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Correlation of image quality 
parameters with tube voltage 
in X‑ray dark‑field chest 
radiography: a phantom study
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Grating-based X-ray dark-field imaging is a novel imaging modality with enormous technical progress 
during the last years. It enables the detection of microstructure impairment as in the healthy lung a 
strong dark-field signal is present due to the high number of air-tissue interfaces. Using the experience 
from setups for animal imaging, first studies with a human cadaver could be performed recently. 
Subsequently, the first dark-field scanner for in-vivo chest imaging of humans was developed. In the 
current study, the optimal tube voltage for dark-field radiography of the thorax in this setup was 
examined using an anthropomorphic chest phantom. Tube voltages of 50–125 kVp were used while 
maintaining a constant dose-area-product. The resulting dark-field and attenuation radiographs 
were evaluated in a reader study as well as objectively in terms of contrast-to-noise ratio and signal 
strength. We found that the optimum tube voltage for dark-field imaging is 70 kVp as here the most 
favorable combination of image quality, signal strength, and sharpness is present. At this voltage, a 
high image quality was perceived in the reader study also for attenuation radiographs, which should 
be sufficient for routine imaging. The results of this study are fundamental for upcoming patient 
studies with living humans.

Grating-based X-ray imaging is an emerging imaging modality, visualizing dark-field, phase-contrast, and con-
ventional attenuation information with the same acquisition1. The dark-field modality shows small-angle scat-
tering whereas the phase-contrast modality reflects the magnitude of X-ray refraction, respectively. An optical 
grating induces a high frequency intensity pattern on the beam at certain distances, the so called “fractional 
Talbot distances”. The relative contrast resulting from this pattern is called “interferometric visibility”. Attenua-
tion, refraction, and small-angle scatter induced by an object in the beam path modify the intensity pattern as 
follows: X-ray attenuation reduces the mean value, refraction induces a lateral shift and small angle scattering 
reduces the visibility of this pattern. The dark-field image can be calculated from the ratio of reduced and original 
visibility without a sample in the beam path. As the pattern is typically in the order of a few micrometers, a second 
grating is placed in front of the detector to allow implementation with common medical X-ray detectors with 
larger pixel sizes. An additional third grating near the X-ray source allows exploiting the Lau effect, enabling the 
use of the setup with conventional X-ray sources. Such an arrangement of 3 gratings allows the usage of common 
medical X-ray equipment and thus enables the application in a clinical surrounding2,3.

Small-angle X-ray scattering occurs when a high number of interfaces between structures with a different 
refractive index are present, e.g. at air-tissue interfaces of alveoli in the lung or at bone-fat interfaces in spongy 
bone. This results in a high dark-field signal generated by these tissues. In contrast, conventional X-ray imaging 
detects only the degree of X-ray attenuation. Thus, dark-field imaging provides a completely new and complemen-
tary image information. Numerous applications for dark-field and phase-contrast imaging have been described 
as results of technical studies as well as of in-vivo and ex-vivo animal studies4–10. Additionally, real-time, dynamic 
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imaging of lung function as well as the visualization of liquid-filled airways is possible with phase-contrast imag-
ing as a study in rabbits could show9. Besides the lung as one important field of this technique, soft-tissues such 
as the brain can be visualized via phase-contrast imaging10. Dark-field imaging of the lung is of a high interest 
as in the healthy lung a strong dark-field is present due to the very high number of air-tissue interfaces11. Lung 
diseases reducing the number of air-tissue interfaces also reduce the dark-field signal, i.e. pulmonary fibrosis or 
pulmonary emphysema. Earlier animal studies showed that dark-field imaging enables the detection of pulmo-
nary fibrosis and pulmonary emphysema at early stages with sensitivities distinctively increased compared to 
conventional radiographs8,12. Recently reported results from in-vivo pig or postmortem human cadaver studies 
demonstrated the implementation of dark-field chest imaging within clinical boundary conditions with regards 
on scan time, field of view, and radiation dose5,13–15.

X-Ray (CXR) is a common first imaging modality of the chest as it is widely available, relatively cheap, and 
fast. Only a low radiation dose of 0.02 mSv (posteroanterior) or 0.1 mSv (posteroanterior and lateral combined) 
is reported for this modality16. This radiation dose is similar to the dose which is maximally allowed by the local 
authorities for the setup used in the current study which is 0.15 mSv for posteroanterior and lateral imaging 
combined.

For X-ray imaging, multiple studies examining the optimal tube voltages (kVp) for projection radiographs 
exist17,18. Despite a tube voltage of 110–130 kVp being used in clinical routine and favored in some studies17, 
another study suggests a tube voltage of 90 kVp as they reported an optimum overall image quality at this lowest 
tested voltage18. As the fraction share of the Compton scattering increases and the share of the photoelectric 
effect decreases with higher tube voltages, the relative absorption of bone in chest radiographs is higher at lower 
tube voltages. As a result, in clinical routine, conventional projection radiographs of the lung are obtained using 
120–130 kVp, whereas for skeletal radiographs a tube voltage of 70 to 80 kVp is used19,20. An important con-
sideration for attenuation and dark-field X-ray imaging is the tradeoff between image quality and patient dose, 
according to the principle of “as low as reasonably achievable”. Amongst others, both depend on the tube volt-
age. For dark-field imaging, the additional limitation exists that both dark-field signal generated by the imaged 
organ and interferometric visibility should be sufficiently high. The magnitude of the dark-field signal decreases 
with increasing energy E , as the decrement δ of the real part of the complex refractive index decreases with E221. 
The setup’s autocorrelation length ξ and sample autocorrelation function also influence the energy dependence 
of the dark-field signal, as an increase of E results in a decrease of ξ22,23. This leads to a further decrease of the 
dark-field signal for increasing energies if other setup parameters such as the period of the modulation grating, 
or the object position remain unchanged. To achieve a relatively good interferometric visibility for high ener-
gies, either modulation gratings with small periods, while the setup length and Talbot order remain constant, 
or long setup lengths, while the grating periods and Talbot order remain the same, are needed. However, for 
both parameters exist technical and spatial constraints. In LIGA manufactured absorption gratings, gold is often 
used as an absorber material due to its strong absorbing properties24. However, producing high and strongly 
absorbing gratings with low periods is technically difficult. Just below the K-edge of gold at 80.7 keV, the grating 
is quite transparent for X-rays and the interferometric visibility is almost zero. Furthermore, the setup should fit 
into a laboratory or clinical examination room and further technical complications might occur for long setups.

Due to the described physical requirements, generally dark-field imaging is performed with lower tube 
voltages. An earlier study examined signal strength and image quality of dark-field images of an in-situ human 
lung at different tube voltages6. In that study, optimal tube voltages of 60–70 kVp were proposed. However, this 
study was performed in an experimental setup. The usage of a deceased body enabled the examination of a real 
human lung, however it had to be inflated and infiltrates were present. Additionally, the patient dose was not kept 
constant which could lead to distorted results due to variations in image noise. The aim of the current study was 
to determine the optimal tube voltage for dark-field radiographs in a setup suitable for studies of living humans 
using a lung phantom mimicking shape and X-ray interaction of a human thorax. Additionally, the attenuation 
radiographs of the respective tube voltages were evaluated.

Results
The acquired dark-field and attenuation radiographs are shown in Fig. 1.

Reader study.  Dark-field signal strength showed the highest rating at 50 kVp with a median value of 6.0 
(Fig. 2).

For dark-field images, the highest image quality could be found for 70 kVp and 80 kVp (Table 1). The sharp-
ness of the dark-field images was rated highest for 50 to 70 kVp. These results were not statistically significant 
(Wilcoxon-signed rank test).

Signal strength score for attenuation radiographs showed an inverse trend as dark-field signal with the high-
est signal at high tube voltages (Fig. 2). The highest bone signal and sharpness were found at low tube voltages 
(Table 2). Image quality was higher for higher tube voltages, however, a median of 4.5 (4 = good image quality) 
or higher was found even for low tube voltages. Despite the clear trends, no significant differences (Wilcoxon-
signed rank test) for the signal strength at different voltages could be found.

Quantitative evaluation.  The mean dark-field contrast is depicted in Fig.  3. The contrast decreases 
towards higher energies. This is in accordance with the results from the reader study, where the dark-field signal 
strength score also decreases for higher energies. Even though contrast is highest for lower energies, the standard 
deviation (bars) for lower energies is higher than for higher energies. Looking at the mean contrast to noise ratio 
(CNR) in the lung one can see, that highest CNR is achieved at 60 to 70 kVp.
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Discussion
In the current study, dark-field images and attenuation radiographs obtained at different tube voltages were 
evaluated regarding subjective and objective image criteria. As in every examination a dark-field image and a 
corresponding attenuation radiograph are generated from the same data set, identical tube parameters for both 
modalities were guaranteed. Due to the simultaneous acquisition, a perfect spatial correlation between the two 
modalities is possible.

Quantitative evaluation of dark-field images showed that the highest signal strength was obtained at the 
lowest used tube voltage (50 kVp) and the highest CNR was obtained at 60 and 70 kVp. Subjective evaluation of 
dark-field images showed similar results with the highest subjective signal strength at 50 kVp. Achieving highest 
dark-field contrast and signal strength for low tube voltages was to be expected as dark-field signal decreases 
with the energy. However, despite a lower subjective dark-field signal strength, the highest image quality for 
dark-field images was reported for 70 and 80 kVp. At these voltages, a high subjective dark-field signal strength 
with a median value of 4.8 and 3.7 was still visible, respectively. Additionally, the highest sharpness was assigned 
at 50–70 kVp. Taking all the reported objective and subjective image parameters into account, a tube voltage 
of 70 kVp seems most favorable in the used setup. These reported differences were not statistically significant, 
which is most likely due to the low sampling number (3 readers and thus data points for each voltage as for 
repetitive measurements and lung areas mean values were calculated). For attenuation radiographs, the highest 
subjective image quality was found for 80 and 100–125 kVp. However, the median subjective image quality was 
still 5.5 for 70 kVp (5 indicating a very good image quality). As expected, a stronger opacity and thus overlay of 
bone was reported for low tube voltages in attenuation radiographs. Due to the decrease of the total interaction 
cross-section towards higher tube voltages for bone, the bones are less opaque at these energies compared to 
low energies. The total interaction cross-section for soft tissue also decreases towards higher energies. However, 
the decrease of the cross-section for bone is stronger than for soft tissue but both cross-sections will have simi-
lar values for high energies. Therefore, the bone signal strength (i.e. contrast) is lower for high tube voltages. 
Despite the higher overlay of bone, a high median subjective lung signal strength resulted for 70 (4.5) and 80 (5.0) 

Figure 1.   Dark-field (top) and attenuation radiograph (bottom) images acquired with different tube voltages. A 
distinct decrease in dark-field signal strength can be seen towards higher tube voltages. At lower tube voltages, a 
higher opacity of bone is present in attenuation radiographs, impairing the visualization of the “lung”.
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kVp in attenuation radiographs, respectively. Thus, the artificial lung parenchyma was well visible despite the 
increased overlay of the bones at lower voltages. Obviously, the range of X-ray spectra yielding both attenuation 
radiographs and dark-field images with a high image quality is narrow: for attenuation radiographs, higher tube 
voltages are favorable (as used in clinical routine), whereas—at acceptable dose levels—for dark-field images 
lower tube voltages are needed.

Combining all results of the subjective and objective image evaluation, a tube voltage of 70 kVp seems to 
deliver an optimal dark-field image with a good attenuation radiograph at the same time. Hence, an evaluation 
of both modalities is possible at this tube voltage, making dark-field information available as well as the conven-
tional attenuation radiograph including anatomical information during a single examination. The availability 
of both modalities at the same time is of special importance as different impairments of the lung can result in a 
reduced dark-field signal, e.g. emphysema and pneumonia: if the severity of emphysema is to be evaluated with 
dark-field imaging (which is clearly superior to attenuation imaging for this matter), one has to be sure that the 
decreased dark-field signal is not a result of a pneumonia, which can be excluded via the attenuation image.

The results of the current study confirm the results of a former study evaluating the inflated lung of a deceased 
body at different tube voltages6. In this study, a single body was examined, and the lung was imaged at subsequent 
time points. Additionally, the dose was not constant for the examined tube voltages. The described drawbacks 
could lead to distorted results, necessitating a standardized phantom study. The usage of a phantom in the current 

Figure 2.   Dark-field and attenuation signal strength rating in the reader study. Given is the median (bars: 
range) rating of the readers after calculating the mean for all areas of the lung and both reading sessions for each 
reader. For dark-field images, the signal strength of the lung was rated highest at 50 kVp and decreased towards 
higher tube voltages. Additionally, it was clearly higher at 60 kVp and 70 kVp compared to higher voltages with 
medians of 5.0 and 4.8, respectively. For attenuation images, the subjective lung signal was higher at higher tube 
voltages with a median 6.0 for 110–125 kVp, respectively. Despite the clear trends, no significant differences 
(Wilcoxon-signed rank test) for the signal strength at different voltages could be found.

Table 1.   Results of the reader study examining the dark-field images. All values are given in median (range) 
of the three readers after calculation the mean of their readings. The highest mean for both image quality and 
sharpness was found for 70 kVp. The lowest bone overlay (i.e. the highest dark-field signal despite the opacity) 
was found for the lowest tube voltages, going along with the very high dark-field signal strength at these 
voltages.

Lung signal Bone overlay Image quality Sharpness

50 kVp 6.0 (5.8–6.0) 6.0 (4.8–6.0) 5.5 (4.5–6.0) 5.5 (2.0–6.0)

60 kVp 5.0 (5.0–5.3) 5.5 (4.8–6.0) 5.0 (4.5–6.0) 5.5 (2.0–5.5)

70 kVp 4.8 (4.3–5.0) 5.5 (4.0–5.5) 6.0 (5.0–6.0) 5.5 (4.0–6.0)

80 kVp 3.7 (3.3–4.8) 5.0 (4.0–5.0) 6.0 (5.0–6.0) 5.0 (4.0–6.0)

90 kVp 3.3 (2.7–4.0) 4.0 (3.5–4.5) 5.5 (5.0–6.0) 5.0 (3.0–6.0)

100 kVp 3.3 (2.7–4.0) 3.2 (3.0–4.5) 5.0 (4.0–5.5) 5.0 (3.0–5.0)

110 kVp 2.7 (2.3–3.8) 3.0 (2.3–4.0) 5.0 (4.0–5.0) 4.5 (3.0–5.0)

120 kVp 2.3 (1.7–3.8) 3.0 (2.3–4.0) 5.0 (3.0–5.0) 4.5 (3.0–5.0)

125 kVp 1.7 (1.2–3.5) 2.5 (2.3–4.0) 5.0 (3.0–5.0) 4.5 (3.0–5.0)
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study enabled a standardized evaluation at the different tube voltages and it was taken care that all images were 
examined with the same radiation dose, expressed as the dose area product. Despite slightly different setups used 
in this study and in6 both yielded the same optimal tube voltage for dark-field examination at similar setups 
around 70 kVp as here, an ideal compromise between dark-field and attenuation radiography is present.

The current study has some limitations which have to be addressed. Although readers were experienced in 
dark-field imaging and received training before the beginning of the study, dark-field is not an established imag-
ing technique used in clinical routine. This could lead to a misinterpretation by the readers. However, results 
of subjective and objective image criteria are consistent and earlier studies showed similar results, indicating 
a robust performance by the readers. The used phantom was a standardized lung phantom for conventional 
radiography. However, the originally present artificial lung tissue did not deliver a dark-field signal. Finding a 
suitable dark-field phantom material for the lung is difficult. Such a material should have the same microstruc-
tural shape and size, and the same electron density. However, even an ex-vivo lung does not resemble an in-vivo 
lung perfectly, as it starts to decompose and thus the microstructure of the lung is changed. As the main interest 
in this study was on the relative change of the dark-field signal with respect to different tube voltages and not 
the absolute dark-field signal strengths, it is sufficient for this study to use cotton wool as a phantom material. 
To reduce the influence of features from the cotton wool, only uncorrelated noise of the images was used for 
the CNR analysis. This uncorrelated noise corresponds not necessarily to the intrinsic image noise. However, 
it is a very good approximation. Furthermore, the amount of fatty tissue in the chest region of a patient might 

Table 2.   Results of the reader study examining attenuation radiographs. All values are given in median 
(range) of the three readers after calculation the mean of their readings. The highest subjective lung signal and 
subjective image quality were found for high tube voltages. The highest sharpness scores were found for low 
tube voltages with the highest bone signal score at 50 kVp. Despite the high subjective bone signal, the rating 
for bone overlay (meaning how well the lung is visible despite the bone overly) only showed small differences 
between the tube voltages, ranging from a mean of 3.8 (at 50 kVp) to 5.3 (at 110–125 kVp).

Lung signal Bone overlay Image quality Sharpness

50 kVp 4.0 (3.0–4.5) 3.8 (3.0–4.0) 4.5 (3.0–6.0) 6.0 (5.5–6.0)

60 kVp 4.0 (3.0–5.5) 4.0 (3.0–4.5) 5.5 (3.0–6.0) 6.0 (6.0–6.0)

70 kVp 4.5 (3.0–6.0) 3.5 (3.0–5.0) 5.5 (3.0–6.0) 6.0 (5.8–6.0)

80 kVp 5.0 (3.0–6.0) 3.0 (3.0–5.5) 6.0 (3.0–6.0) 5.5 (5.0–5.8)

90 kVp 5.0 (3.3–6.0) 4.0 (3.0–5.5) 5.5 (4.0–6.0) 5.0 (4.0–5.8)

100 kVp 5.5 (4.3–6.0) 4.3 (3.0–6.0) 6.0 (5.0–6.0) 5.0 (4.0–5.8)

110 kVp 6.0 (5.3–6.0) 5.3 (2.0–6.0) 6.0 (6.0–6.0) 5.0 (3.0–5.5)

120 kVp 6.0 (5.3–6.0) 5.3 (2.0–6.0) 6.0 (6.0–6.0) 5.0 (3.0–5.5)

125 kVp 6.0 (5.3–6.0) 5.3 (2.0–6.0) 6.0 (5.6–6.0) 4.0 (3.0–5.0)

Figure 3.   Left: Dark-field image of the Lungman, acquired with a tube voltage of 70 kVp. In the image position 
of the ROIs in the lung (a–f) and the position of the ROIs in the vicinity of the lung (g) are highlighted. Right: 
Mean contrast (top) and mean CNR (bottom) of the dark-field lung signal plotted for all examined tube 
voltages.
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also influence the CNR and image quality of dark-field images. The phantom used in the current study models 
a person with a body-mass-index of 23 kg/m2. We do not expect a significant shift of the optimal tube voltage 
in terms of CNR and image quality if more fat or soft tissue is present and the tube current is adapted accord-
ingly. Finally, the optimum tube voltage for dark-field is highly dependent on setup-specific parameters. Setups 
with longer inter grating distances or smaller grating periods might be able to produce good dark-field images 
at higher energies. Producing gratings with smaller periods but similar attenuating properties means producing 
gratings with higher aspect ratios. These are challenging to manufacture and therefore hard to come by. Increas-
ing the setup length was also not deemed feasible, as the setup used in this study aims for a use in the setting of a 
typical clinical examination room, limiting the setup length. The current setup is planned to be used for imaging 
of patients, so this study was a milestone in preparation of the tube settings and definition of suitable imaging 
parameters for future dark-field imaging in humans.

In conclusion, the results of the current study will be highly important for future dark-field imaging of living 
humans. Before examining living human and thus causing additional radiation exposure, one has to ensure that 
the used imaging parameters are optimal for this matter. So far, only results and experiences of early animal 
studies and the imaging of dead humans exist, and these tests and studies were not performed using a system 
capable of examining living humans. As a matter of fact, repetitive imaging of living humans has to be avoided 
is not possible due to radiation exposure. Thus, the evaluation of the optimum tube voltage had to be performed 
using an anthropomorphic lung phantom. Using this information, we will be able to perform the worldwide first 
dark-field study for the imaging of living humans.

Considering the information and results generated in this study, the dark-field imaging system for the first 
examination of living humans was optimized and further in-vivo studies as well as clinical examinations can be 
performed. Hereby, a tube voltage of 70 kVp should be used to achieve both high quality attenuation radiographs 
and dark-field images.

Materials
Image acquisition.  Images were acquired with a three grating Talbot-Lau interferometer with standard 
medical X-ray source (MRC 200 0508 ROT GS, Philips Medical Systems, Hamburg, Germany) and detector 
(Pixium 4343 F, Trixell, Moirans, France). The X-ray beam is filtered in total with 15.6 mm aluminum equivalent, 
measured at 70 kVp. Of those, a filtration of 2.7 mm aluminum equivalent was integrated in the X-ray tube and 
the remaining filtration of 12.9 mm aluminum equivalent originate from the interferometer. The effective field 
of view is 37× 37 cm2 in the patient plane. A 3× 3 pixel binning was used leading to an effective pixel size of 
400× 400 µm2 in the patient plane. Dark-field and attenuation images were acquired by using a modified ver-
sion of the Moiré fringe scanning approach described in25. The attenuation image was processed with a similar 
algorithm as conventional radiographs employing histogram equalization and structural enhancement26. The 
dark-field signal DF is calculated via −ln

(

Vs
Vr

)

 , where Vs is the sample and Vr the reference visibility, i.e. the vis-
ibility achieved in an empty scan.

A standard human chest phantom for thoracic imaging, the Multipurpose Chest Phantom N1 “Lungman” 
(Kyoto Kagaku, Kyoto, Japan), was used for the imaging. However, it does not generate a dark-field signal in the 
lung in its original composition. Therefore, the original lung was removed, and the void was filled with cotton 
wool. Furthermore, the substitute bone material creates an increased dark-field signal compared to real bones.

Images were acquired at tube voltages of 60 to 120 kVp in 10 kVp steps and at 125 kVp (the maximal achiev-
able tube voltage of the source). The tube current was adapted for each tube current so that the dose area product 
was almost constant at 30 µGym2. The scan time was kept constant for each scan.

Reader study.  Subjective image analysis was performed independently by three blinded radiologists with 
4-, 11-, and 11-years of experience (F.M., D.P., A.A.F.). All readers were familiar with dark-field imaging due 
to their participation in multiple studies in the scientific field of dark-field imaging. As the Lungman phantom 
was not yet used in dark-field studies, the readers received a training before the start of the study to familiarize 
with this phantom. In this training session, images with low, moderate, and high signal strength were presented 
as a reference. Each reader performed two reading sessions with at least two weeks in between. In each reading 
session, all images from one modality (i.e. attenuation or dark-field) were shown simultaneously. Thus, a better 
comparability and identification of small differences were possible. Window settings were identical for all images 
of the respective modalities, transmission and dark-field. For each parameter, a six-point scale was used. The 
following image parameters were evaluated for attenuation and dark-field images: lung signal strength (1: low; 
6: very high); image quality (1: not diagnostic, 2: sufficient, 3: satisfactory, 4: good, 5: very good, 6: excellent); 
sharpness, i.e. differentiation of adjacent structures (1: very high blurring, 2: high blurring, 3: medium blurring, 
4: low blurring, 5: sharp edges, 6: very sharp edges), bone overlay, i.e. visibility of the lung in terms of bone 
overlay (1: high bone opacity/clearly impaired lung visibility, 6: low bone opacity/lung visibility not impaired). 
All parameters were evaluated for six areas of the phantom (left lung and right lung; upper zone, middle zone, 
lower zone).

Statistical analysis.  Statistical analysis was performed by dedicated software packages (SPSS 26, IBM, 
USA; Excel 2016, Microsoft, USA; Prism 8, Version 8.4.3, USA). For the reader study, the median of scores was 
assessed, and the means of reading sessions 1 and 2 were calculated for each parameter. The mean values of 
every reader and all lung areas were used to calculate the mean value for the evaluated parameters at each tube 
voltage. These mean values of each reader were used to calculate the median and range of the three readers for 
each parameter and each tube voltage. Statistical evaluation of subjective image criteria in the reader study was 
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performed using Wilcoxon signed-rank test as pairwise comparisons of different tube voltages was performed. 
A p-value ≤ 0.05 was considered to indicate statistical significance.

Quantitative evaluation of dark‑field signal.  Six regions of interest (ROIs), one in each lung zone, and 
one ROI in the vicinity of the lung (shoulder area) were selected for quantitative evaluation (Fig. 3). Each ROI 
has a size of 30× 30 pixels corresponding to 12 × 12 mm2 in the patient/phantom plane. The size and position 
of the ROIs were selected such that ribs were excluded from the ROI and thus from the evaluation.

To reduce the influence of features from the cotton wool on the evaluation, a Laplacian Pyramid was used. 
Here, the images are separated into subbands, that contain the different frequency components of the image. 
The high frequency band ( L0 ) contains uncorrelated noise and is therefore used for the noise characteristics of 
the dark-field images.

Mean values µr,U of the dark-field images and standard deviation σr,U of the high frequency bands were 
calculated for each ROI r at every tube voltage U  (for abbreviations also see Fig. 3):

Furthermore, the dark-field contrast Cr,U between an ROI in the lung and the ROI in the vicinity of the lung 
and their standard deviations σ (C)

r,U  were calculated using:

From these values the contrast to noise ratio CNRr,U was calculated for each ROI in the lung:

Received: 16 February 2021; Accepted: 23 June 2021

References
	 1.	 Pfeiffer, F. et al. Phase retrieval and differential phase-contrast imaging with low-brilliance X-ray sources. Nat. Phys. 2, 258 (2006).
	 2.	 Pfeiffer, F. et al. Hard-X-ray dark-field imaging using a grating interferometer. Nat. Mater. 7(2), 134–137 (2008).
	 3.	 Pfeiffer, F. et al. Hard x-ray phase tomography with low-brilliance sources. Phys. Rev. Lett. 98(10), 108 (2007).
	 4.	 Braig, E. M. et al. X-ray dark-field radiography: potential for visualization of monosodium urate deposition. Invest. Radiol. 55(8), 

494–498 (2020).
	 5.	 Gromann, L. B. et al. In-vivo X-ray dark-field chest radiography of a pig. Sci. Rep. 7(1), 4807 (2017).
	 6.	 Sauter, A. P. et al. Optimization of tube voltage in X-ray dark-field chest radiography. Sci. Rep. 9(1), 8699 (2019).
	 7.	 Velroyen, A. et al. Grating-based x-ray dark-field computed tomography of living mice. EBioMedicine 2(10), 1500–1506 (2015).
	 8.	 Yaroshenko, A. et al. Pulmonary emphysema diagnosis with a preclinical small-animal X-ray dark-field scatter-contrast scanner. 

Radiology 269(2), 427–433 (2013).
	 9.	 Lewis, R. A. et al. Dynamic imaging of the lungs using x-ray phase contrast. Phys. Med. Biol. 50(21), 5031–5040 (2005).
	10.	 Croton, L. C. P. et al. In situ phase contrast X-ray brain CT. Sci. Rep. 8(1), 11412 (2018).
	11.	 Meinel, F. G. et al. Improved diagnosis of pulmonary emphysema using in vivo dark-field radiography. Invest. Radiol. 49(10), 

653–658 (2014).
	12.	 Yaroshenko, A. et al. Improved In vivo assessment of pulmonary fibrosis in mice using x-ray dark-field radiography. Sci. Rep. 5, 

17492 (2015).
	13.	 Hellbach, K. et al. Depiction of pneumothoraces in a large animal model using x-ray dark-field radiography. Sci. Rep. 8(1), 2602 

(2018).
	14.	 Fingerle, A. A. et al. Imaging features in post-mortem x-ray dark-field chest radiographs and correlation with conventional x-ray 

and CT. Eur. Radiol. Exp. 3(1), 25 (2019).
	15.	 Willer, K. et al. X-ray dark-field imaging of the human lung—A feasibility study on a deceased body. PLoS ONE 13(9), e0204565 

(2018).
	16.	 Mettler, F. et al. effective doses in radiology and diagnostic nuclear medicine: A catalog 1. Radiology 248, 254–263 (2008).
	17.	 Martin, C. Optimisation in general radiography. Biomed. Imaging Intervention J. 3(2), e18–e18 (2007).
	18.	 Uffmann, M. et al. Flat-panel-detector chest radiography: effect of tube voltage on image quality. Radiology 235(2), 642–650 (2005).
	19.	 Ekpo, E.U., A.C. Hoban, and M.F. McEntee, Optimisation of direct digital chest radiography using Cu filtration. Radiography, 2014. 

20(4): p. 346-350.
	20.	 Muhogora, W. E. et al. Comparison of image quality and patient dose for chest x-ray examinations on conventional and low cost 

computed radiography systems. Radiography 18(4), 275–278 (2012).
	21.	 Attwood, D. Soft X-Rays and Extreme Ultraviolet Radiation: Principles and Applications (Cambridge University Press, 1999).
	22.	 Yashiro, W. et al. On the origin of visibility contrast in x-ray Talbot interferometry. Opt. Express 18(16), 16890–16901 (2010).
	23.	 Lynch, S. K. et al. Interpretation of dark-field contrast and particle-size selectivity in grating interferometers. Appl. Opt. 50(22), 

4310–4319 (2011).
	24.	 Mohr, J. et al. High aspect ratio gratings for X-ray phase contrast imaging. AIP Conf. Proc. 1466(1), 41–50 (2012).
	25.	 Kottler, C. et al. Grating interferometer based scanning setup for hard X-ray phase contrast imaging. Rev. Sci. Instrum. 78(4), 

043710 (2007).
	26.	 Pelzer, G. et al. A beam hardening and dispersion correction for x-ray dark-field radiography. Med. Phys. 43(6Part1), 2774–2779 

(2016).

Acknowledgements
We acknowledge financial support through the European Research Council (AdG 695045). 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).

µr,U = �DF(U)�r , σr,U =
√

Varr(L0(U))
(

r = a, . . . , g
)

.

Cr,U = µr,U − µg ,U , σ
(C)
r,U =

√

σ 2
r,U + σ 2

g ,U

(

r = a, . . . ., f
)

.

CNRr,U =
Cr,U

σ
(C)
r,U

(

r = a, . . . , f
)

.

http://www.kit.edu/knmf


8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:14130  | https://doi.org/10.1038/s41598-021-93716-5

www.nature.com/scientificreports/

Author contributions
F.P. conceived the imaging system and the experiments. M.F., K.W., J.A. performed the imaging experiments. 
M.F., K.W. developed the data processing algorithms. J.H., K.W., F.P. developed hardware and the control soft-
ware of the imaging system. F.M., D.P., A.A.F. evaluated the radiological images. A.S. designed and evaluated 
the reader study. A.S., J.A., D.P. wrote the paper with input from all authors. F.P., M.R.M., D.P., J.H. supervised 
the project. All authors reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.P.S.

Reprints and permissions information is available at www.nature.com/reprints.

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

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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Correlation of image quality parameters with tube voltage in X-ray dark-field chest radiography: a phantom study
	Results
	Reader study. 
	Quantitative evaluation. 

	Discussion
	Materials
	Image acquisition. 
	Reader study. 
	Statistical analysis. 
	Quantitative evaluation of dark-field signal. 

	References
	Acknowledgements


