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X-ray phase-contrast imaging techniques are used at synchrotron facilities to visualize tiny density
variations in bulk samples. They overcome the limitations of other non-destructive methods, which
often provide insufficient spatial and/or density resolution. Holotomography (HT) and X-ray
grating interferometry (XGI) are among the most powerful phase-contrast techniques. Here, we
show a direct comparison of HT versus XGI. We find that XGI excels in fidelity of the density
measurements and is more robust against low-frequency artifacts, while HT is superior in spatial
resolution. This study gives indications for applications and developments of phase-contrast
imaging. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4848595]

Phase-contrast X-ray imaging techniques are used, espe-
cially at synchrotron radiation facilities, to visualize and
quantify tiny density variations in bulk objects, with applica-
tions in materials science, biomedical engineering, and
beyond. To generate the image signal, phase-contrast imag-
ing relies on the phase shift that X-rays undergo while pass-
ing through matter. As the phase-shift cross section of all
materials for hard X rays is much larger than their absorption
cross section, phase-contrast imaging techniques overcome
the limitations of conventional absorption imaging, which
often provide insufficient density resolution.’

Various phase-contrast imaging techniques have been
developed in the last decades.”™ They differ in the mecha-
nism used to detect the phase shift, in the physical quantity
recorded in the raw data, in the spatial resolution (SR) acces-
sible in the final images, and in the X-ray beam and detector
requirements. Three-dimensional imaging based on holoto-
mography” (HT) and X-ray grating interferometry®’ (XGI)
yields the refractive index decrement o, proportional to the
electron density,® throughout the specimen. HT and XGI per-
form well over a large energy range and do not require a
strictly monochromatic or parallel beam. They can provide
ultra-high density resolution at microscopic length scales and
over a field of view of a few centimeters.”'® Because of their
performance in non-destructive three-dimensional imaging,
HT and XGI are used for a wide range of applications at
many synchrotron beamlines.

In this paper, we discuss the advantages and limitations
of HT and XGI relative to each other and quantitatively
compare tomograms of soft-tissue biological specimens
with respect to density resolution and spatial resolution.
Considerations in the presence of image artifacts and on the
correctness of the d measurements are also presented.

Holotomography is a free-space propagation method,
i.e., it does not require any optical element between sample
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and detector (Fig. l(a)).5 The phase is retrieved from a series
of nyr holograms taken at a few predefined sample-to-detec-
tor distances dj,. Although these distances are chosen so that
different spatial frequencies are mapped with similar inten-
sity in the retrieved phase data,'' problems remain with low-
spatial frequencies which are poorly transferred in the
Fresnel-diffraction images.'> Among the different algorithms
that have been developed to retrieve the phase from the HT
data, we have used the one proposed by Guigay et al.,"
based on a combination of the contrast-transfer-function
approach and the transport-of-intensity equation. To increase
the information in the low-spatial frequency range, we have
used a refinement of this algorithm to make it more robust in
the low-spatial frequency range:'* an a priori estimation of
the ratio 6/ (with f§ being the imaginary part of the X-ray
refractive index) is used for those frequencies for which
phase contrast is insufficient. This stabilizes the reconstruc-
tion yet does not impose the condition of constant d/f on all
length scales. This algorithm has proved to yield reliable and
robust results."”

Unlike HT, XGI uses special X-ray optical components.
An X-ray grating interferometer consists of two line gratings
placed between sample and detector (Fig. 1(b)). The first of
these gratings, G1, typically a phase grating (here made of
silicon), induces a modulation in the phase profile of the
wavefront.'® The second grating, G2, has absorbing gold
lines and acts as an analyzing transmission mask.® The pe-
riod p; of GI is chosen so that the interference pattern pro-
duced by this grating at the position of G2, placed at a
distance d, from G1, matches the period p, of G2. In the
presence of an object, the interference lines from G1 are dis-
torted and contain information on the optical properties of
the sample. Among this information, the differential phase
contrast (DPC) signal is related to the lateral displacement of
the interference fringes. It can be extracted and separated
from other contributions with the phase-stepping technique,
in which a series of nxgy images is collected at different

© 2013 AIP Publishing LLC
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FIG. 1. Schematic representation of a holotomography setup (a) and an X-
grating interferometry setup (b).

lateral positions of one of the two gratings. These images are
usually processed with a pixel-wise Fourier analysis.”"

The tomography measurements were performed at the
beamline ID19 of the European Synchrotron Radiation
Facility (ESRF), Grenoble, France, with the parameters
reported in Table I. In these measurements, the image detec-
tor was a CCD camera coupled to a converter screen with a
lens system. The quantity Apr/hxcr in Table 1 is the ratio of
the number of photons per voxel used in the two scans:
hur/hxar = (tar X Nur % nur % Afp)/(txar X Nxai % nxar
x Asp), Where A indicates the pixel size.

The biological samples used for this study were a tumor
of human cells grown in a nude mouse and a heart of a rat
without any pathological symptom. Both specimens were
immersed in formalin solution for preservation and placed in
plastic cylindrical containers that were fixed on the sample
stage.” The container of the heart was immersed in a water
bath to avoid phase-wrapping artifacts in XGI. For the tumor
measurement, these artifacts were corrected algorithmically
prior to tomographic reconstruction.?!

Phase and DPC projections from the HT and XGI scans
were retrieved as described above. To retrieve the holotomo-
graphic phase projections, d/ff was set to 1372 and to 1546,

TABLE I. Experimental parameters. ¢ is the exposure time per frame and N
is the number of projections.

Tumor sample

Heart sample

Insertion device Undulator Wiggler
Monochromator Multilayer Double crystal
X-ray energy (keV) 17.6 19.0

Pixel size (um) 3.0 7.5 [HT], 8.0 [XGI]
HT parameters nyr = 3 nyr = 4

dy, (m) 0.06, 0.12, 0.36 0.2,04,0.7, 1.1
XGI parameters nxar = 4 nxar =5

P1 = 2py (pm) 4.0 4.8

dy (mm) 140 482

t(s) 0.3 1.0 [HT], 1.5 [XGI]
N 359 [XGI], 800 [HT] 1499
hHT/hXGI 1.7 0.6
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respectively, for the tumor and heart sample. For both scans,
a filtered-backprojection algorithm was used to obtain the to-
mographic reconstructions of §.%%**~>

Figures 2 and 3 show characteristic HT and XGI tomog-
raphy slices of, respectively, the tumor and the heart.

The immersion liquid can be clearly distinguished from
the tissues, which is difficult with conventional absorption
X-ray imaging.”*** Moreover, the anatomical features of the
tissues are recognized in the HT and XGI data. The HT
reconstruction, however, contains prominent low-frequency
artifacts. These effects were explained as a result of poor
transmission of low spatial frequencies in the Fresnel-
diffraction images.”® Because XGI measures the first and not
the second derivative of the phase, this type of artifacts is
avoided in the XGI reconstructions. In Fig. 3(a), one also
finds remaining edge-enhancement fringes at the interfaces
between the sample and the formalin solution.>’

The quantitative comparison of the contrast of the two
methods is based on the evaluation of the contrast-to-noise
ratio (CNR) for selected pairs of materials, see Figs. 2 and 3.

The CNR can be defined as |S, — Sy|/\/02 + o7, where S

indicates the average of a homogeneous region of interest
(ROI), and ¢ indicates its standard deviation.”® The selected
pairs of materials are denoted with the subscripts a and b,
where b is the immersion liquid. The results reported in
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FIG. 2. Region of interest from HT slice (a) of a tumor tissue. The related
part of the XGI slice (b) was found by non-rigid 3D registration.'®!”
Anatomical features provided the basis for the CNR and SR measurements:
ROI I corresponds to formalin and is used as reference. The variation in the
grey levels of the formalin in panel (a) is due to low-frequency artifacts.
ROIII to IV contain prominent features. The pin sharp feature V yielded the
spatial resolution.
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FIG. 3. Phase tomography slices of the rat heart obtained with HT (a) and
XGI (b). The tricuspid valve is at the center of the images. The gray scaling
has been adjusted to optimize the visualization of the tissue forming the
heart. Rectangles II to IV indicate ROIs used for the calculation of the CNR
values. ROI V was used to determine the spatial resolution, and ROI I was
used as reference for both SR and CNR. The dashed rectangle in panel (a)
highlights a region with remaining edge-enhancement fringes.

Table II show that the CNR provided by XGI is overall
higher than the one in the HT slices. This is true also for the
heart sample, which has been measured with 70% more pho-
tons per voxel in HT than in XGI, see Table I.

To understand the difference in the absolute ¢ values
obtained with HT and XGI, the polypropylene container,
which enclosed the heart and has a well-defined composition
and density, was considered. In the XGI slice, one finds a §
value of 6.06(2) x 1077, which is close to the prediction of
5.90 x 1077, The HT measurements show a much lower
value of 3.01(4) x 1077, an observation consistent with pre-
vious reports on similar cases.?®

The visual inspection of the HT and XGI data for both
specimens reveals that the microstructures appear much

TABLE II. Values of CNR and SR.

CNR SR (um)
Tumor Tissue I Tissue 1T Lipid
HT 14.1 12.4 40.4 10.6
XGI 59.4 54.4 167.8 24.5
Heart Tissue Lipid Blood
HT 15.9 84.1 114.6 70.0
XGI 54.7 103.8 262.8 81.7
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sharper in HT, a phenomenon to be quantified. The SR is
evaluated using the radial spectral power (RSP). Here, the
SR corresponds to the highest spatial frequency for which
the RSP of a structure-rich ROI is larger than twice the base-
line of a featureless region.”” The data listed in Table II con-
firm that HT provides images with better SR than XGI. The
limiting factor in XGI is the separation s of the beams dif-
fracted by G1, s = 2d,//p1. In our experiments, s = 9.9 um
for the tumor scan, and s = 26.2 um for the heart measure-
ment. These values are approximately three times smaller
than the SR determined with the RSP method. The SR in HT
is also limited by diffraction, and, in particular, by the blur-
ring introduced by the presence of the Fresnel fringes in the
projection data.

In conclusion, this study presents a quantitative compar-
ison of synchrotron X-ray phase microtomography data
obtained with two methods, X-ray grating interferometry and
holotomography, and it demonstrates the complementarity of
these two techniques. While XGI images have the highest
density resolution and show the best accuracy of retrieved
values of the refractive index for the known materials, HT
provides images with higher spatial resolution. These find-
ings remain true even if the dose is varied. For a spatial reso-
lution better than 10 um, HT is the better choice, unless
gratings with much smaller periods become widely avail-
able.®® To detect the fringes in propagation-based phase-con-
trast imaging with large pixels, very long and often
impractical propagation distances are required. In these
cases, XGI is technically the method of choice.

The two methods are complementary also under the
operational point of view. HT has a simpler mechanical
implementation, but requires experts for manual data proc-
essing. An additional difficulty is that the HT phase retrieval
generally relies on the registration of the images taken at dif-
ferent distances. The processing of XGI is fully automatic
and it only requires the input of basic experimental parame-
ters such as 4 and d,. The retrieved é values in XGI are also
fully model-independent, which is not the case for the HT
reconstruction method used here which requires an estimate of
the refractive index of the object. These advantages of XGI
come at the expenses of a more complicated set-up and some-
how longer data acquisition times. However, acquisition time
and dose delivered to the sample can be reduced, while preserv-
ing the image quality, with less absorbing grating substrates
and/or recent advanced acquisition schemes.>* In addition,
more sophisticated algorithms for HT can substantially reduce
some of the artifacts observed in the present study.?

It should be mentioned that even simpler propagation-
based methods than the multi-distance HT might be used to
obtain quantitative phase images. Even data taken at a single
distance can be used for this purpose, but these methods are
even more dependent on a priori knowledge than HT.3"#
While not the subject of the present paper, these methods can
clearly be an alternative to HT and XGI for certain studies.
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