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X-ray phase contrast osteo-
articular imaging: a pilot study  
on cadaveric human hands
Hélène Rougé-Labriet1,2, Sebastien Berujon3, Hervé Mathieu4, Sylvain Bohic2,3, 
Barbara fayard1, Jean-Noel Ravey5, Yohann Robert5, Philippe Gaudin5 & emmanuel Brun2*

X-ray phase contrast imaging (pci) is an emerging modality whose availability in clinics for 
mammography and lung imaging is expected to materialize within the coming years. In this study, we 
evaluate the pci computed tomography (pci-ct) performances with respect to current conventional 
imaging modalities in the context of osteo-articular disorders diagnosis. X-ray pci-ct was performed on 
3 cadaveric human hands and wrists using a synchrotron beam. Conventional CT, MRI and Ultrasound 
were also performed on these three samples using routine procedures as well as research protocols. 
Six radiologists and rheumatologists independently evaluated qualitatively and semi quantitatively 
the 3D images’ quality. Medical interpretations were also made from the images. PCI-CT allows the 
simultaneous visualization of both the high absorbing and the softer tissues. The 6 reader evaluations 
characterized PCI-CT as a visualization tool with improved performances for all tissue types (significant 
p-values), which provides sharper outlines and clearer internal structures than images obtained using 
conventional modalities. The PCI-CT images contain overall more information, especially at smaller 
scales with for instance more visible micro-calcifications in our chondrocalcinosis case. Despite a 
reduced number of samples used, this pilot study highlights the possible medical benefits of PCI for 
osteo-articular disorders evaluation. Although PCI-CT is not yet available in hospitals, the improved 
visualization capabilities demonstrated so far and the enhanced tissue measurement quality let suggest 
strong diagnosis benefits for rheumatology in case of a widespread application of PCI.

Medical imaging plays a key role in rheumatology where it is today essential at the time of diagnosing an 
osteo-articular disorder. Joint and bone diseases are the most prevalent chronic pain syndromes and long-term 
disabilities with hundreds of millions people affected worldwide1. A whole joint can be affected in many ways 
with, in most of the cases, several factorial causes. Clinical imaging modalities currently encounter limita-
tions for the simultaneous correct depiction of the different tissues constituting a joint. Conventional X-ray 
absorption-based CT allows a clear visualization of bone tissues but provides a reduced sensitivity to the soft 
tissues. Changes in the composition of a joint cartilage or soft tissues are usually rather evaluated using Magnetic 
Resonance Imaging (MRI). Yet, the images rendered by MRI struggle to define properly the bony changes and the 
micro-calcifications. In parallel, ultrasonography (US) is still confined to a minor role in clinical routine since, 
albeit being fast and efficient, its low reproducibility shows problematic when diagnosing acute superficial lesions.

Since the seminal work of Roentgen, with the first ever radiograph of a human hand, technological and sci-
entific advances improved tremendously the image sensitivity and resolution achievable with X-rays. Yet, the 
core mechanism of X-ray imaging has remained unchanged during all this time, relying on the same physical 
principle: X-ray attenuation. Phase Contrast Imaging (PCI) emerged almost two decades ago and uses in contrast 
the fact that X-rays are also refracted when passing through matter. The refraction index of a material can be a 
thousand times greater than its counterpart absorption factor2 for light elements. That translates into a much 
higher image contrast for a soft tissue while keeping its efficiency for bone tissues when compared to the attenu-
ation based method3,4.

Two Dimensional and 3D PCI methods appeared first at synchrotrons before for some of them being suc-
cessfully adapted to laboratory sources5–7. Up to now, the applications of PCI onto human organs focused mainly 
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on breast or lung imaging8 where encouraging results could be obtained through various PCI optical set-ups. 
Clinical trials are now in progress at synchrotrons9 whilst clinical prototypes based on conventional X-ray sources 
are also under commissioning for mammography applications10. The literature contains now evidence that the 
details achieved within PCI allows earlier and better breast cancers diagnosis11. Several studies already success-
fully presented advanced PCI modalities for clinical use12. Up to now, to the best of our knowledge, the studies 
investigating clinical transfers of PCI were restricted to 2D planar imaging12,13 and none so far evaluated the per-
formances of 3D PCI Computed Tomography. The aim of this study is hence to assess quality of the 3D imaging 
of human samples.

However, only a very few studies14–16 aimed at musculoskeletal imaging applications, and, to the best of our 
knowledge, only a few17 were carried out in a tomography mode on a human knee. This previous proof of concept 
study was focusing on cartilage detection whilst setting aside a more detailed investigation of the other tissues. 
Here, we present the first tomographic images of cadaveric human hands and wrists using PCI-CT. The obtained 
PCI-CT images were compared both qualitatively and quantitatively with images from the current state of the art 
conventional imaging modalities. Six independent medical readers assessed a first extensive evaluation of X-ray 
PCI-CT in terms of medical impact achievable for applications regarding osteo-articular disorders.

Methods
Samples preparation. Three cadaveric hands and wrists were transferred after death to the anatomical 
department of our Hospital. Anatomical pieces were extracted from body to science donors. Approval from the 
local Grenoble Hospital University was granted for this experimental protocol. Following the French regulation, 
the donors did not have to sign a statement about this specific study but they did express their consent to anon-
ymously give part of their body to science for ethically approved experiments. All experiments were performed 
in accordance with the relevant guidelines and local regulations. However, to comply with these regulations, the 
anatomic pieces obtained from donors did not grant us access to the details of the patients’ medical history. The 
whole anatomical pieces (skin included) were conditioned into 12 cm diameter PMMA cylinders (5 mm thick). 
The sealed containers were filled with 10% formalin-saline solution for tissue preservation. Before fixation, one of 
the anatomical pieces was imaged with ultrasound in order to avoid artefacts in the images that could be caused 
by the formalin. MRI was performed a week after fixation. The PCI-CT session took place two weeks later. Finally, 
conventional CT was applied another 6 months later. A 10% formalin fixation is known to alter the MRI proper-
ties of the sample, which is why the MRI sequences were performed as soon as possible after fixation. The MRI 
sequences parameters were also adapted accordingly. Concerning the X-ray CTs, we expect that the formalin uni-
formly changes the density of the tissues and hence does not change drastically the contrast of the X-ray images.

X-ray phase contrast imaging. A Propagation Based Imaging (PBI) approach was used to image the sam-
ple. PBI explores the phase shifts caused by variations in the refractive index and density of materials by capturing 
alterations in the measured intensities which can be observed through edge enhancement18–20. PBI represents in 
practice the simplest way to implement phase contrast imaging since no extra optics is required. Such experimen-
tal simplicity is however balanced by some requirements on the necessary highly coherent and collimated source 
such as a synchrotron one21. For our imaging campaign, the high intensity X-rays were produced by the ESRF 
medical beamline wiggler source which provides a quasi-collimated 60 keV monochromatic X-ray beam. The 
cadaver hands were mounted on a scanning sample stage located at approximately 11 m from the detector. Sets of 
3600 projections were collected for each 360-degree rotation. An optical system consisting of a scientific CMOS 
technology based camera coupled to a gadox scintillator and an objective was used to record the X-ray images. 
The effective pixel size of the system was 23 µm. A total time of 30 min was necessary to collect the whole tomo-
graphic data set for one sample. This rather extended time is due to the reduced height of the synchrotron beam 
(max. 5 mm) which demanded for sequential partial CT imaging of the sample to obtain a full dataset. A standard 
filtered back projection combined with a phase retrieval algorithm22 was used for the volume reconstructions. The 
reconstruction time for a complete volume was or around 10 min on a machine equipped with a performant GPU.

While the deposited dose was higher than in clinical routine, the values of the mean radiation deposited doses 
in the wrist was in the order of magnitude of the milliSievert which remains acceptable for clinical applications. 
More precisely, the delivered dose was calculated as being equal to 1.98 mSv.

conventional modalities. The MRI images were obtained on a 3T TX Achieva Philips Medical scanner 
(Grenoble MRI Facility iRMaGe). Several MRI sequences were employed including clinical standard sequences 
recommended for bone, cartilage and soft tissue evaluation (respectively proton density, T1 and T2). An addi-
tional research-oriented sequence developed for cartilage imaging (3DWATSC) was also applied. Some sequence 
parameters were adapted to take into account the fixation of the samples. The conventional CT data were acquired 
on a General Electrics Healthcare optima CT 660 system using the device standard wrist protocols. The ultra-
sound images were collected with a Toshiba Aplio 500. The acquisition parameters for MRI, US and CT are sum-
marized in Supplementary Table 1.

image quality evaluation. The images were semi-quantitatively evaluated by 6 medical doctors from our 
hospital (2 rheumatologists and 4 radiologists) with long experiences in musculoskeletal disorders evaluation 
from images. The visual image quality was each time scored using a 4 point Likert scale: 0: undifferentiated from 
other structures, 1: visible differentiation, blurry outlines and blurry internal structures, 2: visible differentia-
tion, sharp outlines and blurry internal structures, 3: excellent visualization, sharp outlines and clear internal 
structures.

Additionally, a quantitative image quality evaluation was performed calculating the standard Signal to Noise 
Ratio (SNR) and Contrast to Noise Ratio (CNR) of the images defined by:
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where µ is the average value in a homogeneous zone of low contrast and σ is the standard deviation in the consid-
ered zone. µ1 and µ2 are defined as average values in two distinct homogenous zones. To avoid resolution bias, the 
SNR and CNR measurements were made on downscaled dataset with comparable final pixel size for all the 
modalities.

Medical interpretation. To simulate the clinical examination conditions, the 6 readers were asked to fill 
a medical imaging report expounding the possible abnormalities, as they are used to do in clinical routine. The 
Fig. 1 summarized the number of readers that noted calcification in their report for each set of images (3 series of 
image for each of the 3 samples).

Results
Soft tissues and bone visualization. From the readers’ perspective, all the different tissues constituting 
the joint (nerves, muscles, tendons, bones and cartilage) are well rendered at the macroscopic scale in the PCI-CT 
images. Figure 2 shows PCI-CT coronal (subfigure a) and axial (subfigure b) thin sections of one human hand 
and wrist with some insets at higher magnification. The readers noticed the particularly good sensitivity of the 
technique to the hard tissues which allows one to visualize small features such as: bone trabecular structures, 
appearing geodes, bone demineralization and small atheroma plaques in the lumen of the arteries (Fig. 2 inset 3). 
Some subtle density changes in the tissue, e.g the small features of denser material in the enthesis of the triangular 
ligament or a calcification in the joint (Fig. 2 inset 4), were detected by the readers in the PCI-CT images whereas 
the radiologists were unable to do it with conventional imaging modalities.

The improve image contrast in the soft tissues permits a reliable discrimination. In Fig. 2 inset 1, the cartilage 
matrix of the distal interphalangeal joint could be well delineated leading to an accurate estimation of the carti-
lage thickness (mean of 0.76 mm) and a clear distinction between the nerves and tendons (Fig. 2 inset 5). Finally, 
the high resolution imaging of the nerves through PCI-CT makes possible the counting of the nerve fibers and 
therefore the detection of a possible pinch.

comparison with conventional modalities. The PCI-CT results were compared with images of our 
three human hands obtained with conventional modalities whose acquisition parameters are summarized in 
Supplementary Table 1. Figure 3 presents a comparison between axial sections images at the same location 
obtained with PCI (Fig. 3d) and with the conventional imaging modalities: MRI (Fig. 3a,b), conventional CT 
(Fig. 3c). The PCI-CT images overall surpass visually the conventional techniques both in terms of contrast and 
resolution. To validate this observation, we measured global image quality indices that are reported in Table 1. 
Regarding soft tissue visualization, the Contrast to Noise Ratio values of PCI-CT are approximately improved 
by a factor 2 when compared to the MRI which is considered today as the clinical gold standard. Such contrast 
enhancement is confirmed by the Signal to Noise Ratios calculated for bones, muscles, nerves and tendons which 
proved to be always higher for PCI-CT than the standard modalities. Nevertheless, these standard mathemati-
cal metrics are usually poorly suited for a new type of contrast and they rarely directly translate into an aid for 
a medical interpretation. Therefore, we also performed a semi-quantitative evaluation of the images. Figure 4 
displays outcomes of this evaluation made by the experienced rheumatologists and radiologists for the different 
tissues -Muscles, Blood vessels, Bone, Calcifications, Cartilage, Nerves, Tendons, Carpal tunnel, Ligaments and 
enthesis. Notwithstanding the readers not being accustomed with phase contrast, all six physicians concluded 
that the PCI-CT images provide a better visualization of the different tissue types. Figure 4 also shows the results 
of the statistical tests performed between the image quality evaluations. With p-values under 0.0001 and 0.01 the 
visualization improvement with PCI is statistically significant for all the components with the exception of bony 
tissues in CT.

Figure 1. PCI-CT for chondrocalcinosis detection: (a) PCI-CT coronal slice from the severe chondrocalcinosis 
hand case. (b) 3D volume rendering of the segmented calcified structures from the PCI volume. The juxtaposed 
table summarized the number of readers that detected calcifications from each sample dataset.
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Although ultrasounds (US) being restricted to 2D examination, this technique remains a widespread tool for 
many osteoarticular disorder diagnosis such as finger tendinous lesions. One radiologist expert in our readers 
group imaged one hand, using US, in order to evaluate the PCI benefits. Upon examination of the whole sample, 
one region whose evaluation revealed interest is the index proximal interphalangeal joint where ultrasounds faces 
limitations. The Supplementary Fig. 1 compares the images of the index proximal interphalangeal joint region 
obtained by PCI-CT and US. In the PCI-CT case, the tracking in 3D of the tendons’ fibers all along the finger was 
proved possible with a resolution comparable to what achievable with US.

The Supplementary Fig. 2 presents PCI-CT and conventional 3D images applied to the same hand area with 
a comparable voxel size. The raw PCI-CT images have been downscaled numerically to obtain 0.3 mm voxel size 
equivalent images. From these images, one can deduce that the contrast improvement does not originate from a 
higher resolution but rather from the intrinsic phase contrast signal.

new accessible joint quality metrics. Thanks to the good sensitivity of PCI-CT within the calcified and 
cartilage tissues, quantitative measurements of the joint components become feasible providing an invaluable 
help to grade the different osteoarticular disorders. Figure 1 presents such measurements made on one of our 
human hand which presented severe chondrocalcinosis. Calcifications can be observed in the coronal section of 
Fig. 1a whereas a 3D rendering is presented in Fig. 1b where different colors are used to label the various isolated 
calcified structures. Although the chondrocalcinosis could be diagnosed from the conventional imaging modal-
ities, PCI-CT was able to reveal a significantly higher number of smaller calcifications. Different calcification 
densities could be noticed from the PCI-CT images but further dedicated investigations are necessary and beyond 
the scope of the present study for one to be more quantitative and this aspects.

The PCI technique provides high sensitivity to calcified structures in addition to specificity for soft tissues. The 
PCI-CT possibilities were tested on the hard material namely the bone tissue. Figure 5a shows in false color the 
local thickness of the cortical bone and Fig. 5b renders in 3D the trabecular bone rode/plate structure computed 
with the iMorph software23. Yet, the access denial to the donor medical history for ethical reasons limits in our 
case the potential of such calculations since no correlation can be inferred.

Finally, Fig. 5c presents a segmentation of the cartilage with the application of a specific colormap relating 
directly to the density of the material. The image provides a clear visualization of the dense microstructures at 

Figure 2. PCI-CT slices of a human hand and wrist. (a) Coronal section showing mainly the digitus minimus 
manus. (b) Axial slices in the wrist region. The insets present zoom in the (1) interphalengeal proximal joint, (2)
the carpal tunnel, (3) an artery, (4) an enthesis and (5) the median nerve.
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the interface between the capitatum and hamatum cartilages. Such finding was similarly encountered in different 
cartilage interface regions of the 3 samples and a specific investigation is on-going.

Medical interpretation. Since mathematical metrics or semi-quantitative indices cannot assess solely the 
medical potential of PCI-CT, the 6 readers were also asked to perform a medical interpretation of the images. The 
Fig. 4 provides a summary of these interpretations regarding the evaluation of the calcifications. CT is today con-
sidered as the standard modality for visualizing calcified tissues. Whilst only one reader noticed the presence of a 
few calcifications from the non-pathological sample CT dataset, all six readers detected calcified structures from 
the PCI-CT images. With the hand suffering from chondrocalcinosis, all 6 readers agree that when using PCI-CT, 
more calcified structures could be detected in various locations (ligaments, intra-articular, cartilage surface and 
inside the cartilage matrix).

Discussion and Conclusion
While X-ray PCI is already under translation from large-scale facilities to the clinics for 2D and 3D mammog-
raphy, this study aimed at evaluating for the first time the potential of PCI-CT in the context of osteo-articular 
disorders showing slowly developing multifactorial degradations. Despite good knowledge of the possible risk 
factors, the prevalence of osteo-articular disorders remain nevertheless largely unexplained24. Little is really 
known about the first disorder signs due to the limits of current imaging modalities. This study aimed to evaluate 

Figure 3. PCI-CT and conventional imaging modalities applied to the same hand area. Images obtained with 
MRI (a) T1W SE, (d) (b) 3D WATSC, (c) CT with bone windowing and (d) PCI-CT.

Modality Bone Muscles Nerves Tendons Ligaments

SNR

PCI-CT 14.21 70.6 104.59 67.55 116.21

MRI 1.87 6.45 20.43 8.55 33.83

CT 6.7 2.09 12.04 13.01 7.99

CNR

Modality muscles/tendons muscles/nerves nerves/tendons

PCI-CT 33.5 3.87 29.64

MRI 18.3 2.09 16.27

Table 1. Signal to noise ratios and contrast to noise ratios measured in different regions of interest.
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whether PCI-CT can significantly help rheumatologist in their practice. For this study, PCI-CT, MRI and conven-
tional CT with both routine and advanced sequences were assessed by imaging anatomical pieces. All six inter-
rogated experienced radiologists and rheumatologists graded PCI-CT as a more sensitive technique (significant 
p-values) providing more information on the samples with respect to other imaging modalities. For example, this 
pilot study shows that 3D PCI permits the detection of more calcifications than conventional CT. In contrast to 
the mixed readers’ evaluations from the CT images, the opinions converge when using PCI-CT images. Moreover, 
PCI-CT allows the detection of different densities among the calcifications, constituting a new level of informa-
tion as already demonstrated for mammography25. We speculate that the observed calcifications in the hands 
come from different degradation processes constituting early signs of musculoskeletal disorders although a full 
histology remains necessary to validate the hypothesis. In parallel to this bony depiction, the visualization of soft 
tissues and particularly of nerve inner structures by a non-invasive technique is to our knowledge a first and gives 
hope, for example, for a reliable evaluation of the carpal tunnel syndromes.

This pilot study encounters limitations from the reduced number of human hand and wrist samples that 
could be tested as well as the fact that we used a synchrotron facility to produce our images. Such reduced num-
ber of samples finds justifications both from the restricted access to facilities worldwide where high-resolution, 
high-energy phase-contrast imaging can be performed and from the difficulty of transporting cadaver samples 
to these facilities. Yet, the main goal of this study was to evaluate whether PCI-CT was of sufficient interest to be 
taken out of synchrotron and to develop dedicated 3D PCI prototypes using conventional X-ray sources. This 
question arises in the context of articular disorder diagnostics where both hard and soft tissues play a role.

Recent PCI developments let foresee the availability of 2D clinical compatible devices in a near future26,27. 
In this study, the PCI-CT technique used was PBI, which is the simplest one implementable at synchrotron. 

Figure 4. Evaluation of the image quality ranked by radiologists and rheumatologists for the different tissues. 
The star indicates the p values for the statistical test of PCI-CT vs CT and PCI-CT vs MRI.

Figure 5. Bone and cartilage quality evaluation: (a) Bone quality of an ulna and radius bone: false color 
representations of the local thickness. (b) Estimation of the rode plate distribution in the trabecular bone with 
false color representation. (c) PCI-CT axial slice with a color map of the cartilage density in false color.
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Nevertheless, recent progresses demonstrated the feasibility of PBI with a less costly source from a laboratory 
setup, for instance, for the evaluation of human mummy hand21. Comparable or better results can also be expected 
by using alternative phase derivative sensitive PCI techniques such as Grating Interferometry28, Analyzer Based 
Imaging29 or Edge Illumination30, and these methods are actually considered as more sensitive to certain fea-
tures2. Another more recent technique which is Speckle Based Imaging31,32 also let hope for a transfer of 3D PCI 
to clinical set-up while solving the remaining acquisition time and deposited dose issues. When those 3D clinical 
setups will be ready, further work will be necessary to extend this study to other osteo-articular pathologies as 
well as to define the corresponding PCI-CT semiology. The phase signal cannot be retrieved as easily as the atten-
uation one because no detector is able to directly sense the phase signal and the X-ray refraction angles involved 
are very small. In the recent decades, several techniques have been developed for recovering phase information. 
The phase information is not captured directly and several 2D and 3D PCI methods were first developed at syn-
chrotrons, and for some of them, later adapted to laboratory sources with comparable image quality thanks to 
progress both the X-ray instrumentations and mathematical methods12,33,34.

To conclude, PCI-CT provides in a single examination, a better and a more detailed depiction of the different 
tissues of a whole human joint. The sensitivity of PCI-CT makes possible the evaluation of the pathology stages 
with probably a good specificity which could be useful as an aid to the follow-up o, but which must be demon-
strated later. Albeit MRI and CT are well established for clinical routine evaluation, PCI-CT is still a new and 
unconventional technique for which radiologists must accustom to. All readers acknowledge that work needs to 
be done in order to sort the relevant criteria from the PCI information.

Received: 8 August 2019; Accepted: 7 January 2020;
Published: xx xx xxxx

References
 1. Bitton R. The economic burden of osteoarthritis. Am. J. Manag. Care. 15(8 Suppl), S230–5, http://www.ncbi.nlm.nih.gov/

pubmed/19817509. Accessed November 26 2014 (2009).
 2. Bravin, A., Coan, P. & Suortti, P. X-ray phase-contrast imaging: from pre-clinical applications towards clinics. Phys. Med. Biol. 

58(58), R1–R35, http://stacks.iop.org/0031-9155/58/i=1/a=R1. Accessed December 18 2012 (2013).
 3. Fingerle, A. A. et al. Simulated Cystic Renal Lesions: Quantitative X-ray Phase-Contrast CT—An in Vitro Phantom Study. Radiology. 

272(3), 739–748 (2014).
 4. Hetterich, H. et al. Phase-Contrast CT: Qualitative and Quantitative Evaluation of Atherosclerotic Carotid Artery Plaque. Radiology. 

Radiological Soc. North. Am. 271(3), 870–878 (2014).
 5. Pfeiffer, F., Weitkamp, T., Bunk, O. & David, C. Phase retrieval and differential phase-contrast imaging with low-brilliance X-ray 

sources. Nat. Phys. 2(4), 258–261, https://doi.org/10.1038/nphys265. Accessed March 5 2012 (2006).
 6. Seifert, M. et al. Optimisation of image reconstruction for phase-contrast x-ray Talbot–Lau imaging with regard to mechanical 

robustness. Phys. Med. Biol. IOP Publishing; 61(17), 6441–6464, http://stacks.iop.org/0031-9155/61/i=17/a=6441?key=crossref.
a42c5b394264a66abeaeb317c2c8d6ac. Accessed August 23 2016 (2016).

 7. Olivo, A. & Speller, R. A coded-aperture technique allowing x-ray phase contrast imaging with conventional sources. Appl. Phys. 
Lett. American Institute of Physics. 91(7), 074106, http://link.aip.org/link/?APPLAB/91/074106/1. Accessed August 21 2013 (2007).

 8. Zhao, Y. et al. High-resolution, low-dose phase contrast X-ray tomography for 3D diagnosis of human breast cancers. Proc. Natl. 
Acad. Sci. U S A. 109(45), 18290–18294, http://www.pnas.org/cgi/content/long/1204460109v1. Accessed October 30 2012 (2012).

 9. Longo, R. et al. Towards breast tomography with synchrotron radiation at Elettra: first images. Phys. Med. Biol. 61(4), 1634–1649, 
http://www.ncbi.nlm.nih.gov/pubmed/26836274 Accessed November 20 2018 (2016).

 10. Arboleda, C. et al. Sensitivity-based optimization for the design of a grating interferometer for clinical X-ray phase contrast 
mammography. Opt. Express. Optical Society of America; 25(6), 6349, https://www.osapublishing.org/abstract.
cfm?URI=oe-25-6-6349. Accessed January 22 2018 (2017).

 11. Castelli, E. et al. Mammography with Synchrotron Radiation: First Clinical Experience with Phase-Detection Technique. Radiology. 
Radiological Society of North America, Inc. 259(3), 684–694, https://doi.org/10.1148/radiol.11100745. Accessed November 30 2017 
(2011).

 12. Momose, A. et al. X-ray phase imaging: from synchrotron to hospital. Philos Trans A Math. Phys. Eng. Sci. The Royal Society; 
372(2010), 20130023, http://www.ncbi.nlm.nih.gov/pubmed/24470409. Accessed November 30 2017 (2014).

 13. Tanaka, T. et al. The first trial of phase contrast imaging for digital full-field mammography using a practical molybdenum x-ray 
tube. Invest Radiol. 40(7), 385–396, http://www.ncbi.nlm.nih.gov/pubmed/15973129. Accessed October 21 2019 (2005).

 14. Cao, Y. et al. 3D visualization of the lumbar facet joint after degeneration using propagation phase contrast micro-tomography. Sci. 
Rep. Nat. Publ. Group. 6, 21838 (2016).

 15. Li, J. et al. Quantitative Assessment of Murine Articular Cartilage and Bone Using X-Ray Phase-Contrast Imaging. Huard, J., editor. 
PLoS One. Public Library of Science. 9(11), e111939, https://doi.org/10.1371/journal.pone.0111939. Accessed November 30 2017 
(2014).

 16. Tanaka, J. et al. Cadaveric and in vivo human joint imaging based on differential phase contrast by X-ray Talbot-Lau interferometry. 
Z. Med. Phys. 23(3), 222–227 (2013).

 17. Horng A. et al. Cartilage and soft tissue imaging using X-rays: propagation-based phase-contrast computed tomography of the 
human knee in comparison with clinical imaging techniques and histology. Invest Radiol. 49(9), 627–634, http://www.ncbi.nlm.nih.
gov/pubmed/24825531. Accessed December 5 (2014).

 18. Cloetens, P., Barrett, R., Baruchel, J., Guigay, J.-P. & Schlenker, M. Phase objects in synchrotron radiation hard x-ray imaging. J. Phys. 
D. Appl. Phys. IOP Publishing. 29(1), 133–146 (1996).

 19. Cloetens, P. et al. Holotomography: Quantitative phase tomography with micrometer resolution using hard synchrotron radiation 
x rays. Appl. Phys. Lett. 75(19), 2912–2914 (1999).

 20. Weber, L. et al. Registration of phase-contrast images in propagation-based X-ray phase tomography. J. Microsc. (2017).
 21. Romell, J. et al. Soft-Tissue Imaging in a Human Mummy: Propagation-based Phase-Contrast CT. Radiology. Radiological Society 

of North America; 180945, https://doi.org/10.1148/radiol.2018180945. Accessed October 3 2018 (2018).
 22. Paganin, D., Mayo, S. C., Gureyev, T. E., Miller, P. R. & Wilkins, S. W. Simultaneous phase and amplitude extraction from a single 

defocused image of a homogeneous object. J. Microsc. 206(1), 33–40 (2002).
 23. Brun, E., Vicente, J., Topin, F. & Occelli, R. IMorph: A 3D morphological tool to fully analyse all kind of cellular materials,. Cellmet 

08 (2008).
 24. Wallace, I. J. et al. Knee osteoarthritis has doubled in prevalence since the mid-20th century. Proc. Natl. Acad. Sci. U S A. National 

Academy of Sciences. 114(35), 9332–9336, http://www.ncbi.nlm.nih.gov/pubmed/28808025. Accessed October 3 2018 (2017).

https://doi.org/10.1038/s41598-020-58168-3
http://www.ncbi.nlm.nih.gov/pubmed/19817509
http://www.ncbi.nlm.nih.gov/pubmed/19817509
http://stacks.iop.org/0031-9155/58/i=1/a=R1
https://doi.org/10.1038/nphys265
http://stacks.iop.org/0031-9155/61/i=17/a=6441?key=crossref.a42c5b394264a66abeaeb317c2c8d6ac
http://stacks.iop.org/0031-9155/61/i=17/a=6441?key=crossref.a42c5b394264a66abeaeb317c2c8d6ac
http://link.aip.org/link/?APPLAB/91/074106/1
http://www.pnas.org/cgi/content/long/1204460109v1
http://www.ncbi.nlm.nih.gov/pubmed/26836274
https://www.osapublishing.org/abstract.cfm?URI=oe-25-6-6349
https://www.osapublishing.org/abstract.cfm?URI=oe-25-6-6349
https://doi.org/10.1148/radiol.11100745
http://www.ncbi.nlm.nih.gov/pubmed/24470409
http://www.ncbi.nlm.nih.gov/pubmed/15973129
https://doi.org/10.1371/journal.pone.0111939.
http://www.ncbi.nlm.nih.gov/pubmed/24825531
http://www.ncbi.nlm.nih.gov/pubmed/24825531
https://doi.org/10.1148/radiol.2018180945
http://www.ncbi.nlm.nih.gov/pubmed/28808025


8Scientific RepoRtS |         (2020) 10:1911  | https://doi.org/10.1038/s41598-020-58168-3

www.nature.com/scientificreportswww.nature.com/scientificreports/

 25. Wang, Z. et al. Non-invasive classification of microcalcifications with phase-contrast X-ray mammography. Nat Commun. Nature 
Publishing Group. 5, 3797, https://doi.org/10.1038/ncomms4797. Accessed November 30 2017 (2014).

 26. Variola, A et al. The ThomX project status. Joint Accelerator Conferences Website; 2014WEPRO052:2062–2064 (2014).
 27. Gromann, L. B. et al. In-vivo X-ray Dark-Field Chest Radiography of a Pig. Sci Rep. Nature Publishing Group. 7(1), 4807, http://

www.nature.com/articles/s41598-017-05101-w. Accessed July 11 2018 (2017).
 28. Pfeiffer, F., Kottler, C., Bunk, O. & David, C. Hard X-ray phase tomography with low-brilliance sources. Phys. Rev. Lett. 98(10) 

(2007).
 29. Connor, D. M., Cole, E. B., Zhong, Z., Parham, C. A. & Pisano, E. D. Preliminary performance measurements from a second 

generation diffraction enhanced imaging system. Proc SPIE. 83134G-83134G–8, http://link.aip.org/link/?PSISDG/8313/83134G/1. 
Accessed March 14 2012.

 30. Olivo, A. & Speller, R. Modelling of a novel X-ray phase contrast imaging technique based on coded apertures. Phys. Med. Biol. 
52(22), 6555–6573 (2007).

 31. Berujon, S. & Ziegler, E. Near-field speckle-scanning-based x-ray tomography. Phys Rev A. American Physical Society. 95(6), 
063822, https://doi.org/10.1103/PhysRevA.95.063822. Accessed January 24 2018 (2017).

 32. Paganin, D., Labriet, H., Brun, E. & Berujon, S. Single-Image Geometric-Flow X-Ray Speckle Tracking. Arxiv2 (2018).
 33. Tapfer, A. et al. Experimental results from a preclinical X-ray phase-contrast CT scanner. Proc. Natl. Acad. Sci. U S A. National 

Academy of Sciences. 109(39), 15691–15696, http://www.ncbi.nlm.nih.gov/pubmed/23019354. Accessed January 22 2018 (2012).
 34. Willer, K. et al. X-ray dark-field imaging of the human lung—A feasibility study on a deceased body. Nolan, A. editor. PLoS One. 

Public Library of Science. 13(9), e0204565, https://doi.org/10.1371/journal.pone.0204565. Accessed October 24 2019 (2018).

Acknowledgements
This work was carried out with the support of ANRT and CIFRE collaboration. The authors acknowledge 
the ESRF for granting the beam time (MD1097) and the CHU Grenoble-Alpes radiology and rheumatology 
departments for time slots on the conventional modalities and for the time spent studying our images. Part of 
this study was financed by Labex PRIMES. The authors have no conflict of interest related to this study. Grenoble 
MRI facility IRMaGe was partly funded by the French program “Investissement d’Avenir” run by the ‘Agence 
Nationale pour la Recherche’; grant ‘Infrastructure d’avenir en Biologie Santé’ - ANR-11-INBS-0006. The authors 
acknowledge Michel Dojat for interesting scientific discussions and Ludovic Broche for helping in the data 
management.

Author contributions
The conception and design of the study was done by Hélène. Rougé-Labriet, Sébastien Berujon, Philippe Gaudin 
and Emmanuel Brun. Hélène Rougé-Labriet, Sébastien Berujon, Hervé Matthieu, Jean Noel Ravey, Yohann. 
Robert and Emmanuel Brun participated to the data acquisition. The data analysis was performed by Hélène 
Rougé-Labriet, and Emmanuel Brun. All authors participated to the data interpretation. Hélène Rougé-Labriet, 
Sébastien Berujon, Sylvain Bohic, Barbara Fayard and Emmanuel Brun drafted the manuscript. All the authors 
critically reviewed and approved the final manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58168-3.
Correspondence and requests for materials should be addressed to E.B.
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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58168-3
https://doi.org/10.1038/ncomms4797
http://www.nature.com/articles/s41598-017-05101-w
http://www.nature.com/articles/s41598-017-05101-w
http://link.aip.org/link/?PSISDG/8313/83134G/1
https://doi.org/10.1103/PhysRevA.95.063822
http://www.ncbi.nlm.nih.gov/pubmed/23019354
https://doi.org/10.1371/journal.pone.0204565
https://doi.org/10.1038/s41598-020-58168-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	X-ray Phase Contrast osteo-articular imaging: a pilot study on cadaveric human hands
	Methods
	Samples preparation. 
	X-ray phase contrast imaging. 
	Conventional modalities. 
	Image quality evaluation. 
	Medical interpretation. 

	Results
	Soft tissues and bone visualization. 
	Comparison with conventional modalities. 
	New accessible joint quality metrics. 
	Medical interpretation. 

	Discussion and Conclusion
	Acknowledgements
	Figure 1 PCI-CT for chondrocalcinosis detection: (a) PCI-CT coronal slice from the severe chondrocalcinosis hand case.
	Figure 2 PCI-CT slices of a human hand and wrist.
	Figure 3 PCI-CT and conventional imaging modalities applied to the same hand area.
	Figure 4 Evaluation of the image quality ranked by radiologists and rheumatologists for the different tissues.
	Figure 5 Bone and cartilage quality evaluation: (a) Bone quality of an ulna and radius bone: false color representations of the local thickness.
	Table 1 Signal to noise ratios and contrast to noise ratios measured in different regions of interest.




