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ABSTRACT 

 

Arterial mechanical properties have received increasing attention in the past few decades 

due to their vast effect on predicting cardiovascular diseases and injuries. The 

heterogeneity of thoracic aortic tissue was characterized in terms of viscoelastic material 

properties and correlations were obtained between these properties and tissue 

morphology. Additionally, the effect of material preservation on the material properties 

was determined. 

Changes in the mechanical properties of porcine thoracic aorta wall in the radial 

direction were characterized using a quasi-linear viscoelastic modeling of 

nanoindentaiton tests. Two layers of equal thickness were mechanically distinguishable 

in descending aorta based on the radial variations in the instantaneous Young’s modulus 

E and reduced relaxation function G(t). Overall, comparison of E and G of the outer half 

(70.27±2.47 kPa and 0.35±0.01) versus the inner half (60.32±1.65 kPa and 0.33±0.01) 

revealed that the outer half was stiffer and showed less relaxation. The results were used 

to explain local mechanisms of deformation, force transmission, tear propagation and 

failure in arteries.  

A multimodal and multidisciplinary approach was adopted to characterize the 

transmural morphological properties of aorta.  The utilized methods included histology 

and multi-photon microscopy for describing the wall micro-architecture in the 

circumferential-radial plane, and Fourier-Transform infrared imaging spectroscopy for 

determining structural protein, and total protein content. The distributions of these 

quantified properties across the wall thickness of the porcine descending thoracic aorta 
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were characterized and their relationship with the mechanical properties was determined. 

It was revealed that there is an increasing trend in mechanical stiffness, Elastic lamella 

Density (ELD), Structural Protein (SPR), Total Protein (TPR), and Elastin and Collagen 

Circumferential Percentage (ECP and CCP) from inner layers toward the outer ones. 

Finally two larger regions with equal thickness (inner and outer halves) were determined 

based on cluster analysis results of ELD which were in agreement with the cluster 

analysis of instantaneous Young’s modulus.  

Changes to the local viscoelastic properties of fresh porcine thoracic aorta wall 

due to three common storage temperatures (+4
o
C, 20

o
C and 80

o
C) within 24 hours, 48 

hours, 1 week and 3 weeks were characterized. The changes to both elastic and relaxation 

behaviors were investigated considering the multilayer, heterogeneous nature of the 

aortic wall. For +4
o
C storage samples, the average instantaneous Young’s modulus (E) 

decreased while their permanent average relaxation amplitude (G) increased and after 48 

hours these changes became significant (10%, 13% for E, G respectively). Generally, in 

freezer storage, E increased and G showed no significant change. In prolonged 

preservation (> 1 week), the results of 20
o
C storage showed significant increase in E 

(20% after 3 weeks) while this increase for 80
o
C was not significant, making it a better 

choice for tissue cold storage applications.  

Results from this dissertation present a substantial step toward the anatomical 

characterization of the aortic wall building blocks and establishing a foundation for 

understanding the role of microstructural components on the functionality of blood 

vessels. A better understanding of these relationships would provide novel therapeutic 

targets and strategies for the prevention of human vascular disease.  
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Chapter 1  
INTRODUCTION 

 

Arterial mechanical properties have received increasing attention in the past few decades 

due to their vast effect on predicting cardiovascular diseases and injuries. These efforts 

have been diverse in terms of the range of loading to the artery, including investigation of 

the mechanobiological behavior of healthy and diseased arteries in the physiological 

range to obtain better characterization of cardiovascular diseases such as atherosclerosis 

(Roger et al., 2011), and development of models to predict large deformations and 

injuries such as Traumatic Aortic Rupture (TAR) (Richens et al., 2003). In most of the 

previous studies the arterial wall was considered as a single homogeneous layer vessel, 

ignoring the fact that arteries are composed of three anatomically distinct layers. 

The goal of this dissertation was to characterize the heterogeneity of thoracic 

aortic tissue in terms of viscoelastic material properties and determine any correlation 

between these properties and tissue microarchitecture and constituent materials. To this 

end, also the effect of material preservation on the material properties was determined.  

 Changes in the extra cellular matrix (ECM) microstructure and components in 

aorta due to cardiovascular diseases are generally accompanied with changes in the aorta 

wall mechanical properties. Therefore, determining the heterogeneity of aortic wall 

building blocks and characterizing their relationship with the mechanical behavior and 

properties is particularly important in understanding physiological and pathological 

conditions in native blood vessels.  

Understanding the effect of cold storage on arterial tissues is essential in various 

clinical and experimental practices such as arterial homografts, which are used to repair 
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or replace diseased arteries or implementation of novel techniques for developing 

mechanical characteristics of arteries, such as nanoindentation or atomic force 

microscopy (AFM) which require smooth surfaces that can be achieved easier using a 

cryomicrotome. Cold storage techniques could significantly affect the post-cryosurgical 

or post-cryopreservation mechanical behavior of arteries. Previously, arteries were 

considered homogenous and elastic and the changes in material properties due to cold 

storage were inconclusive. 

In this dissertation, using a custom-made nanoindentation technique, changes to 

the viscoelastic properties (both elastic and relaxation behaviors) of porcine thoracic 

aorta wall due to cold storage at several time points were characterized with a resolution 

that addresses the multilayer nature of arteries. With the same technique, local changes of 

the mechanical properties of porcine descending thoracic aorta (DTA) wall in the axial 

direction were characterized. The results are summarized as a multilayer viscoelastic 

material model, which can be used to investigate local mechanisms of aorta deformation, 

force transmission, tear propagation and failure. Moreover, the quantified measures of 

ECM micro-architecture and content across the thickness of the porcine DTA wall were 

determined and correlated with the tissue heterogeneous mechanical properties. These 

topics are organized into the three following chapters:  

Chapter 2: Characterization of changes to the mechanical properties of arteries due 

to cold storage using nanoindentation tests.  Changes to the local viscoelastic 

properties of porcine thoracic aorta wall due to three common storage temperatures 

(+4
o
C, -20

o
C and -80

o
C) within 24 hours, 48 hours, 1 week and 3 weeks were 
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characterized. The changes to both elastic and relaxation behaviors were investigated 

considering the multilayer, heterogeneous nature of the aortic wall. 

Chapter 3: Multilayer material properties of aorta determined from 

nanoindentation tests. Changes in the mechanical properties of porcine thoracic aorta 

wall in the radial direction were characterized using a quasi-linear viscoelastic model. 

Multilayer material properties were mechanically distinguishable in descending aorta 

based on the radial variations in the instantaneous Young’s modulus E and the reduced 

relaxation function G(t).  

Chapter 4: Determination of correlations between mechanical and morphological 

properties of aorta. A multimodal and multidisciplinary approach was adopted to 

characterize the transmural properties of aorta.  The utilized methods included histology 

and multi-photon microscopy for describing the ECM micro-architecture in the 

circumferential-radial (CIRC-RAD) plane, Fourier-Transform infrared imaging 

spectroscopy (FT-IRIS) for determining collagen and elastin, and total protein content. 

The distributions of these quantified properties across the wall thickness of the porcine 

DTA were characterized and their relationship with the mechanical properties was 

determined. 

Chapters 2 to 4 are written as stand-alone papers. Chapters 2 and 3 are already 

published. Additionally, the results of this dissertation have been presented in several 

national conferences in the past three years.   
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Chapter 2  
CHARACTERIZATION OF CHANGES TO THE MECHANICAL 

PROPERTIES OF ARTERIES DUE TO COLD STORAGE USING 

NANOINDENTATION TESTS 
 

2.1 Introduction 

Preservation and storage of biological tissues for different periods of time are challenging 

tasks for subsequent use in experimental and clinical practices. For example, arterial 

homografts, which are used to repair or replace diseased arteries, are often preserved 

using cold storage or freezing protocols for various time periods before being used 

(Hawkins et al.,  2003; Leseche et al.,  2001; Solanes et al.,  2004; Stemper et al.,  2007). 

Moreover, implementation of novel techniques for developing mechanical characteristics 

of arteries, such as nanoindentation or atomic force microscopy (AFM), requires smooth 

surfaces that can be achieved easier using a cryomicrotome (Akhtar et al., 2009; Gupta et 

al., 2007). Cold storage can damage the material and substructure of arteries, e.g. 

collagen network or smooth muscle cells, due to water redistribution and formation of ice 

crystals (Adham et al., 1996; Lally et al., 2004; Pascual et al., 2004; Xu et al.,   2008). 

These changes imply that the storage techniques may alter the tissue mechanical 

characteristics which could affect the post-cryosurgical or post-cryopreservation 

performance of arteries. Although many studies are performed to investigate the 

biological aspects of such treatments, little is known about the changes to the mechanical 

properties due to cold storage as the studies in this area are limited and inconclusive.  

Many of previous studies are limited to uniaxial tensile and ring stretching tests in 

order to determine the Young’s modulus (modulus of elasticity) of arteries (Adham et al., 

1996; Pukacki et al., 2000; Stemper et al., 2007; Venkatasubramanian et al., 2006). 
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Adham et al. evaluated mechanical characteristics of human descending thoracic aorta 

after preservation at +4
o
C in EuroCollins solution for 4, 7, 21 and 31 days or 

cryopreserved at 135
o
C for 2 and 4 months. Their results indicated that no differences 

were found between cryopreserved aorta and fresh specimens. They found reduction in 

the Young’s modulus at large strains for samples preserved at +4
o
C; however, the 

difference was not statistically significant. Pukacki et al. assessed the effect of 

cryopreservation at 80
o
C for 22 days on the elasticity and compliance of arterial 

allografts undergoing uniaxial tensile tests. They used unpaired Student’s t-test and found 

that the Young’s modulus of the control group was not significantly different from the 

cryopreserved group. Graham et al.
 
in a study on the effect of aging on the mechanical 

properties of aorta reported no observable difference in the quasi-static engineering 

stress-strain curves between fresh and thawed (after snap freezing in liquid nitrogen) 

sheep aortas at strains up to 80%. Venkatasubramanian et al. tested frozen-thawed pig 

femoral arteries in a controlled rate freezer and found that the modulus of elasticity was 

higher compared to fresh samples in the physiological regime (stress below 50 kPa). 

Uniaxial results of Stemper et al. on porcine aorta showed that Young’s modulus 

significantly decreased in 24 and 48-hour-refrigerated specimens compared to fresh 

specimens, but fresh and frozen (20
o
C and 80

o
C for 3 month) results were not 

significantly different. Chow et al.
 
used biaxial tensile testing to measure the changes in 

the mechanical properties of bovine thoracic aortas that had been stored at three common 

storage temperatures (+4
o
C up to 48 hours; 20

o
C and 80

o
C up to 3 weeks). Their 

refrigerated samples showed a significant decrease in the initial slope of the stress-strain 

curve. For the frozen samples, they concluded no significant change in the initial slope. 
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However, their statistical results showed that for 20
o
C the initial slope generally 

decreased.  

The muscular artery is a dynamic tissue composed of three layers (Holzapfel et 

al., 2000). The innermost layer is the intima that is composed of a single layer of 

endothelial cells. The middle layer or media consists of elastic lamellae, interlamellar 

elastin fibers, and collagen fibers between them. The interlammellar elastin fibers include 

radial elastin struts that branch from one elastic lamella and extend to an adjacent 

lamella, providing a direct radial interlamellar connection. The lamellar and 

interlammellar units form a cage-like structure and surround the smooth muscle cells 

(SMC) (O'Connell et al., 2008).
 
The outermost layer or adventitia is composed of mostly 

longitudinally running collagen fibers, thin elastic fibers, fibroblasts, and capillaries.  

Despite this heterogeneous anatomy, in previous studies related to cold storage, the 

arterial wall was considered as a homogeneous single layer vessel. The mechanical 

characteristics of physically separated arterial layers have been studied by a few 

investigators (Holzapfel et al., 2005; Teng et al., 2009) but the effect of cold storage on 

arterial layers has not been reported. Moreover the focus of previous investigations on the 

effects of cold storage was the elastic properties and the viscoelasticity of arteries was 

ignored (Fung 1996). 

Nanoindentation has recently emerged in tissue engineering applications as a 

viable technique for assessment of the local mechanical properties of soft tissues 

including vascular tissues (Akhtar et al., 2009; Ebenstein et al., 2004; Levental et al., 

2010). Matsumoto et al. developed a scanning micro indentation setup, a scaled-up 

version of AFM (with 0.5 μm resolution), and determined the distribution of the 
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longitudinal and transverse Young’s modulus of the lamellar unit (separated media) of 

porcine aorta in the range of 50 to 180 kPa. They proposed that the lower and higher 

values corresponded to SMC and elastic lamina respectively. 

In this chapter, using a nanoindentation technique, changes to the viscoelastic properties 

(both elastic and relaxation behaviors) of porcine thoracic aorta wall due to cold storage 

at several time points were characterized with a resolution that addresses the multilayer 

nature of arteries. The results could be used as a reference for the effects of cold storage 

on arteries in experimental and clinical applications. 

 

2.2 Materials and Methods 

Fourteen porcine aortas were excised from sacrificed pigs at a local slaughterhouse 

(Hatfield Quality Meats, Hatfield, PA) immediately post-mortem and submerged in 

Phosphate Buffered Solution (PBS) and stored in an ice-filled cooler while transported to 

the laboratory. After removing the surrounding tissues, aortas were cut in the transverse 

direction in 8-10 mm-long cylindrical samples using a razor blade. A cylinder of 

polyethylene foam (McMaster-carr Catalog No. 93295K35, 15.87 mm diameter) that cut 

easier than aorta, was inserted in the aortas to prevent excessive folding and allow cutting 

straight edges. In total, 74 samples were extracted and divided into 3 categories of storage 

temperatures based on their location: The refrigerator, i.e., +4
o
C storage group (n=21) 

from approximately 7 cm inferior to the left subclavian artery; the 20
o
C storage group 

(n=27) at the first intercostal arteries and the 80
o
C storage group (n=26) from 4 cm 

inferior to 20
o
C group (Fig. 2.1-a). The time duration for refrigerator storage was 24 and 

48 hours and for the freezer storage was 48 hours, 1 week and 3 weeks (each time 
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subgroup consisted of 6 or 7 samples). These storage times are also used in several 

previous studies (Chow et al., 2010; Pukacki et al., 2000; Stemper et al., 2007).
 
For

 
each 

storage group, adjacent fresh samples were extracted as control. To minimize the 

variability due to the longitudinal location, the axial distance between indentation 

locations in each storage group and the corresponding fresh controls was less than 10 

mm. 

 

 

Figure 2.1 a) Schematic of locations of 3 different storage groups of +4
o
C, -20

o
C and -80

o
C and their 

indentation test directions. b) Schematic of sample cross section submerged in PBS. 2.1-c) 

Photograph of conical indenter and aorta wall (100x). 

 

A custom-made test setup was designed to perform nanoindentation tests (Fig. 

2.2), consisting of a Z-axis nano-positioner with resolution of 0.2 nm and 100 μm range 

of motion (Nano-Z100, MCL,WI) combined with a horizontal piezo micro-positioner (M-

663.4 PX, PI, MA). A conical indenter (XPT, Agilent Technologies, CA, 55° tip angle, 
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10 μm tip rounding radius) was attached to a force transducer (Aurora Scientific, Ontario, 

Canada, Model 406A) with resolution of 0.1μN. The setup was equipped with a 

horizontally positioned 300x Stereo Microscope (Olympus SZX7) for contact 

visualization and the whole setup was mounted on an active vibration isolation table 

(TMC 63-533 Peabody, MA). 

 

 

Figure 2.2 Experimental setup for nanoindentation. 

 

Soft tissues material properties are sensitive to hydration (Solanes et al., 2004). 

Preliminary results showed that the elastic modulus of aorta increased when the tissue 

dried. Therefore, to avoid dehydration, samples were placed in a 15 mm height aluminum 

container and were submerged to their top surface in PBS (Fig. 2.1-b). Since the density 

of aorta is more than PBS, samples stayed stationary and no adhesive was used. As the 

indenter tip was lowered to make contact with the sample top surface, it first became in 

contact with a thin layer of PBS and resulted in a small tensile load due to the liquid 
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surface tension. The tip was lowered further to the point when the tensile load started to 

decrease, which was considered to be the initial point of contact with the tissue. 

The indentation tests were performed in the longitudinal direction at various 

points along the thickness of the aorta wall (Fig. 2.1-c). For each sample, the indenter tip 

was aligned to the outermost layer of aorta and the first point of indentation was 100 m 

inward from this point. Successive indentation tests were performed toward the innermost 

layer with distances of 100 m or 200 m between the points. The average wall thickness 

was 1.76±0.05 mm. In total, 611 points were reported that were tested at 90° counter-

clockwise with respect to intercostal arteries to minimize the variability due to the 

circumferential location. Samples were moved upward toward the indenter with a ramp 

and hold displacement with 40 μm indentation depth, 10 ms ramp time and 30 s hold 

time. The force and displacement data were collected at 5 kHz. 

Freezer storage samples were embedded in Optimal Cutting Temperature 

compound (Tissue-Tek O.C.T. Compound, Sakura Finetek, Torrance, CA) and covered 

with a cylindrical aluminum foil (with an outer diameter about 5 mm larger than the aorta 

diameter) and were fast frozen (1 min) by submerging in liquid nitrogen. Keeping this 

period short helps preventing water movement in the tissue and minimizing structural 

changes to the tissue (Venkatasubramanian et al., 2006). Prior to experiments, frozen 

samples were thawed for one hour at the ambient temperature and all indentation tests 

were conducted at the room temperature (25°C).  

 

2.3 Theory 
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The mechanical behavior of the vessel in axial indentation was characterized assuming 

the material to be locally homogeneous, isotropic and linearly viscoelastic. Since the 

force-displacement relationship for a conical indenter is nonlinear, The force history of 

the indenter in loading P(t) was written in terms of the indentation depth h(t) using a 

quasi-linear viscoelastic (QLV) model (Fung 1996): 
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in which Gi and i represent the relaxation amplitudes and decay rates respectively. 

According to the ramp and relaxation times, four decay rates were chosen to capture the 

decays that occurred during the tests (1 = 0.1, 2 = 1, 3 = 10, and 4 = 100 s
-1

). P
e
 was 

selected based on the total elastic load necessary to cause a penetration h for a conical 

indenter which can be written as (Sneddon 1965): 
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(2.3) 

where β is the cone angle with respect to the horizontal axis (=62.5°), E is the 

instantaneous Young’s modulus, and v is the Poisson's ratio which was assumed to be 0.5 

(incompressible) for fresh aorta due to its high water content. The short and long term 

viscoelastic behaviors are manifested in  and G indicating the instantaneous stiffness 

and the steady state decay of the material response respectively. Comparisons of samples 
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mechanical characteristics were mainly made based on the distribution of these two 

parameters over the thickness of aorta.   

 

2.4 Results 

The viscoelastic model coefficients (Eqs. 2 and 3) were obtained by fitting the model to 

the whole experimental force history curves using a direct integration technique for a 

viscoelastic response (Simo and Hughes 1998) and the method of least squares. The 

relaxation data was resampled (0-0.05 s at 5 kHz, 0.05-1 s at 250 Hz, 1-30 s at 5 Hz) to 

give approximately equal weights to different time scales. As shown in a representative 

curve fit in Fig. 2.3, the experimental forces were matched adequately by the model and 

overall R
2
 values of 0.9 or greater were achieved. The transient vibration observed in the 

response after the peak force was due to samples’ natural frequency which was neglected 

by the viscoelastic model. The force displacement curves in the ramp region (Fig. 2.4) 

showed that the QLV model closely followed the experimental data and they both 

showed a second order behavior that is in agreement with Equation 2.3. The deviation of 

the experimental and QLV results with respect to the elastic model at higher indentation 

depths is due to viscoelastic relaxation which is small due to the small ramp time.  
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Figure 2.3 Force and displacement history curves from a typical test. 

 

 

 

Figure 2.4 Representative indentation force-displacement curves for the elastic theory, experimental 

data and QLV model. 

 

The results of E and G for refrigerated and frozen samples are summarized in 

Tables 2.1 and 2.2 along with the p values of paired two-tail t-tests (see Appendix) for 

comparing different storage times with respect to the corresponding fresh control samples 

(p<0.05 was considered to be significant). The results demonstrate that the instantaneous 

Young’s modulus of refrigerate storage samples decreased (Fig. 2.5) and their G 

increased. After 48 hours, these changes became significant (10% and 13% for E and G 
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respectively) while there was no significant difference between the 24-hour and 48-hour 

results.  

 

Table 2.1 Average values of E and G∞ for fresh and refrigerator storage samples and their standard 

error and p values of paired two-tail t-tests for comparing the storage samples with respect to the 

corresponding fresh control samples. 

Storage 

Temperature 

(ºC) 

 E(kPa) 
G

 

 Fresh 24 hours 48 hours Fresh 24 hours 48 hours 

+4 
 

 

63.4±4.1 59.0±4.3 

(0.16) 

56.9±4.4 

(0.014)
* 

0.30±0.02 

 

0.33±0.01 

(0.23) 

0.34±0.02 

(0.019)
* 

 

 

Figure 2.5 Changes of the instantaneous Young’s modulus in refrigerator storage samples (+4
o
C). 

 

The results in Table 2.2 imply that the instantaneous Young’s modulus generally 

increased with time in freezer storage samples (Fig. 2.6). The changes were small for 

short time storage (≤ 1 week) in both temperatures and no significant difference was 

observed. However, for long term storage, the change in 20
o
C was larger than 80

o
C 

and resulted in a significant increase (20%) in E after 3 weeks. The statistical results of 
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G showed there was no significant difference in the relaxation behavior in freezer 

storage samples. 

 

Table 2.2 Average values of E and G∞ for fresh and different frozen samples and their standard 

error and p values of paired two-tail t-tests for comparing the frozen samples with respect to the 

corresponding fresh control samples. 
Storage 

Temperature 

(ºC) 

E(kPa)
 G

 

Fresh 48 hours 1 Week 3 Weeks Fresh 48 hours 1 Week 3 Weeks 

20 
64.6±4.8 

 

66.2±3.6 

(0.23) 

66.5±6.3 

(0.74) 

77.11±7.1 

(0.01)* 

0.347±0.017 

 

0.359±0.014 

(0.52) 

0.354±0.01 

(0.70) 

0.380±0.01 

(0.16) 

80 69.32±3.4 
69.12±5.1 

(0.97) 

74.3±9.2 

(0.72) 

75.7±5.0 

(0.11) 
0.358±0.012 

0.343±0.012 

(0.28) 

0.385±0.01 

(0.06) 

0.370±0.01 

(0.78) 

 

 

Figure 2.6 Changes of the instantaneous Young’s modulus in freezer storage samples (-20
o
C and -

80
o
C). 

 

Separated comparison of inner and outer halves (from media to adventitia) 

revealed that when the changes of Young’s modulus due to storage were significant, i.e., 

fresh vs. +4°C after 48 hours and fresh vs. °C after 3 weeks, the change in the inner 

half was more pronounced than the outer half since it showed a smaller  p-value (Table 

2.3). 
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Table 2.3 p values of paired two-tail t-tests for fresh samples vs. two significant cases of changes in E 

for the whole thickness and separated media and adventitia layers. 

Comparison of fresh vs. 
p-value 

Whole Thickness Media Adventitia 

+4°C after 48 hours 0.014 0.002 0.329 

°C after 3 weeks 0.009 0.031 0.042 

 

Comparison of the results of 20
o
C and 80

o
C fresh specimens showed that their 

instantaneous Young’s moduli are significantly different (p=0.03 for paired t-test) and 

there was 7.3% increase for 4 cm distal distance. However, comparisons of the 

coefficients of reduced relaxation functions of the two groups revealed that they were not 

significantly different. In other words, the aortas were homogeneous with respect to the 

relaxation properties but inhomogeneous with respect to the elastic properties. 

 

2.5 Discussion 

An indentation technique was developed to study the changes in the elastic and relaxation 

behavior of porcine thoracic arterial wall due to cold storage. This technique enabled 

calculating local material properties with approximately 40 m resolution in the wall 

thickness without physically separating the layers. The cylindrical shape of the samples 

caused tissues to remain intact in the circumferential direction and keep the 

circumferential residual stress. However, the longitudinal residual stress was clearly lost 

in the samples.  The obtained instantaneous Young’s moduli of samples are consistent 

with the range of 50-180 kPa reported in the literature for porcine aorta in physiological 

strains (below 30%) ( Matsumoto et al., 2004; Venkatasubramanian et al,. 2008). 
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The refrigerator storage results showed that there was a decreasing trend in the 

instantaneous Young’s modulus which became significantly different after 48 hours. This 

trend is consistent with other studies (Adham et al., 1996; Chow et al., 2010; Stemper et 

al., 2007). Freezer storage results revealed that there was a general trend of increase in 

the instantaneous Young’s modulus with respect to the storage time. A significant 

increase (20%) was observed in the 20
o
C group after 3 weeks.  This trend is in 

agreement with results of Pukacki et al. and Stemper et al. The changes in the 80
o
C 

group, which is the standard storage temperature in most biological labs, showed similar 

trends but was consistently not significant, making it a better choice for tissue storage 

applications.  

In several studies (Adham et al., 1996; Lally et al., 2004; Pukacki et al., 2000)
 

changes in the material properties due to freezer storage did not result in statistically 

significant trends while this study clearly showed that storage at 80
o
C was advantageous 

to 20
o
C with respect to the preservation of material properties. The reason that the 

methodology used in this study is more sensitive than previous studies is two-fold. First, 

the sample preparation and nanoindentation methods allowed minimization of material 

heterogeneity in the axial and circumferential directions and determination of the radial 

(through thickness) distribution of material properties with sub-millimeter resolution. 

Second, the applied experimental design allowed proximity of indentation test locations 

(less than 10 mm apart) and as result the paired t-test comparison could be employed 

which is more sensitive than the unpaired t-test and ANOVA used in other studies 

(Appendix). In other words, application of the paired test eliminated the sample to sample 

variability that could be comparable to the changes in each aorta due to cold storage. 
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A few studies have investigated the biochemical effects of freezer storage on 

arteries.  Venkatasubramanian et al. showed that cell injury could happen in frozen pig 

arteries. Chow and Zhang investigated the biochemical changes in the collagen network. 

Their results showed there was a significant decrease in the amounts of acid soluble, 

pepsin soluble, and insoluble collagen in frozen samples after 1 week and 3 weeks 

storage time but the percent of cross-linked collagen did not change significantly.  

Therefore, the observed changes in mechanical properties can be attributed to reduced 

contributions from SMC and collagen to the overall mechanical properties. It is generally 

accepted that when frozen at 20
o
C, lysogenic enzymes are not completely denatured, but 

at 80
o
C they are.  Therefore, when the aortas are frozen at 20

o
C, a small percentage of 

cells would lyse and release their enzymes into the tissue. If the enzymes had been 

inactivated (at 80
o
C), then there would be less degradation of SMC than an aorta that 

had been exposed to autolytic enzyme. 

The separated comparison of media and adventitia revealed that when significant 

changes were observed in the instantaneous Young’s modulus, these changes were more 

pronounced in media, concluding that media could be more vulnerable than adventitia to 

cold storage. The cellular composition of media is different from that of adventitia, 

particularly with respect to SMC and elastic lamina composition.   The effect of freezing 

on SMC, as discussed above, can explain why the changes in media due to freezing were 

more significant than adventitia. Moreover, it can be concluded that in medium size 

arteries (muscular), that the proportion of SMC is higher than in large (elastic) arteries, 

the effect of freezing would be more pronounced. 
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The long-term viscoelastic behavior of aortic tissue was characterized by G∞ 

which showed that the steady-state Young’s modulus for fresh samples was about 34% of 

the instantaneous Young’s modulus, confirming the viscoelastic assumption for aorta 

material behavior. Comparing the G∞ results of different storage types revealed that 

freezer storage kept G∞ unchanged while refrigerator storage increased G∞ more than 

13% after 48 hours, i.e., the tissue became more elastic. 

Surface detection is a challenge in nanoindentation of soft materials and the 

changes in the adhesion force curve are generally used to determine the point of contact. 

In this study, the adhesion force between the PBS layer and indenter tip was maximum 6 

µN tension and the initial decrease in this force (after about 1-2 µm displacement) was 

considered as the point of contact which is agreement with Cao and Yang. This force was 

much smaller than the maximum indentation force (about 170 µN).  

A limitation of this study is that Equation 2.3 used for the elastic solution of 

conical indenters is derived for infinitesimal deformations.  However, since the deviation 

of the model result from experimental data in the ramp phase was negligible (Fig. 2.4), it 

was concluded that using this equation in this study was valid.  The QLV model it is the 

most widely used viscoelastic model for soft tissues including arteries.
 
The independence 

of the reduced relaxation function from strain (a fundamental assumption in the QLV 

theory) was not verified in this study. However, the good matches between the 

experimental and model results in both ramp and relaxation regions justified the 

application of this model. The transient vibration observed in the relaxation responses 

was due to samples’ natural frequency that is related to their geometry and material 

properties. Also, the ramp rate was relatively high (10 ms), which caused the transient 
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vibration to be more pronounced. The high ramp rate used enabled obtaining a better 

estimate of the instantaneous elastic response for applications involving injuries and 

rupture. It was assumed that the effect of this transient vibration was negligible in the 

conclusions of this study as the viscoelastic model goes approximately through the local 

average forces. The amplitude of vibration can be reduced by reducing the sample 

thickness. Sectioning of the tissue involves local plastic deformation and failure and may 

result in changes in the material properties of the separated surfaces.  In this study, the 

same sectioning method, i.e., cutting fresh aortas with a razor blade was used for all the 

samples to the make comparison of different storage methods with fresh tissues 

meaningful. 

The results of this study could be used as a reference for arteries cold storage in 

experimental and clinical applications. Particularly since the results of instant freezing 

showed no difference for less than one week storage, arteries could be cryosectioned to 

get improved surface qualities for studies requiring nanoindentation or AFM methods. 
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Chapter 3   
MULTILAYER MATERIAL PROPERTIES OF AORTA 

DETERMINED FROM NANOINDENTATION TESTS 
 

3.1 Introduction 

Arterial mechanical properties have received increasing attention in the past few decades 

due to their vast effect on predicting cardiovascular diseases and injuries. On one side of 

this effort, researchers investigated the mechanobiological behavior of healthy and 

diseased arteries in the physiological range to obtain better characterization of 

cardiovascular diseases such as atherosclerosis, which afflicts about 795,000 Americans 

every year (Roger et al., 2011), and on the other side they developed mathematical 

models to predict large deformations and injuries such as Traumatic Aortic Rupture 

(TAR), which is one of the leading causes of fatality in motor vehicle crashes (Richens et 

al., 2003). For this purpose diverse methodologies have been utilized, among them are 

static and dynamic uniaxial and biaxial tests (Mohan and Melvin 1983; Bass et al., 2001), 

inflation tests (Schulze et al. 2002), and indentation tests (Ebenstein and Pruitt 2004).  

In most of the previous studies the arterial wall was considered as a single 

homogeneous layer vessel ignoring the fact that arteries are composed of three 

anatomically distinct layers. Tunica intima is the innermost layer consisting of a single 

layer of endothelial cells that line the lumen. In healthy young human this layer is very 

thin and does not have a significant contribution to the wall mechanical behavior but its 

thickness and stiffness generally increases with age (Holzapfel and Gasser 2000).  Such 

changes in intima with age have not been observed in animals. Tunica media is the 

middle layer consisting mainly of elastin lamellae, collagen, and smooth muscle cells 
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(SMC). Elastin lamellae and the interlamellar elastin fibers form a cage-like structure that 

surrounds the SMC (O'Connell et al. 2008). Media is responsible for the elastic recoil 

that maintains blood pressure during diastole. Tunica adventitia is the outermost layer 

consisting of mostly longitudinally running collagen fibers, thin elastic fibers, and 

fibroblasts.  The adventitia’s main mechanical function is to prevent excessive dilatation 

and permanent deformation (Fung 1996). 

The mechanical characteristics of separated arterial layers have been studied by a 

few investigators. In these studies, two or three layers were distinguished based on 

histological investigations and the layers were separated mechanically by cutting along 

the anatomical boundaries. Holzapfel et al. (2005) investigated three layers of human 

coronary arteries with nonatherosclerotic intimal thickening using cyclic quasi-static 

uniaxial tension tests superimposed on 5% prestretch and found significantly different 

anisotropic mechanical properties for these layers. The reported ratios of adventitia, 

media and intima thicknesses to total wall thickness were 0.4, 0.36, and 0.27 respectively. 

Based on their average experimental results, the Young’s modulus in the low loading 

domain (at which the noncollagenous matrix material is mainly active) was lower for 

media compared to adventitia (approximately 20 kPa versus 200 kPa). Teng et al. (2009) 

quantified the ultimate strength of human atherosclerotic carotid arteries by direct 

mechanical testing of media and adventitia. They identified the adventitia and media 

visually with equal thickness and found that adventitia was stiffer than media. In the axial 

direction, the adventitia ultimate strength (1996±867 kPa) was significantly higher than 

media (519±720 kPa) while their stretch ratios at failure (1.54±0.23 and 1.40±0.18 

respectively) were not significantly different.   
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Most test methods used for characterizing the mechanical properties of arteries 

are dealing with the macroscopic properties of vessels. Recently nanoindentation 

techniques have been used to describe the local material properties of various tissues 

including bone (Rho et al. 1997), teeth (Habelitz et al. 2001), cartilage (Pierce et al. 

2010) and vascular tissues (Ebenstein and Pruitt 2004; Matsumoto et al. 2004; Levental 

et al. 2010). Ebenstein et al. (2004) used conospherical tips for nanoindentation of 

internal surface of porcine aorta. They applied a trapezoidal load control profile and 

calculated the reduced modulus in the range of 700-800 kPa based on the method of 

Oliver and Pharr (1992) which considered an elastic material in unloading. Matsumoto et 

al. (2004) developed a scanning micro indentation setup, a scaled-up version of the 

atomic force microscope (AFM), and determined the Young’s modulus distribution of the 

lamellar unit (separated media) of porcine aorta in the axial and circumferential directions 

in the range of 50-180 kPa where the lower and higher values corresponded to the smooth 

muscle-rich layer (SML) and elastic lamina (EL) respectively. They reported no 

significant difference between the sections with different directions.  

In this chapter, using a custom-made nanoindentation technique, local changes of 

the mechanical properties of porcine thoracic aorta wall in the axial direction were 

characterized. The results are summarized as a multilayer viscoelastic material model 

which can be used to investigate local mechanisms of aorta deformation, force 

transmission, tear propagation and failure. 

 

3.2 Materials and Methods 
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Twelve fresh porcine aorta specimens were obtained from a local slaughterhouse 

(Hatfield Quality Meats, Hatfield, PA). Each specimen was submerged in physiologic 

Phosphate Buffered Solution (PBS) immediately post-mortem and stored in an ice filled 

cooler while transported to the Laboratory. Specimens were cleaned from the surrounding 

tissues and 39 cylindrical samples were excised from three locations. Group A (n=5) were 

extracted 70 mm inferior to the left subclavian artery (Fig. 3.1). Group B (n=20 at three 

sections) were extracted inferior to the first intercostal arteries and Group C (n=14 at two 

sections) at 40 mm inferior to Group B. Group A was extracted from five aortas and 

Groups B and C from the remaining seven aortas. To achieve straight edges in fresh 

tissues, a cylindrical polyethylene foam (McMaster-carr Catalog No. 93295K35, 15.87 

mm diameter) was inserted in aorta and 8-10 mm long cylinders with diameter between 

15 to 20 mm were cut using a razor blade. 

 

Figure 3.1 Schematic of locations of 3 different groups of aorta samples. Arrows show the sides 

where indentation tests were conducted. 

 

The same custom-made test setup in chapter 2 was used to perform 

nanoindentation tests (Fig. 2.2).  Soft tissues material properties are sensitive to hydration 
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(Solanes et al. 2004). Preliminary results showed that force and consequently elastic 

modulus of aorta increased when the tissue dried. Therefore, to avoid dehydration, ring-

shaped samples were placed in a 15 mm height aluminum container and were immersed 

in PBS to their top surface. Since the density of aorta is more than PBS, samples stayed 

stationary and no adhesive was used. As the indenter tip was lowered to make contact 

with the sample top surface, it first became in contact with a thin layer of PBS and 

resulted in a small tensile load due to the liquid surface tension. The tip was lowered 

further to the point when the tensile load started to decrease, which was considered to be 

the initial point of contact with the tissue (Cao et al. 2005). 

The indentation tests were performed in the longitudinal direction at various 

points along the thickness of aorta (Fig. 3.2). The indentation site was chosen at 90° 

counter-clockwise with respect to intercostal arteries to minimize the variability due to 

circumferential location. For each sample, the indenter tip was aligned to the outermost 

layer of aorta and the first point of indentation was 100 m inward from this point. 

Successive indentation tests were performed toward the innermost layer with distances of 

100 m or 200 m between points. The average wall thickness was 1.76±0.05 mm and 

depending on local wall thickness 6 to 13 points were tested on each sample. The 

distance of the indentation points from the innermost layer was normalized (r) based on 

the wall thickness, where r=0 represented the innermost layer and r=1 the outmost layer. 

Samples were moved upward toward the indenter with a ramp and hold displacement 

with 40 μm indentation depth, 10 ms ramp time and 30 s hold time. The force and 

displacement data were collected at 5 kHz. In total, 318 points were tested and analyzed. 

All indentation tests were conducted in less than eight hours post-mortem. 
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Figure 3.2 Conical tip used for nanoindentation in the longitudinal direction along aorta wall 

thickness. 

 

3.3 Formulations and Calibration 

The mechanical behavior of the vessel was characterized assuming the material to be 

locally homogeneous, isotropic and linearly viscoelastic. The force history of the indenter 

P(t) was written in terms of the indentation depth h(t) using a QLV model as described in 

2.3 Equations 2.1 to 2.3 with the same decay rates on the orders of magnitude of 0.01, 

0.1, 1.0 and 10.0 s. 

The nanoindentation test setup was calibrated using a cylindrical homogeneous 

extra soft isotropic viscoelastic polyurethane specimen with Durometer grade 7A 

(McMaster-Carr Catalog No. 20125K61, 12.7 mm diameter) as a substitute for aortic 

tissue. The material properties of the calibration specimen were determined using a flat 

ruby indenter (1 mm diameter) and axial compression experiments of the whole 

specimen.  Both tests resulted in instantaneous Young’s moduli of approximately 500 

kPa which is in agreement with the reported data for Duromoeter 7A rubber (Qi et al., 
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2003) and is close to the elastic moduli of aorta (Holzapfel et al., 2005).   Based on the 

comparison between conical and flat indenter results, a correction factor  was defined as 

the ratio of experimental (conical) to theoretical (flat) instantaneous Young’s moduli.  

was shown to be a function of the penetration depth h (Fig. 3.3). For the test conditions 

used in this study, it was found that (h=40 m)  4. The relaxation behaviors for both 

indenters were determined to be the same and independent of the penetration depth 

(G=0.123±0.002, G1=0.016±0.002, G2=0.086±0.001, G3=0.144±0.005, 

G4=0.630±0.006). It was therefore concluded that  is independent of time and only 

affects the instantaneous response P
e
.  can be attributed to the non-ideal tip geometry, 

imperfections in contact surfaces, and the nonlinearity of system compliance among other 

factors (Fischer-Cripps, 2011). 

 

 
Figure 3.3 Experimental Young’s moduli of the calibration specimen using conical and flat indenters 

show that for h = 40 µm,  the correction factor α for is approximately 4. 

 

 

3.4 Results 
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From nanoindentation tests, the viscoelastic material properties (Equations. 2.2 and 2.3) 

were obtained by fitting the model to experimental force history curves using a direct 

integration technique for the viscoelastic response to a general input (Simo and Hughes 

1998) and the method of least squares. The relaxation data was resampled (0-0.05 s at 5 

kHz, 0.05-1 s at 250 Hz, 1-30 s at 5 Hz) to give approximately equal weights to different 

time scales. Representative curve fit results for the inner half of wall thickness (0 < r ≤ 

0.5) and the outer half (0.5 < r ≤ 1.0) are shown in Fig. 3.4 which shows the experimental 

forces including the peak forces were matched adequately (An overall R
2
 values of 0.9 or 

greater were achieved). The transient vibration observed in the response was due to 

sample natural frequency (dependent on sample geometry and material properties) which 

did not affect the viscoelastic characterization. A representative force-displacement curve 

(corresponding to the ramp region) is shown in Fig. 3.4 which demonstrates good 

agreement between the QLV model and experimental data. This Figure also verifies the 

quadratic form of the elastic function (Equation 2.3) and that the effect of relaxation was 

negligible for small displacements due to the short applied ramp time. 

 

Figure 3.4 Force and displacement history curves from typical indentation tests in the inner and 

outer halves of aorta thickness. 

To achieve a better understanding of the trend of distribution of the material 

properties within the aorta wall, the results of Groups A, B, and C were divided into 10 
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regions based on r. The variation of E with respect to r is shown in Fig. 3.5a which 

demonstrates that the outer half was generally stiffer than the inner half. The grouping of 

material properties in to inner and outer halves (Fig. 3.5b) was verified by applying 

hierarchical cluster analysis (JMP SAS, Version 8, Cary, NC) in which the regions data 

were combined in several steps into clusters whose values were closer to each other 

relative to those of other clusters based on Ward’s minimum variance (Appendix). At 

each step, the two clusters that had the smallest distance were combined into a single 

cluster and this process was continued until one cluster remained containing all the data. 

Fig. 3.6 shows that the 10 regions were combined in such a way that finally two clusters 

were distinguishable where one contained the inner half of the wall thickness and the 

other contained the outer half.  Additionally, paired t-test was conducted between E in the 

inner half and outer half of all samples (Table 3.1) which confirmed a significant 

difference (p<0.001) between these regions (Appendix). This difference was more 

pronounced below the first intercostal arteries, i.e., Groups B and C (p=0.0015 and 

p=0.0006 respectively) and was negligible in Group A taken near the arch (Fig. 3.5b). 

Therefore, it can be concluded that r = 0.5 acted as a cut-off for the inhomogeneity of E 

in the radial direction. Paired t-tests on Gi showed that G and G1
 
were significantly 

higher in the outer half region and G4
 
was significantly lower (Fig. 3.7). This means that 

the outer half was generally more elastic than the inner half.  
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Figure 3.5 a) Distribution of E in 10 regions along the aorta wall thickness. b) Average values of E for 

inner and outer halves. 

 

 

 

 

 

Table 3.1The average values of E and Gi for inner half and outer half regions and their standard 

errors and p values for paired two-tail t-tests. 

 E G
 1G

 2G
 3G

 4G
 

Inner half 60.32±1.65 0.33±0.01 0.07±0.01 0.11±0.01 0.13±0.01 0.36±0.01 

Outer half 70.27±2.47 0.35±0.01 0.09±0.01 0.10±0.01 0.13±0.01 0.34±0.02 

p-value 0.001 0.006 0.043 0.353 0.247 0.032 
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Figure 3.6 The dendrogram results of E from applying hierarchical cluster analysis. The results show 

that 10 regions of r used in this study were combined in several steps and at the end, two regions 

were distinguishable with one containing the inner half of the wall thickness (r=0.0–0.5) and the other 

the outer half (r=0.5–1.0). 

 

Comparison of sections 2 of Groups B and C with paired t-test was used to 

evaluate the heterogeneity of material properties due to 40 mm longitudinal distance. The 

results (Table 3.2) showed that E was significantly higher (p=0.03) in Group C but Gi 

were not significantly different. In other words, the material was heterogeneous with 

respect E but homogeneous with respect to G(t) in the longitudinal direction. 

 

Table 3.2 The average values of E and Gi in two sections that are 40 mm apart and their standard 

errors and p values for paired two-tail t-tests. 

 E G
 1G

 2G
 3G

 4G
 

Group B 

Section 2 
64.60±4.76 0.35±0.02 0.12±0.02 0.10±0.01 0.13±0.02 0.29±0.03 

Group C 

Section 2 
69.32±3.40 0.36±0.02 0.12±0.02 0.12±0.01 0.17±0.02 0.23±0.03 

p-value 0.03 0.28 0.38 0.04 0.14 0.13 
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Figure 3.7 Relaxation amplitudes of the inner and outer halves of wall thickness. 

 

3.5 Discussion 

An indentation technique was developed to study local variability of the viscoelastic 

behavior of aorta wall with respect to the radial distance. The test setup enabled reaching 

40 m spatial resolution and 10 regions were characterized on the aorta wall thickness.  It 

was determined that below the first intercostal arteries, two larger regions with equal 

thickness were mechanically distinguishable with significantly different values of 

instantaneous Young’s modulus (E) and reduced relaxation function (G(t)) whereas near 

the arch region the mechanical properties were less variable. The thicknesses of media 

and adventitia layers are reported to be almost the same (Holzapfel and Gasser 2000; 

Teng et al. 2009) and for the young specimens used in this study, it was expected that the 

intima layer was significantly thinner that the other two layers (Holzapfel and Gasser 

2000).  Therefore, it may be concluded that the inner and outer halves of aorta 

approximately coincide with the media and adventitia layers respectively. 
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Characterization of the material behavior was based on the QLV theory applied to 

the force data obtained during loading in a displacement-control setup. The force time 

histories (Fig. 3.4) and force displacement curves verified the applicability of the QLV 

model (Equations 2.1 to 2.3). In elastic and elastic-plastic materials, often the unloading 

force-displacement curve in a force-control setup is used for material characterization to 

eliminate the effect of friction during loading (e.g., Oliver and Pharr, 1992). However, in 

viscoelastic materials, due to creep (delay in displacement response), the unloading force-

displacement curve would overestimate the material stiffness. This may explain the 

relatively high values of Young’s modulus (700-800 kPa) determined by Ebenstein et al. 

(2004) for porcine aorta. 

The obtained instantaneous Young’s moduli for the inner half are consistent with 

the range of 50-180 kPa reported by Matsumoto et al. (2004) for porcine aorta media 

layer where the lower value corresponded to the SML and the higher value corresponded 

to the EL. Due to the release of residual stress in dissected tissue, these layers form hills 

(EL) and valleys (SML) with less than10 m difference in height. The ratio of the 

thickness of EL and SML was determined to be 6/22.  In this study, with 40 m 

indentation depth, both of these layers were compressed and the larger area of SML may 

justify why the inner half apparent modulus (60.32±1.65) was closer to the lower limit. 

The results of this study for the steady state Young’s modulus (E = GE) showed that 

the outer half layer (E = 24.6±1.1 kPa) was 24% stiffer than inner half (E = 19.9±0.8 

kPa) which is significantly smaller than the differences reported in Holzapfel et al. 

(2005). The steady state Young’s moduli of the toe region in Holzapfel et al. (2005) were 

approximately 20 kPa and 200 kPa for media and adventitia respectively.  Considering 
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that Holzapfel et al. (2005) applied 5% prestretch before pulling the separated media and 

adventitia layers to failure, it may be concluded that the initial prestretch, that represents 

the tissue in vivo residual stress, had a significant effect on the collagen-rich adventitia 

layer stiffness but had negligible effect on the media layer stiffness. This may be 

attributed to the undulated geometry of collagen fibers in the stress-free state (Holzapfel 

et al. 2005).  

The viscoelastic behavior of aortic tissue was characterized by the values of 

relaxation amplitudes Gi. In particular, G∞ showed that the steady state Young’s modulus 

was on average 34% of the instantaneous Young’s modulus. G∞, G1, and G4 for inner half 

and outer half  were significantly different from each other, which implied that aorta wall 

long-term and short-term damping mechanisms were also inhomogeneous. Overall, the 

outer layer showed less damping, which may be attributed to the layers infrastructure. 

The damping mechanism in media, in addition to the movement of interstitial fluid within 

the solid phase cage-like microstructure, can be attributed to smooth muscle cells (SMC) 

that constitute about 24% of this layer (O'Connell et al. 2008). SMC in non-active state, 

without the presence of a vasoconstrictor, show significant viscoelasticity (Fung 1996). 

Therefore, lack of SMC in adventitia makes it effectively more elastic.  

The knowledge of the material properties of aortic wall is fundamental to the 

understanding of aorta failure mechanisms and how a local tear propagates through the 

aortic wall. Many instances of partial aortic rupture occur (about 10 to 20%) in which the 

outermost layer of aorta does not rupture and the chance of survival of the patient is 

significantly increased (Fattori et al. 1996). Considering aorta as a pressure vessel, the 

inner layers are exposed to higher stress levels than the outer layers (Lai et al., 2010). 
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Mohan and Melvin (1983) showed that the failure of aorta is strain based with 

approximately 50% and 60% ultimate strain for quasi-static and dynamic (80 s
1

 strain 

rate) stretch tests respectively. Moreover, Holzapfel et al. (2005) reported that the 

ultimate stretches are similar for separated aorta tissue layers.  The results of this study 

revealed that, in descending aorta, the inner layer is more compliant than the outer one.  

Therefore, it can be concluded that, based on only pressure loading, the inner layer would 

sustain higher strains and would be more vulnerable to failure.  In other words, failure in 

aorta would propagate from inner layers toward the outer layers.  This conclusion is in 

agreement with several previous experimental studies on blunt carotid injuries Cogbill et 

al. (1994), Fabian et al. (1996), Punjabi et al. (1997), Cohuet et al. (2001), and the tensile 

experiments on aorta by Teng et al. (2009). 

Various studies showed that TAR happens at the isthmus region of aortic arch 

(Fattori et al. 1996, Richens et al. 2003, Amabile et al. 2004). The results of this study 

showed that in Group A (which is near the arch) the outer half was more compliant 

compared to Groups B and C (below the arch region) and its mechanical properties were 

similar to the inner half. This would generally (e.g., in pressure loading) result in higher 

strains in this region and increase in the risk of failure. Therefore, it could be concluded 

that the outer layers failure containment capacity near the arch region was less than 

descending aorta that could partially explain the high occurrence of TAR in the isthmus 

region.  

Surface detection is a challenge in nanoindentation of soft materials and the 

changes in the adhesion force curve are generally used to determine the point of contact 

(Cao et al. 2005, Kaufman 2009, Ebenstein, 2011). In this study, the adhesion force 



36 

 

between the PBS layer and indenter tip was maximum 6 µN tension and the initial 

decrease in this force (after about 1-2 µm displacement) was considered as the point of 

contact which is in agreement with Cao et al. (2005). This force was much smaller than 

the maximum indentation force (about 170 µN) and was considered negligible in the 

analysis.  

It should be noted that Equation 2.3 used for the elastic solution of conical 

indenters is derived for infinitesimal deformations and assumes the material to be locally 

isotropic and homogeneous.  In terms of homogeneity, this study is limited by the 

resolution of the indentation site (40 m).  This resolution, however, was sufficient to 

achieve the conclusions regarding the material properties of inner and outer halves in the 

radial direction.  While the material properties of human arteries, with elastin lamellae 

and collagen fibers running generally in the circumferential direction, have shown to be 

anisotropic (e.g., Holzapfel et al., 2005), many studies that were conducted on young and 

healthy animal and human specimens show that the material is effectively isotropic 

(Mohan and Melvin 1983, Lally et al. 2004, Matsumoto et al. 2004, Vande Geest et al. 

2004, Virues Delgadillo et al. 2010). Particularly, Matsumoto et al. (2004) reported no 

significant difference in Young’s modulus of excised porcine aorta samples in 

longitudinal and transverse directions measured by AFM and Virues Delgadillo et al. 

(2010) biaxial tests of fresh porcine aortas showed that the difference in the mechanical 

behavior of these two directions below the stretch ratio of 1.5 is small.  The comparison 

of experimental force-displacement curves with the theoretical model demonstrated that 

the application of Equation 2.3 in the present study was valid. At higher indentation 

depths the experimental force is slightly less than the theoretical values, which is due to 
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viscoelastic relaxation that occurred during the 10 ms ramp time.  This relatively small 

ramp time made the calculated elastic Young’s modulus to be closer to the true 

instantaneous Young’s modulus of the material (Fung 1996) which requires a step change 

in displacement.  However, this ramp time resulted in transient vibration after the peak 

force due to the sample inertia. It was confirmed that the frequency of this vibration 

(approximately 60 Hz) coincided with the first natural frequency of samples in the 

longitudinal direction (Gladwell and Tahbildar, 1972). It was assumed that the effect of 

this transient vibration was negligible in the conclusions of this study as the viscoelastic 

model passes approximately through the local average forces (Fig. 3.4). Although, aorta 

in vivo is in tension, it should be noted that Eq. 3 implies that the material behavior is the 

same in tension and compression as long as the deformations are small. 

  

3.6 Conclusions  

Using a custom-made nanoindentation technique, changes in the mechanical properties of 

porcine thoracic aorta wall in the radial direction were characterized using a quasi-linear 

viscoelastic model. Two layers of equal thickness were mechanically distinguishable 

based on the radial variations in the instantaneous Young’s modulus E and the reduced 

relaxation function G(t). Overall, comparison of E and G of the outer half versus the 

inner half revealed that the outer half was stiffer and showed less relaxation. These layers 

may approximately correspond to media and adventitia in the specimens. The results 

partly explained why tissue mechanical failure starts from inner layers and showed that 

the outer layers failure containment capacity was less in the arch region. 

  



38 

 

Chapter 4  
DETERMINATION OF CORRELATIONS BETWEEN 

MECHANICAL AND MORPHOLOGOCAL PROPERTIES OF 

AORTA 
 

4.1 Introduction 

Aortic wall is composed of three distinct anatomical layers, with different mechanical 

characteristics and architecture namely, the intima, the media and the adventitia 

(O'Connell et al., 2008). In healthy young individuals, the intima is composed of a single 

layer of endothelial cells and its mechanical strength is negligible (Holzapfel and Gasser 

2000). At physiological pressures, it is believed that the media is mainly responsible for 

the wall mechanical properties (Xie et al., 1995) since the adventitia remains slack 

(Wolinsky and Glagov, 1964). However, during high inflations, the adventitia prevents 

the artery from overstretching and rupturing (Schulze-Bauer et al., 2002). 

At the microstructural level, the heterogeneous nature of aortic extracellular 

matrix (ECM) components results in unique characteristics that enable aorta to maintain 

its physiological functions (Zou and Zhang 2009). Concentric elastic lamellae are 

connected by an intricate network of elastin fibrils that form a cage-like structure that 

surround smooth muscle cells (O'Connell et al., 2008). The lamellae provide the 

resilience that a large artery needs to absorb the hemodynamic stress of the cardiac 

systole, and to release this energy in the form of sustained blood pressure during diastole. 

Collagen fibrils are interspersed in this structure in the form of helically oriented fibers 

(Holzapfel et al., 2002) with which their high tensile strength, maintain the structural 

integrity of the vessel and prevent it from excessive deformation. Such interconnections 

between the ECM components are observed not only in humans but also in other animals; 
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therefore, the aortic microstructure seems to be a universal one that is necessary to 

maintain the vessel integrity against physiological forces. (Clark et al., 1985; Nakashima 

2010) 

Several studies have shown that the heterogeneity in aortic ECM architecture and 

components results in significant heterogeneity in the aortic wall mechanical properties 

(Holzapfel et al., 2005; Matsumoto et al., 2004; Hemmasizadeh et al., 2012). Holzapfel 

et al. (2005) investigated three layers of human coronary arteries with nonatherosclerotic 

intimal thickening using cyclic quasi-static uniaxial tension tests superimposed on 5% 

prestretch and found significantly different anisotropic mechanical properties for these 

layers. Matsumoto et al. (2004) developed a scanning micro indentation setup, a scaled-

up version of the atomic force microscope (AFM), and determined Young’s modulus 

distribution of the lamellar unit (separated media) of porcine aorta in the axial and 

circumferential directions in the range of 50–180 kPa where the lower and higher values 

corresponded to the smooth muscle-rich layer (SML) and elastic lamina (EL) 

respectively. Hemmasizadeh et al. (2012) used a custom-made nanoindentation technique 

to characterize changes in the mechanical properties of porcine thoracic aorta wall in the 

radial direction. They distinguished two layers of equal thickness in descending aorta 

based on the radial variations in the mechanical properties. 

Changes in the ECM microstructure and components in aorta due to 

cardiovascular diseases such as atherosclerosis, restenosis, hypertension and aortic 

aneurysms, are generally accompanied with changes in the aorta wall mechanical 

properties. Studies on pathological effects (Sokolis et al. 2002), genetic defects (Brooks 

et al. 2003), phenotypes (Wagenseil et al. 2007), and knockout models (Brooks et al. 
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2003) indicated that changes in the ECM components, which in turn represented an early 

risk factor for cardiovascular disease, were associated with altered mechanical properties. 

Changes to the ECM components and architecture can also be a result of mechanical 

loadings beyond the physiological levels as in hypertension (Lehmann et al. 1992) and 

partial traumatic aortic rupture (Kalita and Schaefer 2007). Therefore, determining the 

heterogeneity of aortic wall building blocks and characterizing their relationship with 

mechanical behavior and properties is particularly important in understanding 

physiological and pathological conditions in native blood vessels (Guo and Kassab 2003). 

In this study we tested the hypothesis that the heterogeneous mechanical 

properties of porcine descending thoracic aorta (DTA) wall are correlated with the 

quantified measures of ECM micro-architecture and protein content across the wall 

thickness. A multimodal and multidisciplinary approach was adopted to verify this 

hypothesis.  The utilized methods included histology and multi-photon microscopy 

(MFM) for describing the ECM micro-architecture in the circumferential-radial (CIRC-

RAD) plane, Fourier-Transform infrared imaging spectroscopy (FT-IRIS) for 

determining collagen and elastin, and total protein content, and nanoindentation for 

measuring local material properties.  

The technique of Fourier transform infrared imaging spectroscopy (FT-IRIS) is a 

powerful tool to map molecular components in histological sections of biological tissues. 

Recent infrared microscopy and imaging studies applied to vascular tissues include 

monitoring arterial remodeling after injury (Herman et al., 2009) and identification and 

characterization of vulnerable plaques using characteristic absorption bands of lipids and 

total protein (Colley et al., 2004; Kazarian and Chan, 2006; Palombo  et al. 2009). FT-
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IRIS has also been applied for differentiation of normal and aneurysmal human aortas on 

biopsies of human ascending aortas (Bonnier et al., 2006 and 2008; Rubin et al., 2007). 

In the current study FT-IRIS was applied to map and quantify protein components of 

aortic ECM to characterize their changes across the wall thickness.   

Tsamis et al. (2013) recently used multi-photon microscopy (MFM) (Cahalan et 

al., 2002; Jiang et al., 2011; Konig et al., 2005) to characterize the elastin and collagen 

fiber arrangements in the longitudinal-radial (LONG-RAD) and circumferential-radial 

(CIRC-RAD) planes of human non-aneurysmal and aneurysmal ascending thoracic aorta 

(ATA) tissue specimens that were artificially dissected along the medial plane in a prior 

study by Pasta et al. (2012). Their analysis of these images provided quantitative fiber 

micro-architectural characteristics in the LONG-RAD and CIRC-RAD planes of aortic 

tissue near the plane of dissection. Here, this technique was implemented to describe the 

direction of elastin and collagen fibers in the CIRC-RAD plane of the porcine DTA 

across the thickness of the wall. 

In this study, the distributions of the quantified properties measured by the 

methods mentioned above across the wall thickness of porcine descending thoracic aortas 

were characterized and correlations among them were determined. To our knowledge, the 

current investigation is the first in the literature concerned with determination of a 

relationship between mechanical properties and morphological parameters across the 

aorta wall thickness. Results from this study represent a substantial step toward 

anatomical characterization of the aortic wall building blocks and establishing a 

foundation for understanding the role of ECM components on the functionality of blood 
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vessels. A better understanding of these relationships would be applicable in developing 

improved therapeutic targets and strategies for the prevention of human vascular disease. 

  

4.2 Methods 

Porcine aorta has been commonly used in research since its size, material properties and 

architecture are similar to human. (Garsia et al. 2011; Wolinsky and Glagov 1969)  

Moreover by using animal samples, age, diseases and diet effects would be eliminated. 

Therefore for this study porcine aortas were used which were excised from sacrificed 

pigs at a local slaughterhouse (Hatfield Quality Meats, Hatfield, PA) immediately post-

mortem and submerged in Phosphate Buffered Solution (PBS) and stored in an ice-filled 

cooler while transported to the laboratory. Before arterial tissue extraction, excessive fat 

and connective tissue were removed from the arterial tissue mechanically with the careful 

use of forceps and scalpel. Fifteen 8-10 mm-long cylindrical samples were excised from 

the descending thoracic aorta of five aortas (3 sections × 5 aorta as shown in Fig. 4.1 a). 

The location of the samples was similar to Hemmasizadeh et al. (2012a) and were above 

the 1
st
 intercostal artery, between the 2

nd
 and 3

rd
 intercostal arteries, and between the 3

rd
 

and 4
th

 intercostal arteries. Each sample was fast frozen in an embedding medium 

(Tissue-Tek O.C.T Compund, Sakura Finetek, Torrance, CA) using liquid nitrogen and 

were sectioned using a microtome (Leica CM3050S, Norcross, GA). From each sample, 

slices with three different thicknesses were cut for different types of experiments. 6 m 

thickness slices were cut for the histology study, 8 m thickness for FT-IRIS and 60 m 

thickness slices for MFM.  
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Figure 4.1 a) Location of excised samples along the descending thoracic porcine aorta. b) Location of 

experiments across the wall thickness in the medial side of aorta which is at 90° counter-clockwise 

with respect to intercostal arteries toward the heart. 

 

In order to minimize the variability due to circumferential location, the 

experiments were performed in the medial side of aorta which is at 90° counter-clockwise 

with respect to intercostal arteries toward the heart (Fig. 4.1 b).  The anatomical location 

of the tissue across the wall thickness was divided into 10 equal regions and were 

expressed in terms of a normalized wall thickness r (where r=0 represented the innermost 

layer and r=1 the outermost layer). About 50 m from either end of the wall thickness 

was excluded from further analyses to eliminate any edge effects. The results are 

presented as mean ± standard error.  
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Mechanical Properties 

Mechanical properties of aorta sections were taken from Hemmasizadeh et al. (2012a).  

In this study, a nanoindentation technique was utilized. A conical indenter was used with 

a ramp-and-hold displacement input that provided about 50 m spatial resolution. The 

instantaneous Young’s modulus E was calculated at 10 regions across the the medial 

region of porcine DTAin. 

Histology 

Histological staining was performed to study the transmural changes in the elastic 

lamellae density (ELD). The Weigert's Resorcin Fuchsin staining was used as it shows 

the elastic lamellae as a dark blue and provides a good contrast between the layers and 

the surrounding material under light microscope. The images were captured using a 

Nikon TE200 bright light microscope (Fig. 4.2). The images showed that in the young 

porcine specimens used in this study, most of the wall thickness consisted of elastic 

lamellae and therefore can be considered as media. The small intima and adventitia layers 

were not included in the analyses presented in this paper. The number of elastic lamellae 

of the aortic media was enumerated for each specimen on microscopic sections under 100 

magnification. The ELD (mm
-1

) in each region was determined by dividing the number of 

its elastic lamellae by the region’s thickness. 
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Figure 4.2 Weigert's Resorcin Fuchsin staining to study transmural changes of the elastic lamellae 

density (ELD). Categorization of results into 10 equal regions based on normalized wall thickness r is 

shown. Lumen is at the left side. 

 

Fourier Transform Infrared Spectroscopy  

Aorta cross sections were mounted on MirrIR low-e microscope slides (Kevley 

Technologies, Chesterland, OH) according to a previously published protocol (Cheheltani 

et al., 2012).  FT-IRIS images were acquired at 25μm pixel resolution and 8 cm
-1

 spectral 

resolution with 2 co-added scans using a Perkin Elmer Spotlight 400 spectrometer. Data 

were analyzed in Isys 5.0 software (Spectral Dimensions Inc, Onley, MD). The integrated 

area of the Amide I band at ~1640 cm
-1

 , arising mostly from C=O stretching of amide 

bonds in proteins, was mapped across the tissue sections, creating an intensity image of 

total protein (Figure 4.3). This intensity image was imported in ImageJ (NIH) for further 

processing. For each sample, a rectangular area of interest from the medial region of the 

aortic cross section was selected in such a way that included the whole thickness of the 

aortic wall in width and at least 250 μm in height. Care was taken not to include areas of 

folding or other histological artifacts. This area of interest was divided into 10 equally 

spaced smaller sub-regions along the wall thicknenss as explained in the previous section 
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and the mean grey value for each sub-region was measured and reported as TPR (Total 

Proteins) . This provided 10 relative sequential values of total protein content along aortic 

wall thickness. The same procedure was repeated for a spectroscopic band centered at 

1338 cm
-1

 to map structural proteins, i.e, collagen and elastin and reported as SPR 

(Structural Proteins). This band has been observed in the spectra of both collagen and 

elastin and confirmed with published spectra for these molecules (Cheheltani et al., 2012; 

Wetzel et al., 2005). 

 

Figure 4.3 A) Peak integration of amide I band for mapping total protein content and the band 

centered at 1338 cm
-1

 for mapping structural proteins (collagen and elastin), B) Intensity image of 

total protein content from peak integration mapping of amide I and the 10 regions for averaging the 

properties are shown. 

 

Multi-photon Microscopy 

The technique described in Tsamis et al. (2013) was implemented to describe the fiber 

direction of elastin and collagen in the circumferential-radial (CIRC-RAD) plane and in 

the medial side of the porcine DTA samples in 10 equally-spaced regions across the 

thickness (Figure 4.4). The slices were imaged with the CIRC-RAD plane facing up. 

Images of collagen and elastin fibers (0.5×0.5mm
2
) were processed and fiber directions 

were assesses with 90° denoting CIRC orientation and 0° or 180° denoting RAD-
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orientation (Figure 4.5). As expected, the fibers were primarily oriented in the CIRC 

direction. Using an image-based analysis tool, the percentage of CIRC-oriented fiber 

segments (90°±2.5°) for elastin (ECP) and for collagen (CCP) were calculated and used 

for further analysis. 

 

 

Figure 4.4 Representative MFM results across the aorta wall in the CIRC-RAD plane for collagen 

(left) and elastin (right). 

 

 

Collagen Elastin 
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Figure 4.5 a) Example of analysis of MFM images (0.5×0.5mm
2
) of collagen fibers. b) Processed 

image with small arrows in blue that follow the direction of the fibers. c) Processed image with the 

RAD-oriented fiber segments (0° or 180°) overlaid in red color. d) A higher magnification of a small 

area of (b) that displays the blue arrows which have an orientation between 0° and 180° e) A higher 

magnification of a small area of (c) that displays only the RAD-oriented fiber components in red. 

 

4.3 Results 

Since the focus of this study was on changes of properties across the aortic wall, the 

results of the three anatomical locations in the longitudinal direction (Figure 4.1a) were 

combined in the statistical analysis. It was shown previously in Hemmasizadeh et al. 

(2012a) that the distributions of mechanical properties in these three sections are similar. 

Additionally paired t-test was used to compare the properties in the inner and outer halves 

of the samples to eliminate any effect of variability due longitudinal location and also 

specimen to specimen differences. The statistical analyses were conducted in JMP SAS 

(Version 8, Cary, NC). The quantified measured parameters including E (Instantaneous 

Young’s modulus), ELD (Elastic Lamellae Density), SPR (Structural Proteins), TPR 

(Total Proteins), ECP (Elastin Circumferential Percentage), and CCP (Collagen 
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Circumferential Percentage) in 10 equally spaced regions across the aorta wall are 

reported in Table 4.1. In order to provide a clear picture of the transmural trends of the 

above parameters, the average values of the quantified parameters were normalized based 

on their maximum values and plotted in Figure 4.5.  This figure shows that the 

parameters are generally correlated with each other and that they are greater in the outer 

half of the vessel wall.  These observations were further analyzed using linear regression 

analysis and cluster analysis. 

 

Table 4.1 Aorta Quantified Transmural Parameters:. E (Young’s Modulus), ELD (Elastic Lamellae 

Density), SPR (Structural Proteins), TPR (Total Proteins), ECP (Elastin Circumferential 

Percentage), and CCP (Collagen Circumferential Percentage)  

Normalized 

Distance 

E 

(kPa) 

ELD 

(mm-1) 

SPR 

(arbitrary unit) 

TPR 

(arbitrary unit) 

ECP 

(%) 

CCP 

(%) 

0.0-0.1 57.98±2.16 53.23±2.11 125.14±8.64 169.47±5.92 5.32±0.33 4.67±0.20 

0.1-0.2 63.82±3.67 50.36±3.36 113.41±7.75 162.73±4.87 5.6±0.34 4.72±0.24 

0.2-0.3 56.94±2.29 49.41±2.73 103.36±6.42 146.63±5.00 5.58±0.25 4.46±0.16 

0.3-0.4 57.02±2.96 49.05±2.10 105.96±5.46 141.28±7.65 5.35±0.24 4.43±0.16 

0.4-0.5 65.29±4.68 53.81±1.69 119.44±4.68 155.46±5.25 5.49±0.29 4.46±0.16 

0.5-0.6 67.16±6.94 63.84±3.28 123.07±5.92 173.62±4.91 5.68±0.31 4.64±0.18 

0.6-0.7 73.87±5.54 64.97±2.30 122.7±8.32 176.02±6.41 6.3±0.42 4.84±0.20 

0.7-0.8 67.57±4.69 66.82±2.81 131.11±6.62 186.63±3.28 6.36±0.45 4.76±0.22 

0.8-0.9 66.96±3.61 66.04±2.24 124.97±7.84 178.73±4.93 6.41±0.41 5.05±0.18 

0.9-1.0 69.72±2.70 66.46±2.60 126.64±7.37 177.55±5.51 6.26±0.38 5.21±0.20 
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Figure 4.6 Trends of aorta transmural quantified parameter listed in Table 4.1. The quantified 

parameters are normalized (vertical axis) based on their maximum value. 

 

The quantified morphological measurements that were obtained with the same 

technique were compared and showed a statistically significant and strong correlation 

between SPR and TPR (p < 0.0001, R
2
 = 0.86) and a significant but relatively weaker 

correlation between ECP and CCP (p = 0.0069, R
2
 = 0.62).  These correlations verified 

that two different measurements with the same technique were consistent with each other.  

A cross-technique validation was conducted for ELD and TPR measures. Based 

on the aortic wall anatomy, it was expected that the density of elastic lamellae and total 

protein content be correlated, i.e., denser regions have more proteins. This correlation 

was indeed significant (p = 0.0005, R
2
 = 0.80).  

A cluster analysis (Appendix) similar to what is described in Hemmasizadeh et al. 

(2012a) for E was applied to the other quantified measures and it was concluded that only 

for ELD a clear cut-off existed between the inner half and the outer half (Figure 4.6). For 

the other parameters, the final two clusters did not result in continuous domains in the 

radial direction.  
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Figure 4.7 The dendrogram result of ELD from applying hierarchical cluster analysis. The results 

show that 10 regions of r used in this study were combined in several steps and at the end, two 

regions were distinguishable with one containing the inner half of the wall thickness (r=0.0–0.5) and 

the other the outer half (r=0.5–1.0). 

 

Based on the cluster analysis results for E and ELD, the hypothesis that r = 0.5 

acts as a cut-off for the heterogeneity of all quantified parameters was verified using  

paired t-test (Appendix).  The results are summarized in Table 4.2, which show a 

significant difference between the two halves for all the parameters (p < 0.015).  These 

results indicate that compared to the inner half, the outer half is mechanically stiffer, the 

elastic lamellae are denser, total protein and collagen/elastin components are higher, and 

elastic lamellae and collagen fibers are straighter.  For better visualization, the averages 

of the normalized values for the inner and outer half are shown in Figure 4.7.  

 

 

Table 4.2 Average values of aorta quantified parameters for inner half and outer half regions, their 

standard errors, percentage of changes from the inner to the outer half, and p-values for paired two-

tail t-tests between the two halves 
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 E 

(kPa) 

ELD 

(mm-1) 

SPR 

(arbitrary unit) 

TPR 

(arbitrary unit) 

ECP 

(%) 

CCP 

(%) 

Inner Half 60.21±1.80 51.17±0.99 113.46±4.06 155.11±5.13 5.47±0.06 4.55±0.06 

Outer Half 69.06±1.30 65.62±0.54 125.70±1.53 178.51±2.20 6.20±0.13 4.90±0.10 

Percentage of 

change 
15 28 11 15 13 8 

p-value 0.001 0.000 0.015 0.000 0.003 0.010 

 

 
Figure 4.8 Averages of the normalized quantified parameters for the inner and outer halves 

 

Based on the trends observed in Figure 4.5, it was hypothesized that a correlation 

exists between the material properties parameter E, and the rest of the quantified 

parameters in the form of a multiple regression model. Obtaining such correlation would 

be significant since it could be used to predict the mechanical properties of aorta based on 

the microarchitectural geometry and materials.  When all five parameters (ELD, SPR, 

TPR, ECP, and CCP) were included as independent variables, the resulting multiple 
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regression model was not significant.  However, since all these parameters are not 

independent of each other, a principal component analysis (PCA) was performed. To this 

end, first linear regression analyses were performed between E and each of the five 

parameters (Appendix). It was determined, based on R
2
 > 0.50, that the strongest 

correlations were with ELD (p = 0.0025, R
2
 = 0.70), TPR (p = 0.0133, R

2
 = 0.58), and 

ECP (p = 0.0066, R
2
 = 0.62). In the next step, the main principal component was 

calculated based on PCA analysis. Briefly, in PCA an orthogonal transformation of the 

covariance matrix is found that transforms the data to a new coordinate system such that 

the greatest variance (of any transformation) of the data occurs in the first new axis 

(called the first principal component), the second greatest variance on the second axis, 

and so on. The normalized data was used for PCA in order to have the same weight for 

the three parameters (indicated by subscript N), regardless of their numerical values. The 

first principal component (eigenvector) was (0.76, 0.49, 0.42) , which described 92.4% of 

the variance of the three parameters. Therefore, a new variable (PC1) was defined as:  

 

PC1 = 0.76 ELDN + 0.49TPRN + 0.42ECPN (4.1) 

 

which was used as an independent variable in a linear regression analysis with the 

normalized Young’s modulus (EN) as the dependent variable. The other principal 

components that each described less than 5% of the variance were ignored. The linear 

regression analysis resulted in a significant correlation, EN = (0.59±0.01)PC1 (p = 0.000, 

R
2
 = 0.61). The constant of regression was assumed to be zero in this case to yield zero 

EN when no material is present. It should be noted that the range of validity of this 

equation, based on the ranges of morphological measurements, is 1.28 < PC1 < 1.67. The 

http://en.wikipedia.org/wiki/Orthogonal_transformation
http://en.wikipedia.org/wiki/Linear_transformation
http://en.wikipedia.org/wiki/Coordinate_system
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normalized relationship between EN and the normalized three parameters can therefore be 

written as:  

 

EN = (0.45±0.01) ELDN + (0.29±0.00) TPRN + (0.25±0.00) ECPN (4.2) 

 

This relationship shows that the Young’s modulus is more strongly related to the elastic 

lamellae density and to a lesser extent to the measures of total protein content and 

horizontal fiber directions of elastin. As a validation of the PCA result, when a constant 

was considered in the linear regression with PC1
 
(as in other regression models reported 

in this study), R
2
 was 0.70, which was similar to the highest R

2
 obtained with ELD alone.    

 

4.4 Discussion 

Characterization of the heterogeneous nature of descending thoracic aortic media that 

was previously addressed with respect to the mechanical properties (Hemmasizadeh et 

al., 2012a) was extended in this study to aorta morphology. Three independent methods 

were utilized using stat-of-the-art experimental techniques to obtain quantified 

parameters to describe the morphology. It was demonstrated that the trends that were 

observed in the mechanical properties correlate well with the morphological parameters.  

Particularly, the inner and outer halves of descending thoracic aortic media showed 

distinct morphological properties similar to what was observed with the mechanical 

properties. 

The findings of this study have clinical significance. Understanding how the 

morphology of aorta affects it mechanical properties and vice versa in intact tissue 

improves our ability to detect any abnormality in mechanical properties based on changes 

in morphology. For example, when due to disease (e.g. aneurysm and dissection), the 
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vessel wall morphology is altered, this change can be potentially mapped into changes in 

mechanical properties. Clearly more experimental data with diseased tissue is needed for 

such extrapolation. Changes in the mechanical properties can, in turn, be used to predict 

the progression of these diseases based on biomechanical simulations of physiological 

loading of the vessel wall.   

While the importance of elastin and collagen in the proper function of aorta media 

is clear (e.g., Nakashima and Dis, 2010; Wagenseil et al., 2009), the results of this study 

yield quantitative measures and correlations that are essential for modeling applications.  

With advancement in vascular imaging techniques, e.g., intra-vascular ultrasound (IVUS) 

or intra-vascular spectroscopy, it will become possible to determine one or more of the 

quantified measures used in this study for a patient. Using the type of correlations that 

were derived in this study for human tissue, then the other parameters can be calculated. 

Due to similarity of porcine and human aorta in morphology and mechanical properties, it 

is expected that the correlations for human aorta would be similar.  The main issue that 

would need to be addressed in human aorta is the effect of aging and diet.  The specimens 

used in this study represent young and healthy tissues.  

In addition to the limitation with respect to the species used, the presented results 

are for a specific circumferential location (medial side).  While aorta thickness in the 

circumferential direction is variable, its main microstructural contents (i.e., number of 

elastic lamellae, collagen fibers direction) are more or less the same. It is therefore 

expected that similar trends exist in other circumferential locations.  Also, the results at 

three different longitudinal locations were combined.  Again, it is expected that the trends 

of the parameters to be the same in DTA while the numerical values found for the 
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correlation coefficients could be slightly different. More data is needed to find the 

dependence of the correlation coefficients on the anatomical location. 
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Chapter 5  
CONCLUDING REMARKS 

 

Ruptures to thoracic aorta constitute a large number of fatalities and injuries in 

automotive accidents. A novel nanoindentation technique was developed to study the 

heterogeneous nature of thoracic aorta. The results of this study yield a better 

understanding of the aorta material and mechanical properties across the vessel wall and 

can help in developing better predictive computational models for aorta traumatic 

injuries. 

Specifically, changes in the elastic and relaxation behavior of porcine thoracic 

arterial wall as a soft viscoelastic tissue were characterized. The applied methodology 

enabled calculating local material properties with approximately 40 m resolution across 

the wall thickness without physically separating the layers. To capture the vessel wall 

heterogeneity across the wall, the indentation tests were conducted in the axial direction 

on surfaces cut in the transverse direction.  In order to obtain a flat and smooth surface in 

the transverse sections, a cryo-microtome was utilized for several experimental protocols. 

It was therefore necessary to obtain the cold storage temperature and time that did not 

significantly affect the mechanical properties of aorta as part of this study.  

The refrigerator storage results showed that there was a decreasing trend in the 

instantaneous Young’s modulus which became significantly different after 48 hours. 

Freezer storage results revealed that there was a general trend of increase in the 

instantaneous Young’s modulus with respect to the storage time. A significant increase 

(20%) was observed in the 20
o
C group after 3 weeks. The changes in the 80

o
C group, 
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which is the standard storage temperature in most biological labs, showed similar trends 

but was consistently not significant. The latter freezing method was therefore used in this 

study. The separated comparison of inner and outer halves revealed that when significant 

changes were observed in the instantaneous Young’s modulus, these changes were more 

pronounced in the inner half. It was concluded that the inner half was vulnerable than 

outer half to cold storage. This effect can be explained by the higher concentration of 

smooth muscle cells in this region, whereas the outer half consists of mostly structural 

proteins. 

The changes in the mechanical properties of porcine thoracic aorta wall in the 

radial direction were characterized using a quasi-linear viscoelastic model. Two layers of 

equal thickness were mechanically distinguishable based on the radial variations in the 

instantaneous Young’s modulus E and the reduced relaxation function G(t). Overall, 

comparison of E and G of the outer half versus the inner half revealed that the outer half 

was stiffer and showed less relaxation. These layers may approximately correspond to 

inner and outer media in the specimens. The results partly explained why tissue 

mechanical failure starts from inner layers. Also it was found that the tissue heterogeneity 

was less pronounced in the upper thoracic region near the arch and it was concluded that 

the outer layers failure containment capacity was less in the arch region. 

In the last chapter, three independent methods (Histology, Fourier Transform 

Infrared Spectroscopy and Multi-photon Microscopy) were utilized using stat-of-the-art 

experimental techniques to obtain quantified parameters to describe the morphology and 

find relationships between the heterogeneous material properties and quantified 

morphological parameters. It was demonstrated that the trends that were observed in the 
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mechanical properties also exist in the morphological quantified parameters.  Particularly, 

the inner and outer halves of aorta media showed distinct morphological properties 

similar to what was observed in the mechanical properties. In general, comparing with 

the inner half, the outer half was mechanically stiffer, the elastic lamellae were denser, 

total and structural protein components were higher, and elastic lamellae and collagen 

fibers were straighter. It was also shown that a statistically significant correlation exists 

between the instantaneous Young’s modulus, and three of the quantified parameters. 

Young’s modulus was more strongly related to the elastic lamellae density and to a lesser 

extent to the measures of total protein content and horizontal fiber directions of elastin.  

Results from this dissertation present a substantial step toward anatomical 

characterization of the aortic wall building blocks and establishing a foundation for 

understanding the role of ECM components on the functionality of blood vessels. A 

better understanding of these relationships would be applicable in developing improved 

therapeutic targets and strategies for the prevention of human vascular disease. 
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APPENDIX:  STATISTICAL METHODS 

Some details of the statistical methods used in this study are described in this appendix. 

Outputs of JMP SAS are provided and explained. 

 

A.1 Comparison of Groups 

The effects of groups in Chapters 2 and 3 were investigated using paired t-test. The 

experiments were designed in such a way that a paired analysis could be performed.  It 

was found that a paired analysis gave the most sensitive outcome compared to non-paired 

t-test and one-way analysis (ANOVA and non-parametric).  

The example below shows how the effect of refrigeration (Fresh, 24h and 48h) on 

the instantaneous Young’s modulus (E) is not significant with ANOVA and Tukey’s 

post-test. It is also not significant with Wilcoxon nonparametric test. A paired analysis, 

however, shows that the 48h results were significantly different from the Fresh results.  

Oneway Analysis of E (kPa) By Refrig Time 

 
 
 

Oneway Anova 
Summary of Fit 
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Rsquare 0.064051 
Adj Rsquare  -0.03994 
Root Mean Square Error 11.26744 
Mean of Response 59.75116 
Observations (or Sum Wgts) 21 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio Prob > F 

Refrig Time 2 156.3865 78.193 0.6159 0.5511 
Error 18 2285.1921 126.955   
C. Total 20 2441.5786    
 

Means for Oneway Anova 
Level Number Mean Std Error Lower 95% Upper 95% 

24h 7 58.9633 4.2587 50.016 67.910 
48h 7 56.8732 4.2587 47.926 65.820 
Fresh 7 63.4169 4.2587 54.470 72.364 
 
Std Error uses a pooled estimate of error variance 
 

Means Comparisons 
Comparisons for all pairs using Tukey-Kramer HSD 
Confidence Quantile 

q* Alpha 

2.55216 0.05 
 

LSD Threshold Matrix 
Abs(Dif)-HSD Fresh 24h 48h 

Fresh -15.371 -10.917 -8.827 
24h -10.917 -15.371 -13.281 
48h -8.827 -13.281 -15.371 
 
Positive values show pairs of means that are significantly different. 
 

Connecting Letters Report 
 
Level             Mean 

Fresh A      63.416921 
24h A      58.963309 
48h A      56.873243 
 
Levels not connected by same letter are significantly different. 
 

Ordered Differences Report 
Level  - Level Difference Std Err Dif Lower CL Upper CL p-Value  

Fresh 48h 6.543679 6.022698  -8.8272 21.91459 0.5343  
Fresh 24h 4.453612 6.022698  -10.9173 19.82452 0.7437  
24h 48h 2.090067 6.022698  -13.2808 17.46098 0.9360  
 

Nonparametric Comparisons For Each Pair Using Wilcoxon Method 
q* Alpha 

1.95996 0.05 
 
Level  - Level Score Mean 

Difference 
Std Err Dif Z p-Value 

Fresh 48h 2.28571 2.236068 1.02220 0.3067 
Fresh 24h 1.42857 2.236068 0.63888 0.5229 
48h 24h  -0.85714 2.236068  -0.38333 0.7015 
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Wilcoxon / Kruskal-Wallis Tests (Rank Sums) 
Level Count Score Sum Expected 

Score 
Score Mean (Mean-Mean0)/Std0 

24h 7 75.000 77.000 10.7143  -0.112 
48h 7 65.000 77.000 9.2857  -0.858 
Fresh 7 91.000 77.000 13.0000 1.007 
 

1-way Test, ChiSquare Approximation 
ChiSquare DF Prob>ChiSq 

1.2764 2 0.5282 

 

Matched Pairs 
Difference: 24h-Fresh 

 
 
          

24h 58.9633  t-Ratio  -1.61876 
Fresh 63.4169  DF 6 
Mean Difference  -4.4536  Prob > |t| 0.1566 
Std Error 2.75125  Prob > t 0.9217 
Upper 95% 2.27846  Prob < t 0.0783 
Lower 95%  -11.186    
N 7    
Correlation 0.78359    
 

Wilcoxon Signed Rank 
  24h-Fresh 

Test Statistic S  -8.000 
Prob>|S| 0.2188 
Prob>S 0.8906 
Prob<S 0.1094 
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Matched Pairs 
Difference: 48h-Fresh 

 
 
          

48h 56.8732  t-Ratio  -3.40264 
Fresh 63.4169  DF 6 
Mean Difference  -6.5437  Prob > |t| 0.0144* 
Std Error 1.92312  Prob > t 0.9928 
Upper 95%  -1.838  Prob < t 0.0072* 
Lower 95%  -11.249    
N 7    
Correlation 0.90081    
 

Wilcoxon Signed Rank 
  48h-Fresh 

Test Statistic S  -13.000 
Prob>|S| 0.0313* 
Prob>S 0.9844 
Prob<S 0.0156* 

 

A.2 Cluster Analysis 

In Chapters 3 and 4, cluster analysis with Ward’s method was used to determine the 

grouping of the quantified data across the aorta wall.  It was found that for the 

Instantaneous Young’s modulus (E) and Elastic Lamellae Density (ELD) the two 

grouping that were significantly different were the inner and outer halves.  r is the 

normalized radial distance from the lumen. The detailed output result for ELD is given 

below.  

Hierarchical Clustering 
Method =  
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Ward 
 

Dendrogram 

 
 

Clustering History 
Number of 

Clusters 
Distance     Leader Joiner 

9 0.150134302  0.1-0.2 0.2-0.3 
8 0.207770887  0.1-0.2 0.3-0.4 
7 0.247965495  0.8-0.9 0.9-10 
6 0.281563360  0.0-0.1 0.4-0.5 
5 0.475679825  0.5-0.6 0.6-0.7 
4 0.596414333  0.5-0.6 0.7-0.8 
3 0.925100694  0.0-0.1 0.1-0.2 
2 1.221162089  0.5-0.6 0.8-0.9 
1 4.885130156  0.0-0.1 0.5-0.6 

 

A.3 Regression Analysis 

In Chapter 4, linear regression analysis was used to find the quantified morphological 

parameters that were more strongly related to the instantaneous Young’s modulus (E) 

based on the value of R
2
.  It was found that correlations with total structural protein and 

collagen circumferential percentage resulted in R
2 

< 0.5 and were therefore not 

considered in further analyses. The detailed results of this analysis are provided in this 

section. 
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Individual linear regression results between Young’s Modulus (E) and 

morphological measured quantities: 

Bivariate Fit of Avg E (kPa) By Avg ELD (1/mm) 

 
 

 
 

Linear Fit 
Avg E (kPa) = 28.783214 + 0.6138845*Avg ELD (1/mm) 
 

Summary of Fit 
    

RSquare 0.701855 
RSquare Adj 0.664586 
Root Mean Square Error 3.310343 
Mean of Response 64.63289 
Observations (or Sum Wgts) 10 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 

Model 1 206.37400 206.374 18.8325 
Error 8 87.66695 10.958 Prob > F 

C. Total 9 294.04095  0.0025* 
 

Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 

Intercept  28.783214 8.327025 3.46 0.0086* 
Avg ELD (1/mm)  0.6138845 0.141459 4.34 0.0025* 
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Bivariate Fit of Avg E (kPa) By Avg SPR 

 
 

 
 

Linear Fit 
Avg E (kPa) = 14.290048 + 0.4209954*Avg SPR 
 

Summary of Fit 
    

RSquare 0.452779 
RSquare Adj 0.384377 
Root Mean Square Error 4.48477 
Mean of Response 64.63289 
Observations (or Sum Wgts) 10 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 

Model 1 133.13566 133.136 6.6193 
Error 8 160.90529 20.113 Prob > F 

C. Total 9 294.04095  0.0330* 
 

Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 

Intercept  14.290048 19.61862 0.73 0.4871 
Avg SPR  0.4209954 0.163633 2.57 0.0330* 
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Bivariate Fit of Avg E (kPa) By Avg TPR 

 
 

 
 

Linear Fit 
Avg E (kPa) = 16.86885 + 0.2863344*Avg TPR 
 

Summary of Fit 
    

RSquare 0.555659 
RSquare Adj 0.500116 
Root Mean Square Error 4.041263 
Mean of Response 64.63289 
Observations (or Sum Wgts) 10 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 

Model 1 163.38652 163.387 10.0042 
Error 8 130.65443 16.332 Prob > F 

C. Total 9 294.04095  0.0133* 
 

Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 

Intercept  16.86885 15.15513 1.11 0.2980 
Avg TPR  0.2863344 0.090528 3.16 0.0133* 
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Bivariate Fit of Avg E (kPa) By Avg ECP 

 
 

 
 

Linear Fit 
Avg E (kPa) = 5.2409824 + 10.180265*Avg ECP 
 

Summary of Fit 
    

RSquare 0.623016 
RSquare Adj 0.575893 
Root Mean Square Error 3.722379 
Mean of Response 64.63289 
Observations (or Sum Wgts) 10 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 

Model 1 183.19211 183.192 13.2210 
Error 8 110.84884 13.856 Prob > F 

C. Total 9 294.04095  0.0066* 
 

Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 

Intercept  5.2409824 16.37643 0.32 0.7571 
Avg ECP  10.180265 2.799795 3.64 0.0066* 
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Bivariate Fit of Avg E (kPa) By Avg CCP 

 
 

 
 

Linear Fit 
Avg E (kPa) = -4.059073 + 14.538162*Avg CCP 
 

Summary of Fit 
    

RSquare 0.42708 
RSquare Adj 0.355464 
Root Mean Square Error 4.588874 
Mean of Response 64.63289 
Observations (or Sum Wgts) 10 
 

Analysis of Variance 
Source DF Sum of Squares Mean Square F Ratio 

Model 1 125.57886 125.579 5.9635 
Error 8 168.46208 21.058 Prob > F 

C. Total 9 294.04095  0.0404* 
 

Parameter Estimates 
Term   Estimate Std Error t Ratio Prob>|t| 

Intercept   -4.059073 28.16637  -0.14 0.8890 
Avg CCP  14.538162 5.953294 2.44 0.0404* 

 

A.4 Principal Component Analysis 

Principal component analysis (PCA) was utilized in Chapter 4. PCA is used in multiple 

regression analysis when the independent variables are correlated with each other. The 

space of independent variables is transformed into a new space via an orthogonal 

transformation in which the new independent variables (eigenvectors of the covariance 
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matrix) are linearly independent. The corresponding eigenvalues show how important 

each eigenvector is in predicting the variance observed in the dependent variable (in this 

case E). The results shown below indicate that the first eigenvector predicts 92.4% of the 

variance. The other eigenvectors were therefore ignored in this study. 

 

 

 

 


