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Abstract

The accumulation of calcified material in cardiovascular tissue is thought to involve cytochemical, 

extracellular matrix and systemic signals, however, its precise composition and nano-scale 

architecture remain largely unexplored. Using nano-analytical electron microscopy techniques, we 

examined valves, aortas, and coronary arteries from patients with and without calcific 

cardiovascular disease and detected spherical calcium phosphate particles, regardless of the 

presence of calcific lesions. While tissue marked by calcific lesions immunogold labelled for the 

bone-specific protein osteocalcin, tissue on which particles alone were present only expressed 

early osteoblastic transcription factors, suggesting that the localization of spherical particles may 

precede the appearance of mature osteoblasts and calcific lesions. We also examined lesions after 

sectioning with a focused ion beam and found that spherical particles are composed of highly 

crystalline hydroxyapatite which crystallographically and structurally differed from bone mineral. 

Taken together, these data suggest that mineralized spherical particles may play a fundamental role 

in calcific lesion formation. Their ubiquitous presence in varied cardiovascular tissues and from 

patients with a spectrum of diseases, further suggests that lesion formation may follow a common 

process. Indeed, applying materials science techniques to ectopic and orthotopic calcification has 

great potential to lend critical insights into pathophysiological processes underlying calcific 

cardiovascular disease.
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Calcification in the cardiovascular system is a widespread phenomenon involved in several 

diseases that taken together contribute to 17 million deaths per year1. Calcific aortic valve 

disease (CAVD) is present in 26% of the population over the age of 65 and up to 50% of 

those over 852,3, and remains the most common cause of valve stenosis, which can lead to 

heart failure4,5. Calcific lesions can also be found in the mitral valve, often resulting from 

rheumatic fever (which remains prevalent in children in developing countries6), and in 

coronary and other arteries. Indeed, atherosclerotic plaques containing calcific lesions are 

reported in more than 65% of the population over the age of 407. Currently there is no 

treatment to reverse cardiovascular calcification associated with arteriosclerosis8, but 

incompetent calcified valves can be surgically replaced with mechanical or bioprosthetic 

implants. Valve replacement procedures account for 22% of all cardiac surgeries, and among 

these AV procedures are by far the most common6. Such surgeries, however, carry an 

operative mortality in the range of 3%9,10 and only alleviate symptoms of the end-stage 

disease.

Calcific lesions are thought to form from cardiovascular cells (such as vascular smooth 

muscle cells11 and valve interstitial cells) that transdifferentiate into osteoblast-like cells, 

and subsequently produce bone8,11,12. Indeed, the inorganic component of calcific lesions 

has an elemental composition similar to bone mineral13,14, and calcific lesions contain cells 

that express osteoblast-specific genes and form bone-specific proteins2,15. However, 

although end-stage calcific disease is marked by the accumulation of calcium phosphate 

mineral, only limited analyses have been carried out to characterize this material, and more 

importantly, very little is known about the processes that mediate its formation. Therefore, a 

more robust understanding of the early events that precede macroscopic calcific lesion 

formation and the material that forms as a result may lend insight into the aetiology of 

calcific cardiovascular disease and allow for the development of effective therapies to 

prevent or reverse it.

The application of materials science techniques to models of developing bone has provided 

remarkable insight into bone’s composition and hierarchical architecture16 in addition to 

elucidating the physiochemical and cell-mediated processes that mediate its formation17,18. 

Nevertheless, similar analyses have not been applied to cardiovascular calcific lesions, 

despite their superficial similarity to bone. Therefore, by adopting a materials science 

approach, we analyzed the material comprising calcific lesions in cardiovascular tissues 

from more than 60 patients. Combining scanning electron microscopy with energy-

dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy (TEM) with 

EDS, and selected area electron diffraction (SAED) of regions sampled using a focused ion 

beam (FIB), we first investigated 32 AV from normal patients and patients at different stages 

of CAVD (Supplementary Table 1).

We first examined AV with SEM to visualize the topographical characteristics of the tissue. 

The surfaces of normal AV did not contain macroscopically observable calcific lesions and 

the tissue appeared smooth (Supplementary Fig. 1). Density-dependent colour SEM (DDC-

SEM) micrographs further revealed relatively uniform surface densities (Fig. 1a/b), and 

elemental analysis by EDS established that the material was entirely organic (Supplementary 

Fig. 2). Conversely, micrographs of AV presenting macroscopic calcific lesions revealed 
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dense structures in three distinct forms – as spherical particles, fibers and compact material 

(Fig. 1c/d, e and f, respectively, and Supplementary Fig. 3 for a visual depiction of image 

processing techniques). EDS of all three dense structures revealed calcium and phosphorus, 

with small amounts of magnesium and carbon (Fig. 2), which is similar to the elemental 

composition of bone19.

Mineralized tissue identified histologically as lamellar bone20 and notable for the presence 

of bone-specific proteins and the expression of osteoblast-specific genes2,21, has been 

previously identified in AV calcific lesions15,20. However, while calcified fibers and 

compact material resemble microstructures in bone18,22, the calcium- and phosphorus-

containing spherical particles which we observed here (ranging in size from 100 nm to 5 µm, 

mean 0.82 ± 0.67 μm, n=763), have not been previously described in bone or meticulously 

examined in AV.

That is, although spherical particles are apparent in EM images of atherosclerotic tissue 

examined by Mohr & Görz 23,24, among others13,14,25–28, they have never been 

extensively scrutinized. Matrix vesicles, which are known to play important roles in both 

bone29,30 and cardiovascular calcification29,31 share some superficial characteristics with 

the spherical particles, however, in accordance with others’ observations23,24, when we 

conducted identical analyses on human bone, we failed to identify comparable structures 

(Supplementary Fig. 4a).

In AV, however, we observed spherical particles associated with 100% of the calcific lesions 

we examined (Fig. 3e/f) and between 83% and 100% of the non-calcified tissue areas in 

which calcific lesions were present in other areas of the AV (Fig. 3c/d). We also detected 

these particles in 80% of non-calcified AV tissue from patients that presented calcific lesions 

in another part of the cardiovascular system (Fig. 3b). Analysis of particle size showed a 

trend for increasing particle diameter with increasing disease severity (Supplementary Fig. 

5). Surprisingly, we also identified the same particles on 46% of AV in which the 

cardiovascular system was apparently entirely free from calcific lesions (Fig. 3a). 

Conversely, both the calcium- and phosphorous-containing dense fibers and compact 

material were only observed within lesions (Fig. 3e/f) and never on adjacent soft tissue or 

other non-calcified areas. When we observed either structure, we invariably found them in 

association with the spherical particles (Fig. 1e/f). Taken together, these observations 

suggest that mineralized spherical particles are a fundamental feature of AV calcification. 

Their presence at all stages of CAVD, particularly in valves without macroscopic calcific 

lesions, further suggests that spherical particles are the first mineralized structure to form 

and may play a role in disease initiation and/or progression.

To test this hypothesis, we next analyzed tissue harvested from regions near compact 

calcification and compared it to that harvested from tissue on which only mineralized 

spherical particles were present. First, we immunogold labelled tissues for osteocalcin, a 

bone-specific protein and late marker of osteoblast differentiation. Like other investigators8, 

we observed osteocalcin labelling in tissue adjacent to compact calcification, but never in 

tissue in which only mineralized spherical particles were present. Next, we immunogold 

labelled tissue for early osteoblastic transcription factors, DNA binding proteins that 
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regulate expression of other genes involved in osteoblastic differentiation, including Runx2 

and Sp7 (Osterix)32–34. Our analyses show that these markers were strongly expressed in 

cells near spherical particles, however, we failed to indentify these nuclear-localizing 

proteins in the dense, less cellular matrix near compact calcification (Supplementary Fig. 6). 

Taken together, these data suggest that the presence of spherical particles may precede the 

appearance of mature osteoblastic cells and dense mineralized matrix that contains 

osteocalcin. Furthermore, our observation of Runx2 and Sp7 expression in apparently 

healthy tissue but for the presence of particles similarly suggests that either the localization 

of spherical particles may contribute to early osteoblastic transdifferentiation of 

cardiovascular cells, or conversely, that the expression of early osteoblastic markers leads to 

the localization of the particles.

Despite the insights they provided into the structure of calcific lesions, our SEM analyses 

and associated immunogold labelling only afforded a superficial characterization of the 

dense material formed on diseased AV and lent little insight into its precise composition or 

nanoarchitecture. Therefore, we next aimed to examine the internal chemical make-up and 

underlying nano-level organization of calcific lesions. Standard ultramicrotome sectioning of 

calcified materials, however, can disrupt the distribution and organization of mineral, 

obfuscating composition and architecture35,36. Therefore, we devised a method to examine 

internal regions of AV lesions by delicately sectioning them with a FIB and then examined 

them by TEM with EDS and SAED.

When we examined the internal composition of AV calcific lesions, we found that they 

contained spherical particles abundant in calcium and phosphorus with small amounts of 

magnesium not only on leaflet surfaces, but also embedded within lesions (Fig. 4a/b/d). EDS 

mapping demonstrated that particles were either surrounded by an organic matrix or 

embedded within a calcium- and phosphorus-rich material (Fig. 4a/b and Supplementary 

Fig. 7 and 8). The internal structure of individual particles, however, was even more striking. 

Particles were composed of concentric, unfaceted mineral layers with varying electron 

density (Fig. 4c). Interestingly, SAED patterns were typical of highly crystalline 

hydroxyapatite (Fig. 4a/e and Supplementary Fig. 9) and spheres were significantly more 

crystalline than mineral in samples of native bone (as determined by the full-width at half 

maximum (FWHM) of the peaks corresponding to planes 211, 112 and 300 for bone and 

211 for the spherical particles in the SAED spectrum: 6.7 ± 1.0 versus 2.9 ± 0.2 (A.U.; mean 

± s.d.; n = 6; p < 0.05), Supplementary Fig. 4). In contrast, the dense calcium- and 

phosphorus-containing material that often surrounded spheres yielded diffraction patterns 

indicative of poorly crystalline apatite, which was less crystalline than either the spherical 

particles or apatite in mature bone (FWHM could not be measured as the peaks 

corresponding to planes 211, 112 and 300 were not distinct). Bone mineralization takes 

place within and along collagen fibers by nucleation and growth of calcium phosphate 

crystals, forming a poorly crystalline apatite composed of plate-like structures37,38. In 

contrast, the spherical particles we describe here were composed of highly crystalline 

hydroxyapatite, likely formed by the addition of apatite in concentric layers. These 

observations suggest that mineralized spheres are not formed through a previously described 

biomineralization process, but rather by a different mechanism, one that varies from the 

process that forms either bone or the dense compact material that comprises lesions.
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The ubiquitous presence of spherical particles in our AV samples next prompted us to 

question whether other calcification in the cardiovascular system exhibited similar material 

characteristics. Other calcific cardiovascular diseases, such as rheumatic fever and 

arteriosclerosis, however, are often studied independently, as their clinical manifestations 

and the demographics they affect are quite distinct8,15,39. Therefore, we followed our 

analyses of AV with an identical characterization of 17 mitral valves, 14 coronary arteries, 

and 22 aortas from rheumatic fever, CAVD and arteriosclerosis patients (for patient 

information and analyses of calcified structures by disease severity, see Supplementary Table 

2 and Supplementary Fig. 10, respectively). Our nano-analytical electron microscopy 

analyses demonstrated that the calcified material comprising lesions from all tissues had the 

same architecture (Fig. 5a-f and Supplementary Fig. 11), composition and crystallinity (Fig. 

5g and Supplementary Fig. 12) as that observed in AV. As before, TEM images of FIB 

sectioned lesions were notable for highly crystalline, calcium- and phosphorus-rich spherical 

particles that failed to intimately associate with collagen fibrils as mineral crystals do in 

bone (Fig. 5g). Similarly to our previous analyses, again we detected highly crystalline 

hydroxyapatite spherical particles in tissues that did not present macroscopic calcification, 

which suggests that spherical particles are not only the first mineralized structure formed in 

cardiovascular tissues, but also that the formation of calcific lesions among apparently 

disparate diseases may follow a common process.

Collectively, these data form the basis for a new paradigm in cardiovascular calcification. 

Nevertheless, it remains uncertain what role the spherical particles may or may not play in 

mediating lesion formation. Huipin et al.40 and others have demonstrated that both 

subcutaneous41,42 and intramuscular40,43,44 implantation of calcium phosphates drives 

bone formation via the recruitment and/or transdifferentiation of local or circulating cells 

that subsequently adopt a mineralizing phenotype45–47. If a similar mechanism could drive 

the formation of calcific lesions, this might suggest that the localization of mineralized 

spherical particles could initiate a similar process that would then drive the formation of 

compact calcification in a cell-mediated process. Although the mechanism by which the 

presence of calcium phosphate promotes the formation of bone-like material remains 

unclear45,47, there is evidence that valve interstitial cells may participate in such a process 

and could be responsible for lesion formation21,48. Furthermore, recent insights into the 

role of substrate stiffness in stem cell differentiation may likewise explain cell 

transdifferentiation and/or recruitment49, as stiffer matrices (which mineralized spherical 

particles would presumably provide) have been shown to drive mesenchymal stem cells 

towards an osteoblast phenotype50. In short, while recruitment and/or cell 

transdifferentiation may promote the formation of calcific lesions, this does not preclude the 

likelihood that initial calcification events were not mediated by this process and opens the 

possibility that spherical mineralized particles play a role.

Furthermore, our observations here of an identical material in tissues from patients with a 

range of calcific cardiovascular diseases, even when macroscopic calcific lesions were 

absent, may suggest that the formation of calcific lesions follows a common process. These 

observations open the possibility of a unified model for calcification in the cardiovascular 

system that reconciles previous reports of osteoblastic cells and bone-like tissue with our 

evidence that the material comprising lesions is distinct from bone mineral. It also presents 
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the opportunity to consider alternative therapies to prevent or reverse calcific disease. Our 

materials science perspective provides unique guidance in this regard. A direct consequence 

of our ability to analyse FIB-sectioned particles by SAED would suggest that targeting the 

spherical particles themselves for dissolution, for example, would be unsuccessful as poorly 

crystalline, healthy bone mineral would preferentially be affected over the highly crystalline 

spherical particles. Therapies that rather aim to either prevent their formation or adherence 

to cardiovascular tissue may be more successful. Moreover, similar analyses of tissue from 

patients with calcific cardiovascular disease who have undergone various interventions may 

prompt a new understanding of why some therapies may be more effective than others. 

Future studies in experimental animal models may likewise benefit from the application of 

these methods as an additional ‘phenotyping’ to determine if they truly emulate the human 

disease. In short, our materials science insights may have important implications for 

understanding calcific cardiovascular disease and developing therapies to treat or prevent it, 

and highlights the importance of an interdisciplinary approach in medicine.

Methods

Sample preparation

32 human aortic valves (AV) were provided by Old Brompton Hospital-London or by 

Oxford Heart Valve Bank at John Radcliffe Hospital – Oxford, and obtained from either 

patients undergoing AV replacement surgery or were AV that had been rejected for use as 

homografts. Mitral valve, aorta and coronary artery samples were provided by Old 

Brompton Hospital – London, the Heart Valve Bank at the John Radcliffe Hospital – Oxford, 

and Aswan Hospital - Chain of Hope charity mission to Africa (n = 17 mitral valves, n = 14 

coronary arteries and n = 22 aortas). Human femoral head bone samples from patients 

undergoing elective total hip arthroplasty procedures were kindly provided by Mr. Alister 

Hart from Charing Cross Hospital – London. All samples were collected under approved 

ethical guidelines with informed consent that allowed us to anonymously analyse the tissues. 

These ethics precluded further access to patient medical history and pharmacological 

therpies and only provided the data given in Supplementary Tables 1 and 2.

Bone and cardiovascular tissue samples were fixed in a 4% (w/v) formaldehyde (Sigma, 

BioReagent, ≥36.0%) solution in phosphate buffered saline (PBS; Sigma) at room 

temperature for at least 1 day immediately upon receipt. Samples were then dehydrated 

through a graded ethanol (Sigma, ACS reagent 99.5%) series (20, 30, 40, 50 70, 80, 90, 100 

and 100% (v/v)) for one hour in each solution and air dried. Several regions of each dried 

sample were systemically dissected and categorized by disease severity as detailed in the 

legend for Figure 3. Samples from the surface and the interior of each sample were extracted 

using common dissection tools. Following dissection, samples were prepared for SEM/FIB.

Scanning electron microscopy (SEM) analyses and focused ion beam (FIB) preparation

Samples were secured to an aluminium sample holder with carbon tape, and silver paint was 

applied to the area immediately surrounding each sample, which was then coated with 5 nm 

carbon (Quorum Technologies Turbo-Pumped Thermal Evaporators model K975X) and 5 

nm chromium in a sputter coater (Quorum Technologies Sputter Coater model K575X).
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Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) 
analyses

Following the coating procedure, samples were imaged by SEM (Gemini 1525 FEGSEM), 

operated at 10kV. The instrument was equipped with both an inlens detector which recorded 

secondary electrons, and a backscatter electron detector. The density-dependent colour SEM 

images were obtained by imaging a region in inlens mode and subsequently imaging the 

same region in backscatter mode. Using ImageJ software, both images where stacked and 

the inlens image was assigned to the green channel whereas the backscatter image was 

assigned to the red channel (for more details, see Supplementary Fig 3). EDS were obtained 

in the regions of interest using the point and shoot mode, which focuses the beam on the 

selected region and provides a spatial resolution of 3μm.

Focused ion beam (FIB)

Following SEM analysis, samples were transferred to a focused ion beam (FEI FIB200-

SIMS or a SEM/Focused Ion Beam Helios NanoLa 50 series Dual Beam). A region 20 x 2 

μm was coated with a 2 μm thick platinum layer (93pA at 30kV) to protect the sample 

surface from the gallium beam during the milling and polishing process. Two trenches of 20 

x 10 x 10 μm (length x height x depth) were made using currents between 2.8 nA and 21 nA 

parallel to the platinum protective layer creating a section with dimensions of 20 x 2 x 10 

μm. The section was thinned with the beam until it was 1 μm thick using a current between 

93 pA and 2.8 nA. After the rough thinning, the base of the section was cut using a current 

of 2.8 nA. With a micromanipulator needle, the resulting section was then attached to a FIB 

lift-out grid using platinum. The section was then thinned again, until it was approximately 

100 nm thick using beam currents between 28 pA and 2.8 nA. Finally, to clean the surface 

and remove possible artefacts introduced by the milling, the resulting surface was polished 

with a gallium beam operated at 2 kV.

Transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS) and 
selected area electron diffraction (SAED) analyses

Samples extracted and prepared by FIB were imaged in the TEM at 120kV on a JEOL 

2000FX TEM or JEOL 2010 TEM. Elemental maps were obtained by EDS in the TEM 

operating at 200kV (Oxford Instruments INCA EDS 80mm X-Max detector system with 

SemiSTEM capability), which provided a spatial resolution of 50 nm. SAED were obtained 

in the TEM operating at 120kV.

FWHM

The full-width at half maximum (FWHM) of the peak corresponding to planes 211, 112 and 

300 for bone and 211 for the spherical particles in the SAED spectra was determined using 

the “Plot Profile” function in ImageJ. The FWHM, which is reported as arbitrary units, was 

measured by quantifying pixels using Origin 6.0. Differences between the FWHM of spectra 

obtained from human bone and spherical particles from AV samples were determined using 

a Mann-Whitney U test. Differences were considered statistically significant when p < 0.05.
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Immunogold labelling

MC3T3-E1 murine pre-osteoblastic cells were obtained from the American Type Culture 

Collection and routinely cultured in Alpha Minimum Essential medium supplemented with 

15% (v/v) fetal bovine serum (both from Invitrogen). Cells were plated at 30,000 cell cm-1 

and cultured for either 24 hours (Runx2 and SP7 staining) or 14 days (osteoclacin staining) 

in osteogenic medium, which contained growth medium supplemented with 50 µg/mL 

ascorbic acid and 10 mM β-glycerosphosphate (both from Sigma). Aortic valve samples and 

cells on tissue culture plastic were fixed in a 4% (w/v) formaldehyde (Sigma, BioReagent, 

≥36.0%) solution in phosphate buffered saline (PBS; Sigma) at room temperature for at least 

1 day immediately upon receipt (tissue) or at least 15 min (cells). Cells were scraped from 

the culture surface with a rubber policeman and pelleted. Samples were then dehydrated 

through a graded ethanol (Sigma, ACS reagent 99.5%) series (20, 30, 40, 50 70, 80, 90, 100, 

100, 100% (v/v)) for one hour (tissue) or 15 min (cells) in each solution. After dehydration, 

samples were infiltrated with Lowicryl Resin (EMS sciences HM20) diluted in ethanol at 

3:1, 2:1, and 1:1 for 3 hours each, and then over night at 1:2. The solution was then replaced 

with pure resin, which was changed twice in the first 12 hours and then allowed to infiltrate 

again overnight. Finally, the resin was changed again and then curetted with UV light (365 

nm wavelength) at 4°C for 4 days.

Curetted resin blocks were sectioned at 100 nm in an ultramicrotome (Leica) and 

immediately placed on carbon-coated copper grids. The grids were then floated in a 10 μl 

drop of (2% v/v in water) glycerine solution for 5 minutes, then in blocking agent (4% (w/v) 

bovine serum albumin (BSA) + 2% (w/v) cold fish skin gelatine in PBS for all samples 

except collagen, for which the blocking agent consisted of 4% BSA alone) for 15 minutes. 

Grids were then washed 5 times on 10 µL drops of the blocking agent for 2 minutes each 

and floated for 1 hour in a 10 μl drop containing the primary antibody diluted in the blocking 

agent (Abcam Anti-Osteocalcin antibody, mouse monoclonal, concentration of 1:200; 

Abcam Anti-RUNX2 antibody, rabbit polyclonal, concentration 1:100; Abcam Anti-SP7/

Osterix antibody, ChIP grade, rabbit polyclonal, concentration 1:300; and Abcam Anti-

Collagen I antibody, rabbit polyclonal concentration 1:50). Grids were then washed 5 times 

on drops of the blocking agent for 2 minutes each and then floated in 10 µL drops of 

Immunogold solution (Aurion10 nm - Anti-Mouse and Aurion 6 nm - Anti-Rabbit 

concentration for both of 1:30) for 1 hour. Grids were then washed 5 times with the blocking 

agent for 2 minutes each, twice with deionized water for 5 minutes each, and then floated for 

5 minutes in a solution of 2% (w/v) glutaraldehyde in water, before they were again washed 

5 times in deionized water for 2 minutes each and finally air dried. The grids were imaged in 

the TEM at 80kV (JEOL 2000FX TEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Density-dependent color scanning electron micrographs of human aortic valve (AV) 
tissue.
Micrographs were coloured in post-processing by combing images acquired by secondary 

and backscatter electron detectors (details and original images are in Supplementary Fig. 3). 

The orange colour identifies denser material, while structures that appear green are less 

dense. a, b Surface of AV rejected for transplant because of physical damage. Samples 

lacked macroscopic calcific lesions and were judged not to be atheromic. c Surface of AV 

free from macroscopically observable calcific lesions, but presenting dense spherical 

particles. d Calcific lesion on AV with notable dense spherical particles. e Calcific lesion on 
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AV, presenting dense spherical particles and fibers. f Calcific lesion on AV, presenting dense 

spherical particles and compact material. Scale bar = 3 µm.
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Figure 2. Elemental analyses of dense structures identified on aortic valves (AV).
Density-dependent colour scanning electron micrographs of AV presenting (a) dense 

spherical particles, (b) dense fibers and (c) compact material. d, e and f depict corresponding 

energy-dispersive X-ray spectra collected at the numbered sites indicated on micrographs a, 
b and c, respectively. Scale bar: 2 = µm.
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Figure 3. Histogram describing the prevalence of dense calcium- and phosphorus-containing 
structures on the surface of aortic valves (AV).
Representative images of AV are categorized by presence and extensiveness of calcific 

lesions. Sampled regions indicated in circles. Category a is comprised of AV that did not 

present any macroscopically observable calcific lesions on AV or in surrounding tissue 

(aorta and coronary arteries). b represents AV without macroscopically observable 

calcification on AV, but with macroscopically observable calcific lesions on surrounding 

tissues. c includes analyses carried out on non-calcified areas of AV which presented calcific 

lesions in other areas of the AV. d includes analyses carried out on non-calcified areas of AV 

which were heavily calcified in other areas. e identifies structures on macroscopically 

observable calcific lesions. f includes analyses carried out on calcific lesions from heavily 

calcified AV. Approximately 350 images were obtained from each of the 55 regions 

examined in AV from 32 patients.
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Figure 4. Transmission electron microscopy (TEM) images, energy-dispersive X-ray 
spectroscopy (EDS) mapping, and selected area electron diffraction (SAED) analyses of aortic 
valve (AV) tissues sectioned with a focussed ion beam (FIB).
a/b TEM images show spherical particles (S) trapped in compact calcium phosphate (CCP) 

and organic matrices (OM). AV surfaces are coated in a dense layer of platinum (Pt) utilized 

in sample preparation for FIB. Scale bar = 2 µm. c High-resolution TEM of calcium- and 

phosphorus-containing spherical particle on the surface of a calcific lesion. Scale bar = 0.2 

µm. d Elemental mapping of calcium (Ca), phosphorus (P), magnesium (Mg) and carbon (C) 

in the region inside the highlighted area in b (original images and elemental maps of 
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gallium, the ion source utilized by the FIB, and platinum are included in Supplementary 

Figs. 5/6). e SAED obtained from each of the sections inside the numbered circles in a and 

b. Scale bar = 0.05 nm-1. Note that spherical particles produce diffraction patterns typical of 

highly crystalline material, while the surrounding compact material yielded diffraction 

patterns typical of a poorly crystalline material.
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Figure 5. Density-dependent colour scanning electron micrographs of mitral valve, aorta and 
coronary artery, and transmission electron microscopy (TEM), selected area electron diffraction 
(SAED) and energy dispersion X-ray spectroscopy (EDS) mapping of calcific lesions on coronary 
artery tissue sectioned using a focussed ion beam (FIB).
a Mitral valve tissue with notable dense spheres. b Calcific lesion on mitral valve tissue 

presenting dense spherical particles and compact material. c Aortic tissue with notable dense 

spherical particles. d Calcific lesion on aortic tissue presenting dense spherical particles and 

compact material. e Coronary artery tissue with dense spherical particles. f Calcific lesion on 

coronary artery presenting dense spherical particles and compact material. Further examples 
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of dense structures and dense fibers are provided in Supplementary Fig. 7. Scale bar = 3 µm. 

g TEM of a calcific lesion on coronary artery tissue shown with SAED images of the 

numbered regions (left-hand column) and elemental mapping by EDS (right-hand column) 

of areas highlighted in the central image. Arrows point to collagen fibers, which are notably 

not intimately associated with the mineralized spherical particles. Scale bar = 2 µm.
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