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ABSTRACT  
 
Background 
Animal-derived pericardium is the key material that enables the successful clinical use of bioprosthetic 
heart valves.  Recently, transcatheter heart valves have placed more emphasis on the enhancement of 
this tissue, especially in terms of producing a uniform, thin, durable tissue.  In this study, we provide a 
new method to achieve thinner tissue and new insights into how to achieve a more consistent tissue, 
which potentially may lead to more durable heart valves. 
 
Methods 
We compared four groups of tissue: porcine pericardium; bovine pericardium; delaminated serous 
bovine pericardium and delaminated fibrous bovine pericardium.  The properties we compared were: 
surface characteristics, collagen fibre alignment, collagen fibre alignment patterns, and tensile 
mechanical properties. 
 
Results 
We produced thinner tissue that had statistically significantly reduced surface roughness and was not 
mechanically inferior. Furthermore, we demonstrated that porcine tissue has more distinct collagen fibre 
directions between the fibrous and serous sides. The maximum observed difference in average fibre 
angles between the different sides of porcine tissue was 52.3° (±25.9°) and 33.4° (±27.1°) for bovine 
tissue, this was statistically significantly different. 
 
Conclusion 
The results indicate that screening heart valve leaflet pericardial tissue to identify optimally aligned 
collagen fibre directions is not viable.  We propose an alternative approach: utilising tissue with 
eccentricity values below a threshold value of 0.65 and discarding tissue with eccentricity values above 
0.65. If screening procedures are not available, our results suggest that non-screened porcine pericardial 
tissue would produce more consistent mechanical properties, as areas with aligned collagen fibres are 
not present in porcine tissue.   
 

  



   
 

Introduction 
Glutaraldehyde (GA) treated animal-derived pericardium is the key material that enables the 

implantation of bioprosthetic heart valves (BHVs). Since it was first introduced in the 1970s, to its use 

as the leaflet material in the age of transcatheter valve replacement, it has not been challenged as the 

material of choice for bioprosthetic heart valve leaflets.1, 2  Transcatheter valve replacement procedures 

are driving significant clinical adoption of BHVs, and as a consequence pericardium now makes up the 

vast majority of leaflet material in patients with replaced aortic valves.3 

Bovine pericardium (BP) and porcine pericardium (PP) are currently the main sources of tissue used 

for leaflets in surgical and transcatheter heart valves (THVs).4  Heart valve manufacturers use a mix a 

these tissue types , Edwards Lifesciences’ transcatheter products utilise BP, and transcatheter heart 

valve products from Medtronic mainly use PP, Abbott’s devices utilise PP and BP, while Liva Nova’s 

products are BP (based on information sourced from the referenced company’s websites at the time of 

writing).  Pericardium’s unique pliability, mechanical strength, and appropriate thickness makes the 

tissue highly suitable for valves that are introduced within catheters, i.e. valves that are compressed and 

subsequently re-expanded. Ideally, a biologically and mechanically durable thin tissue with adequate 

strength would be the most suitable tissue for transcatheter heart valve products. Thin tissue allows for 

smaller delivery systems and a reduction in puncture wound diameter in the femoral artery or femoral 

vein, or atrial septum wall for mitral products. 

Even after nearly 50 years of use, there are still some outstanding issues with GA treated pericardium 

that diminish BHV durability. GA treatment prevents denaturation of the collagen architecture, 

however, it is known to accelerate calcification.5  Furthermore, it is not uncommon for valve thrombosis 

to occur in up to 15% of patients following aortic valve replacement, in some cases this is attributed to 

the rougher fibrous surface of the pericardium.6-9  Furthermore, collagen fibre orientation is a pivotal 

factor that influences the strength and fatigue performance of pericardial tissue.10-12  Our previous 

studies have demonstrated that sections of bovine tissue with collagen fibres aligned perpendicular to 

the loading direction have only, on average, 24% of the strength of specimens with fibres aligned with 

the loading direction.10 

At present there is limited detailed information in the literature that describes the through-thickness 

extracellular matrix collagen fibre differences between BP and PP.  Most studies in the literature are 

limited to one tissue type or one cross sectional plane and/or surface fibre topography.11, 12  Studies that 

examine the fibre orientation through the thickness of the tissue typically quantify the average fibre 

angles determined by small angle light scattering (SALS).13-17  While multiphoton microscopy has been 

used to determine collagen fibre angle, a thorough full through thickness comparison study has not been 

carried out to date in BP versus PP.18  While Alavi et al used multiphoton microscopy to analyse fibre 

depth for the first 60µm of the thickness, the data for the full thickness was not presented.19  



   
 

The aims of this study are to: (i) characterise the differences in through thickness collagen fibre 

orientation layer-by-layer for bovine and porcine pericardium; determine if there is a key fibre 

orientation characteristic within each tissue type that maximises strength in specimens that have not 

been sorted into specific fibre pattern groups; (ii) develop a new method to decrease both thickness and 

surface roughness of BP tissue while maintaining the mechanical properties. 

This new knowledge of fibre organisation in pericardial tissue may aid the identification of optimised 

tissue sections/areas to be used in BHVs or may help material scientists and engineers develop new 

synthetic materials that could overcome some of the current short comings. 

Materials and Methods 
Tissue Sourcing and Preparation 

Commercially available BP and PP patches were sourced from TissX (TissX, Inc., Plymouth, MN, 

USA). The pericardium patches were flat fixed with GA as per TissX’s standard procedure. There were 

no pre-requisites on the tissue’s thickness, and patches were refrigerated and stored in 0.5% GA until 

time of experimentation. Phosphate buffered saline (Dulbecco’s PBS, Sigma Aldrich, D8537) was used 

to hydrate the tissue during all experimentation during the time the specimen was temporarily removed 

from the storage GA. Specimen thickness was recorded using a microscope with a micrometre-

controlled stage (Mitutoyo, Aurora IL, US). 

Two different specimen types were used in this study: dog-bone specimens and square 5cm×5cm 

patches.  Dog-bone shaped samples were cut from the patches using an in-house die, giving a gauge 

length: width ratio of 4.35:1 (length = 10mm, width = 2.3mm). The dog-bone specimens were imaged 

with two microscopy methods: multiphoton imaging and second harmonic generation (SHG) and small 

angle light scattering (SALS).   The square 5cm×5cm patches were imaged using SHG microscopy 

only. (n=3) 

In the square patch study we investigated porcine versus bovine tissue, while in the dog-bone specimens 

we investigated four groups of tissue: (1) Porcine tissue; (2) Bovine tissue; (3) isolated fibrous side of 

the bovine tissue; (4) isolated serous side of the bovine tissue. (n=10) 

Scanning Electron Microscopy (SEM) and White Light Profilometry 

Pericardia surfaces were investigated using scanning electron microscopy (SEM) coupled with white 

light surface profilometry. The sample size for each bovine and porcine fibrous and serous surface was 

three (n=3). Separate samples measuring 10mm2 were cut and stored in 0.5% GA. Separately the fibrous 

surface was removed from BP using a vibratome and imaged separately (see supplementary data section 

1.1 for the full pericardium tissue splitting protocol). Samples were washed with deionized (DI) water 

under gentle vibration three times and snap frozen with liquid nitrogen for 2 minutes. Samples were 

lyophilised immediately after being snap frozen with a FreeZone Cascade Freeze Dryer (Labconko, 



   
 

Kansas City, MO, US). Freeze drying was performed at 0.2 mbar with an initial pre-freeze of -30°C for 

2 hrs, followed by primary freezing at -10°C for 22 hrs. Samples were lyophilised for a total 24 hrs and 

brought to room temperature before being removed from vacuum. 

SEM was conducted with a TESCAN s8000x microscope (TESCAN, Czech Republic). Surface 

roughness of the sample was determined with Profilm3D (Filmetrics, San Diego, CA, US) utilizing 

white light interferometry from five interrogation regions per sample. Profilm software was used to 

gather a surface roughness value in accordance to ISO 25178 with the back-scan and scan length 

adjusted accordingly. Each interrogation point (five per sample) covered a region of 0.8mm×1mm.  

Second Harmonic Generation (SHG) 

Samples were imaged with an Olympus BC61WI titanium sapphire laser system with a 25X water 

immersive objective lens and 1.04 numerical aperture. The operating software was Olympus Fluoview 

9B09596. Excitation wavelength was set at 820nm and 9% power. Collagen was detected in channel 1, 

which was set between 397nm to 420nm. A 512×512-pixel resolution was defined with pixel size of 

0.994mm/pixel.  During the imaging procedure the specimens were positioned on a glass slide and 

generously hydrated in PBS. A glass coverslip was placed over the sample with PBS positioned on the 

cover slip as an aqueous solution for the water immersive lens. 

 

For the dog-bone specimens, a 4mm interrogation region was defined at the centre of the gauge length. 

Three imaging zones, with image depth increments of 10µm, were recorded in these regions (see  Figure 

1 for the specific site these images were acquired).  Z-stacks were first recorded on the serous side of 

the tissue, then the tissue was repositioned by flipping the tissue 180° about its longitudinal axis to 

image the fibrous side. Therefore, a total of six z-stacks were recorded for each specimen (three stacks 

on each of the fibrous and serous surfaces). Z-stacks were recorded until no further signal was detected, 

or as deep into the tissue as possible. This procedure was followed for imaging the two thinner 

vibratome delaminated fibrous and serous layers.  

The 5cm×5cm sheets were divided into 25 equal areas of 1cm×1cm and a central 200µm×200µm in 

each area was defined as the interrogation area.  These sheets were imaged at depths of 15, 45, 75, 105, 

and 135µm from each side for the bovine tissue and 15, 45, 75µm from each side for the porcine tissue.  

(n=3 PP, n=3 BP) 

For the SHG image analysis procedure, the fibre angle was determined by a manual approach.  In this 

approach, the scans of the six 5cm×5cm sheets at each depth were analysed by three operators, an angle 

for the overall scan was assigned to that image, see Figure 2 (a) for an example of this approach.  The 

scan from the fibrous side was flipped so that the fibre angle measurement aligned with the fibre 



   
 

measurements taken from the serous side of the tissue.  The differences between the operators was 

statistically tested, for all specimens there was no statistical difference between each operator 

(furthermore, visually it can be noted that there are only minor differences between each operator, see 

Figure 2 (b)), demonstrating that a single operator could analyse the scans confidently.  Thus the dog-

bone scans were analysed in this manner by one operator. 

 

 

Figure 1. A SHG z-stack was recorded in each of the three zones indicated by the coloured circles, 
while for the SALS imaging process the mean fibre orientation through the tissue depth in 64 locations 
across the 4mm2 SALS interrogation region was recorded. For the delaminated bovine pericardium 
layers; SHG and SALS imaging was performed individually on both layers of the tissue. 
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Figure 2.  (a) In these three SHG images, acquired scans are portrayed for porcine pericardium, the 
white lines on the image indicate the angle that the operator has determined is the average collagen 
fibre direction for the image.  (b) In this image the collagen fibre directions for different depths of two 
random samples are depicted.  Three operators have determined the fibre directions for the two 
specimens. The black lines represent fibres on the serous side for different depths, while the red lines 
represent fibres on the fibrous side of the tissue. It can be noted that there are minimal differences 
between the three operator determined angles. 
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Small Angle Light Scattering (SALS) 
The SALS system used in this study was built in-house and has been previously described.20  Regions 

that have highly aligned fibres have a high eccentricity value (>0.7), while regions with no distinct 

dominant fibre orientation present with a low eccentricity value (<0.65).  Similarly to the SHG analysis, 

an interrogation region was defined in the centre of the dog-bone specimen, in this case 1mm × 4mm. 

A series of images were captured in this region at 250µm incremental spacings, resulting in a total of 

64 images for each sample (see Figure 1 for an illustration of where the SALS images were acquired). 

Uniaxial Tensile Testing 
Dog-bone specimens were uniaxially loaded to failure with a Zwick Twin Column Universal Testing 

Machine (Zwick Roell Group, Ulm, Germany). All specimens were tested at room temperature and 

generously hydrated with PBS at the beginning of each test. Each specimen was subject to 5 

preconditioning cycles between 0.1 MPa and 1 MPa at 20mm/min, followed by loading until failure at 

20mm/min. The end of the test was defined as the point at which the load drops to 80% of the maximum 

recorded load. Tissue strain was recorded by a video extensometer using a 20-megapixel Sony RX100 

V camera tracking two high contrast parallel zones which were drawn with a surgical skin marker at an 

initial distance of 4mm on the gauge length of the specimen (see Figure 3). Each MP4 file was then pre-

processed and strain was determined from the video frames using OSM-Classic MATLAB program. 

The stiffness was determined by calculating the slope of the toe and linear regions defined as the region 

from 0.0 to 20% (toe) and 30 to 80% (linear) of the total failure strains respectively for each specimen. 

 

Figure 3. Uniaxial tensile test specimen setup. (a) Specimen in the tensile tester grips. (b) Cropped and 
processed image frames to enhance the contrast of markers relative to the tissue. Red markers indicate 
detected edges with OSM-Classic. (c) Typical stress-strain response of pericardium. A porcine 
pericardium stress-strain response, with the linear and toe stiffness identified on the graph. The stiffness 
was determined by calculating the slope of the toe and linear regions defined as the region from 0.0 to 
20% (toe) and 30 to 80% (linear) of the total failure strains respectively for each specimen. 

Statistical Analysis 
Values are represented as mean ± one standard deviation, unless otherwise stated and in the cases where 

box plots have been used. Box plot data are presented as the median with Tukey analysis for whisker 

error bars. All statistical analysis was performed using Prism 8 statistical software (GraphPad Software 



   
 

Inc., San Diego, California). A one-way analysis of variance  (ANOVA) was conducted  to determine 

the presence of statistically significant differences between multiple groups (i.e. fibre measurements 

from fibrous and serous faces of porcine and bovine samples). A Tukey’s multiple comparison test was 

conducted if results from the ANOVA test were statistically significant (p < 0.05 for 95% Confidence 

Interval). To statistically analyse two groups (i.e. porcine and bovine), a T-test was used at a 95% 

confidence interval.   

Results 
Surface Structure 
SEM cross sections of bovine and porcine pericardium are shown in Figure 4 (c), instantly the roughness 

differences of the fibrous and serous sides of the tissue can be observed.  The mean surface roughness 

values for the fibrous surface were 41.52 ± 32.09µm and 15.67 ± 3.27µm for BP and PP respectively. 

The roughness values were lower on the serous surface for both tissues (BP = 7.56 ± 3.51µm, PP = 8.67 

± 3.32µm). By removing the fibrous surface on BP, the surface roughness was statistically significantly 

reduced to 15.10 ± 3.71µm. The fibrous surface of BP was significantly rougher than all other surfaces, 

see Figure 4 (a) for a summary of the surface roughness values. Furthermore, see the supplementary 

data section 1.2 for SEM images and complimentary white light graphical surface profiles.  

  



   
 

 
 

 

 

 

 

 

 

 

(c) 

Figure 4. (a) Surface roughness of porcine and bovine samples, on fibrous and serous faces of tissue. 
Split* bovine samples have the fibrous face removed. n = 3 per group, with 5 measurements per sample 
(i.e. 15 measurements per group). (b) Thickness values for porcine, bovine and split bovine samples (n 
= 10). **** = p < 0.0001   (c) Cross-section of bovine and porcine pericardium, the fibrous surface is 
at the top of the image, while the serous surface is at the lower part of the image. Scale bar = 200µm. 
Magnification: bovine = ×105, porcine = ×25. 

 

Collagen Fibre Organisation 

5cm×5cm sheets 

The collagen fibre orientation results from the SHG analysis of the 5cm×5cm sheets are presented in 

Figure 5.  The following summarises the primary findings from this analysis: 

1. There are few regions characterised by highly aligned collagen fibres in the 150 analysis points 

for both bovine and porcine pericardial sheets (see Figure 5). 

2. The fibre orientation is heterogenous across all sheets, where the fibres tend to rotate from 

region to region  (see change in collagen fibre angle maps in section 1.3 of the  supplementary 

data). 



   
 

3. The PP tissue has a more distinct layered configuration compared to the BP tissue, e.g. there is 

more of a difference between the average fibre angle on the serous side to the average fibre 

angle on the fibrous side for PP compared to BP. 

We determined the mean difference in average fibre angle between the fibrous and serous side to be 

statistically significantly greater in the porcine tissue in comparison to the bovine tissue, the average 

difference in fibre directions for the bovine tissue between sides was 33.4º (± 27.3º) and 52.3º (± 25.9º) 

for the porcine tissue.  Figure 6 illustrates this result in a graphical manner. 

Dog-bone specimens 

The SHG results of the collagen fibre organisation for the dog-bone specimens illustrated a similar 

result to the 5cm×5cm sheets, these results are illustrated in Figure 7 for the 20 specimens (n=10 PP 

and n=10 BP).  Whereby the PP tissue displayed a larger difference in average fibre angles between the 

fibrous and serous sides of the tissue, 46.5º (±23.1º). While the difference in average fibre angles 

between the fibrous and serous sides of the BP tissue was 31.3 º (±29.1º), see Figure 8.  Furthermore, 

there was a statistically significant difference between the two data sets (see Figure 8, p < 0.05),   

demonstrating that the difference in average fibre angles between the serous and the fibrous side is 

consistently different between bovine and porcine tissue.  Moreover, a 3D representation of the collagen 

fibre direction patterns, throughout the thickness, of the porcine and bovine tissues has been reproduced 

in the supplementary image S1.6. 

The SHG analysis of the BP which was split into fibrous and serous sides (see Supplementary Data 

section S1.4), continued to highlight that fibre angle changed from one layer to another through the 

depth of the specimen.  The full analysis for the fibre angle orientations through the depth of the split 

specimens can be observed in the supplementary data (see section S1.4).  

The SALS results for the PP and BP dog-bone specimens highlighted that the PP tissue was less aligned 

than BP, while the split  BP specimens indicated that the fibrous side of BP was the most aligned area 

of the BP tissue (Figure 9 illustrates the plot of the eccentricity values for the four tissue types and 

Figure 8 illustrates the eccentricity values for each of the porcine and the bovine specimens.).  We do 

not display the average fibre angle as measured through SALS, as only six of the 40 specimens were 

considered highly aligned (i.e. an eccentricity value measured above 0.7). 

  



   
 

         

         

          

Figure 5 These images highlight the fibre orientations for the three patches of bovine (left) and porcine 
(right) pericardium. The fibrous side of tissue is depicted with black lines and the serous side of the 
tissue is depicted with red lines, each line represents the angle of the collagen fibres at a certain depth 
in the tissue. F15 is the angle 15µm from the fibrous side and similarly with the other values, while ‘S’ 
represents a depth from the serous side of the tissue 



   
 

 

 

Figure 6. (a) Median ± standard deviation and (b) Scatter plot of difference between measured fibrous 
and serous fibre angle, for porcine and bovine pericardial samples for each interrogation point. n= 3 
with 25 measurements per sheet, 75 measurements in total for each group. **** = p < 0.0001 

  



   
 

   #      SALS      #       SALS  

 

  1.       0.644      1.       0.533 

 

  2.       0.643      2.       0.554 

 

  3.       0.639      3.       0.516 

 

  4.       0.633      4.       0.614 

 

  5.       0.631      5.       0.567 

 

  6.       0.602      6.       0.514 

 

  7.       0.576      7.       0.533 

 

  8.        0.528      8.       0.533 

 

  9.       0.603      9.       0.647 

 

  10.      0.539      10.     0.646 

               

 

Figure 7 These images highlight the fibre orientations for the 20 dog-bone specimens of bovine (left) 
and porcine (right) pericardium. The fibrous side of tissue is depicted with black lines and the serous 
side of the tissue is depicted with red lines, each line represents the angle of the collagen fibres at a 
certain depth in the tissue.  The SALS eccentricity value for each specimen is also quoted beside each 
individual specimen (see supplementary data section 1.4 for more detailed results) .  



   
 

 

 

Figure 8. (a) Median ± standard deviation and (b) scatter plot of difference in measured fibrous and 
serous fibre angle, for porcine and bovine pericardial dog-bone samples. n = 10, with 3 measurements 
per sample (total of n=30 measurements per group). * = p < 0.05 

 

 

 

  



   
 

 

Figure 9. SALS eccentricity value for porcine, bovine, and split bovine samples (fibrous and serous). 
Eccentricity values range from 0.5 to just below 0.8 (representing high to low fibre alignment, 
respectively). n = 10. *p < 0.05, **p < 0.01. 

  



   
 

 

Uniaxial Monotonic Tensile Testing 
No statistical significance was recorded for mechanical properties across any species or fibre 

organisation categories. Though no statistical significance was found, the delaminated fibrous (UTS = 

10.71 ± 7.51 MPa, E = 85.00 ± 57.15 MPa) and serous (UTS = 9.48 ± 7.57 MPa, E = 61.49 ± 57.84 

MPa) layer data have presented high standard deviations when compared to other test groups.  We 

observed no statistically significant difference in material properties for the split specimen groups. 

 

Figure 10. (a) UTS, (b) failure strain, (c) final linear stiffness and (d) stiffness in toe region for porcine, 
bovine, split bovine (fibrous and serous) groups. n = 10.  An ANOVA analysis was carried out for each 
of the four tensile material properties and it was determined that there was no difference between the 
means of any of the mechanical properties analysed.  

  



   
 

Discussion   
This paper demonstrates, for the first time, a number of important collagen fibre architecture patterns 

that exist within porcine and bovine pericardium.  One key result is: the thinner porcine pericardium 

tissue tends towards a more orthogonal collagen fibre orientation pattern between the fibrous and serous 

surfaces.  While in comparison, the bovine tissue tends to be more aligned through the entire thickness 

of the tissue; with statistically significantly smaller differences existing between the average fibrous 

and serous fibre angles than that observed in the porcine tissue.  This result potentially has important 

implications for the durability of bioprosthetic heart valve leaflets. As bovine tissue could potentially 

be aligned in a valve leaflet with fibres in a detrimental direction compared to the direction of the 

principal stress.  While our results indicate that porcine tissue did not display a dominant fibre direction 

and the probability of this fibre /stress arrangement occurring would be less, potentially leading to less 

early structural failures in vivo.  Furthermore, we demonstrate a new method for splitting bovine 

pericardium through its thickness, which enables the removal of the rougher fibrous layer without 

detrimentally effecting the static tensile material properties (see Figure 10). 

Collagen Fibre Organisation 
To the authors’ knowledge, pericardial leaflets are currently selected based on thickness limitations, 

observed bending deflection magnitudes, and visually observed defects. Therefore, any tissue sample 

that falls within defined  thickness, bending and visual specifications would be deemed suitable for use 

as valve leaflet tissue.  However, we have previously demonstrated that the mechanical durability of 

pericardial tissue is significantly reduced if the fibres are orientated perpendicular to the applied 

principal stress.10  This implies that, ideally, when building a bioprosthetic heart valve, collagen fibres 

should not be aligned perpendicularly to principal loading directions in vivo.  The results of this current 

study suggest that utilising tissue that has been sorted into ideally orientated fibre directions for use as 

leaflet tissue is not practical.  This statement is based on two observations: firstly, as observed with the 

SHG analysis, the collagen fibre orientation is not consistent through the thickness of the tissue for the 

vast majority of the 210 scans (see Figures 5 and 7).  Thus the tissue available to build prostheses would 

be minimal; this would present significant problems in terms of tissue yield from the pericardial sac if 

preferably aligned collagen fibres were sought out.  Secondly, it may prove impossible to source an 

optimal tissue section, as the average collagen fibre angle changes significantly from position to 

position on the pericardial patch (See Supplementary data section 1.3).  Therefore we do not believe 

that sourcing tissue to optimise the collagen fibre angle is a practical solution. This implies that no 

sorting of tissue, based on a preferred collagen fibre angle, should be implemented.   

A more practical approach to identifying appropriate tissue, would be to utilise the SALS eccentricity 

value as the key variable in tissue selection.  In our previous study we demonstrated that highly 

dispersed bovine tissue (i.e. tissue had an eccentricity value below 0.65) had statistically significantly 

improved static tensile properties over specimens that had collagen fibres aligned perpendicularly to 



   
 

the applied principal stress.10  Thus utilising tissue with an eccentricity below a threshold value, while 

avoiding tissue above this threshold value, would ensure that no valve would be built with tissue that 

would have detrimentally highly aligned collagen fibres.  However, if this procedure was not 

introduced, the results we present in figures 5 and 7 suggest that utilising porcine tissue instead of 

bovine tissue would not lead to any highly aligned valve leaflets, as we did not observe any highly 

aligned areas in the porcine tissue that we utilised in this study. Thus, highly dispersed fibre 

arrangements observed in porcine tissue may be optimal when used in BHVs due to their ability to cope 

with multi-directional loads in vivo.21  Within the clinical literature there is minimal evidence to suggest 

whether bovine or porcine pericardium is more mechanically durable.  

We would caution against direct comparisons of bovine and porcine tissue device outcomes in a clinical 

environment, especially when the European Association for Cardio-Thoracic Surgery (EACTS) 

definition is used to define structural valve deterioration (SVD).22  This definition is not entirely 

applicable to the type of mechanical failures that is discussed in this paper. Thus the FRANCE-2 data 

that highlights some differences in SVD rates between balloon expandable (bovine, Sapien valves) and 

self-expandable (mainly porcine Corevalves), should not be confused with the mechanical failure 

discussion that is the topic of this paper.23  The clinical evidence that is required to correlate if in vivo 

mechanical failures are associated with a particular tissue type would involve the microscopic 

examination of a large number of retrieved valve leaflets that have torn or fractured in vivo. 

The collagen fibre alignment observed with SHG and the eccentricity values measured using SALS for 

the split bovine tissue groups indicates that the split bovine tissue could be fabricated into a material 

that is more highly aligned, than the non-split bovine pericardium samples.  This may have advantages 

if screening of the tissue was possible, however this does not overcome the fact that the orientation of 

the fibres changes considerably from one area of the patch to another area of the patch. 

Surface Structure 
In order to reduce the surface roughness of the fibrous BP face, we developed a new method to slice 

BP through its thickness.  This method successfully produced a thinner tissue that removed the rough 

bovine fibrous surface. Removal of this face resulted in  a new surface with comparable roughness 

values to the smoother porcine fibrous/serous surfaces and the bovine serous surface.  One motivating 

factor, to produce a less rough tissue, was linked to reduced thrombogenicity of the material. Though 

surface roughness is not exclusively linked to thrombogenicity, controversially, it was reported that the 

platelet uptake on PP surfaces was close to double that of BP surfaces.12  However, the conclusions 

from the study by Gauvin et al study should be used with caution, as both the BP and PP tissues were 

sourced and cleaned from different manufacturers, and also underwent different GA fixation processes. 

This potentially introduced variables that should be avoided when performing comparative 

hemocompatibility studies. 



   
 

Though surface roughness can be reduced by removing the fibrous surface with a blade, the surface left 

behind may raise new concerns. The individual and layered collagenous structures are exposed when 

the fibrous surface is removed, providing a new site for platelet accumulation (see SEM images in 

supplementary data section 1.5). The exposure of the internal organisation of collagen to bodily fluids 

may cause tissue long-term deterioration and worsen the issue that we are trying to address. This will 

have to be tested in the future. 

It is known that surface roughness is not exclusively responsible for valve thrombosis and that other 

factors such as surface chemistry and storage solution may be more dominant indicators. However, 

clinical valve thrombosis is likely to persist until all indicators of the predicted ‘multi-factorial’ 

thrombosis process are collectively addressed, including the unfavourable surface structures on the 

fibrous surfaces. 

Uniaxial Monotonic Tensile Testing 
In this study it was demonstrated that removing a layer of the BP, the mechanical integrity of the tissues 

was not statistically significantly compromised. The average mechanical properties of  the delaminated 

specimens appear to have been enhanced when compared to the intact BP. However, the delaminated 

specimens show higher standard deviations, potentially translating into higher variability in tissue 

performance, which is particularly unfavourable for use in BHVs. There is a limitation with utilising 

static tensile tests to fully define the mechanical performance of pericardium tissue and to 

comprehensively understand the mechanical performance of pericardium tissue we would recommend 

dynamic and biaxial tests be included in the suite of testing on a more focused specimen set. 

There was no statistical significance noted between the mechanical properties of the fibrous and serous 

sides of BP in this study, which does not agree with observational findings previously reported, where 

it was found that the serous side dominates the mechanical response due to its shorter crimp causing 

these fibres to be recruited first with increased loading18.  Thus, this study disagrees with that of 

Sulejmani et al.18  

Conclusion 

The main results that we present in this study, suggest that screening heart valve leaflet pericardial tissue 

to identify optimum collagen fibre directions is not viable.  However, pre-screening pericardium to 

identify regions with eccentricity values below a threshold 0.65 would produce a consistent and 

mechanically robust tissue, that would not contain tissue that would fail due to collagen fibre 

malalignment.  Furthermore, if screening procedures are not available, our results suggest that non-

screened porcine pericardial tissue would also produce consistent mechanically robust tissue, due to the 

lack of aligned collagen fibres through its thickness.  Therefore, future research studies should focus 

more on identifying the properties of highly dispersed tissue rather than highly aligned tissue. 
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