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Elastic fiber alterations 
and calcifications in calcific uremic 
arteriolopathy
Hester Colboc 1*, Philippe Moguelet 2, Dominique Bazin 3, Emmanuel Letavernier 4, 
Chenyu Sun 5, Anatole Chessel 5, Priscille Carvalho 6, Catherine Lok 7, Anne‑Sophie Dillies 8, 
Guillaume Chaby 7, Hervé Maillard 9, Diane Kottler 10, Elisa Goujon 11, Christine Jurus 12, 
Marine Panaye 12, Ellie Tang 4, Philippe Courville 13, Antoine Boury 3, Jean‑Benoit Monfort 14, 
François Chasset 15, Patricia Senet 14 & Marie‑Claire Schanne‑Klein 5

Calcific uremic arteriolopathy (CUA) is a severely morbid disease, affecting mostly dialyzed end-stage 
renal disease (ESRD) patients, associated with calcium deposits in the skin. Calcifications have been 
identified in ESRD patients without CUA, indicating that their presence is not specific to the disease. 
The objective of this retrospective multicenter study was to compare elastic fiber structure and skin 
calcifications in ESRD patients with CUA to those without CUA using innovative structural techniques. 
Fourteen ESRD patients with CUA were compared to 12 ESRD patients without CUA. Analyses of 
elastic fiber structure and skin calcifications using multiphoton microscopy followed by machine-
learning analysis and field-emission scanning electron microscopy coupled with energy dispersive 
X-ray were performed. Elastic fibers specifically appeared fragmented in CUA. Quantitative analyses 
of multiphoton images showed that they were significantly straighter in ESRD patients with CUA than 
without CUA. Interstitial and vascular calcifications were observed in both groups of ESRD patients, 
but vascular calcifications specifically appeared massive and circumferential in CUA. Unlike interstitial 
calcifications, massive circumferential vascular calcifications and elastic fibers straightening appeared 
specific to CUA. The origins of such specific elastic fiber’s alteration are still to be explored and may 
involve relationships with ischemic vascular or inflammatory processes.

Uremic calciphylaxis, also called calcific uremic arteriolopathy (CUA), is a rare and severely morbid condition 
that predominantly affects dialyzed end-stage renal disease (ESRD) patients1. Characteristic histologic features 
of CUA include vascular calcifications, subcutaneous adipose tissue and dermis micro-vessel thrombosis, often 
accompanied by extravascular calcifications2. Various risk factors of CUA have been identified, including female 
sex, diabetes mellitus, higher body mass index, vitamin K antagonist treatments and elevated serum calcium, 
phosphorus, and parathyroid hormone levels3.

Increased serum calcium-phosphate product is a common complication of ESRD and leads to tissular 
calcifications4. Multiple studies have reported both vascular and interstitial skin calcifications in ESRD patients 
without CUA, showing that their presence is not specific to the disease and that other phenomena are involved 
in its pathogenesis5–7.
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We previously reported that CUA calcifications are composed of pure calcium–phosphate apatite, always cir-
cumferential in small to medium-sized vessels, with interstitial deposits in most cases8. Despite well-characterized 
clinical, histological and ultra-structural descriptions of CUA, its precise pathogenic mechanism remains unclear. 
Skin calcifications are also observed in many other skin diseases, including inflammatory, genetic or infectious 
diseases9. Remarkably, they are not always associated with abnormal calcium and phosphorus levels but often 
occur following an inflammatory process, suggesting a link between inflammation and calcification10. This 
association has been largely demonstrated in cardio-vascular diseases, leading to calcification of nucleation sites 
within vascular elastic fibers11, 12. Some authors therefore suspected that, in CUA pathogenesis, inflammation may 
cause specific alterations of dermal and vascular elastic fibers through the action of matrix metalloproteinase, 
leading to the creation of mineralization nucleation sites13, 14. Exploring these structural alterations could help 
understand CUA pathogenesis and find appropriate therapeutic approaches.

The aim of this study was to compare elastic fiber structure and skin calcifications in ESRD patients with CUA 
(ESRD + CUA) to those without CUA (ESRD) using innovative methods.

Materials and methods
Case selection and histopathological analyses.  This retrospective case–control study included 14 
adults diagnosed with CUA from a previous study, confirmed according to Hayashi’s criteria, seen in six French 
hospitals between January 2006 and January 20178, 15. Local diagnoses done at each hospital were blindly con-
firmed by a central dermatopathologist who reviewed all samples. For comparison, clinical, biological and histo-
logical data of 12 ESRD patients’ without CUA were also analyzed. These controls underwent skin resection for 
benign or malignant skin tumors (negative margins were then analyzed) or skin biopsy for non-CUA inflamma-
tory lesions. Except for two controls, for which skin samples were collected from the trunk, both ESRD + CUA 
and ESRD samples were collected from the lower limb.

For each sample, 4-µm–thick sections of paraffin-embedded skin biopsies were stained with haematoxy-
lin–eosin–saffron (HES), Orcein, and Yasue, allowing visualization of elastin and calcifications.

Multiphoton microscopy.  Multiphoton microscopy provides simultaneous mapping of a variety of tissue 
components by combining various modes of contrast16–24. Intrinsic fluorescent components, including elastic 
fibers, can be visualized in the fluorescence channel, while fibrillar collagen is specifically visualized using Sec-
ond Harmonic Generation (SHG) without any staining.

Seven-µm–thick sections of paraffin-embedded skin biopsies were deposited on glass slides and directly 
imaged without any staining using a custom-built upright multiphoton microscope, with 860 nm circularly-
polarized laser excitation and high numerical aperture (1.05) 25 × water-immersion objective lens (XLPLN-MP, 
Olympus)18. SHG and fluorescence were detected in 2 different channels using appropriate spectral filters as 
previously described18. Series of images were recorded from the epidermis to the hypodermis using a motor-
ized stage and stitched together to get a complete mapping of the skin structure. Endogenous fluorescence was 
obtained from various skin components including elastin fibers and calcifications16–24.

Quantitative analysis of elastic fibers.  Quantitative comparison of elastic fiber structure in ESRD + CUA 
cases versus ESRD was performed on multiphoton images using the open-source machine-learning software 
Ilastik25. Elastic fibers were segmented in 2–5 images of 510 × 510 µm2 acquired in the mid-dermis for each sam-
ple, resulting in 975 ± 510 segmented fibers per sample. The smallest elastin fibers were discarded from further 
analysis because they correspond mainly to fibers whose orientation is almost perpendicular to the section plane 
or that are highly curved and therefore appear small in the 2D section despite their true size. This resulted in 
513 ± 302 fibers per sample when keeping only fibers with total area larger than 100 pixels, i.e., 17.6 µm2. Such 
automated segmentation of elastin fibers was successfully obtained only for subgroups of 7/14 ESRD + CUA and 
8/12 ESRD samples. The other samples could not be segmented automatically because they showed a low con-
trast, presumably because of different fixation durations or methods. This low contrast resulted in an increased 
background noise in the multiphoton images and impeded any automatic segmentation.

Two structural parameters were calculated for each segmented fiber using the “Regionprops” function in 
MATLAB: the major axis length and the eccentricity of the ellipse fitting the elastic fiber. The eccentricity is 
defined as the ratio of the distance between the center and each focus of the ellipse to the half-length of the 
major axis; it is 0 for a circle and tends towards 1 for a flat ellipse. The major axis length measures the length of 
the fibers in the 2D section, which may be smaller than the real length in the 3D tissue. This limitation does not 
apply to the eccentricity as it is a ratiometric measure.

Field‑emission scanning electron microscopy coupled with energy dispersive X‑ray.  These 
techniques provide the ultrastructural characteristics of skin tissue, including elastic fibers and calcifications, 
as well as the subcellular location of the latter at the micrometer scale25. Supplementary 4-µm-thick sections 
of paraffin-embedded skin biopsies were deposited on low-e microscope slides (MirrIR, Kevley Technologies, 
U.S.A.) for field-emission scanning electron microscopy (FE-SEM) and energy dispersive X-ray (EDX) (Zeiss 
SUPRA55-VP, Oberkochen, Germany). As previously described, high-resolution images were obtained by two 
secondary electron detectors: an in-lens SE detector and an Everhart Thornley SE detector26. In some samples, 
EDX was also used to confirm the calcic nature of the sub-micrometric deposits. Measurements were taken at 
low voltage (1–2 kV) without the usual carbon coating of the sample surface.

Statistical analyses.  Statistical analysis was performed on clinical, biological and structural parameters 
to compare ESRD + CUA to ESRD patients using Prism (Graphpad). Data were expressed as median [range] or 
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number (percentage). Chi-2 test with Yates’ correction was used to compare qualitative variables. Mann–Whit-
ney test was used to compare quantitative variables. Multiple t-tests based on the Holm-Sidak method were used 
for elastin fiber structural parameters, resulting in an adjusted p-value.

Ethical approval.  This study was performed in compliance with Good Clinical Practices and the Declara-
tion of Helsinki, and in accordance with French law. Formal Ethics Committee approval of the study protocol 
was obtained (no. NCT05112744). The patients in this manuscript have given written informed consent to par-
ticipate in the study.

Informed consent.  The patients in this manuscript have given written informed consent to participate in 
the study. The study was conducted ethically in accordance with the World Medical Association Declaration of 
Helsinki.

Results
Clinical and biological findings.  Fourteen ESRD + CUA were compared to twelve ESRD patients. As sum-
marized in the Table 1, ESRD + CUA and ESRD patients had comparable demographic, comorbidities and bio-
logical data except for corrected serum calcium levels, which were statistically higher in ESRD + CUA patients 
(2.59 mmol/L−1 versus 2.36 mmol/L−1, p = 0.031)27. CUA was mostly distal (11 patients, 79%), presenting as skin 
necrosis (10 patients, 71%) or ulceration (8 patients, 57%), livedo reticularis (7 patients, 50%), indurated plaques 
(6 patients, 43%) or nodular lesions (3 patients, 21%). ESRD patients underwent skin resection for skin tumors 
in 7 cases and skin biopsy for non CUA inflammatory lesions in 5 cases: 2 pigmented purpuric dermatosis, 2 
inflammatory nodular lesions (histological examination revealed calcinosis cutis) and one violaceous nodular 
lesions (histological examination revealed adiponecrosis).

Analysis of elastic fibers’ structure.  Multiphoton microscopy allowed a global analysis of the samples 
(Fig. 1A,B) by recording simultaneously the endogenous fluorescence of elastic fibers and skin calcifications 
and the SHG of fibrillar collagen in the same unstained sections. Calcifications were identified within the vessel 
walls (Fig. 1D) and in some cases along adipocyte membrane which then appeared fragmented (Fig. 1F). Sweat 
glands were also visualized by their intrinsic fluorescence (Fig. 1E). CUA elastic fibers often appeared straight 
and somewhat fragmented, (Fig.  1C). Orcein staining consistently showed the same pattern of elastin fibers 

Table 1.   Baseline clinical, biological and histological characteristics of ESDR + CUA and ESDR patients. 
Values are expressed as n (%) or median [interquartile range]. CUA, calcific uremic arteriolopathy.

Characteristic ESDR + CUA (n = 14) ESDR (n = 12) p value

Demographic

Female/male ratio 2.5 1.4 0.77

Age at diagnosis, years 67 [56–79] 65 [45–70] 0.22

Co-morbidity

Dialysis 10 (71%) 12 (100%) 0.15

Dialysis-to-skin biopsy interval (months) 15 [4–23] 21 [6–45] 0.32

Diabetes 9 (64%) 4 (33%) 0.24

Hypertension 14 (100%) 8 (67%) 0.071

Body mass index > 30 kg/m−2 5 (36%) 4 (33%) 0.77

Vitamin K antagonists 4 (29%) 3 (25%) 0.81

Biological

Serum calcium, mmol/L−1 2.25 [2.12–2.48] 2.17 [2.02–2.36] 0.39

Corrected serum calcium, mmol/L 2.59 [2.41–2.91] 2.36 [2.29–2.55] 0.031

Serum phosphate, mmol/L−1 2.13 [1.15–2.73] 2.06 [1.43–2.70] 0.59

Calcium x phosphate, mmol−2/L−2 4.98 [2.68–6.11] 4.51 [3.12–5.99] 0.98

Calcium × phosphate > 4.5 mmol−2/L−2 8 (57%) 6 (50%) 0.98

Serum albumin, g/L−1 28.5 [23.4–31.8] 31.8 [29.1–33.1] 0.083

Interstitial calcification

Adipocytes’ membrane 13 (93%) 2 (17%) 0.0007

Dermic elastic fibers 11 (79%) 3 (25%) 0.019

Sweat glands’ basal lamina 5 (36%) 7 (58%) 0.55

Vascular calcifications

Voluminous and circumferential 14 (100%) 0  < 0.0001

Small-sized vessels 14 (100%) 6 (50%) 0.011

Medium-sized vessels 6 (43%) 4 (33%) 0.93

Thrombosis 3 (21%) 0 0.28
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(Supplementary Fig. S1). This pathological aspect was clearly observed only in a subset of the ESRD + CUA sam-
ples (7 of 14 samples) but in none of the ESRD. No association could be made between clinical and biological 
parameters—such as severity of clinical symptoms, delayed biopsy or higher Calcium × Phosphate product—and 
this aspect of straight and fragmented elastic fibers. Nevertheless, an association might exist, that couldn’t be 
identified due to the relatively small quantity of cases in these 2 subgroups.

Automatic segmentation of elastic fibers was performed using Ilastik software in a subgroup of samples (7/14 
ESRD + CUA and 8/12 ESRD) with well-contrasted multiphoton images (Fig. 2A,B,C,D)25. Quantitative analy-
sis in Matlab then showed that the eccentricity of the elastic fibers was statistically higher in the ESRD + CUA 
(0.92 on average for all 7 ESRD + CUA, including samples exhibiting not clearly straight fibers) than in the 8 
ESRD (0.88 on average, adjusted p-value: p = 0.044), meaning that elastic fibers were significantly straighter in 
ESRD + CUA than in ESRD (Fig. 2E). Comparison of the major dimension of the fibers (major axis length of the 
ellipse encompassing the fiber) showed no significant difference.

Analysis of skin calcifications.  Regarding vascular calcifications, consistently with what we have pre-
viously described, all ESRD + CUA samples showed massive circumferential vascular calcifications, associated 
with thrombosis in 3 (21%) patients (Table 1)8. Vascular calcifications were also observed in 6 (50%) ESRD 
without CUA, although they appeared slightly different, with location in the internal elastic lamina and media 
(i.e. Monckeberg medial calcinosis) and were not associated with thrombosis (Fig. 3A,B). Furthermore, there 
was significantly more small-sized vessels calcifications in ESRD + CUA patients than in ESRD (14 versus 6, 
p = 0.011).

Figure 1.   Multiphoton microscopy of unstained skin sections. (A) Full slice imaging of a skin biopsy of ESRD 
patient. (B) Full slice imaging of a ESRD + CUA skin biopsy showing straight and fragmented elastic fibers. (C) 
Collagen fibers (Co, in green), and straight and fragmented elastic fibers (Ef, in red) in ESRD + CUA dermis. 
(D) Medium-sized vessel (Ve) with circumferential vascular calcifications in ESRD + CUA dermis. (E) Sweat 
glands (Sg) in dermis of ESRD patient. (F) Calcifications (Ca) of an adipocyte (Ad)’s membrane in ESRD + CUA 
hypodermis. All the images are obtained by merging fluorescence (in red) and SHG (in green) images recorded 
simultaneously in two detection channels. Elastic fibers, calcifications, sweat glands and adipocytes membrane 
are visualized through their intrinsic fluorescence, fibrillar collagen is visualized by SHG.



5

Vol.:(0123456789)

Scientific Reports |        (2023) 13:15519  | https://doi.org/10.1038/s41598-023-42492-5

www.nature.com/scientificreports/

The presence and location of interstitial calcifications were not specific to CUA: they were identified in der-
mal elastic fibers (Fig. 3D,E), on adipocyte membranes (Fig. 4A,B), and in the basal lamina of the sweat glands 
(Fig. 4D,E). However, there was significantly more calcifications of the dermal elastic fibers (11 versus 3, p = 0.019) 
and of the adipocyte membranes (13 versus 2, p = 0.0007) in ESRD + CUA than in ESRD (Table 1). Furthermore, 
as observed in vascular calcifications, interstitial calcifications were globally larger in ESRD + CUA than in ESRD.

Ultrastructural analysis.  The ultrastructure of the vascular and interstitial calcifications was similar in 
ESRD + CUA and ESRD: they consisted of small calcic spherules of 500 nm to 1 µm, which were identified on adi-
pocyte membranes and within the basal lamina of the sweat glands (Figs. 3C, 4C,F and supplementary Fig. S2). 
However, the micrometric structural organization of these spherules was completely different in ESRD + CUA 
and ESRD vessels: they were regrouped into large plaques in ESRD + CUA but only coalescent without plaque 
formation in ESRD vessels (Fig. 3C and supplementary Fig. S2).

FE-SEM coupled with EDX also showed that fragmented straight elastic fibers were covered with smaller 
spherical entities of 300 to 500 nm, composed of Phosphorus and Calcium (Fig. 3F and supplementary Fig. S2).

Discussion/conclusion
In this study, we identified alterations of elastic fibers and aspects of skin calcifications that are specific to CUA. 
We demonstrated that elastic fibers were straighter in ESRD + CUA than in ESRD, which has not been reported 
before. Furthermore, we confirmed that large vascular circumferential calcifications were highly specific to CUA 
patients and preferentially located in small-sized vessels8.

These results suggest that CUA may occur as a consequence of the association of phosphocalcic disorders and 
specific alterations of elastic fibers, making the latter prone to calcify. A specific trigger may occur in ESRD + CUA 
patients, leading to the straightening of the elastic fibers and to large calcifications, in contrast with limited calci-
fications in ESRD patients, despite comparable risk factors for CUA. This potential trigger is still to be explored, 
specifically its link with inflammation12, 13. Further studies including more patients would also be interesting in 
order to explore the link between the clinical findings and the structural aspect of the elastic fibers.

A previous study has shown that in vitro, fragmentation of the elastic fibers promotes their calcification28. 
Interestingly, in our study, although elastic fibers appeared fragmented on 7 ESRD + CUA, we did not iden-
tify fragmentation from a quantitative approach, as the axis length of the elastic fibers was comparable in 
ESRD + CUA and ESRD. This may result from the low sensitivity in the measurement of a 3D parameter from 
a 2D section (see Methods).

The chronological link between the straightening of the elastic fibers and the occurrence of calcifications is 
still to be determined. Indeed, we cannot exclude that straightening of the elastic fibers may be the consequence 
of former calcifications of the surface of the elastic fibers. However, among the 7 ESRD + CUA with straight 
elastic fibers, only 3 had dermal calcifications. Furthermore, 3 ESRD also had dermal calcifications, but none 
of them had straight elastic fibers. Taken together, these results suggest that straight elastic fibers may not be a 
consequence of their calcifications but possibly the initial phenomenon, later promoting calcification.
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Figure 2.   Quantitative analysis of elastic fiber structure based on their intrinsic fluorescence visualized using 
multiphoton microscopy. (A) Mid-dermis of a ESRD biopsy, showing normal elastic fibers. (B) Mid-dermis of 
a ESRD + CUA biopsy, showing straight and fragmented elastic fibers (arrow heads). (C) Segmentation of the 
elastic fibers of panel (A). (D) Segmentation of the elastic fibers of panel (B). (E) Comparison of the eccentricity 
of the elastic fibers between ESRD + CUA and ESRD (p = 0.044).
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Figure 3.   Optical microscopy of Yasue-stained sections (A,B,D,E) and FE-SEM (C,F) characterization of 
vessels and mid-dermis. (A) ESRD sample showing calcifications restricted to the internal elastic lamina 
of a small-sized vessel in the dermis. (B) ESRD + CUA sample showing voluminous and circumferential 
calcifications of a medium-sized vessel in the dermis. (C) FE-SEM of a small-sized vessel extensively calcified 
from a ESRD + CUA sample. Arrowhead: micrometric calcified spherules near calcified plaques. (D) ESRD 
sample and (E) ESRD + CUA sample showing calcification of mid-dermis elastic fibers. (F) FE-SEM of a 
fragmented elastic fiber from a ESRD + CUA sample. Arrowhead: nanometric calcified spherules, covering the 
surface of the elastic fibers.

Figure 4.   Optical microscopy of Yasue-stained sections (A,B,D,E) and FE-SEM (C,F) characterization of 
adipocytes and sweat glands. (A) ESRD sample and (B) ESRD + CUA sample showing calcification of adipocyte 
membranes. (C) FE-SEM of micrometric calcified spherules along the adipocyte membranes (arrowhead) in 
ESRD + CUA sample. (D) ESRD sample and (E) ESRD + CUA sample showing calcifications of sweat glands 
basal lamina. (F) FE-SEM of sweat glands basal lamina with micrometric calcified spherule (arrowhead) in 
ESRD + CUA sample.
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The review performed by Bahrani et al. also highlights the fact that very few studies focus on interstitial tis-
sue modification and rather analyze skin calcifications29. Some groups identified—in small case series or in case 
reports—curled, frayed, calcified and basophilic elastic fibers located in the septa of the subcutaneous fat and 
described these as pseudoxanthoma elasticum-like changes30–32. However, only 5 cases of CUA were analyzed 
in this case series, without any control group, and the study was only qualitative. This might explain why our 
results are different, as we found straighter elastic fibers in ESRD + CUA than in ESRD. Furthermore, we cannot 
exclude that different types of elastic fiber alterations could lead to their calcifications.

Our study showed that calcifications in CUA occurred mainly within skin structures rich in elastin: vessel 
walls, dermis and basal lamina of sweat glands33. Bahrani et al. showed, using classic optical microscopy, that 
calcifications of subcutaneous small vessels, thrombosis and perieccrine calcifications are more specific to CUA​
29. Our results are consistent with those of Bahrani’s review, except that we did not observe a significant difference 
in sweat glands basal membrane calcifications in ESRD + CUA compared to ESRD.

Using FE-SEM coupled to EDX, we were also able to characterize the ultra-structure of the elastic fibers and 
calcifications and confirmed the existence of nanometric calcified spherules in both ESRD + CUA and ESRD, 
which were not visible using optical microscopy because of their size. Such nanometric calcifications are likely 
to represent the very early stages of the calcification process and are therefore very interesting to characterize 
in order to provide, hopefully in a near future, new therapeutic tools. Identification of such small deposits also 
questions the limits associated with the different techniques used here. We indeed cannot exclude that even FE-
SEM failed to identify nanometric-calcified spherules and that they were present in more ESRD partients than we 
described. This hypothesis strengthens our results regarding the elastic fibers structural alterations, highlighting 
once again the pathological specificity of this feature and the non-specificity of some of the skin calcifications. 
However, although location and ultra-structural aspect of the calcifications were similar in ESRD + CUA and 
in ESRD, their micrometric organization was different. In ESRD + CUA, multiples spherules regrouped into 
large calcified plaques—as previously described in other dystrophic skin calcifications –, while coalescence 
of calcified spherules was observed in ESRD patients but did not lead to the formation of such large calcified 
plaques34. This difference might be explained by a greater quantity of both interstitial and vascular calcifications 
in ESRD + CUA than in ESRD.

As many clinical and biological parameters were comparable in both groups, including serum phosphate and 
calcium phosphate products, the presence of large calcifications in CUA cases cannot exclusively be explained by 
systemic mechanisms and local parameters should be taken into consideration, such as elevated local concen-
tration of organic supports—phospholipid or DNA –, favoring calcic nucleation35–37. Quite interestingly, CUA 
cases were more likely to present small-sized vessels calcification and adipocyte membrane calcifications. We can 
hypothesize that calcifications of small sized vessels of the hypodermis may lead to more frequent adiponecrosis 
in ESRD + CUA than in ESRD, in turn resulting in local elevation of phospholipid concentration and increased 
peri-adipocyte membrane calcifications. This hypothesis is consistent with previous studies, suggesting that 
CUA-specific calcifications are primarily located into subcutaneous fat38, 39. Further analysis using Raman and 
nano-infrared spectroscopy might provide a better understanding of the molecular environment in which these 
large calcifications are formed40.

Our innovative results were obtained using complementary techniques: histology, multiphoton microscopy, 
FE-SEM, and EDX. Multiphoton microscopy has been used previously in other skin diseases in which elastic 
fibers are altered including pseudoxanthoma elasticum and solar elastosis but not in CUA​17, 20, 21, 23, 41, 42. This 
technique advantageously provides simultaneous visualization of all major components of the skin, including 
collagen and elastic fibers, calcifications, sweat glands and adipocyte membranes. Our automated segmenta-
tion approach provides a robust and unbiased (blinded) means to analyze the alterations of the elastic fibers in 
ESRD + CUA compared to ESRD and may be generalized to other diseases in which elastic fibers are altered. 
Such an automated segmentation is implemented in a straightforward way in grey-level images with sufficient 
contrast obtained by multiphoton microscopy, but it may be generalized to colored histological images from 
orcein-stained sections and enable quantification of elastic fibers using classical optical microscopy. It may also 
be generalized to 3D multiphoton images in thick unstained samples and enable robust and accurate measure-
ments of the length of elastic fibers.

In conclusion, our histological, multiphoton microscopy, FE-SEM, and EDX analyses provide a better under-
standing of the pathogenesis of CUA. We identified specific alterations of elastic fiber structure as well as volu-
minous and circumferential vascular calcifications in ESRD + CUA, not observed in ESRD. Although diffused 
calcifications were observed in both groups, they appeared much larger in ESRD + CUA than in ESRD. Further-
more, dermal elastic fibers, adipocyte membranes, and small-sized vessels were significantly more calcified in 
ESRD + CUA than in ESRD. Further studies, analyzing the potential presence of organic supports promoting 
calcifications should be performed to provide a better understanding of this multifactorial pathology.

Data availability
Data supporting the findings of this study are available from the corresponding author on reasonable request.
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