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Three-dimensional imaging of whole mouse models: comparing
nondestructive X-ray phase-contrast micro-CT with
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Summary

Introduction

In this study, we compare two evolving techniques for obtaining high-resolution 3D anatomical data of a mouse specimen. On the one hand, we investigate cryotome-based planar
epi-illumination imaging (cryo-imaging). On the other hand,
we examine X-ray phase-contrast micro-computed tomography (micro-CT) using synchrotron radiation. Cryo-imaging
is a technique in which an electron multiplying charge coupled camera takes images of a cryo-frozen specimen during
the sectioning process. Subsequent image alignment and virtual stacking result in volumetric data. X-ray phase-contrast
imaging is based on the minute refraction of X-rays inside the
specimen and features higher soft-tissue contrast than conventional, attenuation-based micro-CT. To explore the potential
of both techniques for studying whole mouse disease models,
one mouse specimen was imaged using both techniques. Obtained data are compared visually and quantitatively, specifically with regard to the visibility of fine anatomical details.
Internal structure of the mouse specimen is visible in great
detail with both techniques and the study shows in particular that soft-tissue contrast is strongly enhanced in the X-ray
phase images compared to the attenuation-based images. This
identifies phase-contrast micro-CT as a powerful tool for the
study of small animal disease models.

For a profound understanding of diseases, the study of model
organisms in biomedical research is an invaluable tool. In
this context, histopathology is – in most cases – still the gold
standard technique for examining the tissue of interest. This
technique is intrinsically 2D and can only be extended to
3D by virtually stacking subsequent slices (Weninger et al.,
1998). In order to avoid deformation of tissue and to minimize
distortions in the longitudinal direction, a cryotome can be
used in combination with an optical camera. In this particular technique, here referred to as cryo-imaging, the camera
takes images of cutting surfaces of the frozen specimen in the
sectioning process (Wilson et al., 2008; Steyer et al., 2009;
Sarantopoulos et al., 2011). Subsequently, these images are
aligned and stacked to a pseudo 3D volume. This technique
and histopathology in general are labour-intensive, depending on the needed through-plane resolution, and are not well
suited for screening of large volumes as required for example in
anatomical phenotyping or therapeutic response monitoring.
At this point, technical advances in biomedical imaging can
offer an alternative.
For high-resolution imaging of whole small animals,
most commonly micro-computed tomography (micro-CT) and
magnetic resonance imaging are used (Tyszka et al., 2005;
Cnudde et al., 2008). Micro-CT features high spatial resolution (on the order of several micrometers), but has difficulty
in distinguishing soft tissues (Holdsworth & Thornton, 2002).
This limitation can partly be overcome by the injection of a
contrast agent, resulting in soft-tissue contrast based on differences in agent uptake and washout dynamics. Magnetic
resonance imaging on the other hand, shows high intrinsic
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soft-tissue contrast, but is fundamentally limited in spatial
resolution (Tyszka et al., 2005). In micro-CT, the limitation
in image contrast in soft tissue is due to the limited difference in attenuation properties of light elements. A physically
different effect for contrast generation can be utilized with
phase-sensitive X-ray imaging techniques. These rely on the
phase shift that X-rays undergo when passing through matter
(Fitzgerald, 2000). The difference in phase shift – which results
in a certain refraction angle – can be made visible as contrast
mechanism in a grating interferometer. This technique provides two types of images from one acquisition: conventional
attenuation-contrast images and phase-contrast images. Recent studies employing this method have numerously demonstrated improved soft-tissue contrast (Momose et al., 2006;
Weitkamp et al., 2008; Jensen et al., 2011; Stampanoni et al.,
2011; Stutman et al., 2011; Schulz et al., 2012; Sztrókay et al.,
2012; Tapfer et al., 2012). This increased soft-tissue contrast in
combination with the capability of high spatial resolution renders phase-contrast CT attractive for high-performance imaging of anatomy.
In the context of small-animal preclinical imaging, the
present study investigates two evolving ex vivo techniques
for high-resolution imaging of mouse anatomy: synchrotron
radiation-based phase-contrast CT and cryo-imaging. Specifically, one exemplary healthy mouse specimen was imaged
using both techniques and obtained data are compared visually and quantitatively.
Materials and methods
Cryo-imaging
The setup consists of a commercially available rotary cryotome (CM 1950, Leica Microsystems GmbH, Wetzlar,
Germany), equipped with a near-infrared sensitive camera
(Luca R, Andor Technology plc., Belfast, UK). Because the
camera itself is monochromatic, in order to reconstruct the
colour image, we use a controllable filter-wheel with an
RGB filter-set in front of it. Additional polarizers are used to
minimize specular reflections from the ice crystals. Specially
developed software controls the sectioning procedure of the
cryotome and the image acquisition of the optical system.
Essentially, the technique is based on colour images taken
directly from the cutting surface of the frozen specimen (episcopic images) during the sectioning process. Figure 1(A) displays the cryo-imaging setup schematically. The generation of
a pseudo 3D volume is based on the relative alignment of all images with the help of fiducial markers and subsequent virtual
stacking. The sample preparation (embedding and freezing)
and data acquisition time (slicing and image capture) for the
mouse specimen was approximately 15 h in order to achieve
high through-plane resolution of the whole body. The pixel
size in-plane was 25 μm, and the slice thickness was ≈100
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Fig. 1. Schematic view of the cryo-imaging setup (A) and grating-based
X-ray phase-contrast CT setup (B).

μm. By pausing the slicing procedure, the cryotome can also
be used for collecting samples for conventional histopathology. The system is moreover specially designed for multispectral imaging the bio-distribution of fluorescent probes. This
feature was, however, not used in the present study as the
injection of fluorescent markers requires a living animal. A
detailed description of this cryo-imaging system can be found
in Sarantopoulos et al. (Sarantopoulos et al., 2011).
X-ray grating interferometer
The synchrotron radiation source measurements were carried
out at beamline ID19 of the European Synchrotron Radiation Facility in Grenoble, France. Transmission and differential
phase images were extracted by a Talbot interferometer and
a scintillator/lens-coupled CCD detector (FReLoN) (Weitkamp
et al., 2005, 2010). The experimental setup is represented
schematically in Fig. 1(B). The inter-grating distance of the
phase grating (period 4.79 μm) and the analyser grating (period 2.4 μm) was 408 mm. With an X-ray energy of 35 keV,
this corresponds to the 5th fractional Talbot distance, and
a phase-shift of π. The monochromator consists of a Si-111
double-crystal monochromator, providing an energy bandwidth of E /E ≈ 10−4 . For the tomographic scan, 901 projections were acquired over 360 degrees. In the phase-stepping
procedure, four images were acquired with an exposure time
of 1 s each. As the field-of-view is limited in the longitudinal
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Fig. 2. Transverse slices of all imaging modalities at three different positions: (A) cryo-images, (B) phase-contrast CT images and (C) attenuation-based
CT images. In the cryo-images, prominent organs are labelled: stomach (st), liver (li), kidney (ki), intestine (in). For the SNR analysis, the employed ROIs
of the corresponding organs are indicated by red circles and the noise ROIs is indicated in blue. All images are displayed on a linear greyscale and are
windowed for best visual appearance. The scale bar indicates 5 mm.

direction to 2 cm, two subsequent CT scans were performed,
resulting in a total acquisition time of ≈4 h. The effective detector pixel size of 30 μm resulted in an isometric CT volume voxel
size of 30 μm. The tomographic reconstruction is quantitative,
i.e. the spatial distribution of the linear attenuation coefficient
μ(x, y) and decrement of the refractive index δ(x, y) is accessible (Weitkamp et al., 2005; Herzen et al., 2009; Qi et al., 2010;
Tapfer et al., 2011). The latter quantity directly maps electron
density.
Image analysis
The data sets of both techniques were aligned by hand using
rigid transformations. Due to the nearly identical specimen
positioning during X-ray acquisition and subsequent cryofreezing of the entire mouse, misalignment of both data sets
was minimal and sophisticated software registration as used
for example by Müller et al. (Müller et al., 2012) was not necessary. The comparison of visibility of different tissues for both

methods is done by visual inspection. For the X-ray data, attenuation and phase images were additionally compared quantitatively. Please note that attenuation and phase images are
intrinsically perfectly registered as both originate from one
common data set. For the quantitative comparison of both
images, regions-of-interest (ROI) within several organs were
selected and the signal-to-noise ratio (SNR) was determined.
When determining the SNR using the standard deviation to
probe noise, one aspect has to be considered: the standard deviation in a ROI reflects two opposing effects, namely image
noise and tissue heterogeneity. Image noise should of course
be considered in the SNR, unlike tissue heterogeneity that –
if present within the ROI – also increases the standard deviation and consequently appears falsely as additional noise. To
overcome this problem, the noise estimate in this analysis was
not determined from the organ ROI itself, but rather using a
dedicated noise ROI that covers a homogeneous image region.
Based on the mean value of the ROI of a specific organ i, Mi ,
and the standard deviation σ from the noise ROI, the SNR was
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Table 1. Signal-to-noise ratios in attenuation and phase images for selected tissues are listed.

calculated according to
SNRi =

Mi
.
σ

(1)

The uncertainty of the SNR (σSNR ) was determined by applying
standard error (SE) propagation to the equation of the SNR
(Eq. (1)). The required uncertainties are the SE of each mean
value (SEmean = √σN ) and the SE of the noise estimate (SEσ =
√σ ) (Press et al., 2007). N denotes the number of voxels in
2N
the corresponding ROI.
Results
In Fig. 2, three transverse views of the abdomen are shown:
(A) cryo-images, (B) phase images, (C) attenuation images.
The transverse slice in the top row is located inferior to the
lung, the middle row’s slice covers both kidneys, and the bottom row is superior to the hip. Prominent organs that can
clearly be identified are the stomach (st), several lobes of the
liver (li), kidney (ki) and intestines (in). All of these are highlighted only in the cryo-images. When comparing the cryoand X-ray images, the good correlation becomes apparent.
Only few slight deformations in shape are present. Moreover,
please note that the cryo-images are not strictly surface images as the light penetrates noticeably the surface layer of
tissue. In the phase images, streaking artefacts are present,
which originate from the strongly phase-shifting bones. Both
in origin and appearance, these streaking artefacts are comparable to streaking artefacts originating from metal implants in
clinical CT.
When regarding the cryo-images, all organs can be easily
identified as expected. Here, the difference in colour significantly improves discernibility of organs. Also in the phase
image, all organs can be clearly identified. For the attenuation image, the recognizability of organs is markedly compromised. In particular, soft-tissue contrast is strongly reduced
and only bone tissue generates a strong contrast. When examining smaller structures – i.e. fine anatomical details within
the mentioned organs – a similar observation can be made. As
an example, the liver and the kidney of the top row are considered. In the cryo-image, the blood vessel network is clearly
visible within the liver (appearing darker). Many of these blood
vessels are also visible in the phase image, however less clearly.
In the attenuation image on the other hand, the liver – as most
other organs – does almost not exhibit any internal structure.
Similarly, internal structure of the kidney is visible in the cryoand phase image, unlike in the attenuation image.
As the pixel size is very similar in the cryo-images (25 μm)
and the X-ray images (30 μm), the reason for the described
visual observations is not spatial resolution but rather image
contrast. More precisely, the crucial difference lies within the
SNR, which is analysed in the following. Due to the colour
information of the cryo-images, a direct comparison with the
greyscale X-ray images is not straightforward, and the follow
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Liver
Stomach
Kidney
Intestine

Attenuation

Phase

15.2 ± 0.3
15.2 ± 0.3
15.1 ± 0.3
16.0 ± 0.3

107 ± 2
108 ± 2
107 ± 2
117 ± 2

ing SNR analysis is performed only for the attenuation and
phase images. The analysis is based on ROIs, which cover several organs and a separate ROI that is used to probe noise. The
organ ROIs are indicated by red circles with the corresponding organ depicted as index. The noise ROI is shown in both
the phase and the attenuation image as blue circle (ROIno ).
Table 1 lists the SNR values that were determined in this manner. These quantitative values confirm the described visual
impression, with approximately seven times larger SNRs in
the phase images.
Figure 3 displays coronal slices of the cryo-volume (A), the
phase- (B) and attenuation data (C). Good correlation between
the cryo-image and the X-ray images is also given in this case.
However, it becomes apparent that the cryo-based technique
naturally performs worse in the longitudinal direction: horizontally oriented distortions are visible, which are caused by
the virtual stacking. The X-ray data on the other hand is truly
3D and any slice orientation is accessible. Also in the phase
image few horizontally oriented stripes are visible. These are
due to the differential nature of the phase signal. Additionally,
these are overlaid by the previously mentioned bone-induced
streaking artefacts.
Discussion
Present preclinical research on small animals aims at fundamentally understanding various pathologies. Moreover,
anatomical phenotyping is of great interest, especially due to
the ever increasing access to genetically engineered animals.
For these and potentially also other applications that require
high spatial resolution 3D data with pronounced soft-tissue
visibility, phase-contrast CT and cryo-imaging have shown
great potential. In the following the advantages and limitations of both techniques are considered briefly.
Cryo-imaging, which is compatible with acquiring conventional histological sections, can be combined with staining
for gene and protein expression. The experimental setup does
moreover have the capability to image the bio-distribution of
fluorescent probes, which allows for functional imaging. The
technique is for these reasons very well suited as a validation technique for novel nondestructive imaging modalities
and has, for example, been used in combination with multispectral optoacoustic tomography and fluorescence molecular tomography (Ale et al., 2012; Herzog et al., 2012; Taruttis

28

A. TAPFER ET AL.

Fig. 3. Coronal views of all imaging modalities: (A) cryo-image, (B) phase image, (C) attenuation image. The stomach (st), liver (li) and intestines (in) are
labelled. All images are displayed on a linear greyscale and are windowed for best visual appearance. The scale bar indicates 5 mm.

Table 2. Overview of properties of both reviewed modalities, cryo-imaging
and phase-contrast CT.
Cryo-imaging
Pixel size (μm)
In-plane
25
Through-plane
75–125
Acquisition time (h)
≈15
Volume format
Pseudo 3D
Sample preparation
Cryo-sectioning
/handling
(destructive)
Other features
Histological staining
Fluorescent bio-markers

Phase-contrast CT

30
30
≈4
Truly 3D
Fixation
(nondestructive)
Two complementary
contrasts
Quantitative (μ and δ)

et al., 2013). The use of combinations of narrow-band filters
can also further increase the contrast of intrinsic tissue chromophores, such as hemoglobin. The range of applications is
of course limited due to the destructive nature and the expense in labour involving sample preparation, the physical
slicing, photographing and post-alignment. In the case that a
3D volume is generated, additional software post-processing is
necessary and slight distortions in the longitudinal direction
can hardly be avoided with the setup used. Using a different cryotome, the process can be fully automated, decreasing
the workload and the user-depended acquisition artefacts, like
misalignments. The addition of xy-stages to scan the sample
with a microscopic lens can further increase the resolution, by
tiling multiple images for each plane.
Tomographic imaging in general allows for a higher and
more user-friendly throughput, is nondestructive and results
in truly 3D data volumes, with isotropic spatial resolution in
all three orthogonal directions. Also samples that are difficult to slice can be handled and the intrinsic digital nature
of tomographic data allows for straightforward software postprocessing, such as for example volume quantification or segmentation.
In this context, Table 2 summarizes relevant properties and
technical parameters of both reviewed methods.
Technically, a higher spatial resolution is easily achievable
for both reviewed techniques by using different camera optics

or a different X-ray detector respectively. In particular, for the
phase images, it has been reported in the literature that a
smaller pixel size is beneficial for the SNR (Chen et al., 2011;
Engel et al., 2011; Köhler et al., 2011).
Concerning the X-ray data acquisition time, there is significant room for optimization. This relates to both the experimental imaging setup and the data collection scheme. With respect
to the experimental setup, the exposure time can be reduced
by several orders of magnitude when increasing the photon
flux by using a larger energy bandwidth in the few percent
range, so called ‘pink beam’. As the grating interferometer
is proven to be highly achromatic, the imaging performance
would not be degraded (Engelhardt et al., 2008). With regard
to data acquisition, the significantly shorter acquisition time
would allow for continuous-rotation CT scans, or rather several continuous-rotation CT scans for each grating position.
Alternatively, acquisition time can be reduced by combining
phase stepping and sample rotation as recently reported by
Zanette et al. (2012). Altogether, CT scans with comparable
image quality are feasible with acquisition times on the order
of half an hour or less.
With respect to routine investigations, for which a synchrotron is not ideally suited due to limited access, also conventional laboratory X-ray tubes can be employed for phasecontrast measurements, when an additional source grating
is used to provide sufficient spatial coherence (Pfeiffer et al.,
2006). If the focus is on high-spatial resolution, the interferometer can be operated with a microfocus X-ray tube, as
commonly done in conventional absorption-based imaging.
When the grating interferometer is operated with an X-ray
tube rather than with monochromatized synchrotron radiation, image quality is reduced due to two effects: the photon
flux is lower (affecting statistical image noise) and the polychromatic nature of the X-rays reduces the performance of
the interferometer and moreover gives rise to beam-hardening
artefacts. Nevertheless, increased soft-tissue contrast has been
demonstrated in several tube-based biomedical CT imaging experiments (Bech et al., 2009; Donath et al., 2010; Grandl et al.,
2013). A comparison of synchrotron and tube-based phasecontrast imaging for the case of a mouse tumor model can be
found in Tapfer et al. (2013).
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Other noninvasive imaging techniques with dedicated instruments for small animals besides magnetic resonance imaging include single-photon emission computed tomography,
positron emission tomography and several optical imaging
techniques. Compared to X-ray-based techniques, spatial resolution is strongly inferior in the emission techniques (singlephoton emission computed tomography and positron emission tomography) and also magnetic resonance imaging is
fundamentally limited in spatial resolution due to molecular
diffusion, T2 relaxation and magnetic field inhomogeneities
(Callaghan, 1993). For optical techniques, the main limitation is penetration depth (Ntziachristos, 2010). Here, gratingbased phase-contrast CT offers the complementarity of two
contrasts, combining high soft-tissue contrast with a good
representation of the skeleton at high spatial resolution.
Conclusion
In this study, the imaging performance of cryo-imaging
and grating-based phase-contrast CT, with phase- and
attenuation-contrast images, was investigated on one healthy
mouse specimen. In particular, the potential for highresolution anatomical imaging was assessed. Besides a visual
comparison of all imaging modalities, especially the attenuation and phase images were compared quantitatively, based on
a SNR analysis of several organs in the abdomen. Here, it was
demonstrated that soft-tissue contrast is strongly improved in
the x-ray phase data compared to the x-ray absorption data.
The vast differences of both techniques result in different
advantages and limitations. Cryo-imaging is compatible with
conventional histology – allowing for staining of gene and
protein expression – and it is very well suited as a validation technique. However, it is destructive and labor-intense.
Grating-based phase-contrast imaging is nondestructive, allows for a higher throughput, and delivers truly volumetric
data with two complementary image contrasts, yet images
may suffer from bone artefacts.
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Engel, K.J., Geller, D., Köhler, T., Martens, G., Schusser, S., Vogtmeier, G.
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