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Abstract:  Aortic valve (AV) stenosis is the most treated heart 

valve disease and the only curative treatment is the surgical 

AV replacement or the transcatheter prosthesis implantation. 

Bovine and porcine pericardium is used for fabricating 

biological heart valve prostheses but the durability is limited 

to 10-15 years. We use optical coherence tomography (OCT), 

a volumetric imaging technique with microscopic resolution, 

to monitor fiber structure and calcification of pericardium 

samples. Validated by histology, OCT at 880 and 1300 nm 

central wavelength captures the relevant structural features 

and shows a high potential for material testing of pericardium 

towards improved AV prostheses. 
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1 Introduction 

Aortic valve (AV) stenosis is the most treated heart valve 

disease and still the replacement of the diseased aortic valve in 

cardiac surgery or the implantation of a biological prothesis 

via transcatheter technology (Transcatheter aortic valve 

implantation, TAVI) are the only treatment strategies [1]. In 

approx. 90 % of the surgical interventions and for all TAVI 

procedures biological aortic valve prostheses are used [2]. 

Biological AV prostheses are fabricated from bovine and 

porcine pericardium but also from porcine aortic valves [3]. 

Therefore, the tissues are fixed in glutaraldehyde (GA) 

solutions in most of the preparation strategies [4]. Implantation 

of biological AV prostheses does not necessitate long-term 

anticoagulation therapy for the patients [1]. Nevertheless, 

bioprothesis degeneration after 10-15 years results in 

functional loss and the need for a second substitution 

performed on the one hand by a second surgical procedure or 

on the other hand by valve-in-valve TAVI [5]. Bioprothesis 

degeneration with matrix calcification and functional loss is 

beside aspects of biomechanics caused by free aldehyde 

groups remaining after GA-fixation or by immunological 

reactions triggered by xenogeneic antigens such as α-Gal 

[4, 6]. As a result, research focus is the development of 

alternative preparation strategies leading to a prolonged 

durability of the bioprotheses [4, 7]. Prior to in vivo 

biocompatibility testing and clinical studies, these preparation 

protocols and fabricated tissues have to be validated in detail 

in vitro [4, 8] described also in DIN EN ISO 5840 und 10993. 

One possibility for material testing strategies is the analysis of 

in vitro calcification using calcification inducing solutions 

such as simulating body fluid [9-11]. Combining these 

concepts with dynamic incubation in micro-physiological 

systems coupled to optical coherence tomography (OCT) is 

envisioned to monitor initial calcification process. OCT, a 

non-invasive volumetric imaging technique with microscopic 

resolution, offers already the possibility of biological sample 

analysis in the biomedical field such as examining the retina, 

the characterization of coronary plaques or the discrimination 

between fibrous, lipid and calcified plaques [12-15]. In 

addition to the standard OCT contrast based on back-scattered 

intensities, polarization changes in a sample are further 

explored in polarization-sensitive OCT (PS-OCT) setups 

[12, 16]. Both OCT analysis of xenogeneic pericardium and 

resulting in vitro calcified tissue is presented with the aim to 

initially investigate applicability for material testing concepts. 
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2 Materials and Methods 

2.1 Pericardium preparation and 

histological evaluation 

Bovine and porcine pericardia were purchased from local 

slaughterhouses (Vorwerk Podemus Dresden, Germany; 

Fleischland Sora, Klipphausen, Germany). GA-fixation was 

performed for 4 h at room temperature (RT) using 0.625 % GA 

diluted in 20.4 mM HEPES-buffer supplemented with 13 mM 

MgCl2 × 6 H2O and 80.6 mM NaCl (pH 7.4). GA-fixed porcine 

pericardium was incubated in calcification solution “G&W” 

[9]. In brief, equal volumes of solution A (7.754 mM 

CaCl2*2H2O in Tris-buffer, pH 7.4) and solution B (4.642 mM 

K2HPO4 in Tris-buffer, pH 7.4) were mixed prior to incubation 

or fluid renewal. Pericardium (approx. 1 cm2) was incubated 

in 2 ml of the solution at 37°C in a rotator for 30 days with 

medium renewal every second day. Pericardium samples were 

fixed, paraffin embedded and sectioned (3 µm) for histology 

using hematoxylin/eosin (HE), picrosiriusred, alcianblue, 

Elastica van Giesson von Kossa and alizarinred stain. Porcine 

pericardium was calcified using a published protocol [9]. 

2.2 Optical coherence tomography 

OCT imaging was performed using two commercial 

spectrometer-based devices at central wavelengths of 880 nm 

(Thorlabs Ganymede GAN332 with OCTP-900 and OCT-

LK2-BB) and 1300 nm (Thorlabs Telesto TEL211PS with 

OCTP-1300PS and OCT-LK4). The configurations were 

chosen to provide a high resolution at 880 nm (2.2 µm axial, 4 

µm lateral) and a larger field of view with additional 

polarization contrast at 1300 nm (5.2 µm axial, 20 µm lateral 

resolution). Tissues were placed on glass slides in PBS buffer 

and additionally covered by a second cover glass. Slightly 

tilting the scan probe reduced oversaturation from surface 

reflexes and improved sample contrast. Volumes of different 

sizes were acquired while sufficient lateral sampling with 

respect to the spot sizes of the setups was always ensured. All 

Ganymede volumes were processed using the manufacturer’s 

software (ThorImageOCT 5.8.0, Thorlabs) and Fiji/ImageJ for 

visualization. Raw PS-OCT data was processed using custom 

scripts and visualization tools (MATLAB R2024b, 

MathWorks). For additional polarization contrast, the 

cumulative retardation and the degree of polarization (DOP) 

were calculated [16] and merged with the intensity data by a 

color-encoded visualization. If two scale bars are presented, 

the vertical indicates axial size at a refractive index of 1.35. 

3 Results 

3.1 OCT of xenogeneic pericardium 

The fiber structure of bovine pericardium can be visualized via 

1300 nm but also in the 880 nm system OCT system for the 

entire cross section (Figure 1). Using the 1300 nm, the fiber 

orientation is mainly visualized by the polarization contrast 

based on the cumulative retardation and especially highlighted 

in the enface section with a high directionality (right). ECM 

fibers are depicted in the histological evaluation using HE and 

especially picrosiriusred stain, which visualizes the wave-like 

collagen fibers (P). Acianblue (AB) stain reveals a low content 

of glycosaminoglycans. The elastin fiber orientation apparent 

Figure 1: OCT analysis (A,B) of GA-fixed bovine pericardium and 

histological verification (C) of general ECM fiber structure 

and sporadic vessel distribution (HE, hematoxylin & eosin; P, 

picrosiriusred; AB, alcianblue; EvG, Elastica van Giesson). 
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after Elastica van Giesson (EvG) staining is heterogeneous 

over the tissue cross section with sprawled fibers (upper part 

of the section) vs. transverse fiber cut (lower part of the 

sections). Pericardium is interstratified with small vessels 

(examples marked with red arrows in HE, AB and EvG, Figure 

1). These structures can be related to low intensity areas in 

OCT analysis of the bovine pericardium (white arrow in B). 

Porcine pericardium usually exhibits a third of the tissue 

thickness of bovine pericardium and the entire tissue could be 

visualized with both OCT systems (Figure 2). The results are 

comparable to bovine pericardium, but the dense tissue limits 

imaging the fiber structure at a high contrast in both tissue 

orientations. Nevertheless, PS-OCT slightly improves the 

visualization of the organized tissue, based on the cumulative 

retardation. Also, porcine pericardium exhibits wave-like 

collagen fiber structure in histological analysis in HE and 

picrosiriusred stain. Different layers of fiber orientation seem 

due to the tissue thickness not that pronounced as in bovine 

tissues. A low level of glycosaminoglycans were detected in 

alcianblue stain of porcine pericardium and elastin fiber 

orientation seem to be more homogeneous than in bovine 

pericardium (EvG stain is more intense due to an adoption in 

protocol).  

3.2 Calcification of porcine pericardium 

in OCT analysis 

OCT analysis of the calcified porcine pericardium revealed a 

surface covering of the tissue with mineral phase that exhibit 

different and therefore inhomogeneous OCT intensities 

compared to tissue matrix (Figure 3). A nearly complete 

covering of one side of the pericardium was visualized with 

higher OCT intensities and partially calcification was 

monitored on the opposite tissue border. This can be related to 

remaining connective tissue since preparation of pericardium 

does not guarantee complete removal in every location. As an 

example in the alcianblue stain histology remaining 

connective tissue is shown. Nevertheless, also in the ECM 

calcification can be visualized, which is especially highlighted 

in the color-encoded DOP (Figure 3A, white arrows). As 

shown in Figure 3B, a mineralic layer (small white arrows) did 

not impair the possibility to investigate the entire tissue cross 

section. By imaging from both sides (big arrows indicate 

direction), the same structures (+,*) can be identified. 

Histologically, calcification is usually monitored using 

alizarinred (AR) and von Kossa (vK) stain [21]. Also, the 

calcification of porcine pericardium after in vitro calcification 

in the respective solution can be monitored using this analysis 

revealing the covering of the tissue surface but also matrix 

calcification at least in part of the ECM. 

4 Discussion 

Xenogeneic pericardium mainly consists of type I collagen 

and elastic fibers (collagen 72-76% and elastin, 4-5%; [17]). 

Compared to porcine aortic valve leaflets the content of 

glycosaminoglycans is very low [18]. Native pericardium is 

anisotropic and exhibits different mechanical properties in 

different directions, GA-fixation results in a higher grade of 

isotropy [19, 20]. Based on both conventional OCT and the 

additional polarization contrast, the anisotropy of the tissue 

could be resolved. Strikingly, OCT at 880 nm with high 

resolution resolves the characteristic fiber structure, while this 

not directly assessable at lower resolution with 1300 nm. 

Figure 2: OCT analysis (A,B) of GA-fixed porcine pericardium and 

histological verification (C) of general ECM fiber structure 

and sporadic vessel distribution (HE, hematoxylin & eosin; P, 

picrosiriusred; AB, alcianblue; EvG, Elastica van Giesson). 
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Porcine pericardium was in vitro calcified using a fluid 

published by Golomb and Wagner in 1991 [9]. Although this 

can be discussed critically and other calcification inducing 

solutions have been introduced to better reflect the process in 

vitro [10, 11], the reliable hydroxyapatite tissue internalization 

was the aim. Nevertheless, mineral precipitation on the tissue 

surface might be at least part of the process and was expected. 

Indeed, OCT showed such a surface covering. Here, especially 

the DOP is a promising polarization contrast for in vitro 

monitoring and investigation the calcification, also in dynamic 

incubation platforms, which is facilitated by the real-time 

cross-sectional imaging capabilities of OCT. 

 

5 Outlook 

Investigating xenogeneic pericardium via OCT illustrates the 

applicability of the technique for the assessment of tissue fiber 

structure, which is validated by the comparison to 

conventional histology. Additionally, in vitro monitoring of 

the calcification processes of the tissue matrix is envisioned. 

Future studies are needed to evaluate the pericardium 

anisotropy in relation to the GA-fixation process. Regarding 

the calcification, hydroxyapatite precipitation of the solution 

can be potentially distinguished from collagen intercalation. 
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Figure 3: Visualization of in vitro calcification of GA-fixed porcine 

pericardium via OCT analysis (A,B) of GA-fixed porcine 

pericardium and histological verification (C) of calcification 

(AR, alizarinred; vK, van Kossa). 
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