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In early stages of various pulmonary diseases, such as emphysema
and fibrosis, the change in X-ray attenuation is not detectable
with absorption-based radiography. To monitor the morphologi-
cal changes that the alveoli network undergoes in the progression
of these diseases, we propose using the dark-field signal, which
is related to small-angle scattering in the sample. Combined with
the absorption-based image, the dark-field signal enables better
discrimination between healthy and emphysematous lung tissue
in a mouse model. All measurements have been performed at 36
keV using a monochromatic laser-driven miniature synchrotron
X-ray source (Compact Light Source). In this paper we present
grating-based dark-field images of emphysematous vs. healthy
lung tissue, where the strong dependence of the dark-field signal
on mean alveolar size leads to improved diagnosis of emphysema
in lung radiographs.
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hronic obstructive pulmonary disease (COPD) is one of the

leading causes of morbidity and mortality worldwide (1, 2).
The disease is characterized by airflow limitation and lung in-
flammation as a response to noxious particles or gases, resulting
in a progressive deterioration in lung function and health-related
quality of life (3, 4).

Emphysema is a common component of COPD, in which air-
way obstruction and aberrant activity of proteolytic enzymes cause
irreversible destruction of alveolar walls and enlargement of distal
airspaces. Despite this altered lung morphology, emphysema is
difficult to detect with conventional radiographic imaging, because
the decrease in lung tissue density in emphysema may be too small
to be appreciated. Chest X-ray is routinely used to screen patients
with suspected COPD for emphysema, although it is known that
chest X-rays lack sensitivity in mild to moderate emphysema (5).
Currently, screening for and early diagnosis of COPD and em-
physema largely relies on spirometric lung function tests (6).
Spirometry, however, strongly depends on patients’ cooperation
and is unable to localize emphysematous changes within the lung.
Assessing the regional distribution of pulmonary emphysema is
crucial for clinical decision-making regarding lung volume re-
duction surgery and insertion of endobronchial valves (7, 8).
Emphysema imaging has been greatly improved with high-reso-
lution computed tomography (HRCT), but its use is limited by the
higher radiation dose applied to the patient (5). Some studies have
suggested that MRI may complement CT in the imaging of em-
physema (5). However, because MRI is time-consuming, expen-
sive, less available, and prone to breathing artifacts, MRI is
currently not established in routine imaging of COPD. Direct
assessment of microstructural changes in the alveolar network
would be desirable to evaluate disease progression and monitor
therapy, but this can currently only be achieved through histopa-
thology, which requires invasive biopsy. Especially in early stages
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of the disease, identification, precise quantification, and localiza-
tion of emphysema through grating-based X-ray projection im-
aging could significantly improve COPD diagnosis and therapy,
and avoid the higher radiation exposure associated with CT.

Phase-contrast imaging can significantly increase the visibility of
lung tissue in single projections, as demonstrated by several other
groups (9-11); it has also been shown to improve the diagnostics
of pulmonary diseases (12). Multiple air-tissue interfaces present
in the inflated lung result in a high degree of X-ray phase contrast
and low absorption contrast. Among the phase-contrast imaging
methods available—namely, interferometric methods, propaga-
tion-based methods, and analyzer-based methods—the latter two
were intensively studied in lung imaging (9, 13, 14).

In propagation-based imaging (PBI), the sample is illuminated
by a spatially partially coherent source, which creates a Fresnel
diffraction pattern after a certain propagation distance behind
the sample. This pattern serves as the so-called edge-enhanced
image. Propagation-based methods have been applied to mouse,
rat, and rabbit lungs and show a speckled intensity pattern that is
attributed to the air-filled alveoli acting as aberrated compound
refractive lenses (15). Using a single distance from sample to
detector, PBI does not allow for a quantitative analysis of lung
projections, due to the a priori assumption of a single-material
object composition (16). In addition to a high-brilliance X-ray
source, a high-resolution detector is needed to resolve the re-
fraction-induced interference fringes.

In diffraction enhanced imaging (DEI) or analyzer-based im-
aging (ABI) a perfect crystal analyzer is mounted between the
object and the detector. This approach requires a high mono-
chromatic flux, typically from a large-scale synchrotron X-ray
source. Reflection from the analyzer crystal only occurs for X-rays
in a small angular range meeting the Bragg condition of the
crystal. Tilting the crystal while monitoring the intensity in each
pixel generates a rocking curve, from which absorption, phase, and
small-angle scattering information of the sample can be extracted
(17, 18). An application of this technique to mouse lung meas-
urements has been demonstrated by Kitchen et al. (19). The so-
called scatter rejection or extinction contrast is produced at only
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the peak position of the rocking curve, where the analyzer crystal
rejects X-rays from small-angle scattering. With diffraction-en-
hanced peak images, lung tissue can easily be distinguished from
the surrounding soft tissue, leading to an improved discrimination
between healthy and diseased lung tissue (12, 20). Comparing
single-distance PBI and single rocking-angle DEI of mouse and
rabbit lungs indicates that DEI yields images of superior contrast
than those for PBI, and both techniques show a significant contrast
improvement over conventional absorption radiographs (11). The
use of DEI with laboratory sources suffers from low mono-
chromatic flux and the resulting long exposure times, which are
not compatible with in vivo imaging applications (21, 22).

Grating-based imaging yields phase and dark-field images that
are simultaneously obtained with the conventional attenuation-
based X-ray image, thus providing three complementary image
modalities that are intrinsically registered. More important, the
attenuation, phase, and scattering contributions of the object are
clearly separable using this technique. Unlike DEI, the grating-
based interferometer supplies a large field of view and has also
been shown to work with polychromatic sources and in cone-
beam geometry (23-26).

Dark-field image contrast is created through changes in the
local scattering power of the sample. It is defined via the de-
crease in visibility of the stepping curve when a scattering object
is inserted in the beam. For homogeneous specimens that show
no or negligible small-angle scattering, the dark-field signal
(relative visibility V) is close to unity, whereas strong scattering
samples yield dark-field signals of " < 1.

The relative visibility is directly related to small-angle scat-
tering and multiple refraction from microstructures with a scale
much smaller than the spatial resolution of the imaging system
(24, 27). This signal reveals structural information on the
nanometer to hundreds-of-micrometers scale that is inaccessible
from both the absorption and the phase-contrast image (28, 29).
Biomedical applications of dark-field contrast include bone im-
aging (30, 31), calcifications in breast imaging (32), and tooth
imaging (33).

In this paper, we use strong small-angle scattering from mouse
lungs in grating-based dark-field imaging. The distinct de-
pendency of the dark-field signal on mean alveolar size leads to
improved diagnosis of emphysema in single projections.

Results

Three emphysematous and three healthy mouse lung samples
were measured with a two-grating interferometer setup (Fig. 1 A
and B). The measurements were performed at 36 keV using
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a monochromatic laser-driven miniature synchrotron X-ray source
[Compact Light Source (CLS)] (Fig. 1C). Multiple raw projections
are acquired during a phase-stepping scan of the absorption
grating with respect to the phase grating (Fig. 1E). The effect of
the sample on the wavefront is then calculated using Fourier
analysis, resulting in three different contrast modalities (34):
standard absorption, phase-contrast, and dark-field images. Fig. 2
Top displays all six mouse lungs measured in the experiment;
below, a control (blue) and one emphysematous (red) lung is
displayed in all three contrast modalities, respectively. Image
contrast is adjusted to give maximum detail readability. In a com-
parison of the absorption images, the anticipated transmission
increase in the emphysema lung is clearly visible. The clear de-
piction of the lung in the dark-field signal can be attributed to
strong small-angle scattering of X-rays originating from air-filled
alveolar structures of the fixated lung.

To yield better emphysema diagnosis, we propose combining
both transmission and scattering information of the samples in
a single scatter plot (Fig. 3). Each point in the scatter plot rep-
resents transmission and dark-field pixel values of a lung pro-
jection. The data of all six lungs are presented, measured in 11
projections each. The emphysematous lung (red) shows in-
creased transmission with respect to water and reduced scatter-
ing, and the healthy lung tissue (blue) shows less increase in
transmission and more scattering than the emphysema lung. In
this multimodal visualization, a clear separation of healthy vs.
diseased tissue is achieved (Fig. 3).

Our findings are in good agreement with both theoretical and
experimental models, where microspheres of well-defined sizes
have been used to simulate lung tissue (15). Wave-optical X-ray
propagation simulations of 33-keV X-rays through a mouse lung
model with average alveolar size of 60 pm yielded an average
deflection angle of zero degrees with a SD of 11 prad (15). The
sensitivity of the grating interferometer can be tuned to specific
scattering angles by adjusting the inter-grating distance and ab-
sorption grating period (35). From the geometrical parameters
of our experimental setup we can expect a large decrease in
visibility for diffraction angles in the range of p,/d = 13.6 prad
(28), which matches the simulated angular spread well and
accounts for the large decrease in visibility apparent in the lung
projection measurements (Fig. 2).

The influence of sample structural parameters on the visi-
bility has been simulated in Malecki et al. (36) and can, in the
case of randomly distributed spheres of known radius, be cal-
culated analytically (35). We consider a lung model of air-filled
spheres embedded in a lung tissue matrix with a fixed-sphere
volume fraction and increasing sphere radius (as depicted in

Fig. 1. The CLS consists of an electron storage ring
combined with a high-finesse laser cavity. At the in-
teraction point of the counter propagating electron
bunch and laser pulse, hard X-rays are produced in
the process of inverse Compton scattering. (A) The
grating interferometer comprises a phase grating, an
absorption grating, and a Varian PaxScan detector.
(B) SEM image of the phase gratings with a period-
icity of P =5.275 pm. (C) CLS showing the linear ac-
celerator section and the electron storage ring. (D)
The mouse lungs were inflated with air and tied up
at the trachea after excision. (E) Raw projection im-
age of the formalin-fixated mouse lung measured in
a water bath.

PNAS | October 30,2012 | vol. 109 | no.44 | 17881

APPLIED PHYSICAL

SCIENCES
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dark field V

Fig. 2. Three elastase and three control mouse lungs
were included in the study. The picture shows all six
mouse lungs in formalin-filled plastic cylinders. The
blue (healthy lung) and red (emphysematous lung)
rectangle indicates the samples that are displayed in
transmission T with respect to water, differential phase
d®/dx, and dark-field V below. (Scale bars: 5 mm.)

the sketch next to the scatter plot; Fig. 3): The transmission
through all samples with identical sphere volume fraction will
stay constant. The change in dark-field signal with increasing
sphere radius can be calculated using equations 25 and 26 in
ref. 35, assuming an electron density difference of Ap, =
3.4997 x 10> nm~" (16), a constant volume fraction of 0.5, and
a sample thickness of 7 mm. A change in sphere diameter from
80 pm, corresponding to the mean alveoli diameter in healthy
mice (37), to 90 pm results in a 25% visibility increase from V' =
0.12 to V' = 0.15. We conclude that subtle changes in alveoli

(’JO()O 1
C507
IOGOAC 0.8
5
(_,on O
204 >
°
t zos
Reiesie B
Bossl =
- 04
[E55d o2
o ;
g{,’g’?,u 1 | 1 I | | |
“ 17 105 11 115 12 125 13 135 14 145
relative transmission T
Fig. 3. Scatter plot of dark-field V vs. transmission relative to water T of all six

lung radiographs and the data from 11 projection angles. From this statistical
analysis a clear distinction between emphysematous (red) and control (blue)
lung tissue is possible. Two green dotted curves represent a fixed ratio of the
logarithm of dark-field contrast and transmission values In(V)/In(T). Pixels in
between these curves are used for further image analysis in Fig. 6. (Insets)
Histological sections in 10-fold magnification. (Scale bars: 500 um.)
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diameter during early stages of emphysema are likely to appear
in the dark-field image without any significant signature in
absorption contrast.

Experimental data from dark-field phantom measurements
using polymethylmethacrylate (PMMA) and glass microspheres
support both our interpretation of the lung-imaging results and
the described analytical model. In the measurements the dark-
field signal V decreased with increasing microsphere diameters
in the range from 2.5 pm to 600 pm (35, 38).

The change in alveoli diameter is well represented in the
histological sections of healthy (Fig. 4 A and B) and emphyse-
matous lung samples (Fig. 4 C and D), where the loss in lung
tissue accompanied by a significant increase in mean alveolar
diameter is apparent in the 10-fold magnification of emphyse-
matous mouse lung tissue (Fig. 4D). Clinically relevant param-
eters of pulmonary function were tested, and values for dynamic
compliance and tissue elastance are given in Fig. 5 and Table 1.
The increase in dynamic compliance due to the loss of alveolar
and elastic tissue associated with emphysema can be observed.
Furthermore, lung function in mice treated with elastase dem-
onstrated a decrease in tissue elastance (37, 39). The functional
pattern of the mouse respiratory disease model is thus closely
related to emphysema in humans.

The apparent discrimination of healthy and emphysematous
lung tissue in the scatter plot (Fig. 3) can be visualized in lung
projection images by selecting the pixels of emphysematous tis-
sue that show a large deviation from the healthy (blue) curve.
The slope of linear curves fitted to scatter plots of the logarithm
of dark-field, In(}), and transmission value, In(T’), of each lung
sample is higher for emphysematous lungs (—4.8 + 0.2) than for
healthy lungs (—=10.6 + 3.4). Threshold values of In(}V)/In(T)
have been set to a cutoff value of —6 to distinguish emphyse-
matous from healthy lung tissue and —1.2 to exclude background
pixel values (dotted green lines in Fig. 3). Scatter plot data points
inside these limits have been plotted with their In(V)/In(T’) value
overlaid on conventional absorption projections in Fig. 6. This
multimodal visualization leads to a pronounced difference

Schleede et al.


www.pnas.org/cgi/doi/10.1073/pnas.1206684109

L T

z

1\

BN AS PN AN D

between the three emphysematous and three control lung sam-
ples in single projections. Standard absorption contrast is
depicted in the linear gray scale with relative transmission values
(with respect to water) ranging from 1 to 1.35, whereas In(})/In
(T) is displayed in jet colors ranging from —6 to —1.2, where high
values (yellow, red) correspond to lower scattering from the
sample at comparable absorption properties, thus revealing
larger mean alveoli diameter. The quotient In(})/In(7T") can be
expressed in terms of material-dependent parameters, namely
the linear diffusion coefficient € and the linear attenuation
coefficient p (28):

In(V) N [e(z)dz
In(T) = [u(z)dz’

(1]

Because the lung was measured with respect to water, the
denominator In(7') is proportional to the thickness of the lung,
e.g., thickness of air the beam crosses, whereas In(}) decreases
with increased scattering from the sample. The quantity In(})/In
(T) thus combines the information from single absorption and
dark-field images. Assuming similar transmission through em-
physematous and healthy lung tissue, each pixel’s value of In(V)/
In(7T) is proportional to the mean linear diffusion coefficient &
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Fig. 5. Pulmonary function of six mice included in the experiment. For all
samples, dynamic compliance and tissue elastance with their respective SD
are depicted. In a comparison of control (blue) and elastase-induced em-
physema (red) samples, the expected increase in dynamic compliance and
reduction in tissue elastance is apparent. Values are given in Table 1.
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Fig. 4. Histological sections of lung structure in ex-
perimental emphysema. Lung samples were em-
bedded in paraffin and stained using a routine
Mayer’s H&E staining protocol. (A and C) 2x and (B
and D) 10x magnification of the lung sections, re-
spectively. In the control group (A and B), a dense
alveolar network is nicely visible, whereas the em-
physema lung (C and D) displays the expected
pathological larger alveoli diameters with a reduced
alveoli number.

along lung tissue crossed by the X-ray beam, where e strongly
depends on the size of the scattering microstructure. In a less
severe case of emphysema this visualization could help identi-
fying small regions of affected lung tissue in single projections.

To investigate whether this imaging approach is also feasible in
the in situ setting, we performed an additional experiment with an
intact mouse imaged postmortem. Fig. S1 shows how the strong
dark-field signal from the lung is preserved through overlying ribs,
spine, skin, and fur.

Discussion

The change in X-ray attenuation caused by the pathological pro-
cess of pulmonary emphysema is difficult to detect in early stage of
the disease using conventional absorption-based radiography. In
this paper we present grating-based dark-field images of emphy-
sematous vs. healthy lung tissue. A combination of absorption and
dark-field signal in a scatter-plot analysis demonstrates improved
emphysema diagnosis in single projections of mice lungs. Strong
dependence of the dark-field signal on structural changes in the
alveolar network has been established.

Further investigations will aim at transferring the proposed
analysis from isolated lung samples, measured in a water bath, to
lung imaging in mice. An ex vivo dark-field image of an inflated
lung in a mouse (Fig. S1) shows that the strong dark-field signal
from the lung is not significantly degraded by the overlying
structures such as the ribs and the spine. Furthermore, it has been
demonstrated by Kitchen et al. (40) that the projected thickness
of bone and soft tissue can be extracted from a single differential
phase and absorption projection image of a mouse. These values
can be used to normalize both transmission T and dark-field I/
before an analysis of projected lung diffusion coefficient e.

In addition to a decrease in pulmonary function of emphyse-
matous mice, which was evident from dynamic compliance and
tissue elastance measurements, the emphysematous microstruc-
ture of the lung samples was confirmed by histology, where an
enlargement of airspaces accompanied by the destruction of
their walls is clearly visible. The functional defects present in the
mouse respiratory disease model are thus closely related to
emphysema in humans.

The distinct signature of the elastase-induced emphysema
mice in lung function measurements is attributed to the ad-
vanced stage of the disease and is expected to break down for
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Table 1. Lung function measurements

Dynamic compliance,

Lung sample mL/cmH,0

Tissue elastance,
cmH,O0/mL

0.0603 + 0.0022
0.0750 + 0.0009
0.0722 + 0.0005

Elastase emphysema 1
Elastase emphysema 2
Elastase emphysema 3

Control 1 0.0338 + 0.0005
Control 2 0.0540 + 0.0007
Control 3 0.0498 + 0.0022

12.072 + 0.064
9.400 + 0.261
9.781 + 0.299

31.239 + 0.296

17.835 + 0.548
19.88 + 0.539

subtle changes in lung tissue during early stages of emphysema.
Detailed studies looking at different stages and regional dis-
tributions of emphysema are planned to assess the potential of
our method for emphysema staging and its prospect to replace
invasive histopathology.

The dose of 33.9 mGy used in our experiment is significantly
higher than the surface dose of 0.25 mGy used in a conventional
clinical chest radiograph (41). A reduction of the number of phase
steps and binning, simulating a reduced exposure time and larger
pixel size, yielded low-dose dark-field results, which are compara-
ble to the oversampled dataset (Fig. S2). Furthermore, the surface
dose can be significantly reduced through an optimization of the
experimental setup—namely, thinning of the grating wafers (which
currently comprise 1 mm of silicon), optimization of grating design
energy, and an overall increase in X-ray energy. Shorter exposure
times can be achieved by using single-shot Moiré techniques (42,
43), where image resolution is reduced, while the sensitivity of the
dark-field signal to changes in lung structure is not altered.

This proof-of-principle synchrotron-based experiment was
conducted at the CLS using highly brilliant and monochromatic
X-rays to achieve the benchmark results presented here. Future
work will focus on establishing the applicability of the method to
higher X-ray energies, as necessary for human chest radiographs,
and with conventional X-ray tubes, where grating-based phase-
contrast imaging has already been successfully demonstrated.
With these improvements, we expect our approach of combined
dark-field and absorption contrast X-ray imaging to offer the
possibility of early-stage emphysema detection in humans and
assess its regional distribution without the use of CT.

17884 | www.pnas.org/cgi/doi/10.1073/pnas.1206684109

Materials and Methods

Compact Light Source. CLS is a laboratory-scale synchrotron X-ray source,
commercially developed and manufactured by Lyncean Technologies, Inc.
A radiofrequency electron gun and a laser-driven photocathode produce sin-
gle-electron bunches, which are accelerated to an energy in the range of 20-45
MeV in a linear electron accelerator section. The bunch is stored at this energy
in a miniature storage ring with a circumference of a few meters (Fig. 1C). A
high-finesse bow-tie enhancement cavity is located at one of the straight
sections of the storage ring and is resonantly driven by an infrared laser. At the
interaction point, the laser and the electron bunch are tightly focused and pass
through each other on each revolution of the electron bunch and each cycle of
the laser pulse. Through the process of inverse Compton scattering, pulses of
X-rays are produced on each revolution (44). Let 4, and y denote laser wave-
length and electron energy given in units of rest mass, respectively. The
emitted spectrum is similar to that of a long magnetic undulator with the
fundamental wavelength of the laser undulator being ,/4y? (45). Tight fo-
cusing of both the electron bunch and the infrared laser results in high flux
and a small source size of 40 x 40 um? rms. The high degree of spatial co-
herence can be exploited in the straightforward use of refraction-based im-
aging techniques (46, 47), and the intrinsic energy bandwidth of AE/Epc.c = 3%
allows for monochromatic biomedical imaging experiments. The angular
divergence of about 4 mrad is larger than at conventional synchrotron
sources and provides a circular field of view of about 6 cm at a distance
of 16 m from the source, which can be used to measure relatively large
biological samples.

Grating Interferometer. A grating interferometer was placed 16 m from the
source. A n/2 phase-shift grating with 5.28-ym pitch (design energy 33 keV)
and an absorption grating with 5.4-um pitch were used at the first fractional
Talbot distance (Fig. 1 A and B). CLS was operated at an X-ray energy of
Epeak = 36 keV (Apeax = 0.34 A), with a full energy spread of AE/Epeak = 3%.
Each dataset consists of a phase-stepping scan of the absorption grating
with respect to the phase grating, over one grating period using 16 steps.
The exposure time for each phase step was 5 s. To increase statistics and
ensure independency from sample alignment with respect to the in-
terferometer orientation, lungs from six different mice were rotated around
a tomographic axis recording 11 projections over 180°. All images were
recorded using a Varian PaxScan 2520D detector with square pixels of 127 x
127 pm? and a Csl scintillator. To account for small X-ray intensity variations,
a scintillation detector was placed close to the source, monitoring X-rays
scattered from a Kapton foil. The surface entrance dose was calculated
based on the measured flux density 8 x 10° photons s~"-mm™2 at 36 keV and
the known absorption coefficient of dry air. Including all phase steps with 5's
exposure time each, the surface entrance dose of one projection is 33.9 mGy.

Fig. 6. Multimodal projections of three emphyse-
matous lung samples (E1, E2, E3) and three control
lung samples (C1, C2, C3). To visualize the apparent
differentiation of healthy and emphysematous
lungs from the scatter plot (Fig. 3), we propose using
threshold values on the quotient of the logarithm of
dark-field contrast and transmission values In(V)/
In(T) = =6 and In(V)/In(T) = —1.2 (dotted green lines
in Fig. 3). In single projections, the corresponding
pixels have been superimposed on the conventional
transmission contrast image with their color repre-
senting In(V)/In(T). Standard transmission is depicted
in the linear gray scale with transmission values
(with respect to water) ranging from 1 to 1.35. The
material-dependent quotient In(V)/In(T) is displayed
in jet colors ranging from —6 to —1.2, where higher
values (yellow, red) correspond to lower scattering
at similar transmission and thus larger mean alveoli
diameter. (Scale bars: 5 mm.)
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The dose level of this first in vitro study was not optimized and can be sig-
nificantly decreased [e.g., by reducing the support thickness of the grating
structures (factor 0.8), by reducing the exposure time (factor 0.25), or by
using four instead of 16 phase-steps (factor 0.25)].

Experimental Emphysema in Mice. Six- to 8-wk-old pathogen-free female
C57BL/6N mice (Charles River Laboratories) were used throughout this study.
Mice had free access to water and rodent laboratory chow. Pancreatic
elastase was dissolved in sterile PBS and applied orotracheally (80 U/kg body
weight). Control mice received 80 pL sterile PBS. All animal experiments were
carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the ethical committee of the regional gov-
ernmental commission of animal protection (Munich).

To assess information on pulmonary function, the mice were anesthetized,
tracheostomized, and connected to a Scireq flexiVent pulmonary function
system (EMKA Technologies). During the measurement, mice were ventilated
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were excised 28 d after elastase application, inflated with air, and tied up at
the trachea (48) (Fig. 1C). The samples were put in formalin-filled plastic
containers (Fig. 2) and measured in a water bath.

Histology. After washing to remove paraformaldehyde, lungs were decalcified
in 10% (wt/vol) EDTA in H,O for 5 d. Subsequently, the specimens were
dehydrated and embedded in paraffin. Multiple 10-um thin sections were
prepared in the coronal plane at intervals of 0.5 mm to obtain representative
sections covering the entire organ. Sections were deparaffinized, hydrated,
stained using a routine Mayer's H&E staining protocol, and dehydrated. Sec-
tions were scanned at various magpnifications to create digital images.
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