, and slope plus of the RC (positions 1, 2, and 3,

respectively, in Fig. 1(b)). (d–f) Simulated AB images of the same polyamide wire (300mm thick) for the same angular positions of the RC where the

measured ABIs were acquired.
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comparing the measured and simulated images, as shown
in Fig. 2.

To apply the improved DEI algorithm for treating each
set of three images, either experimental or simulated, values
of reflectivity, Ra (a ¼ 1, 2, and 3), as well as of their first
and second derivatives, _Ra and €Ra, at the RC positions
where the images were taken, are necessary. From the RC
in Fig. 1(b), we have that Ra ¼ [0.5 0.99 0.5], _Ra ¼

½0:85 � 0:38 � 0:85�, and €Ra ¼ ½0:054 � 3:19 0:054�.
With these values in hands, the intensities Ia at each pixel of
image a were processed in a MATLAB code, according to
the Rigon et al. equations [19]:

IA ¼
I1ð _R2

€R3 � €R2
_R3Þ � I2ð _R1

€R3 � €R1
_R3Þ þ I3ð _R1

€R2 � €R1
_R2Þ

R1ð _R2
€R3 � €R2

_R3Þ � R2ð _R1
€R3 � €R1

_R3Þ þ R3ð _R1
€R2 � €R1

_R2Þ
,

(1)

IR ¼ �
I1ðR2

€R3 � €R2R3Þ � I2ðR1
€R3 � €R1R3Þ þ I3ðR1

€R2 � €R1R2Þ

I1ð _R2
€R3 � €R2

_R3Þ � I2ð _R1
€R3 � €R1

_R3Þ þ I3ð _R1
€R2 � €R1

_R2Þ
,

(2)

and

IS ¼ 2
I1ðR2

_R3 � _R2R3Þ � I2ðR1
_R3 � _R1R3Þ þ I3ðR1

_R2 � _R1R2Þ

I1ð _R2
€R3 � €R2

_R3Þ � I2ð _R1
€R3 � €R1

_R3Þ þ I3ð _R1
€R2 � €R1

_R2Þ
� ðIRÞ

2,

(3)

where IA, IR, and IS are the pixel intensities in the apparent
absorption, refraction, and USAXS images, respectively.
These treated images are shown in Fig. 3 as obtained from
the two sets of images in Fig. 2.

Discrepancies between USAXS images (Fig. 3(c) and (f))
arise because the wire does not present microstructures.
Experimental and simulated images of apparent absorption
and refraction were found to be consistent as can be seen
by comparing Fig. 3(a) and (d) and Fig. 3(b) and (e). The
former comparison shows almost the same combination of
absorption and refraction at the wire border; and the latter
shows similar gradients in the refraction index as well as
some not expected effects, such as the dark contrast at the
top of the simulated image. A possible explanation relies
on the very small angular width of the RC that is smaller
than the deviations of the beam when crossing a sample
and/or the combination of free-space propagation and ABI
effects as previously reported by Pavlov et al. [24] and
Coan et al. [29]. This can be the limitation of the algorithm
employed here, as also discussed elsewhere [19].

4. Qualitative studies

Ophthalmologic diseases have been studied by using,
among other techniques, the ABI [30–32]. The ABI proved
to be useful to identify different structures in healthy and
diseased (with cataract) crystalline lenses [30,31]. Also,
microcalcifications were found in experiments developed
with higher energies [32].
Herein, to test the improved DEI algorithm [19] with the

measurements acquired at LNLS, ABIs of a corneal
sequestra tissue were acquired. Studies of the corneal
matrix structures have been done by small-angle X-ray
scattering [33,34], but never with X-ray imaging. Also, the
corneal sequestra has been studied by several authors in the
literature [35–38]. This disease is common in felines
(Persian cats are predisposed to this condition) and is
typified by the brown to black discoloration of the cornea.
However, the cause of this disease is not completely
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Fig. 3. (a–c) Apparent absorption image, refraction image, and USAXS image, respectively, of the same polyamide wire shown in Fig. 2. Such images

were obtained by using the measured images from Fig. 2 and Eqs. (1)–(3). (d–f) Simulated images: apparent absorption image, refraction image, and

USAXS image, respectively. Such images were obtained by using the simulated AB images (Fig. 2(d)–(f)) and Eqs. (1)–(3).

Fig. 4. (a–c) AB corneal sequestra images acquired on the slope minus, vicinity of the top, and slope plus of the rocking curve (RC) (positions 1, 2, and 3,

respectively, in Fig. 1(b)), respectively.
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established. It may be hereditary, or caused by the
incorrect palpebral closure, or caused by a defect in the
lachrymal secretion, or due to a herpes virus infection.
Moreover, the changes in the cornea microstructure due to
such a disease is not well knowledged. For this reason, a
corneal sequestra tissue was imaged here to try to identify
structures in the lesionated area (discolorated area) that
cannot be detected with other techniques, but could be
detected with X-rays. The sequestra tissue was surgically
obtained by a lamellar keratectomy of a Persian cat.
The ABIs of this tissue are shown in Fig. 4, where the
lesionated area is selected by dashed circles. These images
were used to obtain the DEI images with the improved
algorithm. The lesionated area is more emphasized in
the refraction angle and USAXS images (shown by
dashed circles in Fig. 5) because they can be correlated to
clusters of melanin particles found in such area, as reported
in the literature [33], and/or to the mineralization and
fibrosis that is already known as mineralized corneal
sequestra [34].

5. Conclusions

An improved DEI algorithm has been used to treat
images acquired with a standard ABI setup working at
10.7 keV. The algorithm was found to be useful for the
acquired data with a limitation for the large analyzer RC
widths when compared to the deviations of the beam. This
limitation was checked by measured and simulated images
of a thin polyamide wire. However, the algorithm proved
to be very good to find structures in a corneal sequestra
tissue that can be correlated to the particles of melanin
and/or mineralization and fibrosis found in the diseased
part of the cornea.
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Fig. 5. (a–d) Conventional synchrotron radiography, apparent absorption image, refraction image, and USAXS image, respectively, of the same corneal

sequestra tissue shown in Fig. 4. The dashed circles show the lesionated area.
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