First application of liquid-metal-jet sources for small-animal imaging:
High-resolution CT and phase-contrast tumor demarcation
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Purpose: Small-animal studies require images with high spatial resolution and high contrast due to
the small scale of the structures. X-ray imaging systems for small animals are often limited by the
microfocus source. Here, the authors investigate the applicability of liquid-metal-jet x-ray sources
for such high-resolution small-animal imaging, both in tomography based on absorption and in softtissue tumor imaging based on in-line phase contrast.
Methods: The experimental arrangement consists of a liquid-metal-jet x-ray source, the small-animal
object on a rotating stage, and an imaging detector. The source-to-object and object-to-detector distances are adjusted for the preferred contrast mechanism. Two different liquid-metal-jet sources are
used, one circulating a Ga/In/Sn alloy and the other an In/Ga alloy for higher penetration through
thick tissue. Both sources are operated at 40–50 W electron-beam power with ∼7 μm x-ray spots,
providing high spatial resolution in absorption imaging and high spatial coherence for the phasecontrast imaging.
Results: High-resolution absorption imaging is demonstrated on mice with CT, showing 50 μm bone
details in the reconstructed slices. High-resolution phase-contrast soft-tissue imaging shows clear
demarcation of mm-sized tumors at much lower dose than is required in absorption.
Conclusions: This is the first application of liquid-metal-jet x-ray sources for whole-body smallanimal x-ray imaging. In absorption, the method allows high-resolution tomographic skeletal imaging
with potential for significantly shorter exposure times due to the power scalability of liquid-metaljet sources. In phase contrast, the authors use a simple in-line arrangement to show distinct tumor
demarcation of few-mm-sized tumors. This is, to their knowledge, the first small-animal tumor visualization with a laboratory phase-contrast system. © 2013 American Association of Physicists in
Medicine. [http://dx.doi.org/10.1118/1.4788661]
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I. INTRODUCTION
Whole-body small-animal imaging is extensively used in basic and preclinical medical research, e.g., in drug discovery and for understanding mechanisms of disease.1, 2 X-ray
computed tomography (CT) of small animals is an attractive modality since it can provide high spatial resolution with
high throughput at relatively low cost.3, 4 However, current
small-animal imaging systems are typically constrained by
the microfocus x-ray source. In the present paper, we demonstrate the first small-animal x-ray imaging using a novel
source technology, the liquid-metal-jet x-ray source,5–7 which
has potential to increase the power of high-resolution smallanimal x-ray imaging by shortening exposure times and increasing the observable detail by use of phase contrast.
X-ray imaging of small animals requires much higher spatial resolution than clinical imaging due to the smaller scale
of, e.g., organs and other structures. Spatial resolution is ultimately determined by the x-ray spot size of the source via the
penumbral blurring (assuming the detector pixel size is suf021909-1
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ficiently small not to limit spatial resolution). Consequently,
classical absorption imaging systems like small-animal CT
scanners typically rely on microfocus sources. Furthermore,
temporal resolution and exposure times are important, in particular when imaging living animals. Short exposure times require a high photon flux from the source, which in turn requires high electron-beam (e-beam) power. Finally, we note
that photon energies in the range of a few tens of keV are
necessary for penetration through a few cm of tissue, e.g., a
mouse. In summary, high-resolution whole-body CT of small
animals requires few-10-keV sources with small x-ray spots
and sufficient power, e.g., sources with high e-beam power
density. High-end commercial small-animal microfocus CT
systems typically employ stationary targets with 1–10 μm
spot sizes and 1–10 W e-beam power,1, 2 roughly consistent
with the reported thermal limitation of such targets8 of 0.4–
0.8 W/μm which corresponds to an e-beam power density of
50–100 kW/mm2 for a 10-μm source. The liquid-metal-jet xray source concept5–7 circumvents this thermal limitation by
using a regenerative e-beam target to allow for a higher power
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density and thereby a higher photon flux. Currently, liquidmetal-jet microfocus systems are commercially operated over
extended periods at 600–1300 kW/mm2 (100 W and 10 μm
spot size or 200 W and 20 μm spot size) while short-term experiments have reached 7 MW/mm2 .9 Present commercially
available liquid-metal-jet systems are typically based on a
Ga/In/Sn alloy, where the emission spectrum is dominated by
the 9.25 keV Ga Kα line. For increased penetration through
few-cm-thick biological samples, such as a mouse, a new
In/Ga liquid-metal-jet source was recently developed.7 It has
stronger 24 keV (In Kα ) line emission and higher efficiency
in the bremsstrahlung generation than the Ga/In/Sn source,
which improves performance in small-animal imaging.
In the present paper, we demonstrate the first use of liquidmetal-jet sources for whole-body small-animal imaging. The
imaging system is demonstrated on mice with high-resolution
CT of the skeleton and skeletal details as well as for softtissue tumor imaging. The skeletal imaging relies on classical
absorption while the soft-tissue imaging exploits the high spatial coherence provided by the source to demonstrate much
improved demarcation of tumors using in-line phase contrast.
The skeletal structures can be imaged using classical absorption contrast due to the large natural difference in attenuation coefficient between bone and surrounding tissue. With
such high contrast the observable detail is primarily determined by the source spot and the detector properties. Using
absorption CT for soft-tissue imaging with high resolution
is a much more challenging task due to the inherently poor
natural contrast in absorption between different tissue types.
Still, small-animal CT is extensively used in small-animal
cancer research for, e.g., tumor volume or tumor demarcation studies.10 For special cases, such as lung tumors, natural
contrast may suffice by taking advantage of the considerable
difference in attenuation coefficient between air and tissue.11
In general, though, contrast agents are used to increase the
absorption of the tumor tissue. Here, however, the maximum
reachable contrast is limited by the toxicity of the contrast
agent, making observation of small details difficult.
Phase-contrast x-ray imaging has demonstrated substantially improved natural soft-tissue contrast, both using
synchrotron12 and laboratory13, 14 sources. The most commonly used laboratory-source systems rely on a conventional large-spot source in combination with three gratings,
providing high phase sensitivity but source-limited spatial
resolution.15 The method has been applied for tomography,16
also on soft tissue samples.13 The simpler arrangement of
the propagation-based in-line method17, 18 relies on the spatial
coherence of the source for contrast and provides high resolution with small-spot sources. The liquid-metal-jet source
provides sufficient spatial coherence to allow in-line phasecontrast imaging with high resolution and strong contrast,
as has been demonstrated on test objects19 and for two- and
three-dimensional imaging of blood vessels in freshly excised
rat kidneys and rat ears.20, 21 For the blood-vessel tomography, the additional step of phase retrieval is required to obtain a quantitatively correct three-dimensional reconstruction
of the object.22 In these experiments, the high resolution and
contrast relies on large gas/tissue density differences. In the
Medical Physics, Vol. 40, No. 2, February 2013

021909-2

present paper, we demonstrate the first sharp demarcation of
mm-sized tumors in mice based on natural soft-tissue contrast in in-line laboratory phase-contrast imaging and compare with absorption tomography. Such small tumors have
previously only been detected with synchrotron-based phasecontrast systems.23
II. MATERIALS AND METHODS
Figure 1 illustrates the tomographic imaging arrangement.
It consists of the liquid-metal-jet microfocus x-ray source, the
object on a rotation stage, and the x-ray detector. The arrangement can be used both for absorption-contrast and phasecontrast imaging, depending on the choice of the source-toobject (R1 ) and object-to-detector (R2 ) distances. With R2 ≈ 0
we have normal absorption imaging, suitable for, e.g., visualization of bone structure. The small x-ray spot of the source
reduces the penumbral blurring of the object, which, together
with a high-resolution detector, results in detailed images. If
the detector is instead positioned some distance behind the
object (R2 > 0), the arrangement produces a magnified image
of the object on the detector. In addition, our small x-ray spot
provides a sufficiently spatially coherent wavefront to produce phase contrast in this in-line arrangement. This gives an
additional contrast mechanism, which improves sensitivity in
soft-tissue imaging. While the absorption signal depends on
changes in the imaginary part of the complex refractive index
the in-line phase-contrast signal is dependent on the second
derivative of the real part of the complex refractive index.17
Two different liquid-metal-jet sources were used for the
small-animal experiments described here. Both are of the
same principal design as outlined in Fig. 1 but circulate different metal alloys. The first is an early version of Excillum’s
now commercial JXS-D1 (Ref. 9) circulating a Ga/In/Sn
alloy (68.5% Ga, 21.5% In, and 10% Sn) with a dominating
9.25 keV Ga Kα emission line. The second is a modified
version of the same source, where the alloy was changed
to a more indium-rich In/Ga alloy (65% In, 35% Ga). The
In/Ga source generates bremsstrahlung more efficiently
and has an increased brightness in the 24.2 keV In Kα line
compared to the Ga/In/Sn source. Thus, this source generates
a larger fraction of higher-energy x-rays, which increases the

F IG . 1. Experimental arrangement showing the liquid-metal-jet source, the
rotatable object, and the detector. The source-to-object distance is R1 and
object-to-detector distance is R2 .
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results. Note that in contrast to Ref. 20, the phase-contrast
contribution was relatively small in the present tomography experiments so no phase retrieval was performed on the
projections.
For all the present imaging experiments, we used three female mice (Athymic Nude-Foxn1nu/nu , Harlan Laboratories),
which were imaged a few hours after they were sacrificed.
All animal experiments were carried out in accordance with
the Animal Protection Law (SFS 1988:534), the Animal Protection Regulation (SFS 1988:539), and the Regulation for
the Swedish National Board for Laboratory Animals (SFS
1988:541) and approved by the Stockholm regional ethics
committee for animal research (N358/09).

III. RESULTS AND DISCUSSION
F IG . 2. Quantitative x-ray spectra of the Ga/In/Sn and In/Ga liquid-metal-jet
sources, with 7 μm FWHM spot size, 200-μm-thick Al filtering and at 50 W
e-beam power. The In/Ga spectrum has been shifted upwards.

penetration depth for improved imaging of thicker samples
but with the added complication of a heated liquid-metal
recirculation system.7 Both sources are typically operated
at 40–50 W electron-beam power with a 7 μm full-width
at half-maximum (FWHM) x-ray spot. Figure 2 shows the
calibrated x-ray spectra of the two sources, filtered with
200-μm-thick Al and measured with a CdTe diode. Both
spectra have been normalized to 50 W e-beam power, the
power used for the In/Ga/Sn experiments in this paper. The
Al filter reduces the radiation dose by removing low-energy
photons, which are highly absorbed in thick samples like
ours. The Ga/In/Sn source was used to acquire absorption
images for the whole-body mouse tomography and for the
phase-contrast experiments aimed at finding the boundary
between tumorous and healthy soft tissue inside a mouse.
The In/Ga source was used for comparative mouse imaging.
In addition to the source, the imaging arrangement consists of a rotatable sample stage for the small-animal (mouse)
object and an imaging detector (cf. Fig. 1). The freshly sacrificed mouse was placed in a thin cone-shaped plastic holder,
which was fixed in a cylindrical plastic holder on the rotation
stage. For ease of lateral alignment, the sample stage also has
linear actuators. The detector is a 36 × 24 mm water-cooled
VHR x-ray camera (Photonic Science). It has a 5 mg/cm2
Gd2 O2 S:Tb scintillator coupled fiber-optically 1:1 to a CCD
with 9 × 9 μm pixels. The FWHM of the detector pointspread function is 22 μm, which was determined from edgespread-function measurements.
The data acquisition for the tomography was performed
by rotating the mouse around a vertical axis (cf. Fig. 1). The
recorded projections were flat-field corrected and binned before the three-dimensional image of the mouse was reconstructed with a filtered backprojection algorithm employing
cone-beam geometry.24 During the process, tilt angle and center of rotation were manually adjusted for best reconstruction
Medical Physics, Vol. 40, No. 2, February 2013

Figure 3 demonstrates high-resolution tomography of the
mouse pelvic region. This was performed with the Ga/In/Sn
source operating at 50 W with a 6 × 8 μm2 FWHM spot size.
A total of 180 projections were acquired over 180◦ , with R1
= 0.49 m, R2 = 0.11 m, and 20 s exposure time per projection.
A 200-μm-thick Al filter was used to decrease the dose to
5.6 mGy/projection resulting in a total dose of 1.0 Gy. The
dose is calculated from x-ray absorption in 25-mm-thick soft
tissue, the approximate diameter of the mouse. Material data
are provided by NIST (Ref. 25) and dose rates were verified
by ionization-chamber measurements.
Figure 3(a) displays a projection and Fig. 3(c) a reconstructed slice through the pelvic region of the mouse. The
vertical position of the slice is shown by the dashed white line
in Fig. 3(a). In Fig. 3(b), a closeup of the projection through
the knee, indicated by the black rectangle in Fig. 3(a), is presented. A magnification of the slice through the spine and
pelvis is shown in Fig. 3(d) while Fig. 3(e) is a magnified
image of the knee in Fig. 3(c). The bones of the mouse can be
clearly observed in all panels of Fig. 3. This high-resolution
imaging also shows the inner bone structure, e.g., in Fig. 3(e),
where both the compact outer bone and the trabecular bone
is visible. In Fig. 3(e), about 50 μm wide details in the trabecular bone can be observed. This result is on the same order as the typical voxel resolution achieved by commercial
microfocus sources operating at lower power.2, 4 Some artifacts due to movement of the mouse during exposure (motion
blur) are visible, as for example, indicated by the arrow in
Fig. 3(c). Reconstructions based on half the dataset (90 projections over 180◦ , dose 0.5 Gy) show similar 50-μm detail
but with stronger star artifacts due to the lower number of
projections, while reconstruction of an extended dataset (360
projections over 180◦ , dose 2.0 Gy) shows an image similar to
that in Fig. 3(c) but with lower noise. The images in Figs. 3(a)
and 3(b) have been software binned four times to reduce photon noise. Prior to the filtered backprojection the images in
Figs. 3(c)–3(e) have been binned two times. Thus, the pixel
size is 36 × 36 μm in Figs. 3(a) and 3(b), and 18 × 18 μm in
Figs. 3(c)–3(e). With a magnification of 1.22, this means that
the reconstructed (isotropic) voxel size in the object plane is
30 μm in Figs. 3(a) and 3(b), and 15 μm in Figs. 3(c)–3(e).
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F IG . 3. X-ray imaging and CT of a mouse using the Ga/In/Sn source. (a) A projection image of the mouse pelvic region and (b) a closeup of the knee. (c) The
tomographically reconstructed slice through the mouse, where the dashed white line in (a) indicates the position of the slice. Motion blur artifacts are observed
as a slight fog at the white arrow. (d) A closeup of the spine and pelvis. (e) A closeup showing 50 μm wide details in the trabecular bone. Distances: R1
= 0.49 m and R2 = 0.11 m. Exposure time and dose: (a) and (b) 20 s and 5.6 mGy, (c)–(e) 1 h and 1.0 Gy.

Figure 4 shows an isosurface of the bones in the pelvis
region of the mouse. Here, the full tomographic dataset of
Fig. 3 has been segmented with respect to local absorption
coefficient. The high signal-to-noise ratio allows observations

F IG . 4. Segmented and surface-rendered representation of the absorptionCT dataset for the bones in the pelvic region of the nude mouse in Fig. 3.
Medical Physics, Vol. 40, No. 2, February 2013

of, e.g., small details on the bone surface and the structure of
the knee.
Figure 5 shows the first small-animal imaging with the
higher-photon-energy In/Ga source, showing the abdomen region of the mouse. The source was operating at 40 W with a
circular 7-μm-diameter FWHM x-ray spot and 200-μm-thick
Al filtering, with R1 = 2.4 m and R2 = 0.5 m. Compared
to the previous experiment, we have increased the object-todetector distance (R2 ) in order to lower the dose and give
a slight phase contrast contribution to the image. The exposure time is 240 s and dose 2.3 mGy. The in-line phase
contrast is most clearly observed at the gas bubbles in the
abdomen with its characteristic edge enhancement and contributes to a lesser degree to the edge definition of the bones.
For future CT experiments, both R1 and R2 may be reduced to
shorten exposure times. Due to the increased amount of highenergy photons emitted from the In/Ga source (cf. Fig. 2), the
same signal-to-noise ratio may be obtained with a reduced
exposure time, compared to the Ga/In/Sn source. This also
means that for a constant signal-to-noise ratio, the dose delivered to the mouse can be decreased by using the In/Ga
source, which is beneficial for biomedical imaging of live
animals.
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F IG . 5. X-ray projection image of a mouse, using the new In/Ga liquidmetal-jet x-ray source. The distances R1 = 2.4 m and R2 = 0.5 m results in a
phase-contrast contribution to the image. Exposure time and dose: 240 s and
2.3 mGy.

In Fig. 6, we investigate the method’s potential for softtissue tumor demarcation in whole mouse. In order to induce
tumor formation, 1 × 106 E1A/Ras-transformed mouse embryonic fibroblasts were injected under the skin of the mouse.
After approximately four weeks, the tumor had reached a size
of a few mm and the mouse was sacrificed and imaged with
the Ga/In/Sn source. The source was operating at 50 W with
a circular 7-μm-diameter FWHM x-ray spot and 200-μmthick Al filtering. Figure 6(a) shows an in-line phase-contrast
projection image of the tumor region. The distances are R1
= 1 m and R2 = 2 m, exposure time 300 s, and dose 19 mGy.
The tumor (T) is located to the right and the surrounding fat
tissue (F) and the thigh bone (B) are seen on the left. Note
that contrary to in the absorption imaging in Figs. 3 and 5,
we have chosen to keep the original contrast, i.e., the bone is

021909-5

black, in this phase image for proper evaluation of the softtissue phase contrast. The black arrows indicate the position
of the edge between the tumor and the healthy tissue, showing
distinct edge enhancement due to phase contrast. The strong
edge contrast is due to the long propagation distance (R2 )
in combination with the tumor being partially surrounded by
fat tissue, which has lower density than the tumor. This density gradient is the major reason for the large difference in
complex refractive index at the tumor boundary leading to a
large in-line phase-contrast signal. The absorption signal from
the tumor interface in Fig. 6(a) is, however, relatively weak,
which can be realized by comparing pixel values on opposite
sides of the tumor edge.
For comparison, the same mouse tumor was tomographically imaged in a similar manner as in Fig. 3 to produce an
absorption-contrast image, cf. Fig. 6(b). The source was running at 50 W, with a spot size of 7 μm, and 200-μm-thick
Al filtering. A total of 180 projections were recorded over
180◦ , with R1 = 0.385 m and R2 = 0.115 m. For these distances, the amount of phase contrast is negligible. The exposure time is 15 s/projection and the dose is 1.3 Gy. The
position of the reconstructed slice is indicated by the dashed
white line in Fig. 6(a). The bones are white, the cone-shaped
plastic holder is visible around the mouse, and the black areas are air. The tumor (T) is situated just beneath the skin
of the mouse, which bulges slightly outwards into the surrounding air. Again, the black arrows indicate the position of
the tumor edge. Here, it is the difference in attenuation coefficient between the tumor and the fat tissue that makes tumor demarcation possible, albeit not with the same distinction
as in the single phase-contrast image. Furthermore, the total
dose of the absorption dataset is 1.3 Gy, as compared to the
19 mGy in the phase-contrast image. Reconstructing half the
dataset (90 projections over 180◦ , dose 0.66 Gy) yields images that do not allow complete demarcation of the tumor,

F IG . 6. (a) X-ray phase-contrast image of a mouse tumor. The black arrows indicate the position of the boundary between the tumor (T) and surrounding fat
tissue (F). The dark areas are bone (B). (b) Absorption CT of the same mouse. The slice corresponds to the position of the dashed white line in (a) and the arrows
point at the same tumor interface as in (a). Ga/In/Sn source. Distances: (a) R1 = 1 m and R2 = 2 m, (b) R1 = 0.385 m, and R2 = 0.115 m. Exposure time and
dose: (a) 300 s and 19 mGy, (b) 45 min and 1.3 Gy.
Medical Physics, Vol. 40, No. 2, February 2013
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IV. CONCLUSIONS

F IG . 7. Comparison between phase-contrast and absorption-contrast tumor
imaging at approximately the same dose. (a) Part of the Fig. 6(a) phasecontrast image at 19 mGy. (b) Same area in absorption at 15 mGy. Ga/In/Sn
source. Distances: (a) R1 = 1 m and R2 = 2 m, (b) R1 = 0.385 m, and
R2 = 0.115 m. Exposure time: (a) 300 s, (b) 30 s.

due to too high photon noise. Finally, we compare absorption
imaging and phase-contrast imaging with approximately the
same dose in Fig. 7. Figure 7(a) is the central part of Fig. 6(a)
(dose 19 mGy) while Fig. 7(b) shows the same area in absorption contrast. In Fig. 7(b), we have added two opposite
projections, acquired with R1 = 0.385 m and R2 = 0.115 m,
for a total dose of 15 mGy. The phase-contrast image clearly
provides superior demarcation. This improvement in tumor
demarcation may be further investigated by acquiring a full
phase-contrast CT dataset to compare with absorption CT.
However, a full quantitative comparison would require an extensive investigation of factors such as imaging distances, exposure time, and phase-retrieval parameters, and will thus be
left to future work.
It is clear that in-line phase contrast shows promise for
improved natural-contrast tumor demarcation at low dose.
However, we also note that the applicability of the method
depends on many parameters. In the present case, the sharp
edge enhancement observed in the phase images [Figs. 6(a)
and 7(a)], as well as the relatively high contrast in the absorption CT [Fig. 6(b)], are due to the tumor being surrounded by
fat tissue. The two tissue types have different densities and
thereby different complex refractive indices. However, when
the tumor is in contact with surrounding tissue with almost
identical index of refraction the edge of the tumor cannot be
detected with phase contrast. This is observed in Fig. 6(a) in
the area above the black arrows. Similarly, it is not possible
to tell the difference between tumor and muscle tissue in the
natural-contrast absorption image of Fig. 6(b) since the difference in x-ray mass attenuation coefficient of the two tissue
types is too small. Still, the experiments demonstrate that
in-line phase contrast using the liquid-metal-jet source clearly
provides an additional contrast mechanism in addition to absorption, which may be exploited for improved tumor demarcation and other soft-tissue imaging applications in suitable
cases.
Medical Physics, Vol. 40, No. 2, February 2013

We have demonstrated the first application of liquid-metaljet microfocus sources for small-animal x-ray imaging, using both absorption and phase contrast. The source properties such as spot size and spectrum are found appropriate
for small-animal-sized biological objects and reconstructions
demonstrate the method’s applicability for high-resolution absorption CT. In addition, we exploit the high spatial coherence
to demonstrate the first phase-contrast-assisted tumor demarcation in a mouse with a laboratory-source system. The phase
contrast is observed to greatly improve the detectability of the
tumor edge in a projection image, compared to conventional
absorption contrast. Such few-mm-sized tumors have previously only been visualized with a synchrotron-source-based
phase-contrast system23 while laboratory-source-based systems have been restricted to tumor sizes of a few tens of mm14
which renders them less suitable for small-animal research.
The dose delivered to the mouse in the phase-contrast experiment (19 mGy) is already low for small-animal imaging. However, the doses in the absorption-tomography experiments described in this paper were about a factor of 2 higher
than doses commonly used in small-animal imaging.4 The
dose may be further reduced in future experiments depending
on the specific image task and the features that need to be detected. The dose and exposure time can also be reduced by the
use of a detector more suitable for small-animal imaging, i.e.,
one with higher absorption efficiency in the 20–25 keV energy range. Our present detector is optimized for low-energy
(9 keV) x-rays, having a scintillator absorption efficiency of
only 11% at 25 keV.
Finally, we note that exposure times for the absorptionimaging experiments are in the same range as those obtained
with existing sources, while relatively long for the phasecontrast imaging. Fortunately, the liquid-metal-jet arrangement does not have the same basic thermal power-loading
limitation as conventional microfocus x-ray sources. In the
next few years, we can expect liquid-metal-jet sources with
up to ten times higher power without an increase in spot size.
Thus, there appears to be potential for a considerable reduction in exposure time without sacrificing image quality.
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