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Detecting small lung tumors in mouse models
by refractive-index microradiology
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Abstract Refractive-index (phase-contrast) radiology was
able to detect lung tumors less than 1 mm in live mice.
Significant micromorphology differences were observed in
the microradiographs between normal, inflamed, and lung
cancer tissues. This was made possible by the high phase
contrast and by the fast image taking that reduces the
motion blur. The detection of cancer and inflammation
areas by phase contrast microradiology and microtomog-
raphy was validated by bioluminescence and histopatho-
logical analysis. The smallest tumor detected is less than
1 mm3 with accuracy better than 1×10−3 mm3. This level of

performance is currently suitable for animal studies, while
further developments are required for clinical application.
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Real-time imaging

Introduction

For accurate detection and diagnosis of lung cancer, current
imaging techniques include plain radiography, computed
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tomography (CT), magnetic resonance imaging (MRI), and
positron emission tomography (PET). Among them, the
central role of multi-detector CT with contrast administra-
tion as a diagnostic and staging tool in the lung cancer is
now firmly established [1]. In recent years, a large number
of research results were published on low-dose CT
screening, with detection rates of early lung cancer varying
between 38% and 66% [2].

The detection of small-size lung cancer tumors is
particularly important [3, 4] but difficult with the current
medical imaging techniques. Contrast based on X-ray
absorption can theoretically reveal tumors of diameter
down to ≈2 mm [5]. However, most of the stage I lung
cancer tumors imaged by CT have a mean size of 15 mm,
and the smallest identified tumor size is 1 mm [6, 7] with a
high false positive rate [8, 9]. Other imaging techniques are
also affected by significant limitations [10]. For example,
MRI offers better soft tissue contrast, multiplanar imaging,
and other advantages, but is slower and with worse
spatial resolution (~3 mm [11]) than CT. PET is able to
distinguish between benign and malignant tumors if the
size exceeds ~10 mm [12] with spatial resolution ~6 mm
[13]. Therefore, histopathology examination of resected
specimens is often necessary to distinguish between
benign tumors, malignant tumors, and inflamed tissues.
For applications confined to animal studies, some more
other imaging techniques are available, e.g., fluorescence
molecular tomography, but these are also affected by
limitations, in particular concerning the resolution.

We present here results on the in vivo detection of
millimeter-size cancer tumors in mouse models with
refractive-index microradiology using spatially coherent
synchrotron X-rays. The tests included not only the
discrimination between normal and cancer lung tissues but
also between cancer and inflammation. The phase mechanism
results both in high contrast and in fast image taking that
reduces the effects of motion blur.

Phase contrast enables highly coherent X-rays to produce
images with enhanced edges between different specimen
regions [14]. Areas with dissimilar (real) refractive index
values cause different deviations of the X-ray beam [15].
This produces typical white-dark “fringes” in the radiographs
that enhance the visibility of the corresponding boundaries.
Added to the standard absorption contrast, the edge
enhancement improves the image quality without requiring
high radiation doses [16]. Note that absorption-based
synchrotron imaging was already applied for clinical tests
in angiography [17, 18], and phase contrast was exploited
to enhance the effectiveness of the tests for mammography
[19, 20].

Phase contrast was also used [21, 22] for lung analysis in
animal models and specifically for the detection of cancer
tumors [23] with size of several millimeters. In this study,

we push the detection to millimeter-size tumors and
beyond. This was made possible by improving the contrast,
which is in fact the limiting factor in the detection—
whereas spatial resolution is actually at the submicron level
[24]. The high contrast enabled us to also implement
automated tumor and inflammation detection with an image
analysis algorithm. This detection technique was tested for
in vivo mice radiographs and also for simulated human
lung cancer images.

One point emerging from our tests is that refractive-
index contrast is particularly suitable for lung tissue
analysis compared to other organs and tissues. The lungs
consist indeed of many alveoli full of air, and there is a
large difference in the refractive index between air, the
alveolar walls, and solid tumors.

Materials and methods

The experiments were performed on the BL-01A beam-
line of the National Synchrotron Radiation Research
Center (NSRRC, Hsinchu, Taiwan) and on the 7B2
beamline of the Pohang Light Source (PAL, Pohang,
Korea). At NSRRC, unmonochromatized X-rays emitted
by a 4.5-tesla superconducting wavelength shifter on the
1.5-GeV electron storage ring crossed two beryllium
windows before reaching the object. The beam spot size
was 3.23×3.23 mm2 for live specimens [25]. At PAL, we
used unmonochromatized radiation emitted by a bending
magnet on the 2.5-GeV storage ring [26].

Details of the image acquisition method were identical to
those described in references [14] and [27]. The object–
detector distance, ~250–300 mm, was optimized to enhance
refraction-contrast effects as discussed in reference [28].
The detector was a Diagnostic Instruments SPOT-RT CCD
camera with a CdWO4 single crystal scintillator. The
photon flux density was 4.4×1012 photons s−1 mrad−1

(0.1% bandwidth)−1(200 mA)−1 at the critical photon
energy. The beam divergence is 48 μrad and 20 μrad in
the horizontal and vertical directions. The estimated vertical
coherence length at the critical photon energy is of the order
of 700 μm.

A first set of tests was performed at PAL on pathology
specimens to show that phase contrast can indeed reveal
tumors and inflammations in mice lungs. Then, in vivo
experiments were conducted at NSRRC.

The pathology specimens were prepared in the Animal
Laboratory of the Shanghai Jiaotong University. BALB/c
nude mice (20±2 g, 5 weeks old) were acquired from the
Animal Center of the Chinese Academy of Sciences (CAS).
Another mouse strain, BALB/cByJNarl mice (16–21 g,
5 weeks), acquired from the National Laboratory Animal
Center, Taiwan, was used for in vivo tests.
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Two different cancer cell lines were used: Lewis lung
cancer cells were cultured in RPMI-1640 medium with
10% fetal bovine serum, whereas EMT-6 cells were
cultured in DMEM/F12 medium. The cells were grown in
a 5% CO2 incubator until they were 90% confluent.

Lewis lung cancer cells 1–2×106 cells ml−1·0.1 ml were
surgically transplanted into BALB/c nude mice, and EMT-6
cancer cells 1×108 cells ml−1·0.01 ml were surgically
transplanted into the right lobes of lung in BALB/cByJNarl
mice by the percutaneous inoculation method [29]. Biolu-
minescence tests on live mice (Electronic Supplementary
Material Fig. S1) demonstrated that within 7 days after
inoculation, individual pulmonary nodules were developed.
For pathology specimens, these nodules were excised from
nude mice at different times after implantation and fixed
with 10% buffered formalin. The specimens were then cut
in 2-mm-thick sections for synchrotron microradiology
analysis.

In the case of in vivo tests, we used BALB/c SI c-nu/nu
(16–21 g, 5 weeks) implanted with Lewis lung cancer cells
and BALB/cByJNarl mice with EMT-6 cells. The final
cancer images for the two lines were similar, but EMT-6
cells grew faster into detectable tumors in BALB/cByJNarl
mice. Eleven days after Lewis cell implantation and 4–
7 days after EMT-6 implantation, the live mice were
analyzed by synchrotron microradiology. After such tests,
5-μm-thick histological sections were prepared and stained
with hematoxylin and eosin and investigated by transmis-
sion optical microscopy using a ×100 oil objective.

The pathology and live specimens for inflammation studies
were prepared as follows. BALB/c nude mice (20±2 g) were
treated as above except that a 0.1-ml PM2.5 aerosol
particle (from a car tunnel) solution with 14 mg/ml
concentration was transplanted into the mice by percuta-
neous inoculation. Within 3 days from inoculation,
hemorrhage occurred, and many erythrocytes accumulated
in the lungs.

Twenty-two BALB/c SI c-nu/nu nude mice were used for
synchrotron imaging: 12 for cancer tests, nine for inflamma-
tion tests, and one for control. Forty-two BALB/cByJNarl
mice implanted with EMT-6 were used for cancer tests.
Twenty-four of these were radiographically analyzed in vivo
7 days after the inoculation: ~2 mm tumors were detected in
19 cases and no tumors in the remaining five. The other 18
BALB/cByJNarl mice were imaged 4 days after inoculation;
~1 mm tumors were found in 14 mice and no tumors in the
remaining four. In addition, four BALB/cByJNarl mice were
used for bioluminescence imaging that revealed cancer
tumors in all of them.

The detection of cancer tumors by synchrotron imaging
was systematically cross-checked by histopathology analy-
sis. The results were 100% positive: each case of cancer
detection by synchrotron radiology was confirmed by

histopathology, and all negative cases for one technique
were also negative for the other.

One important issue is of course the X-ray dose. The
image taking time for each radiograph (3.8×3.8 mm2 for
live specimens, smaller for pathology objects) was 1–3 ms.
For a single exposure, this corresponds to a ~5-Gy dose.

Such a dose is much higher than the levels tolerable for
clinical applications. Our tests are of course very far from
clinical radiology; however, high doses could be a problem
even for animal applications. Note, however, that there is
still ample margin to optimize the procedure and drastically
reduce the dose, by relaxing the spatial resolution (~1 μm)
and using more sensitive detectors such as films. From the
experience of other clinical synchrotron tests [16–20], we
estimate that the dose could be decreased by a factor >103.

In addition to projection radiography in vivo, tests on
tomography reconstruction were performed on lung speci-
mens removed from sacrificed mice and fixed by parafor-
maldehyde 4% and postfixed by a 1 wt.% OsO4 solution for
36 h. Before dehydration, the lungs were washed three
times with a large volume of PBS. The specimens were de-
hydrated with a sequence of ethanol exposures with
increasing concentrations up to 100%. The specimens were
then dried by a critical point dryer.

Projection images for tomography reconstruction were
taken with a 1.65-mm-thick silicon wafer before the
specimen to attenuate the X-ray beam. The sample-to-
detector distance was 5 cm, and the exposure time was 0.3–
0.5 s. For each tomography reconstruction, 1,000 projection
images were taken in 10 min with a ×2 lens by rotating the
specimen over 180°.

Results and discussion

Pathology specimens

A typical 3.0×3.6-mm2 patchwork microradiograph of a 2-
mm-thick pathology specimen of a mouse lung tumor is
shown in Electronic Supplementary Material (Fig. S2). This
is representative of a set of five consistent tests on different
nude mice. A 0.8-mm dark-grey area (marked by an arrow)
is observed, and the subsequent histopathology analysis
confirmed that this was a malignant tumor.

The tumor appears in Electronic Supplementary Material
Fig. S2A as a single nodule markedly different from the
surrounding tissue. The alveolar structure appears destroyed
in the tumor area, indicating that the region no longer
contains air. In the surrounding region, the structure of the
alveoli is still visible.

For comparison, a patchwork image taken on normal
tissue (no inoculation) is shown in Electronic Supplemen-
tary Material Fig. S2B. Individual alveoli (arrow “a”) and
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bronchi (arrow “b”) can be detected. In essence, the
comparison of Electronic Supplementary Material Fig. S2A,
B (as well as of the four other image pairs) shows that
millimeter-size (or smaller) lung tumors could be identified
with phase contrast.

Figure S2C in the Electronic Supplementary Material
shows a patchwork image of tissue affected by pulmonary
inflammation; this image is consistent with five more
obtained for different mice. Many hemorrhages (e.g., arrow
“c”) are visible, and the corresponding alveolus structures
are denser than in normal tissues. This corresponds to an
early stage of lung injury [30–32].

The comparison of images like Fig. S2A, C in the
Electronic Supplementary Material reveals the different
local morphology of cancer and inflammation specimens.
Even without staining, this makes it possible to distinguish
between the two pathologies by visual inspection.

Live specimens

Before starting these experiments, we tested the effective-
ness of the inoculation method in producing cancer by daily
bioluminescence imaging analysis of four mice (Electronic
Supplementary Material Fig. S1). The results confirmed
that the inoculation induced malignant tumors.

Figure 1a shows a patchwork of microradiology images
taken from the chest of a live BALB/cByJNarl mouse 7 days

after EMT-6 cell inoculation. The circle in Fig. 1a marks
the area at the inoculation site where a tumor developed.
The tumor is visible in the magnified image of Fig. 1b
where its edge is marked by arrows. The shape is outlined
by the edge enhancement produced by phase contrast.

Immediately after the radiology test, the mouse was
dissected, and a tumor was visually observed at the same
place. A subsequent histopathology analysis confirmed the
cancer nature of the tumor (Electronic Supplementary
Material Fig. S3).

The results of Fig. 1a, b are representative of consistent
findings for the ten Lewis cell-implanted nude mice and 22
EMT-6-implanted BALB/cByJNarl mice that developed
tumors 11 and 7 days after implantation. In each case,
tumor features were observed in the phase-contrast images
(Electronic Supplementary Material Fig. S4) and confirmed
to be cancer areas by histopathology.

To assess the minimum size of cancer tumors detectable
in vivo by our approach, we performed tests on the 18
BALB/cByJNarl mice 4 days after EMT-6 cell inoculation.
A tumor smaller than 1 mm can be observed in Fig. 1c, d.
Tumors of millimeter and submillimeter size were actually
detected in ten of the 18 mice used for these tests; for the
other eight, neither phase contrast radiology not histopa-
thology analysis detected any tumor.

Figure 2 summarizes the results on the phase-contrast
radiology determination of the tumor size. The histogram

Fig. 1 (a) Patchwork of images
of the chest of a BALB/cByJNarl
mouse 7 days after EMT-6 cell
inoculation. The circle marks a
2-mm spot revealing a cancer
tumor; bar: 2 mm. (b) Zoomed
portion of the same picture
showing the boundary of the
tumor; bar: 1 mm. (c) Similar in
vivo image taken 4 days after
inoculation with EMT-6 cells.
(d) Zoomed portion of the same
picture. The circle marks a sub-
millimeter cancer tumor.
The bars are 1 mm in (c) and
0.5 mm in (d)
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refers to measurement on the 33 EMT-6-implanted BALB/
cByJNarl mice that developed tumors 4 or 7 days after
implantation. The size distributions for the two waiting
times are different: the average size is 1.0 mm in the first
case and 2.2 mm in the second. The spread of values is also
different, by the overlap between the two distributions is
minimal. The main message of Fig. 2 is that phase contrast
can lead not only to tumor detection down to the millimeter
range but also to accurate and reliable evaluations of the
corresponding tumor sizes.

Some of the pathology specimens obtained from EMT-6-
inoculated BALB/cByJNarl mice 7 days after inoculation
(and after in vivo radiology tests) were used to test tumor
detection by three-dimensional tomography reconstruction.
Results like those of Fig. 3 are representative of four

consistent tests of this kind on large tumors. Specifically,
Fig. 3a and d are projection radiology images of a cancer
area and of a normal area. Figure 3b, e are tomographic
reconstructed images for the same areas. The ellipses in
Fig. 3a, b mark the tumor area: Fig. 3b reveals in this area a
dense tissue structure without bronchi and alveoli—that are
instead visible in the normal tissue of Fig. 3e. The
photographic image of Fig. 3c shows a tumor in the right
lobe, marked by the arrow. From the analysis of the
tomographically reconstructed data, we can determine the
tumor volume in three dimensions with an accuracy ~1×
10−3 mm3 for tumors as small as 1 mm3. This approach,
therefore, provides highly accurate estimates of the tumor
size.

The live mice tests included discrimination between
cancer and inflammation areas. Figure 4a shows a patch-
work of images for a nude mouse 3 days after PM2.5

solution inoculation. The magnified image of Fig. 4b
zooms on the inoculation area, outlined by the arrows.
Faint lines are visible remnants of the alveoli structure,
whereas such features were not observed for cancer areas
(Fig. 1a, b). BALB/c nude mice were purposely used for
these inflammation tests to guarantee that the faint lines
were not produced by hairs. The histopathology analysis
revealed that the inflammation area of Fig. 4b was full of
hemorrhages surrounded by inflamed cells.

Image optimization

In addition to the simple visual inspection of the phase contrast
images, we tested computer image processing to automatically
detect small cancer or inflammation areas and trace their
boundaries. Figure 5a, b show the results for the images of
Figs. 1a and 4b. The analysis procedure consists of a sequence
of steps including mean filtering to remove noise, use of the

Fig. 2 Histogram showing the distribution of cancer tumor sizes
derived from phase-contrast radiology images for EMT-6-implanted
BALB/cByJNarl mice. The two colors identify the distributions are
obtained 4 and 7 days after implantation

Fig. 3 Tests of tomographic
reconstruction: (a–c) Refer to
the lung of a cancer-bearing
mouse and (d, e) to a normal
lung; (a, d) are projection
radiographs, whereas (b, e) are
tomographically reconstructed
images. A solid tumor in the
cranial lobe is marked by
ellipses in (a, b) and by an
arrow in the photographic image
(c); bar: 0.5 mm
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Canny edge algorithm [33] to enhance the boundaries and the
gradient vector flow (GVF) [34] snake (active contour)
method [35] to segment the region of interest.

We extended this computer method to human-like
images in order to tests its feasibility for phase contrast
radiology beyond mice. A theoretical model similar to
reference [36] was applied with pulmonary alveolus
structure data extracted from pathology analysis, to simu-
late the search for cancer tumors in a human lung. The
normal pulmonary alveoli were modeled as spheres with
inner and outer radii of 25 and 30 μm and with a random
uniform distribution. The simulated sample size was
4.4 mm×4.4 mm×2 cm, and the X-ray was assumed to
propagate along the 2-cm direction. A 1-mm size tumor
was simulated in the middle of the specimen with spheres
having inner and outer radii of 4 and 15 μm. For the index
of refraction of the tissue, we used a real part δ=2.205×
10−7 (δ=n−1) and an imaginary part μ=12.583 m−1 [36].
We assumed no X-ray refraction inside the alveolus cavity.

Figure 6a, c show simulated phase-contrast images at 30
and 50 cm detector–specimen distance. The image process-
ing method was applied to these images to identify the tumor
boundaries, and the results are shown by Fig. 6b, d.

Finally, we tackled the issue of motion in live
specimens: this constitutes a major problem in the
detection of small tumors. Indeed, without suitable fast
image taking, motion blurring can make minute details
impossible to observe. The effects of motion blurring are
visible in Fig. 7 by two consecutive images in a movie
sequence. The micrographs were separated by 0.1 s, and
the image taking time was 1 ms. The details are sharper in
Fig. 7b, whereas faster motion produces stronger edge
blurring in Fig. 7a.

This indicates that a 1-ms image taking time is not
necessarily short enough to completely “freeze” the cardiac
and breathing motions and obtain sharp images. Thus, a
spatially coherent X-ray source is not sufficient to obtain
sharp images by phase contrast: the image taking time must
also be suitably shortened by optimizing experimental
conditions such as the geometry and the X-ray flux.

Fig. 4 (a) Patchwork image of
the chest of a live nude mouse
3 days after PM2.5 solution
inoculation. The marked area
correspond to an inflamed
region; bar: 2 mm. (b)
Magnified portion of the
previous image showing the
edge of the inflamed region;
bar: 0.5 mm

Fig. 5 Image processing partially based on the “gradient vector flow”
algorithm identifies tumor or inflammation area boundaries in the
microradiographs of Figs. 1a and 4b
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Overall, the results presented in this article show that
phase contrast can be exploited to detect and analyze small
tumors and inflammation areas in lungs. Their impact,
however, could be weakened by the need to use large,
centralized synchrotrons to obtain coherent X-rays. Con-
versely, it could be enhanced if one could use laboratory-
based sources. The current technological evolution is quite
encouraging in that regard: high spatial coherence can be
obtained with relatively small devices such as microfocused
[37], laser plasma [38, 39], table-top synchrotron [40], or
inverse-Compton [41, 42] sources. We performed prelimi-
nary tests on a sacrificed mouse with a microfocused source
(Hamamatsu, L9191) obtaining positive results: the <10-
μm source size was sufficient to reveal small details in the
mouse lung structure.

On the other hand, motion blurring is still a problem
with small-size sources [43]. To detect and analyze a
millimeter-size tumor, the blurring cannot exceed a few tens
of a micrometer. This corresponds to a time per image below
1ms for the mouse cardiac motion. Ongoing developments, in
particular those concerning laser plasma sources, compact
synchrotrons, and inverse Compton scattering sources, could
satisfy this requirement. Furthermore, the problems could be
solved in part by synchronizing the radiograph taking with
electrocardiography.

Conclusion

We demonstrated that refractive index radiology already
reaches the required performances to detect submillimeter-
size lung cancer tumors in live mice and to distinguish them
from inflamed areas. Among the different types of tumors,
phase-contrast radiology is particularly suitable for lung

Fig. 6 (a, c) Simulated phase
contrast radiographs of a human
lung tumor for two different
specimen–detector distances, 30
and 50 cm. (b, d) Corresponding
results of the automatic tracing
of the cancer boundaries

Fig. 7 Two sequential phase-contrast X-ray micrographs of a mouse
lung cancer area from a movie. The time per image was 1 ms, and the two
pictures were separated by 100 ms. The breathing and heartbeat produced
motion blurring, more marked in (a) than in (b). Field of view, 3×
3 mm2; the ellipses mark the same area, emphasizing the motion
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cancer because of the large difference in the X-ray
refractive index between air (in pulmonary alveoli) and
the surrounding normal, cancer, and inflammatory tissues.
Post-acquisition image processing was able to detect the
differences, to mark accurately the location of tumors and
to further enhance the detection sensitivity. Additional
developments concerning in particular high-brilliance ef-
fective compact X-ray sources and high-efficiency detectors
are required to sufficiently reduce the radiation dose and the
motion blur so that clinical applications can be considered.
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