
Acta Biomaterialia 171 (2023) 166–192 

Contents lists available at ScienceDirect 

Acta Biomaterialia 

journal homepage: www.elsevier.com/locate/actbio 

Full length article 

Quantifying the microstructural and biomechanical changes in the 

porcine ventricles during growth and remodelling 

Faizan Ahmad 

a , b , ∗, Shwe Soe 

c , Julie Albon 

d , e , Rachel Errington 

f , Peter Theobald 

a , ∗∗

a School of Engineering, Cardiff University, UK 
b School of Health Sciences, Birmingham City University, UK 
c FET - Engineering, Design and Mathematics, University of West of England, UK 
d School of Optometry and Vision Sciences, Cardiff University, UK 
e Viva Scientia Bioimaging Laboratories, Cardiff University, UK 
f School of Medicine, Cardiff University, UK 

a r t i c l e i n f o 

Article history: 

Received 23 February 2023 

Revised 19 September 2023 

Accepted 26 September 2023 

Available online 4 October 2023 

Keywords: 

Cardiac-ageing 

Biaxial properties of ventricles 

Cardiac growth and remodelling 

Viscoelastic properties of ventricles 

Cardiomyocytes rotation and dispersion 

Collagens rotation and dispersion 

Biomechanical changes during G & R 

Microstructural changes during G & R 

a b s t r a c t 

Cardiac tissue growth and remodelling (G & R) occur in response to the changing physiological demands 

of the heart after birth. The early shift to pulmonary circulation produces an immediate increase in ven- 

tricular workload, causing microstructural and biomechanical changes that serve to maintain overall phys- 

iological homoeostasis. Such cardiac G & R continues throughout life. Quantifying the tissue’s mechani- 

cal and microstructural changes because of G & R is of increasing interest, dovetailing with the emerg- 

ing fields of personalised and precision solutions. This study aimed to determine equibiaxial, and non- 

equibiaxial extension, stress-relaxation, and the underlying microstructure of the passive porcine ventri- 

cles tissue at four time points spanning from neonatal to adulthood. The three-dimensional microstruc- 

ture was investigated via two-photon excited fluorescence and second-harmonic generation microscopy 

on optically cleared tissues, describing the 3D orientation, rotation and dispersion of the cardiomyocytes 

and collagen fibrils. The results revealed that during biomechanical testing, myocardial ventricular tissue 

possessed non-linear, anisotropic, and viscoelastic behaviour. An increase in stiffness and viscoelastic- 

ity was noted for the left and right ventricular free walls from neonatal to adulthood. Microstructural 

analyses revealed concomitant increases in cardiomyocyte rotation and dispersion. This study provides 

baseline data, describing the biomechanical and microstructural changes in the left and right ventricular 

myocardial tissue during G & R, which should prove valuable to researchers in developing age-specific, 

constitutive models for more accurate computational simulations. 

Statement of significance 

There is a dearth of experimental data describing the growth and remodelling of left and right ventric- 

ular tissue. The published literature is fragmented, with data reported via different experimental tech- 

niques using tissues harvested from a variety of animals, with different gender and ages. This prevents 

developing a continuum of data spanning birth to death, so limiting the potential that can be leveraged 

to aid computational modelling and simulations. In this study, equibiaxial, non-equibiaxial, and stress–

relaxation data are presented, describing directional-dependent material responses. The biomechanical 

data is consolidated with equivalent microstructural data, an important element for the development of 

future material models. Combined, these data describe microstructural and biomechanical changes in the 

ventricles, spanning G &R from neonatal to adulthood. 

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Tissue growth and remodelling (G & R) enables the cardiac 

unction to respond to ever-changing physiological demands. The 

arly shift to pulmonary circulation [ 1 , 2 ] produces an immediate 

ncrease in workload [ 3 , 4 ] stimulating cardiomyocyte hypertrophy, 
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yperplasia, and extracellular collagen deposition [ 5 , 6 ]. The left 

entricular porcine free-wall increases in mass 4.5-fold within the 

rst 14 days, cell volume increases 3.5-fold, whilst cellular prolifer- 

tion increases 2-fold [5] . Deposition of interstitial collagen also in- 

reases, peaking 15–20 days postnatal [6] . G & R eventually gener- 

tes the structure and function typical of adult heart tissues [ 5 , 7 , 8 ]

hich, in porcine studies, increases the proportion of contractile 

ersus fibrous elements [ 7 , 8 ]. Maturation also increases collagen 

bril density, mono-nucleated and bi-nucleated cell concentrations 

 9 , 10 ], and increases collagen fibril crosslinking and assembly [11] . 

Tissue growth is triggered by increased stress and stretch in the 

ardiac tissue, initiating a new extracellular matrix (ECM) [ 12 , 13 ]. 

issue remodelling occurs through a change in ECM structure and 

omposition [12–14] . Such a change in the organization, compo- 

ition and assembly of the new ECM material causes an increase 

n biomechanical stiffness [ 15 , 16 ], and changes stress distribution 

nd cardiac function [16] . For instance, ventricular wall function- 

lity differs between neonates and adults, as the former can only 

ncrease the cardiac output by increasing the heart rate (although 

nly limited), whereas the adult heart can also increase stroke vol- 

me [ 17 , 18 ]. Changes in stress are an important determinant dur- 

ng G & R, which may in part be responsible for the change in

he cardiac structure across the myocardial wall [ 19 , 20 ]. Interest- 

ngly, the alterations in mechanical stress and stretch are the pri- 

ary cause of collagen organization and alignment during G & R 

21] . This alignment of the collagen fibres significantly contributes 

o tissue anisotropy, with an impact on the migration of other cells 

hrough the ECM [22] . 

Quantifying the tissue’s mechanical behaviour because of G & 

 is of increasing interest, dovetailing with the emerging fields of 

ersonalised and precision medicine solutions. Various approaches 

o constituent modelling have been proposed to capture these be- 

aviours, including stress [ 23 , 24 ], strain [ 25 , 26 ], and strain energy

ensity [ 27 , 28 ]. Computational models of cardiovascular mechanics 

re increasingly used to simulate normal and pathophysiological 

onditions. Such models provide the opportunity to investigate the 

ynamics of myocardial strain and the estimation of local stresses, 

ata that are impossible to collect experimentally [ 29 , 30 ]. Model 

elevance is dependant, however, on the ability to accurately simu- 

ate tissue behaviour. At its most simplistic, inputting the uniaxial 

echanical tissue behaviour from a single region, applied ‘globally’ 

o the entire organ, enables simulations, though with limited ac- 

uracy. At the other extreme, tissue structure mapped across the 

rgan, twinned with mechanical data describing multiple strain 

tates and modes, will provide a true representation of the tissue’s 

egion-specific, non-linear, anisotropic behaviour. 

Cardiac experimental studies have predominantly focused on 

dult tissue. Myocardium properties are typically reported from 

assive equi-biaxial extension tests [31–36] , whilst Yin et al. 

36] performed non-equibiaxial extension tests with different ra- 

ios, both using adult mongrel cardiac tissue. To determine the 

directional dependent’ material response and ‘cross coupling’ of 

tress, it is important to apply different loading ratios along the 

wo distinct planes, the mean fibre direction (MFD) and cross fi- 

re direction (CFD) [37] . Sommer et al. [37] performed equi-and 

onequi-biaxial tests on the left ventricle-free wall of the adult 

uman myocardium. Ahmad et al. [15] reported the biomechan- 

cal and microstructural properties of neonatal porcine ventricle 

issues. The region-specific, cross-directional, and cross-wall vari- 

tions of passive biaxial mechanical properties for porcine and rat 

yocardial tissues have also been reported [ 38 , 39 ]. Whilst the pas-

ive myocardial behaviour has been studied extensively, the dif- 

erences between the active and passive biomechanical behaviour 

roduced at the fibre level to the organ-level function have re- 

ently been reported in the literature [40] . The relative variations 

n the left and right ventricles’ biomechanical stiffness, anisotropy, 
167 
nd viscoelasticity have also been reported in the ovine hearts, due 

o differences in their embryologic origin, anatomy, and function 

41–43] . The effects of G & R on biomechanical properties have 

een reported on other biological tissues, including pelvic tissues, 

ortic tissues, skin, tendons, coronary sinus tissues, and collateral 

igaments [44–49] . All studies reported non-linear, anisotropic, and 

tiffer behaviour during G & R. 

Three-dimensional imaging methodologies have been used to 

nalyse the microstructure of myocardial tissue, including diffusion 

ensor imaging, magnetic resonance microscopy, micro-computed 

omography, ultrasound techniques, and optical coherence tomog- 

aphy [50] . All these imaging modalities provide in-depth knowl- 

dge of the microstructural arrangements of cardiomyocytes. Two- 

hoton excited fluorescence (TPEF) and second-harmonic genera- 

ion (SHG) and confocal microscopy provide the opportunity to 

uantify both the cardiomyocyte and collagen fibrils microstruc- 

ure that has been used to describe the three-dimensional cardiac 

icrostructure of cardiomyocytes and collagen fibrils [ 51 , 52 ]. Tech- 

iques such as TPEF and SHG enable the optical sectioning of rela- 

ively thick tissue samples [ 53 , 54 ]. The former can image elastin

nd cardiomyocytes by exciting endogenous fluorophores, whilst 

HG provides a deeper insight into those molecules lacking a cen- 

re of symmetry (e.g., collagen, microtubules, and myosin) [ 55 , 56 ]. 

sed in tandem, the two techniques provide a microscopic, 3D rep- 

esentation of the interplay between key proteins, resulting in the 

etermination of orientation, rotation, and dispersion parameters 

hroughout thicker tissue samples [ 37 , 51 ]. Applied to cardiac tis- 

ue, TPEF/SHG has revealed structural differences between adult 

nd neonatal myocardial tissue [ 37 , 57 ]. Currently, despite knowl- 

dge of the structural and biomechanical changes during G & R, 

here is no experimental data available on the left and right ven- 

ricle myocardial tissues. The published literature remains frag- 

ented, with data reported via different experimental techniques 

sing tissues harvested from a variety of animals, with different 

ender and ages. This prevents developing a continuum of data 

panning birth to death, limiting the potential that can currently 

e leveraged to aid computational modelling. 

This study reports microstructural and biomechanical data from 

eft and right ventricle-free walls (LVFW, RVFW). A porcine model 

which is a widely accepted surrogate animal model in cardiac- 

elated research [58–60] , was used throughout, with tissue har- 

ested from animals of different ages to broadly capture early, 

id and later stages of life. A consistent experimental setup was 

dopted, allowing a direct comparison of results across this study. 

. Materials and methods 

This study aims to provide the first dataset combining the mi- 

rostructure and biomechanical properties of porcine myocardial 

issue across 4 ages. TPEF/SHG was performed on cleared tissue, 

ith adjacent samples exposed to equi-biaxial, non-equibiaxial and 

tress relaxation testing. 

.1. Materials 

Welsh porcine hearts (gilts or sows) were acquired from a local 

reeding farm. Twenty-five hearts ( N = 25) were harvested from 

ach age group (1 day, 14 days, 7 months, and 3 years old), to- 

alling 100 hearts. A heart from each age is presented for com- 

arison in Fig. 1 (a–d). All animals were slaughtered for the food 

ndustry except the youngest, where the piglet most likely died 

ue to hypoxia either during or immediately after, farrowing (i.e., 

irth). All hearts appeared healthy and fully developed, with con- 

istent tissue colour and no obvious abnormalities. Following re- 

oval, all hearts were submerged in 10 0 0 ml cardioplegic solution 
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Fig. 1. Harvested porcine hearts of four age groups, namely 1 day old (a), 14 days old (b), 7 months old (c), and 3 years old (d). Scale bar = 20 mm. (e) 3D schematic model 

of the porcine ventricular myocardium composed of the right ventricular free wall (RVFW), highlighted with the blue region; the interventricular septum, highlighted with 

the purple region; and the left ventricular free wall (LVFW), highlighted with the red region. The local coordinates f o , n o , and s o correspond to the mean fibre, cross fibre 

and sheetlet directions of the ‘ellipsoidal’ ventricles, respectively. (f) Squared specimens were dissected from the anterior aspect of the equatorial region of the RVFW and 

LVFW, to perform TPEF/SHG microscopic imaging through the absolute thickness (i.e., epicardium to endocardium). (g) Squared biaxial specimens were obtained from the 

anterior aspect of the equatorial region of the RVFW and LVFW. The square biaxial specimens were then aligned in the mean fibre direction (MFD) and cross fibre direction 

(CFD). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 
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ith dissolved 20 mM 2, 3-butanedione monoxime (BDM) imme- 

iately after the animals’ slaughter (to inhibit cross-bridge activity 

nd prevent any muscular contraction [ 37 , 61 ]), and stored at 4 °C.

he LVFW and RVFW were then identified ( Fig. 1 e), before defin- 

ng: the FSN-coordinate system as the fibre axis (f o ), defined as the 

ean-fibre direction as observed by the external surface texture; 

he sheet axis (s o ), defined as the direction transverse to the fibre 

xis within the layer, and; the sheet-normal axis (n o ), defined as 

he direction perpendicular to both the fibres and layer, as depicted 

n Fig. 1 e [ 37 , 61 ]. In this study, the fibre axis (f o ) is described as

he ‘mean-fibre direction’ (MFD), and the sheet-normal axis (n o ) 

s the ‘cross fibre direction’ (CFD). These coordinate axes were ar- 

anged in a manner consistent with previous heart biomechani- 

al studies [ 15 , 37 , 61 ]. Biomechanical testing was completed within

2 h of the animal’s death, to produce data from fresh tissue. The 

se of animal tissue was approved by the Department of Envi- 

onment, Food, and Rural Affairs (DEFRA) - Animal & Plant Health 

gency, UK (ABP registration reference: U1251982/ABP/OTHER). 

.2. Methods 

.2.1. Microstructural investigations 

TPEF/SHG sample preparation: The LVFW and RVFW specimens 

ere dissected from the equatorial (mid) region across all age 

roups, as shown in Fig. 1 (f). A reference axis was defined as pass-

ng through the apex and base, with the edge of a 15 × 15 mm 

quare cutter kept parallel to this axis when dissecting tissue sam- 
168 
les, taken through the ventricle walls ( Fig. 1 f). The defined refer- 

nce axis (apex-to-base) is considered 0 ° for all imaging Z-stacks. 

o image through the entire ventricle thickness (i.e., epicardium to 

ndocardium), the walls were sectioned to multiple thin specimens 

f 200 μm, via a sledge microtome (HM440E + K400 (Mircrom)). 

Optical clearing of heart tissues: Samples were fixed with 4 % 

araformaldehyde (PFA) for 12 h, to achieve sufficient fixation. 

he myocardial samples were then rinsed with phosphate-buffered 

aline to wash off the PFA, then dehydrated using a graded ethanol 

eries with each step lasting 2 h, according to the following proto- 

ol: 50 % 70 %, twice at 95 % and twice at 100 % [62] . For optical

learing, a solution of 1:2 benzyl alcohol: benzyl benzoate (BABB) 

as used. Each sample was initially submerged into a solution of 

:1 ethanol: BABB for 12 h before submerging into a 100 % BABB 

olution, where they remained clear for at least 24 h before imag- 

ng [62] . All steps involved in the tissue preparation, fixation and 

ptical clearing were performed at room temperature. 

TPEF/SHG Image Acquisition: Tissue samples were mounted 

nto coverslips (VWR Scientific Inc) and immersed in wintergreen 

il (mountant). TPEF/SHG images were acquired by non-linear mi- 

roscopy (NLM), using a laser scanning microscope (LSM880 NLO, 

arl Zeiss, Ltd. Cambridge, UK) equipped with an ultrafast-pulsed, 

ear-infrared TiS laser illumination system (Chameleon Vision II, 

oherent Lasers, Cambridge, UK). Laser excitation at 900 nm and 

n approximate 140 fs pulse width were used for all NLM imaging, 

hich was passed to the specimen and separated from returning 

missions by a 690 nm short-pass primary dichroic reflector [57] . 
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Fig. 1. Continued 
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ll NLM imaging was performed using this technique via an ob- 

ective lens (Plan-Apochromat 63x/1.40 Oil Ph3, Zeiss). Backwards- 

ropagating TPEF and SHG light from the specimen was collected 

y the objective and detected in the reflected light (epi–) path- 

ay of the microscope, using the internal spectrometer to select 

he desired wavelengths. SHG (at half the excitation wavelength) 

as detected at 450 ± 10 nm and TPEF at all wavelengths longer 

han 470 nm [57] . 

Two-channel (TPEF and SHG), 8-bit images were acquired si- 

ultaneously at serial focal positions to build up a 3D stack of 

ptical sections collected at 1.52 μs. This comprised in-plane ( x, 

 ) stacks, with a field of view of 1024 × 1024 μm. Each line

f every 2D optical section was scanned 16 times and the av- 

rage signal was recorded. The laser power during the acquisi- 

ion of deeper images was automatically increased following a 
169 
re-set pattern, to compensate for light scattering reducing the 

llumination. 

.2.2. Mechanical testing 

Custom-built biaxial testing system: A biaxial testing system 

as used to perform equi-and non-equibiaxial tests on soft biolog- 

cal tissues ( Fig. 2 ). Briefly, the testing system comprises 4 stepper 

otor-based linear slides - with integrated displacement control 

EAS2NX-E015-AZAKD-3 – Oriental Motors LTD, Basingstoke UK), 

laced orthogonally to each other ( Fig. 2 ). Two load cells (DBCR- 

0N-0 02-0 0 0 – Applied Measurements LTD, Berkshire UK) are at- 

ached to the X (MFD) and Y (CFD) axes of the testing system 

 Fig. 2 ). A water bath allows submerging of the tissue in physio- 

ogical solution at 37 °C ( Fig. 2 ). In-house LabVIEW (National In- 

truments Corporation, Texas US) code was developed for sending 
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Fig. 2. Custom-built biaxial testing system, consisting of four linear actuator platforms, two load cells aligned in the MFD and CFD, a heated container, and the video 

extensometer camera for non-contact deformation measurements. A squared porcine myocardium specimen for biaxial extension testing with sides aligned with the MFD 

and CFD. White dots were placed in the middle of the specimen to be used as deformation markers. Surgical sutures attached to hooks were used to stretch the biaxial 

specimen. 
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imultaneous Input/Output digital signals to the stepper motors, 

o start the operation according to pre-programmed commands, 

aved in their drivers (MEXE02 Product Support Software - Ori- 

ntal Motor USA Corp). Non-contact video-extensometry (iMetrum 

AM028; Bristol, UK) was used to track the displacement of mark- 

rs adhered to the centre of the tissue samples. All data was 

aptured via a National Instrument data acquisition system (NI 

yRIO-1900, National Instruments Corporation, Texas US). The bi- 

xial testing system is illustrated in Fig. 2 . 

Specimen Preparation: The LVFW and RVFW specimens were 

issected from the equatorial (mid) region of the porcine heart, as 

hown in Fig. 1 g. Thin myocardial tissue slices with a consistent 

hickness and a smooth surface, were achieved using a universal 

utter. From these thin slices, square 15 × 15 mm specimens were 

repared using a modified toggle press (RS PRO 0.6t Manual Toggle 

ress, UK), with one side aligned with the MFD and the other in 

he CFD, as depicted in Fig. 1 g [63] . In this study, the biaxial my-

cardial tissue specimen for the LVFW and RVFW were obtained 

rom the outer portion of the wall. ‘Outer’ corresponds to speci- 

ens taken ∼ 1.5–2.0 mm below the epicardial surface [37] . A de- 

ailed description of preparing suitable biaxial specimens has been 

rovided elsewhere [63] . 

The specimens were then sutured onto the custom-built biaxial 

esting system and submerged in a bath of CPS with 20 mM BDM, 

hich remained at 37 °C. Testing was performed at 37 °C in the 

resence of BDM, an inhibitor of cross-bridge cycling [ 37 , 64 ]. 

Equi-biaxial and non-equibiaxial extension protocol: Speci- 

ens were stretched from 2.5 % to 15 % in 2.5 % increments, start- 

ng with the smallest stretch. In each stretch level, five precondi- 

ioning cycles and one measuring cycle were performed at differ- 

nt loading ratios, including equi-and non-equibiaxial loading ra- 

ios (1(MFD):1(CFD), 0.75:1, 0.5:1, 1:0.75, 1:0.5) [37] . Loading and 

nloading curves were obtained within each measuring cycle. 

Stress relaxation protocol: Stress relaxation tests (Cauchy 

tresses vs. time) were performed to quantify any viscoelastic 

hanges in the LVFW and RVFW, at a ramp speed of 100 mm/min 

or the stretch level of 10 %, for 300 s [37] . 
170 
.3. Data analysis 

.3.1. Microstructural analysis 

Tissue microstructure is typically characterised by quantifying 

bre orientation, rotation, and dispersion from TPEF/SHG imag- 

ng. Fiji/Image J (NIH, USA) software was used to perform quan- 

itative analysis on TPEF/SHG image Z-stacks. In-plane (x, y) im- 

ges were pre-processed in three dimensions using selected com- 

utational filters (unsharp mask, Gaussian blur 3D and Kuwa- 

ara) before these ‘stacks’ were analysed using the Fourier com- 

onents analysis method [65] . This approach enabled quantifica- 

ion of the collagen and cardiomyocyte distributions, relative to 

he stack depth. Using the ImageJ plug-in ‘Directionality’ ( https: 

/imagej.net/Directionality ), data from all images within the stacks 

ere used to generate a histogram. The peak was then fitted to a 

aussian function, enabling the identification of the preferred fi- 

re orientation direction and subsequent rotation, a method con- 

istent with other studies [ 57 , 66 , 67 ]. The output comprised: (1) the

referred fibre orientation direction ( °), defined by the centre of 

he Gaussian distribution; (2) the angular dispersion ( °), defined as 

he standard deviation (std) of the Gaussian distribution; (3) the 

mount parameter, defined as the sum of the histogram from mi- 

us 1 std to plus 1 std, divided by the total sum of the histogram;

4) goodness of fit (R 

2 ). TPEF/SHG images with R 2 > 0.8 were used 

or further analyses, an identical threshold to that adopted else- 

here [ 37 , 57 ]. 

.3.2. Mechanical testing 

Cauchy stress vs. stretch was plotted to understand tissue be- 

aviour. It was assumed that there were negligible shear stresses 

uring biaxial testing, as has been reported elsewhere [63] . Also, 

he methodology adopted in this study, to align the myocardial 

issue specimen in the MFD and CFD, results in negligible shear 

eformation and stresses. This approach has also been described 

lsewhere [ 37 , 63 ]. With the incompressibility assumption [68] , the 

normal) Cauchy stresses in MFD, σ 11 , and CFD, σ 22 , can be deter- 

ined from the first Piola–Kirchhoff stresses in MFD, P , and CFD, 
11 

https://imagej.net/Directionality
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Table 1 

In-plane ( x-y ) cardiomyocytes and collagen fibril rotation, dispersion, and amount 

through the LVFW (i.e., epicardium to endocardium) of the porcine heart at each 

age group, namely, 1 day, 14 days, 7 months, and 3 years old respectively. 

LVFW 1 day 14 days 7 months 3 years 

Cardiomyocytes 

Rotation ( °) 145 ± 11 64 ± 9 402 ± 20 250 ± 14 

Dispersion ( °) 132 ± 7 97 ± 5 335 ± 12 238 ± 10 

Amount 0.25 ± 0.01 0.22 ± 0.03 0.26 ± 0.01 0.24 ± 0.02 

Collagens 

Rotation ( °) 136 ± 13 417 ± 8 516 ± 21 655 ± 19 

Dispersion ( °) 128 ± 6 455 ± 15 814 ± 27 880 ± 25 

Amount 0.38 ± 0.03 0.49 ± 0.02 0.45 ± 0.01 0.50 ± 0.02 

Results are expressed as mean ± standard error ( n = 5). 

Bold - One-way analysis of variance (ANOVA) revealed statistical significance across 

all age groups within the LVFW p < 0.05. 

Bold - One-way analysis of variance (ANOVA) revealed statistical significance be- 

tween the equivalent age groups across the LVFW and RVFW p < 0.05. 

Table 2 

In-plane ( x-y ) cardiomyocytes and collagen fibril rotation, dispersion and amount 

through the RVFW (i.e., epicardium to endocardium) of the porcine heart at each 

age group, namely, 1 day, 14 days, 7 months and 3 years old respectively. 

RVFW 1 day 14 days 7 months 3 years 

Cardiomyocytes 

Rotation ( °) 234 ± 15 119 ± 13 241 ± 20 238 ± 19 

Dispersion ( °) 183 ± 9 82 ± 5 249 ± 8 235 ± 7 

Amount 0.44 ± 0.04 0.28 ± 0.02 0.26 ± 0.03 0.33 ± 0.03 

Collagens 

Rotation ( °) 250 ± 23 365 ± 20 433 ± 26 780 ± 30 

Dispersion ( °) 469 ± 23 572 ± 18 636 ± 26 973 ± 33 

Amount 0.61 ± 0.03 0.59 ± 0.04 0.49 ± 0.03 0.58 ± 0.02 

Results are expressed as mean ± standard error ( n = 5). 

Bold - One-way analysis of variance (ANOVA) revealed statistical significance across 

all age groups within the LVFW p < 0.05. 

Bold - One-way analysis of variance (ANOVA) revealed statistical significance be- 

tween the equivalent age groups across the LVFW and RVFW p < 0.05. 
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 22 , respectively [69] . Thus, 

11 = λ1 P 11 = λ1 
f 1 

T L 2 
, σ22 = λ2 P 22 = λ1 

f 2 
T L 1 

, (1) 

here λ1 = x 1 / X 1 and λ2 = x 2 / X 2 represent the tissue stretch in

ach direction, based on the marker distances in the loaded ( x 1 , x 2 )

nd unloaded ( X 1 , X 2 ) configuration. The measured force in each 

irection is denoted as f 1 and f 2 ; T is the mean thickness in the

nloaded reference configuration, and L 1 and L 2 are the measur- 

ble side lengths of the specimen in the undeformed state in the 

bre and cross-fibre direction, respectively. In this study, L 1 and L 2 
ere approximately 15 mm. 

The mechanical properties of LVFW and RVFW myocardial tis- 

ues were calculated and compared across all four age groups 

hrough extensibility (EXT), tangent modulus (TM), and degree of 

nisotropy (DA) in the MFD and CFD. From the equibiaxial testing 

rotocol, the TM at two linear regions of the stress-strain curve, 

he low-load pre-transitional and high-load post-transitional re- 

ions, were calculated to provide a comparative measure of stiff- 

ess between the ventricle myocardial tissues across four age 

roups as demonstrated in [70] . The data points within each region 

ere fitted in the least-square sense using a custom MATLAB code 

MathWorks, Natick, MA). TM was calculated from the slope of the 

tted line, and EXT was defined as the intersection of the fitted 

ine with the x-axis. The EXT and TM parameters were calculated 

n MFD and CFD directions as shown in [70] . The DA values were

alculated as the ratio of MFD to CFD strain at the maximum stress 

alue under equibiaxial stress (T11: T22 = 1:1) [71] . A DA value of

 indicates an isotropic material, while other values between 0 and 

 represent various degrees of anisotropy. 

.3.3. Statistical analyses 

Biaxial data was averaged at each sampling point, with the vari- 

nce informing the error bars. The overall non-linear trends were 

nformed by data from each of these sampling points. The differ- 

nces between the means of each sample group were quantified 

sing a one-way analysis of variances (ANOVA), performed along 

ith the Tukey HSD post hoc test for pair-wise multiple com- 

arisons. Correlations between two variables were determined us- 

ng Spearman (for non-parametric data) correlation coefficient ( r ), 

nd p -values were calculated based on the statistical tests. All col- 

ected data are presented as a mean ±standard error. A p -value less 

han 0.05 was considered statistically significant. Statistical analy- 

es were performed using SPSS 20.0 

. Results 

.1. Microstructural analyses 

TPEF/SHG microscopy was used to quantify the cardiomyocytes 

nd interstitial collagen fibril’s preferred orientation, rotation, and 

ispersion through the LVFW and RVFW thickness (i.e., epicardium 

o endocardium), across the four age groups. The SHG channel 

green) identifies collagen fibril distribution and the TPEF channel 

red), cardiomyocytes. Both channels were merged to demonstrate 

he collagen-cardiomyocyte overlapping as demonstrated in Fig. 3 

a–h). The cardiomyocytes and collagen fibrils exhibited a differ- 

nce in rotation and dispersion between the young and adult my- 

cardial tissues of both ventricles, as demonstrated in Fig.4 (a–d) 

 (g–j) and Fig. 5 (a–d) & (g–j) & ( Tables 1 and 2 ). 

Cardiomyocytes and collagen fibril rotation : In the LVFW, car- 

iomyocytes demonstrated a change in rotation across all four age 

roups, as demonstrated in Fig. 4 a and g & Fig. 5 a and g. Initially,

t decreases from 1 to 14 days (145 ° vs. 64 °), followed by an in-

rease between 14 days and 7 months (64 ° vs. 402 °) and finally de- 

reases between 7 months to 3 years (402 ° vs. 250 °), as described 
171 
n Table 1 . The greatest and smallest LVFW cardiomyocyte rotation 

as at 7 months and 14 days respectively ( Table 1 ). LVFW collagen

otation increased with age (Fig.4a and g & Fig 5 a and g), dramat-

cally from 1 day to 14 days (136 ° vs. 417 °), followed by a more

odest increase from 14 days to 7 months (417 ° vs. 516 °), and 7 

onths to 3 years (516 ° vs. 655 °) ( Table 1 ). In contrast to LVFW

ardiomyocytes, the greatest and smallest LVFW collagen rotation 

as found at the age groups of 3 years and 1 day old respectively 

 Table 1 ). The amount (concentration) parameters for LVFW car- 

iomyocytes and collagens were reported in Fig. 4 e and k & Fig. 5 e

nd k and Table 1 . 

In the RVFW, variation in cardiomyocyte rotation was evident 

cross all age groups, as described in Fig.4b and h & Fig. 5 b and

. Firstly, the RVFW cardiomyocyte rotation decreases from 1 day 

o 14 days (234 ° vs. 119 °), then increases between 14 days to 7 

onths (119 ° vs. 241 °), and finally decreases very slightly between 

 months to 3 years (241 ° vs. 238 °), as reported in Table 2 . The

reatest and smallest RVFW cardiomyocyte rotation was found in 

he age groups of 7 months and 14 days respectively ( Table 2 ).

VFW collagen rotation appears to increase with age ( Fig. 4 b and 

 & Fig 5 b and h) and is consistent with the LVFW ( Tables 1 and

 ). RVFW collagen rotation increases gradually between 1 day to 

4 days (250 ° vs. 365 °) and 14 days to 7 months (365 ° vs. 433 °)
s reported in Table 2 . However, a significant increase in the rota- 

ion occurred from 7 months to 3 years (433 ° vs. 780 °) ( Table 2 ).

ontrary to RVFW cardiomyocytes, the greatest and smallest RVFW 

ollagen rotation was found at the age groups of 3 years and 1- 

ay-old porcine hearts respectively ( Table 2 ). The amount (concen- 

ration) parameters for RVFW cardiomyocytes and collagens were 
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Fig. 3. In-plane TPEF/SHG representative images of the porcine LVFW and RVFW. Four age groups are presented namely, 1-day old LVFW (a) and RVFW (b); 14 days old 

LVFW (c) and RVFW (d); 7 months old LVFW (e) and RVFW (f); 3 years old LVFW (g) and RVFW (h). The SHG channel (green) identifies the collagen fibril distribution, and 

the TPEF channel (red) is the cardiomyocyte. Both channels were merged to demonstrate the collagen-cardiomyocyte overlapping. A reference axis was defined as passing 

through the apex and base, with the edge of a 15 × 15 mm square cutter kept parallel to this axis when dissecting tissue samples, taken through the ventricle walls. The 

defined reference axis (apex-to-base) is considered 0 ° for all imaging Z-stacks. Z-stacks were obtained through the absolute thickness of the LVFW and RVFW (i.e., epicardium 

to endocardium). Scale bar = 30 μm.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 
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tated in Fig. 4 f and l & Fig. 5 f and l and Table 2 . Statistical sig-

ificance was found in rotation between the youngest and oldest 

issues of all age groups within the LVFW and RVFW ( p < 0.05), as

tated in Tables 1 and 2 . 

Cardiomyocytes and collagen fibrils dispersion : LVFW car- 

iomyocytes exhibited a change in dispersion across all four age 
172 
roups as demonstrated in Fig.4c and i & Fig. 5 c and i. The car-

iomyocyte dispersion decreases from 1 day to 14 days (132 ° vs. 

7 °), followed by an increase between 14 days to 7 months (97 °
s. 335 °), and finally, a decrease between 7 months to 3 years 

335 ° vs. 238 °) as reported in Table 1 . The greatest and smallest 

VFW cardiomyocyte dispersion was at 7 months and 14 days re- 
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Fig. 3. Continued 
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pectively ( Table 1 ). LVFW collagen dispersion increased with age, 

onsiderably between 1 day to 14 days (128 ° vs. 455 °) and 14 

ays to 7 months (455 ° vs. 814 °) ( Table 1 ) and (Fig.4c and i &

ig. 5 c and i). A more modest increase was observed between 7 

onths to 3 years (814 ° vs. 880 °) ( Table 1 ). In contrast to LVFW

ardiomyocytes, the greatest and smallest LVFW collagens disper- 

ion was found at the age groups of 3 years and 1 day respectively

 Table 1 ). 

In the RVFW, cardiomyocytes demonstrated a change in the dis- 

ersion with age, as described in Fig.4d and j & Fig. 5 d and j. RVFW
173 
ardiomyocytes exhibited a decrease in dispersion from 1 day to 

4 days (183 ° vs. 82 °), followed by an increase between 14 days 

o 7 months (82 ° vs. 249 °), and lastly decreasing slightly between 

 months to 3 years (249 ° vs. 235 °) as described in Table 2 . The

reatest and smallest RVFW cardiomyocyte dispersion was found 

n the age groups of 7 months and 14 days respectively ( Table 2 ).

VFW collagens exhibit an increase in dispersion with age (Fig.4d 

nd j & Fig.5d and j). A relatively small increase was observed from 

 day to 14 days (469 ° vs. 572 °) and 14 days to 7 months (572 °
s. 636 °) ( Table 2 ), whilst a considerable increase in RVFW colla- 
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Fig. 4. TPEF/SHG microscopy was used to quantify the cardiomyocyte and collagen fibril microstructural parameters in the LVFW and RVFW ( n = 5), consisting of in-plane 

preferred orientation, dispersion, and amount respectively. Microstructural data of two age groups are presented in this figure, namely, 1-day and 14 days old porcine hearts. 

1 day: (a) in-plane preferred orientation of 1-day LVFW; (b) in-plane preferred orientation of 1-day RVFW; (c) in-plane dispersion of 1-day LVFW; (d) in-plane dispersion of 

1-day RVFW; (e) in-plane amount of 1-day LVFW; (f) in-plane amount of 1-day RVFW. 14 days: (g) in-plane preferred orientation of 14-days LVFW; (h) in-plane preferred 

orientation of 14-days RVFW; (i) in-plane dispersion of 14-days LVFW; (j) in-plane dispersion of 14-days RVFW; (k) in-plane amount of 14-days LVFW; (l) in-plane amount 

of 14-days RVFW. In-plane image stacks were acquired through the absolute thickness of the LVFW and RVFW (i.e., epicardium to endocardium). 

174 
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Fig. 4. Continued 
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en dispersion was noted between 7 months and 3 years (636 ° vs. 

73 °) ( Table 2 ). Contrary to cardiomyocytes, the greatest and small- 

st RVFW collagen dispersion was found at the age groups of 3 

ears and 1-day-old porcine hearts respectively ( Table 2 ). Statisti- 

al significance was identified in rotation and dispersion between 

he equivalent age groups across the LVFW and RVFW ( p < 0.05), 

s described in Tables 1 and 2 . 
175 
.2. Biaxial extension behaviour 

The LVFW and RVFW possess non-linear, anisotropic, and vis- 

oelastic biomechanical behaviour across all ages. The MFD is 

tiffer than the CFD. Hysteresis formation was pronounced during 

he preconditioning of the ventricular tissues, indicating the pres- 

nce of energy dissipation per unit volume. 
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Fig. 5. TPEF/SHG microscopy was used to quantify the cardiomyocyte and collagen fibril microstructural parameters in the LVFW and RVFW ( n = 5), consisting of in-plane 

preferred orientation, dispersion, and amount respectively. Microstructural data of two age groups are presented in this figure, namely, 7 months and 3 years old porcine 

hearts. 7 months: (a) in-plane preferred orientation of 7 months LVFW; (b) in-plane preferred orientation of 7 months RVFW; (c) in-plane dispersion of 7 months LVFW; (d) 

in-plane dispersion of 7 months RVFW; (e) in-plane amount of 7 months LVFW; (f) in-plane amount of 7 months RVFW. 3 years: (g) in-plane preferred orientation of 3 years 

LVFW; (h) in-plane preferred orientation of 3 years RVFW; (i) in-plane dispersion of 3 years LVFW; (j) in-plane dispersion of 3 years RVFW; (k) in-plane amount of 3 years 

LVFW; (l) in-plane amount of 3 years RVFW. In-plane image stacks were acquired through the absolute thickness of the LVFW and RVFW (i.e., epicardium to endocardium). 

176 
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Fig. 5. Continued 
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Five preconditioning cycles were performed, starting at 2.5–

5 % stretch, with an incremental increase of 2.5 %. The 1st and 

th cycles of 12.5 % and 15 % stretch levels are shown in Fig. 6

a–h). The curves typically stabilised after three or four precondi- 

ioning cycles; hence, the 5th cycle was considered to represent ac- 

ual behaviour, balancing achieving stability with minimising tissue 

amage. The average hysteresis area is a measure of energy dissi- 

ation. Table 3 shows the energy dissipation for MFD and CFD dur- 
177
ng equibiaxial testing at 10 % stretch. It was noted that the MFD 

xhibited greater energy dissipation than CFD up to 7 months, 

witching for the oldest tissue ( Table 3 ). Energy dissipation was 

reater in the LVFW than in RVFW for both MFD and CFD ( Table 3 ).

oftening during the first preconditioning cycle was observed be- 

ween subsequent stretch levels at all age groups ( Fig. 6 (a–h). 

The equi-biaxial behaviour of LVFW and RVFW at 10 % stretch is 

resented in Fig. 7 (a–h), with Cauchy stress increasing with age in 
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Fig. 6. Average preconditioning behaviour (Cauchy stress vs stretch) in the MFD (solid curves) and CFD (dashed curves) of porcine LVFW and RVFW specimens. Graphs repre- 

senting typical preconditioned equibiaxial properties at subsequently increased stretch levels ranging from 1.125 to 1.15 in 0.025 increments. Representative preconditioning 

behaviour in terms of first and fifth loading-unloading cycles at two subsequent stretch levels (12.5 % and 15 %). Four age groups are presented in these graphs, namely 

1-day-old LVFW (a) and RVFW(b); 14 days old LVFW (c) and RVFW (d); 7 months old LVFW (e) and RVFW (f); 3 years old LVFW (g) and RVFW (h). 

Table 3 

Average hysteresis area (energy dissipation per unit volume) of the porcine left and right ventricular free walls ( n = 40) 

during equibiaxial testing (1:1) in the MFD and CFD. Average values for each age group are presented in Joule per cubic 

metre, representing the area between the loading and unloading stress–stretch curves. 

Age-groups Hysteresis area 

MFD CFD 

LVFW RVFW LVFW RVFW 

J / m 

3 J / m 

3 J / m 

3 J / m 

3 

1 day 771 647 664 608 

14 days 824 777 595 530 

7 months 2038 1096 997 291 

3 years 953 742 1477 1021 
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Fig. 6. Continued 
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oth the MFD and CFD. Non-equibiaxial testing enabled evaluation 

f how the cross-coupling influenced stress in the MFD and CFD 

 Figs. 8 and 9 (a–p)), with either the MFD or CFD, possessing a rel-

tively low stretch exhibiting a stiffer biomechanical response. The 

lder tissue had a greater influence on cross-coupling, evidenced 

y the relatively high Cauchy stresses ( Fig. 9 (a–h)). LVFW and 

VFW tissue stiffness increase with age in both the MFD and CFD 

 Fig. 10 a–c); however, in the RVFW, MFD stiffness only markedly 

ncreased at greater CFD stretch. In comparison, RVFW exhibited 

reater stiffness in the MFD across all age groups ( Fig. 10 e). Con-

idering the CFD, the LVFW is the stiffest across all age groups 

 Fig. 10 f). Measures are presented that enable tracking of biome- 

hanical changes with G & R. The maximum and minimum tangent 

oduli were generated by the oldest and youngest tissue, respec- 

ively ( Tables 4 and 5 ). The changes in tissue extensibility and the

egree of anisotropy were noted with increasing age. The former 

ecreased whilst the degree of anisotropy increased between 1 day 

nd 3 years in MFD and CFD, with respect to age ( Tables 4 and 5 ).

 significant positive correlation ( p < 0.001) was noted between 
179 
he increasing tangent moduli and age ( Table 6 ). Additional statis- 

ics are presented for the LVFW and RVFW in the MFD and CFD 

 Tables 7 and 8 ) and between LVFW and RVFW in the MFD and

FD ( Table 9 ). 

Viscoelasticity increased in the LVFW with age, especially be- 

ween 7 months and 3 years in MFD and CFD as shown in ( Fig. 11 a

nd b). Viscoelasticity in the RVFW also increased with age, though 

he CFD demonstrated a more gradual increase than MFD ( Fig. 11 c 

nd d). In comparison, RVFW was found to have a greater viscous 

ehaviour than LVFW in the MFD and CFD, ( Fig. 11 e and f). 

. Discussion 

The LVFW and RVFW myocardial tissues exhibited non-linear, 

nisotropic, and viscoelastic biomechanical behaviour that varied 

ith age ( Figs. 7–9 ). The MFD is stiffer than CFD ( Fig. 7 ). These

verall traits are consistent with those reported in passive myocar- 

ial and other biological tissue studies [ 32 , 33 , 35 , 38 , 39 ]. Contrary

o the passive stress anisotropy in the MFD and CFD, the active 
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Fig. 6. Continued 

Table 4 

Mean and standard error values of biaxially determined biomechanical measurements for the left ventricle free wall 

(LVFW) at each age group. 

LVFW 1 day 14 days 7 months 3 years 

TM MFD _low (kPa) 19 ± 8 75 ± 6 83 ± 7 93 ± 5 

TM MFD _high (kPa) 254 ± 10 270 ± 14 341 ± 19 788 ± 21 

TM CFD _low (kPa) 13 ± 3 33 ± 4 50 ± 9 87 ± 13 

TM CFD _high (kPa) 106 ± 12 130 ± 11 292 ± 15 345 ± 18 

EXT_MFD 0.10 ± 0.02 0.05 ± 0.01 0.08 ± 0.02 0.05 ± 0.01 

EXT_CFD 0.12 ± 0.03 0.07 ± 0.01 0.09 ± 0.02 0.08 ± 0.01 

DA 0.94 ± 0.03 0.90 ± 0.03 0.86 ± 0.02 0.58 ± 0.02 

TM MFD _low – Tangent Modulus in the low, pretransitional region along the mean-fibre direction; TM MFD _high – Tangent 

Modulus in the high, post-transitional region along the mean-fibre direction; TM CFD _low – Tangent Modulus in the 

low, pretransitional region along the cross-fibre direction; TM CFD _high – Tangent Modulus in the high, post-transitional 

region along the cross-fibre direction; EXT_MFD – Extensibility along the mean-fibre direction; EXT_CFD – Extensibility 

along the cross-fibre direction; DA – Degree of Anisotropy. 

Table 5 

Mean and standard error values of biaxially determined biomechanical measurements for the right ventricle free wall 

(RVFW) at each age group. 

RVFW 1 day 14 days 7 months 3 years 

TM MFD _low (kPa) 62 ± 8 86 ± 9 103 ± 11 180 ± 16 

TM MFD _high (kPa) 157 ± 18 233 ± 23 651 ± 30 971 ± 39 

TM CFD _low (kPa) 16 ± 3 20 ± 2 27 ± 4 51 ± 7 

TM CFD _high (kPa) 76 ± 9 120 ± 15 147 ± 17 270 ± 24 

EXT_MFD 0.05 ± 0.01 0.05 ± 0.01 0.08 ± 0.02 0.04 ± 0.01 

EXT_CFD 0.11 ± 0.02 0.12 ± 0.01 0.16 ± 0.03 0.09 ± 0.01 

DA 0.56 ± 0.03 0.55 ± 0.04 0.53 ± 0.03 0.51 ± 0.02 

TM MFD _low – Tangent Modulus in the low, pretransitional region along the mean-fibre direction; TM MFD _high – Tangent 

Modulus in the high, post-transitional region along the mean-fibre direction; TM CFD _low – Tangent Modulus in the 

low, pretransitional region along the cross-fibre direction; TM CFD _high – Tangent Modulus in the high, post-transitional 

region along the cross-fibre direction; EXT_MFD – Extensibility along the mean-fibre direction; EXT_CFD – Extensibility 

along the cross-fibre direction; DA – Degree of Anisotropy. 

180
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Fig. 7. Average ‘elastic’ equibiaxial (Cauchy stress vs. stretch) behaviour of all considered porcine LVFW ( n = 40) and RVFW ( n = 40) myocardial specimens subjected to 

a stretch of (1:1) in the MFD and CFD. Four age groups are presented in these graphs, namely 1-day-old LVFW (a) and RVFW(b); 14 days old LVFW (c) and RVFW (d); 7 

months old LVFW (e) and RVFW (f); 3 years old LVFW (g) and RVFW (h). All data is presented in mean curves and corresponding standard errors indicated by error bars. 
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ontraction study reported significantly greater stress in the CFD 

40] . This behaviour is associated with the variations in contrac- 

ility across the transmural depth in human and porcine hearts, 

here higher active forces in the endocardial and epicardial re- 

ions, compared to the mid-wall regions, may in part contribute 

o greater active stress in the CFD [ 40 , 72–75 ]. The Anisotropy in

he MFD and CFD is mainly due to its intracellular fibrous pro- 
181
ein, titin. Titin is a large elastic protein that connects the z-line of 

he sarcomere to the m-line. It primarily provides stiffness along 

he length of the sarcomere, causing anisotropy in the myocardial 

issue ( Fig. 7 ). The stiffness of the titin molecule prevents overex- 

ension of the sarcomere, to prevent any damage to the cells. The 

hange in the degree of anisotropy (DA) was observed across four 

ge groups ( Tables 4 and 5 ), which may be due to the altered col-
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Fig. 7. Continued 

Table 6 

Correlation between biaxially determined material parameters and age groups (1 day, 14 days, 7 months, and 3 years) for the left ventricle-free wall (LVFW) and right 

ventricle-free wall (RVFW) of the porcine heart. 

Heart regions TM MFD _low TM MFD _high TM CFD _low TM CFD _high EXT_MFD EXT_CFD DA 

LVFW r 1 1 1 1 −0.6 −0.4 −1 

p < 0.01 < 0.01 < 0.01 < 0.01 0.3 0.6 < 0.01 

RVFW r 1 1 1 1 0.2 −0.2 −1 

p < 0.01 < 0.01 < 0.01 < 0.01 0.7 0.8 < 0.01 

Bold -statistical significance using Spearman correlation. 

Table 7 

Statistical analysis (one-way ANOVA along with Tukey HSD post hoc test) of biaxial data for LVFW across four age groups, namely, 1 day, 14 days, 7 months, and 3 years old 

represent (1) LVFW (1 day and 14 days old) for MFD–CFD; (2) LVFW (1 day and 7 months old) for MFD–CFD; (3) LVFW (1 day and 3 years old) for MFD–CFD; (4) LVFW (14 

days and 7 months old) for MFD–CFD; (5) LVFW (14 days and 3 years old) for MFD–CFD; and (6) LVFW (7 months and 3 years old) for MFD–CFD respectively. A p-value less 

than 0.05 is considered statistically significant. 

LVFW 1 day 14 days 7 months 3 years 

Configurations MFD CFD MFD CFD MFD CFD MFD CFD 

1 day and 14 days old 0.01 0.01 0.01 0.01 – – – –

1 day and 7 months old 0.01 0.01 – – 0.01 0.01 – –

1 day and 3 years old 0.01 0.01 – – – – 0.01 0.01 

14 days and 7 months old – – 0.01 0.01 0.01 0.01 – –

14 days and 3 years old – – 0.01 0.01 – – 0.01 0.01 

7 months and 3 years old – – – – 0.01 0.01 0.01 0.01 

Table 8 

Statistical analysis (one-way ANOVA along with Tukey HSD post hoc test) of biaxial data for RVFW across four age groups, namely, 1 day, 14 days, 7 months, and 3 years old 

represent (1) RVFW (1 day and 14 days old) for MFD–CFD; (2) RVFW (1 day and 7 months old) for MFD–CFD; (3) RVFW (1 day and 3 years old) for MFD–CFD; (4) RVFW 

(14 days and 7 months old) for MFD–CFD; (5) RVFW (14 days and 3 years old) for MFD–CFD; and (6) RVFW (7 months and 3 years old) for MFD–CFD respectively. A p -value 

less than 0.05 is considered statistically significant. 

RVFW 1 day 14 days 7 months 3 years 

Configurations MFD CFD MFD CFD MFD CFD MFD CFD 

1 day and 14 days old 0.01 0.01 0.01 0.01 – – – –

1 day and 7 months old 0.01 0.01 – – 0.01 0.01 – –

1 day and 3 years old 0.01 0.01 – – – – 0.01 0.01 

14 days and 7 months old – – 0.01 0.01 0.01 0.01 – –

14 days and 3 years old – – 0.01 0.06 – – 0.01 0.06 

7 months and 3 years old – – – – 0.01 0.01 0.01 0.01 
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agen fibril alignment during G & R, as a result of the increased 

echanical stress and strain within the myocardial tissue [22] . The 

VFW exhibited greater anisotropy than the LVFW, which may be 

ue to differences in their underlying microstructure, which signif- 

cantly contributes to facilitating anatomical deformation mechan- 

cs during diastolic and systolic functions of the heart. This at- 

ribute is consistent with ovine heart tissue [42] . The LVFW and 

VFW possessed relatively pronounced hysteresis, which identi- 

ed a significant energy dissipation during biaxial tensile loading 

odes ( Fig. 6 ). The MFD possessed greater energy dissipation than 
182 
FD in younger myocardial tissue (1 day, 14 days, and 7 months 

ld) as depicted in Table 3 . Greater energy dissipation was noted 

n the CFD for adult heart tissue (3 years old) ( Table 1 ). This may

e in part because of the G & R in the adulthood phase, causing 

he changes in the cardiac matrix [ 12 , 13 ]. In comparison, LVFW 

emonstrated greater energy dissipation than the RVFW, across 

our age groups ( Table 3 ). 

Softening was evident during the biaxial cyclic preconditioning, 

s shown in Fig. 6 . The greatest change in stress was observed 

uring the first two preconditioning cycles. This stress-softening 
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Fig. 8. Average non-equibiaxial (Cauchy stress vs. stretch) behaviour of all considered porcine LVFW ( n = 20) and RVFW ( n = 20) myocardial specimens subjected to non- 

equibiaxial stretch ratios, including 0.75:1; 0.5:1, 1:0.75, and 1:0.5 in the MFD and CFD, respectively. The red and black curves correspond to the mean fibre direction (MFD) 

and the cross-fibre direction (CFD). Two age groups are presented in these graphs, namely 1-day-old : LVFW at stretch ratio 0.75:1 (a), RVFW at stretch ratio 0.75:1 (b), LVFW 

at stretch ratio 0.5:1 (c), RVFW at stretch ratio 0.5:1 (d), LVFW at stretch ratio 1:0.75 (e), RVFW at stretch ratio 1:0.75 (f), LVFW at stretch ratio 1:0.5 (g), and RVFW at a 

stretch ratio 1:0.5 (h); 14 days old : LVFW at stretch ratio 0.75:1 (i), RVFW at stretch ratio 0.75:1 (j), LVFW at stretch ratio 0.5:1 (k), RVFW at stretch ratio 0.5:1 (l), LVFW 

at stretch ratio 1:0.75 (m), RVFW at stretch ratio 1:0.75 (n), LVFW at stretch ratio 1:0.5 (o), and RVFW at stretch ratio 1:0.5 (p). All data is presented in mean curves and 

corresponding standard errors indicated by error bars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.). 
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Fig. 8. Continued 
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ehaviour is also referred to as the Mullins effect [76] . The pro- 

ounced strain softening was caused by the disruption of the per- 

mysial collagen network, which is a consequence of the excessive 

hearing between adjacent myocardial muscle layers [77] . More- 

ver, strain softening may occur due to changes in the collagen 

atrix where the cardiomyocytes are embedded [78] . The rela- 

ive increase in stiffness of the LVFW and RVFW myocardial tis- 

ues was noted from neonate to adulthood in the MFD and CFD 
184
 Fig. 10 and Tables 4 and 5 ). This is primarily due to the G & R pro-

ucing new and renewing existing ECM, because of the increased 

entricular workload [ 12 , 13 , 79 ]. Also, the relative increase in colla-

en fibril crosslinking and assembly, may in part contribute to in- 

reased stiffness of myocardial tissue, during G & R [11] . This pro- 

ides high tensile strength (i.e., stiffness) to the tissue in response 

o the increased physiological demands [ 80 , 81 ]. Such changes in 

he composition, organisation and assembly of the new ECM ma- 
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Fig. 8. Continued 

Table 9 

Statistical analysis (one-way ANOVA along with Tukey HSD post hoc test) of biaxial 

data for LVFW and RVFW across four age groups, namely, 1 day, 14 days, 7 months, 

and 3 years old in the MFD–CFD. A p -value less than 0.05 is considered statistically 

significant. 

LVFW RVFW 

Age groups MFD CFD MFD CFD 

1 day 0.01 0.07 0.01 0.07 

14 days 0.01 0.01 0.01 0.01 

7 months 0.01 0.01 0.01 0.01 

3 years 0.01 0.01 0.01 0.01 

t

t  

t

o

d

d  

a

b

e

c

h

i

o

s

i

g

h

w

s

h

c

c

c

o

w

i

G

o

i

l

t

d  

i

p

T

c

o

h

erial have been reported to increase the biomechanical stiffness of 

he ventricle tissues during G & R [ 15 , 16 ]. This is consistent with

he other biological tissue studies, reporting the effects of G & R 

n the overall biomechanical stiffness [44–49] . The RVFW myocar- 

ial tissue is stiffer than LVFW across all age groups in the MFD 

uring biaxial tests ( Fig. 10 and Tables 4 and 5 ). The relative vari-

tions in the left and right ventricles’ biomechanical stiffness may 

e due to the difference in ventricular blood filling (diastole) and 

jection (systole) during the cardiac cycle, as suggested in previous 

ardiac biaxial studies [ 15 , 37 ]. Conversely, right ventricular tissue 

as been reported as being less stiff than left in the MFD, dur- 

ng passive simple shear and uniaxial tensile/compression tests in 

vine heart [43] . This may be due to the difference in deformation 
185 
tates, which correspond to the tissue’s different contribution from 

ts underlying microstructure (cardiomyocytes – interstitial colla- 

en fibrils interaction) [43] . It also implies that G & R tends to 

appen at different rates in the LVFW and RVFW myocardial tissue, 

hich may correspond to their mechanical constituents (stress, 

train, strain energy density), maintaining the overall mechanical 

omoeostasis, during physiological ventricles development [ 3 , 82 ]. 

The viscoelasticity (Cauchy stress vs. time) appeared to in- 

rease from neonatal to adulthood, during G & R in both ventri- 

les ( Fig. 11 ). The RVFW myocardial tissue exhibited greater vis- 

oelasticity than LVFW, across four age groups ( Fig. 11 ). The my- 

cardial tissue possesses a relatively high water content ( ∼ 80 % 

et weight) and is affected by muscle presence [83] . So, changes 

n water content may alter myocardium viscoelasticity during 

 & R [83] . The greater viscous behaviour in RVFW has also previ- 

usly been reported in the ovine heart at high strains, which may 

n part contribute to preventing its structural integrity and physio- 

ogical function [41] . The cardiomyocytes followed a consistent pat- 

ern in overall rotation and dispersion in LVFW and RVFW myocar- 

ial tissue ( Figs. 3 and 4 and Tables 1 and 2 ). It initially decreased

n the early neonatal phase, followed by an increase in the mid- 

uberty phase, and finally decreased in the late adulthood phase. 

he early decrease may be due to an increase in the workload be- 

ause of the rapid closing of the ductus arteriosus and foramen 

vale, and reliance on pulmonary circulation [ 1 , 2 ]. The pronounced 

ypertrophy in both ventricles was observed in the mid-puberty 
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Fig. 9. Average non-equibiaxial (Cauchy stress vs. stretch) behaviour of all considered porcine LVFW ( n = 20) and RVFW ( n = 20) myocardial specimens subjected to non- 

equibiaxial stretch ratios, including 0.75:1; 0.5:1, 1:0.75, and 1:0.5 in the MFD and CFD, respectively. The red and black curves correspond to the mean fibre direction (MFD) 

and the cross-fibre direction (CFD). Two age groups are presented in these graphs, namely 7 months old : LVFW at stretch ratio 0.75:1 (a), RVFW at stretch ratio 0.75:1 (b), 

LVFW at stretch ratio 0.5:1 (c), RVFW at stretch ratio 0.5:1 (d), LVFW at stretch ratio 1:0.75 (e), RVFW at stretch ratio 1:0.75 (f), LVFW at stretch ratio 1:0.5 (g), and RVFW 

at stretch ratio 1:0.5 (h); 3 years old: LVFW at stretch ratio 0.75:1 (i), RVFW at stretch ratio 0.75:1 (j), LVFW at stretch ratio 0.5:1 (k), RVFW at stretch ratio 0.5:1 (l), LVFW 

at stretch ratio 1:0.75 (m), RVFW at stretch ratio 1:0.75 (n), LVFW at stretch ratio 1:0.5 (o), and RVFW at stretch ratio 1:0.5 (p). All data is presented in mean curves and 

corresponding standard errors indicated by error bars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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hase, which may explain the relative increase in cardiomyocyte 

otation and dispersion because of the rapidly increased volume 

i.e., growth) in this phase ( Fig. 1 b and c). Whilst in the late adult-

ood phase, the decreased cardiomyocyte rotation and dispersion 

ould in part be due to the change in ECM structure and com- 

osition, because of the G & R [12–14] . The adult LVFW (i.e., 3

ears old ∼ 250 °) cardiomyocyte rotation reported here is similar 

o human and porcine heart studies, as reported in Table 1 [ 37 , 84 ].
187 
lso, the total left ventricle cardiomyocyte rotation from epi–to- 

ndocardium has been reported to be 140 °in rats [85] , 135 ° in 

uinea pigs [86] , 140 °in dogs [87] , and 106 ° in mice [86] . Contrary

o cardiomyocytes, collagen fibrils’ rotation and dispersion contin- 

ously increased in both ventricles, across four age groups dur- 

ng G & R ( Figs. 3 and 4 and Tables 1 and 2 ). This in-plane ro-

ation and dispersion of interstitial collagen are important because 

hey provide myocardium structural stability and organise the car- 
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iomyocytes’ architecture in a higher order of laminar sheet layers 

 88 , 89 ]. Moreover, it is an essential framework for preserving the 

patial registration of cardiomyocytes, such as limiting the exten- 

ion of cardiomyocytes during diastole and transmitting the force 

nd storage of energy during systole [85] . The interstitial collagens 

re cross-linked, and this provides high tensile strength, which sig- 

ificantly contributes to functionality during diastole [ 80 , 90 ]. This 

reserves the myocardium shape and wall thickness, and it also 

revents ventricular aneurysms and rupture [ 91 , 92 ]. 

In this study, there is strong comparability between the peak 

quibiaxial Cauchy stress for the LVFW and RVFW, versus our pre- 

iously published 1-day-old porcine heart data [93] . A compari- 

on of our 3-year-old data versus adult human heart data shows 

orcine LVFW is 6-fold and 4-fold stiffer in the MFD and CFD, 

espectively [37] . Also, porcine RVFW is 4-fold and 2-fold stiffer 

n the MFD and CFD [37] . Quantitatively, a 3-fold increase in the 

tiffness (TM MFD _high) was noted in the LVFW from neonatal to 

dulthood ( Table 4 ), compared to a 6-fold increase in the RVFW 

 Table 5 ). In comparison, RVFW possessed 1.2-fold greater stiffness 

han LVFW ( Tables 4 and 5 ). In both ventricles, the changes in ex-

ensibility (EXT) and degree of anisotropy (DA) in the MFD and 

FD were observed. The former decreased whilst the anisotropy in- 

reased between neonatal to adulthood, during G & R ( Tables 4 and 

 ). A 2-fold increase was reported in the LVFW cardiomyocyte rota- 

ion and dispersion between neonatal to adulthood ( Table 1 ). This 

ifference was almost negligible for the RVFW ( Table 2 ). In con- 
188 
rast, collagen fibril rotation and dispersion continuously increased 

etween neonatal to adulthood in the LVFW and RVFW ( Tables 1 

nd 2 ). The former exhibited a 5-fold and 7-fold increase in rota- 

ion and dispersion ( Table 1 ), whilst the RVFW had a 3-fold and

-fold increase in rotation and dispersion ( Table 2 ). Overall, LVFW 

emonstrated a greater degree of cardiomyocyte and collagen fib- 

ils rotation and dispersion through the wall (i.e., epicardium to 

ndocardium) ( Tables 1 and 2 ). This may, in part contribute to the 

wisting of the left ventricle during systole and diastole, to deter- 

ine the myocardial compliance and left ventricle suction, which 

n turn regulates the diastolic function of the heart [ 94 , 95 ]. 

.1. Limitations 

While these results provide valuable insight into the mi- 

rostructural and biomechanical changes in the LVFW and RVFW 

yocardial tissue during G & R, it is acknowledged that an animal- 

ased laboratory study differs from human, physiological reality. 

he porcine animal model was adopted as it is a widely accepted 

nimal surrogate model for cardiac-related biomedical research 

nd clinical trials. However, there are still differences that will 

imit the applicability of these data. While the controlled environ- 

ent of a laboratory has significant advantages when investigating 

issue characteristics, the need to dissect samples does create ar- 

ificial boundary conditions and releases residual stresses, which 

ay slightly alter the microstructural arrangement and could po- 
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Fig. 10. Graphs representing the quantitative comparison of the mean equibiaxial behaviour (Cauchy stress vs stretch) of the porcine LVFW and RVFW myocardial specimens 

in the MFD and CFD across all four age groups (1-day, 14 days, 7 months, and 3 years old). LVFW in the MFD (a), LVFW in the CFD (b), RVFW in the MFD (c), RVFW in 

the CFD (d), LVFW vs RVFW in the MFD (e), and LVFW vs RVFW in the CFD (f). In this figure, LVFW and RVFW curves are presented in solid and dashed lines for easy 

interpretation. 
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entially cause sharp changes in the cardiomyocytes and collagen 

brils direction and dispersion. Myocardium was considered in- 

ompressible for the simplicity of mathematical calculations in this 

tudy [ 37 , 96 ]. The deceased piglets were used to harvest the 1-

ay-old hearts for the biomechanical and microstructural analyses. 

hese piglets were presumed to die because of hypoxia. Hence, it 
s unknown whether this route of death affects the tissue structure s

189 
r mechanical behaviour. Common protocols were followed to en- 

ure that the tissues remained hydrated, though there is no doubt 

hat the deformations imposed by equibiaxial and non-equibiaxial 

esting differ from those experienced in typical cardiac physiology. 

he above-mentioned factors, plus the passiveness of the heart 

uscle, may also contribute to the strain softening observed in this 

tudy and may explain the softening behaviour observed at very 
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Fig. 11. Average stress relaxation (viscoelastic) behaviour of porcine LVFW ( n = 20) and RVFW ( n = 20) myocardial specimens at 10 % stretch during 5 min. All specimens 

were subjected to equibiaxial (1:1) stretch in the MFD and CFD respectively. Four age groups (1 day, 14 days, 7 months, and 3 years old) are presented for LVFW and RVFW 

in the MFD and CFD. LVFW in the MFD (a), LVFW in the CFD (b), RVFW in the MFD (c), RVFW in the CFD (d), LVFW vs RVFW in the MFD (e), and LVFW vs RVFW in the 

CFD (f). In this figure, LVFW and RVFW curves are presented in solid and dashed lines for easy interpretation. The percentage changes in the viscoelasticity of the LVFW and 

RVFW MFD and CFD were calculated for the older heart, to provide the baseline quantitative changes (a–d). 
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mall strains. TPEF/SHG microscopy was used to evaluate the car- 

iomyocytes and collagen fibrils’ orientation, dispersion, and con- 

entration. The cause of getting greater collagen concentration is 

ue to the Second harmonic generation (SHG) microscopy’s supe- 

ior signal generation ability to detect collagens than Two-photon 

xcitation microscopy (TPEF) for cardiomyocytes. Specifically, SHG 

ignals depend on the orientation, polarization, and local symme- 

ry properties of chiral molecules, whereas TPEF results from the 

onlinear excitation of molecular fluorescence. Whilst the issues 

ssociated with in vitro mechanical testing may limit the reliabil- 

ty of explicit material parameter identification, the approach used 

ere has provided important, novel data on the G & R material re- 

ponse of the passive LVFW and RVFW myocardial tissue. 

. Conclusion 

Ventricular tissue demonstrated non-linear, anisotropic, and 

iscoelastic behaviour, with stiffness and viscoelasticity increasing 

ith G & R. Microstructural analyses revealed prominent changes 

n cardiomyocyte rotation and dispersion. Collagen fibrils rotation 

nd dispersion continuously increased between neonatal to adult- 

ood in both ventricles. This study provides baseline data that 

ay prove useful to bioengineers, researchers, and mathemati- 

ians, to develop age-specific, G & R-based, constitutive models for 

nhanced computational simulations. 
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