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Abstract

Objective Assessing the advantage of x-ray dark-field contrast over x-ray transmission contrast in radiography for the detection

of developing radiation-induced lung damage in mice.

Methods Two groups of female C57BL/6 mice (irradiated and control) were imaged obtaining both contrasts monthly for 28 weeks

post irradiation. Six mice received 20 Gy of irradiation to the entire right lung sparing the left lung. The control group of six mice was

not irradiated. A total of 88 radiographs of both contrasts were evaluated for both groups based on average values for two regions of

interest, covering (irradiated) right lung and healthy left lung. The ratio of these average values, R, was distinguished between healthy

and damaged lungs for both contrasts. The time-point when deviations of R from healthy lung exceeded 30 was determined and

compared among contrasts. The Wilcoxon-Mann-Whitney test was used to test against the null hypothesis that there is no difference

between both groups. A selection of 32 radiographs was assessed by radiologists. Sensitivity and specificity were determined in order

to compare the diagnostic potential of both contrasts. Inter-reader and intra-reader accuracy were rated with Cohen’s kappa.

Results Radiation-induced morphological changes of lung tissue caused deviations from the control group that were measured on

average 10 weeks earlier with x-ray dark-field contrast than with x-ray transmission contrast. Sensitivity, specificity, and

accuracy doubled using dark-field radiography.

Conclusion X-ray dark-field radiography detects morphological changes of lung tissue associated with radiation-induced damage

earlier than transmission radiography in a pre-clinical mouse model.

Key Points

* Significant deviations from healthy lung due to irradiation were measured after 16 weeks with x-ray dark-field radiography
(p = 0.004).

* Significant deviations occur on average 10 weeks earlier for x-ray dark-field radiography in comparison to x-ray transmission
radiography.

* Sensitivity and specificity doubled when using x-ray dark-field radiography instead of x-ray transmission radiography.

Summary statement This research shows that an advantage in time is
gained when using x-ray dark-field radiography instead of x-ray trans-
mission radiography for the detection of radiation-induced lung damage.
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Abbreviations

CT  Computed tomography
DF  Dark-field

HU  Hounsfield unit

m Mean pixel value
ROI  Region of Interest
T Transmission
Introduction

Radiotherapy is a common treatment method for thoracic tu-
mors that can come along with severe side effects for the lung,
such as inflammation, fibrosis, or even cancer [1]. For optimal
follow-up treatment, it is best when lung damages are detected
as early as possible.

In clinical routine, changes in the lungs are detected
using chest x-rays or computed tomography (CT). While
the projectional data from chest x-rays provides limited spa-
tial information and requires less dose, CT provides three-
dimensional information of the lung at the cost of higher
doses. In small-animal radiotherapy research, radiation-
induced lung damage, emphysema [2-5], fibrosis [6—11],
and imaging dose [12—-16] have been investigated. Small-
animal imaging with murine in vivo, micro-CT is used to
measure the onset of lung fibrosis after irradiation [6, 17] or
to study the inhibition of radiation-induced lung fibrosis [9].
Still, it is desirable to reduce the radiation dose required in
small-animal micro-CT [13, 16] or to employ imaging tech-
niques such as x-ray dark-field imaging [18, 19] which has
been shown to provide sub-pixel information on the alveo-
lar structure of lung tissue [20—22]. Radiographic x-ray
dark-field imaging requires less dose than CT and has de-
livered promising results for the detection of inflammation
[22], fibrosis [23], emphysema [24-27], and tumors [28] in
mice. But the field still lacks data on the application of x-ray
dark-field radiography in radiotherapeutic settings.
Therefore, we investigated the combination of small-
animal radiotherapy and radiography in a pre-clinical mu-
rine study determining a possible advantage of x-ray dark-
field contrast over x-ray transmission contrast for the detec-
tion of developing radiation-induced lung damage.

Materials and methods
Setups and irradiation

Local irradiation of the lungs was performed with the Small
Animal Research Platform (SARRP, Xstrahl Ltd) [29] and its
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treatment planning software MuriPlan. The planning CT was
performed with 60-kVp x-rays filtered with 1-mm aluminum
and irradiation was performed in a single fraction with 220-
kVp x-rays filtered with 0.15-mm copper employing two op-
posing anterior and posterior oblique fields arranged to mini-
mize the dose received by the heart and the spinal cord. The
field size at the isocenter in the center of the right lung was 9 x
6 mm?. The distance to the source was 350 mm. Irradiation
was realized by two matching subfields each using a fixed
collimator of 9 x 3 mm?. The dose (absorbed dose to water,
commissioned using a calibrated ionization chamber) to the
isocenter was 20 Gy, at a dose rate of ~ 2 Gy/min.

Imaging was performed with a previously developed [30,
31] small-animal phase- and dark-field-contrast prototype sys-
tem (SkyScan 1190, Bruker microCT). It is an experimental
Talbot-Lau-interferometer utilizing grating interferometry to
obtain transmission radiographs, as well as dark-field radio-
graphs simultaneously [24, 30, 31]. While transmission radi-
ography is based on the absorption of x-rays by the specimen,
x-ray dark-field radiography is related to the scattering of x-
rays [18, 30, 31]. It has been shown to be specifically suited
for lung imaging providing sub-pixel information [20, 24, 28].
Dark-field radiographs differ from transmission radiographs
as they depict the lung mostly without ribcage and spine.
Because of the way the raw data is acquired, both types of
radiographs are intrinsically co-registered. Acquisition was
done with four-phase steps, 1.4-s exposure time per image,
37 kVp, 0.66 mA, and a visibility of 20%. The dose was
measured with a cylindrical ionization chamber inserted in
7 mm of depth of a PMMA cylinder.

Imaging study

The animal experiments for the presented imaging study were
conducted in accordance with the German law for animal pro-
tection. The imaging study consisted of two groups of female
C57BL/6 mice (Charles River Laboratories) which are sensitive
to irradiation and the development of ung fibrosis [32]. Imaging
was done immediately before irradiation and then monthly for 28
weeks. One mouse of the irradiated group and one mouse of the
control group were used to histologically verify radiation-
induced changes of lung tissue after 28 weeks.

The control group contained six mice at the beginning of
the study. The number reduced to five due to premature death
after 12 weeks. The irradiated group contained six mice which
received 20-Gy x-ray irradiation on the entire right lung. The
left lung was spared and used as a healthy reference. Both
groups were imaged over the whole course of the study (88
radiographs in total, 3 excluded). Imaging was performed at
eight points in time.
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Quantitative analysis

All 88 radiographs were evaluated quantitatively for each im-
aging contrast. The analysis was based on the average values
of regions of interest (ROI) in the radiographs. Size and loca-
tion of the ROIs covered as much area of the lung as possible
while excluding the spine and peripheral bony regions of the
ribcage as well as the heart (Fig. 1). Since the transmission and
dark-field radiographs are co-registered, the same ROIs were
evaluated for both contrast types.

In each radiograph, the mean pixel value m1,igy of the right
lung and the mean pixel value m.p of the left lung were de-
termined. Since the left lung was never irradiated, the ratio R =
Myight/Micre T€Presents either average transmission or average
scattering normalized to healthy tissue. The ratio R should
stay constant for the control group but in the irradiated group,
it should change with the progress of the deterioration of the
tissue of the right lung. This progress is expected to be indi-
vidual for each mouse making a normal distribution unlikely
in the irradiated group. Thus, p values were calculated using
the Wilcoxon-Mann-Whitney test [33] with the null hypothe-
sis that there is no difference between both groups in the ratio
R for either contrast.

From the control group, the control region is derived. It is
the average value of R over all points in time and all mice
surrounded by a margin of 30 (o = standard deviation). The
margin of 30 was chosen so that all outliers of R for healthy
mice are still within the control region. This control region is
used to estimate at which point in time the deviation of R from
the average value is larger than 3o for individual mice. The
point in time is obtained separately for transmission and dark-
field contrast and then compared between both contrast types.

Reader study

Three radiologists (A.S., F.M., A.F.) having 6, 4, and 12 years in
clinical experience and 4, 2, and 9 years of experience with x-ray

Fig. 1 Positioning of regions of interest (ROI) in x-ray radiographs. Since
absorption (a) and dark-field (b) radiographs are perfectly co-registered,
the same mask can be used for extraction of pixel data. Shape and location
of the ROIs were defined under the conditions to maximize the evaluated

dark-field imaging assessed transmission and dark-field radio-
graphs taken at three points in time (12, 20, and 28 weeks after
irradiation) in two reads. This selection encompassed 32 radio-
graphs for each contrast with 15 radiographs from the control
group and 17 from the irradiated group. These radiographs were
selected with two aims: to cover the space of time during which
morphological changes become visible for all mice of the irra-
diated group and to include the endpoint of the study. Thus, the
selected radiographs depict developing lung damage that even-
tually can lead to fibrosis. Before assessing the radiographs, the
readers were informed that the lung of some of the mice was
irradiated and then they received a training with radiographs of
both contrast types for healthy and damaged lungs. This training
material was taken from points in time not included in the reader
study. The readers assessed the left and the right lung separately
and classified them as either healthy or damaged. Thus, sensi-
tivity and  specificity are:

» Sensitivity: The mouse was irradiated and only the right
lung was classified as damaged.

» Specificity: The mouse was not irradiated and both lungs
were classified as healthy.

Furthermore, inter-reader and intra-reader accuracy were
determined and rated with Cohen’s ? [34].

Results
Radiation dose and histology

The dose for the acquisition of all raw data images was 3
mGy. Histological evaluation was performed on formalin-
fixed and hematoxylin eosin—stained lung tissue and can be
seen in Fig. 1c. It showed a thickening of the alveolar walls in
the affected area of the irradiated right lung, proving the oc-
currence of fibrosis.

area while excluding the heart, bony peripheral regions of the ribcage and
the spine. ¢ Histologic sections (H&E staining) of a fibrotic lung (left) 20
weeks after irradiation with 20 Gy and a healthy lung (right)

@ Springer
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Quantitative analysis of transmission and dark-field
radiographs

The development of the average value R over time is present-
ed in Table 1 and Fig. 2. In the control group, the variation
with time is less than 2% for transmission and less than 3% for
dark-field radiography. This justifies the definition of the con-
trol region shown as a grey area in Fig. 2. In the irradiated
group, decreasing R is observed for both contrasts. For x-ray
transmission images, this decrease is due to the consolidation
of lung tissue which increases the absorption of x-rays and
decreases the measured transmission of the right lung. In x-
ray dark-field images, the scarring of lung tissue causes a
reduction of air-tissue interfaces decreasing x-ray scattering.
Note that these changes in lung tissue are interrelated. After 28
weeks, the decrease in x-ray transmission contrast is below
6% and up to 26% in x-ray dark-field contrast. The prominent
decrease for transmission in week 4 in Fig. 2a was due to
ointment administered to treat skin inflammation. This inflam-
mation was associated with the irradiation field and could be
clearly seen due to loss of hair at the height of the lung. The
ointment reduced the measured transmission but not the scat-
tering of the right lung. In subsequent imaging, no ointment
was required and therefore, the transmission is increased after
week 4. For transmission, deviations larger than 3¢ occurred
only for three mice after 28 weeks. Figure 2b demonstrates
that with dark-field, deviations larger than 3¢ start occurring
after 16 weeks. Table 2 shows that common significance
levels (p = 0.05, 0.01) are reached earlier in dark-field than
in transmission.

Regarding individual mice, deviations larger than 30 were
measured in dark-field before they were measured in transmis-
sion. The advantage in time was 10 weeks on average (min: 4
weeks, max: 16 weeks).

Reader study

A selection of radiographs assessed by the radiologists is pre-
sented in Fig. 3 (top: transmission, bottom: dark-field). Each
of the two blocks represents one mouse and the images in one
block cover both contrast types of radiographs acquired 12,

Table 1

20, and 28 weeks after irradiation. The deterioration of the
lung can be observed in both contrasts. First indications of
lung damaged are marked with white arrows and occur after
12 or 20 weeks respectively.

The results from the reader study are visualized in supple-
mentary figure 1 and are summarized in Fig. 4 and Tables 3
and 4. Figure 4a shows the averaged sensitivity and specificity
for transmission (blue) and dark-field (green) at weeks 12, 20,
and 28. In dark-field, specificity is twice as high as in trans-
mission with 100% in week 12 caused by uniform agreement
across all six reads. Sensitivity increased with time for both
contrasts and is generally higher for dark-field. Especially at
weeks 20 and 28, damaged lungs were detected more fre-
quently. In transmission, false classifications were eight times
more often attributed to false classifications of the left lung
(see supplementary figure 1). An illustrating example is
shown in Fig. 4 b and c. Table 3 shows the pooled sensitivity
and specificity for transmission and dark-field radiography.
Average specificity was 95% in dark-field and 54% in trans-
mission. Average sensitivity was 59% in dark-field and 23%
in transmission. Note that in our study design, sensitivity is
linked to progressing lung damage and thus, we should expect
increasing sensitivity with time as seen in Fig. 4a. This fact
then directly influences the pooled sensitivity shown in
Table 3.

Table 4 shows single-reader, intra-reader, and inter-reader
accuracy. With dark-field radiography, the readers tend more
to repeat their assessment and also to come to the same assess-
ment among readers. For two readers, ? = 0.21 for transmis-
sion and ? = 0.66 for dark-field. For three readers, ? = 0.08 for
transmission and ? = 0.64 for dark-field.

Discussion

We carried out a radiographic murine imaging study focused
on the early detection of developing radiation-induced lung
damage comparing the detection capability of x-ray dark-field
contrast to x-ray transmission contrast. Two groups of mice
were imaged monthly for 28 weeks: irradiated with 20 Gy and
a control group. Both were evaluated quantitatively with an

Average values of the right-to-left-ratio R for transmission (T) and dark-field (DF) contrast over time. In the control group, the variation is

below 3% over the course of the study for both contrasts. From these values, the control region is derived and it is represented by the grey area plotted in
Fig. 2. In the irradiated group, the variation is less than 6% for transmission and up to 26% for dark-field

Group Contrast type ~ Before irradiation =~ Week4 ~ Week 8  Week 12 Week 16 ~ Week 20  Week 24 Week 28
Control T 1.015 1.009 1.007 1.017 1.006 1.011 1.004 1.021
DF 1.047 1.033 1.041 1.019 1.040 1.038 1.035 1.042
Irradiated (20 Gy) T 1.023 0.966 1.016 1.008 1.008 1.001 0.987 0.968
DF 1.035 1.029 1.026 1.004 0.958 0.919 0.841 0.760
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Table 2 Calculated p values using the Wilcoxon-Mann-Whitney test
for both imaging contrasts calculated relative to the control group at each
point in time. The low p value for transmission after 4 weeks reflects the
prominent deviation from the average value shown in Fig. 2. It is a

consequence of ointment that was put onto the inflamed skin of the
mice. One can see that common significance levels (p = 0.05, 0.01) are
reached in week 16 for dark-field radiographs and in week 28 for
transmission radiographs

Contrast type Week 4 Week 8 Week 12 Week 16 Week 20 Week 24 Week 28
Transmission 0.010 0.811 0.158 0.676 0.463 0.158 0.004
Dark-Field 0.712 0.087 0.324 0.004 0.004 0.004 0.004

ROI-based analysis and in a reader study. Quantitative analy-
sis showed that using dark-field contrast, significant devia-
tions from healthy lung tissue could be measured between
16 and 20 weeks post irradiation and 10 weeks later with
transmission contrast. These results were accompanied by
doubling of sensitivity and specificity for dark-field in a reader
study. Overall specificity was between 85 and 100% at 12, 20,
and 28 weeks after irradiation using dark-field. Sensitivity at
these points in time was always higher using dark-field and
increased for both contrasts with progressing lung damage.
Also, inter-reader and intra-reader accuracy were higher using
dark-field. Overall, dark-field contrast performed more reli-
ably for the detection of radiation-induced lung damage in
murine specimen.

The murine model for irradiation-induced lung damage is
representative of the anticipated pulmonary response in the
human body [35]. In man, the absorption of ionizing radiation
causes immediate biochemical, subcellular, and cellular dam-
age but the morphological expression occurs delayed [1]. The
rate of change depends on the dose and the irradiated volume
with doses above 8 Gy leading to lung fibrosis 6 months after
irradiation [1]. In mice, susceptibility to irradiation is strain-
dependent [32] and doses above 12 Gy are required so that
significant amounts of collagen could be found after 9 months
which is used as an indicator for fibrosis [1]. In [36] is shown
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Fig. 2 Results from the quantitative analysis. The boxes show the
distributions of ratios R of the irradiated mice over a course of 28
weeks for transmission (a) and dark-field (b). The control region (grey
area) was calculated from the non-irradiated control group. For
transmission, the drop at week 4 stems from ointment that was used to
treat skin inflammation. It increased absorption in the region of the right

that in male LAF 1 mice, lung fibrosis might occur 20 weeks
after irradiation for single doses between 12 and 15 Gy deliv-
ered to the entire body. Therefore, it depends on the point in
time which kind of radiation-induced changes cause measur-
able deviations from healthy tissue. In our study, radiation-
induced lung fibrosis was histologically confirmed 28 weeks
post irradiation for female C57BL/6 mice. But for the previous
points in time, we can only claim to have measured radiation-
induced changes to lung tissue. These radiation-induced
changes alter the alveolar structure influencing the absorption
and scattering of x-rays. The advantage of x-ray dark-field
radiography is explained by its ability to quantify the scatter-
ing of x-rays by the alveolar structure of lung tissue [21-23]. It
has been shown to be sensitive to both enlarged and reduced
alveoli [23, 26, 28]. The latter is related to scarring of the lung
tissue as a consequence of radiation-induced damage typical
for lung fibrosis [1, 37]. The scarring reduces air-tissue inter-
faces and thus scattering of x-rays. This scarring also consol-
idates lung tissue increasing absorption of x-rays measurable
in transmission radiography and micro-CT. In small-animal
imaging, only the latter has been employed so far for the
detection of radiation-induced lung damages in male
C57BL/6 mice [6, 7, 9, 10]. The reported points in time at
which significant deviations from healthy tissue occur depend
on the applied method [4, 6, 7, 17]. In [6], deviating HU
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lung and therefore, the transmission decreased. Note that this effect can
only be seen in transmission but not in dark-field. The decrease in dark-
field begins between weeks 8 and 12 and in transmission, the decrease
begins between weeks 20 and 24. In transmission, p values smaller than
0.01 are reached beyond 24 weeks while in dark-field, this value is
reached between 12 and 16 weeks (see Table 2)
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Fig. 3 Selection of the radiographs that were assessed by radiologists
(top: transmission, bottom: dark-field). Images from two different mice
(left block and right block) are shown that were acquired 12, 20, and 28
weeks after irradiation of the entire right lung. The deterioration of lung

values were measured after 1 and 4 days when the entire lung
was irradiated with 20 Gy. In [7], doses of 20 Gy delivered to
the whole thorax led to measurable deviations in HU 12 weeks
after irradiation. And in [17], doses between 4 and 20 Gy were
delivered to ~ 15% of the total lung volume leading to mea-
surable deviations in HU after 10 weeks in male C57BL/6
mice. Visual confirmation of lung damage using micro-CT
should be expected beyond 30 weeks post irradiation [2,
4-6, 28, 37]. Thus, it can be inferred that quantitative devia-
tion does not have to match with visual confirmation. Our
study showed that using dark-field radiography quantitative
deviation and visual conformation occurred on time scales
comparable to micro-CT. In previous x-ray dark-field radiog-
raphy studies, the entire lung was affected by a disease in mice
of either C57BL/6N or 129S/Sv-Kras strain [23, 25, 28], but
in our study, the left lung was spared and could therefore be
used as healthy reference in every radiograph. This method
provided the possibility to quantify the advantage in time

Table 3  Sensitivity and specificity for transmission and dark-field
radiographs pooled over points in time given in percent. Tabulated are
the results from the first and second read for each reader. Sensitivity and

tissue in the right lung can be seen clearly in the dark-field signal where it
decreases over time. Also, in transmission images, lung deteriorations can
be observed. More nuanced changes of the lung that occur at weeks 12
and 20 can only be observed in dark-field (white arrows)

gained by x-ray dark-field radiography over transmission ra-
diography. In terms of dose, 200 to 1000 mGy are given in
micro-CT [5, 10, 12, 13, 17] while dark-field radiography
requires less than 10 mGy [25, 28] like in our study.
Although typical doses in micro-CT do not lead to increased
radiotoxicity in C57BL/6 mice when delivered weekly [13,
16], higher doses were reported to cause life-shortening for
ddY/SLC mice [15, 32].

Limitations of our study concern the imaging technique
and the transferability to man. Although our results indicate
an advantage of x-ray dark-field radiography, they are still
based on a murine imaging study. Radiologists, however,
are experts on human anatomy where the heart is found more
caudal than in mice influencing the appearance of the upper
right lung lobe. Furthermore, the acquired radiographs repre-
sent averages over several breathing cycles. Also, clinical
radiographs provide more detail than radiographs of mice.
For dark-field radiography, this deviation from an expected

specificity are calculated for transmission (T) and dark-field (DF). On
average, sensitivity and specificity are around twice as high in dark-
field in comparison to transmission

Sensitivity Specificity
1* reader 2" reader 3™ reader 1* reader 2" reader 3" reader
18 read  2"read 1% read 2"%read 1% read 2™ read 1* read 2™read 1% read 2™read 1% read 2" read
T 17.6 29.4 353 29.4 59 17.6 60.0 26.7 46.7 533 60.0 86.7
DF 64.7 53.0 41.2 47.1 529 94.1 100.0 93.1 86.7 93.1 100.0 100.0
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Table 4  Accuracy of transmission and dark-field radiography obtained
from the results of the reader study. When assessing dark-field
radiographs, reader showed an accuracy above 50%. In transmission
images, the accuracy was always below 50%. Furthermore, readers

were more than twice as likely to repeat their assessment based on
dark-field radiographs in comparison to transmission radiographs.
Among readers, the accuracy is five to ten times higher in dark-field
radiography. This is especially due to the high specificity (Table 3)

Transmission contrast

Dark-field contrast

1% reader (%) 2™ reader (%) 3" reader (%)

Inter-reader (%)

1% reader (%) 2™ reader (%) 3™ reader (%) Inter-reader (%)

1% read 375 40.6 28.1 125
2" read 28.1 313 50.0 6.3
Intra-reader 15.6 34.4 28.1 X

81.3 62.5 75.0 62.5
71.9 68.8 96.9 65.6
71.9 59.4 75.0 X

image is less pronounced because it is not part of clinical
routine. Furthermore, evaluating sensitivity and specificity
is not straightforward when dealing with a progressing dis-
ease because it is not clear at which point in time an irradiated
lung is to be considered sick. Thus, there is a difference
between the groups control and irradiated, and the groups
healthy and sick. For example, if only lungs with deviations
larger than 30 would be considered sick, then the composi-
tion of the groups would change. As a consequence, sensitiv-
ity would then raise to up to 75% for transmission and up to
90% for dark-field. But for transmission radiography, the sick
group would then mostly contain radiographs from the later
points in time stages of the disease. Thus, nominal values

a) [ Week 12 [ Week20 [N Week 28
O Week 12 [0 Week 20 [ Week 28
>
o=
>
5 —
3 -
>
s
=,
—
7]
I
Q
n '_

100 75 S0 25 0 25 50 75 100

Percentage Scale [%)]

Fig. 4 a Averaged sensitivity and specificity for transmission (blue) and
dark-field (green) at weeks 12, 20, and 28. Specificity in dark-field is
twice as high as in transmission. Sensitivity increases for both contrasts
with time and is generally higher in dark-field in comparison to
transmission. For transmission, most of the false classifications can be
attributed to false classifications of the left lung which occurred for 24 of
the 32 radiographs but with low frequency and almost no agreement
between readers except for one case shown in subfigure b. Using dark-

would raise coming at the cost of maybe classifying early
stages of lung damage as healthy. Additionally, beam hard-
ening can also reduce the dark-field signal but that was not
considered in our study since its influence is not yet known.
Understanding its influence is recommended for future
studies.

Altogether, our studies showed that dark-field radiography
is able to quantitatively detect the onset of radiation-induced
lung damages earlier than transmission radiography. The re-
sults from the reader study support the claim that dark-field
radiography might be suited for the detection of lung damages
at early stages. Therefore, x-ray dark-field radiography might
become clinically relevant in the future.

Dark-Field

Transmission

-

field in 3 of the 32 radiographs, the left lung was falsely classified as
damaged. b Transmission and dark-field radiographs of a mouse from the
control group. In transmission, 83% (5/6) agreement was found for the
left lung being damaged while the right lung was classified as healthy. In
dark-field, all readers agreed that the entire lung is healthy. ¢
Transmission and dark-field radiographs of an irradiated mouse for
which all readers entirely agreed in both contrasts that the right lung is
damaged while the left is healthy

@ Springer



Eur Radiol

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00330-020-07459-4.

Acknowledgments We thank Andrea Mair, Marlon Stein, Annique
Dombrowsky, and Lily Nguyen for excellent technical assistance. This
work was carried out with the support of the Karlsruhe Nano Micro
Facility (KNMF, www.kit.edu/knmf), a Helmholtz Research
Infrastructure at Karlsruhe Institute of Technology (KIT).

Funding Open Access funding enabled and organized by Projekt DEAL.
This study has received funding from the DFG (Gottfried Wilhelm
Leibniz program) and the European Research Council (AdG 695045).

Compliance with ethical standards

Guarantor
Wilkens.

The scientific guarantor of this publication is Prof. Dr. Jan J.

Conflict of interest The authors of this manuscript declare no relation-
ships with any companies, whose products or services may be related to
the subject matter of the article.

Statistics and biometry
for this paper.

No complex statistical methods were necessary

Informed consent  Approval from the institutional animal care commit-
tee was obtained.

Ethical approval Institutional Review Board approval was not required
because the study did not include humans.

Methodology

* prospective

* experimental

* performed at one institution

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Coggle JE, Lambert BE, Moores SR (1986) Radiation effects in the
lung. Environ Health Perspect 70:261-291

2. Postnov AA, Meurrens K, Weiler H et al (2005) In vivo assessment
of emphysema in mice by high resolution X-ray microtomography.
J Microsc 220(Pt 1):70-75

3. Ford NL, Martin EL, Lewis JF, Veldhuizen RAW, Holdsworth D,
Drangova M (2009) Quantifying lung morphology with
respiratory-gated micro-CT in a murine model of emphysema.
Phys Med Biol 54(7):2121-2130

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Froese AR, Ask K, Labiris R et al (2007) Three-dimensional com-
puted tomography imaging in an animal model of emphysema. Eur
Respir J 30(6):1082—-1089

Artaechevarria X, Blanco D, De Biurrun G et al (2011)
Evaluation of micro-CT for emphysema assessment in mice:
Comparison with non-radiological techniques. Eur Radiol
21(5):954-962

Saito S, Murase K (2012) Detection and Early phase assessment of
radiation-induced lung injury in mice using micro-CT. PLoS One
7(9):¢45960

Plathow C, Li M, Gong P et al (2004) Computed tomography
monitoring of radiation-induced lung fibrosis in mice. Invest
Radiol 39(10):600-609

Perez JR, Lee S, Ybarra N et al (2017) A comparative analysis of
longitudinal computed tomography and histopathology for evaluat-
ing the potential of mesenchymal stem cells in mitigating radiation-
induced pulmonary fibrosis. Int J Sci Rep 7(1):9056

De Ruysscher D, Granton P, Gaby Lieuwes N et al (2017)
Nintedanib reduces radiation-induced microscopic lung fibrosis
but this cannot be monitored by CT imaging: a preclinical study
with a high precision image-guided irradiator. Radiother Oncol
124(3):482-487

de Langhe E, Vande Velde G, Hostens J et al (2012) Quantification
of lung fibrosis and emphysema in mice using automated micro-
computed tomography. PLoS One 7(8):e43123

Abdollahi A, Li M, Ping G et al (2005) Inhibition of platelet-
derived growth factor signaling attenuates pulmonary fibrosis. J
Exp Med 201(6):925-935

Willekens I, Buls N, Lahoutte T et al (2010) Evaluation of the
radiation dose in micro-CT with optimization of the scan protocol.
Contrast Media Mol Imaging 5(4):201-207

Vande Velde G, De Langhe E, Poelmans J et al (2015) Longitudinal
in vivo microcomputed tomography of mouse lungs: no evidence
for radiotoxicity. Am J Physiol Lung Cell Mol Physiol 309:L271—
L279

Rodt T, Luepke M, Boehm C et al (2011) Phantom and cadaver
measurements of dose and dose distribution in micro-CT of the
chest in mice. Acta Radiol 52(1):75-80

Sato F, Sasaki S (1981) Late effects of whole or partial body x-
irradiation on mice: life shortening. Int J Radiat Biol Relat Stud
Phys Chem Med 39(6):607-615

Detombe SA, Dunmore-Buyze J, Petrov IE, Drangova M (2013) X-
ray dose delivered during a longitudinal micro-CT study has no
adverse effect on cardiac and pulmonary tissue in C57BL/6 mice.
Acta Radiol 54(4):435-441

Granton PV, Dubois L, Van Elmpt W et al (2014) A longitudinal
evaluation of partial lung irradiation in mice by using a dedicated
image-guided small animal irradiator. Int J Radiat Oncol Biol Phys
90(3):696-704

Pfeiffer F, Bech M, Bunk O et al (2008) Hard-X-ray dark-field
imaging using a grating interferometer. Nat Mater 7(2):134-137
Pfeiffer F, Weitkamp T, Bunk O, David C (2006) Phase retrieval
and differential phase-contrast imaging with low-brilliance X-ray
sources. Nat Phys 2(4):258-261

Schleede S, Meinel FG, Bech M et al (2012) Emphysema diagnosis
using X-ray dark-field imaging at a laser-driven compact synchro-
tron light source. Proc Natl Acad Sci U S A 109(44):17880-17885
Meinel FG, Schwab F, Schleede S et al (2013) Diagnosing and
mapping pulmonary emphysema on X-ray projection images: in-
cremental value of grating-based X-RAY DARK-FIELD
IMAGING. PLoS One 8(3):¢59526

Hellbach K, Meinel FG, Conlon TM et al (2018) X-ray dark-field
imaging to depict acute lung inflammation in mice. Int J Sci Rep
8(1):2096


http://www.kit.edu/knmf
http://www.kit.edu/knmf
https://doi.org/

Eur Radiol

23.

24.

25.

26.

27.

28.

29.

30.

Yaroshenko A, Hellbach K, Yildirim AO et al (2015) Improved
in vivo assessment of pulmonary fibrosis in mice using X-ray
dark-field radiography. Int J Sci Rep 5:17492

Yaroshenko A, Hellbach K, Bech M et al (2014) Grating-based X-
ray dark-field imaging: a new paradigm in radiography. Curr Radiol
Rep 2:57

Meinel FG, Yaroshenko A, Hellbach K et al (2014) Improved di-
agnosis of pulmonary emphysema using in vivo dark-field radiog-
raphy. Invest Radiol 49(10):653—658

Hellbach K, Yaroshenko A, Meinel FG et al (2015) In vivo dark-
field radiography for early diagnosis and staging of pulmonary
emphysema. Invest Radiol 50(7):430-435

Yaroshenko A, Meinel FG, Bech M et al (2013) Pulmonary em-
physema diagnosis with a preclinical small-animal X-ray dark-field
scatter-contrast scanner. Radiology. 269(2):427-433

Scherer K, Yaroshenko A, Boliikbas DA et al (2017) X-ray dark-
field radiography - in-vivo diagnosis of lung cancer in mice. Int J
Sci Rep. https://doi.org/10.1038/s41598-017-00489-x

Wong J, Armour E, Kazanzides P et al (2008) High-resolution,
small animal radiation research platform with X-ray tomographic
guidance capabilities. Int J Radiat Oncol Biol Phys 71(5):1591—
1599

Bech M, Tapfer A, Velroyen A et al (2013) In-vivo dark-field and
phase-contrast x-ray imaging. Int J Sci Rep 3:3209

3L

32.

33.

34.

35.

36.

37.

Tapfer A, Bech M, Velroyen A et al (2012) Experimental results
from a preclinical X-ray phase-contrast CT scanner. Proc Natl Acad
Sci U S A 109(39):15691-15696

Walkin L, Herrick SE, Summers A et al (2013) The role of mouse
strain differences in the susceptibility to fibrosis: a systematic re-
view. Fibrogenesis Tissue Repair 6:18

Mann HB, Whitney DR (1947) On a test of whether one of two
random variables is stochstically larger than the other. Ann Math
Stat 18(1):50-60

McHugh M (2012) Interrater reliability: The kappa statistic.
Biochem Med (Zagreb) 22(3):276-282

Jackson IL, Xu P, Hadley C (2012) A preclinical rodent model of
radiation induced lung injury for medical countermeasure screening
in accordance with the FDA animal rule. Health Phys 103(4):463—
473

McDonald S, Rubin P, Chang AYC et al (1993) Pulmonary chang-
es induced by combined mouse (3-interferon (rMulFN-f3) and irra-
diation in normal mice - toxic versus protective effects. Radiother
Oncol 26(3):212-218

Moore BB, Hogaboam CM (2008) Murine models of pulmonary
fibrosis. Am J Physiol Lung Cell Mol Physiol 294:L.152-L.160

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1038/s41598-017-00489-x

	Early detection of radiation-induced lung damage with X-ray dark-field radiography in mice
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Setups and irradiation
	Imaging study
	Quantitative analysis
	Reader study

	Results
	Radiation dose and histology
	Quantitative analysis of transmission and dark-field radiographs
	Reader study

	Discussion
	References


