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Phase-contrast X-ray microtomography of mouse fetus
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Summary

A phase-contrast X-ray microtomography system using
the Talbot imaging has been built at the SPring-8
synchrotron radiation facility. This system has much
higher density resolution than absorption-based X-ray
microtomography. The tomographic sections of formalin-
fixed mouse fetuses obtained with this method clearly
depict various organs without any staining at a pixel
resolution of up to 5 pm. Since this technique allows us
to obtain three-dimensional structural information without
sectioning, it will be particularly useful to examine

anomalies that take place during development. It can be
also used to quantitatively measure volume and mass of
organs during development.

© 2012. Published by The Company of Biologists Ltd. This is
an Open Access article distributed under the terms of the
Creative Commons Attribution Non-Commercial Share Alike
License (http://creativecommons.org/licenses/by-nc-sa/3.0).
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Introduction

Mouse is one of the most important, frequently used experimental
animals. Especially, transgenic mice are now regarded as a
common tool to investigate functions of proteins in vivo. Mouse
fetuses are extensively studied to determine the roles of genes in
development and congenital abnormalities. With an increase of
new transgenic animals, effective methods to identify novel
phenotypes in these fetuses are crucial. However, detailed
examination of a mouse fetus in the past has involved thin
sectioning for observation under a microscope.

Several 3D imaging techniques at micron-resolution have been
reported for observation of an embryo or a fetus. (1) Magnetic
resonance microscopy has been used extensively (Cleary et al.,
2011; Petiet et al., 2008; Smith et al., 1994). The resolution now
reaches about 10 um. The contrast in magnetic resonance
microscopy is not directly related to a physical parameter of
the material but distinguished contrast is observed among organs.
(2) Johnson et al. (Johnson et al., 2006) reported X-ray
microscopic computed tomography (microCT) at 8 um
resolution. Since a mouse fetus is mostly made of soft tissues,
only poor contrast is obtained by absorption-based X-ray CT of a
native fetus. Thus, they employed extensive staining by osmium.
The organs and tissues may be differentiated by different
methods of staining. (3) Sharpe (Sharpe, 2003) introduced
optical projection tomography (OPT) as a new tool for
studying fetus anatomy. A fetus is made transparent chemically
and then stained with various dyes. Since the sample can be
selectively stained, it is possible to study specific structures such
as vascular development (Walls et al., 2008) or gene expression
patterns (Summerhurst et al., 2008). (4) Although destructive,
episcopic techniques are also widely used (Weninger and Geyer,
2008). (5) Ultrasound is the most common method to examine a
human fetus in vivo. High-frequency ultrasound biomicroscopy
(UBM) has a spatial resolution of 30-50 pm and is particularly
useful in visualizing blood flow in a fetus (Phoon, 2006). (6)
Although the penetration depth is limited, optical coherence

tomography (OCT) has a resolution better than 10 um (Luo et al.,
2006; Syed et al., 2011). It is also powerful in studying
cardiovascular development (Larina et al., 2008).

Here we present yet another technique to visualize
development. Phase-contrast X-ray CT is an emerging imaging
technique that makes use of X-ray phase-shift in biological
tissues (Momose, 2005). Since the X-ray phase-shift cross
sections are about 1000 times larger than the X-ray absorption
cross-sections for low Z elements such as hydrogen, carbon,
nitrogen, and oxygen, phase-contrast X-ray CT enables us to
visualize the density distribution in biological soft tissues with a
much higher contrast than conventional X-ray CT (Momose,
2005; Momose et al., 1996). This technique has been used in
structural studies of soft tissues such as brain (McDonald et al.,
2009; Noda-Saita et al., 2006; Pfeiffer et al., 2007; Schulz et al.,
2010), liver (Wu et al., 2009), atherosclerotic plaque (Shinohara
et al., 2008) and eye lens (Hoshino et al., 2010; Hoshino et al.,
2011). Since an embryo and a fetus before bone calcification are
made mostly of soft tissues, this technique is suitable for these
samples. In this paper, results from first studies on mouse fetuses
are presented.

Materials and Methods

Phase-contrast X-ray imaging makes use of phase shift of X-rays. When an X-ray
passes through an object, the phase of the X-ray changes. The amount of phase
shift is the sum of phase shifts caused by the materials through which the X-ray
propagates. The phase shift caused by each material is linearly related to its
refractive index to X-rays, which in turn is roughly proportional to its density when
the material contains only low Z elements. This situation is analogous to the
radiogram but phase shift is utilized in place of absorption. Thus, as in X-ray CT,
tomographic reconstruction is feasible from images obtained at different angles of
the sample. Since phase shift is more sensitive to difference in density than
absorption, higher density contrast is obtained.

To measure phase difference for imaging, we use a grating-based interferometer
(“Talbot” type, (Momose et al., 2003)) (Fig. 1). This interferometer is placed at
the BL20B2 beamline (Goto et al., 2001) in the SPring-8 synchrotron radiation
facility (Hyogo, Japan), which uses a bending magnet of the storage ring as an X-
ray source. The X-rays with a wide spectrum are monochromatized by a silicon
double-crystal monochromator in the optics hutch. The beamline covers an energy
range of 8 to 100 keV. There are two experimental stations, one in the storage ring
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building at 45 m from the source and the other in a separate building of the
biomedical imaging center at 203 m. At the 45 m hutch, the X-ray intensity is
about 4 x 10° photons/s/mm? and the beam size is about 60 mm (width) by 4 mm
(height) at 30 keV. At the 203 m hutch, the beam is much larger (300 mm (width)
by 20 mm (height)) but the intensity is about 20 times lower. Thus, for small
samples, the measurement should be done in the 45 m hutch to obtain high spatial
resolution. For large samples, the larger beam in the 203 m hutch is required.

The Talbot grating interferometer has two transmission gratings: a phase grating
(G1) and an absorption grating (G2) (Fig. 1). Grating parameters and materials
were varied depending on the size of the fetus sample. There is a trade-off between
spatial resolution and the field of view. For embryos of 6 and 9 days which were
imaged in the 45 m hutch, both gratings were made of tantalum and the pattern
thickness of G1 and G2 was 0.96 pm and 4.75 um, respectively. The pitch of both
gratings was 5 pum and the grating area size was 5 mm (width) by 10 mm (height).
G2 was inclined by 60° towards the beam so as to increase the effective X-ray
absorption by the grating. The X-ray imaging detector consisted of a “beam-
monitor” and a charge coupled device (CCD) camera. For fetuses of 6 and 9 days,
the “beam monitor” was composed of a 10 pm-thick P43 (Gd,0,S:Tb) phosphor
screen and a f=50 mm lens. The camera was a fast read-out CCD camera (C9100-
02, Hamamatsu Photonics, Hamamatsu, Japan) equipped with a f=85 mm lens.
The effective pixel size was 4.9 um. For fetuses of 10, 11, 13, 15 days which were
imaged at the 203 m hutch, grating G1 was made of tantalum and G2 was made of
gold with pattern thicknesses 2.1 um and 16.6 pm, respectively. The pitch of both
gratings was 10 um and the grating area size was 25 mm (width) by 25 mm
(height). The inclination angle of G2 was 45°. The “beam monitor” was composed
of a 20 um-thick P43 phosphor screen and a f=105 mm lens. The CCD camera
(C4880-41S, Hamamatsu Photonics, Hamamatsu. Japan) was equipped with a
f=105 mm lens. In this case, the effective pixel size was 5.87 um per pixel. In the
actual measurement, a CCD camera was used in the binning mode (4 x 4 binning
with 23.5 um pixels).

Measurement with the interferometers with phase stepping (done by shifting the
G2 grating horizontally across the beam) provides a projection image of phase-
shifts. Since the phase-shifts by the materials are added along the X-ray path, it is
possible to apply the tomographic technique (Radon transformation). After
tomographic reconstruction, the value of X-ray refractive index in each cubic
voxel was determined by the calibration procedure with salt solutions of known
density as described (Hoshino et al., 2010; Hoshino et al., 2011). In the present
study, the calibration was made with five solutions: water (1.000 g/cm®), normal
saline (1.006 g/cm®), and salt solutions of 1.051, 1.110, 1.143 g/cm®. The
correlation between the measured and calculated densities was R*=0.9961. The
density resolution, which was estimated from the pixel values in the saline, was
3.9 mg/cm® (30) in the present experiment. Since the X-ray refractive index is
related to the number of electrons in a volume, it is necessary to know the mean
ratio of atomic number-to-mass of the material to convert it to density. This ratio is
given as 0.547 for eye lens in the National Institute for Standard database (http://
physics.nist.gov/PhysRefData/XrayMassCoef/tab2.html). The value for liver is not
given, but as it is 0.552 for brain and 0.550 for skeletal muscle, we assumed 0.550.

Reconstruction of the CT slices was done with a home-made original software.
Further image processing of the CT data was performed with ImagelJ (http:/
rsbweb.nih.gov/ij/index.html) and a home-made software “slice” (http://www-
bl20.spring8.or.jp/slice/index.html). Segmentation of liver was done manually
with Photoshop (Adobe, San Jose, CA, USA).

The samples were taken from pregnant BALB/C mice (CLEA Japan, Inc.,
Tokyo). In the case of embryos of 6, 9 and 10 days, uterus was cut to separate
fetuses and they were imaged in the intact uterus wall and amnion. The fetuses
were fixed in phosphate buffered formalin (pH 7.0) without any staining and then
soaked in low-temperature melting agar at around 38°C and embedded. The block
of agar was attached to the rotating axis for tomography. Larger fetuses were either

Absorption grating

Fig. 1. The experimental setup for Talbot
phase-contrast imaging at BL20B2 in
SPring-8. The sample is soaked in a cell filled
with phosphate-buffered saline which has
windows to pass the X-ray.

Beam monitor

taken from uterus or left in uterus and fixed and embedded in agar. The images
were acquired at 0.2degree intervals (900 projections) or 0.3degree intervals (600
projections) with five phase steps. The animal experiments were conducted with a
permission from the SPring-8 Animal Care and Welfare Committee.

Results

Fig. 2 shows a cross section of mouse uterus at a gestational day
of 6. Only the egg cylinder and remains of uterine lumen (with
higher density) can be observed. Fig. 3 shows approximately
sagittal tomographic sections of mouse fetuses at gestational days
of 9, 10, 11, 13 and 15. At day 9, the fetus is strongly flexed in a
dorsally convex direction. At the center of the embryo is the heart
in the early development stage. Other organs are not identifiable
but it is clear that the present technique allows us to visualize
details of the early development. In Fig. 2, 32 somites can be
counted at 11 days, and most of the major organs, such as brain
tube, heart, liver, stomach, intestine, are visible, among which
liver has the highest density. At 13 days, compared with adult
mouse the head is disproportionately large. However, brain is still

Fig. 2. A cross section of a mouse uterus at a gestational day of 6. The scale
bar is 1 mm.
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Fig. 3. Tomographic sections of mouse fetuses at gestational days of 9, 10, 11, 13 and 15.

undeveloped and large ventricles occupy the major part of the
head. On the other hand, tongue and palatal process are well
developed and Meckel’s cartilage is present. Chondrification of
vertebrate column is still in process at 15 days. All these features
are well correlated with microscopic observations of stained
sections (Theiler, 1989).

Fig. 4a shows a cross section of a 13 day fetus recorded with
an absorption-based high resolution CT. The sample-to-detector
distance was 3 m so that the edge-enhancement due to refraction
of X-rays was effective (Yagi et al., 1999). Although this
technique is powerful in visualization of lung and bone which
have high density variations, the contrast in fetus is very low.
Compared with this, it is clear that the phase-contrast CT has a
great advantage in density resolution. Fig. 4b shows umbilical
hernia in the 13 day fetus, which is normal during this period
(Kaufman, 1992). Fig. 5 shows a series of lateral sections from
thorax to abdomen of the 15 day fetus. Sections of lungs, heart,

liver, intestine and kidneys are clearly visualized. The details of
the forelegs are also depicted. The high density spots in liver and
lungs are probably coagulated blood.

Eye is one of the organs that are best visualized by phase-
contrast X-ray imaging (Hoshino et al., 2010; Hoshino et al.,
2011). The density of lens increases with gestational days
(Table 1) and the cross-sections of lenses at 11, 13 and 15 days
(Fig. 6) show that the density distribution is non-uniform, with
higher density at the distal side and sometimes lower at the axis
than in the lateral sides (Fig. 5¢). The highest density in the lens
of the 15 day fetus was about 1.12 g/cm?. This is still much lower
than the density at the center of an adult lens (1.27 g/em’
(Hoshino et al., 2010; Hoshino et al., 2011)). Thus, the protein
(crystallin) is still being concentrated. Although mouse eyes can
be studied in uterus in vivo by ultrasound biomicroscopy (Foster
et al.,, 2003), precise density measurement with an accuracy
better than 0.3% (Table 1) is only possible with the present

Fig. 4. Images of a 13 day fetus. (a) Image taken with
absorption-based micro CT. The sample-to-detector
distance was 3 m so that edge-enhancement by refraction of
X-rays was utilized. Apart from the omission of the
gratings, the experimental conditions were identical with
the phase-contrast CT. (b) Umbilical hernia in the 13 day
fetus (circle) recorded with phase-contrast CT.
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Fig. 5. Tomographic lateral sections from thorax to
abdomen of a 15 day mouse fetus.

Table 1. Density of eye lens at different gestational days.

gestational days 10 days 11 days

13 days 15 days

density (g/cm®) 1.043+0.003

1.055%0.002

1.058+0.002 1.071£0.002

Two lenses of a mouse for each gestational day were measured. These values were obtained by averaging density across a lens along a line that passed through
its center. Means and the standard deviations were obtained over ten consecutive slices of a specimen, except five slices in the 10 day fetus in which the lens was

not large enough for ten slices.

technique. It enables us not only to measure the density more
accurately than before but to examine the protein density profile
that is important for the function (focusing) of the lens (Hoshino
et al., 2011). This finding on the density and its distribution in
mouse lens during development is completely new and more
detailed work is in progress.

One unique feature of phase-contrast X-ray CT is its high
quantitativeness (Hoshino et al., 2010), which enables us to
measure density of organs quantitatively. As an example, the
volume and the mass of liver were measured (Table 2). The
volume of liver increased by more than 10 times in four days
from gestational days of 11 to 15, while its density remained
more or less constant. In adult mice, the liver weight is about 5%
of the body weight (according to the data taken from the supplier
of the mice), while it is more than 10% even on day 15 when the
body weight was about 400 mg, demonstrating that development

J—

)

Fig. 6. Cross-sections of eyes at (a) 11, (b) 13 and (c) 15 gestational days of
a mouse fetus.

of liver precedes that of the whole body (Theiler, 1989).
Although the measurement was made only in one specimen for
each gestation day, the accuracy of the each obtained value is
better than 1% (see Materials and Methods). Much larger errors
are expected from the segmentation procedure and there is also
individual variability among fetuses of the same gestation day
(even among littermates) (Bijlani et al., 1980).

Discussion

With an absorption-based X-ray CT system including those in
hospitals, it is necessary to use a contrast agent to visualize
organs except bone and lung in vivo. Similarly, staining with
heavy elements is required for ex vivo experiments. The phase-
contrast X-ray CT, which has a contrast resolution of 3.6 mg/ml
(Momose et al., 2005), makes it possible to visualize most of the
organs clearly without a contrast agent or staining.

Table 2. Volume, mass and density of liver in mouse fetuses.

gestational days 11 days 13 days 15 days
volume (mm?) 4.1 27.3 55.2
mass (mg) 43 28.8 57.5
density (g/cm®) 1.054 1.054 1.041

One fetus for each gestational day was analyzed. Segmentation was done
manually in each slice with Photoshop (Adobe, San Jose, CA, USA).
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Transgenic animals are widely used in medical investigations.
Not only to create a “knock-out” mouse that lacks a particular
protein, it is now possible to control the expression of a particular
protein in a specific cell. However, when a gene is modified, the
animal often dies preterm before birth. In such a case, it is
important to ascertain the cause of the premature death. A fetus
before bone calcification is wholly a soft tissue without air and
thus suitable for phase contrast X-ray tomography. It is easy to
find anatomical differences in the transgenic animal and deduce
the problem. Since a mouse fetus is very small, an anatomical
study requires troublesome embedding, staining and sectioning
that require high skills. Even with these efforts, it is hard to get
three-dimensional anatomical information. With computed
tomography, sections in any direction can be easily obtained at
a resolution similar to that of microscopy (Fig. 2). Moreover,
since a fetus can be imaged within uterus, manipulation of the
sample is unnecessary and simple formalin fixation is sufficient,
reducing the possibility of sample damages during preparation.
Thus, it saves a plenty of time and efforts for sample preparation,
making it possible to work on fetuses of various transgenic
animals in an automated system.

The most notable advantage of phase-contrast X-ray CT is its
high quantitativeness. The density measurements of liver and lens
(Tables 1 and 2) make use of this advantage. The high density
resolution facilitates identification of organs and tissues, but
automated segmentation software is necessary to make the best of
this advantage.

Phase-contrast X-ray CT does not require any staining. In this
respect, it is similar to magnetic resonance microscopy. The
extensive staining that was employed by Johnson et al. (Johnson
et al., 2006) for absorption-based microCT is unnecessary for
phase-contrast microCT. On the other hand, it is difficult to stain
the sample to visualize specific materials of interest such as
proteins and RNAs. It is possible to use a low concentration of a
contrast agent to visualize the cardiovascular system. Another
limitation of phase-contrast X-ray CT is that materials with too
high density (such as calcified bone) or too low density (such as
air) causes artifacts in the reconstructed image as is the case in
OPT, which makes it difficult to visualize an in vivo fetus. This is
due to the high density resolution and the limited dynamic range,
and can be avoided by using high energy X-rays with some
deterioration in the density resolution.

Johnson et al. (Johnson et al., 2006) compared several methods
for embryo phenotype screening. Although the cost/sample is
hard to compare because of the changes in the instrument prices,
synchrotron radiation in the hard X-ray range, which is
obtainable only in a small number (currently about 30) of
facilities in the world, is clearly a limited resource. At the
moment, the phase-contrast CT is routinely available only in
ESRF (Grenoble, France), SLS (Villigen, Switzerland) and
SPring-8 (Hyogo, Japan). However, since its potential is being
recognized, more facilities are implementing the technique now.
Most facilities provide beam time free for academic researches,
and for such simple imaging as described in this paper, data
collection by “mail-in” may be possible. For the present study, it
took 1-2 hours to scan each sample at a spatial resolution of 10—
20 um. However, this can be much reduced, to as short as one
second, by using a multilayer monochromator or a white beam to
increase flux (McDonald et al., 2009; Momose et al., 2009b). For
a screening purpose, high-speed scan will be essential. Since the
Talbot imaging does not require a monochromatic X-ray, there is

a possibility that a laboratory apparatus may be realized in future
(Momose et al., 2009a; Pfeiffer et al., 2006).

At SPring-8, absorption-based microCT is used to study
meteorites (Nakamura et al., 2008). In those studies, microCT is
used to obtain a gross 3D structure nondestructively. Then, after
locating the region of interest (ROI), the sample is cut at an
appropriate position to reveal an interesting cross-section, and
investigations are made to identify the materials in the ROI. This
is the best way to make use of the nondestructive nature of
tomographic techniques. For example, to find out the cause of
preterm death of a transgenic mouse, it is feasible to identify
anomalies with phase-contrast CT and then section the fetus in an
appropriate direction. The section can be stained using a variety
of techniques for further histological analysis.
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