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Abstract:  Potential applications of grating-based X-ray phase-contrast
imaging are investigated in various fields due to its compatibility with
laboratory X-ray sources. So far the method was mainly restricted to X-ray
energies below 40 keV, which is too low to examine dense or thick objects,
but a routine operation at higher energies is on the brink of realisation. In
this study, imaging results obtained at 82 keV are presented. These comprise
a test object consisting of well-defined materials for a quantitative analysis
and a tooth to translate the findings to a biomedical sample. Measured
linear attenuation coefficienta and electron densitiepe are in good
agreement with theoretical values. Improved contrast-to-noise ratios were
found in phase contrast compared to attenuation contrast. The combina-
tion of both contrast modalities further enables to simultaneously assess
information on density and composition of materials with effective atomic
numbersZ > 8. In our biomedical example, we demonstrate the possibility
to detect differences in mass density and calcium concentration within teeth.

© 2013 Optical Society of America
OCIScodes: (110.7440) X-ray imaging; (110.6955) Tomographic imaging.
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1. Introduction

In 2005, X-ray grating interferometry has been added to the portfolio of phase-contrastimaging
techniques at synchrotron radiation facilities, exploiting the phase shift of X-rays in addition to
their attenuation when traversing an object [1]. Especially the visualization of weakly absorbing
materials profits from the high sensitivity that can be achieved with this complementary con-
trast mechanism [2]. The method has been extended from radiographic to tomographic imaging
and successfully adapted to operate with laboratory X-ray sources shortly after [3,4]. As a con-
sequence of these developments, a broad use for medical applications, biological examinations,
material characterization or food testing is meanwhile under investigation [5-16].

For studies of dense or thick objects high X-ray energies are required, but only few exper-
iments with photon energies above 40keV are reported in this context so far [17-19]. This is
mainly attributed to the high demands on the gratings utilized in the interferometer. However,
progress in the manufacturing process increasingly improves the grating performance at high
energies [20].

Here, we demonstrate the feasibility of grating-based phase-contrast imaging at 82 keV and
its potential to quantitatively assess information on material properties [21, 22]. The comple-
mentarity of both contrast modalities is discussed and image quality is compared in terms of
contrast-to-noise ratios. Presented imaging results comprise a test object of known materials
and a healthy molar tooth as biomedical sample. The measurements have been carried out at
the beamline ID19 of the European Synchrotron Radiation Facility (ESRF), Grenoble, France.

2. Methodsand materials

2.1. Grating-based phase-contrast imaging

For a detailed description of an X-ray grating interferometer similar to the one used in this
work, we refer to the publication by Weitkamp et al. [1]. A phase grating is used as beam
splitter and creates periodic intensity modulations at certain distances, the so-called fractional
Talbot distances. Differences in the phase shift that X-rays undergo when passing two adjacent
paths through an object cause a local shift of this pattern. Attenuation by the object, on the other
hand, results in a loss of intensity as commonly exploited in conventional X-ray imaging.

Usually the detector pixel size exceeds the period of the intensity pattern, which typically is
in the order of a few microns. For this reason, an analyzer grating of the same period as the
interference pattern and with high absorbing structures is placed in front of the detector. This
grating is translated perpendicularly to the grating lines while several images are acquired. Dur-
ing this stepping approach, a sinusoidal intensity oscillation is recorded in each detector pixel.
Mean intensity and position of this curve can be evaluated by Fourier analysis. A comparison
of data obtained with and without sample in the beam finally provides two radiographic im-
ages: the conventional attenuation-contrast and the differential phase-contrastimage. The basic
principle of the method is graphically displayed in Fig. 1 to give a more illustrative idea of the
concept.

In a tomography scan, many projection images are generated from different angular direc-
tions and a 3D-volume of the object can then be reconstructed by applying, e.g., the filtered
backprojection algorithm. In case of phase contrast, the filter function in the reconstruction al-
gorithm has to be replaced by an imaginary Hilbert filter to cope with the differential nature
of the projections [4]. Taking setup-dependent factors into consideration, the distribution of the
linear attenuation coefficient (x,y,z) and the refractive index decrementx, y, z) within the
sample can be determined from the attenuation-contrast and phase-contrast datasets, respec-
tively [21].

A crucial requirement to properly resolve the position of the intensity pattern and, thus, to
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monochromatic sample
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l intensity
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Fig. 1. Principle of a grating-based X-ray interferometer. The phase grating creates a pe-
riodic intensity pattern that can be resolved by placing an analyzer grating in front of the

detector. A sample in the incident beam causes slight refraction, which results in a local
shift of the analyzed pattern.

attain good phase-contrast image quality, is a high absorbance of the analyzer grating struc-
tures. For analyzer gratings made of gold, heights of lifir more are needed for energies
above 40 keV. In combination with the small periods of a couple of microns, the manufacturing
of gratings with aspect-ratios of 100 to 150 is still challenging. However, advances in the fabri-
cation process are ongoing and routine application of grating-based phase-contrast imaging at
high energies might become available soon [20].

2.2. Samples and measurements

The measurements for the assessment of the feasibility at 82 keV have been carried out at the
beamline ID19 of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
An analyzer grating with a period of 2idn and gold structures of 1Q0n height has been pro-
duced at the Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany. At 82 keV, directly
above the absorption edge of gold, the transmission through the grating bars is of only 20 %
which guarantees a well-functioning interferometer. The height of the employed nickel phase
grating was 14.1um, introducing an approximate phase shiftof2 to the incoming photons

of 82 keV. Since the measurements were performed with parallel beam, the period of the phase
grating is equal to the period of the analyzer grating (2. The distance between the two
gratings was 19.8 cm which corresponds to the first fractional Talbot distance.

The whole setup was located 150 m away from the wiggler source with a horizontal size of
about 12Qum, providing a high degree of transverse coherence and a maximum beam size
at sample position of 40 mm (width) by 15mm (height) [23]. A FReLon CCD (type e2v,
2048x2048 pixels), lens-coupled to a GadOx scintillator ofidDthickness, has been used
as detector. The optics have been set to an effective pixel sizausf. §he beam height
was limited to 550 detector pixels (corresponding to 4.4 mm) due to the finite length of the
monochromator crystals and their inclination. The photon flux density at the sample position
was approximately 78 photons/s/0.1%bw/mfn The visibility had a value of 26 % in the ex-
periments. This important performance factor characterizes the ability of the interferometer to
resolve the intensity pattern created by the phase grating. Typical visibility values range from
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10-15% at laboratory X-ray tube setups [8,16]to 40 % at lower energy synchrotron radiation [1]
depending on the setup parameters.

A test object consisting of six rods - PMMA, PVC, PTFE, glass, aluminum (Al) and tita-
nium (Ti) - with 2mm diameter each has been designed. The mass densities of the materials
range from 1.19/cm® (PMMA) to 4.5g/cn? (Ti) and the covered elements yield atomic num-
bers up taz = 22 (Ti). The rods were placed in a tube filled with water to avoid phase wrapping
caused by strong differences in phase shift between rods and air which can affect the quantita-
tiveness of the measurements [24].

The sample was installed upstream of the phase grating and a tomography scan with 799
projections over 360 degrees has been performed in a total scanning time of 2 hours. Four
images have been acquired per projection and every 100 projections 10 flat fields (stepping
scans without object) have been recorded. The detector pixels were binned 2x2 resulting in a
voxel size of 18 um® for the reconstructed dataset.

A healthy molar tooth donated by one of the authors has been taken as biomedical sample.
It was put in a tube filled with ethanol and scanned with 999 projections over 360 degrees and
without detector binning. All other parameters were identical to the tomography scan of the test
object.

2.3. X-ray interactions and implied information content

Phase contrast gives the distribution of the refractive index decredri&nt, z) within the ob-
ject, which is given by
roh c?
= o= Y N, 1)
whererg is the classical electron radiusjs the Planck constant,is the speed of light; is
the atomic density of typeatoms (number of atoms per unit volume) afidis the real part
of their atomic scattering factor in the forward direction [21]. In absence of any absorption
edgesf! can be replaced by the element’s atomic nunieand the sung N; f! reflects the
electron density, of the material. At 82 keV this is valid for all elements wizh< 79. Thus,
phase-contrast imaging allows for direct access to the electron density distribution

2nE?
pE(vavz) = r0h—202 '6(X,y,Z). (2)

If the mass electron densilyy (number of electrons per unit mass) of a material is known, the
electron densitye can be further used to evaluate the corresponding mass dgresityording
to
P = Pe/Ng. 3)

For most elements except of hydrogen and heavy elements, the mass electron density can be
approximated byNa/2 in electrons/g, wheréla is the Avogadro constant without physical
dimension [25]. Especially in case of compounds containing several elements but only small
amounts of hydrogerl\y is nearly independent of the actual material composition. This is
exemplarily made use of in a quantitative analysis of the imaging results of the tooth later.
Attenuation contrast delivers the linear attenuation coeffigigmty, z) of every voxel within
the object. It originates from the three types of photon interactions - photoelectric absorp-
tion [ph], (incoherent) Compton scattering [incoh] and (coherent) Raleigh scattering [coh] -
and can be expressed by

M = Hincoh+ Hph =+ Hcoh = Pe- ( Oincon(E) + GSh (Ev th) + Tgon (Ev ZCOh)) 4)

#182291 - $15.00 USD Received 3 Jan 2013; revised 25 Jan 2013; accepted 30 Jan 2013; published 11 Feb 2013
(C) 2013 OSA 25 February 2013 / Vol. 21, No. 4/ OPTICS EXPRESS 4159



with the electron densitpe and the electronic cross-sections for Compton scattesffg;,

photoelectric absorptiocrgh and Raleigh scatteringg,;, [25]. The Compton scattering cross-
sectiong;> ., (E) is approximately the Klein-Nishina cross-sectimi (E) and only dependent
on the photon energlt. The approximation of the electronic cross-section for photoelectric

absorption

. Vi

Opn (E.Zph) = Cle| 5)
and the electronic cross-section for Raleigh scattering
; s

0% (E. Zeon) = C1 2" (6)

show an additional dependency on material specific effective atomic numbers

th: (z aizik) o and Zeon= (Z aizim)l/ma (1)

whereaq; is the electron fraction of thith element with atomic numb&s present in the mate-
rial. The numberg& andmare around 3.8 and 2.0, respectively, but vary slightly depending on
the photon energy and on the composition of the material [25].

Referring to Egs. (5) and (6), the energy dependenties3 andn =~ 2) exhibit the de-
creasing influence of photoelectric absorption and coherent scattering on the linear attenuation
coefficientu with increasing energy. If the attenuation process is purely caused by Compton
scattering, the signal in attenuation contrast is proportional to the electron degsigyit is
in phase conrast. Otherwise, the linear attenuation coeffigigmtlds information on density
and material composition. In this case, the information content provided by phase contrast and
attenuation contrast is complementary.

Qi et al. have demonstrated the possibility to assign an effective atomic number to a ma-
terial by combining both contrast mechanisms [22]. In this study, we introduce an alternative
approach to reveal the composition information existing in the linear attenuation coefficient
Equations (5) and (6) indicate the increasing contribution of photoelectric absorption and co-
herent scattering to the linear attenuation coefficienith increasing effective atomic number
at a given energy. Conversely, the ratio of Compton scattering to the linear attenuation coeffi-
cientu diminish. The latter can be determined by exploiting both contrast modalities

Hincoh ~ Peakn7 ®)
H H
wherepe andu are gained from the phase- and attenuation-contrast measuremeuis ead

be calculated for the relevant energy. The Compton scattering ratios of single elements with
atomic numberZ can be obtained from their tabulated total attenuation cross-sectig(g):

Hincoh ~ PeOkn _ Okn ©)
B peOir Oot(Z)/Z

Following Egs. (8) and (9), a comparison of measurement results to theoretical values allows for
a rough estimation of the effective atomic numBaattributed to a material. If the contribution
of coherent scattering is small compared to photoelectric absorption, the identified effective
atomic numbe¥ corresponds t(iph as defined in Eq. (7). This new approach is applied to the
test object and tooth data.

All theoretical values stated in this paper are based on tabulated data from the National Insti-
tute of Standards and Technology (NIST) [26, 27]. Contrast-to-noise ratios for the comparison
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of the relative contrast between different materials in the two image modalities are calculated
by
|3

)
| 2 2
OA+OB

with Sa g being the mean values of the respective signal in selected regions-of-interest for ma-
terial A and B anda g being the associated standard deviations.

CNR (10)

3. Results

3.1. Test object: imaging and analysis results

The imaging results of the test object displaying both attenuation and phase contrast are shown
in Fig. 2. The highest signal in both modalities is obtained for titanium, which has the largest
mass density of all involved materials as well as the highest atomic nufnker the contrary,
PMMA yields the lowest signal and is hardly distinguishable from the surrounding water in
attenuation contrast.

a) attenuation contrast: p [1/cm] b) phase contrast: 5[-10°8]

1 14
0.8
1

o
0.4
0.2

2mm

0

Fig. 2. Imaging results. Attenuation contrast (a) and phase contrast (b) of a test object
consisting of PMMA (1), glass (2), aluminum (3), PVC (4), PTFE (5) and titanium (6).

Linear attenuation coefficients, refractive index decrements and electron densitiese
have been determined by regions-of-interest analysis comprising 50x50x50 voxels for each
material. The mean values and associated standard deviations can be found together with the-
oretical values in Table 1. The theoretical values are all within one standard deviation of the
values evaluated from the measurements except in case of the linear attenuation cogfficient
of titanium.

3.2. Comparison of attenuation and phase contrast

The linear attenuation coefficiengsare plotted versus the corresponding electron dengties
with error bars indicating the standard deviations in Fig. 3. In addition, the linear attenuation
coefficient for Compton scatteringncon = PeOkn IS drawn in the graph.

With the markers of PMMA and PTFE almost lying on that line, one can assume that for these
materials the attenuation process is dominated by incoherent scattering. In both contrast modal-
ities their signals are more or less proportional to their electron densities and no complementary
information is given. However, an improved contrast-to-noise ratio of 16.52 in phase contrast
compared to 2.34 in attenuation contrast could be found. The material pairs PMMA/PVC and
PTFE/glass have only small density differences and with factors of 1.22 and 1.3, respectively,
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Table 1. Properties and quantitative analysis results of the materials used in the test ob-
ject. Linear attenuation coefficiengisare obtained from attenuation contrast; refractive in-
dex decrementd and electron densitigg are extracted from phase contrast. Theoretical
values (theo) are based on NIST databases and material compositions.

material | compo- p u Htheo ) Atheo P269 Pe,t?;ao

ston | [ | [ah] | [&] | [20°9] | [-20°9] | [%7] | [%7]

PMMA | CsHgO, | 1.19 | 0.207 | 0.207| 3.96 3.96 3.87 3.87
+0.041 +0.10 +0.10

PVC CoH3ClI 1.4 0.321 | 0.314| 4.35 4.43 4.25 4.32
+0.043 +0.13 +0.13

PTFE CoFy 2.2 0.344 | 0.356| 6.55 6.52 6.39 6.36
+0.042 +0.12 +0.11

glass SiO, 2.2 0.410 | 0.419| 6.80 6.79 6.63 6.63
+0.041 +0.13 +0.12

aluminum| 97% Al, | 2.67 | 0.516 | 0.527| 7.88 7.95 7.69 7.76
3% Mg +0.041 +0.11 +0.11

titanium | >99.6% | 4.5 1.674 | 1.738| 12.78 12.79 | 12.46 | 12.47
+0.048 +0.11 +0.11

22—

£ H Titanium 1
S | & measurement i
3 < ¥

£ = HMincoh = Pe*Okn 1
~ 15 B
=' |- -
-

[= L 4
@

-U [ 1
% H A
o 1r .
(5]

p L A
o H A
b= L -
3 | Aluminum ]
g 05 - Glass P

4] 4
S

5 A
o

£ i

PMMA
o [ Pmya,
2 4 6 8 10 12 14

L L | L L L | L L L | L L L | L L L

electron density p, (in 1029 electrons/m?3)

Fig. 3. Measured linear attenuation coefficieptsversus corresponding electron densi-
ties pe. Standard deviations are indicated by error bars and the solid green line represents
the linear attenuation coefficient for Compton scattefipgoh.

they have the lowest contrast gain by phase-contrast imaging. The biggest benefit, a factor
of 32.8, is achieved for the discrimination of PVC and PTFE, which exhibit almost the same
linear attenuation coefficientsdespite large differences in density. Contrast-to-noise ratios for

a selection of material combinations are quoted in Table 2.
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Table 2. Contrast-to-noise ratios in phase contti$R,, and attenuation contraSiN Ry
for selected material combinations. A contrast gain by phase-contrast imaging can be no-
ticed in all cases.

material CNRy, | CNRyt | CNRyh/CNRstt
PTFE - glass 1.47 1.13 1.3
PMMA - PVC 2.35 1.93 1.22
PVC - PTFE 12.68 0.39 32.79
PVC - glass 13.61 1.52 8.98
PMMA - PTFE 16.52 2.34 7.07
PVC - aluminum 20.86 3.31 6.3
auminum - titanium| 31.45 | 18.35 1.71
PMMA - titanium 57.99 | 23.35 2.48

3.3. Evaluation of effective atomic numb&rs

The linear attenuation coefficients of PVC, glass, aluminum and titanium are not mainly
made up of Compton scattering, but the photoelectric effect (and coherent scattering) plays a
role in the attenuation process as well. We want to exploit this fact to get additional information
on the composition of these materials. The ratio of incoherent scattering to the linear attenu-
ation coefficient of single elementx,/ (Giot/Z) decreases with higher atomic numbgras
illustrated forZ = 1-26 in Fig. 4.

Okn
Otot/2 Th+++ 44 PMMA 1
T
+
Pe*Okn + PTFE
m . Glass
0.8 + B
¥+ A
4 Aluminum
+ . PVC
0.6 i B
+
+
0.4 + + Titanium |
+
+
ty
+ calculation for Z=1-26 +
0.2 - — measurement b
O L L L L L
0 5 10 15 20 25

effective atomic number Z ¢

Fig. 4. The ratio of Compton scattering to the linear attenuation coeffigjggih/H of sin-

gle elements decreases with atomic nunibas illustrated by the black markers. The com-
bination of attenuation and phase contrast allows to determine the contribution of Compton
scattering to the attenuation process within a material (solid green lines) and, thus, to draw
conclusions on its effective atomic numbér
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The green lines represent the rai@si,/ 1 obtained for the materials of the test object in the
measurement. Aluminum and titanium are close to the values corresponding to their theoretical
atomic numberg = 13 andZ = 22, respectively. The small deviations can be explained by the
underestimation of the linear attenuation coefficigniis the measurements. The aluminum rod
contains also a few percent of magnesium=Z2). The effective atomic numbers determined
for PMMA (CsHgO,) and PTFE C,F4) are betweer? = 6 andZ = 7. However, the ratio
of Compton scattering amounts to approximately 95 % in both cases and in this domain little
changes in value have a large impact on the identified effective atomic nidn®éc (C,HsCl)
has a relatively high effective atomic number betw&en 14 andZ = 15, which can be traced
back to the content of chlorine Z 17).

PVC and PTFE have very similar linear attenuation coefficigntbut different material
properties can be assigned to the materials by combining both contrast modalities: a low density
and the presence of heavier elements in case of PVC compared to a higher density but lighter
elements in case of PTFE.

As noted in connection with PMMA and PTFE, at 82 keV the linear attenuation coeffigients
of low Z materials are mostly attributed to Compton scattering and no reliable effective atomic
numbersZ can be ascertained. However, for materials with effective atomic numbérs &,
attenuation and phase contrast deliver complementary information and conclusions on density
and material composition can be drawn.

3.4. Tooth: imaging and analysis results

With regard to the human body, the last statement applies in particular to bones and teeth due
to the high content of calciumZ(= 20). For this reason a molar tooth has been chosen as
biomedical sample. The imaging results are displayed in Fig. 5. The two main components,
enamel and dentin, are well discriminable in both contrast modes. The contrast-to-noise ratio
of the two mineralized tissues is around 2 in attenuation contrast and ranges from 10 to 14 in
phase contrast.

To evaluate the potential of a quantitative material characterization, the mass dgnaitigts
effective atomic number& have been determined at 50 positions in enamel and 20 positions
in dentin. Each region-of-interest covered 20x20x20 voxels afr8%) corresponding to a
physical size of 4.- 103 mm?. The results thereof are presented in Fig. 5. The electron mass
densitiedNy used for the conversion of electron densities to mass densities according to Eq. (3)
have been calculated based on tissue compositions presented by Gutierrez-Salazar [28]. In spite
of significant differences in composition — e.g. 32 % carbon and 18 % calcium in enamel versus
52 % carbon and 9 % calcium in dentin — the electron mass deniifiase almost identical
and account for 394 - 182 and 2999 - 132 electrons/g, respectively.

A mass density of enamel between 2@%n? and 3.00g/cn? is reported in literature [29]
which is in very good agreement to our analysis. The detected mass densities for dentin are
lower than those of enamel and with 2.15 to 2g2én? as well in the range of previous findings
of 2.1 to 2.3y/cm?® [30]. As the noise within the single analyzed ROIs was 0.04-0g)457
and the error of the determined mass densities is even smaller, one can assume that the observed
mass density distributions of enamel (Fig. 5¢) and dentin (Fig. 5d) reflect inhomogeneities
within the corresponding material.

The effective atomic numbei evaluated in our examination are between 15 and 16 for
enamel and between 13 and 14.5 for dentin (Fig. 5e). The greater values obtained for enamel
represent the higher content of calcium and phosphorus in enamel than in dentin [28]. To what
extent small differences in composition within each component can be distinguished from sta-
tistical measurement uncertainties has to be clarified in a more comprehensive study on this
topic.
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Fig. 5. Attenuation-contrast (a) and phase-contrast (b) imaging results of a tooth. Mass
densitiesp evaluated at 50 positions in enamel and 20 positions in dentin are presented in
(c) and (d), respectively. Effective atomic numb&rebtained by exploiting both contrast
modalities are displayed in (e).

4, Conclusion

We successfully demonstrated the feasibility of quantitative grating-based phase-contrastimag-
ing at 82 keV. A tomography scan of a self-built test object has been performed to quantitatively
assess information on material properties. In phase contrast, the evaluated refractive index
decrement® and electron densitieg, of the six employed materials have been determined
within an error range of 2% of the corresponding theoretical values. The measured linear at-
tenuation coefficientg in attenuation contrast show a good agreement as well, but are slightly
underestimated in most cases. Possible causes for the discrepancy may be X-ray fluorescence
scattering by the analyzer grating or detector backlighting [31], which have not been considered
within our study. More detailed investigations concerning this issue are needed.

In addition, the combination of both contrast modalities allows to determine the contribution
of Compton scattering to the linear attenuation coefficienthis information can be used to
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assign effective atomic numbe£go the materials and, thus, draw conclusions on their elemen-

tal compositions. A good example for the added value of phase contrast is the discrimination
of PVC and PTFE. Both materials show a very similar linear attenuation coefficieratten-

uation contrast. Taking into account the supplementary information attained by phase-contrast
imaging, a low density and the presence of heavier elements can be observed for PVC compared
to the denser PTFE, which contains solely light elements.

Moreover, we have shown the possibility to simultaneously identify mass densities and differ-
ent tissue compositions within a tooth. Please note that these examinations have been performed
for the purpose of demonstrating the translation of the previous results to a potential biomedical
application. If the method is valuable and sensitive enough to address open questions in dental
research further evaluation is required.

Compton scattering is the dominating attenuation process at 82 keV for materials with low
effective atomic numbersZ(< 8), which include most biological soft tissues. In these cases,
the signal of both modalities - attenuation and phase contrast - is then proportional to the elec-
tron density. Phase-contrast imaging can benefit from this phase-attenuation duality, e.g., when
it comes to phase-retrieval using in-line holography [32]. On the other hand, it constitutes a
severe limitation as complementarity is lost and the advantage of phase-contrast imaging is
restricted to an enhancement of image quality. In our measurements this applies to the mate-
rials PMMA and PTFE, for which we could observe a contrast gain by a factor of 7 in the
phase-contrast images. To what extent the achieved improvement can be realized at conven-
tional X-ray tubes will be a crucial aspect for a broad application in diagnostic imaging of soft
tissues when moving towards energies around 80keV. In this energy regime, the method is in
particular promising for the characterization of materials with effective atomic nurzher8
as it provides separate information on their density and composition.
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