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Abstract 

Bioprosthetic heart valves (BHVs) are implanted in aortic valve stenosis patients to 

replace the native, dysfunctional valve. Yet, the long-term performance of the 

glutaraldehyde-fixed bovine pericardium (GLBP) leaflets is known to reduce device 

durability. The aim of this study was to investigate a type of commercial-grade GLBP 

which has been over-looked in the literature to date; that of high collagen fibre 

dispersion (HD). Under uniaxial cyclic loading conditions, it was observed that the 

fatigue behaviour of HD GLBP was substantially equivalent to GLBP in which the fibres 

are highly aligned along the loading direction. It was also found that HD GLBP had a 

statistically significant 9.5% higher collagen content when compared to GLBP with 

highly aligned collagen fibres. The variability in diseased BHV delivery sites results in 

unpredictable and complex loading patterns across leaflets in vivo. This study presents 

the possibility of a shift from the traditional choice of circumferentially aligned GLBP 

leaflets, to that of high fibre dispersion arrangements. Characterised by its high fatigue 

life and increased collagen content, in addition to multiple fibre orientations, GLBP of 

high fibre dispersion may provide better patient outcomes under the multi-directional 

loading to which BHV leaflets are subjected in vivo.  

Key terms: collagen content, collagen architecture, uniaxial tension, cyclic loading 
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Nomenclature 

A AS Aortic valve stenosis PD Preferred fibre direction 

BHV Bioprosthetic heart valve SALS Small angle light scattering 

GLBP Glutaraldehyde-fixed bovine 

pericardium 

SHG Second harmonic generation 

HA Highly aligned fibres TAVR Transcatheter aortic valve 

replacement 

HD High fibre dispersion XD Cross fibre direction 

1. Introduction 

Aortic valve stenosis (AS) is the narrowing of the aortic valve orifice, causing a 

restriction in blood flow through the valvular area. It is estimated that 12.4% of the US 

population over the age of 75 suffer from AS 24. Without intervention, the patient 

survival rate is approximately 20% at 5 years post-diagnosis 20.  

Bioprosthetic heart valves (BHVs) are delivered to the aortic valve orifice to replace 

the patient’s native dysfunctional valve, via transcatheter aortic valve replacement 

(TAVR) procedure techniques. These devices typically consist of a metallic frame, to 

which leaflets made from pericardial tissue are attached. Glutaraldehyde-fixed bovine 

pericardium (GLBP) is employed in 6 of 9 CE-marked patient BHV devices, and is the 

material chosen for this study 27. 

The long-term durability of BHV devices is understood to be inadequate, with 

numerous clinical reports of premature device failure. Both calcification and tears have 

been observed on clinically explanted valves; the two primary failure modes for tissue 
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leaflets in vivo 3,12,30,34,35,38,39,50. It is understood that tears occur in regions of high 

mechanical stress, while the calcification of the tissue is attributed to its previous 

glutaraldehyde treatment, acting as a catalyst for the accumulation of calcification.  

Collagen fibres are the major load bearing component of GLBP, and as such the 

arrangement of the collagen fibres will govern the mechanical response of the tissue 

under load. We have shown in our previous work that the fibre alignment in addition 

to the fibre orientation is a critical factor in determining the ultimate tensile strength 

and stiffness of commercial GLBP 48. Although GLBP is employed in a wide variety of 

clinical treatments, the most popular use is in BHV leaflets, where the leaflets are 

responsible for controlling blood efflux from the heart with each cardiac cycle. As such, 

they are subjected to constant cyclic loading in vivo. The leaflets experience a 

complex, multi-directional loading pattern with each cycle, of which there are 

approximately 60 - 100 per minute 17. It is also important to note that it is not mandatory 

to pre-screen or characterise collagen fibre architecture in the manufacture of a BHV 

leaflet, according to ISO 5840 15. 

There is a lack of experimental data available in the literature on the mechanical 

properties of commercial-grade GLBP. A number of studies report mechanical 

properties of in-house fixed tissue; i.e. fresh tissue acquired from an abattoir and fixed 

in-house for 1-7 days 4,9,23,26,28,33,37,44 However, only four of these works pre-sort the 

tissue according to the mechanically-dominant fibre architecture 23,28,37,44. Additionally, 

in-house fixed tissue is vastly different in its mechanical response to commercial-grade 

tissue, where commercial-grade tissue is fixed for significantly longer time-frames than 

in-house fixed GLBP. This difference is most evident by comparing stress-strain 

profiles, see for example; 44 and 48. A clear limitation of all available experimental data 

is the inability to subject the tissue to in vivo fatigue conditions. The loads exerted upon 
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the leaflets in situ are complex, at extremely high cycle numbers and relatively low 

frequencies 2,8,16,46. Specifically, 5 years of in vivo operation equates to approximately 

200 million cycles. Thus, an experiment to assess leaflet behaviour to 200 million 

cycles, at a physiological speed of 1.3-1.5 Hz, would take 5 years. However, using 

elevated frequencies presents its own problems. Accelerated testing speeds can result 

in non-physiological loading and thus, a non-physiologically relevant response of the 

tissue. Thus, the most efficient and practical method of assessing the behaviour BHV 

leaflets in vivo is the use of computational models.  

To develop a realistic model of the in vivo behaviour of BHV leaflets, an accurate GLBP 

material model is required. There have been many recent advances in modelling the 

experimentally observed strain induced permanent set of GLBP, as well as the strain-

driven damage of fibres in collagenous tissues 11,49. However, the data in the literature 

to which current BHV models are calibrated, relates to in-house fixed tissue 

21,22,29,31,41,42,49. Thus, a more complete experimental database and understanding of 

commercial-grade GLBP is required to improve computational models that will inform 

future BHV designs.  

The current study aims to fill this knowledge gap, and was motivated by the findings 

of our previous work on commercially-available GLBP; where the ultimate tensile 

strength and stiffness of specimens with high fibre dispersion were substantially 

equivalent to those in which the fibres were aligned along the uniaxial load direction 

48. Thus, this study explores the fatigue response of GLBP specimens with high fibre 

dispersion. To the authors’ knowledge, this is the first time that the dynamic response 

of commercial-grade GLBP with a high fibre dispersion architecture has been reported. 

For completeness, the fatigue performance of specimens from the same commercial-

grade GLBP, with collagen fibres aligned parallel and perpendicular to the loading 
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direction, is also determined here. Additionally, the collagen content of high fibre 

dispersion (HD) and highly aligned (HA) GLBP specimens were analysed to 

investigate any differences between specimen groups.  

The complex loading observed across leaflets in vivo 2,8,16,46 motivates the exploration 

of high fibre dispersion GLBP, as it is hypothesized that leaflets characterised by a 

multi-orientated fibre architecture would be better suited to withstanding this multi-

directional loading regime. Importantly, patients receiving BHV devices typically 

present with non-circular valve orifices due to the stenosing of the valvular site 13. 

Consequently, the loading on the device is heterogeneous and varies from patient-to-

patient. Thus, the use of a GLBP leaflet with fibres highly aligned in a single direction 

could result in areas with a paucity of fibres aligned to the localised principal loading 

direction. However, employment of leaflets with highly dispersed fibres are structurally 

more suited to these unpredictable and patient-specific loading directions, due to their 

characteristic multi-directional fibre organisation.  

2. Materials & Methods: 

2.1. Sample preparation and Small angle light scattering analysis 

Commercial-grade GLBP was obtained from Boston Scientific Corporation (Galway, 

Ireland). This GLBP tissue was manufactured in a process analogous to the GLBP 

used in commercial devices. As this tissue was not used in patient devices, however, 

it is referred to in this work as commercial-grade GLBP. The primary difference 

between commercial-grade GLBP and ‘in-house’ fixed tissue is the glutaraldehyde 

exposure time, which is an order of magnitude greater for commercial-grade GLBP.  

Unlike ‘in-house’ fixed tissue and commercially available GLBP, this tissue has not 

been explored previously in the literature 44,48.  The commercial-grade GLBP used in 
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this study was subjected to controlled loads during glutaraldehyde fixation. In contrast, 

the commercial tissue used in our previous study was not 48. As both tissues are fixed 

under the same conditions otherwise, we also compare the mechanical properties of 

the commercial-grade GLBP in this study to that of commercial GLBP in our previous 

study. This comparison serves to investigate any effect of fixation load on the 

subsequent mechanical properties of GLBP, once it has been suitably fixed for an 

extended time period. 

Small angle light scattering (SALS) was used to non-destructively quantify the fibre 

architecture of dogbone specimens (gauge length 12.5mm and gauge width 2.27 mm) 

harvested from full commercial-grade GLBP patches. SALS is a long-established non-

destructive, optical technique in which a laser beam is passed through the tissue, and 

the resulting scattered light distribution is used to measure both dominant fibre 

orientation and alignment 32. The specific system and scanning parameters chosen 

here were the same as our previous work 10,48.  

A custom Matlab code (The Mathworks, Inc., MA, United States) analyses the images 

to calculate the dominant fibre angle and alignment of each specimen, which is 

measured as an eccentricity value. Eccentricity (i.e. alignment) values typically range 

from 0.5 to 0.9, indicating low to high alignment, respectively. The results are 

presented as a contour plot, as seen in Figure 1.  

Table 1 summarises the specimen classification criteria for the three groups in this 

study: cross-fibre specimens (XD), high fibre dispersion specimens (HD) and preferred 

fibre (PD) specimens. Note: The angle for the HD group is listed as ‘N/A’ to emphasise 

the absence of a dominant fibre angle for this specimen group. Although a mean angle 

was calculated for these specimens in the Matlab post-processing of SALS images, it 
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is not presented here so that this sample group is interpreted as specimens with a very 

low level of fibre alignment and no dominant fibre angle. As such, HD samples are 

loaded uniaxially, along the dogbone gauge length, irrespective of the measured mean 

fibre angle. These samples are classified as having fibre dispersion above a threshold 

that the fibre angle is not mechanically significant. 

After conducting an initial regional SALS analysis on a full GLBP patch (9 x 16 cm), 

dogbone specimens are cut from specific regions identified as having high fibre 

alignment (for XD, PD samples) or high fibre dispersion (HD samples). All dogbone 

specimens are then analysed again across a 6 x 1 mm region (at 250 µm increments; 

96 images per specimen), to ensure they meet the fibre-group specifications as 

outlined in Table 1. Only specimens which meet the individual XD, HD or PD fibre 

architecture criteria are selected for uniaxial mechanical testing.   

 

Figure 1: Representative SALS contour plots for one specimen from the three groups 

(XD, HD, PD). Colour indicates alignment (low to high; 0.5 to 0.9). White and black 

vectors indicate fibre angles at each location across region of analysis (6 mm x 1 mm). 

 



9 
 

Table 1: Specimen grouping classification. (* Angle is given with respect to loading 

direction) 

Specimen Group Mean Angle (°) * Alignment 

XD 90 ± 15 ° ≥ 0.70 

HD N/A  ≤ 0.65 

PD 0 ± 15 ° ≥ 0.70 

 

2.2. Uniaxial Tensile Cyclic Loading 

A total of seven (n=7) dogbone specimens for each category (XD, HD, PD) were tested 

in a Tytron™ Microforce Testing System (MTS Systems Corporation, MN, USA). Each 

specimen was preconditioned for 1 cycle at 0.01 Hz, at a peak stress of 3 MPa, and 

then repeatedly cycled at 1.5 Hz at the same peak stress of 3 MPa (with an R-ratio of 

0.1). As the maximum operating frequency of the Tytron™ Microforce Testing System 

for force-controlled tests was 1.5 Hz, a supraphysiological load of 3 MPa was chosen 

for testing. This load was chosen to accumulate damage in the tissue in a feasible time 

frame, and also allow for divergences according to fibre architecture to be detected 

(see Table 1). From our previous work, the ultimate tensile strength of the weakest 

specimen category (XD), was 4 MPa 48. Thus, a load of 3 MPa was deemed suitably 

high to conduct experiments in a realistic time frame, without instant tensile failure of 

the XD group. Moreover, a 3 MPa load ensures the specimens are loaded to the 

collagen fibre-dominant region of the stress-strain response (i.e. stiffened linear 

region), where lower loads would result in a tissue matrix-dominant response (i.e. in 
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the initial stage of the stress-strain profile). Additionally, computational studies have 

reported leaflet stresses in the region of 1- 3 MPa 1,21.  

The test end-point was defined as run-out at 1 million cycles, or failure. Testing was 

conducted in a saline bath at 37 °C, to simulate the physiological environment. 

2.3. Second Harmonic Generation Imaging (SHG) 

Multiphoton imaging (Second Harmonic Generation, or SHG) was employed to 

visualise the collagen fibre architecture of GLBP in a non-destructive manner. There 

are two primary differences between the SALS and SHG optical tools utilised in this 

study. Firstly, SALS is a transmissive technique, while SHG is layer specific and 

subject to depth limitations (approximately 100 μm for GLBP in the authors’ 

experience). Secondly, SALS records a scattered light image, while SHG permits 

direct visualisation of the collagen fibre structure. Thus, in this study SALS was used 

to measure the collagen fibre orientation and alignment as it detects the dominant fibre 

structure through the tissue thickness, while SHG was used only to visualise the 

collagen fibres for collagen content analysis. 

The purpose of SHG analysis was to determine any differences in the collagen content 

of highly aligned (i.e. HA) and high fibre dispersion samples (i.e. HD). As commercial-

grade GLBP cannot be readily digested down using typical techniques for biochemical 

assays, SHG was employed as a non-destructive alternative method for measuring 

collagen content. SHG was used to compare the collagen content between the two 

specimen categories (i.e. HD and HA), permitted through the application of the same 

SHG imaging and post-processing parameters for all specimens. 
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Representative specimens (n=3) were chosen from the HD group and the HA groups 

for image analysis, which was conducted using second harmonic generation (SHG) 

imaging. As XD/PD specimens meet the same alignment specification, these groups 

were combined into a ‘highly aligned’, or HA specimen category. SHG analysis was 

conducted from both the fibrous and serous face of the GLBP tissue samples, with a 

Carl Zeiss 710 NLO Microscope (Carl Zeiss, Jena, Germany). This technique involves 

passing a high energy laser through the sample, and generating a second harmonic 

of that light. Imposing an incident beam of 840 nm, from a Coherent Chameleon II 

tuneable laser, generated a second harmonic at the appropriate wavelength to permit 

collagen visualisation (420 nm). The second harmonic was detected via non-

descanned detectors, with a 485 nm short pass emission filter. A W Plan-Apochromat 

objective was employed, at a magnification of 20X. A z-stack of approximately 20 

slices at the centre of each specimen was recorded, with an inter-slice spacing of 8 

μm.   

2.4. Collagen content analysis 

The collagen content of each specimen was calculated using custom-made ImageJ 

(Maryland, United States) and Matlab (The Mathworks, Inc., MA, United States) 

programs. A total of twelve measurements were taken for each specimen, which was 

achieved by calculating the percentage collagen content across four tiles and three 

slices of images (slice thickness was 8 μm). This was completed using the z-stack of 

images from the serous face, as the fibres here are typically more organised; providing 

a more consistent signal between z-slices.  The same black and white threshold was 

applied to each SHG image, to convert collagen fibres to white, and non-collagenous 

areas to black. Collagen content was then measured as the number of collagen fibre 

pixels, as a percentage of the total number of image pixels. This method is similar to 
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that reported by Sulejmani and co-authors 41. As the fibre arrangement in GLBP 

changes through the thickness, the slices chosen for analysis were at least 30 μm 

from the tissue surface. The analysis region for each specimen was 850 μm x 850 μm 

(across three slices through the depth). Finally, the 36 measurements per group (n=3, 

at 12 measurements, see above) were analysed with a Student’s t-test at a 95% 

confidence interval.  

2.5. Statistical Analysis 

Statistical analysis was performed with Prism 6 statistical software (GraphPad 

Software Inc., San Diego, California). For the cyclic experimental data, a one-way 

analysis of variance (ANOVA) was performed to investigate statistical significance 

between each of the three specimen groups (XD, HD, PD). A Tukey's multiple 

comparisons test was conducted if the ANOVA test result was statistically significant 

(i.e. p < 0.05 for 95% Confidence Interval). As described in section 2.4, collagen 

content was compared between the HA and HD groups with a Student’s t-test, at a 

95% confidence interval.  

3. Results 

3.1. Sample Characterisation 

Each of the seven (n=7) specimens chosen for cyclic testing met the alignment and 

angle (where applicable) requirements for XD, HD and PD specimen groups (see 

Table 1). The mean and standard deviation of these fibre architecture parameters are 

summarised in Table 2.  
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Table 2: Mean angles and alignment values for XD, HD and PD specimens (Uniaxial 

cyclic loading; see sections 2.1 and 2.2) 

Specimen Group Mean Angle (°)  Alignment 

XD (n=7) 84.43 ± 8.76 ° 0.75 ± 0.04 

HD (n=7) N/A  0.56 ± 0.03 

PD (n=7) 4.74 ± 4.08° 0.76 ± 0.04 

 

3.2. Uniaxial Cyclic Loading 

Four (n=4) HD specimens reached run-out at 1 million cycles, in contrast to the XD 

group whereby four (n=4) samples failed after one cycle (see Figure 2). As in our 

previous study, each sample in the PD group reached run-out at 1 million cycles 48.  

An ANOVA analysis across the three groups (XD, HD, PD) illustrates a statistically 

significant difference between their fatigue behaviour (p = 0.0001).  However, a 

multiple-comparisons analysis reveals no statistically significant difference in the 

number of cycles completed by HD and PD groups. Furthermore, there was a 

statistically significant difference in the number of cycles completed between the XD 

and HD group (p < 0.01) and between XD and PD groups (p <0.0001, see figure 2). 

Full details of collagen fibre angle, alignment and number of cycles completed for each 

specimen are provided in Appendix A, Table A.1. 
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Figure 2: Cycles completed for XD, HD and PD specimens (**p <0.01, ****p<0.0001). 

Note: No statistically significant difference was found between the HD and PD groups.  

3.3. SHG Imaging 

SHG imaging of three specimens from each category revealed differences in the fibre 

architecture between the HD and HA specimen groups. The fibre arrangement of HD 

specimens appeared wavy and dense (see figure 3 (a-c)). This was in contrast to the 

HA group, where the fibres appeared comparably to be straighter and more sparse 

(see figure 3 (d-f)).  
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Figure 3: SHG images of (a-c) HD (high fibre dispersion) specimens and (d-f) HA 

(highly aligned, i.e. XD/PD) specimens. Scale bar: 100 μm. 

3.4. Collagen content analysis 

A statistically significant difference between the alignment values (i.e. level of collagen 

fibre dispersion) was found between the two specimen groups (p = 0.0417, see figure 

4). The mean alignment of the HD and HA groups were 0.615 ± 0.0004 and 0.735 ± 

0.0002, respectively. The mean collagen content of high fibre dispersion (HD) and 

highly aligned (HA) specimens was 79.88 ± 0.014% and 72.92 ± 0.017%, respectively.  

A student’s t-test revealed that the collagen content of the HD group was statistically 

significantly higher than that of the HA group; where p = 0.0023. 
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Figure 4: (a) Alignment values for HD and HA (i.e. XD/PD) groups, according to SALS 
analysis (see section 2.1), (b) Percentage collagen content of HD and HA groups, 
according to SHG image analysis (see sections 2.3 and 2.4) 
 
 
To illustrate the variability in collagen fibre arrangement across a full patch of GLBP 

tissue, a SALS analysis of a 9 cm x 16 cm patch of pericardial tissue is included below 

(see Figure 5). The patch was divided into 24 rectangles (2 cm x 3 cm) and each were 

imaged with SALS across a 1.8 cm x 2.5 cm region of analysis (43, 200 images in 

total). The result is displayed as a contour plot, according to angle and alignment, as 

detailed in Section 2.1. This SALS analysis demonstrates that both fibre angle (black 

vectors) and alignment (yellow - blue) change regionally across a full GLBP patch. It 

is possible that regions on a GLBP patch map to distinct anatomical locations. 

However, as it is unknown where the commercial patch is harvested from on the full 

pericardial sac, it is not possible to locate regions of specific fibre angle and alignment 

values in a GLBP patch without imaging the collagen fibres. Full details of the mean 

fibre angle and alignment of the interrogation regions are given in Appendix A, Table 

A.2 and Figure A.1. 
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Figure 5: SALS analysis overlaid on GLBP patch (9 cm x 16 cm), where individual 
interrogation regions measure 1.8 cm x 2.5 cm. Scale bar on the right indicates 
collagen fibre alignment, from high to low values (0.9- 0.5, respectively).  

 

3.5. Fixation technique comparison of two commercial-grade GLBP 

To investigate the influence of fixation technique on the mechanical properties of 

commercial-grade GLBP, the cyclic testing results in this study were retrospectively 

compared to those of our previous work 48 and are provided in supplementary 

materials. Additionally, uniaxial static tests to failure were also completed for XD, HD 

and PD specimens from the tissue in the current study and compared to the results in 

48.   This was permitted by the identical mechanical testing protocols in each of the two 

studies. To the authors’ knowledge, this is the first time that the effect of fixation 

technique has been investigated for commercial-grade GLBP.  

 

The tissue employed in the present study was subjected to controlled loads along its 

axes during glutaraldehyde treatment. In contrast, the tissue tested in our previous 

study was not held at specified loads during fixation (Neovasc Inc., British Colombia, 

Canada).  A t-test was employed to investigate the effect of fixation technique on 

mechanical behaviour. Individual analyses were carried out for each of the specific 
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fibre architecture categories; XD, HD and PD, where the two tissue types serve as the 

two groups in the t-test analysis. 

 

T-test analyses revealed no statistically significant differences in the ultimate tensile 

strength (UTS) or stiffness of XD, HD and PD specimens from the two tissue types 

(see figure S.1(a,b), in supplementary materials). The UTS is defined as the maximum 

load the specimen reaches before failure (i.e. the point at which the specimen yields 

and the stress no longer increases). As observed in the monotonic results, there was 

no statistically significant difference in the fatigue behaviour of XD and PD specimens 

from the two different GLBP tissue types (figure S.1(c), in supplementary materials). 

Note: HD specimens were not tested under dynamic conditions in 48, and thus it is only 

possible to compare the fatigue behaviour of XD and PD groups between the two 

tissue types. 

Comparison of the static and dynamic behaviour of the specimen groups illustrate that 

once collagen fibre architecture was quantified prior to testing and specimens were 

categorised as XD, HD or PD the fixation technique had no statistically significant 

influence on the mechanical properties of the commercial-grade GLBP.  

4. Discussion 

This work quantifies the mechanical properties of a different form of GLBP which has 

not been explored in the literature to-date; i.e. that of HD fibre architecture. The 

mechanical performance of the HD group demonstrated that specimens with high fibre 

dispersion are not statistically significantly different to those in which the fibres are 

highly aligned along the loading direction (see Figure 2). This is the first time the 

dynamic performance of HD GLBP has been quantified and is especially relevant to 

the application of bovine pericardium in BHVs, where the leaflets are subjected to 
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constant cyclic loading in vivo. Furthermore, analysis of the fibre angle and alignment 

of specimens which did not fail due to loading (Appendix 1, Table A.1), and thus could 

be imaged via SALS post-loading, demonstrated that PD samples became even more 

aligned towards the load. Additionally, the one XD sample that reached 1 million 

cycles, reduced in alignment by the test end-point. This indicates that a critical number 

of fibres were able to re-orientate from the unloaded XD configuration, towards the 

loading direction to prevent failure.  Additionally, the range of mean fibre angles for the 

HD group (see Table A.1) indicates that beyond a threshold of fibre alignment (< 0.65 

in this study), the fibre angle does not solely dictate the tissue behaviour (as it does 

for XD/PD samples). The absence of a statistically significant difference in the fatigue 

performance of HD and PD groups indicates that the high fibre dispersion 

characteristic of the HD group plays a mechanically-significant role, independent of 

fibre orientation.  

To investigate the effect of fixation technique, the UTS and stiffness values of XD, HD 

and PD specimens harvested from the commercial-grade GLBP used in this study 

were retrospectively compared to those in 48  (see Supplementary Materials). 

Additionally, the number of cycles completed by XD and PD groups were compared. 

Both tissues are commercial-grade GLBP, but were subjected to different loads during 

glutaraldehyde treatment. T-test analyses illustrated that loading during fixation has 

no statistically significant effect on the UTS or stiffness of XD, HD and PD specimens 

when the fibre angle was controlled for by screening the samples with SALS (see 

Figure S.1(a,b), in supplementary materials). Furthermore, there was no statistically 

significant difference in the number of cycles completed by XD and PD groups 

between the two tissue types (see figure S.1(c), in supplementary materials). These 

results demonstrate that collagen fibre architecture governs the mechanical properties 
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of GLBP, independent of fixation technique. To the authors’ knowledge, this is the first 

time the effect of load during glutaraldehyde fixation has been investigated for 

commercial-grade GLBP. It is noteworthy that  previous studies in the literature have 

investigated the mechanical properties of ‘in-house’ fixed pericardium, which 

demonstrates increased compliance compared to the commercial-grade pericardium 

employed in this study 9,23,26,28,33,37,44. Thus, glutaraldehyde-fixing parameters will alter 

the mechanical properties of GLBP, but for commercial-grade GLBP tissues, which 

are exposed to glutaraldehyde for extended time periods, collagen fibre architecture 

will ultimately govern the mechanical properties.  

SHG analysis revealed both a difference in the configuration of fibre bundles and a 

statistically significant difference in collagen content, between HD and HA groups. HD 

specimens appeared to have a wavy, dense fibre arrangement. In comparison, the 

fibre arrangements in HA specimens appeared sparser and straightened (see Figure 

3). Furthermore, it is important to note the scale of the SHG images with respect to 

that of the SALS analysis. Each example SHG image in Figure 3 measures 425 μm x 

425 μm, at a localised region at one of multiple 8 μm z-slices through the sample 

thickness.  In contrast, the SALS analysis is conducted through the thickness of the 

tissue, where each scattered light image (96 per sample) is averaged over the laser 

beam diameter (128 μm). Additionally, the ≈ 100 μm depth limitation of SHG leaves 

the central ≈ 200 μm of samples un-accounted for (assuming SHG analysis is 

conducted from both faces of the tissue). Thus, the mean orientation of an SHG image 

slice is not representative of the mechanically-dominant fibre structure through the 

tissue thickness, as measured by SALS.  

Moreover, a statistically significant 9.5% higher percentage of collagen content was 

measured for the HD group in comparison to the HA group (see Figure 4). One might 
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think that as there are fewer fibres aligned in the direction of loading, that HD 

specimens would exhibit inferior fatigue behaviour compared to PD specimens. 

However, this was not the case (see Figure 2). This high fatigue life may be explained 

by the increased density of fibres in HD specimens compared to PD (see Figure 4), 

where the net number of collagen fibres in the direction of loading may be similar in 

each group. Again, this supports the greater suitability of HD GLBP to withstand the 

multi-directional loading that leaflets experience in vivo.  

It is clear from Figure 5 that both fibre orientation and alignment vary across a full 

pericardial patch. Moreover, the location on the pericardial sac from where the patch 

was extracted is unknown, therefore it is not possible to correlate the axes of the patch 

with anatomical axial and circumferential orientations. It is clear, however, that there 

is no global dominant fibre direction in the patch defined by the patch anatomy. Yet, 

several previous studies have made this assumption in categorising fibre orientation 

in BP test specimens 5,6,18,45. It is known that collagen fibres remodel such that they 

align with principal loading directions 19,37. In the case of pericardium, it is probable 

that areas of high fibre dispersion on the full GLBP patch (Figure 5) correlate to 

anatomical regions on the native pericardial sac that are subjected to multidirectional 

loading. Furthermore, localised multiple principal loading directions in vivo likely 

requires increased levels of collagen, as seen in Figure 4(b). The SALS analysis of a 

full patch of commercial-grade GLBP illustrates the importance of pre-screening tissue 

prior to leaflet harvesting; to avoid extracting leaflets with unsuitable or sub-optimal 

fibre architectures for in vivo loading patterns.   

It is known that BHV leaflets are subjected to a number of complex loading patterns 

and regimes in vivo in, where native aortic valve leaflets have a complex fibre 

architecture 2,7,8,16,46.  Furthermore, the delivery sites for TAVR BHV devices are 
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heterogeneous and vary patient to patient. Aortic valve sites can be circular, elliptical 

or D-shaped 25,36,43. The presence of calcification nodules and permanent deformation 

of the tissue can further exacerbate the divergence of the valvular orifice from a typical 

or ‘ideal’ geometry 14,21,40,47. Ultimately, these diverse sites result in deformation of the 

BHV metallic frame and atypical leaflet loading patterns that are unpredictable in the 

manufacturing stage.   

It is possible that harvesting leaflets from areas of HD architecture on the pericardial 

patch will provide improved outcomes, as their multi-orientated fibres may be best 

suited to withstanding the multi-directional loading to which they are subjected.  

Exclusive of the suitability of the inherent fibre arrangement of HD tissue to the 

numerous in vivo loading directions, we have also demonstrated the high fatigue life 

of this tissue type (see Figure 2). Furthermore, we have correlated this fatigue 

performance to an increased collagen content in comparison to native areas of high 

fibre alignment (see Figure 4). The combination of fibre architecture, high fatigue life 

and increased collagen content of HD GLBP presents a possible shift from the current 

paradigm of optimal leaflet fibre structures. Informally, this is advocated in the literature 

to be that of a circumferentially aligned BHV leaflet 14,21,40. Formally, there remains no 

standardised specification or regulation of leaflet fibre patterns. Consequently, there 

is no requirement for specific leaflet harvesting sites on a pericardial sac or pre-

screening of commercial BHV leaflets15.  This work presents a possible paradigm shift, 

to a standardised and controlled definition of optimal BHV leaflet fibre patterns. 

Employment of a non-destructive optical technique, such as SALS used in this 

research, would enable routine pre-screening of GLBP patches (see Figure 5) so that 

leaflet geometries are harvested from mechanically-optimal sites. The results 
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presented here and in our previous work suggest that this may be from regions of high 

fibre dispersion, independent of the specific fixing technique used for the leaflet tissue.  

It is well documented that currently available BHVs do not meet longevity requirements 

and must be made increasingly durable 22,31. Whether this is due to a lack of control 

over leaflet fibre architectures, or a circumferential arrangement of fibres, HD leaflets 

present an interesting alternative. Our future work aims to explore the collagen fibre-

mediated fatigue behaviour of commercial-grade GLBP, under more complex loading 

regimes and physiological load levels. This study will provide further insight into the 

potential use of HD GLBP in commercial BHV leaflets.    
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Appendix A: 

Table A.1: Specimen parameters and cycles completed for uniaxial cyclic loading 
detailed in Section 3.2.  
 

Sample 
# Alignment 

Angle 
(°) 

Thickness 
(mm) 

Cycles 
Completed 

Alignment post- 
loading 

Angle post- 
loading  

XD1 0.728 83.218 0.329 1 N/A N/A 

XD2 0.702 81.27 0.371 126006 N/A N/A 

XD3 0.787 104.76 0.328 1000000 0.6806 103.95 

XD4 0.7895 86.02 0.308 1 N/A N/A 

XD5 0.8069 76.4375 0.331 1 N/A N/A 

XD6 0.711 78.92 0.411 1 N/A N/A 

XD7 0.76009 80.416 0.439 22398 N/A N/A 

       

HD1 0.559 104.66 0.412 361737 N/A N/A 

HD2 0.567 13.63 0.394 493790 N/A N/A 

HD3 0.64 93 0.336 327147 N/A N/A 

HD4 0.56114 37.927 0.412 1000000 0.594 19.95 

HD5 0.571 82.02 0.408 1000000 0.644 -21.47 

HD6 0.584 -23.57 0.401 1000000 0.6706 -11.04 

HD7 0.613 -17 0.370 1000000 Not possible Not possible 

       

PD1 0.73 -6.9 0.399 1000000 0.768 0.4062 

PD2 0.725 2.85 0.400 1000000 0.741 0.458 

PD3 0.807 -0.645 0.335 1000000 0.839 -4.48 

PD4 0.784 13.59 0.366 1000000 0.8325 3.41 

PD5 0.727 -3.02 0.350 1000000 0.7886 -0.95 

PD6 0.8159 4.645 0.319 1000000 0.81655 4.375 

PD7 0.76059 -1.5 0.330 1000000 0.7979 -2.34 
N/A: SALS was not possible after loading due to sample failure. N/A* for sample HD7: SALS 

imaging was not possible due to mishandling of the specimen, resulting in increased opacity. 
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Table A.2: Mean collagen fibre angle and alignment values for interrogation regions 

on GLBP patch (n=24) 

Sample Angle (°) Alignment   Sample Angle (°) Alignment 

a 74.16 0.74   m 63.50 0.80 

b 37.52 0.69   n 63.71 0.77 

c 37.46 0.69   o 63.67 0.74 

d 54.55 0.70   p 72.83 0.66 

e 68.82 0.74   q 80.04 0.72 

f 65.70 0.74   r 81.01 0.71 

g 74.11 0.66   s 53.52 0.70 

h 80.70 0.60   t 56.7 0.79 

i 91.46 0.76   u 53.42 0.78 

j 75.70 0.70   v 54.24 0.74 

k 62.06 0.70   w 51.28 0.70 

l 58.16 0.81   x 57.87 0.61 
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Figure A.1: SALS analysis overlaid on full GLBP patch. Interrogation region labelling 

(a-x) correspond to fibre architecture detailed in Table A.2 above.  
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Supplementary Material: 

Table S.1: Specimen parameters for uniaxial monotonic loading detailed in Section 4 

Sample  Angle  Alignment  UTS (MPa) Stiffness 

(MPa) 

XD1  79.31 0.80 1.43 26.92 

XD2  82.63 0.77 3.41 25.88 

XD3  82.17 0.76 3.69 27.17 

XD4  77.46 0.74 3.42 27.03 

XD5  78.96 0.77 1.46 25.47 

XD6  99.96 0.72 2.67 33.59 

          

HD1  N/A 0.50  13.91 103.04 

HD2  N/A 0.55  31.83 222.14 

HD3  N/A 0.62  22.95 193.92 

HD4  N/A 0.54  9.48 75.46 

HD5  N/A 0.62  5.90 49.16 

HD6  N/A 0.5  7.49 96.03 

          

PD1  -3.67 0.72  25.50 152.85 

PD2  -7.15 0.75 27.66 209.02 

PD3  -15.27 0.79  17.09 149.52 

PD4  -2.98 0.80  18.69 183.31 

PD5  5.38 0.80  19.57 191.43 

PD6  4.46 0.80  18.64 173.21 
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Figure S.1: (a) UTS of XD, HD and PD specimens where *p < 0.05, ***p<0.001. (b) 

Stiffness values of XD, HD and PD specimens, where **p<0.01, ***p < 0.001. 

 

Figure S.2: Type ‘A’ is the GLBP tested in this study, and Type ‘B’ is the GLBP tested 

in our previous work (Whelan et al., 2019).  (a) UTS values for XD, HD and PD 

specimen groups for Type A and Type B tissue. (b) Cycles completed for XD and PD 

specimen groups for Type A and Type B tissue. (Note: t-test analyses were conducted 

between the two tissue types, for each specimen group; XD, HD and PD). 


