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Abstract Grating-based X-ray dark-field contrast is an

emerging new imaging modality that is demonstrating

particularly high potential for radiography. The signal in

dark-field X-ray imaging is determined by small-angle

X-ray scattering at structures typically below the spatial

resolution of the imaging setup. Thus, this technique not

only yields complementary information but also visualizes

information that lies under the resolution limit for con-

ventional, absorption-based radiography. Grating-based

X-ray dark-field imaging has been shown to be feasible

with both synchrotron radiation and conventional X-ray

tubes. Lung, breast, and bone imaging have been identified

as the applications promising the main impact, but other

applications are on the horizon. Specifically, dark-field

radiography has been used to detect pulmonary emphy-

sema and assesses its regional distribution in mice and

holds promise to improve the visualization of micro-cal-

cifications in mammography and yields information about

bone microstructure. Further technical developments are

required to make the technique suitable for clinical use.

Keywords X-ray phase-contrast imaging � X-ray dark-
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Introduction

Clinical X-ray imaging, so far, depends solely on the X-ray

absorbing properties of tissues and materials. Since the

X-ray attenuation coefficient is roughly proportional to the

fourth power of the atomic number Z [1] tissues composed

of heavier atoms (e.g., bones and teeth) show a high con-

trast on conventional X-ray images. Soft tissue, mainly

composed of light elements, yields only low contrast.

X-ray phase-sensitive imaging methods have the potential

to not only overcome the limitation of low soft tissue

contrast but also visualize biophysical tissue properties that

are inaccessible for conventional radiography. These

imaging methods, similar to the concepts known from light

microscopy [2], use the wave nature of X-rays. Passing

through matter, X-rays not only get absorbed but are also

refracted, i.e., are deviated from their original propagation

direction by a certain angle. Measurement of the deviation

angle yields complementary information in comparison to

the conventional attenuation-based imaging. Different

approaches make it possible to acquire X-ray phase infor-

mation [3–7] and have been in use at large scale syn-

chrotron facilities since the first groundbreaking

experiments reported by Bonse and Hart in 1965 [8].

However, only in 2006, the Talbot-Lau X-ray interferom-

eter has been reported [9, 10] which allows to acquire

X-ray phase information with conventional polychromatic

laboratory sources. Since then, considerable efforts have

been devoted to applying this method to different bio-

medical applications. The present review presents an
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overview over the physical principles of dark-field radi-

ography as well as recent results of experiments applying

the technique to biomedical imaging.

Physical and Technical Principles of Grating-Based

X-Ray Dark-Field Imaging

Currently, the most spread method for obtaining X-ray

phase information with conventional laboratory sources is

based on the use of a three-grating Talbot-Lau interfer-

ometer. This method utilizes three gratings between the

X-ray source and detector. The first (absorption) grating, a

so-called source grating, is placed as close as possible to

the X-rays source emission point and divides the source

into a number of line sources, thus creating spatial coher-

ence in the beam. A certain distance downstream of the

source grating a phase grating is placed. It gives rise to an

interference pattern (i.e., typically a combination of dark

and light stripes) further downstream. This interference

pattern is registered with and without the sample in the

beam, and deviations in the pattern reveal phase informa-

tion. However, since the interference pattern is typically

too small to be directly resolved by clinically used detec-

tors, the third grating (a so-called analyzer grating) is

placed just in front of the detector. This last absorption

grating is moved in a number of steps perpendicular to the

beam propagation direction and grating lamellae over one

grating period, acquiring a detector image for each new

grating position. Thus, a so-called intensity stepping curve

[11] is acquired, which gives the registered intensity in a

pixel as a function of the analyzer grating position. This

way, information about the interference pattern can be

obtained, without directly resolving it. By comparing the

stepping curves acquired with and without the sample, it is

possible to calculate conventional transmission, differential

phase-contrast, and dark-field images if the stepping was

performed with at least three steps [12]. Thus, three image

contrasts can be obtained simultaneously, and the images

can be directly compared pixel by pixel.

In particular, conventional transmission is obtained as

the mean value of the stepping curve performed with the

sample, normalized by the corresponding value acquired

without the sample. Differential phase-contrast is calcu-

lated as the shift of the stepping curve, acquired with the

sample, compared to the reference curve. And the dark-

field contrast is obtained as the amplitude of the stepping

curve with the sample divided by the amplitude without the

sample and normalized by the transmission signal [9–11].

The three imaging signals originate from different

physical processes. While conventional transmission

reveals the amount of photons absorbed in the sample, the

differential phase-contrast gives the first derivative of the

wave phase shift caused by the sample. If the phase shift is

too small to be directly resolved by the grating interfer-

ometer, a dark-field signal is generated. The origin of the

dark-field can be considered as small-angle scattering,

which leads to a damping of the amplitude of the stepping

curve. Hence, the dark-field can visualize structures that

are smaller than the resolution of the system. This way, for

example, the alveoli in the lung can be clearly visualized in

dark-field radiography.

To avoid the differential depiction, the phase shift infor-

mation can be derived from the differential phase-contrast

signal by integration. Different methods [13, 14] for noise

reduction integration algorithms have been reported both for

projection and tomographic acquisitions. However, their

application to radiographs remains challenging.

A further grating-based approach used to retrieve phase

information with conventional polychromatic laboratory

sources is based on the introduction of a periodic illumi-

nation pattern on the detector that can be directly resolved.

Typically, a simple absorption grating is illuminated to

produce such a pattern [15, 16]. Alternatively, the inter-

ference pattern can be achieved by introducing Moiré

fringes on the detector through slightly tilted gratings or a

different structure [17•, 18].

To retrieve the three imaging modalities, a radiographic

image is acquired with and without the sample in the beam.

The images are subsequently considered in Fourier space.

Due to the introduced pattern on the detector, two distinct

peaks are obtained in Fourier space, corresponding to the 0th

and the 1st Fourier component. A mask is applied in Fourier

space to take the 0th order or the 1st order peak, respectively.

Subsequently, the information is transformed back to the real

space. This approach allows obtaining transmission as well

as phase-contrast and dark-field images. Although this

method is relatively easy to realize experimentally, it suffers

from significantly lower sensitivity than the approach with

the three-grating interferometer.

Lung Imaging

Ex vivo [19••, 20], in situ [21], and in vivo [22••] studies in

mice have shown that healthy lung tissue generates a very

strong dark-field signal generated by small-angle X-ray

scattering at the multiple air-tissue interfaces that charac-

terize the micro-architecture of normal pulmonary paren-

chyma. Indeed, in whole-body radiographs of mice, the

lungs stand out as the single organ that generates by far the

strongest dark-field signal (Fig. 1) [22••]. Focal or diffuse

pulmonary pathologies alter the pulmonary parenchymal

architecture. This often leads to a decrease in the genuinely

strong dark-field signal from lung tissue, and pulmonary

pathologies can thus be detected on dark-field radiographs.
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For this reason, lung imaging is arguably the most prom-

ising biomedical application for X-ray dark-field imaging

at the moment.

Pulmonary Emphysema

Pulmonary emphysema is commonly associated with

chronic obstructive lung disease and thus most commonly

seen in patients with a history of smoking. If detected early,

the progression of pulmonary emphysema can be delayed

by smoking cessation. Interventional techniques such as

bronchial valves or lung volume reduction surgery can

relieve symptoms by removing or decreasing ventilation to

lung parenchyma with advanced destruction. Lung trans-

plantation remains the only curative treatment, but this

procedure is associated with high mortality and morbidity

and is thus only suitable for a minority of patients with end-

stage pulmonary emphysema.

The diagnosis and severity assessment of pulmonary

emphysema on chest radiographs is challenging, particu-

larly in the early stages of the disease. Conventional chest

radiographs can only visualize indirect signs of the

increased pulmonary volume seen in emphysema such as a

flattened diaphragm, widely spaced ribs as well as

increased chest diameter and increased retrosternal air

space on the lateral view. Consequently, chest radiograms

have been shown to be reasonably accurate for advanced

emphysema but only moderately sensitive in mild to

moderate emphysema with substantial inter-observer vari-

ability [23–26].

The feasibility of visualizing pulmonary emphysema

with dark-field imaging was first demonstrated using a

near-monochromatic high-flux X-ray source [19••]. The

study used excised murine lungs derived from a murine

model of elastase-induced pulmonary emphysema and

control mice and demonstrated that the dark-field signal

can be used to discriminate healthy and emphysematous

lungs and to map the distribution of emphysema on

radiographs [19••]. Another publication based on the same

data set showed that dark-field signal provides incremental

diagnostic value compared to the transmission signal for

detecting pulmonary emphysema and assessing its regional

distribution [27•]. The combination of dark-field and

transmission images can be used to normalize the dark-

field signal over the transmission signal and thus derive a

parameter that represents the local small-angle scattering

power of the tissue sample independent of its thickness and

is often referred to as ‘‘normalized scatter’’. It has been

shown that the analysis of normalized scatter—and thus the

combination of dark-field and transmission imaging—has

even higher discriminatory power for the detection of

pulmonary emphysema than dark-field imaging alone [19••,

27•]. These initial studies had been performed with a laser-

driven X-ray source that resembles a synchrotron in its

Fig. 1 Whole body radiograph

of a healthy mouse in vivo.

Transmission (a) and dark-field

(b) images are shown

illustrating that transmission

and dark-field radiographs

visualize different biophysical

properties. Tissues with

multiple air-tissue interfaces

such as lungs and fur generate

small-angle X-ray scattering

visible as the dark-field signal

[22••]
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X-ray beam properties [19••]. More recently, it has been

shown that the detection and mapping of pulmonary

emphysema with grating-based X-ray imaging can be

successfully performed using a conventional polychromatic

X-ray tube [28••]. The X-ray source was integrated into a

prototype small-animal dark-field X-ray scanner, which

can be operated in a normal laboratory environment [29].

This represents a major step toward a potential clinical

applicability of the technique, since the installation of

mono-energetic X-ray sources would hardly be feasible in

a clinical setting. Using the same experimental set-up,

dark-field imaging of pulmonary emphysema has been

successfully performed in vivo in anesthetized, freely

breathing mice (Fig. 2) [30••].

Pulmonary Nodules

Pulmonary nodules represent another pathology that is

often challenging to detect on conventional chest radio-

graphs. It has been demonstrated that the sensitivity of

chest X-rays to detect lung cancers with a mean size of

approximately 2 cm is in the range of only 50 % [31].

Since pulmonary nodules incidentally detected on chest

X-ray may represent early lung cancer, the limited sen-

sitivity of conventional chest radiographs for their

detection is problematic. A recent feasibility study,

therefore, investigated whether grating-based multi-modal

chest radiography may be of value for the detection of

pulmonary nodules [32•]. The authors used an ex vivo

murine lung bearing multiple tumors derived from a

genetically modified mouse model. The study demon-

strated that lung tumors are visible on all three imaging

modalities that can be derived from grating-based radi-

ography (Fig. 3). In the transmission image—which cor-

responds to a conventional chest radiograph—lung

nodules were visible as sharply demarcated areas of

decreased transmission due to the X-ray attenuation in the

tumor. In the dark-field image, lung tumors appeared as

areas of decreased scatter signal. This is due to the

replacement of the highly scattering lung tissue with its

multiple tissue-air interfaces by the rather homogenous

soft tissue mass of the lung tumor. In the differential

phase-contrast image, the tumors were characterized by

the phase shift occurring at the edges of the nodule.

However, in this initial study, no additional tumors were

visible in the dark-field or phase-contrast images that had

not been detected in the transmission image. The study

thus did not find evidence for an increase in sensitivity by

adding dark-field and phase-contrast imaging to conven-

tional chest radiography.

Fig. 2 Visualization of

pulmonary emphysema in vivo.

Transmission (a, c) and dark-

field (b, d) images of a healthy

mouse lung (upper row) and an

emphysematous lung (lower

row) are shown. Only indirect

signs of increased intrathoracic

volume are visible in the

transmission images. In

contrast, the marked difference

in dark-field signal intensity

directly visualizes the changes

in lung microarchitecture [30••]
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Pneumothorax

A pneumothorax occurs when air enters into the pleural

space leading to a partial or complete collapse of the lung

on the affected side. On conventional chest radiographs,

small pneumothoraces can easily be overlooked. Due to the

low density of lung tissue, the difference in attenuation

between air and lung is minimal. Frequently, the pneu-

mothorax can only be recognized due to the absence of

vascular markings and the fine pleural line separating lung

and pneumothorax. On dark-field radiographs, the presence

and extent of a pneumothorax can be easily recognized by

the sharp contrast between the absent dark-field signal in

the pneumothorax and the strong dark-field signal of the

lung. Weber and colleagues have explored this potential

application in their study, where bilateral pneumothoraces

were incidentally detected in one of the mice imaged post

mortem [21].

Other Pulmonary Pathologies

To date, no other pulmonary pathologies have been

investigated with grating-based dark-field radiography.

Many other pulmonary pathologies such as pulmonary

infections and fibrosing interstitial lung disease likely

interfere with the scattering characteristics of the affected

parenchyma and could thus be detected on dark-field chest

radiographs. Whether or not dark-field radiography can

provide a diagnostic benefit for the detection, and charac-

terization of these pathologies remains to be investigated.

Breast Imaging

Mammography has been demonstrated to reduce breast

cancer mortality [33] although the precise strength of this

benefit and its relationship with potential harms of breast

cancer screening such as overtreatment and psychological

distress remains controversial [34]. Nevertheless, annual or

biennial mammography for breast cancer screening is

generally recommended for women aged 50–69 years [35].

The detection of breast cancer on mammograms is chal-

lenging with a high rate of false-positive findings

prompting unnecessary biopsies.

The breast is composed of soft tissue, which per se

produces little small-angle X-ray scattering and thus does

not immediately appear suitable for dark-field radiography.

Indeed, phase-contrast (and not dark-field) radiography

with its superior soft tissue contrast compared to conven-

tional radiography has been the focus of interest in mam-

mography and has even been assessed in clinical trials [36].

Dark-field mammography is a much more recent concept,

and its potential is largely grounded in the association of

breast cancer with micro-calcifications. It has been shown

that 30–50 % of breast cancers demonstrate micro-calcifi-

cations on mammograms, and 60–80 % of breast cancers

show micro-calcifications on histo-pathological examina-

tion [37]. The promise of dark-field mammography lies in

the fact that micro-calcifications may be too small to be

visible on conventional mammograms but cause X-ray

scattering, which can be detected on dark-field imaging

(Fig. 4).

Schleede and colleagues imaged a mammography

phantom with grating-based imaging at a compact syn-

chrotron light source and reported an increase in image

contrast attainable through phase-contrast and dark-field

imaging over conventional attenuation-based projections

[38]. Stampanoni and colleagues first used grating-based

radiography to image full-breast human mastectomy sam-

ples bearing breast cancers [39••]. They found that the

phase-contrast and dark-field signal can be used to create

color-coded fusion images that enhance tumor visibility.

The authors subsequently determined the value of their

approach in a larger study using fresh mastectomy samples

from 33 patients and six breast radiologists as readers [40].

The results of this study suggested that the addition of

Fig. 3 Lung tumor imaging in

ex vivo mouse lungs.

Corresponding lung nodules in

transmission (a) and dark-field

(b) images [32•] are marked

with gray circles
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phase-contrast and dark-field information to absorption

images improved the overall image sharpness, allowed for

better delineation of breast lesions and increased the visi-

bility of calcifications.

Anton and colleagues imaged human mastectomy sam-

ples and detected an area of increased dark-field signal,

which corresponded to a tumor region containing small

calcification grains [41]. A subsequent publication by the

same research group confirmed that micro-calcifications

with a grain size of 1–40 lm were responsible for the

changes in dark-field signal observed in dark-field breast

radiography [42]. Interestingly, both tumors imaged in this

study were invisible on conventional radiography, but one

of them could be detected on the dark-field image due to

the signal alterations from micro-calcifications within the

tumor.

These findings may be clinically relevant, since ductal

carcinoma in situ (a precursor lesion which may progress

to invasive breast cancer) can often only be detected on

mammography due to microcalcifications. However, no

reliable data exist whether or not dark-field mammography

can differentiate microcalcifications of benign and malig-

nant etiology.

Musculoskeletal Imaging

Several groups have made some effort to evaluate the

benefit of dark-field radiography for bone imaging. The

main advantage of x-ray dark-field imaging for bone

applications is seen in the fact that dark-field imaging can

reveal information about substructures of the bone that are

not directly resolved on the transmission image. Thus, Wen

and colleagues reported images of mineralized collagen

fibrils and porosities of the mineralized matrix [16]. Further

studies demonstrated that X-ray dark-field radiography can

yield information about bone micro-architecture, without

the need to directly resolve the structures [43–45]. It was

confirmed using high resolution CT scans that the direc-

tional dark-field signal originates from X-ray scattering on

trabecular micro-architecture in bone. A further recent

publication by Thüring and colleagues presented a radio-

graph of a human hand cadaver specimen [46] acquired

with a grating-based setup. In their study, the dark-field

image was visually rated as superior to the absorption

image for the delineation of bone and the depiction of the

joint spaces and provided superior visualization of periar-

ticular soft tissue calcifications.

Emerging Biomedical Applications

Based on the very promising results in lung imaging, it has

been hypothesized that microbubbles, which are typically

used as a contrast agent for ultrasound imaging, can be

used to produce contrast in dark-field radiography. A first

proof-of-principle study by Velroyen et al. [47] demon-

strated that considerable signal can indeed be generated.

However, further studies demonstrating similar results

in situ and in vivo are needed to confirm the utility of

microbubbles as contrast agents for dark-field radiography.

This approach may allow for performing angiographic

examinations without iodinated contrast agents.

Challenges and Future Perspectives

Toward Dark-Field X-ray Tomography

Dark-field tomography can be performed very similar to

the conventional absorption CT [48]. However, there is a

significant difference in information that is obtained.

Conventional X-ray transmission tomography yields the

distribution of the linear attenuation coefficient, i.e., how

Fig. 4 Ex vivo radiographs of

human mastectomy sample.

Absorption (a) and dark-field

(b) images acquired in

craniocaudal projection are

shown. This mastectomy sample

contains a ductal carcinoma

in situ, which had been

subtotally removed by a punch

biopsy. Note that the dark-field

image is more sensitive for the

visualization of

microcalcifications (circles)

[50]
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much radiation is locally absorbed by the sample. Similar

to the attenuation coefficient of a material, a linear diffu-

sion coefficient is introduced for dark-field imaging. The

diffusion coefficient is a material dependent variable

describing the specific scattering width (angle distribution)

per unit length of the sample [48]. Thus, similar to the

transmission CT, the dark-field tomography gives the dis-

tribution of the diffusion coefficient, i.e., the local scat-

tering power. For example, a dark-field CT of the lung

would not visualize lung density but rather the frequency of

air/tissue interfaces as sources of small-angle X-ray scat-

tering. This means that alveoli do not have to be directly

resolved, to retrieve information about their size. However,

dark-field tomography has not yet been performed in vivo,

and it remains to be demonstrated whether it is feasible

with a radiation dose and acquisition time suitable for the

in vivo setting.

Challenges for the Clinical Application of X-ray Dark-

Field Imaging

X-ray dark-field imaging is still in the preclinical phase of

development and has not been used in living humans. The

transition of this technique for the clinical use in patients

will require a number of further technical developments.

First, the size of currently available gratings limits the field

of view that can be imaged with a single acquisition. In the

laboratory environment, larger specimens are often imaged

by combining images derived from multiple acquisitions,

but this requires acquisition times that are impractical for

clinical use. Thus, larger gratings have to be developed to

provide a field of view that is sufficient for clinical radi-

ography applications. Second, the currently available

technical equipment for grating-based X-ray imaging is

still in a prototype stage. Therefore, the radiation dose

associated with grating-based radiography is still substan-

tially higher than would be acceptable for clinical use.

Further technical developments will thus need to focus on

optimizing the dose efficiency of grating-based X-ray

imaging setups. As the third challenge, the preclinical

studies on dark-field radiography have been performed

with relatively low photon energies in the order of

20–40 keV. This photon energy may be compatible with

clinical requirements for mammography, where only few

centimeters of tissue need to be penetrated, and low photon

energies are beneficial due to their higher soft tissue con-

trast [38]. However, for most other clinical applications,

the technique will need to be adapted to considerably

higher photon energies. This is certainly the case for lung

imaging, where the X-ray beam has to penetrate the human

chest. As the first step in this direction, the feasibility of

X-ray phase-contrast imaging at 82 keV has recently been

demonstrated [49•].

Conclusion

X-ray dark-field is an emerging imaging modality that has

shown a high potential for substantially expanding the

diagnostic information that can be gained from radio-

graphs. During the past years, a number of applications

have been identified that could benefit considerably from

this new imaging modality. Among the most promising are

lung imaging, mammography, and bone imaging. Even if

the progress in the field of X-ray phase-contrast and dark-

field imaging has recently been considerable, no studies

have thus far been performed on living humans. Numerous

technical challenges still have to be overcome before this

imaging modality can be introduced into the clinical world.
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