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Abstract 1 

Understanding the mechanical behaviour of arterial tissue is vital to the development and 2 

analysis of medical devices targeting diseased vessels. During angioplasty and stenting, stress 3 

softening and permanent deformation of the vessel wall occur during implantation of the 4 

device, however little data exists on the inelastic behaviour of cardiovascular tissue and how 5 

this varies through the arterial tree. The aim of this study was to characterise the magnitude 6 

of stress softening and inelastic deformations due to loading throughout the arterial tree and 7 

to investigate the anisotropic inelastic behaviour of the tissue. Cyclic compression tests were 8 

used to investigate the differences in inelastic behaviour for carotid, aorta, femoral and 9 

coronary arteries harvested from 3-4 month old female pigs, while the anisotropic behaviour 10 

of aortic and carotid tissue was determined using cyclic tensile tests in the longitudinal and 11 

circumferential directions. The differences in inelastic behaviour were correlated to the ratio 12 

of collagen to elastin content of the arteries. It was found that larger inelastic deformations 13 

occurred in muscular arteries (coronary), which had a higher collagen to elastin ratio than 14 

elastic arteries (aorta), where the smallest inelastic deformations were observed. Lower 15 

magnitude inelastic deformations were observed in the circumferential tensile direction than 16 

in the longitudinal tensile direction or due to radial compression. This may be as a result of 17 

non-fibrous matrix or smooth muscle in the artery becoming more easily damaged than the 18 

collagen fibers during loading. Stress softening was also found to be dependent on artery 19 

type. In the future, computational models should consider such site dependant, anisotropic 20 

inelastic behaviour in order to better predict the outcomes of interventional procedures such 21 

as angioplasty and stenting.  22 

 23 

 24 
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1.  Introduction  1 

Stenting and balloon angioplasty are common procedures to treat atherosclerotic arteries 2 

through mechanical loading of the lesion. In order to be able to predict the outcome of these 3 

procedures, and to properly analyse new cardiovascular medical device designs, a thorough 4 

understanding of both healthy and diseased arterial tissue mechanical behaviour is necessary. 5 

Arteries are multi-layered vessels with each layer containing different proportions of the main 6 

structural components of arteries, namely collagen, elastin fibrils and smooth muscle cells. 7 

Arteries can be divided into two broad categories: elastic and muscular arteries, with the 8 

diameter, layer thicknesses and layer compositions depending on the artery type (Martini, 9 

2006).  The mechanical properties of arteries are largely determined by the relative amounts 10 

of collagen, elastin and smooth muscle it contains, and the structural organization of these 11 

components. The elastin and collagen components are the main determinants of the elastic 12 

behaviour of arteries, with the lower stiffness elastin having prominence at low strains or 13 

pressures and the higher stiffness collagen fibers determining the large strain behaviour 14 

(Roach and Burton, 1957; Salvucci et al., 2009). The vascular smooth muscle content of the 15 

arteries is closely related to the viscoelastic properties of the tissue such as stress relaxation 16 

(Salvucci et al., 2009). As the proportional content of these components in arteries 17 

determines their mechanical behaviour it is clear that arterial mechanical properties will vary 18 

throughout the arterial tree. 19 

A number of studies have investigated the elastic behaviour of arterial tissue (Garcia 20 

et al., 2011; Lally et al., 2004; Schulze-Bauer et al., 2003; Sommer et al., 2010) and its 21 

failure characteristics (Holzapfel et al., 2004; Stemper et al., 2007; Teng et al., 2009; 22 

Walraevens et al., 2008). It has been reported that arterial tissue displays anisotropic 23 

characteristics (Garcia et al., 2011; Holzapfel et al., 2005; Holzapfel et al., 2004) which has 24 

been attributed to the orientation of the collagen fibers (Holzapfel, 2006) and to the 25 
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anisotropy of the elastin network (Zou and Zhang, 2009). Viscoelastic behaviour such as 1 

stress relaxation (Silver et al., 2003; Yang et al., 2011) and strain rate dependency of the 2 

stress-strain response (Yang et al., 2011) has also been observed. While there are studies in 3 

the literature that compare the elastic (Patel and Janicki, 1970; Salvucci et al., 2009; Silver et 4 

al., 2003) or viscoelastic (Salvucci et al., 2009; Silver et al., 2003) behaviour of different 5 

vessels, to the authors’ knowledge little data exists characterising or comparing stress 6 

softening and the inelastic deformations that occur on unloading due to damage induced 7 

within the tissue and how this behaviour will vary throughout the arterial tree. As the ultimate 8 

goal of clinical procedures such as stenting and angioplasty is to maximise the post-procedure 9 

lumen gain, further work is required to characterise inelastic deformations due to the damage 10 

that results from over-stretching the tissue beyond the physiological domain. 11 

 Due to the difficulty in obtaining fresh human arterial specimens, porcine arteries are 12 

commonly used in studies to mechanically characterise arterial tissue (Dixon et al., 2003; 13 

Lally et al., 2004; Pandit et al., 2005; Silver et al., 2003). This approach has been justified 14 

due to the similarities between the human and porcine cardiovascular systems and the fact 15 

that porcine models are commonly used in the pre-clinical evaluation of medical devices.  16 

The objective of this study was to characterise the variation in the inelasticity of arterial 17 

tissue throughout the porcine arterial tree. In particular we sought to determine the magnitude 18 

of stress softening and residual inelastic deformations that result on unloading of arterial 19 

tissue from non-physiological strains. Residual strain is the term used in this study to describe 20 

the remnant strain in the tissue on unloading from a supra-physiological load. It is defined 21 

here as the strain (characterised from the original sample length) in the sample at which the 22 

specimen becomes stressed on reloading the sample; i.e. it is the strain at which the sample 23 

will start to take load. Residual strain has been referred to as remnant strain (Balzani et al., 24 

2011) or permanent set (Pena, 2011) in other studies of soft tissue behaviour. Stress-softening 25 
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is an inelastic phenomenon similar to the Mullins effect in polymers and rubbers. It results in 1 

a softening of the stress-strain response in the tissue between the first loading cycle and 2 

subsequent unloading and reloading cycles. To further characterise this response, the 3 

anisotropic inelastic behaviour was also investigated. To this end, tissue from porcine 4 

thoracic aorta, proximal common carotid, femoral and right coronary arteries were subjected 5 

to radial compression, while aortic and carotid tissue was further tested in circumferential and 6 

longitudinal tension to characterise the anisotropy of the inelastic response. 7 

 8 

2. Materials and Methods 9 

Arterial tissue was harvested from 3-4 month old female pigs using a scalpel within one hour 10 

of the pig being put down. Fat and connective tissue were trimmed from the arteries, which 11 

were then stored in 0.9% saline solution at 4°C. Four artery types were harvested; common 12 

carotid arteries, femoral arteries, right coronary arteries and aorta. All testing was completed 13 

within 48 hrs of tissue harvesting.  Mechanical testing was performed using a high precision 14 

testing device adapted for testing biological specimens (Bose ElectroForce 3100, Bose 15 

Corporation, Gillingham, UK) with a load resolution of 6 mN and a stroke resolution of 16 

0.0015mm. The collagen and elastin content of the aorta, femoral and coronary arteries were 17 

also determined (see online supplementary material). 18 

 19 

2.1 Site specific inelasticity of arterial tree 20 

3.5 mm diameter cylindrical radial compressive samples removed from the aorta, femoral, 21 

carotid and coronary arteries of a single pig were loaded in uniaxial cyclic compression in 22 

order to determine the inelastic strains remaining in the tissue on unloading. Samples were 23 
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placed on the lower platen and the upper platen was moved to apply a small compressive pre-1 

load of 0.01 N to the sample at a crosshead speed of 0.001 mm/s. This ensured a consistent 2 

contact between the platen and the top of the sample. The sample thickness was then taken as 3 

the distance between the platens at this pre-load. The thickness of the samples tested was 4 

measured as 1.39±0.089, 0.597±0.036, 0.676±0.079, 0.581±0.099 for aorta, carotid, femoral 5 

and coronary samples respectively.  Samples were loaded cyclically at a strain-rate of 0.005  6 

s
-1

 between 0 % strain and a peak compressive strain starting at 10% and increasing 7 

incrementally every 5 loading-unloading cycles by 10% up to a maximum of 60% similar to 8 

previous studies (Maher et al., 2011). Testing occurred inside a water bath filled with 0.9% 9 

saline solution in order to maintain sample hydration during testing (Fig. 1a). 6 samples from 10 

each artery were tested.  11 

The hypothetical elastic response of the sample, i.e. the behaviour of the tissue if 12 

loaded in a monotonic uniaxial test, is estimated from the peak stress-strain points of each 13 

loading cycle which is termed the load envelope (Maher et al., 2011). The stresses in this 14 

study were expressed as the Cauchy stress σ, 15 

  (Eqn. 1) 16 

where F is the magnitude of the compressive force, A0 is the original cross-sectional area of 17 

the sample and λ is the stretch ratio. The residual inelastic strains were determined from the 18 

strain level at which the 2
nd

 loading cycle from each set of 5 exceeded 0 MPa. Therefore if at 19 

a stretch of 1 the stress is 0 MPa no inelastic deformation has occurred.  20 

Two metrics were defined for the stress softening that occurs in a sample due to cyclic 21 

loading to a specific applied strain.  The area of stress softening was defined as the change in 22 
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the area under the stress-stretch curve between the 1
st
 and 2

nd
 loading cycle for a given peak 1 

load, i.e. 2 

 (Eqn. 2) 3 

 where A1 is the area under the stress-stretch curve during the first loading cycle and A2 is the 4 

area under the stress-strain curve during the second loading cycle. The % stress softening was 5 

defined as the percentage change in the area under the stress-stretch curve between the 1
st
 and 6 

2
nd

 loading cycle for a given peak load, i.e. 7 

 (Eqn. 3) 8 

Two way analysis of variance (ANOVA) was used to determine statistical significance of the 9 

data, which was set at P<0.05. Minitab software version 15.1 (Minitab Inc, PA) was used for 10 

statistical analysis. 11 

 12 

2.2 Anisotropic inelastic behaviour of arterial tissue 13 

Due to their larger diameter, aorta and carotid arteries were tested in circumferential and 14 

longitudinal tension in addition to radial compression. These arteries were harvested from 2 15 

pigs and 6 circumferential and longitudinal strips, approximately 2 mm wide and 10 mm long 16 

for the carotid and 3 mm wide and 17 mm long for the aorta, were excised. A similar loading 17 

profile as described for the compression testing was used for tensile testing. Strain was 18 

measured visually using a computer based video extensometer to measure changes in the 19 

distance between a grid of marks on a sample (Fig. 1b) from the initial length determined 20 

after applying an initial pre-load of 0.01 N (Maher et al., 2009). The displacement rate used 21 

during testing was 0.065 mm/s and 0.035 mm/s for the aorta and carotid tensile specimens 22 

respectively. (This results in a strain-rate of between 0.0038 – 0.0093 s
-1

 and 0.0042 – 0.0081 23 
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s
-1

 for the aorta and the carotid samples respectively). This rate was chosen so that the strain-1 

rate was similar in magnitude to that of the compressive testing for comparative purposes. 2 

Samples were lightly sprayed regularly with biological saline solution. The loading and 3 

unloading behaviour of the arteries were compared in all three directions (circumferential 4 

tensile, longitudinal tensile and radial compressive) and a two way ANOVA was used to 5 

determine statistical differences. 6 

 7 

3. Results 8 

Stress softening and inelastic deformations were observed on unloading in tension and 9 

compression, see Fig. 2. The typical pre-conditioning effect whereby a consistent stress-strain 10 

response occurs after repeated loading cycles is observed. This is achieved after 3-4 cycles 11 

for all artery types; however the majority of the softening occurs during the initial loading-12 

unloading cycle for a given applied strain. An overall significant difference in the inelastic 13 

deformations on unloading from different magnitudes of compressive strains was found 14 

between all artery types (p < 0.05), see Fig. 3. The largest inelastic strains were observed for 15 

the coronary artery while the aorta exhibited the lowest inelastic strains. A similar trend was 16 

also observed for the % stress softening, where it tended to be greatest for the coronary artery 17 

and lowest for the aorta; although significant differences in the % stress softening were found 18 

only for low values of applied strain (P < 0.05), see Fig. 3 (statistical significance indicated 19 

by letters above data on figure). In contrast the area of stress softening was generally 20 

significantly lower in the coronary artery at higher values of applied strain, see Fig. 3, with 21 

no significant differences observed between the femoral artery and aorta. The coronary artery 22 

had the highest collagen to elastin ratio of those tested while the aorta has the smallest 23 

(P<0.05), see Fig. 4.  24 
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Both the aorta and carotid artery were stiffest in the circumferential directions, see 1 

Fig. 5. A similar stress-strain response is observed for both longitudinal tension and radial 2 

compression in both arteries, with the radial compressive behaviour tending to be less stiff. A 3 

comparison between the load envelopes of the two arteries indicates that the carotid artery is 4 

stiffer in circumferential tension than the aorta. The carotid also tends to be less stiff in radial 5 

compression than the aorta while no difference between the longitudinal tensile behaviour of 6 

either artery is apparent. The largest inelastic deformations are observed in radial 7 

compressive direction and the lowest in circumferential tensile direction (Fig. 6). A 8 

significant difference (P < 0.05) was found in the inelastic deformations between samples 9 

loaded in the three directions for both arteries at large strains (Fig. 6), however for lower 10 

applied strains the residual strains in the tissue on unloading are not significantly different in 11 

the longitudinal or radial directions. This is particularly evident for the aorta where the 12 

inelastic strain magnitudes were almost identical for radial compression and longitudinal 13 

tensile samples on unloading from 20% strain. For the carotid artery no significant difference 14 

in residual strain is observed between the circumferential and longitudinal directions on 15 

unloading from 20% strain, with higher residual strains observed in the longitudinal direction 16 

on unloading from higher magnitudes of applied strain (P < 0.05). The ratios of the inelastic 17 

deformations (i.e. the ratios of inelastic deformation in the circumferential direction to those 18 

in either the longitudinal and radial directions) in each loading direction were found to be 19 

similar in both carotid and aortic tissue for large applied strains. On unloading from a 50 % 20 

applied strain the ratio of inelastic deformation in the radial direction to the circumferential 21 

direction is approximately 2 (1.9 and 2.1 for the carotid and aorta respectively), while the 22 

ratio of longitudinal deformation to circumferential is about 1.4 (1.378 and 1.371 for the 23 

carotid and aorta respectively). An approximately linear relationship between the inelastic 24 
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strain measured and the peak strain applied is observed for all arteries in all directions, see 1 

Figs. 3 and 6.  2 

No significant differences were found in the % stress softening observed due to 3 

loading in the three directions, see Fig. 7. However a large standard deviation was observed 4 

and stress softening tended to be greatest in the longitudinal direction. 5 

 6 

4. Discussion 7 

The aim of this study was to characterise the magnitude of inelastic deformations due to 8 

loading throughout the arterial tree and to investigate the anisotropic inelastic behaviour of 9 

arterial tissue. Similar to the findings of Horny et al (2010), we observed stress-softening and 10 

residual strains with the majority of the stress-softening occurring in the first cycle of 11 

loading. The greatest inelastic strains were observed in coronary tissue, with the lowest in 12 

aortic tissue. The same trend was observed for the % stress softening during radial 13 

compressive testing. Both aortic and carotid tissue demonstrated anisotropic inelastic 14 

behaviour where the highest inelastic strains were observed in the radial direction and the 15 

lowest in circumferential direction. The approximately linear relationship between inelastic 16 

deformations and applied stretches observed here has also been reported previously for 17 

atherosclerotic plaques (Maher et al., 2011). At higher peak strains no significant differences 18 

were observed in the % stress softening for the four artery types.   19 

It is expected that damage in the tissue will increase for increasing applied peak 20 

strain. While the % stress softening during radial compression curves do not indicate any 21 

increase in damage, the magnitude of the change in area between 1st and 2nd loading curves 22 

(‘A1 – A2’ - Eqn. 2) does increase with strain (Fig. 3). This indicates that although the % 23 
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stress softening metric does not increase with increases in applied strain (although there was a 1 

non-significant trend towards a decrease in % stress softening with increasing strain for the 2 

coronary artery), damage is increasing in the tissue but not at a greater rate at which the stress 3 

(and thus the internal energy) is increasing. Given that both the stress-strain response when 4 

loading the tissue (and therefore the area A1) and the change in area due to stress-softening 5 

(A1 – A2) are related to the strain applied to the tissue and the tissue composition, it is perhaps 6 

unsurprising that the % stress softening (i.e. the ratio (A1 – A2) / A1) does not change with 7 

applied strain. The % stress softening was higher in the coronary artery at lower levels of 8 

applied strain, which was due to the fact that the coronary artery was less stiff in radial 9 

compression (and hence A1 is lower), rather than the area of stress softening being higher, 10 

which in fact is generally lower for coronary arteries. 11 

Larger inelastic strains were observed in more muscular arteries where the ratio of 12 

collagen to elastin in the artery wall is highest, suggesting that the higher proportion of elastin 13 

in the media of elastic arteries is responsible for the greater elastic recovery on unloading. It 14 

has been demonstrated that elastin behaves as a perfectly elastic material up to stretches of 15 

1.6 (Fung and Sobin, 1981). Furthermore, inelastic deformations were generally highest when 16 

the tissue is loaded in radial compression and lowest when loaded in the circumferential 17 

tensile direction. This suggests that the relative quantities and orientation of collagen, elastin 18 

and smooth muscle may all play a role in determining the magnitudes of inelastic 19 

deformations. The highest collagen to elastin ratio was observed in the coronary artery and 20 

the lowest in the aorta, in agreement with previous studies for aged canine arteries (Fischer 21 

and Llaurado, 1966). We did not determine the biochemical composition of the carotid artery. 22 

One can assume that the collagen to elastin ratio of the unanalysed carotid artery falls 23 

between that of the aorta and coronary arteries as seen in canine arteries (Cox, 1978; Fischer 24 

and Llaurado, 1966). Previous studies have shown that the collagen to elastin ratio is not 25 
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significantly different in the carotid and femoral arteries (Sindram et al., 2011), although it 1 

should be noted that the elastin and collagen content varies over the length of the porcine 2 

carotid (Garcia et al., 2011).  3 

During tensile testing, the near circumferentially orientated collagen fibers and 4 

anisotropic elastin network most likely both contribute to the smaller inelastic strains 5 

observed in the circumferential direction in both aorta and carotid tissue. It is speculated that 6 

more of the damage occurs in the non-fibrous component of the arterial tissue than the 7 

collagen fibers. If this is the case, the anisotropy of the inelastic response in tension can 8 

potentially be explained as follows.   During testing in the circumferential direction greater 9 

recoverable energy is stored in the collagen fibers compared to when loaded in other 10 

directions due to the preferred fiber orientation. These fibers are most likely crimped in their 11 

initial configuration so can experience larger levels of tissue strain without damage. 12 

Therefore the tissue recovers more in the circumferential direction on unloading.  13 

There are a number of limitations associated with the current study. The tissue was 14 

tested at room temperature rather than at 37 ºC, although it is unclear if this will affect the 15 

tissue properties (Guinea et al., 2005; Kang et al., 1995; Vilks et al., 1975). In this study we 16 

assume that the peak stress-strain points of each strain level can be used to estimate the 17 

monotonic elastic loading behaviour of the tissue (the load envelope). Using the load 18 

envelopes as an estimate implies that the carotid artery will reach a stress of 0.2 MPa at a 19 

stretch of between 1.2 and 1.4 in the circumferential direction and 1.6 and 1.8 for the 20 

longitudinal direction, which correlates well with other studies (Garcia et al., 2011). The 21 

carotid and aorta were stiffer in the circumferential direction than the longitudinal which has 22 

been seen previously for both the carotid artery (Garcia et al., 2011) and the aorta (Yang et 23 

al., 2011). Only compression testing of coronary and femoral arteries was undertaken due to 24 

their small diameter which made circumferential tensile tests impractical. While the dominant 25 
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loading experienced by arterial tissue during expansion of angioplasty balloons and stents is 1 

tensile, the inelastic deformations that occur due to radial compressive loading are 2 

approximately twice that due to circumferential loading for large applied peak strains.  3 

The use of healthy porcine tissue is a limitation of this study. While the structure and 4 

mechanical properties may differ between porcine and human arteries, the components of the 5 

arterial walls that effect arterial mechanics (elastin, collagen, smooth muscle and ground 6 

matrix) are similar.  It has been observed that human and porcine thoracic aortic media have a 7 

similar lamellar structure and the arterial wall tension per lamellar unit is relatively constant 8 

between species (Wolinsky and Glagov, 1967). This indicates that a comparison of 9 

inelasticity among the different vascular beds in the swine may provide valuable insight into 10 

the mechanics of human arteries. Another potential limitation is that the method used to 11 

determine differences in collagen makes a number of assumptions which may impact the 12 

absolute values determined, but not the relative differences in collagen content. Similar 13 

assumptions have been made in the literature (Sindram et al., 2011). 14 

No analysis of the effects of strain-rate on the results was carried out (although 15 

preliminary tests were undertaken to rule out viscoelastic or poroelastic effects – see online 16 

supplementary material). Based on relevant literature (Lee and Haut, 1992; Tanaka and Fung, 17 

1974; Topoleski et al., 1997), this was judged to be suitably slow strain-rate for testing to be 18 

considered quasi-static while allowing all testing to be completed within 48 hrs of harvesting. 19 

While other authors have found that strain-rate effects the stress-strain and failure behaviour 20 

of arterial tissue in tension (Collins and Hu, 1972; Mohan and Melvin, 1982), these studies 21 

commonly compare strain-rates differing by a number of orders of magnitude and the strain-22 

rates that are considered to be quasi-static in these studies are often of a similar or greater 23 

magnitude than used here. The ultimate tensile stress and stretch to strain-rate has also been 24 
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shown to be relatively insensitive to strain-rate over a wide range (Lee and Haut, 1992; 1 

Monson et al., 2003). 2 

In conclusion, this study characterised the inelastic response of common carotid, 3 

coronary, aorta and femoral arteries due to compressive loading and found that the largest 4 

inelastic strains occur in the more muscular arteries. It was observed that lower inelastic 5 

strains occur in the circumferential direction and we speculate that this may be a result of the 6 

matrix in the media becoming more damaged due to loading than the collagen fibers, 7 

allowing greater recovery when stretched in the circumferential direction. A constitutive 8 

model that separates the response of the matrix and collagen fibers and the damage that 9 

occurs in each may provide further insight into the tissues inelastic response, and may prove 10 

useful in finite element simulations of stent-artery interactions (Auricchio et al., 2011; Early 11 

and Kelly, 2011; Early and Kelly, 2010; Early et al., 2009; Mortier et al., 2010; Pericevic et 12 

al., 2009). 13 
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Figure Legends 1 

Figure 1: (A) Schematic of the test rig for uniaxial compressive testing. The saline bath and 2 

stainless steel compressive platens are screw based and detachable. For tensile testing these 3 

are removed and replaced with tensile grips. (B) Image of test specimen during tensile test 4 

using a video-extensometer. The video-extensometer is used to track dots on the surface of 5 

the specimen to determine strain. 6 

 7 

Figure 2: Typical stress stretch response of aortic tissue due to (a) tensile and (b) compressive 8 

loading. The magnitude of the compressive stress is used for ease of comparison. Inset shows 9 

first loading phase of each strain level only. (c) and (d) show the same samples tested as (a) 10 

and (b) respectively with the data for the 5
th

 unloading cycle superimposed with red triangles 11 

to highlight the unloading behaviour of the material. The unloading stress-strain response of 12 

the previous cycles is nearly identical to the 5
th

 cycle highlighted. 13 

 14 

Figure 3: Magnitude of inelastic residual strains, % stress softening and the area of stress 15 

softening (as defined in the Materials and Methods section) on unloading from various peak 16 

nominal strains in arterial samples due to compressive loading of samples from different 17 

locations in the arterial tree. c, d and e indicate statistical differences (P<0.05) between 18 

coronary samples and either the femoral, carotid or aorta samples respectively; f and g 19 

statistical differences (P<0.05) between femoral and either carotid or aorta respectively; h 20 

indicates statistical differences (P<0.05) between carotid and aorta on unloading from a given 21 

peak load. 22 

 23 
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Figure 4: Collagen to elastin ratio (C:E) (mean ± standard deviation) of three  different artery 1 

types. Statistical difference (P<0.05) is indicated with an asterisk (*).  2 

 3 

Figure 5: Hypothetical circumferential and longitudinal tensile and radial compressive elastic 4 

loading response, estimated as the load envelope, for aortic and carotid samples. The 5 

magnitude of compressive stresses is used to aid comparison. 6 

 7 

Figure 6: Magnitude of inelastic residual strains on unloading from various peak nominal 8 

strains applied uniaxially in three loading directions to (a) aortic and (b) carotid tissue 9 

samples and the respective mean value for both arteries (c), (d). e, f and g indicate statistical 10 

differences (P<0.05) between values in the radial and longitudinal, radial and circumferential 11 

and longitudinal and circumferential directions respectively. 12 

 13 

Figure 7: % stress softening on unloading from various peak nominal strains applied 14 

uniaxially in three loading directions to aortic and carotid tissue samples and the respective 15 

mean value for both arteries. 16 

 17 

 18 
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