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To test the hypothesis that the joint distribution of x-ray
transmission and dark-field signals obtained with a com-
pact cone-beam preclinical scanner with a polychromatic
source can be used to diagnose pulmonary emphysema in
ex vivo murine lungs.

The animal care committee approved this study. Three ex-
cised murine lungs with pulmonary emphysema and three
excised murine control lungs were imaged ex vivo by using
a grating-based micro-computed tomographic (CT) scan-
ner. To evaluate the diagnostic value, the natural logarithm
of relative transmission and the natural logarithm of dark-
field scatter signal were plotted on a per-pixel basis on
a scatterplot. Probability density function was fit to the
joint distribution by using principle component analysis.
An emphysema map was calculated based on the fitted
probability density function.

The two-dimensional scatterplot showed a characteristic
difference between control and emphysematous lungs.
Control lungs had lower average median logarithmic
transmission (—0.29 vs —0.18, P = .1) and lower average
dark-field signal (—=0.54 vs —0.37, P = .1) than emphyse-
matous lungs. The angle to the vertical axis of the fitted
regions also varied significantly (7.8° for control lungs vs
15.9° for emphysematous lungs). The calculated emphy-
sema distribution map showed good agreement with his-
tologic findings.

X-ray dark-field scatter images of murine lungs obtained
with a preclinical scanner can be used in the diagnosis of

pulmonary emphysema.

©RSNA, 2013

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 13122413/-/DC1

Radiology: \/olume 269: Number 2—November 2013 = radiology.rsna.org

427

(=)
=]
=)
=
=
[
=]
m
wn
m
b=
==
Q
=
|
m
>
-
m
=
=
m
=
=
F
[7£]
-
(—
S
m
(7]




Radiology

EXPERIMENTAL STUDIES: Pulmonary Emphysema Diagnosis

Yaroshenko et al

mphysema is a common compo-
nent of chronic obstructive pulmo-
nary disease, and it is one of the
leading causes of morbidity and mortal-
ity worldwide (1,2). It is a widespread
pulmonary disorder characterized by
irreversible destruction of the alveolar
walls and enlargement of the distal air-
spaces. Despite the severe changes in
lung tissue morphology, emphysema is
difficult to detect with conventional ra-
diographic methods, especially at early
stages of disease (3). Currently, the only
established technique with which to de-
tect emphysema at early stages and to
monitor its progression is histopathol-
ogy, which requires invasive biopsy.
Phase-contrast and dark-field scat-
ter x-ray imaging significantly improve
the assessment of lung tissue in a sin-
gle projection (4-6). The dark-field

Advances in Knowledge

B Transmission and dark-field scat-
ter-contrast images of murine
lungs obtained with a compact
cone-beam grating-based setup
showed features that relate to
microscopic pathology-induced
structure changes of tissue
(median mean chord length, 33
and 127 pm in control and
emphysematous lungs,
respectively).

B The joint distribution of trans-
mission (median logarithm
signal, —0.29 vs —0.18 in control
and emphysematous lungs, re-
spectively) and dark-field signal
(median logarithm signal, —0.54
vs —0.37 in control and emphy-
sematous lungs, respectively)
revealed a significant difference
between emphysematous and
control lungs.

® The greatest distinction is pro-
vided by the angle to the vertical
axis (7.8° vs 15.9° in control
and emphysematous lungs, re-
spectively) and the eccentricity
of the ellipses (0.99 vs 0.90 in
control and emphysematous
lungs, respectively) in the trans-
mission and dark-field signal
scatterplots.

signal is created through changes in
the small-angle scattering properties of
the sample, and it reveals information
that would otherwise be inaccessible
for both absorption and phase contrast
(7-11). An example of morphologic
structures in the subpixel range in soft-
tissue organs that yield strong dark-
field signal is the alveoli in lungs (12).
However, for emphysematous lungs in
which the distal spaces are enlarged,
scattering decreases and x-ray trans-
mission increases. This has been shown
by the proof-of-principle experiments
with brilliant x-rays from a synchrotron
source (12,13). The results showed a
diagnostic method with which to detect
pulmonary emphysema by using a com-
bination of the dark-field scatter signal
and the conventional transmission.

The purpose of the present study
was to test the hypothesis that the
joint distribution of x-ray transmission
and dark-field signals obtained with a
compact cone-beam preclinical scan-
ner with a polychromatic source can
be used to diagnose pulmonary emphy-
sema in ex vivo murine lungs.

Materials and Methods

Pulmonary Emphysema Protocol

Throughout this study, 6- to 8-week-
old pathogen-free female CS37BL/6N
(Charles River Laboratories, Sulzfeld,
Germany) mice were used. For the in-
duction of pulmonary emphysema, a
solution of pancreatic elastase in sterile
phosphate-buffered saline was applied
orotracheally (80 U per kilogram of
body weight). Control mice received
80 pL sterile phosphate-buffered saline.
Mouse lungs were excised 28 days after
elastase application, inflated with air,
tied at the trachea (14), and placed in a
formalin-filled plastic container.

Imaging Protocol

The excised murine lungs were imaged
ex vivo in a flat 14-mm-thick vessel by
using a small-animal phase-contrast and
dark-field scatter-contrast CT scanner
(for technical information, see Appen-
dix E1 [online]), which consisted of a
compact rotating CT gantry built into a

housing suitable for preclinical research
(15-17). Figure 1 shows a schematic
of the gantry and a photograph of the
scanner with its dimensions. The scan-
ner was operated with eight stepping
positions of the source grating and ac-
quired absorption, phase-contrast, and
dark-field images simultaneously (8).
Reference images were acquired with
the sample removed from the beam.

At the first stage of the experiment,
the source was operated at 30 kVp with
an exposure time of 10 seconds. During
the energy optimization study, the voltage
varied between (a) 24 kVp with an expo-
sure time of 10 seconds and (b) 45 kVp
with an exposure time of 1 second to keep
the photon flow approximately constant.
No filter was used. Subsequently, the
lung images (Fig 2) were processed by
using a Matlab software package (Math-
works, Natick, Mass) written in-house to
calculate the three modalities from the
images acquired with different positions
of the source grating (8).

Histologic Analysis

The lungs were washed to remove para-
formaldehyde and decalcified in a 10%
edetic acid solution for 5 days. The sam-
ples were dehydrated and embedded in
paraffin. At an interval of 0.5 mm, mul-
tiple 10-wm-thin slices were prepared
in the coronal plane. The slices were
deparaffinized, hydrated, and stained
by using the Mayer hematoxylin-eosin
staining routine protocol. Subsequently,
the slices were dehydrated and scanned
at X2.5 and X4.0 magnifications to cre-
ate digital images.
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Figure 1:  (a) Schematic of the gantry set-up. (b) Photograph of the scanner with its dimensions.
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Figure 2:  Standard transmission (left), phase-contrast (middle), and dark-field (right) images in a control lung (top) and an

emphysematous lung (bottom).

Quantitative Morphometry

Design-based stereology was used to
analyze sections of the lung by using
an Olympus BXS51 (Olympus, Tokyo,
Japan) light microscope equipped
with a computer-assisted stereologic
toolbox (VIS NewCAST; Visiopharm,

Hoersholm, Denmark). To assess air
space enlargement, mean chord length
was quantified by superimposing a line
grid on the images of lung sections at
a magnification of X200. Points on the
lines of the grid hitting the air spaces
and intercepts of the lines with alveolar

septa were counted to calculate mean
chord length (MCL) in micrometers ac-
cording to the equation

MCL = ZPair -L(p)’
D105
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(a) Dark-field scatter-contrast image of a control lung with an exemplary choice of regions of interest for the lung (dark blue) and the background (light

blue). (b) Two-dimensional scatterplot for all three control lungs (blue), all three emphysematous lungs (red), and the background reference region (light blue). Black
ellipses represent regions of two times the standard deviation. (c) Elliptical regions calculated for all six lungs separately. Regions for control lungs are blue; regions

for emphysematous lungs are red.

where P, represents the points of the
grid hitting air spaces, L(p) is the line
length per point, and I represents the

intercepts of alveolar septa with grid lines.

Statistical Analysis

For tissue analysis, the region of inter-
est was determined by fitting the largest
possible rectangle to each lung (Fig 3a).
Similar to the Lambert-Beer law for
transmission, the dark-field signal
also decreases exponentially with the
thickness of the sample (11,18-21).
Thus, to access tissue properties, the
natural logarithm of relative transmis-
sion, In(T), and the natural logarithm of
the dark-field scatter signal, In(V), were
plotted on a per-pixel basis on a scatter-
plot (Fig 3b) for all three control samples
and all three emphysematous samples.
The x-axis shows the natural logarithm
of relative transmission, and the y-axis
shows the natural logarithm of the dark-
field scatter signal. The median signal
intensities were calculated and compared
by using the Mann-Whitney U test. A
probability density function was fitted to
the joint distribution in the scatterplot by
using the principle component analysis
(Appendix E1 [online]) for each lung
separately and for the two groups consid-
ering the three lungs together. For fitted
probability density, the area for which
the probability of a point lying inside is
95.4% (corresponds to two times the
standard deviation) was calculated. Such

Parameters for Ellipses and Values for Logarithm of Relative Transmission and Dark-
Field Signal for Control and Emphysematous Lungs

Lung Type and Angle to Vertical  Correlation between Mean Chord
Sample No. In(7*  In(y*  Eccentricity Axis (degrees) In(7) and In(1) Length(um)
Control lung
P1 —-0.30 -0.49 0.99 7.4 —0.64 28.1
P2 -029 -0.55 0.99 8.1 —0.78 354
P3 —-0.29 -0.57 0.99 8.0 —0.70 35.4
Emphysematous lung
E1 —-019 -0.35 0.94 1.5 —0.46 104.7
E2 —-0.21 -0.35 0.89 141 -0.37 150.4
E3 —-0.15 -0.40 0.87 22.2 —0.47 126.6

Note.—Data are parameters for ellipses in Figure 3, calculated for measurements performed at 34 kVp with eight source grating
steps. In(T) = natural logarithm of relative transmission, In(V/) = natural logarithm of dark-field signal.

* Data are medians.

an area results in an ellipse. The angle
between the main axis of the ellipse and
the vertical axis was calculated, as was
the eccentricity. Subsequently, an emphy-
sema distribution map (Fig 4c) was cal-
culated by using Matlab software (Math-
works) and was based on the assumption
that each pixel that lies outside the ellipti-
cal region calculated for the three control
lungs together is affected by the disorder
(P < .05).

Emphysema Diagnosis
It is difficult to detect emphysema by
relying on the conventional absorption

images in Figure 2 alone, since alveo-
li are not directly resolved. In Figure
3, there is a scatterplot for the three
emphysematous lungs, the three con-
trol lungs, and the background refer-
ence region. For the joint distributions
for each of the three lungs, the areas
of two times the standard deviation
(95.4%) were calculated and are rep-
resented as black ellipses. Parameters
for all six samples are summarized in
Table 1. Relative to the surrounding
liquid, emphysematous lungs show
increased transmission (average me-
dian logarithm transmission, —0.18 =
0.03 in emphysematous lungs vs —0.29
+ 0.01 in control lungs; P = .1) and
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Figure 4

a.
Figure 4:

(a) Histologic images in a control lung. A dense alveolar network is clearly visible. (b) Histologic images in an emphysematous lung with enlarged distal

spaces. (¢) Bottom: Histologic image of an emphysematous lung with a small unaffected section (arrow). Top: Absorption image shows a corresponding emphysema
distribution map obtained at statistical analysis. Blue indicates the affected regions.

reduced scattering (average median
logarithm dark field, —0.37 = 0.03 in
emphysematous lungs vs —0.54 = 0.04
in control lungs; P = .1), corresponding
to increased visibility. Further charac-
teristic differences are average eccen-
tricity of the elliptical regions (0.90 *
0.04 in emphysematous lungs vs 0.99
* 0 in control lungs) and the angle to
the vertical axis of the ellipses (aver-
age, 15.9° £ 5.538 in emphysematous
lungs vs 7.8° * 0.38 in control lungs).
Figure 3c shows the elliptical regions,
which were calculated for all six lungs
separately. Spearman correlation be-
tween natural logarithms of relative
transmission and dark-field scatter
signal, reflecting the linearity of the
distribution, was included in Table 1 as
a measure for the error in angle deter-
mination. Determination of the angle
for elliptical regions in emphysema-
tous lungs (correlation average, —0.43
+ 0.06) is more prone to errors than

determination of the angle for elliptical
regions in control lungs (correlation av-
erage, —0.71 = 0.07).

Figure 4 shows exemplary parts
of macro- and microscopic histopath-
ologic images of an emphysematous
lung and a control lung. The alveolar
structures in the emphysematous lung
are clearly enlarged, with significantly
fewer tissue-air interfaces. The mean
chord length values presented in Table
1 quantify the difference between the
structure size in control (average, 33
pm = 4.2) and emphysematous (aver-
age, 127.2 pm = 22.9) lungs.

The presented emphysema distri-
bution map overlaying an absorption im-
age (Fig 4c) shows good agreement with
histologic findings; a small region, unaf-
fected by the disorder, appears healthy.

Energy Optimization and Detector Binning

One pair of control and emphysema-
tous lungs was studied at different

source voltages between 24 and 45 kVp
to determine the best scanning settings.
The resulting scatterplots are present-
ed in Figure 5. Relative transmission
increases and scattering decreases for
higher acceleration voltages. Median
values for the control sample were
—0.35 and —0.18 for natural logarithm
of relative transmission and —0.62 and
—0.44 for natural logarithms of dark-
field scatter signal at 24 and 45 kVp,
respectively. The angle to the vertical
axis decreases significantly for both
emphysematous and control lungs with
increasing x-ray energies. The largest
difference in angle occurs at 29 kVp
(11.2°), whereas the smallest differ-
ence occurs at 45 kVp (4.8°).

To test the compatibility with poten-
tial future clinical applications, the influ-
ence of larger pixel sizes on the results
was studied by using detector binning.
Images of an emphysematous lung and
a control lung were acquired at 34 kVp

Radiology: \/olume 269: Number 2—November 2013 = radiology.rsna.org
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Figure 5:  Two-dimensional scatterplots for one control (blue) and one emphysematous (red) lung acquired
at (a) 24, (b) 29, (c) 39, and (d) 45 kVp.

Table 2

Parameters of Ellipses and Values for Logarithm of Relative Transmission and Dark-
Field Signal for One Control and One Emphysematous Lung at Different Detector
Settings

Angle to Vertical Correlation between
Lung Type and Binning In(Ty* In(W* Eccentricity Axis (degrees) In(7) and In()

Control lung

No binning —0.24 —0.49 0.99 46 —0.53

4 X 4 binning —0.20 —0.59 0.99 6.1 —0.65
Emphysematous lung

No binning —0.06 —0.45 0.92 148 —0.48

4 X 4 binning —-0.07 —0.44 0.92 20.2 —0.58

Note.—We compared the results acquired at 34 kVp for no binning and eight phase steps with the results for a 4 X 4 binned
detector and four source grating steps. The control lung was P3, and the emphysematous lung was E3. In(T) = natural logarithm
of relative transmission, In(V) = natural logarithm of dark-field signal.

* Data are medians.

with no detector binning and with eight
phase steps of the source grating. The
pixels were subsequently 4 X 4 binned
(corresponds to 200 X 200-pm detector
pixels) during processing. Furthermore,
only every second phase step of GO was

taken into account, as if only four phase
steps were acquired. The elliptical re-
gions were fitted to the data, and their
parameters are presented in Table 2.
Binning does not influence the param-
eters significantly; a clear difference

between the two lungs (angle, eccen-
tricity) remains observable, even with a
clinically compatible pixel size.

The statistical analysis based on the
joint distribution of transmission and
dark-field signals obtained with a com-
pact cone-beam preclinical small-animal
scanner yielded a clear distinction be-
tween the lungs with pulmonary emphy-
sema and the control samples. The main
difference between the groups of lungs in
the scatterplot is the angle to the vertical
axis of the elliptical regions fitted to the
data. The angle reflects the characteris-
tic absorption and scattering properties
of the tissue. It was also observed that
the eccentricity of the ellipses is lower
for emphysematous samples. This can
be explained by the homogeneity of the
sample. While control lungs can be as-
sumed to contain homogeneous alveolar
structures, emphysematous lungs have
a significantly broader distribution of
structure sizes than do healthy lungs, as
evidenced by mean chord length values.
This leads to a higher variance in the
signals and thus to higher eccentricity of
the fitted ellipse.

Introduction of the probability den-
sity for the distributions presents an
accurate way to distinguish between
healthy and emphysematous tissue for
each pixel. The calculated emphysema
distribution map was based on the prob-
ability density, which was calculated for
all control samples together. The cal-
culated probability density contained
animal characteristic tissue properties.
This way, the influence of different sam-
ples was taken into account.

The energy optimization study
showed that it is possible to distinguish
emphysematous lungs from healthy
lungs at all investigated x-ray source
energies. A more clear distinction
was achieved for lower x-ray source
energies. Furthermore, it was shown
that similar results can be obtained
with significantly bigger pixel sizes, ac-
quiring only four source grating steps.
This means that the joint distribution
method also works with systems that
have clinically comparable pixel sizes.
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The described study in its current
form had some limitations. The experi-
ments were performed by using excised
ex vivo mouse lungs. Further studies
have to focus on the demonstration of
the improved pulmonary emphysema
diagnostics in vivo, where the overlay-
ing structures (eg, bones and fur) and
breathing artifacts represent consider-
able challenges. Application of ultraso-
nographic gel should reduce fur scatter-
ing. The 1-second acquisition time at 45
kVp seems short enough for a breath-
hold maneuver in a mouse when using
mechanical forced breathing. The influ-
ence of the breathing phase on the re-
sults also must be considered. Further-
more, the studied lungs had an advanced
stage of emphysema. Thus, further stud-
ies are needed to assess the diagnostic
value for this disease in earlier stages.

Practical applications: Our study
is a proof-of-principle experiment that
shows that dark-field scatter radiogra-
phy in combination with the conven-
tional radiographic approach offers a
diagnostic approach to emphysema in
a murine in vitro model of the disease
and that the method can be translated
from previous bench-top experiments
at high-brilliance synchrotron sources
to a compact preclinical cone-beam
scanner with a polychromatic source.

Future work should also apply the
presented method in humans. In case
of positive results, this would offer an
approach with which to detect emphy-
sema in patients without CT at early
stages of disease.
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