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Abstract
Detecting low-density foreign bodies within soft tissues still stands for a serious challenge. Grating-based multimodal X-ray 
imaging typically has low hardware requirements while simultaneously providing three kinds of imaging information, i.e., 
absorption, phase-contrast, and dark-field. We aimed to explore the capacity of grating-based multimodal X-ray imaging 
technology for detecting common foreign bodies within subcutaneous tissues, and to assess the advantages as well as disad-
vantages of the three kinds of images obtained via grating-based X-ray multimodal technology in relation to diverse kinds of 
foreign bodies within different tissues. In this study, metal, glass, wood, plastic, graphite, and ceramic foreign bodies were 
injected into chunks of the pig adipose tissue and chicken thigh muscles. Next, a grating-based multimodal X-ray imag-
ing device developed in our laboratory was used to detect the above foreign bodies within the adipose and muscle tissues. 
Our results show that grating-based multimodal X-ray imaging clearly revealed the subcutaneous foreign bodies within the 
adipose and muscle tissues by acquiring complementary absorption, phase-contrast, and dark-field imaging data in a single 
shot. Grating-based multimodal X-ray imaging has an exciting potential to detect foreign bodies underneath the epidermis.

Keywords  Grating-based multimodal X-ray imaging · Low-density foreign bodies · Soft tissue · Phase-contrast imaging · 
Dark-field imaging

Introduction

Foreign bodies penetrations into the skin and other soft 
tissues following traumata or other accidents are common 
occurrences that can persistently cause local pain, swelling, 
abscess, or pseudotumor formation [1]. Basically, the diag-
nosis of a subcutaneous foreign body includes the patients’ 

history of trauma, complaints of tingling sensations of for-
eign bodies, and an instrument-assisted examination of the 
suspected area [2]. Moreover, it is essential to preoperatively 
evaluate the length, width, depth, and number of the foreign 
objects and to mark the involved skin areas to minimize inci-
sion length and procedure duration [3]. As children rarely or 
hardly take the initiative to complain of tingling sensations 
due to foreign bodies, an imaging exam is especially man-
datory for them [4]. The diagnosis and treatment of subcu-
taneous foreign bodies depend heavily on the imagological 
examination.

Generally, when a foreign body is suspected, the need 
often arises to perform exams such as X-ray radiogra-
phy, ultrasound imaging, computed tomography (CT), 
and magnetic resonance imaging (MRI) to gain a vis-
ual representation of it [5]. According to some reports, 
the rate of a missed first diagnosis of a subcutaneously 
placed foreign body reaches up to 38% [6]. Commonly, 
the foreign bodies materials are metal, glass, wood, plas-
tic, graphite, and ceramic [7, 8]. In general, X-ray and CT 
pictures can reveal the metal, glass, and ceramic foreign 
bodies, but the diagnostic rate of wooden foreign bodies 
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is only 15%, which is extremely unfavorable from the 
standpoint of further surgical treatments [6]. Ultrasound 
imaging relies heavily on the skill and practice of the 
operator. A recent meta-analysis found that ultrasound 
imaging has only a 72% sensitivity in relation to foreign 
bodies identification in soft tissues [9]. According to 
reports, ultrasound imaging can hardly detect soft-tissue 
foreign bodies with cross-section lengths of less than 
2 mm [10]. Although MRI often has a high resolution, 
an iron foreign body will both be dangerous and create 
a huge observational artifact [11]. Moreover, MRI is not 
instrumental in displaying foreign bodies with low water 
contents. In addition, for the examination of subcutane-
ous foreign bodies, MRI has no obvious superiority due 
to its slow imaging speed and expensive equipment [11]. 
The just mentioned facts prompted us to develop novel 
more helpful techniques for the diagnosis of subcutane-
ous foreign bodies.

X-ray phase-contrast imaging was developed in the 
1990s, while grating-based multimodal X-ray imaging, 
which has minimal hardware requirements, was estab-
lished in 2003 [12]. The latter utilizes the samples’ dif-
ferences in X-ray absorption, capacity, electron density 
distribution, and small-angle scattering to simultane-
ously obtain three kinds of image information related to 
absorption, phase-contrast, and dark-field [13]. Standard 
X-ray absorption imaging would not show any contrast 
between different soft tissues, because of their relatively 
homogenous X-ray attenuation coefficient [14]. Phase-
contrast and dark-field imaging are complementary. It 
was reported that X-ray phase-contrast imaging appears 
thousand times more sensitive to soft tissue than tra-
ditional absorption imaging [15], and so grating-based 
multimodal X-ray imaging shows great potential in med-
ical application. At present, one or more technologies 
of grating-based multimodal X-ray imaging have been 
reported to be used in the preliminary research in diagno-
sis of breast [16], hepatobiliary [17], cartilage [18], lung 
[19], angiocarpy [20], and nervous system diseases [21]. 
Due to the large difference in the nature of X-ray scatter-
ing between common foreign materials and human soft 
tissues [22, 23], grating-based multimodal X-ray imaging 
technology is expected to effectively detect subcutaneous 
foreign bodies [24]. It would be of great value if a single 
device could detect various of foreign bodies that are 
common in clinical trauma. The purposes of our present 
work were (i) exploring the capacity of grating-based 
multimodal X-ray imaging technology for detecting com-
mon foreign bodies within subcutaneous tissues and (ii) 
assessing the advantages and disadvantages of the three 
kinds of images obtained via grating-based X-ray multi-
modal technology in relation to diverse kinds of foreign 
bodies within different tissues.

Materials and Methods

Equipment and Parameters

This device uses an imaging technique previously devised 
by Pfeiffer et al. [25]. Three X-ray transmission gratings 
arranged between the conventional clinical X-ray source and 
the X-ray detector serve to enable the recording of the physi-
cal images (Fig. 1). The first grating downstream the sample 
(G1) generates a periodic intensity pattern. The latter must 
be passed through another absorption grating (G2), since 
otherwise it is too dense for a direct observation by a clinical 
X-ray detector. The analysis of the periodic intensity pattern 
is implemented through a phase-stepping approach, which 
means translating one of the gratings and acquiring images 
at intermediate positions. The thus obtained curve, typically 
named stepping curve, corresponds to the registered inten-
sity in each pixel as a function of the positions. The visibility 
of this stepping curve is a key parameter for the X-ray grat-
ing interferometer. The last grating (G0) is found next to the 
X-ray source, splitting the X-ray spot into a series of line 
sources to improve the lateral coherence.

The X-ray source, a clinical tungsten-target X-ray tube 
with a focal spot size of 400 μm, was run at 55 kV voltage 
and 8.5 mA tube current. The choice of the acceleration 
voltage was a compromise between the achievable visibil-
ity (over 20%) and a reasonable transmission rate. A 7-step 
phase was used in the periodic intensity pattern analysis, 
with a 50 s exposure for each step. A digital X-ray imager 
with 127 μm pixel size (Varian PaxScan 1313DX) was used 
for image acquisition. The distances between gratings and 
the parameters of the gratings are listed in the following 
tables (Tables 1 and 2) [26].

Fig. 1   Schematic representation of an X-ray grating interferometer

Table 1   Distances between 
gratings

Components Distance

Source grating 
(G0) − Phase grating 
(G1)

2156 mm

Phase grating 
(G1) − Analyzer 
grating (G2)

308 mm
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Material Preparation

We utilized the following foreign objects: (i) metal intra-
venous needles 0.45*0.45*5 mm in size; (ii) fragmented 
glass pieces 3*5*0.8  mm in size; (iii) bamboo sticks 
about 1*5*1 mm in size; (iv) polyethylene plastic sheets 
about 3*5*0.2 mm in size; (v) graphite pencil tips about 
1*4*1 mm in size; (vi) ceramic chips about 3*5*2 mm in 
size. All of them were injected to mimic soft-tissue damage 
due to foreign bodies.

To assess whether such foreign bodies, which are com-
monly encountered in life, were detectable within layers of 
fat, large chunks of pig adipose tissue were used to closely 
resemble the adipose layer of human subcutaneous tissues. 
To evaluate the feasibility of detecting foreign bodies in 
muscle tissue and to avoid unwanted effects from the dried 
unevenly exposed muscle fibers, we used freshly skinned 
chicken thighs. As shown in Fig. 2b and c, the abovemen-
tioned objects were inoculated in turn into pig adipose tissue 
and chicken muscle tissue.

Imaging Acquisition

Chicken muscle and pig adipose tissues were fixed on frames 
and next placed into the grating-based multimodal X-ray 
instrument. After the imaging procedure was completed, 
the chicken muscle and pig adipose tissues were scanned 
in a CT (SOMATOM Definition Flash, SIEMEMS, Ger-
many; parameter settings: slice: 0.75 mm; tilt: 0 mm; WL: 

450; WW: 1500; kV: 100; mA: 68) and in an MRI system 
(Achieva 1.5 T, PHILIPS, Netherlands; parameter settings: 
slice: 1 mm; WL: 750; WW: 3500). Prior to the MRI scan, 
the metal tip and pen core foreign bodies were taken out 
because of their metal contents that would have generated 
significant artifacts thereby affecting the observation of the 
surrounding objects. Next, echograph examinations were 
performed via an ultrasound machine (SuperSonic Imagine, 
Aix en Provence, France). A linear array transducer having a 
15-MHz frequency bandwidth was used for all the conven-
tional ultrasound examinations.

Data Processing

Signal in Absorption and Dark‑Field Imaging

Concerning the absorption, phase-contrast, and dark-field 
imaging results, the pixel line segments of interest were 
selected, and the signal of each pixel of the same segments 
was acquired from the source files and plotted as a distance-
intensity curve according to the position sequence [27]. In 
order to quantify the visibility of foreign objects, the signal 
value of various foreign bodies was extracted and divided 
by the basal signal of adjacent tissues to obtain the “signal 
ratio” value. A significant difference between the signal ratio 
value and 1 would indicate that there is a significant differ-
ence in signal intensity between the foreign body and the 
surrounding tissue, which means foreign bodies are more 
easily observed.

Ratio Value

Since the signals of both the absorption and dark-field are 
linearly related to the sample thickness, their ratio value 
allows to eliminate the unknown thickness value param-
eter [28]. Since the dark-field signal usually increases at the 
boundary of the object, while the absorption signal generally 

Table 2   Parameters of the gratings

G0 G1 G2

Material Au Au Au
Period (μm) 21 5.25 3
Height of bars (μm) 85 6.29 91
Duty cycle 0.52 0.54 0.53

Fig. 2   Experimental materials. a Foreign bodies made of metal, glass, wood, plastic, graphite, and ceramic (respectively). b Puncture of foreign 
bodies into a skinned chicken thigh. c Puncture of foreign bodies into a chunk of pig adipose tissue
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decreases at the boundary, their ratio is conducive to high-
lighting the signals of the outlines of subcutaneous foreign 
bodies [29]. The ratio value (named R′ value) of the foreign 
body in vitro was calculated by dividing the foreign body 
dark-field results by the absorption imaging results. The R′ 
values of the fat and muscle tissue image results could also 
be calculated by using the same algorithm.

Pseudocolor Maps

The results of absorption, phase-contrast, and dark-field 
imaging were respectively converted into the primary 256-
level colors red, blue, and green. Next, the corresponding 
images were merged to obtain pseudo-color maps.

Statistical Analysis

Statistical tests were performed using SPSS software, ver-
sion 22 (IBM, Armonk, US), with significance defined as 
P < 0.05. In the comparison of R′ data of various foreign 
bodies and soft tissues, Games-Howell one-way ANOVA 
was used for the data conforming to normal distribution, 
while Kruskal–Wallis rank sum test was used for the data 
not conforming to normal distribution.

Results

In Vitro Imaging

The absorption, phase-contrast, and dark-field data in vitro 
clearly and correctly revealed the morphology and size 
of these foreign bodies. By extracting the signal inten-
sity value of each pixel of the results’ line segments, the 
distance-intensity curves could be plotted. As the curves 

show (Fig. 3b–d), the values of the absorption imaging 
signals are high at the location of foreign bodies, while the 
phase imaging signals are high at the boundaries of foreign 
bodies. In other words, absorption imaging directly shows 
the objects, while the phase-contrast imaging reveals the 
boundaries of the same objects. The dark-field results could 
directly detect the metal, wood, graphite, and ceramic for-
eign bodies, but did only unveil the boundaries of glass and 
plastic foreign objects.

Foreign Bodies in Adipose and Muscle Tissues

Regarding the adipose tissue, the absorption imaging result 
was a clear display of the foreign objects except for the 
wooden sticks. The signal ratio of the wooden stick was 
close to 1, indicating that there was no difference between 
the signal value of them and the adjacent adipose tissues 
(Fig. 4a). The signals of boundary contours of the foreign 
bodies were higher than the adipose tissue in phase-contrast 
imaging results except for wooden stick (Fig. 4b). However, 
in dark-field imaging, wooden foreign objects gave a clear 
and strong signal. Only the plastic did not get a strong signal 
in the dark-field imaging (Fig. 4c).

Regarding the muscle tissue, it was extremely difficult 
to recognize the wood and graphite foreign bodies from 
the absorption imaging results due to the similar signal 
strength between them and muscle tissue (Fig. 4e). The 
phase-contrast imaging results allowed to distinguish 
from the muscle tissue all six types of foreign bodies, 
among which the 0.2 mm plastic sheet was the most dif-
ficult to detect although part of its boundary contour was 
reinforced (Fig. 4f). The dark-field results of the muscle 
tissue were similar to those of the adipose layer, while it 
was difficult to identify the plastic sheets in both tissues 
(Fig. 4g).

Fig. 3   Results of common for-
eign bodies grating-based X-ray 
multimodal imaging in vitro and 
the original signal curves corre-
sponding to each position in the 
cross-section displayed in the 
line segment. a Photograph of 
isolated common foreign bod-
ies. b The absorption image of 
a. c The phase-contrast image of 
a. d The dark-field image of a. e 
The pseudo-color image of a 
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By merging the three imaging results into pseudo-color 
images, all six foreign bodies could be clearly identified in 
the adipose tissue. On the other hand, in the muscle tissue, 
five foreign bodies could be clearly detected, while the plas-
tic sheets were indistinct (Fig. 4d and h).

Results of CT, MRI, and Ultrasound Imaging

CT: The CT scan results allowed to detect the six kinds 
of foreign bodies in the adipose tissue; and except for the 
wooden objects, all the others were obvious. In the muscle, 
only five types of foreign bodies could be recognized, while 
the wooden foreign bodies remained undetected (Fig. 5a 
and d). MRI: It was hard to detect glass, wood, plastic, or 
ceramic foreign bodies via MRI imaging. Because these 
four kinds of foreign bodies give out weak MRI signals, 
in adipose and muscle tissues, they can only be indirectly 
deduced from the morphology of the surrounding soft tis-
sues. This makes detecting such foreign bodies more dif-
ficult (Fig. 5b and e). US: The sinus tracts caused by the 
injection of each kind of foreign body could be seen via 
ultrasound imaging because the air in their interiors was 
strongly echogenic. But ultrasound imaging could not reveal 
the full shape of foreign objects both in adipose and muscle 

tissues. This happened because the stronger echoes of the 
foreign bodies outer parts that were closer to the probe 
blocked the imaging of their inner areas. Moreover, it was 
hard to detect via ultrasound imaging foreign bodies, such 
as needles and toothpicks, whose cross-sectional areas were 
very small in comparison with the probe’s area (Fig. 5c and 
f). In general, the techniques mentioned above are difficult 
to distinguish all kinds of foreign objects in the sample in 
a single shot.

R′ Values Reconstructed Image

By dividing the signals of every pixel from the dark-field 
results by the signals of the same pixel from the absorp-
tion results, the upshot removed the influence of thickness 
to some extent, and the obtained value (named R′ value) 
could stand for the essential property of the material. As 
could be seen in a comparison of the R′ values of different 
tissues and various foreign bodies (Fig. 6a), the R′ values 
of metal, wood, graphite, and ceramics were several folds 
higher than those proper of soft tissues. Though neither glass 
nor plastic differs significantly from soft tissue, the R′ val-
ues of glass outline and plastic outline were significantly 
(P < 0.05) differed from soft tissues. Among them, under 

Fig. 4   Grating-based X-ray multimodal imaging results of foreign 
bodies within the adipose and muscle tissues. Objects within adipose 
tissue and the corresponding signal ratio histograms, a absorption 
image, b phase-contrast image, c dark-field image, and d pseudo-
color image. Objects within muscle tissue and the corresponding 
signal ratio histograms, e absorption image, f phase-contrast image, 
g dark-field image, and h pseudo-color image. (The colored arrows 

indicate the locations of foreign objects. Blue arrows point to the 
position of the metal needle; the green arrows to the position of the 
glass object; the yellow arrows to the position of the wooden object; 
the purple arrows to the position of the plastic object; the red arrows 
to the position of the graphite object; and the cyan arrow to the posi-
tion of the ceramic object.) ns indicates P > 0.05, * indicates P < 0.05, 
** indicates P < 0.01
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the present hardware conditions, it was difficult to directly 
figure out the type of foreign bodies by calculating the R′ 
values of the objects.

The imaging of plastic foreign bodies within muscle tis-
sue was significantly improved when the corresponding 
dark-field values were divided by the absorption values 
and the corresponding R′ values reconstructed as images 
(Fig. 6d). It is worth noting that the average of R′ values of 
plastic outline were 10 times higher than the R′ value of the 
muscle tissue. Therefore, the plastic sheet, which was dif-
ficult to be clearly detected by the absorption and dark-field 
results (Fig. 6b and c), could be easily detected within the 
muscle tissue in the image reconstructed according to the 
R′ values. It can be seen from the signal ratio in absorption, 
dark-field, and R′ imaging results that the R′ value process-
ing can greatly enhance the recognizability of the plastic 
(Fig. 6e).

Discussion

As compared with traditional absorption X-ray imaging, 
grating-based multimodal X-ray imaging could simultane-
ously gain information about three aspects of the foreign 
bodies in the tissue lesions: i.e., absorption capacity, electron 

density distribution, and small-angle scattering. Therefore, 
this approach allows a more extended detection of common 
foreign bodies. As our results showed, detecting soft for-
eign bodies within muscles via absorption or CT imaging 
was more difficult than within the adipose tissue, because 
muscles’ density is closer to that proper of common for-
eign soft bodies. Although wood and graphite bodies were 
difficult to distinguish from muscle via absorption imag-
ing, they could be clearly discovered via phase-contrast and 
dark-field imaging. Moreover, when the results of absorp-
tion, phase-contrast, and dark-field imaging were superim-
posed, the six kinds of subcutaneous foreign bodies pres-
ently investigated could be clearly distinguished. The three 
results directly obtained via grating-based multimodal X-ray 
imaging, allowed to identify only five kinds of foreign bod-
ies, excepting plastic sheets, within the muscle tissue. But 
by reconstructing the corresponding R′ values as a single 
image, the plastic sheet could also be clearly detected within 
the muscle tissue.

The reason why wooden and graphite foreign objects 
could be identified via phase-contrast and dark-field imag-
ing while they were hardly spotted via absorption imag-
ing, might be laid on the different mechanisms generat-
ing image contrasts. As it is well known, the absorption 
imaging results derive from the attenuation of the X-rays 

Fig. 5   Results of common imaging diagnostic methods. a, d CT scan 
results of metal, glass, wood, plastic, graphite, and ceramic foreign 
bodies in adipose and muscle tissues. b, e MRI scan results of glass, 
wood, plastic, and ceramic foreign bodies in adipose and muscle tis-

sues. c, f Ultrasound imaging results of metal, glass, wood, plastic, 
graphite, and ceramic foreign bodies in adipose and muscle tissues. 
The red box indicates the location of the foreign bodies
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passing through the samples. As the attenuation coefficient 
is affected by the tissues’ densities, the absorption images 
can identify the boundaries between tissues or materials 
having different densities (such as bones and muscles), but 
usually fail to do so when the densities are similar [23]. 
The phase-contrast and dark-field imaging rely instead on 
refraction and ultra-small-angle X-ray scattering (USAXS), 
respectively [30]. For a Talbot-Lau grating interferom-
eter, the phase-contrast resulting from the X-ray refrac-
tion is proportional to the gradients of the total amount 
of phase change (or the line-integrated electron density) 
[25, 31]. The total amount of phase change is hundreds 
of times larger than that of attenuation, and the gradient 
usually peaks even at boundaries between tissues or mate-
rials having similar densities [32]. These two factors lead 
to the contrast enhancement of boundaries on the phase 
images and thus improve the distinction between soft tissues 
(e.g., adipose, muscle), or soft tissues and materials with 
similar densities (e.g., wood, glass, and plastic). As for the 
dark-field contrast, the intensity of USAXS is related to 
the electron-density inhomogeneities of samples at micro 
scale, which usually maximizes around boundaries [29]. In 
addition, the intensity of USAXS also keeps a high value 
for materials with a directional microstructure (e.g., the 
wood fibers making sticks) [24]. This explains why both 
the boundary and the inside area of the wooden sticks are 
bright on the dark-field images.

The typical features of grating-based multimodal X-ray 
imaging are a low hardware requirement and the ability to 

simultaneously gain three kinds of imaging information, i.e., 
absorption, phase-contrast, and dark-field, which confers a 
great potential in screening soft tissue lesions. It was discov-
ered that the R′ values of different materials greatly differ 
when using grating-based multimodal X-ray imaging. It is 
necessary to notice that the three different physical signals 
acquired by X-ray interferometer have distinct spectrum 
characteristic, which have not been thoroughly investigated. 
As a result, the quantitative analysis of the R value needs 
much further researches, although the indicative results 
offered enough support to medical applications. There-
fore, more advanced algorithms could broaden its range of 
application even further. At present, there have been many 
reports of its implementation for diseases affecting carti-
lages, vessels, breasts, lungs, central nervous system, and so 
on [33]. In addition, as the results of the present study show, 
grating-based multimodal X-ray imaging has a remarkably 
high capability of identifying soft components. Therefore, 
it would be helpful to widely use it for the diagnosis of 
soft tissue and mixed soft tissue-gas lesions. In addition to 
detecting subcutaneous soft foreign bodies, it may also be 
of service in the diagnosis of tissue fibrosis, sinus tracts, gas 
gangrene, and other diseases. Here, we would like to stress 
that it allows to gain crucial information not obtainable via 
other techniques allowing to study disease evolution, as well 
as to perfect/check advanced new therapies.

Of course, this technology will undergo improvements 
in the future. First, concerning physical engineering, we 
need to increase the field of view, improve the resolution, 

Fig. 6   R′ values calculated by dividing the dark-field results by the 
absorption results. a Histogram of the R′ values for different tissues 
and various foreign bodies. The blue asterisks at the top of the bar 
chart indicate a significant difference between the R′ values of adi-
pose, and the yellow indicate a significant difference with the R′ val-
ues of muscle tissue. b Absorption picture of foreign bodies within 
muscle tissue. c Dark-field image of the same foreign bodies within 

muscle tissue. d The dark-field values of the same foreign bodies 
in the muscle tissue were divided by the absorption values and the 
results reconstructed as image. The red arrow points to the position 
of the practically undetectable plastic sheet. e Signal ratio of outline 
of plastic within muscle tissue in absorption, dark-field, and R′ imag-
ing results. (ns indicates P > 0.05, * indicates P < 0.05, ** indicates 
P < 0.01)
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and assess the amounts of radiations needed for the imaging 
of different sites to reduce unnecessary exposure. And we 
require to increase the total amount of light intensity and 
the visibility index of the system to reduce the noise in the 
phase-contrast and dark-field images. Second, in terms of 
data processing, we need to try different image enhance-
ment and data processing methods to achieve clearer pic-
tures. Third, with more mature image fusion algorithm, 
quantitative analysis of different objects is needed for more 
rigorous research. Fourth, regarding disease detection, we 
require applying it to a wider range of animal disease models 
to widen the field of clinical applications.

Conclusions

In conclusion, grating-based multimodal X-ray imaging 
can at the same time successfully detect both high- and 
low-density foreign bodies under the skin. Therefore, it is 
a very promising approach to the medical diagnosis of sub-
cutaneous foreign bodies. It is to be hoped that soon X-ray 
detection equipment using this technology will supplement 
the existing standard X-ray imaging equipment, thus mak-
ing possible a further leap in medical imaging diagnostic 
technology.

Author Contribution  Conceived and designed the study, J.W., M. Yin, 
M. Yuan, K.D., and J.Z.; performed the biological experiments, M. Yin 
and M. Yuan; responsible for hardware development, K.D., J.L., G.Z., 
and W.X.; conducted data analysis, M. Yin, M. Yuan, and K.D.; wrote 
the paper, all co-authors.

Funding  This study has received funding by National Natural Science 
Foundation of China (Grant Nos. 81701904).

Availability of Data and Material  The data that support the findings of 
this study are available upon request from the corresponding authors.

Code Availability  Not applicable.

Declarations 

Conflict of Interest  The authors declare no competing interests.

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

References

	 1.	 Abdelbaki A, Assani S, Bhatt N, Karol I, Feldman A: Retained 
Wooden Foreign Body in the Second Metatarsal. J Am Podiat 
Med Assn 108:168-171, 2018

	 2.	 Mizel MS, Steinmetz ND, Trepman E: Detection of Wooden 
Foreign Bodies in Muscle Tissue: Experimental Comparison of 
Computed Tomography, Magnetic Resonance Imaging, and Ultra-
sonography. Foot Ankle Int 15:437-443, 1994

	 3.	 Rothermund JL, Rabe AJ, Zumberge NA, Murakami JW, Warren 
PS, Hogan MJ: Image-guided percutaneous removal of ballis-
tic foreign bodies secondary to air gun injuries. Pediatr Radiol 
48:120-123, 2018

	 4.	 Shiels NWE, Babcock DS, Wilson JL, Burch RA: Localization 
and guided removal of soft-tissue foreign bodies with sonogra-
phy. American journal of roentgenology (1976) 155:1277, 1990

	 5.	 Faguy K: Imaging foreign bodies. Radiol Technol 85:655-678, 
679-682, 2014

	 6.	 Anderson MA, Newmeyer WL, Kilgore ES: Diagnosis and 
treatment of retained foreign bodies in the hand. The American 
Journal of Surgery 144:63-67, 1982

	 7.	 Carneiro BC, et al.: Multimodality Imaging of Foreign Bod-
ies: New Insights into Old Challenges. Radiographics 40:1965-
1986, 2020

	 8.	 Salati SA, Rather A: Missed foreign bodies in the hand: an 
experience from a center in Kashmir. Libyan J Med 5:5083, 
2010

	 9.	 Davis J, Czerniski B, Au A, Adhikari S, Farrell I, Fields JM: 
Diagnostic Accuracy of Ultrasonography in Retained Soft Tissue 
Foreign Bodies: A Systematic Review and Meta-analysis. Acad 
Emerg Med 22:777-787, 2015

	10.	 Driskell D, Gillum J, Monti J, Cronin A: Ultrasound evaluation of 
soft-tissue foreign bodies by US army medics. Journal of Medical 
Ultrasound 26:147, 2018

	11.	 Jungmann PM, Agten CA, Pfirrmann CW, Sutter R: Advances in 
MRI around metal. J Magn Reson Imaging 46:972-991, 2017

	12.	 Pfeiffer F, Weitkamp T, Bunk O, David C: Phase retrieval and 
differential phase-contrast imaging with low-brilliance X-ray 
sources. Nat Phys 2:258-261, 2006

	13.	 Pfeiffer F, et al.: Grating-based X-ray phase contrast for biomedi-
cal imaging applications. Zeitschrift für Medizinische Physik 
23:176-185, 2013

	14.	 Peruzzi N, et al.: 3D analysis of the myenteric plexus of the human 
bowel by X-ray phase-contrast tomography – a future method? 
Scand J Gastroentero 55:1261-1267, 2020

	15.	 Bravin A, Coan P, Suortti P: X-ray phase-contrast imaging: from 
pre-clinical applications towards clinics. Phys Med Biol 58:R1-
R35, 2013

	16.	 Arboleda C, et al.: Sensitivity-based optimization for the design 
of a grating interferometer for clinical X-ray phase contrast mam-
mography. Opt Express 25:6349, 2017

	17.	 Sun M, et al.: Vascular branching geometry relating to portal 
hypertension: a study of liver microvasculature in cirrhotic rats 
by X-ray phase-contrast computed tomography. Quant Imag Med 
Surg 10:116-127, 2020

	18.	 Rougé-Labriet H, et al.: X-ray Phase Contrast osteo-articular 
imaging: a pilot study on cadaveric human hands. Sci Rep-Uk 
10, 2020

	19.	 Hooper SB, et al.: Imaging Lung Aeration and Lung Liquid Clear-
ance at Birth Using Phase Contrast X-Ray Imaging. Clin Exp 
Pharmacol p 36:117–125, 2009

	20.	 Iwaki R, Matsuhisa H, Hoshino M, Oshima Y: Three-dimensional 
evaluation of ductal tissue in coarctation of the aorta using X-ray 
phase-contrast tomography. The Journal of Thoracic and Cardio-
vascular Surgery 152:1454-1456, 2016

372 Journal of Digital Imaging (2022) 35:365–373

http://creativecommons.org/licenses/by/4.0/


1 3

	21.	 Töpperwien M, van der Meer F, Stadelmann C, Salditt T: Cor-
relative x-ray phase-contrast tomography and histology of 
human brain tissue affected by Alzheimer’s disease. Neuroimage 
210:116523, 2020

	22.	 Jensen TH, et al.: X-ray phase-contrast tomography of porcine fat 
and rind. Meat Sci 88:379-383, 2011

	23.	 Fitzgerald R: Phase-sensitive X-ray imaging. Phys Today 53, 2000
	24.	 Hellbach K, et al.: Improved Detection of Foreign Bodies on 

Radiographs Using X-ray Dark-Field and Phase-Contrast Imag-
ing. Invest Radiol 53:352-356, 2018

	25.	 Pfeiffer F, et al.: Hard-X-ray dark-field imaging using a grating 
interferometer. Nat mater 7:134-137, 2008

	26.	 Deng K, Li J, Xie W: Modeling the Moiré fringe visibility of 
Talbot-Lau X-ray grating interferometry for single-frame multi-
contrast imaging. Opt Express 28:27107, 2020

	27.	 Töpperwien M, et al.: Three-dimensional mouse brain cytoarchi-
tecture revealed by laboratory-based x-ray phase-contrast tomog-
raphy. Sci Rep-Uk 7, 2017

	28.	 Wang Z, Stampanoni M: Quantitative x-ray radiography using 
grating interferometry: a feasibility study. Phys Med Biol 
58:6815-6826, 2013

	29.	 Shimao D, et al.: Imaging with ultra-small-angle X-ray scattering 
using a Laue-case analyzer and its application to human breast 
tumors. Physica Medica 44:236-242, 2017

	30.	 Yashiro W, Terui Y, Kawabata K, Momose A: On the origin of 
visibility contrast in x-ray Talbot interferometry. Opt Express 
18:16890, 2010

	31.	 Wilkins SW, Gureyev TE, Gao D, Pogany A, Stevenson AW: 
Phase-contrast imaging using polychromatic hard X-rays. Nature 
384:335-338, 1996

	32.	 Stutman D, Beck TJ, Carrino JA, Bingham CO: Talbot phase-
contrast x-ray imaging for the small joints of the hand. Phys Med 
Biol 56:5697-5720, 2011

	33.	 Bopp J, Felsner L, Hu S, Kaeppler S, Riess C: X-ray Phase Con-
trast: Research on a Future Imaging Modality, 2018

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

373Journal of Digital Imaging (2022) 35:365–373


	Subcutaneous Low-Density Foreign Bodies Detection via Grating-Based Multimodal X-ray Imaging
	Abstract
	Introduction
	Materials and Methods
	Equipment and Parameters
	Material Preparation
	Imaging Acquisition
	Data Processing
	Signal in Absorption and Dark-Field Imaging
	Ratio Value
	Pseudocolor Maps
	Statistical Analysis


	Results
	In Vitro Imaging
	Foreign Bodies in Adipose and Muscle Tissues
	Results of CT, MRI, and Ultrasound Imaging
	R′ Values Reconstructed Image

	Discussion
	Conclusions
	References


