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ABSTRACT 

 

Conventional treatments for arterial diseases, such as balloon angioplasty, often result in 

restenosis or re-narrowing of the arteries. In the last few years, the clinical importance of 

thermal therapies for atherosclerosis involving both freezing (cryoplasty) and heating (in-

stent heating) has increased significantly because of their potential to control or minimize 

restenosis. An alternative to these therapies includes replacing the diseased artery through 

preserved arterial grafts which brings with it the need to effectively preserve them. 

Cryopreservation, i.e. preservation of tissues by freezing to very low temperatures, has 

therefore become an important problem in medicine. As mechanical properties of arteries 

play a large role in blood flow, a complete understanding of the biomechanical changes 

following thermal treatments and the underlying mechanisms is essential for further 

optimization of these treatments through controlling biomechanical changes. The 

objective of this dissertation was to quantify the biomechanical changes and investigate 

the underlying mechanisms post freeze-thaw. In this dissertation, the following specific 

aims were pursued: 

1. Quantification of freeze-thaw induced biomechanical changes in arteries 

2. Investigation of underlying mechanisms of thermobiomechanics 

SA1 involved quantification of freeze-thaw induced mechanical property changes 

in arteries using both uniaxial tensile tests and indentation. While uniaxial tensile tests 

were chosen for relatively easy sample preparation and testing, indentation was 

performed in order to study a more localized biomechanical response while 

characterizing the diseased artery response. SA2 involved investigation of the 

mechanisms underlying the biomechanical changes. This primarily involved 

understanding the changes to the collagen matrix and SMCs following thermal 

treatments. Changes to collagen matrix stability were assessed by quantifying the changes 

to the amide-III band using the FTIR spectroscopy. Changes in SMC function were 

studied from the response of arteries to norepinephrine and acetylcholine. Finally, MD 

simulations were performed as a tool to further investigate dehydration induced increase 

in thermal stability of the collagen matrix due to freeze-thaw at the molecular level. 

The important conclusions of this dissertation research are: 
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1. Freeze-thaw causes significant stiffening of the arteries. While, significant 

increase in the physiological elastic modulus (and reduction in toe region) was 

observed in the uniaxial tensile response, the peak and equilibrium modulus 

measured from indentation increased significantly following freeze-thaw. 

2. Freeze-thaw induces significant changes in the collagen matrix and smooth 

muscle cells (SMCs) that are arguably the most important components of an 

artery. While dehydration accompanied by increased thermal stability was 

observed following freeze-thaw in the collagen matrix, it caused complete 

destruction of SMCs measured through loss in function. 

3. At the molecular level, dehydration due to freeze-thaw (or any osmotic 

treatments) results in formation of new sidechain-backbone hydrogen bonds that 

are typically absent under hydrated conditions. These newly formed intra-protein 

hydrogen bonds in the absence of water molecules increase the thermal stability 

of the tropocollagen molecule.  
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APPENDIX A: This chapter describes the thermal model of cryoplasty in arteries to 

predict the temperature distribution. The results from this chapter, along with results from 
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Mechanical Engineering at the University of Minnesota that characterize SMC injury in 

different in vitro model systems were used to predict thermal injury during cryoplasty. 
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J.C. (2008) “Thermal injury prediction during cryoplasty through in vitro 

characterization of smooth muscle cell biophysics and viability.” Annals of 

Biomedical Engineering 36(1): p. 86-101.  
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1 THERMOBIOMECHANICS OF ARTERIES: A 

REVIEW 

 

This chapter reviews the previous work in the field of ‘Thermobiomechanics’ or 

thermally induced biomechanical changes in arteries. The present author prepared and 

edited the manuscript. 
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Abstract 

 

This review article presents an overview of an evolving field in thermobiomechanics or 

thermally induced biomechanical property changes of arteries. Current treatments for 

atherosclerosis, their drawbacks as well as some potential thermal treatments aimed to 

overcome some of the drawbacks in the conventional treatments are reviewed. As arterial 

biomechanics plays an important role in hemodynamics, there a need to understand the 

biomechanical implications of thermal treatments which requires quantification of 

changes in overall artery biomechanics as well as molecular and/or cellular component 

changes in arteries. Some important experimental (biomechanical tests, CD, FTIR, and 

DSC) and computational (MD) tools useful in the quantification of the different changes 

(cellular, molecular and tissue level) are reviewed. Additionally, previous studies on 

understanding the thermally induced biomechanical and component changes have also 

been reviewed. Finally, the scope for future research leading to studies in this dissertation 

is discussed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 3 

1.1 INTRODUCTION 

 

1.1.1 Atherosclerosis, restenosis and current treatments 

Atherosclerosis is an inflammatory disease characterized by plaque formation, 

proliferation of the smooth muscle cells and therefore narrowing of the arteries. The 

plaque essentially is a build up of fatty acid deposits on the inside wall of arteries. The 

formation of plaque results in hardening and narrowing of the arteries thereby disrupting 

normal blood flow in the vessel. The plaque formed usually ruptures and results in 

thrombosis or a fibrinous clot which could eventually lead to other cardiovascular 

diseases 
1
. Atherosclerosis in peripheral arteries such as femoral or popliteal arteries is 

referred to as peripheral arterial disease (PAD), where as atherosclerosis in coronary 

arteries which carry blood to the heart is termed coronary arterial disease (CAD). While 

CAD mostly is characterized by chest pain, PAD results in leg pain as the blood flow to 

the heart or legs, respectively, is impeded due to narrowed or completely blocked arteries. 

Atherosclerosis is a major health care problem in the United States that is 

characterized by plaque formation, proliferation of the smooth muscle cells and 

narrowing of the arteries. Angioplasty and by-pass surgeries have been commonly used 

to treat atherosclerosis. In angioplasty, a balloon-tipped catheter is inserted into the 

diseased artery and the balloon is then inflated to widen the passageway for blood
2
. In 

case of bypass surgeries, arteries from elsewhere in the patient's body are grafted to 

bypass the diseased artery
2
. Additionally, stents have been used to prevent re-narrowing 

of arteries. A stent is a hollow mesh that is inserted to hold the artery at the 

physiologically favorable particular diameter thereby avoiding any narrowing due to 

plaque formation
3
. In 1999 alone, there were more than 400,000 coronary angioplasties 

performed in the US to treat atherosclerosis, with 30-40% of these resulting in re-

stenosis
4, 5

. Restenosis is a major drawback that often occurs following balloon 

angioplasty or use of stents
6
. Restenosis involves re-narrowing of arteries over time 

which can result in complications similar to atherosclerosis. During balloon angioplasty, 

the matrix fibers are overstretched to which the arteries respond through elastic recoil 

followed by thrombus formation and smooth muscle cell activation. This activation leads 

to smooth muscle cell (SMC) proliferation and extracellular matrix (ECM) remodeling 
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that ultimately results in restenosis 
7
. These drawbacks have motivated interests in other 

treatments such as heating and freezing for control of restenosis.  

 

1.1.2 Thermal treatments for arterial disease 

Thermal treatments have contributed significantly to biomedicine and have shown 

potential in the treatment of cancer 
8-10

. Recently, research is being carried out looking at 

the potential of thermal approaches in the treatment of cardiovascular disease 
5, 11-17

, 

especially diseases pertaining to blood vessels.  

 

 

Table 1.1 Thermal treatments used for atherosclerosis and restenosis 

 

Like cancer, atherosclerosis and restenosis involve rapid proliferation of cells. 

Motivated by their use for treating cancer, thermal treatments are being looked into for 

treating atherosclerosis and restenosis. Table 1.1 describes different potential in vivo 

thermal treatments for arterial diseases that involve either freezing or heating. Cryoplasty 

is a recently developed approach used in the treatment of peripheral arterial disease that 

involves freezing of the artery 
18, 19

. This approach has shown promise in reducing 

restenosis post treatment 
15

 and involves opening of narrowed arteries using liquid nitrous 

oxide to simultaneously inflate and cool the dilatation balloon. The diseased arteries are 

frozen to a balloon temperature of -10° to -20
o
C for about 40-60 seconds 

20
. Efforts are 

now focused on optimizing cryoplasty by varying treatment parameters. Appendix A 
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(Chapter 7) discusses temperature prediction in arteries during cryoplasty using a thermal 

model which could be potentially useful in such optimization.  

One possible advantage of freezing over heating (in this case burn) is the 

maintenance of the extracellular matrix (ECM) structure as previously shown in skin 
21

. 

This is important because the ECM is believed to play a critical role in determining the 

mechanical properties of several soft tissues
22-25

 including arteries. It is therefore believed 

that cryoplasty would cause minimal or no change to the structure of the ECM. However, 

future sections in the review will focus on the crudeness of this assumption which forms 

an important motivation for continued work in this area.  

Like freezing, heating too has shown potential to improve the efficacy of 

atherosclerotic treatment. In a study involving noninvasive in-stent inductive heating in 

an electromagnetic field, in-stent restenosis was more effectively prevented
13

. Laser and 

ultrasound have also been used for heating in the treatment of in-stent restenosis
14, 16

. 

However, these approaches have the disadvantage of leaving the stent inside the body 

post treatment which may further lead to complications. Also, placing stents in certain 

arteries like popliteal arteries is difficult due to their physiological locations which 

preclude bending.  

As an alternative to direct in vivo therapies, the diseased artery can also be 

replaced using cryopreserved allografts
26-28

 or perhaps in the future by engineered arterial 

vessels which will also likely require cryopreservation
29, 30

. Cryopreservation involves 

freezing of the arteries in the presence of certain chemicals, called cryoprotective agents 

(or CPA) that maintain the cellular and mechanical integrity of the tissues. Upon thawing 

the vessel can be used, however the determination of the proper CPA and cooling 

protocol for optimal cryopreservation, i.e. maintaining the cellular and mechanical 

integrity, is still an area of ongoing work.  

 

1.2. THERMOBIOMECHANICS: DEFINITION AND IMPORTANCE 

Temperature can change the cellular and mechanical integrity of arteries thereby altering 

their biomechanical properties. Understanding these changes therefore is important for 

optimization of thermal treatments. Thermobiomechanics refers to these changes as 

shown in Table 1.2. Sections 2.1 and 2.2 briefly review the importance of biomechanics 
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in artery function. The biomechanical properties of the artery primarily contribute to the 

following functions: a) smooth muscle cell (SMC) growth and functioning, and b) 

hemodynamics. Studies indicate that both abnormal smooth muscle growth
1
 and 

disorderly blood flow 
31

 are precursors to pathological condition and can ultimately result 

in atherosclerosis. 

 

1.2.1 Biomechanical effects on cell growth and functioning 

The mechanical properties of the arteries play an important role in the smooth muscle cell 

(SMC) growth and function. SMCs are primarily responsible for the maintenance of the 

complex ECM structure through production of collagen, elastin and proteoglycans. 

Stegemann et. al. 
32

 present a detailed review on how the mechanical and biochemical 

stimulation of the ECM affect the SMC function and therefore their phenotype. Briefly, 

the mechanical signals are transmitted by the ECM to the cell via integrin receptors 

thereby affecting the functioning at the cellular level. The SMCs in the artery are 

continuously subjected to cyclic tensile stresses as a result of the pulsatile pressure 

waveform. It has been shown that the growth and functioning of SMCs in producing 

ECM proteins 
33

 and various other growth factors 
34

 is affected by cyclic stress (or strain). 

A change in mechanical properties of the artery due to thermal treatments will therefore 

alter the stress pattern required for the normal functioning of SMCs. Abnormal 

stimulation of the growth factors (resulting in SMC proliferation) or abnormal production 

of ECM proteins is a characteristic feature during atherosclerosis or restenosis 
1, 7, 35

.  

 

1.2.2 Biomechanical effects on hemodynamics 

The biomechanical properties of the artery wall play an important role in hemodynamics 

36
. In a theoretical study, Cox compared the pulsatile blood flow in a viscoelastic tube 

with a flow in an elastic tube and found that the effect of viscoelasticity is not severe 
37

. 

Therefore, for simplicity, the artery is usually assumed to behave like a thin-walled 

cylindrical elastic tube to understand the complex pulsatile blood flow. The wave 

equation for the pulsatile blood flow in elastic arteries is given by the Moens-Korteweg 

relation (Eqn. 1.1) under the assumptions that the flow is pulsatile and that arteries are 

thin cylindrical tubes with elastic walls 
38

.  
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Here, c  is the wave speed of the blood flow. E, h, a and ρ are the elastic modulus, 

thickness, internal radius of the artery and density of the blood respectively. While the 

elastic assumption of the artery is a reasonable first approximation, it should be stressed 

that the artery is infact viscoelastic in nature. Incorporating the viscoelastic nature of the 

artery wall coupled with the blood being a non-Newtonian fluid makes the 

hemodynamics problem much more complex 
39

. Fortunately, recent advancements in 

computational capabilities have enabled researchers to begin to solve this fluid-solid 

coupling thereby improving predictive models of hemodynamics 
36

.  

Changes in mechanical properties of the arteries post thermal treatments may 

result in a local change in blood flow. This condition can be compared to inserting a 

vascular graft with different mechanical properties than that of the native vessel 
40

. The 

change in the wave speed results in changes in impedance (Z) to the blood flow (given by 

Eqn. 1.2) and therefore alters the wave transmission and reflection 
38

.  

 

          

 

where P, Q and A are the oscillatory pressure, flow rate and cross-sectional area 

respectively. ρ and c are the density and wave speed of the blood respectively. As c 

changes due to biomechanical property changes (Eqn. 1.1), Eqn. 1.2 suggests that 

impedance will also change. This in turn will lead to impedance mismatch with adjacent 

vessel sections which creates potential sites for development of recirculation zones. 

Studies indicate that atherosclerotic plaques are prone to develop in physiological regions 

where such recirculation zones are predicted
31, 41

. As the mechanical properties of the 

artery wall directly influence the blood flow inside the artery, changes in these properties 

may potentially lead to chronic blood flow disorders and ultimately reoccurrence of 

arterial disease as shown in Fig. 1.1. Thus, quantification and understanding of the 

underlying mechanisms of the biomechanical changes is critical in the optimization of all 

thermal treatments.  
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Figure 1.1 Impedance mismatch in artery post cryoplasty and possible reoccurrence of 

arterial disease. 

 

 

1.3. QUANTIFICATION OF THERMALLY INDUCED BIOMECHANICAL 

CHANGES 

As artery biomechanics plays an important role in cellular growth/functioning and 

hemodynamics, quantification of the biomechanical changes in arteries is extremely 

important. In this section, measurement techniques (see Table 1.3) used to study artery 

biomechanics, both in-vitro 
42-53

 and in-vivo, have been reviewed 
54, 55

. Additionally, a 

review on different studies involving measurement of thermally induced biomechanical 

changes in arteries has been presented (see Table 1.2). 
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Table 1.2 Thermobiomechanics of arteries: an overview of previous work 

 

1.3.1 Biomechanical measurements in arteries 

Arteries, like many other soft tissues, exhibit a complex mechanical response that is both 

non-linear and viscoelastic 
56, 57

. While several hyperelastic models have been proposed 

to characterize the non-linear behavior (refer to 
58, 59

 for a review), the viscoelastic nature 

of soft tissues is commonly characterized using a typical stress-relaxation or creep test. 

Several different techniques to measure the material properties of arteries, both in vitro 

and in vivo have been proposed.  

Uniaxial tensile testing (see Fig. 1.2) has been used in vitro to characterize the 

mechanical properties of different soft tissues including arteries 
42-47

. An exponential 

model (equation 1.3) is often used to explain the non-linear uniaxial response of soft 

tissues 
60

 :    

                         

 

where P is the Eulerian tensile stress, λ the stretch ratio and C1 and C2 are the material 

parameters. Uniaxial testing does not measure the tissue anisotropy. Alternatively, biaxial 

or multiaxial tests could be used as they include anisotropic effects 
53

, but some of these 

tests are difficult to perform and their results more difficult to interpret. 

21
CPC

d

dP
+=

λ
(1.3) 
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Table 1.3 Biomechanical measurements in arteries 

 

In vitro pressure-diameter inflation tests (see Fig. 1.3) have been used to study the 

properties of arteries under physiological conditions 
48, 49

. The non-linear pressure-

diameter response of arteries has been modeled by Hayashi as 
49

 (see equation 1.4). 

               

 

where Ps is the standard pressure and Ds is the corresponding inner diameter of the artery, 

while β is the stiffness parameter. If both changes in radial (diameter) and axial (length or 

artery section) directions can be measured, inflation tests can be sensitive to anisotropy as 

well. 

Indentation testing (see Fig. 3.1) is another commonly used in vitro test to 

measure the localized mechanical properties of soft tissues like articular cartilage 
50, 51

. 

Indentation studies using arteries are limited 
52

 as physiologically, the arteries are 

subjected more to loads in tension than compression as in indentation. Indentation offers 
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the ability to measure the local variation in the mechanical properties, for e.g. spatial 

variation in elastic modulus E (rartery, θ, z). The spatial resolution depends on the size of 

the indenter tip used. Studying local variation in mechanical properties can be very 

important in understanding the diseased response (i.e. properties of a diseased wall or 

plaque). Finite element simulation of the indentation is usually used to extract different 

material parameters of the respective hyperelastic model used 
61

. While localized 

mechanical properties can be extracted from indentation, it is very important to correlate 

the mechanical properties (such as E) measured using indentation to other tension tests 

such as inflation or uniaxial as arteries are loaded in tension under in vivo conditions 

before being used in models to study hemodynamics. 

 

 

Figure 1.2 Uniaxial Tensile testing in artery rings: a) measurement set up and b) typical 

stress-strain curve. 

 

Among the in vivo techniques, optical coherence tomography (OCT) and 

ultrasound elastography are used in the measurement of localized (i.e. spatial variations 

in) mechanical properties 
54, 55

. Typically, these methods allow measurement of strains by 

measuring local displacements and assuming that the loading condition of the artery is 

constant in all the cases, relative changes to the mechanical properties are extracted. Such 

in vivo measurements offer the potential to be used as tools for guiding interventional 

procedures (balloon dilatation, ablation) and detection of plaque vulnerability 
54

. Thus, 

each of the listed techniques in Table 1.3 have certain advantages in measuring the 

mechanical response of arteries under different conditions (e.g. normal vs. diseased; 
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global vs. local measurement, in vivo vs. in vitro). However, it is important to realize that 

while the mechanical responses from different tests may correlate, caution must be 

exercised in directly comparing a parameter extracted from one test to another. 

 

 

Figure 1.3 Pressure-diameter inflation testing in artery rings 

 

 

1.3.2 Biomechanical property changes due to thermal treatments 

 

Changes due to freeze-thaw 

Several studies on effect of freezing on the mechanical properties of connective tissues 

such as tendon, ligament and cartilage 
62-66

 as well as arteries 
42, 67-71

 exist (Table 1.2). 

Most of these studies on arteries were performed in the presence of cryoprotective agents 

42, 67-71
. Among these studies, the results are mixed depending on the particular artery and 

test used.  For example, in a pulsed flow loop experiment, Rosset et al. 
70

 saw a change in 

the response of cryopreserved human common carotid artery (CCA) after freezing, but 

did not see a change in cryopreserved superficial femoral artery (SFA). Also, Pukacki et 

al. 
69

 measured the compliance and elastic modulus of DMSO cryopreserved iliofemoral 

arteries and compared them with fresh samples. They saw no changes in cryopreserved 
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arteries. However, Blondel et al. saw a difference in the measured strains and stresses, but 

not in the calculated elastic moduli or compliance values of cryopreserved SFA subjected 

to inflation tests
67

. In another study, Adham et al. 
42

 performed uniaxial tests on 

cryopreserved thoracic aortas and they observed a decrease in the high stress modulus, 

but it was not statistically significant. While studies quantifying the freeze-thaw induced 

biomechanical changes to improve cryopreservation exist, no study looking at the 

biomechanical effects of cryoplasty on arteries has been performed. 

 

Changes due to heating 

The effect of heating on the biomechanics of tissues is dependant on the temperature 

range and the time of exposure. Kang et al. observed that there was no significant 

difference in the multiaxial passive behavior when bovine coronary arteries were exposed 

to a temperature range of 21
o
C-55

o
C for 20 mins 

72
. However, the arterial specimens 

exhibited circumferential stiffening after 20-40 mins of exposure. Further, they also 

observed that mechanical changes post 90s of exposure to 70
o
C and 80

o
C were 

significantly different. Stiffening of the specimens was observed due to shrinkage when 

the arterial segments were exposed to high temperatures. Baek et al. 
73

 heated bovine 

epicardium at 75
o
C for 15mins and observed that the thermally treated tissues showed 

significant stiffening when compared to native tissues. However, Chae et al. 
74

 showed 

that the storage moduli of the nasal septal cartilages decreased when heated up to a 

temperature of 70
o
C although most cardiovascular tissues exhibited stiffening on heating 

above the denaturation temperature (55
o
C-60

o
C). This suggests that the structural 

organization of ECM in tissues plays a key role in determining the biomechanics of soft 

tissues as reviewed by Silver et al. 
75

. These studies suggest that changes to ECM 

organization possibly play an important role in the biomechanical changes during 

heating. Additionally, cell death could also play an important role. 

 

1.4 MECHANISMS UNDERLYING THERMOBIOMECHANICAL CHANGES 

An understanding of the mechanisms underlying thermobiomechanical changes requires 

measurement of the component changes due to the thermal treatments. This is because 

the overall biomechanical response of an artery at the tissue level is governed by its 
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structural components. Structurally, artery wall is composed of the extracellular matrix 

(ECM) and different types of cells distributed into three layers: intima, media and 

adventitia. In most arteries, collagen is the most important structural protein of the ECM, 

which also contains elastin, glucosaminoglycans, etc 
76

. Among the cells, smooth muscle 

cells (SMCs) are the predominant cell type in the artery; mostly found in the media or 

middle layer 
76, 77

. However, depending on the artery type (muscular or elastic), its 

structural composition varies. For instance, in a muscular artery type such as femoral 

artery, collagen matrix and smooth muscle cells (SMCs) form the important structural 

components of the artery 
76, 77

. On the other hand, an elastic artery such as the aorta has a 

high elastin content and is low in SMC content 
76, 77

. In addition to these components, 

water accounts for a high weight proportion (~ 70%) of most soft tissues including 

arteries 
78

. During thermal treatments, changes to the arterial components and/or their 

hydration ultimately cause the observed biomechanical changes. In order to establish the 

mechanisms underlying these biomechanical changes, in addition to measurement of the 

biomechanical changes, it is important to understand the changes to the components and 

then connect them to the biomechanical changes through component based mechanical 

models (see Table 1.2 for an overview). In this section, different measurement techniques 

that can quantify the molecular and cellular component changes are reviewed. 

 

1.4.1 Measurement of matrix hydration/stability 

ECM, or the extra-cellular matrix, is primarily composed of structural proteins and water. 

It is an important contributing factor to the mechanical integrity of several soft tissues 
22, 

24, 25, 79
. Collagen is the main structural protein of most connective tissues including 

arteries and plays an important role in the overall stability of the tissue 
75, 80, 81

. In section 

4.1, assessment of (collagen) matrix stability and hydration starting from bulk tissue to 

molecular level assessment is reviewed (see Table 1.2).  

 

Bulk tissue property (gross) measurements 

Bulk tissue properties such as weight, opacity 
82

 and physical dimensions (e.g. shrinkage 

during collagen denaturation 
83-85

) provide gross assessment of the matrix stability and 

hydration. Changes in the net weight of the tissue are usually assumed to be largely due 
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to the bulk water loss. As water occupies the spaces between matrix fibers, dehydration 

has been suggested to reduce the interfibrillar spacing, which in turn may affect the 

stability 
86

. Previous studies in artificial tissues 
87

 have reported tissue dehydration 

following freeze-thaw.  

Opacity is also an useful tool for gross measurement of matrix stability 
82, 88

. 

Pierce and Johnson review the use of changes in opacity to study changes in matrix 

stability during collagen denaturation 
88

. In another study involving a collagen based 

tissue equivalent, Neidert et. al. showed that the opacity reduces significantly post freeze-

thaw 
82

 although it is unclear whether freezing induced collagen denaturation or simply 

rearranged the interfibrillar spacing in 
82

. 

Matrix stability can also be indirectly measured through changes in physical 

dimensions. Shrinkage has also been used to quantify collagen denaturation in several 

studies 
83-85

. While bulk tissue properties such as weight, opacity and physical dimensions 

provide qualitative insights, sophisticated spectroscopic, calorimetric and computational 

techniques reviewed in the next section can help quantify molecular level changes.  

 

Molecular level measurements 

Arguably, the most important structural protein in the ECM is collagen. The collagen 

matrix is hierarchically built starting from a fundamental triple helical molecule, 

tropocollagen (see Fig. 1.7). Reviews on hierarchical arrangement of collagen matrix and 

its role in overall stability of the matrix exist 
75, 80

. Briefly, three polypeptide chains wrap 

around each other forming the tropocollagen whose stability is established by the heat-

labile hydrogen bonds between the helices. Five of these tropocollagen molecules form a 

micro-fibril that in turn self-assembles into fibrils and then the fibers. This structure is 

enforced by the chemical bonds within and among different hierarchical levels and 

influences the stability of the matrix. In this review, some of the commonly used 

measurement techniques for thermal stability of collagen are reviewed.  

 

Spectroscopic Methods 

Spectroscopy has been used extensively in the analysis of secondary structure of 

polypeptides and proteins 
89, 90

. Among the various existing spectroscopic approaches, 
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Circular Dichroism (CD), Fourier transform infrared (FTIR), Nuclear Magnetic 

Resonance (NMR) and Raman spectroscopic techniques are the most frequently used. 

Among these methods, NMR spectroscopy requires very high concentration of the 

sample and is usually expensive 
91

. Moreover, as Raman spectroscopy has not been used 

frequently in the assessment of thermal stability of collagen, this review is limited to 

studies that have used CD and FTIR in studying collagen stability (see Table 1.2). 

 

Circular Dichroism (CD) 

CD is a spectroscopic technique that uses differential absorption of polarized light in 

order to determine the structure of macromolecules 
90-96

. CD experiments are typically 

very quick (~30mins), non-destructive and can be performed using both near and far 

ultraviolet (UV) spectra using small samples 
91

. A detailed review on use of CD to study 

protein secondary structure has been presented by Johnson 
90

. Briefly, CD spectra can be 

used to determine the α-helix, β-sheet, β-turn and random coil content of proteins. While 

α-helix, β-sheet and random coil structures have intense positive bands at 192 nm, 198 

nm and 210 nm respectively, β-turn has an intense negative band at 198nm. Additionally, 

α-helix also has an intense negative band at about 222 nm, and another reasonably intense 

negative band at 208 nm. In another review, Kelly and Price review the use of CD in 

studying folding and unfolding of proteins 
91

. During collagen denaturation, triple helical 

structures unfold and form random coil structures, kinetics of which can be studied from 

the variation in the intensity of the CD bands as reported in previous studies 
92-95

. In 

addition to CD, FTIR spectroscopy has also been used to study the secondary structures 

of proteins and is reviewed in the following section. 

 

Fourier Transform Infrared (FTIR) spectroscopy 

FTIR is another well established spectroscopic measurement technique used vastly in the 

measurement of macromolecular structures such as proteins and lipids. Application of 

FTIR in studying protein structures has been reviewed in detail by Kong and Yu 
89

. 

Secondary structure analyses of proteins are typically carried using the amide bands. 

Amide-I and amide-II are intense bands corresponding to the α-helical or triple helical 

content in the sample (see Fig. 1.4). Amide- III is a band (1320-1180 cm
-1

) corresponding 
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to the β-sheet and random coil structures 
97, 98

. Heat induced denaturation of collagen can 

be measured by either analyzing the decrease in triple-helical content from the Amide-I 

or Amide-II band peak area or increase in random coil structures from the Amide-III 

band peak area
99

. An amide-III analysis is often better for studying denaturation in tissues 

because the amide-I and amide-II bands are distorted when large sample thicknesses are 

involved 
99

. Other analyses such as measurement of changes in absorption peak ratio in 

the amide bands 
100

 and decrease in CH2 stretch peak 
101

 have also been used to study 

thermal stability of collagen. In addition to spectroscopy, calorimetric techniques such as 

the differential scanning calorimetry (DSC) have been used extensively in studying 

thermal stability of collagen 
86, 102-104

.   

 

 

 
Figure 1.4 FTIR spectra with the different amide bands characteristic of protein secondary 

structures. 
 

 

Calorimetric Method - Differential Scanning Calorimetry (DSC) 

DSC is used to study endothermic and exothermic phase change processes including 

collagen denaturation 
86, 102-104

 (Fig. 1.5). Sturtvent et. al. present a detailed review on the 

different biomedical applications of DSC and particularly how enthalpy and onset 

temperature for a phase change process be obtained 
102

 (see Fig. 1.5). Among the 
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numerous DSC studies on thermal stability of proteins, those from Miles et. al. 
86, 103, 104

 

are classic examples of the use of DSC in the assessment of thermal stability of collagen 

in different tissues. As DSC is a well established technique and there exists several 

reviews on the use of DSC for the assessment of thermal stability of proteins 
105

, this 

review shall not further elaborate on this topic. However, it should be noted that while 

DSC provides enthalpic information, spectroscopic techniques provide information on the 

structural changes occurring at the molecular level. In addition to spectroscopic methods, 

development of advanced computational capabilities has enabled the use of molecular 

dynamics to visualize the structural changes occurring in a single molecule (Figs. 1.7 and 

1.8). 

 

Figure 1.5 Measurement of thermal stability of collagen using DSC: denaturation 

endotherm of a) rat tail tendon and b) arterial collagen 

 

Computational Method - Molecular Dynamics 

MD is probably the most realistic simulation technique that allows examination of 

nanoscale behavior of proteins (Fig. 1.6). Collagen, at the nanoscale, consists of triple 

helical tropocollagen molecules that have a length of 300 nm and diameter of 1.5 nm. 

Through MD simulations, it is now possible to understand the events happening in a 

single tropocollagen molecule at nanoscale which is the first step towards a multiscale 

understanding of thermal stability from a molecule to tissues. 
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MD has been previously used to describe kinetic pathways of several important 

reactions and thereby provide molecular level insights 
106, 107

. Unfolding kinetics of 

helical proteins such as tropocollagen can be analyzed by studying the variation of root 

mean squared displacement (RMSD) of the α-carbon in the amino acid residue with time 

or temperature as shown in Fig. 1.7. Additionally, variation in the helical content of the 

protein molecule with time or temperature can also be used to study the unfolding 

kinetics. The helical content is calculated based on the fraction of residues satisfying the 

dihedral angle (φ, ψ) criterion obtained from the ramachandran plot for different 

secondary structures (left helix, α-helix, β-sheet, etc.) 
108

.  

 

 

Figure 1.6 Visualization of thermal unfolding of tropocollagen using molecular dynamics 

(A-D) 

 

Despite MD’s ability to provide molecular insights on the transition state 

structures (dihedral angles of the protein backbone, hydrogen bonds, etc.), the use of 

extremely high temperature for unfolding under computationally accessible timescale 

(nanoseconds) has invoked criticism on its validity in the supra-physiological (<95
o
C) 

temperature regime. However, the agreement between the simulations and experiment for 

different proteins 
109-111

, suggests that the unfolding pathways are independent of the 
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temperature and the process is merely accelerated by increasing the temperature in MD 

106
. Additionally, the development of nano second laser pulses for ablation of biological 

tissues provides a scope for experimentally verifying MD simulations 
112

. Conclusively, 

MD simulations, if used with caution, can be very useful in precisely understanding the 

changes (e.g. thermal stability) at the level of a single molecule. Development of 

effective multi-scale models that connect these molecular mechanisms to biomechanical 

changes in arteries at tissue level will be very useful controlling the mechanical property 

changes due to thermal treatments. 

 

 

 

Figure 1.7 Thermal stability of single tropocollagen molecule assessed from MD 

simulations: change in RMSD vs. time. 

 

 

1.4.2 Measurement of cell viability or function 

In addition to the collagen matrix, cells also play an important role in determining the 

biomechanical response of tissues. It is therefore important that in addition matrix 

stability changes, thermally induced cellular level changes be measured as well. 

Commonly used established approaches include assessment of viability through 

histological evaluation, biochemical assays and measurement of cellular functioning in 

tissues by studying their response to certain chemicals 
113

 (e.g. SMC response to 

norepinephrine and acetylcholine 
114

). Recent advancements in the force measurement 

techniques have made it possible to mechanically probe the cell and then correlate them 
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to its function. Zhu et. al. 2000 
115

 and Suresh 2007 
116

 provide a detailed review on cell 

mechanics.  

 

1.4.3 Thermally induced ECM and cellular changes in arteries 

In the previous section, different techniques used in the measurement of cellular and 

molecular level changes were reviewed. While some techniques presented in section 4.2 

have already been employed to perform molecular level measurements in tissues 

including arteries, the remaining offer the scope to further our understanding in these 

areas. In the following section, ECM and cellular changes induced due to both freeze-

thaw as well as heating are reviewed (see Table 1.2).  

 

Changes due to freeze-thaw 

SMCs and collagen matrix form the most important components of an arterial wall 
76

. As 

the overall arterial biomechanical response is governed by these components, changes to 

them during treatments such as freeze-thaw need to be quantified. Freeze-thaw studies in 

artificial 
87

 tissues have reported tissue dehydration post treatment thereby affecting the 

ECM structure 
82

 and stability . In an artificial tissue scaffold study 
87

, it was reported that 

the freeze-thaw induced dehydration ultimately resulting in closer packing of the collagen 

fibers in the matrix. Neidert et al. also observed water movement due to freezing by 

observing the loss of opacity in frozen artificial tissue samples 
82

. They additionally 

reported that the weight loss correlates with the size and extent of ice crystallization. In a 

separate study in rat tail tendon, an increase in thermal stability of the collagen matrix 

due to dehydration was observed by Miles et. al. 
86

. These studies suggest that freeze-

thaw induced dehydration could potentially change the thermal stability of the collagen 

matrix and needs to be understood better. 

 In addition to the ECM, SMCs also are important components of arteries. 

Previous studies involving freeze-thaw have reported significant reduction in SMC 

viability 
117, 118

 that varies depending on different treatment parameters (cooling rate, end 

temperature, etc.). While these studies offer good preliminary insights, they have been 

carried out in different in-vitro model systems (monolayer, fibrin gel 
117, 118

 or tissue 

equivalents 
118

), which may differ from the native vessel behavior. 
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Changes due to heating 

Similar to freeze-thaw, heating also results in changes in both ECM and cells that 

ultimately cause the overall biomechanical changes. Collagen, an important component 

of ECM, denatures when heated to temperatures higher than 55
o
C for sufficient time 

80
. 

Several treatments involving heating (thermal keratoplasty, skin re-surfacing, tissue 

welding, etc.
119

) are based on collagen denaturation because of which it has been 

extensively studied for decades. Wright and Humphrey review the collagen denaturation 

process in detail 
80

. At the molecular level, denaturation involves unfolding of 

tropocollagen molecule and involves breaking of both the intermolecular hydrogen bonds 

(within the tropocollagen triple helix structure causing it to unfold) and the heat-labile 

intramolecular cross-links 
83

. Denaturation can also be measured calorimetrically by the 

endothermic heat release in DSC (Fig 1.5), spectroscopically by the changes in the 

secondary structure in CD or FTIR (Fig. 1.4), optically by loss of birefringence 
120

 and 

mechanically by shrinkage measurements 
83-85

. Denaturation of collagen has been shown 

to be a function of both temperature and the time of heating 
80, 83, 84, 103

. The denaturation 

ratio (or accumulated thermal damage) can be represented as an Arrhenius damage 

integral (Ω(τ), representing the temperature history of the material 0<t<τ), where t is the 

time, E is the activation energy, A is the frequency factor, R is the universal gas constant, 

T is the temperature. C(0) represents the initial concentration of collagen at the “native” 

state and C(τ) represents the concentration of collagen at the “native” state at t=τ 
83

. 

 

 

 

 

 

In addition to the ECM changes, heating also results in cell death when heated to 

suitably high temperatures. Orihara et. al. 2002 reported that exposing the SMCs to 43
o
C 

for 2hours causes complete destruction 
121

. Exposure of cells to higher temperatures 

causes death at an earlier time point.  
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1.5 SUMMARY  

Atherosclerosis is an arterial disease that results in the formation of plaque or hard fatty 

deposits on the inner wall thereby causing narrowing of the artery. In the last few years, 

the clinical importance of thermal treatments for atherosclerosis involving both freezing 

(cryoplasty, cryopreservation of vascular grafts) and heating (in-stent inductive heating) 

has increased significantly. As artery biomechanics directly impacts hemodynamics and 

cellular functioning, it is important to understand the biomechanical changes due to the 

thermal treatments and their underlying mechanisms. As reviewed in this chapter, freeze-

thaw and heating both can induce changes to the ECM and cells that lead to overall 

biomechanical changes in arteries. Optimization of thermal treatments, for e.g. freeze-

thaw as in the case of cryoplasty, requires understanding of the biomechanical changes 

induced due to these treatments and their underlying mechanisms that motivates this 

dissertation research.  

 

1.6 RESEARCH GOALS AND SPECIFIC AIMS  

The goal of this research was to investigate the biomechanical changes in arteries induced 

by freeze-thaw and the mechanisms underlying these changes (see Fig. A). In this 

dissertation, two specific aims (SAs) were pursued. SA1 involved quantification of 

freeze-thaw induced mechanical property changes in arteries using both uniaxial tensile 

tests and indentation. While uniaxial tensile tests were chosen for relatively easy sample 

preparation and testing, indentation was performed in order to study a more localized 

biomechanical response to characterize diseased artery response. SA2 involved 

investigation of the mechanisms underlying the biomechanical changes. This primarily 

involved understanding the changes to the collagen matrix and SMCs following thermal 

treatments (SA2a). Changes to collagen matrix stability were assessed by quantifying the 

changes to the amide-III band using FTIR spectroscopy. Changes in SMC function were 

studied from the response of arteries to norepinephrine (NE) and acetylcholine (AC). 

Finally, MD simulations were performed as a tool to further investigate dehydration 
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induced increase in thermal stability of the collagen matrix due to freeze-thaw at the 

molecular level (SA2b). The specific aims of the dissertation are summarized as follows: 

SA1. Quantification of freeze-thaw induced biomechanical changes in arteries 

 a. Changes in uniaxial tensile response 

 b. Changes in indentation response 

SA2. Investigation of mechanisms underlying freeze-thaw induced biomechanical 

changes 

 a. Role of collagen matrix and SMCs 

 b. Dehydration induced changes in stability of single tropocollagen molecule 

 

1.7 OVERVIEW OF DISSERTATION 

This dissertation is organized into four chapters. Each chapter consists of a specific 

research project to study the specific aims outlined in the previous section. An overview 

of each chapter is given below. 

 

Chapter 2: Freeze-thaw Induced Biomechanical Changes in Arteries -I: Uniaxial 

Tensile Response 

 

Chapter 2 describes the experiments conducted to study the effect of freeze-thaw on 

biomechanical properties of arteries as more work is needed to understand the post-

cryosurgical or post-cryopreservation changes in mechanical properties of the arteries. 

Porcine femoral arteries were frozen using two methods: a) in a controlled rate freezer to 

-80
o
C at 1

o
C/min in the presence of cryoprotective agent (CPA) simulating 

cryopreservation and b) using an aluminum probe to -20C for 2-5mins in the absence of 

CPA simulating cryoplasty. Following freeze-thaw, artery samples were subjected to 

uniaxial tensile testing and the changes in weight measured. The results from this study 

suggest that arterial stiffness increases with freeze-thaw, which was relatively less in the 

presence of CPA. Additionally, significant reduction in weight of the tissue was observed 

indicating the importance of bulk water redistribution as one underlying mechanism. 
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Finally, the extent of stiffening and weight reduction was greatly attenuated in samples 

frozen in the presence of CPA suggesting the ability of CPA to help hold water within the 

tissue. 

The results from this chapter were published in the following citation: 

Venkatasubramanian, R.T., Grassl, E.D., Barocas, V. H., Lafontaine, D. and Bischof, J.C. 

(2006) “Effect of freezing and cryopreservation on the mechanical properties of arteries.” 

Annals of Biomedical Engineering 34(5): p823-832. 

 

 

Figure 1.8 Mechanistic understanding of thermobiomechanics of arteries: an overview 

 

Chapter 3: Freeze-thaw Induced Biomechanical Changes in Arteries -II: 

Indentation Response 
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Chapter 3 describes the indentation experiments conducted to study the effect of freeze-

thaw on localized biomechanical properties of arteries. Biomechanics of normal and 

diseased arteries, as well as changes in them following freeze-thaw, were measured using 

an indentation technique that provides localized information at the same time requiring 

only small tissue samples. Normal human arteries, obtained from an autopsy, were tested 

and their biomechanics compared with that of diseased human arteries, obtained from 

donors who underwent bypass surgeries. Due to reduced availability of normal human 

tissues, normal porcine arteries were also used to understand the freeze-thaw effect on 

normal arteries. It was observed that the diseased human artery response was 

approximately 6.2 times stiffer than that of normal human artery but normal porcine 

arteries were stiffer than both normal (~14 times) and diseased human arteries i.e. E∞ 

(normal porcine) > E∞ (diseased human) > E∞ (normal human) where E∞ is the 

equilibrium modulus. Following freeze-thaw, the diseased human arteries showed no 

significant change whereas the moduli of normal porcine arteries were found to increase 

significantly (~1.5-2.3 times). No significant changes were observed in the viscoelastic 

parameters (g, τ1 and τ2) of both normal porcine and diseased human arteries following 

freeze-thaw. As arterial stiffness increases following cryoplasty in normal arteries, 

alterations in hemodynamics are expected. Such alterations in hemodynamics have been 

reported in vascular grafts with a mechanical property mismatch and hypothesized as 

potential mechanism for downstream pathology. Finally, the results from the current 

study can provide bracketing behavior (i.e. elastic modulus of normal and diseased 

arteries as well as changes in them following cryoplasty) for emerging computational 

models that account for solid-fluid coupling at the artery wall to further investigate 

hemodynamics in a cryoplasty treated artery. Additionally, measurements from this study 

can form a baseline to which mechanical properties measured in vivo using elastography 

techniques, i.e.,  intravascular ultrasound (IVUS) elastography and optical coherence 

tomography (OCT) can be compared. This may ultimately help form the basis of a  

diagnosis with IVUS or OCT of disease or pathology within the artery. 

The results from this chapter have been submitted as the following citation that is 

presently in review at the time of dissertation submission: 
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Venkatasubramanian, R.T., Simha, N.H., Tatsutani, K. and Bischof, J.C. (2008) “Effect 

of cryoplasty on mechanical properties of human and porcine arteries using indentation.” 

Cryobiology (In review at the time of dissertation submission). 

 

Chapter 4: Mechanisms Underlying Freeze-thaw Induced Changes: Role of 

Collagen Matrix and SMCs 

 

Chapter 4 describes the experiments that investigate the freeze-thaw effect on the arterial 

components (collagen, smooth muscle cells or SMCs), as well as the components’ 

contribution to the overall artery biomechanics to ultimately understand the mechanisms 

underlying the biomechanical changes induced by freeze-thaw. It was observed that 

freeze-thaw of normal arteries caused significant tissue dehydration (15% weight 

reduction), a consequent increase in thermal stability of the collagen matrix (~6.4
o
C 

increase in denaturation onset temperature), and SMC destruction (no contraction and 

relaxation response to norepinephrine (NE) or acetylcholine (AC) respectively). In 

addition to freeze-thaw, the arteries were also subjected to hyperthermia and osmotic 

treatments (0.05M, 0.1M and 0.2M mannitol) that preferentially altered either the smooth 

muscle cells (SMCs) or collagen matrix (hydration/stability) respectively. While 

hyperthermia treatment also caused complete SMC destruction, no tissue dehydration 

was observed. On the other hand, mannitol (0.2M) treatment significantly increased the 

thermal stability (~4.9
o
C increase in denaturation onset) but did not change the SMC 

function. However, freeze-thaw, hyperthermia and 0.2M mannitol treatments all resulted 

in significant reduction in toe region. The toe region of the freeze-thaw, hyperthermia and 

0.2M mannitol treated arteries normalized to their respective controls were 0.61 ± 0.14, 

0.81 ± 0.05 and 0.73 ± 0.14 respectively with minimum toe region observed after freeze-

thaw. These studies suggest that both increased thermal stability due to tissue 

dehydration, as well as SMC destruction occurring during freeze-thaw, are important 

mechanisms of the freeze-thaw induced biomechanical changes.  

The results from this chapter have been submitted as the following citation that is 

presently in review at the time of dissertation submission: 
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Venkatasubramanian, R.T., Wolkers, W., Barocas, V.H., Lafontaine, D., Soule, C., 

Iaizzo, P., and Bischof, J.C. (2008) “Freeze-thaw induced biomechanical changes in 

arteries: Role of collagen matrix and smooth muscle cells.” Annals of Biomedical 

Engineering (In review at the time of dissertation submission). 

 

Chapter 5: Thermal Stability of Single Tropocollagen Molecule and Dehydration 

Induced Changes 

 

This chapter describes the MD simulations that were performed as a tool to further 

investigate dehydration induced increase in thermal stability of the collagen matrix due to 

freeze-thaw at the molecular level. The simulations investigated short time (ns) and high 

temperature (> 500 K) denaturation events within hydrated (in a 60 Å x 100 Å x 32 Å 

waterbox), partially dehydrated (surrounded by a water skin of thickness 5.5 Å) and fully 

dehydrated (in vacuo) tropocollagen under constant pressure and constant volume 

conditions. Changes in root mean squared displacement (RMSD) of Cα (central carbon 

atom of an amino acid to which the sidechain and amino group are attached to), helical 

content and hydrogen bonding during unfolding events were assessed. It was concluded 

that following dehydration, despite reduction in protein-water hydrogen bonds due to 

absence of water molecules, new intra-protein hydrogen bonds that are backbone-

sidechain in nature were formed that ultimately led to an increase in thermal stability of 

tropocollagen. It has been speculated that formation of new intra-protein hydrogen bonds 

within tropocollagen atleast in part govern the mechanism underlying the increased 

thermal stability of arterial collagen matrix following mannitol and freeze-thaw 

treatments observed in previous experimental studies. 

The results from this chapter are being prepared for the following citation: 

Venkatasubramanian, R.T., Perlmutter, J., Sachs, J. and Bischof, J.C. (2008) “Nanoscale 

unfolding of a single tropocollagen molecule.” Cellular and Molecular Bioengineering 

(In preparation at the time of dissertation submission). 

 

Chapter 6: Summary and Conclusion 
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Chapter 6 presents the overall conclusions of the studies presented in this dissertation 

 

Appendix A: Thermal modeling of Cryoplasty 

 

In appendix A, the thermal history in arteries during cryoplasty was predicted for 

different balloon temperatures using a thermal model. Based on the predicted temperature 

distribution, conservative estimates of injury regimes in the artery during cryoplasty were 

predicted. A thermal model of cryoplasty is useful in predicting the temperature 

distribution during cryoplasty; which in turn would be ultimately beneficial for further 

optimization of the technique. 

The results from this chapter were published in the following citation: 

Balasubramanian, S.K., Venkatasubramanian, R.T., Menon, A. and Bischof, J.C. (2008) 

“Thermal injury prediction during cryoplasty through in vitro characterization of smooth 

muscle cell biophysics and viability” Annals of Biomedical Engineering 36(1): p86-101. 
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2 FREEZE-THAW INDUCED BIOMECHANICAL 

CHANGES IN ARTERIES –I: UNIAXIAL TENSILE 

RESPONSE 

 

This chapter describes the uniaxial tensile tests performed to quantify the biomechanical 

changes in arteries due to freeze-thaw. The present author performed all the 

biomechanical experiments and data analysis. The histological analysis was carried out in 

collaboration with Dr. James Coad of the Department of Pathology at West Virginia 

University. The present author also created and edited the manuscript for publication. The 

results from this chapter were published in the following citation: 

 

i. Venkatasubramanian, R.T., Grassl, E.D., Barocas, V. H., Lafontaine, D. and 

Bischof, J.C. (2006) “Effect of freezing and cryopreservation on the 

mechanical properties of arteries.” Annals of Biomedical Engineering 34(5): 

p823-832. 
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Abstract 

 

This chapter describes the experiments conducted to study the effect of freeze-thaw on 

biomechanical properties of arteries as more work is needed to understand the post-

cryosurgical or post-cryopreservation changes in mechanical properties of the arteries. 

Porcine femoral arteries were frozen using two methods: a) in a controlled rate freezer to 

-80
o
C at 1

o
C/min in the presence of cryoprotective agent (CPA) simulating 

cryopreservation and b) using an aluminum probe to -20C for 2-5mins in the absence of 

CPA simulating cryoplasty. Following freeze-thaw, artery samples were subjected to 

uniaxial tensile testing and the changes in weight measured. The results from this study 

suggest that arterial stiffness increases with freeze-thaw, which was relatively less in the 

presence of CPA. Additionally, significant reduction in weight of the tissue was observed 

indicating the importance of bulk water redistribution as one underlying mechanism. 

Finally, the extent of stiffening and weight reduction was greatly attenuated in samples 

frozen in the presence of CPA suggesting the ability of CPA to help hold water within the 

tissue. 
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2.1 INTRODUCTION 

 

Atherosclerosis is an important disease with an increasing mortality rate worldwide. In 

the United States, 400,000 angioplasties are performed every year for the treatment of 

atherosclerosis 
4, 5

. However, 40% of these result in restenosis 
4, 5

, indicating the need of 

improvement in the procedure. Cryoplasty, a freezing therapy, involves opening of 

narrowed arteries using liquid nitrous oxide to simultaneously inflate and cool the 

dilatation balloon, wherein the diseased arteries are frozen to about -10° to -20
o
C. While 

the efficacy of this treatment is being examined in terms of clinical symptoms and 

histological changes 
12, 17

, little is known about how the mechanical properties of the 

tissues are affected by the treatment. One motivation to study the changes in mechanical 

properties is the possibility of altered hemodynamics, thereby influencing the progression 

of secondary vascular disease 
122, 123

. Cryopreservation, on the other hand, is a process 

where cells or whole tissues are preserved by cooling to low sub-zero temperatures, such 

as (typically) -80°C or -196°C. As cryopreserved arteries are extensively used as vascular 

grafts 
124, 125

, it is necessary to understand the changes in mechanical properties post-

cryopreservation. 

Most studies on the effects of freezing on blood vessels have focused on 

cryopreservation of native and engineered vessels for use as grafts in vascular surgery.  

Little has been done to examine the mechanical effect of freezing post cryoplasty, which 

is performed in the absence of cryoprotective agents (CPA).  The studies with CPA and 

the few without CPA have given widely varying results, which appear to depend on the 

particular vessel studied and the type of mechanical test performed on them.  From the 

varying results in the presence of CPA and lack of results in the absence of CPA it is 

clear that there is no definitive answer as to what the effects of freezing are on the 

mechanical properties of arteries, and that more work is needed to determine what 

mechanical effects, if any, cryoplasty and cryopreservation will have on the arteries. 

The purpose of this study was to begin to examine potential mechanical effects of 

cryoplasty and cryopreservation on blood vessels.  To do this, pig femoral arteries were 

frozen in a controlled rate freezer and using a probe in the absence of CPA. Following a 

passive thaw at room temperature, the samples were subjected to uniaxial tensile tests to 
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assess differences in mechanical properties.  The results suggest that there are mechanical 

property changes following freeze/thaw, particularly in the physiological or low stress 

(up to 50 kPa) region. Weights of the tissues before and after freezing were also 

measured. The results indicated that there is a bulk reduction in weight of samples frozen 

in the absence of CPA or serum, thereby suggesting bulk water movement as one 

underlying mechanism.  To examine these changes further, and to study the changes 

following cryopreservation, we also froze arteries in the presence of CPA.   

 

2.2. METHODS 

 

 

Figure 2.1 The tapered aluminum probe used for radial freeze to simulate cryoplasty 

 

2.2.1 Harvesting and preparation of vessels 

Femoral arteries were obtained from domestic pigs used for physiology studies. The 

average age of the pigs used was 3-4 months while the mean weight of the pigs was about 

40 kg. All the pigs used for the study were IACUC approved. Although some of the pigs 

were used for cardiovascular physiology studies, the femoral arteries were not directly 

involved at any point and to our knowledge there were no significant systemic effects 

from the previous studies. Vessels were removed within 1 hour of death and transported 

to the lab in phosphate buffered saline (PBS) on ice.  The vessels were rinsed with fresh 

PBS, cleaned of any remaining fatty tissue, and cut into 3 mm rings.  Rings were kept in 
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PBS prior to freezing or mechanical testing for not more than one hour at room 

temperature. 

 

2.2.2 Freezing procedures 

Freezing was performed using two protocols, which were chosen based on standard 

cryoplasty conditions. In one of them, arterial rings were frozen in a controlled-rate 

freezer (Planer) by maintaining the samples at -20
o
C for 5 mins. In the other, radial 

freezing was performed using an aluminum probe as shown in Fig. 2.1. The cylindrical 

portion of the probe was placed in an ethanol bath and the tapered portion was set to         

-20
o
C by maintaining the bath at an appropriate temperature. A tapered probe was used 

for freezing as the arterial rings had varying diameters. Some of the samples were frozen 

in radial direction with load. Load was applied during freezing by pulling the arteries 

down the tapered probe leading to a strain of approximately 60%. The hold time for 

radial freeze was 2mins. In both cases, samples were passively thawed at room 

temperature and placed in PBS after which they were uniaxially tested. The weights of 

the samples were measured before and after freeze/thaw to assess any bulk water 

movement during freezing. 

 

2.2.3 Cryopreservation procedures 

For studies of the effect of cryopreservation on mechanical properties, segments of the 

arteries were agitated in a rotator with increasing concentrations of a solution of dimethyl 

sulfoxide (DMSO) in DMEM with 2.5 % chondroitin sulfate, based on the procedure in 

Pegg et al. 
27

. The arteries were agitated in a rotator for 10 minutes at each CPA 

concentration and 20 minutes at the final concentration of 15% DMSO.  The segments 

were then cut into 3 mm rings and placed in a 24 well plate with 1 ml of the 15% DMSO 

solution.  The samples were then frozen in a controlled-rate freezer (Planer), at -1 ºC/min 

to -80 ºC.  After a 4 minute hold, the vials were thawed in a 37 ºC water bath.  The 

freezing and thawing parameters were chosen because Pegg et al. 
27

 saw no fractures in 

rabbit common carotid arteries frozen under similar conditions.  The CPA was removed 

from the thawed samples, by again agitating them in decreasing concentrations of DMSO 

in DMEM with 2.5 % chondroitin sulfate and 3% mannitol for 5 minutes at each step 
126

.  
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Samples were then placed in PBS and immediately taken for uniaxial tensile testing. To 

further compare the effect of CPA on the biomechanics of arteries post freeze/thaw, some 

samples were frozen under similar conditions, i.e. at -1
o
C/min to -80

o
C in PBS and in 

culture media (RKO media containing serum) respectively, in the controlled rate freezer.  

In addition, to understand the mechanism of water movement and the role played by 

serum, if any, in preventing the outside water movement through possible hydrogen 

bonding 
104

, some samples were frozen in media (containing no serum) and weights of 

the tissue samples were measured before and after freezing after wiping off the excess 

water from the tissue explants.  

 

2.2.4 Histology 

Histology of all the samples was reported after assessment by Dr. James Coad, a surgical 

pathologist at West Virginia University. Cell/ECM injury was assessed in each sample 

using light microscopy and blind analysis. Fresh and frozen samples for histological 

examination were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum at room 

temperature for 72 hours.   This culture method allows for the irreversibly injured cells to 

manifest damage histologically, while uninjured cells maintain histologic viability 
127

. 

After culture, the samples were fixed in neutral buffered formalin and paraffin-

embedded.  Tissue blocks were sectioned at 5 µm, mounted on a slide and stained with 

hematoxylin and eosin prior to microscope histological exam. 

 

2.2.5 Mechanical testing procedures 

Vessel dimensions were measured prior to mechanical testing, just after thawing.  Wall 

thickness was measured by photographing rings under 4x magnification, measuring the in 

pixels, and then converting to mm.  Following measurements, samples were kept in PBS 

until testing.  The rings were subjected to uniaxial tensile testing on an MTS MicroBionix 

biomaterials testing machine (MTS Systems, Eden Prairie, MN).  As described 

previously for tissue-equivalent rings 
128

, the arterial rings were mounted on parallel T-

bars (Fig. 1.2a) such that one side of each “T” projected through the lumen.  One T-bar 

was connected to the actuator, with the other connected to a 5 N load cell, allowing 
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continuous measurement of the stress response to a constant extension rate of 2 mm/min 

(~ strain rate of 0.8% per sec) in the circumferential direction. Samples were 

preconditioned by repetitively opening and closing the T-bars approximately to a strain of 

20% until the stress-strain curve did not significantly change, with 6 repeats typically 

sufficient. Samples were then stretched at an extension rate of 2 mm/min until reaching 

the limit of the load cell.  True stress (σ) and true strain (γ) were calculated as shown 

below. 

   

(2.1) 

 

   

(2.2) 

 

where F (t) is the measured force at time t, A0 is the initial cross-sectional area of the ring, 

L0 is the initial displacement (Fig. 1.2), and L (t) is the displacement at time t.  Due to the 

variability in the small strain region of the stress-strain curves, the reported moduli are 

defined as the slope of the large strain linear region of true stress vs. true strain, which is 

more appropriate than engineering strain, i.e. (L(t)/L0)- 1, at the large strains investigated.  

A toe region was defined by extending the linear region to the x-axis and recording the 

intercept (Fig. 1.2b). Initial Length (L0) (referred to as Length in result plots) and the 

linear elastic modulus were the other parameters measured (Fig. 1.2b). The ultimate 

tensile strength (UTS) was not measured because the associated force was greater than 

the limit of the load cell.   

 

2.2.6 Statistics 

Data are given as the mean +/- standard deviation with n = 6-13 for all of the tests except 

for the tests performed on samples frozen in radial direction without load where n = 4. 

Samples from contralateral segments were considered independent and for the purpose of 

statistical analysis; the values for each sample were normalized to control (fresh samples 

from the same segment), to account for variability. Student’s t-test was used to test 
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significance between specific cases, with an adjusted maximum p-value of 0.01 to 

account for multiple comparisons. 

 

2.3 RESULTS  

 

 

Figure 2.2 Hematoxylin and eosin stained section of fresh (a, b) and frozen (c, d) arteries, 

original magnification 10x (a, c) and 60x (b, d).  Note the condensed nuclei in the frozen 

samples (c and especially d) indicating smooth muscle cell injury. 

 

2.3.1 Macroscopic and histological changes with freezing 

Following freezing in the controlled-rate freezer or the ethanol bath, the rings appeared to 

increase in length (Lo).  This is reflected in the values reported for initial starting length for 

the mechanical testing, reported in Fig. 2.5. There was a significant difference in the 

starting length of frozen samples when compared to the fresh samples. 

Histological evaluation revealed cell injury in the samples frozen in the absence 

of CPA.  Signs of cell stress including cytoplasmic contraction, mild hypereosinophilic 

staining, and nuclear condensation can be observed in the frozen sample in Fig. 2.2b, 

c d 

a b 
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compared to the unfrozen in Fig. 2.2a. In addition, approximately 10% of the smooth 

muscle cells showed necrosis with nuclear breakdown and moderate hypereosinophilia. 

These necrotic cells varied in density around the circumference.  Despite the evidence of 

cell injury, no significant damage to the ECM structure was observed. 

 

 

Figure 2.3 Preconditioning curves for (a) fresh and (b) frozen-thawed samples. 

 

2.3.2 Stress-strain characteristics of frozen arteries 

Each sample was preconditioned to a strain of 20% before testing.  Fresh samples 

exhibited greater hysteresis in the first preconditioning loop and took more cycles to 

reach repeatable stress-strain curves than frozen samples (Fig. 2.3). Following 

preconditioning, the samples were stretched at 2 mm/min to the upper limit of the load 

cell. Figure 2.4a shows representative stress-strain curves for fresh and frozen samples, 

while Fig. 2.4b focuses on the lower stress region (up to 50kPa) to demonstrate the large 

differences in this region. The physiological region is calculated based on the Laplace 

relation between transmural pressure and circumferential stress 
46, 47
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where a  is the internal diameter, P  is the transmural pressure and R , the radius of the 

pins of the t-bars. The arteries are assumed to be circular and cylindrical thin tubes 
67

. 

 

 

Figure 2.4 (a) Stress-strain curve for fresh samples, samples frozen in Controlled rate 

freezer (CRF) and samples frozen in CRF and thawed for 24 hrs. (b) Stress – strain 

response in the physiological regime. 

 

The linear regime in the stress-strain curve for fresh samples started at higher 

strains while it was considerably lower for frozen samples. After thawing the frozen 

samples and culturing at 37
o
C for 24 hours, a shift towards the fresh behavior was 

observed, though not completely (Fig. 2.4).  All the parameters measured were 

normalized to control (fresh) for comparison (Fig. 2.5). While the toe region decreased in 

frozen samples, the length Lo increased. The linear modulus also decreased in frozen 

samples, however it can be clearly seen (Fig. 2.4) that the average modulus of elasticity 

was higher in frozen samples in the physiological regime, i.e. lower stress regime. 

The stress-strain curve for samples frozen without CPA in radial direction also 

showed similar trends (Fig. 2.6). When compared to samples frozen in the controlled-rate 

freezer (CRF), the samples frozen in radial direction with and without load showed 

further drift away from the fresh behavior, with the ones loaded showing maximum drift. 

Figure 2.7 shows the parameters comparing the fresh and different frozen samples, all 

normalized to control. 
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Figure 2.5 Comparison of normalized values of properties for fresh (n=13), samples frozen 

in CRF (n=6), and samples frozen in CRF and thawed in media for 24 hours (n=6). 

 

2.3.3 Changes in mechanical characteristics following cryopreservation 

There were no significant changes in the L0 for samples frozen with CPA. Pre-

conditioning curves were not different and the number of cycles to achieve repeatability 

was similar to fresh samples. However, a smaller shift could be seen in the stress-strain 

curves (Fig. 2.8). Changes in the modulus and toe region were also observed (Fig. 2.9); 

both were less than that of the fresh samples. 

Comparison of freezing in PBS and culture media containing serum under similar 

conditions as that of cryopreservation showed shifts from fresh behavior. The degree of 

shift from the fresh behavior was the maximum in samples frozen in PBS, while the next 

were the samples frozen in media (Fig. 2.8). Samples frozen with CPA showed the 

closest behavior to that of fresh samples. The different parameters measured also 

indicated that samples frozen with CPA show the closest resemblance to fresh behavior 

(Fig. 2.9) compared to others, although there were significant deviations in these samples. 

 



 41 

 

Figure 2.6 Stress-strain curves for fresh samples and samples frozen in radial direction with 

and without load. 

 

2.4 DISCUSSION 

 

2.4.1 Extension rate and preconditioning 

The extension rate used for the current study was 2 mm/min (~ strain rate of 0.8% per 

sec).  This rate is low compared to rates that have been previously used in the literature 
42, 

68, 69, 129
 to study the mechanical response of native fresh and frozen tissues. This rate is 

also comparable with some of the rates that have been previously used 
130, 131

 in tissue 

equivalents. It has been previously shown 
43

 in soft tissues that there exists a range of 

rates where the extension rate doesn’t not affect the mechanical response. It was therefore 

assumed that the chosen extension rate was sufficiently low to be in the range where the 

stress-strain curves of both the fresh and frozen tissues were independent of the extension 

rate. Preconditioning was performed to approximately a strain of 20% in both fresh and 

frozen tissues at the same extension rate that was used to stretch the samples. 

Preconditioning is a common practice 
82, 130, 131

 used to reduce variability in 

biomechanical measurements and is described elsewhere 
60, 132

. It was again assumed that 
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the preconditioning sensitivity held true for frozen samples as in case of fresh tissue 

samples. However, it might be interesting to study the variation, if any, of the strain rate 

and preconditioning sensitivity in frozen samples.  

 

 

Figure 2.7 Comparison of normalized values of properties for fresh (n=13), samples frozen 

in CRF (n=10), samples frozen in radial direction with (n = 4) and without load (n=6). 

 

2.4.2 Macroscopic and histological changes 

The mechanism for the change in vessel length (Lo) after freezing is not clear from these 

studies.  The formation of ice may cause changes in the structure, including changing the 

alignment of the fibers.  In addition, the movement of water in and out of the tissue may 

have caused changes in the vessel microstructure and hence the dimensions.  Damage to 

the ECM was not apparent from the histological sections.  A clear understanding of these 

changes may require more in-depth examination, such as using birefringence techniques 

133-135
 or electron microscopy 

136
.  
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Figure 2.8 Stress-strain curves for fresh samples, samples frozen in PBS, samples frozen in 

media and samples frozen with CPA. 

 

2.4.3 Differences in stress-strain curves for frozen arteries 

Given the non-linearity of tissue mechanics and complexity of the arterial pressure 

waveform, caution must be taken in drawing general conclusions from this single strain 

rate study. The differences in the preconditioning loops (Fig. 2.3) as well as the stress-

strain curves (Fig. 2.4) suggest that freezing may result in some changes in structure that 

are similar to the changes induced by preconditioning.  This may be due to irreversible 

damage, such as breaking of crosslinks, or a change in alignment, increasing in the 

circumferential direction.  The frozen samples start at a longer length and increase in 

stress more rapidly than the fresh tissue.  This could mean that the fibers are already 

aligned and are engaged all at once, whereas in the fresh tissue the fibers are gradually 

pulled into alignment, resulting in a gradual increase in force as more fibers become 

aligned and engaged. The shift in the stress-strain curve could also be due to the change 

in L0, which is a result of change in the tissue properties. 
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Figure 2.9 Comparison of normalized values of properties for fresh samples (n=13), samples 

frozen in PBS (n=8), samples frozen in media (n=6) and samples frozen with CPA (n=6). 

 

Considerable reduction in weight in tissues following freeze/thaw indicates that 

there is a bulk water movement phenomena occurring during the freezing 
82

. Moreover, 

we could assume that there is some amount of water movement into the tissues following 

24 hours of incubation of the samples in media. The shift of the stress-strain curve 

towards fresh behavior after 24 hours of incubation in media post-freezing (Fig. 2.4) 

further emphasizes the water redistribution phenomena and its effect on the mechanical 

behavior of the arteries. 

The structural and mechanical effects could also be the result of a lack of 

contribution from the smooth muscle. However, we found it difficult to separate the 

contribution of the ECM from the contribution of the smooth muscle from these 

experiments.  The changes in length (Lo) and mechanical properties could be due to a loss 

in smooth muscle viability, damage to the ECM, or a combination of both.  Future 

experiments should address the effect of freezing on matrix components independent of 

smooth muscle. 
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2.4.4 Freeze-thaw vs. cryopreservation 

The differences seen between frozen-thawed and cryopreserved arteries may be a result 

of differences in the movement of water and ice formation.  The frozen arteries most 

likely lost some water during the freeze-thaw process, whereas the cryopreserved arteries 

were more likely to retain water because of the CPA.  This may explain why the frozen 

arteries exhibited an increase in length (Lo) and a change in the preconditioning behavior, 

while the cryopreserved arteries did not.  Drastic reduction of weight in tissue samples 

frozen without CPA (or in media not containing serum) over samples frozen in the 

presence of CPA (or in a media containing serum) indicates the prevention of bulk water 

movement by CPA or serum. CPA or serum could be imagined to be media that prevents 

water movement out of the tissue, probably through hydrogen bonding 
104

. A closer 

examination of the vessel structure following the freeze-thaw cycle is necessary to 

explain how the differences in water movement and ice formation may have changed the 

structure, and therefore the mechanical response. 

 

2.4.5 Hemodynamic variations due to mechanical property changes 

Following the changes in mechanical properties post freeze/thaw, it is important to 

understand the changes in hemodynamics caused by the changes in mechanical 

properties. The wave equation for the blood in arteries is obtained through  

 

(5) 

 

assuming the flow to be pulsatile and arteries to be thin cylindrical tubes with elastic 

walls 
38

. This yields the Moens-Korteweg equation    

where  

c    is the wave speed of the blood flow 

E    is the Elastic modulus of the arterial wall 

h    is the arterial wall thickness 

ρ    is the density of blood 

a     is the internal radius of the artery 

a

Eh
c

ρ2
=
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It was found that the wave speed increases in frozen samples (7.93m/s) when 

compared to fresh samples (5.43m/s). This is due to increase in the elastic modulus in the 

physiological region. The localized blood flow changes due to altered biomechanics of 

arteries from freezing can be compared to one during an insertion of vessel graft with 

different biomechanical properties than that of the native vessel 
40

. Future work should be 

aimed at studying, in detail, the effects of changes in mechanical properties during 

freezing on the blood flow of arteries as localized differences in hemodynamic 

conditions, including change in velocity profiles and recirculation zones, make the region 

more prone to plaque formation 
31, 137, 138

. Another interesting study would be to 

understand the effect on blood flow under damped conditions, which would be a more 

realistic model.  

The biomechanical changes in the section of the artery where cryoplasty is 

performed, further cause variations in characteristic impedances, thereby resulting in 

reflection and alteration in the transmission of pulsatile flow 
38

. These effects could also 

be seen during the use of vascular grafts, as their mechanical properties might be 

different from the recipient vessel properties. Changes in impedances results in energy 

being partially transmitted and reflected at the junction of treated and untreated arterial 

sections. Further, geometric variations viz. increase in length (Lo) of the treated arterial 

section could also bring about changes in the pulsatile blood flow. Future studies should 

be aimed at understanding these alterations thoroughly as they could result in chronic 

blood flow disorders. 

 

2.4.6 Comparison to other work 

As mentioned previously, most of the work looking at the effect of freezing on arterial 

tissue has been in the presence of CPA.  The results have been mixed depending on the 

particular artery and test used.  For example, in a pulsed flow loop experiment, Rosset et 

al. saw a change in the response of cryopreserved human common carotid artery (CCA) 

after freezing, but did not see a change in cryopreserved superficial femoral artery (SFA) 

70
. Also, Pukacki et al. 

69
 measured the compliance and elastic modulus of DMSO 

cryopreserved iliofemoral arteries and compared them with fresh samples. They saw no 

changes in cryopreserved arteries. However, Blondel et al. did see a difference in 
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cryopreserved SFA subjected to inflation tests 
67

. The main differences observed were in 

the measured strains and stresses, but not in the calculated elastic moduli or compliance 

values.  These results are difficult to compare directly to our results since the type of test 

was different.  However, Adham et al. 
42

 performed uniaxial tests similar to ours on 

cryopreserved thoracic aortas and they observed a decrease in the high stress modulus, as 

we did, but it was not statistically significant.  They did not comment or report on 

differences in the shape of the stress-strain curve or on sample dimensions, so it is not 

possible to fully compare our results. 

It is difficult to make any direct comparisons between our work with the frozen 

samples and work in the literature because the few studies of arteries frozen in the 

absence of CPA have not measured or reported the same properties as we have here. 

Schaar et al. 
139

 saw no changes in frozen samples stored at -80
o
C through intravascular 

elastography. Litwin et al. 
68

 studied the tensile behavior of canine aortic tissue after 

sterilization and preservation procedures, including deep freezing.  They observed a 

difference in tensile strength with freezing (only in the thoracic region), but they did not 

comment on or report modulus or toe region data. 

Studies of the effect of freezing on the mechanical behavior of other tissues have 

given mixed results as well.  In a study of the effect of storage conditions on ligament 

mechanical behavior, Viidik and Lewin 
62

 did not see a variation in the gross shape of the 

load-elongation curve, failure load, or elongation at rupture after deep freezing, but did 

see a difference in the failure energy.  Woo et al. 
65

 saw no significant difference in the 

failure energy of ligaments frozen at -20 ºC for 3 months, but did see a decrease in the 

area of hysteresis during cyclic testing in the frozen samples, similar to what we saw with 

the frozen arteries.  Krag and Andreassen  
140

 saw changes in the mechanical behavior of 

lens capsule rings after freezing to -80 ºC.  There was no significant difference in the 

reported ultimate stiffness (analogous to our reported linear modulus), but there was a 

difference in the elastic modulus calculated at low strains.  This is similar to what we saw 

in the arteries, in that the differences were primarily in the low strain region.  The mixed 

results given by these different tissues and studies may be the result of various factors 

including tissue composition and structure, freezing protocol, and the specific mechanical 

testing protocol used. 
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In a study of freezing artificial tissues, Devireddy et al. suggested the possibility 

of fiber alignment as the reason for decreased opacity during freezing 
82, 141

. They also 

saw water movement in samples frozen in the absence of CPA. Our study extends this 

possibility further to native tissues. Our weight measurements before and after freezing 

suggest that water movement could be an important phenomenon that causes the changes 

in mechanical behavior. Water could be seen as a medium responsible for randomness in 

the orientation of the fibers and once the water moves out; the fibers realign themselves, 

thereby causing the observed changes in mechanical behavior.  

 

2.5 SUMMARY 

 

As biomechanical properties of arteries play an important role in hemodynamics, an 

attempt was made to quantify the biomechanical property changes in arteries following 

freeze-thaw treatments. Porcine arteries were subjected to two types of freeze-thaw 

treatments both in the presence and absence of CPA based of the two applications, 

cryoplasty and cryopreservation, respectively. The results from this study are summarized 

below: 

i. Freeze-thaw in the absence of CPA does affect the mechanical properties of 

the porcine femoral arteries as measured from the uniaxial tensile response.  

Specifically, freezing caused a significant increase in length (Lo) and decrease 

in the toe region, with only a small change in linear modulus. However, 

freezing caused a significant increase in the average elastic modulus in the 

physiological regime.  

ii. Cryopreservation, on the other hand, does not result in an increase in Lo, but 

does affect the toe region and linear modulus.  

 

The exact mechanisms for these changes are not known; although some data suggests that 

changes in water content could be important underlying phenomena. Changes in the 

ECM and loss of smooth muscle viability could also play an important role. In chapter 2, 

the biomechanical changes induced by freeze-thaw as measured using an indentation 

technique that can capture localized mechanical properties compared to uniaxial tensile 
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testing is discussed. In chapters 3 and 4, the mechanisms underlying the freeze-thaw 

induced changes were investigated in detail. 
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3 FREEZE-THAW INDUCED BIOMECHANICAL 

CHANGES IN ARTERIES –II: INDENTATION RESPONSE 

 

This chapter describes the indentation tests performed to quantify the biomechanical 

changes in arteries due to freeze-thaw. The present author performed all the 

biomechanical experiments, data analysis, created and edited the manuscript for 

publication. The results from this chapter have been submitted as the following citation 

that is presently in review at the time of dissertation submission: 

 

i. Venkatasubramanian, R.T., Simha, N.H., Tatsutani, K. and Bischof, J.C. 

(2008) “Effect of cryoplasty on mechanical properties of human and porcine 

arteries using indentation.” Cryobiology (In review at the time of dissertation 

submission). 
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Abstract  

This chapter describes the indentation experiments conducted to study the effect of 

freeze-thaw on localized biomechanical properties of arteries. Biomechanics of normal 

and diseased arteries, as well as changes in them following freeze-thaw, were measured 

using an indentation technique that provides localized information at the same time 

requiring only small tissue samples. Normal human arteries, obtained from an autopsy, 

were tested and their biomechanics compared with that of diseased human arteries, 

obtained from donors who underwent bypass surgeries. Due to reduced availability of 

normal human tissues, normal porcine arteries were also used to understand the freeze-

thaw effect on normal arteries. It was observed that the diseased human artery response 

was approximately 6.2 times stiffer than that of normal human artery but normal porcine 

arteries were stiffer than both normal (~14 times) and diseased human arteries i.e. E∞ 

(normal porcine) > E∞ (diseased human) > E∞ (normal human) where E∞ is the 

equilibrium modulus. Following freeze-thaw, the diseased human arteries showed no 

significant change whereas the moduli of normal porcine arteries were found to increase 

significantly (~1.5-2.3 times). No significant changes were observed in the viscoelastic 

parameters (g, τ1 and τ2) of both normal porcine and diseased human arteries following 

freeze-thaw. As arterial stiffness increases following cryoplasty in normal arteries, 

alterations in hemodynamics are expected. Such alterations in hemodynamics have been 

reported in vascular grafts with a mechanical property mismatch and hypothesized as 

potential mechanism for downstream pathology. Finally, the results from the current 

study can provide bracketing behavior (i.e. elastic modulus of normal and diseased 

arteries as well as changes in them following cryoplasty) for emerging computational 

models that account for solid-fluid coupling at the artery wall to further investigate 

hemodynamics in a cryoplasty treated artery. Additionally, measurements from this study 

can form a baseline to which mechanical properties measured in vivo using elastography 

techniques, i.e.,  intravascular ultrasound (IVUS) elastography and optical coherence 

tomography (OCT) can be compared. This may ultimately help form the basis of a  

diagnosis with IVUS or OCT of disease or pathology within the artery.  
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3.1 INTRODUCTION  

 

Atherosclerosis is a major health care problem in the United States. While there are more 

than 400,000 coronary angioplasties performed in the US about 30-40% of them result in 

restenosis or neointimal hyperplasia
5
. Cryoplasty is a recently developed minimally 

invasive approach used in the treatment of atherosclerosis; currently in peripheral arteries 

18
. This approach involves opening of the narrowed arteries by simultaneously inflating 

and freezing a catheter guided balloon filled with liquid nitrous oxide. An important 

advantage of cryoplasty over conventional balloon angioplasty is its potential ability to 

restrict restenosis by inducing apoptosis 
142, 143

. Previous clinical studies aimed at 

evaluating the midterm results of cryoplasty have shown that the treatment demonstrated 

a high degree of early angiographic success over a period of 9 months 
18

 and efforts are 

now being directed towards understanding the long term implications of the treatment.  

 Long term efficacy of cryoplasty is likely dependant on biomechanical changes 

induced during the treatment as biomechanical properties play an important role in the 

hemodynamics 
38

. For example the most important consideration while developing a 

vascular graft to replace a diseased artery is to match the compliance (representative of 

the mechanical property) of the graft with that of the native vessel
144

. Compliance and 

other viscoelastic property mismatch in the arteries (due to addition of grafts) could alter 

the hemodynamic wall shear stress and ultimately result in pathological conditions 

including occlusion and/or intimal hyperplasia 
144, 145

. Additionally, the stress distribution 

in the artery is responsible for proper functioning of the smooth muscle cells (SMCs) 
40

. 

It is therefore important to quantify normal and diseased artery biomechanics both before 

and after cryoplasty. These biomechanical properties would could provide a bracketing 

behavior for emerging computational models
146, 147

 that account for solid-fluid coupling 

at the artery wall and can be potentially used to further investigate hemodynamics in a 

cryoplasty treated artery.  

Measurement of localized arterial mechanical response is important. Artery 

consists of three different layers namely intima (inner layer), media (middle layer) and 

adventitia (outer layer). Atherosclerosis is characterized by formation of plaque or fatty 

deposits on the intima. It also involves activation and proliferation of SMCs in the media 



 53 

and their migration to the intima 
1
. An atherosclerotic artery location primarily consists of 

diseased and remnant non-diseased sections along the axial and circumferential directions 

possibly resulting in variation in the local mechanical properties, i.e. E (rartery, θ, z). 

Understanding the biomechanical response of a diseased artery completely therefore 

requires studying the localized mechanical response; which is not possible using 

conventional uniaxial or multiaxial tests. Localized ex-vivo measurements of normal and 

diseased artery biomechanics also form a baseline to which mechanical properties 

measured from in-vivo measurements such as intravascular ultrasound (IVUS) 

elastography or optical coherence tomography (OCT) can be compared to for detection of 

diseased state
54, 55

.Finally, uniaxial and multiaxial tests require large tissue samples which 

are often difficult to obtain in human arteries suggesting the need for alternative 

techniques. 

The current study involves measurement of normal (porcine, human) and diseased 

(human) artery biomechanics (modulus and viscoelastic relaxation parameters) both 

before and after freeze-thaw using a novel indentation technique that provides localized 

information at the same time requiring only small tissue samples. Mechanical property 

changes between normal and diseased arteries are reported along with their changes 

following freeze-thaw separately. Our results suggest that diseased human arteries are 

stiffer in their indentation response compared to the normal human arteries. Following 

cryoplasty, a stiffer indentation response is observed in normal porcine arteries while no 

significant differences are observed in diseased human arteries. The results from this 

study suggest that the mechanical behavior of cryoplasty treated artery section is similar 

to an inserted vascular graft with significantly high stiffness. 

 

3.2 MATERIALS AND METHODS 

 

3.2.1 Tissue Harvesting and Freezing Protocol 

Normal porcine iliofemoral arteries (N = 4), sections of length 3-5 cms each, were 

obtained from domestic pigs used for other IACUC approved studies, in which the 

iliofemoral arteries were not directly involved. Normal or undiseased human iliac (from 

lower abdomen region) artery sections (N = 2) of length 3-4cms each were obtained 
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during an autopsy (of a 50 year old male) associated with other IRB approved studies at 

the University of Minnesota and it was visually confirmed that no atherosclerotic plaque 

was present in these samples. Finally, diseased human femoral artery sections (N = 4) of 

length 2-3 cms each, were obtained from undisclosed donors undergoing bypass surgery 

from the Veterans Affairs Medical Center, Minneapolis, MN. It should be noted that 

anatomically the femoral artery is only an extension of the iliac artery outside the 

abdomen region and the two arteries are often referred to as iliofemoral arteries due to 

their similarities
148

. The diseased arteries were completely occluded, as a result of which 

plaques were removed by the surgeon with minimal damage to the arterial wall following 

which artery sections were brought to the laboratory in physiological saline solution. All 

arteries were rinsed in 1X phosphate buffered saline (PBS) solution and were cleaned of 

any adipose tissue. For freeze-thaw treatment, the arteries were cut into ~1 cm long rings 

and were then frozen in a radial fashion inside out similar to cryoplasty. Freezing was 

performed by exposing the entire arterial ring to -20 
o
C for 120 s using an ethanol chilled 

tapered aluminum probe. Following freezing, the samples were passively thawed at room 

temperature and prepared for indentation. Artery wall thickness was measured by 

photographing the rings under 4X magnification, measuring them in pixels, and then 

converting them to mm (±0.01mm). Indentation of diseased arteries was performed in 

different artery samples with multiple locations within each sample. 

 

3.2.2 Mechanical Testing 

Indentation on normal porcine and diseased human arteries was performed using 

ElectroForce (ELF) 3100 (Bose Corporation, Eden Prairie, Minnesota, USA) as shown in 

Fig. 3.1a. Following freeze-thaw, artery rings were cut open and glued to the surface of a 

Petri dish with the lumen side on top. The Petri dish was then filled with phosphate 

buffered saline (PBS) and indentation was performed using a cylindrical indenter with a 

tip diameter of 2 mm on the luminal side as the arteries were frozen inside out and the 

biomechanical changes, if any, would be more prominent on the luminal side. The intimal 

and medial layers of the arteries would majorly govern the mechanical response in such a 

case. On the other hand, if the indentation were to be performed from the outside, the 

contributions from the adventitial layer may dominate. All arteries were subjected to a 
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two-step indentation protocol with each step consisting of a ramp at 2 mm/s to a depth of 

approximately 1/4
th

 or 1/5
th

 the arterial wall thickness (depth ~ 0.1-0.25 mm) followed by 

a hold of 300-500 s for stress relaxation.   

 

 

 

Figure 3.1 Mechanical testing in arteries using indentation: a) experimental set up (not to 

scale) b) Typical force-displacement curve. Peak (SP), equilibrium (S∞) and Initial (S0) 

stiffness are the slopes of the lines shown. 
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Indentation was also performed on normal human arteries using Nanoindenter XP 

instrument (MTS Inc., Eden Prairie, Minnesota, USA) with a 1mm diameter cylindrical 

tip. Normal porcine arteries, also tested using the ELF system described above, were 

additionally tested using this method as a control between the two testing systems 

(ELF/Nanoindenter). The normal (measured using Nanoindenter) and diseased (measured 

using ELF) human artery response, normalized to normal porcine response from the 

respective systems, were then compared and reported (see results). The indentation 

protocol in the Nanoindenter also consisted of two steps; with each step consisting of a 

ramp at 10 mN/s to a depth of approximately 0.1mm followed by a hold of 400s. The 

artery thickness was directly determined by additionally indenting on the flat surface of 

the stage without the artery and comparing the displacements. The arteries were kept 

moist by keeping them immersed in 1X PBS solution during indentation. 

 

3.2.3 Data Analysis 

For indentation of an isotropic, homogenous, linear elastic layer bonded to a rigid surface 

by a cylindrical indenter, the indentation force P and stiffness S are related to the 

indentation depth h as 
149

 : 

 

 

   

 

 

 

where E is the Young’s modulus, b the indenter tip diameter, ν the Poisson’s ratio and κ 

= κ (b/t, ν) accounts for the finite layer thickness t. Equation 1 can be modified to obtain 

the relationship (Eqn. 3.2) between the stiffness (S=dP/dh) and modulus (E). The peak 

(EP), equilibrium (E∞) and initial (E0) moduli were used to characterize the mechanical 

response. The peak (SP), equilibrium (S∞) and initial stiffness (S0) were initially 

calculated using the slopes of the indentation force-depth response (as shown in Fig. 

3.1b) and the corresponding moduli were then calculated from Eqn. 3.2 with the artery 
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wall assumed to be incompressible at all times (i.e. ν = 0.5)
150

. While SP and S∞ were 

calculated from the difference in force levels obtained at the start and end of the stress 

relaxation holds respectively, S0 was obtained from the ramp data of the second step. The 

ramp data for the relaxation hold in each sample was fit linearly such that R
2
 > 0.92 and 

S0 was thus obtained from its slope. For the indentation using the Nanoindenter system, 

only the S∞ and the corresponding E∞ were calculated as the maximum loading rate that 

could be achieved in this system was significantly lower than that compared to the rates 

in ELF and the peak or initial stiffness was not actually representative of the initial 

mechanical response of the arteries.  

In addition to extracting the elastic modulus, viscoelastic relaxation response was 

quantified for tests performed on the ELF system using a three parameter relaxation 

model (Eqn. 3.3) as follows: 

 

 

 

where P(t) and P0 are the current and initial indentation force respectively; g the material 

parameter; τ1 and τ2 the time constants. The relaxation data was fit to the relaxation 

model using a nonlinear least-squares curve fitting technique using commercially 

available software (Kaleidagraph 3.5, Synergy Software, Reading, PA) and the 

viscoelastic parameters g, τ1 and τ2 extracted. The optimal fit for the viscoelastic 

relaxation was obtained by selecting the parameters such that the goodness of fit 

parameter (R
2
) was always maximized. Due to some displacement that was observed 

during the hold steps in the Nanoindenter system (note the increase in indentation depth 

in Fig. 3.2a), the viscoelastic relaxation constant were not extracted for the tests 

performed in this system. Nevertheless, the equilibrium stiffness (S∞) and modulus (E∞) 

obtained from this system could still be extracted from these tests which were used to 

compare the normal vs. diseased human artery response. 

 

3.2.4 Statistics 

Data are given as the mean +/- standard deviation of mechanical behavior recorded for 

‘n’ number of tests performed under each experimental group i.e. normal porcine: n = 4/6 
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(fresh/frozen-thawed), normal human: n = 5, diseased human: n = 8/9 (fresh/frozen-

thawed). The total number of artery sections “N” obtained under each experimental group 

are: normal porcine (N = 4), normal human (N = 2) and diseased human (N = 4). Effects 

of freeze-thaw on normal porcine and diseased human arteries were normalized to their 

respective fresh response. The ratio of diseased human (measured using ELF) to normal 

human (measured using Nanoindenter) artery response, both normalized to normal 

porcine, were then to study the normal vs. diseased response. Two sample unequal 

variance (heteroscedastic) student t-tests were used for comparison between groups. 

Differences between groups were reported as statistically significant if p ≤ 0.05. 

 

3.3 RESULTS  

 

 

Figure 3.2 Representative indentation response of a) normal porcine vs. normal human and 

b) normal porcine vs. diseased human artery 

 

3.3.1 Sample thickness 

Sample thickness between normal human (1.55 ± 0.1 mm) and diseased human 

(1.02 ± 0.09 mm) arteries were compared and found to be statistically different (p < 

0.001). Both normal and diseased human arteries were significantly thicker than normal 

porcine arteries (0.84 ± 0.09 mm). No statistically significant changes in thicknesses were 
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observed post freeze thaw in both normal porcine (p = 0.46) and human diseased arteries 

(p = 0.29). 

 

Figure 3.3 Indentation response of normal porcine, normal human and diseased human 

arteries: changes in equilibrium modulus (E∞) normalized to normal porcine and normal 

human. 

 

 

3.3.2 Normal vs. diseased response of human arteries  

Diseased human arteries were found to be stiffer than the human arteries (Figs. 3.2a and 

3.3). Figure 3.2 shows the representative force-displacement response for normal and 

diseased human arteries along with the normal porcine response in both ELF and 

Nanoindenter systems. Figure 3.3 shows the equilibrium moduli of normal and diseased 

human arteries normalized to that of normal porcine. It can be seen that both normal and 

diseased human arteries had a statistically lower equilibrium moduli (E∞) compared to 

normal porcine arteries (Fig. 3.3). However, equilibrium modulus (E∞) for the diseased 

human arteries was significantly higher than that of normal human as seen from Fig. 3.3. 
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The equilibrium modulus for the normal porcine, normal human and diseased human 

arteries were 132 ± 125 kPa, 8.9 ± 3.8 kPa and 55.1 ± 62.7 kPa respectively. 

 

3.3.3 Fresh vs. frozen-thawed response 

The overall indentation response following freeze-thaw was different for the normal, 

porcine and diseased human arteries. The indentation response of the normal porcine 

arteries following freeze-thaw was stiffer as seen in Fig. 3.4a. It can be clearly seen that 

freezing causes increase in different stiffness (SP, S∞ and S0) as seen from the different 

slopes in the force-displacement response. Extending the incompressibility assumption
150

 

to frozen-thawed samples, i.e. ν = 0.5, Eqn. 3.2 suggests that the modulus ratios of the 

fresh to frozen-thawed samples are the same as their stiffness ratios (i.e. Efrozen/Efresh = 

Sfrozen/Sfresh) as κ (b/t, ν) did not vary significantly
149

. Figure 3.5a summarizes the changes 

in peak, equilibrium and initial moduli (normalized to fresh) of normal porcine arteries 

following freeze-thaw. While peak (EP) and equilibrium (E∞) moduli of the frozen-

thawed porcine samples were 2.3 ± 1.6 and 1.8 ± 0.6 times that of the fresh respectively, 

the initial modulus (E0) was 1.6 ± 0.8 times that of fresh.  

 

 

Figure 3.4 Representative indentation response of a) normal porcine and b) diseased human 

arteries before and after freeze-thaw. 
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In contrast to normal porcine arteries, no statistically significant changes were 

observed in the indentation response of the diseased human arteries following freeze-

thaw (Figs. 3.4b and 3.5b). Additionally, the peak, equilibrium and initial moduli of both 

fresh and frozen-thawed arteries showed large standard deviations. While peak (EP) and 

equilibrium (E∞) moduli of the frozen-thawed human samples were 1.3±1.1 and 1.1±1.1 

times that of the fresh respectively, the initial modulus (E0) was 0.74±0.31 times that of 

fresh. 

 

 

Figure 3.5 Changes in normalized peak (EP), equilibrium (E∞) and initial (E0) moduli 

following freeze-thaw in a) normal porcine and b) diseased human arteries. 

 

 

3.3.4 Changes to viscoelastic relaxation parameters 

The relaxation data was fit to the three-parameter relaxation model and R
2
 was used as a 

measure to indicate the goodness of fit (i.e. higher the R
2
 better the fit). All curve fitting 

results presented have an R
2
 value greater than or equal to 0.90, indicating good 

agreement between the experimental data points and the fit calculated using the estimated 

parameters. Table 3.1 gives the material parameter (g) and time constants (τ1 and τ2) for 

normal and diseased arteries before and after freeze-thaw. Figure 3.6 indicates the 
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viscoelastic relaxation profiles of the different cases as described by their respective 

average values of g, τ1 and τ2.  

 

 

Figure 3.6 Viscoelastic relaxation of normal (porcine) and diseased (human) femoral 

arteries before and after freeze-thaw as described by the average values of g, τ1 and τ2.  

 

There were no significant changes due to freeze-thaw on the viscoelastic 

relaxation profile of both normal porcine and diseased human arteries. It could be seen 

from Fig. 3.6 that the profiles of normal porcine arteries before and after freeze-thaw 

were similar. Statistical analysis of the fresh and frozen-thawed groups of the human 

diseased arteries indicated no significant differences between them although the profile 

described in Fig. 3.6 suggested some differences. This was probably due to the large 

standard deviations observed (see Table 3.1) in their g, τ1 and τ2 values. 

 

3.4 DISCUSSION 

 

3.4.1 Artery biomechanics and hemodynamics 
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Artery biomechanics plays an important role in hemodynamics 
38

 and therefore plays an 

important role in determining the long term efficacy of arterial treatments. In a study that 

involved determining the patency of cryopreserved saphenous veins as conduits for 

coronary artery bypass surgeries, Iaffaldano et. al. observed that nearly 94% of the grafts 

resulted in pathological conditions over a period of eight years 
145

. Similar development 

of pathological conditions have also been observed in vascular grafts with biomechanical 

mismatch 
144

 due to the effect of artery biomechanics on hemodynamics. The Moens-

Korteweg relation describes the how wave velocity during a pulsatile flow is affected by 

the elastic modulus of the artery (
a

Eh
c

ρ2
= ) where c is the wave velocity and E, the 

elastic modulus of the artery wall 
38

. a, h and ρ are internal artery radius, artery wall 

thickness and density of the blood respectively. A close understanding of the 

hemodynamics in arteries therefore requires a model that accounts for the artery wall 

elasticity. However, due to the complexity of computationally studying solid-fluid 

coupling, most previous hemodynamics models did not account for artery wall elasticity 

31, 151
.  Recent advancements in the computational capabilities have allowed emerging 

models to begin to account for the arterial wall elasticity 
146, 147

. The results from the 

current study can provide bracketing behavior (i.e. elastic modulus of normal and 

diseased arteries as well as changes in them following cryoplasty) for such emerging 

computational models
146, 147

 that account for solid-fluid coupling at the artery wall to 

further investigate hemodynamics in a cryoplasty treated artery. It should however be 

noted that the artery is exposed to a tensile mechanical loading in-vivo that is different 

from the indentation response. A simpler approach to overcome this issue would be to 

come up with a correlation between the tensile and indentation properties of soft tissues, 

an approach that is often used in material composites 
152, 153

. For instance, the 

physiological elastic modulus (Euniaxial) of porcine arteries (fresh: 185±92 kPa and 

frozen-thawed: 506±159 kPa) measured using uniaxial tensile tests reported elsewhere 

154
 can be correlated to the equilibrium modulus (Eindentation) (fresh: 132±125 kPa and 

frozen-thawed: 322±309 kPa) reported in this indentation study. 

 

3.4.1 Importance of local mechanical properties 
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Understanding the local mechanical response of the arteries both in vivo and ex vivo is 

important. In vivo techniques such as optical coherence tomography (OCT) and 

intravascular ultrasound (IVUS) elastography measure the local properties of arteries 
54, 

55
. These techniques typically measure the deformation of artery using ultrasound or OCT 

with the intraluminal pressure as the excitation force for calculating mechanical 

properties (E= ∆P/∆ε where P is the intraluminal pressure and ε the strain at the 

respective location measured using IVUS or OCT) at different arterial location
54

. The 

current study involving localized ex-vivo measurements of normal and diseased artery 

biomechanics can form a baseline to which mechanical properties measured in vivo using 

the elastography techniques
54, 55

 can be compared to for detection of diseased state. 

Additionally, the local mechanical properties measured using these techniques could be 

applied in computational models
146, 147

 to account for spatial variations in artery wall 

modulus particularly in diseased and treated arteries as discussed in the previous section. 

This provides a realistic approximation than using a single elastic modulus for the artery 

wall when the elastic modulus can vary spatially, i.e. E (rartery, z, θ).  

 

 

Table 3.1 Viscoelastic relaxation parameters (g, τ1 and τ2) for porcine (n=4-6) and human 

femoral arteries (n=8) before and after freeze-thaw. 

 

3.4.3 Normal vs. diseased artery response and freeze-thaw effect 

Diseased human arteries are stiffer than normal arteries. In a study on coronary arteries, 

Van Popele et. al. reported that the arterial stiffness (without plaque removal) increased 

with the progression of atherosclerosis using a distensibility measurement system in 

vivo
155

. Our indentation study, that involved subjecting the artery to compression as 
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compared to tension in a distensibility measurement
155

, also suggests that diseased human 

arteries (55.1 ± 62.7 kPa) have an equilibrium modulus approximately 6.2 times that of 

normal arteries (8.9 ± 3.8 kPa) (also see Fig. 3.3). Due to the difficulty in the procurement 

of normal human arteries, the normal artery behavior was characterized from a single 

donor in the current study. It should however be noted that there could be potential 

variation between donors especially when from different age groups. In the case of 

diseased arteries, the plaques were removed prior to performing cryoplasty in the current 

study. This was because the diseased arteries were completely occluded by plaque 

thereby preventing any cryoplasty to be performed in them. This was also the reason why 

the donors of the diseased arteries underwent bypass surgery as performing cryoplasty or 

angioplasty would be difficult in such cases. Nevertheless, investigating the response of 

the diseased artery without plaque is still useful to understand how tissue beneath the 

plaque, where presumably intimal hyperplasia
1
 changes the biomechanical properties, 

responds to cryoplasty.  

Normal and diseased arteries show varied response to cryoplasty. While normal 

arteries stiffen following cryoplasty, diseased arteries do not show any statistically 

significant change. It was observed that that all the three moduli (EP, E∞ and E0) increase 

following cryoplasty in normal porcine arteries (Fig. 3.4a and 3.5a). Previously, 

Venkatasubramanian et. al. measured the non-linear uniaxial response of normal porcine 

arteries following radial freeze-thaw simulating cryoplasty and reported that freezing 

resulted in a stiffer mechanical response than control through a reduction in toe region
156

 

and an increase in physiological elastic modulus
154

. This trend agrees with our 

indentation results in normal porcine arteries. Care should however be taken before 

directly comparing the two results as these are different tests (compression vs. tensile) 

performed at different loading conditions. As the uniaxial tensile tests are representative 

of the equilibrium response due to the preconditioning and very low extension rate (2 

mm/min) involved, only the equilibrium modulus (E∞) obtained from the indentation 

study can be compared with the uniaxial response. Additionally, cutting open the rings 

during indentation removes the residual stresses and may indirectly affect the mechanical 

response. However, performing indentation on a tissue and extracting a modulus requires 

the tissue to be bonded to a rigid surface (not possible using a ring). The results in this 
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study involving diseased human arteries showed no statistically significant differences 

between the fresh and frozen-thawed samples (Fig. 3.4b and 3.5b). This could in part be 

due to the large standard deviations within each group. Such deviations could be due to 

the pathological conditions of the arteries involved. It should however be noted that these 

results only suggest that there are no significant biomechanical changes due to cryoplasty 

in diseased arteries. The primary objective of cryoplasty is destruction of smooth muscle 

cells which has been discussed in other studies
117, 143

. However, differential 

biomechanical response of normal vs. diseased arteries to cryoplasty may lead to treated 

arterial sections, consisting of mostly diseased (stiffer than normal) and some remnant 

non-diseased (stiffens following freeze-thaw) sections, with high stiffness compared to 

surrounding untreated normal sections. This condition is similar to insertion of a vascular 

graft with high stiffness and may result in chronic pathological conditions as observed 

following grafting 
144, 145

. 

 

3.4.4 Mechanisms underlying freeze-thaw induced biomechanical changes 

Controlling the mechanical property changes following freezing requires understanding 

the mechanism underlying these changes. The arrangement of extra-cellular matrix or 

ECM fibers is usually associated with the modulus of soft tissue
157

. Results from the 

current study suggest that freezing causes an increase in stiffness or modulus (Fig. 3.5a) 

in normal porcine arteries suggesting that freezing potentially causes matrix 

rearrangement. However, no significant in the viscoelastic properties (Table 3.1) were 

observed following freezing. Fluid (primarily water) flow within a soft tissue such as 

artery during loading is expected to play an important role in viscoelasticity
158

. Our 

indentation results suggest that freezing does not significantly alter the fluid flow within 

the matrix. However, Venkatasubramanian et al. reported that freezing resulted in almost 

15% reduction in weight of the artery sample suggesting bulk water loss
156

. The possible 

explanation to this could be that water contributes very little to the overall viscoelasticity 

of the artery. Moreover, some studies in other collagenous tissues such has cartilage have 

shown that the collagen ECM has intrinsic viscoelasticity 
159

. The results in this study 

suggest that such intrinsic viscoelastic effects contribute more towards the overall tissue 

viscoelasticity and that the water effects might not be significant. Nevertheless, water loss 
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following freeze-thaw could possibly re-arrange the ECM and thereby affect modulus of 

the arteries seen in both uniaxial and indentation results (Fig. 3.2a). Finally, as freezing of 

the arteries to -20
o
C also causes SMC death, SMC contribution to the biomechanical 

response could also be a potential cause for the biomechanical changes. Future work 

should therefore be directed towards understanding the mechanisms (i.e. changes to ECM 

and SMCs) underlying the freeze-thaw induced biomechanical changes.  

 

3.5 SUMMARY 

This study measured the biomechanical changes in the localized response of normal 

(porcine, human) and diseased (human) iliofemoral arteries. The results from this study 

are summarized below: 

i. Following freeze-thaw, the diseased human arteries showed no significant 

change whereas the moduli of normal porcine arteries increased significantly. 

No statistically significant changes in the viscoelastic relaxation parameters 

were observed post freeze-thaw in both normal porcine and diseased human 

arteries. 

ii. It was observed that diseased human arteries had a significantly higher 

modulus compared to normal human arteries. 

iii. The results from this study can provide bracketing behavior (i.e. elastic 

modulus of normal and diseased arteries as well as changes in them following 

cryoplasty) for emerging computational models that account for solid-fluid 

coupling at the artery wall to further investigate hemodynamics in a 

cryoplasty treated artery. 

iv. Measurements from this study can form a baseline to which mechanical 

properties measured in vivo using the elastography techniques such as 

intravascular ultrasound (IVUS) elastography or optical coherence 

tomography (OCT) for detection of diseased state can be compared to. 

The exact mechanisms for the impact of freeze-thaw on normal and diseased arteries are 

unknown and an improvement in the efficacy of treatments such as cryoplasty requires an 

investigation of the underlying mechanisms. In chapter 4, the role of collagen matrix and 
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SMCs, arguably the most important components of arteries, in the freeze-thaw induced 

biomechanical changes are investigated.  
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4 MECHANISMS UNDERLYING FREEZE-THAW 

INDUCED BIOMECHANICAL CHANGES: ROLE OF 

COLLAGEN MATRIX AND SMOOTH MUSCLE CELLS 

 

This chapter describes the studies performed to investigate the freeze-thaw effect on the 

arterial components (collagen, smooth muscle cells or SMCs) and subsequently the 

components’ contribution to the overall artery biomechanics. The present author 

performed all the experiments and the data analysis. The histological analysis was carried 

out in collaboration with Dr. Schmechel of the Department of Lab Medicine and 

Pathology at University of Minnesota. Experiments on functional assessment of Smooth 

muscle cells were performed in collaboration with Dr. Paul Iaizzo of the Department of 

Surgery at the University of Minnesota. The results from this chapter have been 

submitted as the following citation that is presently in review at the time of dissertation 

submission: 

 

i. Venkatasubramanian, R.T., Wolkers, W., Barocas, V.H., Lafontaine, D., 

Soule, C., Iaizzo, P., and Bischof, J.C. (2008) “Freeze-thaw induced 

biomechanical changes in arteries: Role of collagen matrix and smooth muscle 

cells.” Annals of Biomedical Engineering (In review at the time of dissertation 

submission). 
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Abstract 

 

This chapter describes the experiments that investigate the freeze-thaw effect on the 

arterial components (collagen, smooth muscle cells or SMCs), as well as the components’ 

contribution to the overall artery biomechanics to ultimately understand the mechanisms 

underlying the biomechanical changes induced by freeze-thaw. It was observed that 

freeze-thaw of normal arteries caused significant tissue dehydration (15% weight 

reduction), a consequent increase in thermal stability of the collagen matrix (~6.4
o
C 

increase in denaturation onset temperature), and SMC destruction (no contraction and 

relaxation response to norepinephrine (NE) or acetylcholine (AC) respectively). In 

addition to freeze-thaw, the arteries were also subjected to hyperthermia and osmotic 

treatments (0.05M, 0.1M and 0.2M mannitol) that preferentially altered either the smooth 

muscle cells (SMCs) or collagen matrix (hydration/stability) respectively. While 

hyperthermia treatment also caused complete SMC destruction, no tissue dehydration 

was observed. On the other hand, mannitol (0.2M) treatment significantly increased the 

thermal stability (~4.9
o
C increase in denaturation onset) but did not change the SMC 

function. However, freeze-thaw, hyperthermia and 0.2M mannitol treatments all resulted 

in significant reduction in toe region. The toe region of the freeze-thaw, hyperthermia and 

0.2M mannitol treated arteries normalized to their respective controls were 0.61 ± 0.14, 

0.81 ± 0.05 and 0.73 ± 0.14 respectively with minimum toe region observed after freeze-

thaw. These studies suggest that both increased thermal stability due to tissue 

dehydration, as well as SMC destruction occurring during freeze-thaw, are important 

mechanisms of the freeze-thaw induced biomechanical changes.  
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4.1 INTRODUCTION 

Atherosclerosis is a major health care problem in the United States. For example, more 

than 400,000 coronary angioplasties are performed in the US every year, of which about 

30-40% result in restenosis or neointimal hyperplasia 
5
. In the last few years, the clinical 

use of freeze-thaw applications for treatment of atherosclerosis and the prevention of 

restenosis has increased significantly 
18, 160-162

. Cryoplasty is a recently developed, 

minimally invasive technique used in the treatment of atherosclerosis that is currently 

being used clinically in peripheral arteries such as iliofemoral or popliteal arteries 
18, 162

. 

This technique involves opening of the narrowed arteries by simultaneously inflating and 

freezing a catheter-guided balloon filled with liquid nitrous oxide. An alternative to in 

vivo therapies includes surgical replacement of the diseased artery with native 
26, 160

 or 

engineered arterial vessels 
29, 82

, which also requires efficient cryopreservation techniques 

to store and preserve the vascular grafts. In general, cryopreservation is defined as a 

technique where cells and/or small tissues are frozen in the presence of a chemical agent 

or cryoprotectant (CPA) so that subsequently following thawing, viable tissues can be 

recovered and used later for various purposes 
26

. However, previous studies have shown 

that treatments such as cryoplasty and cryopreservation cause arterial stiffening 
156

. 

Therefore, in order to further optimize these freeze-thaw techniques, the mechanism 

underlying the arterial stiffening that occurs post freeze-thaw must be carefully 

delineated, since artery biomechanics plays a significant role in hemodynamics 
38

. 

The overall biomechanical response of an artery is governed by its structural 

components. Structurally, the artery wall is composed of the extracellular matrix (ECM) 

and several types of cells that are distributed into three layers: intima, media and 

adventitia. Collagen is the most important structural protein of the ECM, which also 

contains elastin, glucosaminoglycans, and other molecules 
76

. Among the incorporated 

cells within an artery, smooth muscle cells (SMCs) are the predominant type which are 

located in the media or middle layer 
76, 77

. In highly muscular arteries such as iliofemoral 

arteries, the collagen matrix and smooth muscle cells (SMCs) are the most important 

structural components 
76, 77

. Hence, during treatments such as freeze-thaw, changes to 

these arterial components ultimately lead to the observed arterial stiffening 
156

. In order to 

understand the mechanisms underlying these biomechanical changes, it is important to: a) 
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understand the changes to these components during freeze-thaw and b) understand the 

relative contribution of collagen matrix and SMCs to the overall artery biomechanics.  

Most of the previous studies that have investigated  the effects of freeze-thaw on 

arterial components, have primarily studied changes in cellular viability 
117, 118

. These 

studies have often been carried out in model systems, whose behavior may differ from 

that of native vessels’. Additionally, very few published studies exist that look into the 

post-freeze-thaw changes in collagen matrix stability and/or structure 
87

. Therefore, it is 

generally considered that more work is needed to understand both the component effects 

due to freeze-thaw, as well as the relative individual component contribution to the 

overall artery biomechanics.  

The purpose of the current study was to investigate the component effects due to 

freeze-thaw as well as their effect on artery biomechanics and ultimately understand the 

mechanisms underlying freeze-thaw induced biomechanical changes. In addition to 

freeze-thaw, two additional treatments to preferentially alter collagen matrix 

(hydration/stability) or SMCs were employed. In the first treatment, designed to 

preferentially alter collagen matrix hydration/stability, the arteries were treated with 

various concentrations of a hyperosmotic agent, mannitol, which caused significant tissue 

dehydration or bulk water loss but minimally affected SMC function. The other 

treatment, designed to reduce SMC function without affecting the collagen matrix, 

involved subjecting the arteries to a hyperthermia; which reduced the SMC function but 

caused no tissue dehydration. Tissue dehydration (measured from net weight changes) 

was employed as an indicator of matrix stability, since dehydration affects the structural 

organization of the collagen fibers in the matrix, specifically, less interfibrillar water 

implies closer packing of the fibers. Changes in collagen matrix thermal stability were 

also directly measured, by assessing secondary protein structure using a novel Fourier 

Transform Infrared (FTIR) spectroscopy technique. Additionally, SMC function was 

assessed by measuring contraction and relaxation responses to norepinephrine (NE) and 

acetylcholine (AC), respectively. Finally, uniaxial tensile tests were performed to 

measure the change in overall artery biomechanics. Our results suggest that both collagen 

matrix and SMCs are important components whose alterations underlie the changes in 

overall artery biomechanics during freeze-thaw. Both tissue dehydration, and subsequent 
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increased thermal stability, of the collagen matrix, as well as SMC destruction observed 

during freeze-thaw, are important mechanisms of arterial stiffening.  

 

4.2 MATERIALS AND METHODS 

 

4.2.1 Tissue harvesting and sample preparation 

Iliofemoral arteries were obtained from domestic pigs that had been sacrificed as part of 

other IACUC approved studies that did not involve modifications to either the iliac or 

femoral arteries. The methods for euthanasia were considered to have minimal effects of 

these isolated samples as we were able to record viable functional activities from 

prepared vascular rings (see below).  The animals were approximately 3-9 months old, 

and weighed 40 to 85 kilograms. Artery sections were removed shortly after animal 

euthanasia (< ½ hour) and transported to the laboratory in 1X phosphate-buffered saline 

(PBS) solution. The dimensions of the artery sections were approximately; inner 

diameter: 3mm, thickness: 1mm and length: 5-8 cms. After rinsing in 1X PBS solution, 

the arteries were cleaned of any adipose tissue and cut into approximately 3 mm long 

rings. Artery rings were directly used for weight measurement tests and uniaxial tensile 

tests. For the FTIR studies, the rings were cut open and thin sections (~500 µm) were 

prepared by gently scrapping off tissue layers from the intimal (lumen) surface.  

 

4.2.2 Thermal treatments 

Freeze-thaw: Cryoplasty was simulated by freezing to -20
o
C for 2 mins in the radial 

direction using an ethanol chilled tapered aluminum probe as previously described 
156

. 

The arteries were then passively thawed at room temperature before being subjected to 

SMC contractility or FTIR testing. 

Hyperthermia: Hyperthermic treatment consisted of heating the artery samples in PBS-

filled microcentrifuge tubes immersed in a 43
o
C water bath for 2 hours. This protocol 

was selected to produce complete SMC death 
121

. After these thermal treatments, SMC 

contractility/relaxation and weight measurements were carried out so to study SMC 

functional changes and tissue dehydration.  
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Table 4.1. List of controls, experimental groups and their respective treatments. 

 

4.2.3 Osmotic (Mannitol) treatment  

Osmotic treatments involved exposing the arterial rings to differing mannitol 

concentrations (0M mannitol control, 0.05M, 0.1M and 0.2M) in SMC media (described 

elsewhere 
117

); the rings were incubated at 20
o
C (room temperature) for 18 hours with 

continuous shaking such that it caused significant dehydration in the arteries. Use of 20
o
C 

instead of 37
o
C allows for the irreversibly injured cells to manifest damage histologically, 

while uninjured cells appear histologically viable 
127, 156, 163

. The concentrations were 

chosen such that osmotic stress on the cells did not induce SMC death. Following 

mannitol treatment, SMC contractility/relaxation, FTIR and uniaxial tests were 

performed to quantify changes in SMC function, collagen matrix stability and overall 

biomechanics respectively. 

 

4.2.4 Weight measurement 
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The weights of the artery rings (n = 5 to 6) before and after the different treatments were 

measured (±0.1 mg), and bulk weight loss was assumed to be due to tissue dehydration. 

The artery rings were patted dry and any excessive water droplets remaining on the 

surface were wiped off before the weights were recorded. Changes in hydration ratio, i.e., 

the ratio of weights of the sample after to before treatment, normalized to respective 

controls (fresh and 20
o
C, refer Table 4.1), were measured and reported.  

 

4.2.5 FTIR procedure  

Infrared absorption measurements were carried out with a Nicolet Magna 6700 Fourier 

transform infrared spectrometer (Thermo-Nicolet, Madison, WI, USA). The following 

acquisition parameters were used: 4 cm
-1

 resolution, 32 co-added interferograms, and 

4000-900 cm
-1

 wavenumber range. Omnic software (Thermo-Nicolet, Madison, WI, 

USA) was used for spectral data analyses and display. All studies were performed on thin 

arterial samples in a temperature controlled transmission cell. The samples were 

sandwiched between two CaF2 windows and hydration maintained with 1X PBS solution. 

The windows were separated by a mylar spacer (Thermo Electron North America Inc., 

Madison, WI, USA). Silicon grease was applied at the edges of the CaF2 windows to 

prevent dehydration of the sample during heating. The temperature was regulated by a 

temperature controller (Minco Products Inc., Minneapolis, MN, USA). The temperature 

dependence of the FTIR spectra was studied by heating the sample from 20˚C to 90˚C at 

a rate of approximately 2˚C min
-1

.  

Protein secondary structure analysis and heat-induced protein denaturation studies 

were performed by analyzing the amide-III (1320-1180 cm
-1

) absorption band of the 

protein backbones 
97, 98

. The amide-I and -II bands, typically used for protein analyses, 

were too distorted to analyze, due to the thickness of the sample. The less intense amide-

III band, however, could be used and showed shape changes upon denaturation.  

Specifically, the increase in random coil and β-turn structures between 20
o
C to 90

o
C were 

quantified by studying the increase in area of the difference spectra in the 1285 to 1235 

cm
-1 

region 
97, 98

. The difference spectrum at a given temperature is calculated by 

subtracting the absorption spectrum at 20
o
C from the spectrum at that temperature. Lines 

were then fitted to the difference spectra area vs. temperature between 40-75
o
C, and the 
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denaturation onset temperature was calculated from the intersection of these lines as 

shown in Fig. 4.2b. 

 

4.2.6 Measurement of SMC contractilities and relaxations (functional assessment) 

The artery segments were mounted between two horizontal steel wires within a water 

jacket muscle organ bath (40 ml volume), which has previously been used to study 

vascular rings or skeletal muscle force responses; the absolute tensions were continuously 

recorded by force transducers 
113, 164

. The chambers were filled with a modified Krebs-

Henseleit bathing medium 
113

 gassed with 95% O2 and 5% CO2. While SMC contractility 

was measured by studying the response to 10
-6

M norepinephrine (NE), endothelial-cell-

dependent SMC relaxation was induced by exposure to 10
-6

M acetylcholine (AC), 

respectively 
114

. This protocol was a  slight modification of that used by Bateson and 

Pegg 
114

 : here it consisted of two initial 15 minute equilibration periods followed by a 2 

to 3 hour final equilibration, all in K-H solution. The pre-load forces were all set to 2g at 

the beginning of each equilibration period. Following equilibration, the artery rings were 

exposed to NE until the force had plateaued (~10mins) and the peak determined, after 

which they were exposed to AC for 20mins.  

Three additional control SMC studies were performed: in addition to assessing 

responses of fresh and 20
o
C controls (Table 4.1). These included the following: (1) 

treatment with SMC media at 37
o
C (37

o
C control), so to account for any temperature 

effects between 37
o
C and 20

o
C; (2) treatment with liquid nitrogen for 18 hours (cell death 

control), to study the relative responses after complete SMC death; and (3) maintaining 

the arterial rings in the muscle bath (muscle bath control), so to account for differences 

that may have been induced on the artery rings due to removal of the rings from muscle 

bath (e.g., for thermal or osmotic treatments) and their remounting. 

SMC contractility and relaxation were measured by recording the relative vessel 

ring forces at the end of the final equilibration period (Fi), the peak force upon NE 

addition (Fe) and the resultant force after AC treatment (FAC). Typically, in previous 

studies SMC contractility has been only assessed by quantifying the relative increases in 

force (Fe – Fi) upon NE additions
114

. Here we also assessed the changes in τ, a time 
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constant that indicates the time taken for the contraction force to plateau upon NE 

addition; i.e., τ was determined from equation 4.1 as follows: 

 

  

 

where F (t) is the force measured at any time t during NE treatment, such that t = 0 when 

NE is added. Similarly, vessel relaxation was quantified by measuring the decrease in 

force following the addition of AC; i.e., Fe – FAC. The relative changes in force and time 

constant i.e., (Fe – Fi), (Fe – FAC) and τ, were all normalized to fresh controls. 

 

4.2.7 Uniaxial Tensile Testing 

Post-treatment uniaxial tensile testing was carried out within 2 hours to study the overall 

artery biomechanics. This procedure has been described in detail previously 
156

. Briefly, 

the artery was initially stretched until a load of 0.05 N is detected, and the corresponding 

length Lo measured. The artery rings were then preconditioned to a strain of 25% (~1 

mm) for 9 cycles at an extension rate of 2 mm/min, followed by uniaxially stretching to a 

load of 5 N. The biomechanical response of the artery, described by the true stress vs. 

true strain response, was quantified using toe region and linear modulus as previously 

mentioned 
156

. Additionally, the physiological elastic modulus of the artery (Eartery) after 

different treatments was calculated and compared. The physiological elastic modulus of 

the artery (Eartery) was defined as the slope of the linear fit between the engineering stress 

(P= F (t)/A0) and Green strain (ε) in the physiological regime.  The physiological regime 

was defined between an engineering stress of 40 kPa and 120 kPa 
165

. The Green strain 

(ε) is related to the stretch ratio (λ = L (t)/L0) such that ε = 0.5 (λ
2
 -1) 

166
. A0, L0, F (t) and 

L (t) are the initial cross section area, initial length, current force and current length 

displacement at time t.  

 

4.2.8 Controls and experimental groups 

The entire study protocol consisted of investigations on 5 controls and 3 experimental 

groups as described in Table 4.1. All controls groups (except the one employed as 

immediately fresh) were maintained for 18 hours in their respective media and prescribed 

)1)(()( τ

t

iei eFFFtF
−

−−+= (4.1) 
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temperatures; the fresh control samples were maintained in PBS at 20
o
C for 

approximately 1 to 3 hours. The 20
o
C and 37

o
C controls were maintained in the SMC 

media at their respective temperatures and this comparison was performed to account for 

differences that may arise due to the use of 37
o
C over 20

o
C. The cell death control was 

maintained in PBS at -196
o
C and was used to compare the relative SMC destruction or 

loss of SMC function that may have occurred in the experimental groups. A muscle bath 

control was also employed in which samples were maintained in the modified Krebs-

Henseleit solution, at 37
o
C, in the muscle baths with continuous gassing; the goal here 

was to account for differences due to removal and remounting of arterial rings from the 

muscle bath. While the mannitol treatment effect was quantified by normalizing the 

response to 20
o
C control, the freeze-thaw and hyperthermic effect was quantified by 

normalizing the responses post-treatment to fresh control.  

 

4.2.9 Statistics and Curve-fitting 

All data were presented as the mean +/- standard deviation, with sample sizes provided 

(ranging from n = 3 to n = 11). Samples obtained from contralateral vessel segments were 

utilized as independent samples in our statistical analyses. Student’s t-tests with equal 

variance were performed for comparison between groups, and differences between 

groups were reported as statistically significant if p ≤ 0.05. Additionally, the obtained 

SMC contractility data was subsequently fit to equation 4.1 using a nonlinear least-

squares curve fitting technique using a commercially available software (Kaleidagraph 

3.5), from which the contractility time constant, τ, was extracted. The optimal fit for the 

time constant was obtained such that the goodness of fit parameter (R
2
) was always 

greater than 0.90. Physiological elastic modulus was obtained from the slope of the linear 

fit between the engineering stress and Green strain, again such that R
2
 was always greater 

than 0.90. 

 

4.3 RESULTS 

 

In order to understand the mechanisms underlying freeze-thaw induced biomechanical 

changes, arteries were subjected to thermal (freeze-thaw and hyperthermic) and osmotic 
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treatments to differentially alter the arteries’ components. Changes to collagen matrix 

(hydration ratio, length and thermal stability) and SMCs (contractility and histology), as 

well as overall biomechanical changes, were measured and reported.   

 

 

Figure 4.1 Weight and structural changes in arteries post freeze-thaw, hyperthermia and 

mannitol treatments (0.05M, 0.1M and 0.2M): changes in a) hydration ratio and b) initial 

length L0. 

 

 

4.3.1 Changes in weight and structure 

Mannitol treatment, like freeze-thaw, induced significant dehydration in the artery 

samples (Fig. 4.1a). Statistically significant weight reductions were observed post-freeze-

thaw 
156

 as well as post mannitol treatments. The normalized hydration ratio of the 

freeze-thaw and mannitol treated arteries were 0.85± 0.06 (freeze-thaw) 
156

 and 0.94 

± 0.03 (0.05M), 0.92  ± 0.10 (0.1M), 0.88 ± 0.07 (0.2M), respectively. Only the 0.05M 

and 0.2M mannitol groups were statistically significantly different than their respective 

controls (fresh and 20
o
C). Hyperthermic treatment, on the other hand, did not alter the 

weight significantly (Fig. 4.1a).  

In addition to weight changes, significant structural changes, as shown by an 

increase in Lo following all treatments, were observed (Fig. 4.1b). The Lo (normalized to 
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control) following freeze-thaw, hyperthermia, 0.1M and 0.2M mannitol treatments were 

1.29 ± 0.07 
156

, 1.13 ± 0.11, 1.14 ± 0.09 and 1.35± 0.25, respectively.  

 

 

Figure 4.2 Fourier Transform Infra-red (FTIR) analysis of thermal stability of collagen 

matrix. a) FTIR difference spectra of artery sample (mannitol control) at different 

temperatures in the amide-III protein band. b) Changes in peak area under the difference 

spectra in 20oC control and mannitol (0.2M) treated artery samples. The sudden increase in 

area around 60
o
C-70

o
C represents onset of thermal denaturation of collagen. 

 

 

4.3.2 Changes in thermal stability of collagen matrix 

Thermal stability of the collagen matrix was assessed by studying changes in the amide-

III protein band within the FTIR spectra during denaturation. Figure 4.2a shows the 

difference spectra, which is obtained by subtracting the initial spectrum at 20
o
C from the 

actual spectrum, for an artery sample. It can be observed from Fig. 4.2a that the area of 

the difference spectra between 1285-1235 cm
-1

, which is characteristic of primarily 

random coil and β- turn structures 
97, 98

, increased with temperature. This increase in the 

difference spectra area indicates the increase in random coil and β- turn structures during 

thermal denaturation and was used to determine the onset of thermal denaturation. Figure 

4.2b shows a plot of the area under the difference spectra as a function of temperature. 

For all artery samples, the area abruptly increased between 55 to 68
o
C, reflecting the 

onset of collagen denaturation (Fig. 4.2b), and continued to increase with temperature. 
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The denaturation onset was then used to assess the thermal stability of the matrix after 

different treatments.  

 The thermal stability of the collagen matrix increased after both freeze-thaw and 

mannitol treatments (Fig. 4.2b and Table 4.2). Statistically significant increases in the 

denaturation onset temperature were observed following both freeze-thaw (63.4± 4.1o
C) 

and 0.2M mannitol (61.8 ± 3.5
o
C) treatments compared to their respective controls [fresh 

(57.0± 3.0o
C) and 20

o
C (56.9 ± 2.4

o
C)]. Table 4.2 summarizes the denaturation onset 

temperature of arteries following control (fresh and 20
o
C), freeze-thaw and mannitol 

treatments.  

 

 

Table 4.2 Denaturation onset temperature as measured using FTIR in control, mannitol 

and freeze-thaw treated artery samples.  

 

4.3.3 SMC contractility and relaxation 

Changes in SMC function following different treatments were assessed by studying the 

pharmacological contraction and relaxation responses. Figure 4.3a shows a representative 

contractility/relaxation response for fresh and treated arteries. In the control responses 

(fresh and 20
o
C), it was observed that NE addition resulted in significant SMC 

contractions; AC on the other hand, caused endothelial-cell-dependent relaxation and, 

therefore, induced decreases in tension. It should be noted that occasionally the AC 

treatment caused either no response or a brief contraction (~2 min), after which the 

arteries then relaxed over the next 20 minute time period; such behaviors were considered 
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Figure 4.3 SMC contractility and relaxation response: a) representative force-time 

response, b) changes in normalized (Fe-Fi), (Fe-FAC) and τ in control and mannitol treated 

arteries and c) changes in normalized (Fe-Fi) and (Fe-FAC) in cell death control, 

hyperthermia and freeze-thaw treated arteries. 

 

to be possibly due to endothelial cell damage.  Nevertheless, no contractile or relaxation 

responses were observed in the vessel groups defined as cell death control, frozen-

thawed, or hyperthermia treated arteries (Fig. 4.3a, b). Using Eqn. 4.1 as described above, 

the contraction and relaxation responses and changes in the SMC function were then 

a b 

c 
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assessed by quantifying the (Fe – Fi), (Fe – FAC) and τ (normalized to fresh control) for 

different treatments (Fig. 4.3b, c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Hematoxylin and eosin stained section of fresh control (a), mannitol control (b) 

and mannitol treated arteries - 0.05M (c), 0.1M (d) and 0.2M (e) under 40X magnification.  
 

 

a b 

c d 

e 
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 Significant reduction in SMC functions were observed following freeze-thaw and 

hyperthermia treatments, but not after the mannitol exposure (Fig. 4.3a, b).  Specifically, 

in the freeze-thaw and hyperthermia treated arterial rings, the typical contraction and 

relaxation responses were absent. As a result, normalized (Fe – Fi) and (Fe – FAC) for 

these treatments were approximately zero, and therefore τ did not apply (Fig. 4.3a, b). In 

the mannitol treated arteries, the normalized (Fe – Fi), (Fe – FAC) and τ did not change 

significantly compared to their matched controls (20
o
C group). Further, there were no 

statistically significant differences in (Fe – Fi), (Fe – FAC) and τ between the 20
o
C, 37

o
C 

and muscle bath control groups (Fig. 4.3c).  However, significant increases in (Fe – Fi) 

and (Fe – FAC) and a reduction in τ were observed after mannitol treatment, as well as in 

certain controls (20
o
C, 37

o
C, muscle bath) when compared to fresh control group (Fig. 

4.3c). 

 

4.3.4 Histology 

In addition to SMC contractility and relaxation assessments, histological analyses were 

performed and they revealed no clear signs of any SMC injury in the control (20
o
C) or 

mannitol treated groups (Fig. 4.4).  This was considered to support the functional 

assessments, although a reduction in the cell size was visible with increasing mannitol 

concentrations (from 0.05M to 0.2M) (Fig. 4.4). Specifically, while the cell nuclei 

appears elongated in fresh and 20
o
C control cells, the nuclei were apparently smaller in 

the 0.2M mannitol treated samples (Fig. 4.4a-e). 

 

4.3.5 Artery Biomechanics 

The overall biomechanical response assessments showed that the artery stiffened 

following freeze-thaw 
156

, hyperthermia and/or mannitol treatments compared to their 

respective controls (Fig. 4.5 and 6, refer Table 4.1 for different controls). Figure 4.5a 

shows the true stress vs. true strain responses in the circumferential direction for both 

control (fresh and 20
o
C) and treated arteries. These responses were clearly nonlinear, 

with a distinct toe and linear regions. Freeze-thaw 
156

, mannitol (0.1M and 0.2M) and 

hyperthermia treatments all caused significant reductions in the toe regions compared to 

their controls (Fig. 4.5a, b). The normalized toe regions for the freeze-thaw, 
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hyperthermia, 0.1M and 0.2M mannitol treated arteries reduced to 0.61 ± 0.14 
156

, 

0.81 ± 0.05, 0.84 ± 0.07 and 0.73 ± 0.14, respectively (Fig. 4.5b). No statistically 

significant changes were observed in the moduli for these isolated arteries following any 

treatments except for freeze-thaw 
156

 and 0.05M mannitol treatments (Fig. 4.5b); both of 

which showed a reduction in the modulus. 

  

 

Figure 4.5 Overall artery biomechanics of fresh control, mannitol control and other treated 

artery samples: a) representative mechanical response (i.e. true stress vs. true strain curve) 

and b) normalized changes in toe region and modulus. 

 

In the physiological regime, freeze-thaw (506±159 kPa), hyperthermia (268±132 

kPa) and 0.2M mannitol (304±125 kPa) treatments all induced significant increases in the 

physiological elastic moduli (Eartery) compared to the fresh controls (185±92 kPa) (Fig. 

4.6).  Intragroup comparisons further showed that the freeze-thaw treatment caused a 

statistically higher Eartery than hyperthermia or mannitol treated arteries. In addition, for 

arterial rings subjected to a decellularization protocol (686±85 kPa) as described 

elsewhere 
167

, the resultant Eartery were significantly higher than even those derived for the 

frozen-thawed arteries (Fig. 4.6). The decellularized arteries are considered as an extreme 

case to better explain the mechanisms; to be described later in the paper. 

 

a b 
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Figure 4.6 Physiological elastic modulus (Eartery) of artery post different treatments. Eartery 

is obtained from the slope of engineering stress vs. Green strain response (see text). 

 

4.4 DISCUSSION 

 

Understanding the mechanisms underlying freeze-thaw induced biomechanical changes 

requires examination of component alterations due to freeze-thaw, as well as the 

components’ effects on artery biomechanics. In the current study, freeze-thaw induced 

component alterations (i.e., SMC function and collagen matrix stability) were directly 

studied by measuring the SMC contraction/relaxation responses (Fig. 4.3a, c), and by 

assessing onset of collagen denaturation by FTIR (Fig. 4.2a, b and Table 4.2). 

Additionally, two treatments (hyperthermia and mannitol treatment, refer to Table 4.1) 

designed to preferentially alter either the collagen matrix or SMCs were performed to 

better identify the individual component contributions to overall artery biomechanics. 

Treating the samples with mannitol caused significant tissue dehydration, or bulk water 

loss, and increased collagen matrix thermal stability (Fig. 4.1a) but maintained the SMC 

function (Figs. 4.3, 4.4). In contrast, hyperthermic treatment reduced the SMC function 

significantly (Fig. 4.3), but caused no tissue dehydration (Fig. 4.1a). 
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4.4.1 Freeze-thaw induced effects on artery components 

SMCs and collagen matrix form the most important components of an arterial wall 
76

. As 

the overall arterial biomechanical response is governed by these components, changes to 

them during treatments such as freeze-thaw need to be quantified. Previous studies 

involving freeze-thaw therapies have reported that cryoplasty causes significant reduction 

in SMC viability 
117, 118

 that varies depending on different treatment parameters (cooling 

rate, end temperature, etc.). While these studies offer good preliminary insights, they 

have been carried out in model systems (in-vitro monolayer, fibrin gel 
117, 118

 or tissue 

equivalents 
118

), whose responses to freeze-thaw may differ from the native vessel 

behavior. In the current study, SMC function was assessed by studying the contraction 

and relaxation response of the SMCs within native arteries. We observed that radial 

freeze-thaw at -20
o
C for 2mins, simulating cryoplasty, caused almost complete SMC 

destruction (Fig. 4.3a, b); a notable result similar to the effects reported for other model 

systems 
117, 118

.  

 In addition to SMCs, collagen matrix is another important component of the 

artery, therefore any collagen matrix changes due to freeze-thaw need to be understood.  

In a previous study, it was reported that freeze-thaw treatments such as cryoplasty 

resulted in tissue dehydration (bulk water loss) in arteries (Fig. 4.1a). In another study 

involving an artificial tissue scaffold, Miller reported that the freeze-thaw resulted in 

dehydration
87

. Additionally, using scanning electron microscopy (SEM), Miller reported 

that freeze-thaw to an end temperature of -20
o
C resulted in structural changes in the 

tissue scaffold. Following freeze-thaw, the fibers were thicker, farther apart and displayed 

some bunching
87

. The current study also suggest that freeze-thaw induced dehydration 

increases the thermal stability of the collagen matrix (Fig. 4.2b, Table 4.2) which perhaps 

is due to structural changes in the collagen matrix leading to increased interactions that 

ultimately cause an increased thermal stability. The effect of dehydration on the thermal 

stability of the collagen matrix is discussed in detail in the following section. 

 

4.4.2 Collagen matrix: Dehydration and its effect on thermal stability 

The main structural element of connective tissues, such as tendon, ligament, cornea, skin 

and blood vessels, is collagen 
80

. Hierarchically, the collagen matrix is built with a triple 
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helical tropocollagen molecule into micro-fibril, which assembles to form a fibril, which 

in turn form fibers 
80

. The stability of a given collagen matrix determines the mechanical 

and thermal loads that this matrix can tolerate.  Therefore, the ability to quantify matrix 

changes is needed for optimization of treatments involving both heating (thermal 

keratoplasty, skin re-surfacing, tissue welding, etc. 
119

) and/or freezing (cryoplasty, 

cryopreservation).  

The thermal stability of a collagen matrix has been typically measured by 

studying the kinetics of thermal denaturation that occurs during heating to 55
o
C to 75

o
C. 

During denaturation, hydrogen bonds that stabilize the triple helical structure are broken 

and the molecule irreversibly unfolds from an organized helical- to a random-coil or β-

sheet structure. In the current study, a novel method based on the amide-III protein band 

of artery FTIR spectra was used to quantify the increase in random coil and β-sheet 

structures during collagen denaturation (Fig. 4.4). Note that arterial collagen, similar to 

collagen found in other tissues 
83, 103

, denatured between 55
o
C to 65

o
C (Fig. 4.2b, Table 

4.2).  

In general, the dehydration of an artery results in increased thermal stability of the 

collagen matrix; specifically, dehydration (Fig. 4.1a) due to either freeze-thaw or 

mannitol treatments cause an increase in the onset temperature of denaturation (Fig. 4.2b, 

Table 4.2). It is considered that such increases are likely due to increased inter-fibrillar 

interactions in the collagen matrix, which has more closely packed fibers after 

dehydration 
86

. For example, in a rat tail tendon study by Miles et. al, the denaturation 

temperature following dehydration was shown to increase significantly 
86

. In that study, 

Differential Scanning Calorimetry (DSC) was used to measure the thermal denaturation 

of collagen in rat tail tendon samples, which had been dried by exposure to air to vary the 

volume fraction of water in the tissue samples. Similarly, our freeze-thaw and mannitol 

treatments produced dehydration of the arteries, with a subsequent increase in the thermal 

denaturation onset temperature (Fig. 4.2b and Table 4.2).  

An increase in the thermal stability of the collagen matrix can also be explained 

by changes in the activation Gibbs free energy for denaturation 
168

. The increase in 

activation Gibbs free energy due to the addition of mannitol has been explained by Meng 

et. al. 
169

. Specifically, the presence of mannitol molecules increases the free energy of 
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the protein due to an increase in net unfavorable solvophobic interactions between the 

sugar and protein molecules 
169

. Such unfavorable interactions also reduce the effective 

hydration of the protein molecule 
169

. The increase in the free energy of the protein is 

greater in the transition state, when protein begins to unfold, than in the folded or native 

state, due to increased solvophobic interactions in the former. The increased free energy 

of the protein ultimately causes an increase in the net activation Gibbs free energy ( *

SG∆ ) 

of denaturation in the presence of sugar molecules, given by: 

 

 

 

where gT  and gN are the increases in Gibbs free energy due to the addition of sugar in the 

transition and native states, respectively (gT > gN). 

 

4.4.3 Role of arterial components in freeze-thaw induced biomechanical changes 

The current study investigated the relative roles of the collagen matrix and SMCs in the 

freeze-thaw induced biomechanical changes. To accomplish this, two treatments: a) 

mannitol and b) hyperthermia were employed to modify preferentially either the collagen 

matrix or SMCs, respectively. Changes in thermal stability of the collagen matrix and 

SMC function were measured along with the overall biomechanical changes to provide 

insights into the mechanisms.  

 Both increased collagen matrix stability following dehydration and SMC 

destruction during freeze-thaw are considered important mechanisms responsible for the 

observed overall biomechanical changes. Mannitol treatments caused significant tissue 

dehydrations (Fig. 4.1a) and increased thermal stability of the collagen matrix (Fig. 4.2b, 

Table 4.2), but did not result in SMC destruction or loss of their function (Fig. 4.3b). 

However, the overall biomechanical response of mannitol-treated arteries showed a 

statistically significant reduction in the toe region (Fig. 4.5a, b) compared to control 

(20
o
C). Similar effects were also observed following freeze-thaw (Figs. 4.1, 4.5 and 

Table 4.2), suggesting that tissue dehydration, and the consequent increase in collagen 

matrix stability, is an important mechanism underlying the freeze-thaw induced 

biomechanical changes. SMC destruction or loss of SMC function is another important 

)(*

0

*

NTS ggGG −+∆=∆ (4.2) 
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mechanism responsible for the observed biomechanical changes. Interestingly, imposed 

hyperthermia caused complete SMC death (Fig. 4.3a, 3b) with no tissue dehydration (Fig. 

4.1a), which nevertheless resulted in a statistically significant lower toe region compared 

to control (fresh), similar to freeze-thaw results (Fig. 4.5a, b). Further, although freeze-

thaw and 0.2M mannitol treatments both caused comparable tissue dehydrations (p = 

0.26) and thermal stability increases (p=0.27) (Fig. 4.1a, Table 4.2), freeze-thaw resulted 

in a significantly lower toe region (p = 0.04) and higher physiological elastic modulus 

Eartery (p = 0.02) compared to 0.2M mannitol treatment (Fig. 4.5a, b). Similarly, although 

freeze-thaw and hyperthermia both caused complete SMC destruction (Fig. 4.3a-c), 

freeze-thaw resulted in a significantly lower toe region (p = 0.002) and an higher 

physiological elastic modulus Eartery (p = 0.006) compared to hyperthermia. These results 

suggest that both increased collagen matrix stability due to tissue dehydration, and SMC 

destruction are important mechanisms in freeze-thaw induced biomechanical changes in 

arteries.  

 

4.5 SUMMARY 

 

In this chapter, the freeze-thaw induced overall biomechanical changes observed in 

arteries were decomposed into collagen matrix and SMC component effects to probe the 

underlying mechanisms. This required investigation of the freeze-thaw effect on the 

arterial components, as well as the components’ contribution to the overall artery 

biomechanics. To accomplish this, arteries were subjected to thermal and osmotic 

treatments that preferentially altered either the collagen matrix or smooth muscle cells 

(SMCs), respectively. The results from this study are summarized as follows: 

i. Freeze-thaw caused significant tissue dehydration and, consequently, an 

increased thermal stability of the collagen matrix as well as complete SMC 

destruction. The exact mechanism at the molecular level of dehydration 

induced increased thermal stability of collagen is still unclear and needs more 

work.  

ii. While hyperthermia treatment also caused complete SMC destruction, no 

tissue dehydration was observed. On the other hand, mannitol (0.2M) 
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treatment significantly increased the thermal stability but caused no change in 

SMC function. Both hyperthermia and mannitol (0.2M) treatments, however, 

caused significant toe region reduction compared to control similar to freeze-

thaw effect.  

iii. Arteries stiffened, as observed by reduced toe region and increase 

physiological elastic modulus (Eartery), following freeze-thaw, hyperthermia 

and 0.2M mannitol treatment with maximum stiffening observed following 

freeze-thaw. 

iv. These studies suggest that both increased thermal stability due to tissue 

dehydration, as well as SMC destruction occurring during freeze-thaw, are 

important mechanisms of the freeze-thaw induced biomechanical changes.  

More work is needed to understand the molecular level changes during dehydration that 

ultimately lead to increased thermal stability of collagen. In order to further investigate 

this, thermal stability of a single tropocollagen molecule and its changes in a dehydrated 

condition were studied using molecular dynamics simulations as described in chapter 5. 

Future work should also be directed towards understanding the structural changes (at the 

level of fibers/fibril) in the collagen matrix using scanning/transmission electron 

microscopy or similar techniques. 
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5 THERMAL STABILITY OF SINGLE 

TROPOCOLLAGEN MOLECULE AND DEHYDRATION 

INDUCED CHANGES  

 

This chapter describes the molecular dynamics simulations performed on a single 

tropocollagen molecule to study the thermal stability and the molecular level changes 

induced by dehydration. The present author performed all the simulations in collaboration 

with Dr. Jonathan Sachs and Jason Perlmutter from the Department of Biomedical 

Engineering at the University of Minnesota. The present author also created and edited 

the manuscript for publication. The results from this chapter are being prepared for the 

following citation:  

 

i. Venkatasubramanian, R.T., Perlmutter, J., Sachs, J. and Bischof, J.C. (2008) 

“Nanoscale unfolding of a single tropocollagen molecule.” Cellular and 

Molecular Bioengineering (In preparation at the time of dissertation 

submission). 
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Abstract 

 

This chapter describes the MD simulations that were performed as a tool to further 

investigate dehydration induced increase in thermal stability of the collagen matrix due to 

freeze-thaw at the molecular level. The simulations investigated short time (ns) and high 

temperature (> 500 K) denaturation events within hydrated (in a 60 Å x 100 Å x 32 Å 

waterbox), partially dehydrated (surrounded by a water skin of thickness 5.5 Å) and fully 

dehydrated (in vacuo) tropocollagen under constant pressure and constant volume 

conditions. Changes in root mean squared displacement (RMSD) of Cα (central carbon 

atom of an amino acid to which the sidechain and amino group are attached to), helical 

content and hydrogen bonding during unfolding events were assessed. It was concluded 

that following dehydration, despite reduction in protein-water hydrogen bonds due to 

absence of water molecules, new intra-protein hydrogen bonds that are backbone-

sidechain in nature were formed that ultimately led to an increase in thermal stability of 

tropocollagen. It has been speculated that formation of new intra-protein hydrogen bonds 

within tropocollagen atleast in part governs the mechanism underlying the increased 

thermal stability of arterial collagen matrix following mannitol and freeze-thaw 

treatments observed in previous experimental studies. 
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5.1 INTRODUCTION 

 

The main structural element of extra-cellular matrix (ECM) of connective tissues like 

tendon, ligament, cornea, skin and arteries is collagen. Collagen, at the nanoscale, 

consists of tropocollagen molecules that have a length of 300 nm and diameter of 1.5 nm 

170-172
. The tropocollagen molecule is formed by three left handed helices supercoiled 

right handed around a common axis (Fig. 5.1). These molecules are arranged in a 

staggered manner to form micro-fibrils that in turn self-assembles, into fibrils and then 

fibers that ultimately form the ECM 
80, 173

. The matrix is stabilized by hydrogen bonds 

that are both intra-protein and protein-water in nature (see Fig. 5.1) at the molecular level 

and cross linking between different hierarchical levels that influence the response of the 

tissue to thermodynamic interventions (i.e. mechanical, thermal, or chemical stimuli). 

High tensile strength and thermal stability are characteristic macroscopic properties of 

collagen that are often linked to the extensive hydrogen bonding present in collagen 

matrix network 
80

.  

 Thermal stability of the collagen has been an important field of study for several 

decades because of its current and potential applications 
105

. While collagen stability is 

critical in understanding burn injuries in skin 
174, 175

, it also directly impacts the outcome 

of several treatments such as thermal keratoplasty (corneal treatment for farsightedness), 

skin re-surfacing, tissue welding, thermal capsulorraphy (laser or radiofrequency heating 

of shoulder joint), etc 
119

. When collagen is heated to certain temperature (55-75
o
C), it 

results in thermal denaturation. In previously reported experimental studies, thermal 

stability of collagen has been quantified by studying the kinetics of collagen denaturation 

83, 86, 103
. Wright and Humphrey provide an excellent review on different studies and 

applications of studying collagen denaturation 
80

.  

Due to the importance of thermal denaturation of collagen, the thermodynamics of 

the denaturation process has been widely studied 
84, 86, 103, 104

.  Recently, a multi-scale 

model that incorporates the molecular level phenomena to explain the tissue level 

behavior was developed 
176

. This model, although extremely insightful, uses the 

Arrhenius parameters of tropocollagen unfolding derived from tissue level experimental 

approaches
83

. These rather indirect determinations of kinetic parameters of nanoscale 
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tropocollagen unfolding are not wholly representative of the actual molecular level 

phenomena. Additionally, varying the thermal stability of collagen through chemical (i.e. 

dehydration) 
86

 or mechanical 
83

 modifications has been of significant interest to 

researchers. Specifically, dehydration (Fig. 4.1a) due to either freeze-thaw or mannitol 

treatments cause an increase in the onset temperature of denaturation (Fig. 4.2b, Table 

4.2). While it is speculated that such increases are likely due to increased inter-fibrillar 

interactions in the collagen matrix, which has more closely packed fibers after 

dehydration 
86

, understanding of molecular level changes during dehydration is still 

lacking. Recent advancements in the field of molecular dynamics (MD), which is 

probably the most realistic simulation technique that allows examination of nanoscale 

behavior of proteins, allow direct investigation of these events.  
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Figure 5.1 Triple helical structure of tropocollagen in the fully hydrated state. The intra-

protein (backbone-backbone) and protein-water (sidechain-water) hydrogen bonds shown 

stabilize the native structure. 

 

 MD studies involving tropocollagen started only recently 
177-179

. Moreover, most 

of these studies have focused on understanding only the mechanical properties 
179

 and 

fracture mechanics 
177, 178

 at the nano-scale. There have also been other studies that have 

investigated the existence of water bridges with potential stabilizing properties for 

different collagen-like peptides 
180

. Despite the importance of thermal denaturation of 

collagen, unfortunately, till date no study on thermal unfolding of tropocollagen using 

MD has been ever reported. The MD approach has, however, been previously used to 

study single molecule thermal unfolding kinetics in other proteins 
181, 182

 including the 

kinetics of α-helix protein (polyalanine) denaturation 
108

. Daggett presents a good review 

on studying protein folding and unfolding pathways using the MD approach 
183

.  

The current study describes the MD simulations that were performed as a tool to 

to further investigate freeze-thaw caused dehydration induced increase in thermal 

stability of the collagen matrix at the molecular level. The simulations investigated short 

time (ns) and high temperature (> 500 K) denaturation events within hydrated, partially 

dehydrated (thin watershell) and fully dehydrated (in vacuo) tropocollagen under constant 

pressure and constant volume conditions. Changes in root mean squared displacement 

(RMSD) of Cα atom, helical content and hydrogen bonding during unfolding events were 

assessed. It was concluded that following dehydration, despite reduction in protein-water 

hydrogen bonds due to absence of water molecules, new intra-protein hydrogen bonds 

that are backbone-sidechain in nature were formed that ultimately led to an increase in 

thermal stability of tropocollagen. Similar thermal stability increase of the arterial 

collagen matrix following dehydration was also observed following mannitol and freeze-

thaw treatments.  

 

5.2 METHODS 

 

5.2.1 Molecular Dynamics 
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All simulations were performed using the all atom force field CHARMM 
184

, 

implemented in the molecular dynamics program NAMD 
185

. The CHARMM force field 

is widely used in the protein and biophysics community, and provides a basic description 

of the different (covalent, ionic, van der Waals and hydrogen bonding) interactions in 

proteins. The molecular structure was visualized using the visual molecular dynamics 

(VMD) program 
186

.  

The initial atomic coordinates of a tropocollagen molecule were derived from the 

protein data bank (PDB ID 1QSU 
187

). The crystal structure had a 1.75 Å resolution, a 

short sequence of tropocollagen molecule of length ~ 8.4 nm. The 1QSU is a triple-

helical type II collagen-like molecule with sequence (Pro-Hyp-Gly)4-Glu-Lys-Gly-(Pro-

Hyp-Gly)5. This structure (i.e. sequence) serves as a simple representation of longer 

tropocollagen molecules extracted from tissues and has been used in other MD studies 

involving tropocollagen
178, 179

. However, it should be noted that finite length effects may 

alter the behavior of the system in such cases. Periodic boundary conditions, as used in 

other MD studies on thermal unfolding of proteins
108

, were also used in the current study. 

The size of the water box was chosen to be sufficiently large to avoid confinement effects 

such that the tropocollagen was solvated by atleast 10A of water molecules in each 

orthogonal direction which is a common practice followed in MD studies
188, 189

. 

 

5.2.2 Constant Volume Simulations 

Four types of fully hydrated constant volume (CV1, CV2, CV3 and CV4) simulations 

were performed (Table 5.1) with an initial pressure of 1.013 x 10
5
 Pa. The system 

comprised of tropocollagen molecule in a water box of size 60 by 32 by 100 Å. In all the 

cases, the system was initially equilibrated at 250K for 2ns followed by heating from 

300K to 500K in steps of 50K with a hold time of 1ns at each temperature (Fig. 5.2a). 

This was followed by another heating starting from 525K or 550K until an end 

temperature (675K, 700K or 725K) in steps of 25K or 50K with a hold time of 1ns at 

each temperature (Fig. 5.2b). The final hold at the end temperature was for 8-10ns (Fig. 

5.2b). The simulations (CV1, CV2, CV3 and CV4) differed in the temperature step size 

and end temperature as seen from Table 5.1.  
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 MD simulations representing a partially and completely dehydrated (Table 5.1) 

tropocollagen molecule system were additionally performed at constant volume (60 by 32 

by 100 Å). In the partially dehydrated case, a water skin of thickness 5.5 Å (determined 

based on the water shell distribution reported elsewhere 
190

) was added surrounding the 

tropocollagen molecule. Complete dehydration was simulated without any water in 

vacuo. In all these cases, the system was initially equilibrated at 250K for 2ns followed 

by heating from 300K to 700K in steps of 50K with a hold time of 1ns at each 

temperature. The partially dehydrated case alone was additionally heated from 800K to 

1100K in steps of 100K with 0.5ns hold at each temperature. 

 

 

Table 5.1 List of MD simulations on tropocollagen under constant pressure and volume. 

 

5.2.3 Constant Pressure Simulations 

Three types (CP1, CP2 and CP3) of constant pressure (1 bar) simulations were 

additionally performed under fully hydrated conditions (Table 5.1). In all these cases, the 

system comprised of tropocollagen molecule in a water box of initial size 60 by 32 by 

100 Å. CP1, CP2 and CP3 all had an initial equilibration at 250K for 40ps, 400ps and 2ns 
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respectively (Fig. 5.2c). This was followed by heating (by increasing the temperature) 

from 300K up to 700K in steps of 50K with a hold time of 20ps, 200ps and 1ns at each 

temperature in the respective cases (Fig. 5.2c). The different cases can be compared to 

application of different heating rates.  

 

 

 

Figure 5.2 Step wise heating of a fully hydrated tropocollagen under constant volume (CV1, 

CV3 and CV4) and pressure (CP2 and CP3) conditions. Temperature vs. time response 

under constant volume ((a): 0-7ns and (b): > 7ns) and constant pressure (c) conditions. 

Refer to Table 5.1 for the description of different simulations.  

 

5.2.4 Post processing and Data Analysis 
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Postprocessing was performed using CHARMM 
191

 and the simulation data analyzed in 

both CHARMM as well as MATLAB v7.1 (The Mathworks Inc., Natick, MA) to obtain 

changes in different parameters during unfolding. Hydrogen bonds were determined 

based on a cut-off of 2.4 Å of distance. Based on previously published studies on helix 

denaturation 
108

, root mean squared deviation (RMSD) of Cα atoms from the native 

structure and fraction of helical content in the molecule were used to quantify thermal 

unfolding. The fraction of helical content in the molecule was calculated based on the 

dihedral angles (φ, ψ) for each residue of the protein backbone. It was defined as the 

fraction of residues that satisfied the condition for triple helix, i.e. -130
o
 < φ < -20

o
 and 

90
o
 < ψ < 180

o
. The range of the dihedral angles (φ, ψ) for the triple helix criterion was 

chosen by observing the changes in the Ramachandran plot (φ vs. ψ) of the protein 

backbone during unfolding.  

 

5.3 RESULTS 

 

5.3.1 Constant Volume Simulations 

Heating caused unfolding of tropocollagen in all constant volume simulations (CV1, 

CV2, CV3, and CV4) under fully hydrated conditions (Fig. 5.3). The backbone-backbone 

hydrogen bonds that stabilize the triple helix are broken upon heating resulting in 

uncoiling of triple helix structure as shown in Fig. 5.3a. Figure 5.3b shows reduction in 

both backbone-backbone hydrogen bonding as well as helical fraction in the molecule. 

The unfolding also resulted in significant increase in the RMSD (Fig. 5.4). Figure 5.4 

shows the variation in RMSD with time for the four constant volume cases (CV1, CV2, 

CV3 and CV4). A clear transition marked by sudden increase in RMSD was observed 

(Fig. 5.4a, b) during unfolding. While there was a decrease in the helical content with 

time due to heating, clear transition points were not observed probably due to increased 

noise (not shown). 

 Thermal unfolding kinetics of tropocollagen under constant volume condition was 

dependent on the end temperature as well as the step size (25K vs 50K) during heating. 

Figure 5.4a shows the variation in RMSD with time during the constant volume cases 

CV1 and CV4. While 25K steps were used in both cases with a 1ns hold at each 



 101 

temperature, the end temperature was 675K and 725K for CV1 and CV4 respectively. In 

both cases thermal unfolding started around 10ns (Fig. 5.4a). However, it can be 

observed that the rate of increase of RMSD (as indicated by the slope of the RMSD vs. 

time plot after 10ns) was higher in CV4 compared to CV1 (Fig. 5.4a). On the other hand, 

CV2 and CV3 have the same end temperature but differ in the temperature step size 

(comparable to the rate of heating such that CV3 < CV2). It can also be observed from 

Fig. 5.4b that the onset temperature for thermal unfolding was higher in CV2 (~700K) 

compared to CV3 (~650K). Significant difference in the rate of increase of RMSD 

between CV2 and CV3 can also be observed (Fig. 5.4b). 

 Dehydration increased the thermal stability of tropocollagen significantly. As seen 

in Fig. 5.5, no thermal unfolding was observed both in the partially (5.5Å watershell) and 

completely (in vacuo) dehydrated case until 20ns. Upon further increasing the 

temperature to 1100K, the tropocollagen molecule unfolded in the partially dehydrated 

case (Fig. 5.5). Similar to the fully hydrated case, unfolding was characterized by 

breaking of the backbone-backbone hydrogen bonds and uncoiling of the triple helix (not 

shown). 

 

5.3.2 Constant Pressure Simulations 

Heating under constant pressure took shorter time (≤ 8ns) and required lower 

temperatures (≤ 650K) compared to constant volume for the triple helix to unfold (Fig. 

5.6). Similar to the constant volume cases, unfolding involved breaking of the backbone-

backbone hydrogen bonds. Interestingly, the unit cell (initial size: 60 by 32 by 100 Å) 

that hydrated the tropocollagen molecule expanded rapidly to several times the original 

size (final size: 850 by 452 by 1414 Å) around the same time when the molecule 

unfolded. The tropocollagen molecule resembled a dehydrated state post this expansion.  

Significant increase in RMSD as well as reduction in helical fraction was also 

observed during unfolding (Fig. 5.6). Fig 6a shows the variation in RMSD and fraction of 

helical content with time for the CP1 case. A clear transition marked by sudden increase 

in RMSD and simultaneous reduction in helical fraction can be seen around 0.18ns in the 

CP1 case (Fig. 5.6a). Similar transitions were observed around 1.5ns and 7.3ns in the 

CP2 and CP3 cases respectively (not shown).  
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Figure 5.3 Structural changes during thermal unfolding of fully hydrated tropocollagen: a) 

breaking of backbone-backbone hydrogen bonds and uncoiling of the triple helix with time 

and b) helical fraction and backbone-backbone hydrogen bonds vs. time plot. 
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Figure 5.4 Changes in root mean squared deviation (RMSD) from the native structure 

during heating of a fully hydrated tropocollagen under constant volume: a) effect of end 

temperature; CV1 vs.CV4 and b) effect of temperature step size; CV2 vs. CV1. Refer to 

Table 5.1 for the description of different simulations. 
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Figure 5.5 Changes in root mean squared deviation (RMSD) from the native structure 

during heating of completely (in vacuo) and partially (5Å thick water skin) dehydrated 

tropocollagen under constant volume. Note the increased thermal stability following 

dehydration as compared to the fully hydrated state. 

 

Thermal unfolding kinetics of tropocollagen under constant pressure condition 

was dependent on the rate of heating (i.e. hold time and temperature). It was observed 

that thermal unfolding occurred at a lower temperature for the cases with larger hold 

times (Fig. 5.6b). It can be seen from Fig. 5.6b that while the onset temperature of 

thermal unfolding for the 20ps hold case (CP1) was 650K, it was 600K and 550K for the 

200ps hold (CP2) and 1ns hold (CP3) cases respectively.  

 

5.4 DISCUSSION 

 

5.4.1 Molecular Dynamics and Nanoscale Behavior of Proteins 

MD is probably the most realistic simulation technique that allows examination of 

nanoscale behavior of proteins. Importantly, MD can be used to describe kinetic 

pathways of several important reactions and thereby provide mechanistic insights. 

Following the first MD study on thermal protein unfolding in bovine pancreatic trypsin 

inhibitor 
181

, several studies on proteins such as chymotrypsin inhibitor 2 
106, 108, 182, 192-194

, 
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apocytochrome 
195, 196

, etc. have been reported (for a review, see article by Daggett 
107

). 

Particularly, in a study involving polyalanine, an α-helical peptide consisting of 13 

residues, Daggett and Levitt studied the thermal unfolding kinetics both in vacuo and in 

the presence of a solvent 
108

. In this study, changes in RMSD of the Cα–carbon atom as 

well as helical content with time were studied at different temperatures using the criterion 

for α-helicity (-100
o
 < φ < -30

o
 and -80

o
 < ψ < -5

o
) similar to that used in this study. It 

should however be noted that the criterion for helicity for tropocollagen (left helix) is 

different from polyalanine (α-helix). While MD provides tremendous insight on the 

transition state structures (dihedral angles of the protein backbone, hydrogen bonds, etc.) 

and can be very useful in studying single molecule unfolding kinetics at the nanoscale, 

the use of high temperature to observe the unfolding process under computationally 

accessible nanosecond timescale has invoked criticism on whether such an approach is 

valid for practical purposes. However, the agreement between the simulations and 

experiment for proteins such as chymotrypsin inhibitor 2 
109

, the engrailed homeodomain 

110
 and the human yes kinase-associated protein 

111
 suggest that the unfolding pathways 

are independent of the temperature and the unfolding process is merely accelerated by 

increasing the temperature in MD 
106

. 

In addition to understanding the thermal unfolding, MD can also provide insights 

on the nanoscale mechanical properties. The previous MD studies involving 

tropocollagen molecule have all mainly focused on understanding the nanoscale 

mechanical properties 
178, 179

. These studies involved stretching of the tropocollagen 

molecule using a steered molecular dynamics (SMD) approach. Lorenzo et. al. subjected 

the single molecule to tensile strains of ~4% and reported the Young’s modulus of a 

single tropocollagen molecule 
179

. In another study, Buehler and Song showed that the 

collagen fibers when subjected to large deformations, at the molecular level, involved 

breaking of several hydrogen bonds, stretching of covalent bonds and ultimately 

molecular fracture 
178

. Finally, despite MD studies investigating the nanoscale 

mechanical properties of tropocollagen as well as thermal unfolding in other proteins 

being reported, the current MD study is still the first to report the thermal unfolding of a 

single tropocollagen molecule. 
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Figure 5.6 Thermal unfolding during heating of a fully hydrated tropocollagen under 

constant pressure. Changes in helical fraction and root mean squared deviation (RMSD) 

from the native structure with time: a) CP1 (20ps hold) and b) Effect of rate of heating on 

onset temperature of unfolding; RMSD vs. temperature changes. Refer to Table 5.1 for the 

description of different simulations. 

 

5.4.2 Dehydration effect on Thermal Stability 

Collagen is hierarchically arranged starting from a triple helical tropocollagen molecule 

into a micro-fibril, fibril and ultimately into a fiber 
80, 173

. The hierarchical arrangement of 
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a collagen matrix differs based on the tissue type (cornea, lens capsule, aorta, tendon, 

etc.) thereby resulting in varying thermal stability (or mechanical strength). At the 

molecular level, tropocollagen is stabilized by intra-protein (mainly backbone-backbone) 

hydrogen bonds (Fig. 5.1). In a hydrated state, as found during physiological conditions, 

the tropocollagen molecule further stabilized by additional protein-water hydrogen bonds 

that are majorly sidechain-water in nature but also include some backbone-water bonds 

(Fig. 5.1). When collagen is heated, these hydrogen bonds stabilizing the tropocollagen 

molecule are broken and ultimately cause it to unfold (Fig. 5.3). Additionally, 

denaturation also involves breaking of other stabilizing bonds or crosslinks between 

different hierarchical levels 
80

. 

Dehydration causes increased thermal stability of the collagen at tissue level 
86

. In 

a rat tail tendon study by Miles et. al, the denaturation temperature following dehydration 

was shown to increase significantly 
86

. Similarly, in another study, Venkatasubramanian 

et. al. showed that both freeze-thaw and mannitol treatments induced dehydration in 

arteries resulting in increased thermal denaturation onset temperature 
154

. Increased 

thermal stability of tropocollagen was observed also at the nanoscale level (Figs. 5 and 

9). Comparison of hydrated (Fig. 5.1) and dehydrated (Fig. 5.7) tropocollagen structure 

suggests that, under both conditions the tropocollagen was stabilized by backbone-

backbone hydrogen bonds. While the additional protein-water hydrogen bonds stabilizing 

the tropocollagen in a hydrated state are reduced or absent due to partial or complete 

dehydration (Fig. 5.7b), dehydration results in additional intra-protein hydrogen bonds 

that are both backbone-sidechain and sidechain-sidechain in nature (Fig. 5.7a, c). These 

results therefore suggest that these intra-protein hydrogen bonds cause an increase in the 

thermal stability of the tropocollagen (Fig. 5.5) and ultimately collagen at the tissue level. 

In another MD study, Mogilner et. al. also observed that dehydration caused increased 

intra-protein hydrogen bonds and that the native structure of the tropocollagen was not 

maintained in the dehydrated state as compared to the hydrated 
197

. These results suggest 

that while dehydration increases the thermal stability, the native structure of the 

tropocollagen (as in a fully hydrated case) was not preserved. 
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 Figure 5.7 Dehydration induced variation in hydrogen bonding (stability) of tropocollagen: 

a) tropocollagen structure in vacuo (Note the newly formed intra-protein, i.e. sidechain-

sidechain and sidechain-backbone hydrogen bonds), b) protein-water hydrogen bonds in 

fully hydrated and partially dehydrated system, and c) sidechain-backbone hydrogen bonds 

in completely and partially dehydrated systems. 

 

 

 Additionally, it can be observed from Fig. 5.7 that during heating under constant 

pressure conditions, the tropocollagen resembles a hydrated state initially followed by 
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dehydration due to expansion of the waterbox. This can be seen from through a reduction 

in protein-water hydrogen bonds as shown in Fig. 5.7b as well as an increase in protein-

protein hydrogen bonds as shown in Fig. 5.7c. 

  

5.5 SUMMARY 

 

In this chapter, an attempt was made to study the nanoscale thermal unfolding of a single 

tropocollagen molecule using MD under hydrated and dehydrated conditions. 

Simulations were performed on a tropocollagen molecule in constant volume and 

constant pressure under fully hydrated, partially dehydrated and completely dehydrated 

conditions. The results from this study are summarized as follows: 

i. The triple helical structure of the tropocollagen is stabilized by several 

hydrogen bonds that are protein-protein as well as protein-water in nature. 

ii. At the molecular level, thermal unfolding involves breaking of hydrogen 

bonds between the protein backbones ultimately resulting in uncoiling of the 

triple helix. The kinetics of unfolding can also be quantified by investigating 

the reduction in the helical content estimated using the dihedral angle criterion 

and an increase in RMSD. 

iii. Under dehydrated conditions, the protein-water hydrogen bonding was 

reduced (absent in vacuo) due to presence of lesser water molecules around 

the protein. However, increased protein-protein hydrogen bonding between 

the backbone and sidechains was also observed. This ultimately resulted in an 

increased thermal stability under dehydration conditions. These molecular 

mechanisms atleast in part explain the increased thermal stability of arterial 

collagen matrix post freeze-thaw induced dehydration reported in Chapter 4. 
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6 RESEARCH SUMMARY  

 

In this dissertation, studies were undertaken to investigate the freeze-thaw induced 

biomechanical changes in arteries and their underlying mechanisms which is ultimately 

required to improve the efficacy of thermal treatments. In summary, freeze-thaw induced 

biomechanical changes as well as arterial component changes were quantified and a 

component based mechanical model suggested. In addition, molecular level changes 

induced during dehydration, such as one during freeze-thaw, to the tropocollagen which 

is the building unit of a collagen matrix were also investigated using molecular dynamics 

approach. The important results and conclusions drawn from the studies conducted in the 

dissertation are summarized as follows: 

 

Freeze-thaw induced biomechanical changes in arteries (Chapters 2 and 3) 

 

Freeze-thaw causes significant stiffening of the arteries that can be measured using both 

uniaxial tensile (Chapter 2) as well as indentation (Chapter 3) responses of normal 

porcine arteries.  

 

a. In the uniaxial tensile response, it was observed that the toe region in the stress-

strain arterial response reduced by 39 ± 14% following radial freeze-thaw. The 

physiological elastic moduli (Eartery) for the fresh and frozen-thawed arteries 

were 185±92 kPa and 506±159 kPa respectively. It was also observed that the 

preconditioning loops of the frozen-thawed arteries showed lesser hysteresis and 

took lesser number of cycles to reach repeatable stress-strain response. 

b. In the indentation response, the peak (EP), initial (E0) and equilibrium (E∞) moduli 

of the radially frozen-thawed arteries were 2.3 ± 1.6, 1.8± 0.6 and 1.6 ± 0.8 times 

that of fresh arteries. The indentation equilibrium modulus for the fresh and 

frozen-thawed were 132 ± 125 kPa and 322±309 kPa respectively.  

 

Freeze-thaw induced changes to arterial components (Chapter 4) 
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Freeze-thaw significantly alters both collagen matrix and smooth muscle cells (SMCs) 

that are the most important components of an artery.  

 

a. Radial freeze-thaw induced significant dehydration in the arteries. The hydration 

ratio of the arteries reduced by 15± 0.06% following freeze-thaw. Significant 

structural changes in the arteries were also observed. The initial length (Lo) which 

is representative of the inner diameter of the artery increased by 29 ± 0.07%. 

b. Increased thermal stability of the collagen matrix following freeze-thaw induced 

dehydration was observed. The amide-III band analysis of the FTIR spectra 

showed an increase in the onset temperature of denaturation for the arteries from 

57.0 ± 3.0
o
C (fresh) to 63.4 ± 4.1

 o
C (frozen-thawed). 

c. Freeze-thaw caused complete destruction of the SMCs. Following freeze-thaw, 

SMCs showed almost no response to norepinephrine and acetylcholine compared 

to control where a distinct contraction and relaxation was observed respectively.  

 

Dehydration induced molecular changes to tropocollagen (Chapter 5) 

 

In order to further investigate the molecular mechanisms underlying the dehydration 

induced increased thermal stability of the collagen matrix, molecular dynamics (MD) 

simulations were performed to understand the short time (ns) and high temperature (> 

500 K) denaturation events within hydrated, partially dehydrated (thin watershell) and 

fully dehydrated (in vacuo) tropocollagen under constant pressure and constant volume 

conditions. Simulations suggested that increased thermal stability following dehydration, 

as induced by freeze-thaw (or other osmotic treatments), was observed at even at the 

molecular level, on a single tropocollagen molecule. Specific conclusions from the MD 

study are: 

 

a. The tropocollagen triple helix is primarily stabilized by backbone-backbone 

hydrogen bonds. Under hydrated conditions, additional hydrogen bonds between 

the protein (mostly sidechain but some backbone as well) and water are formed 

that further stabilize the structure. Thermal denaturation at the molecular level is 
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characterized by breaking of the backbone-backbone hydrogen bonds that result 

in uncoiling of the triple helical structure.  

b. Dehydration results in reduced protein-water hydrogen bonds due to absence of 

water molecules around tropocollagen. This leads to formation of new sidechain-

backbone hydrogen bonds that are typically absent under hydrated conditions. It 

was also observed that dehydrated tropocollagen showed increased thermal 

stability and did not unfold when exposed to same thermal history as the hydrated 

case. This suggests that formation of new intra-protein hydrogen bonds in the 

absence of water molecules causes the increased thermal stability during 

dehydration. 

 

Future Directions 

 

1. Results from both uniaxial and indentation studies suggest that subjecting an 

artery section to freeze-thaw is similar to insertion of a vascular graft with 

significantly high stiffness. These results could be potentially (i.e. modulus of 

normal and diseased arteries as well as changes in them following cryoplasty) 

used in emerging computational models that account for solid-fluid coupling at 

the artery wall to provide initial insights on the hemodynamical changes in a 

cryoplasty treated artery. Significant variation in the hemodynamics of a 

cryoplasty treated artery might require the ability of potential chemical modifiers 

in mitigating the biomechanical effects be investigated. 

2. Future work should be directed towards understanding the structural changes (at 

the level of fibers/fibril) in the collagen matrix using scanning/transmission 

electron microscopy. Future studies should also be directed towards 

understanding of the freeze-thaw effects on other arterial components such as 

elastin and glucosaminoglycans (GAGs) and incorporate these effects into the 

component based arterial model for thermobiomechanics. Such a model would 

significantly improve the understanding of underlying mechanisms of 

thermobiomechanics.  
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APPENDIX A- THERMAL MODELING OF CRYOPLASTY 

 

This chapter describes the thermal model for predicting temperature distribution during 

cryoplasty. The present author performed all the computer simulations and data analysis 

for the thermal modeling. Saravana K. Balasubramanian and Arjun Menon performed the 

in vitro experiments to quantify the thermal effects on SMC viability. The results from 

this chapter were published in the following citation: 

 

i. Balasubramanian, S.K., Venkatasubramanian, R.T., Menon, A. and Bischof, 

J.C. (2008) “Thermal injury prediction during cryoplasty through in vitro 

characterization of smooth muscle cell biophysics and viability” Annals of 

Biomedical Engineering 36(1): p86-101. 
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Abstract 

 

Cryoplasty, a novel technique involving simultaneous stretching and freezing of the 

peripheral arteries using a cryogen filled balloon catheter, has shown the potential to 

combat restenosis. A thermal model of cryoplasty is useful in predicting the temperature 

distribution during cryoplasty; which in turn would be ultimately beneficial for further 

optimization of the technique.  In the current chapter, the thermal history in arteries was 

predicted for different balloon temperatures using a thermal model. Based on the 

predicted temperature distribution, conservative estimates of injury regimes in the artery 

during cryoplasty were predicted. 
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7.1 INTRODUCTION 

 

The most common types of vascular disease in the peripheral arteries (i.e. PAD) are 

blocked arteries due to fatty deposits that affected about 8-12 million people in the United 

States in 2006
1
. Endovascular techniques such as percutaneous transluminal angioplasty 

(PTA) are used to treat PAD. However, typically 30-40% of angioplasties result in 

restenosis
2,3

. This occurs because PTA causes substantial injury to the vessel wall during 

dilation of the arterial blockage. This disrupts not only the plaque but also the 

endothelium, the internal elastic lamina and the media, which can lead to aggressive 

proliferation of SMCs resulting in neointimal hyperplasia or restenosis
4
. To offset these 

drawbacks, alternative treatment procedures for PAD are being actively investigated
5
. 

Drug coated stents have been introduced as an option over PTA. However, there are 

durability issues associated with the treatment (e.g. material sloughing, restenosis over 

time etc.)
6
. This suggests the need for continued research and development in restenosis 

treatments.  

 One new and promising method is the use of freezing to treat stenotic vessels 

(cryoplasty) involving controlled freezing of the affected artery using a cryogen filled 

balloon catheter. The choice of the cryogen includes liquid N2, Freon, nitrous oxide, CO2 

gas and in certain cases saline solution mixed with ethanol
7
. Freezing of the stenotic 

vessel can help predict the survival of the proliferating SMCs and also prevent elastic 

recoil of the artery, which could result in restenosis
7
. Other advantages of freezing 

include maintenance of ECM structure
8
, the minimally invasive approach and lack of 

coagulation effects, i.e. thermal fixation
9
. Recently, a thermal model analyzing the 

temperature distribution in arteries during cryoplasty was reported
10

. Though relevant, 

assumption of constant thermal properties for tissues during freezing will affect predicted 

temperatures and cooling rates. Though promising, there is still a lack of clear 

understanding of the extent and distribution of thermal injury during freezing in arteries 

that limits its informed use.  

The aim of the current study is to quantify and predict the thermal injury in 

arteries during cryoplasty. A thermal model is used to predict temperature distribution in 

femoral and popliteal arteries (two common targets) during freezing. Results from the 
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thermal model along with thermal effects on SMC viability are then used to obtain 

conservative estimates of thermal injury regimes in the artery.  

 

7.2 THERMAL MODEL  

 

The energy equation, modified to account for phase change using the enthalpy method
11, 

12
, was used to predict the thermal history of the artery during freezing. Similar use of the 

model was reported for a variety of tissue systems as reviewed recently
13

. The governing 

partial differential equation is given by: 
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In Eqn. 7.1, H is the volumetric enthalpy, k the thermal conductivity (W/m.K) and ρ the 

density (kg/m
3
). The tissue was considered frozen for all T < Ts, unfrozen for all T > Tl 

and a mushy zone considered for Ts < T < Tl where Ts = -40
o
C and Tl = -0.53

o
C. The 

thermal properties used in the model, outside the mushy zone, are listed in Table 7.1. 

Calculation of the thermal properties and enthalpy inside the mushy zone has been 

discussed elsewhere
12, 14

. Briefly, the thermal properties and the enthalpy in the mushy 

zone were calculated as follows: 

             

 

                              

   

 

 

 

 

 

where Xs and Xl are the thermal property or enthalpy at Ts and Tl respectively and f(T) the 

release pattern describing the relation between temperature and the unfrozen tissue within 

the mushy zone. An Euler forward one dimensional finite difference analysis with time 
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model
15

. The results were additionally verified using finite element analysis (ANSYS 

10.0, Canonsburg, PA).  

 

 

 

Table 7.1 Thermal properties used in the model. Tissue properties from previously reported 

studies were assumed to be true for arteries. The latent heat of artery was calculated based 

on the assumption that the 60-65% of the tissue was water and the non-water portion did 

not contribute to the latent heat. 

 

 

The thermal model predicted the temperature distribution in geometries 

corresponding to femoral and popliteal arteries. Fig. 7.1 depicts the arterial geometry 

modeled and the boundary conditions imposed. A lumen radius of 3mm for popliteal and 

5.5mm for femoral artery was used while the arterial thickness was assumed to be 2mm 

for both the arteries
16, 17

. The thermal properties described in Table 7.1 were used for 

both. The arteries were assumed to be perfectly cylindrical and the heat transfer was 

assumed to be radial. Cryoplasty involves freezing of the artery to approximately -15 to -

20
o
C for about 60s

18
. Thus, a constant boundary temperature of -15

o
C and -20

o
C was 

separately applied for each case at the inner artery wall for a time of 60s. The entire 

artery was assumed to be at an initial temperature of 37
o
C.  

Both femoral and popliteal arteries are surrounded by blood perfused muscle 

fibers. Assuming that the blood flow in the surrounding tissues would maintain the outer 

arterial wall temperature at 37
o
C, a constant temperature boundary condition was 

imposed at the outer wall. In another case, as an extreme situation, the surrounding 
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tissues were included in the model and a constant temperature (37
o
C) boundary condition 

imposed at 15.5mm from the lumen center. The surrounding tissues were also assigned 

the same thermal properties as the arteries. It is expected that an in vivo situation would 

fall in between the two boundary conditions described. 

 

Figure 7.1 Artery geometry used in the thermal model for the prediction of temperature 

distribution during cryoplasty. The geometrical dimensions and the imposed boundary 

conditions for the thermal model are listed. 

 

 

7. 3 RESULTS AND DISCUSSION 
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The temperature distribution in the artery vs. radial distance was estimated using the 

finite difference model. For a constant boundary temperature condition (Fig. 7.1), the ice 

ball edge grew up to approximately half the arterial thickness (~1mm) in each case. For  

 

 

Figure 7.2 Thermal history of femoral artery (r = 5.5mm) wall during cryoplasty. (a) 

Temperature within the artery as a function of radial distance for different times (b) 

Temperature as a function of time at different locations (c) Temperature as a function of 

radial distance during the extreme case (i.e. constant boundary condition (37
o
C) at ro = 15.5 

mm) 
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e.g., in the femoral artery, for a constant boundary temperature of -20
o
C at the inner wall 

(ri = 5.5mm), the iceball is predicted to grow to r = 6.7mm within 12s. Cooling rate at 

different radial locations in the artery is determined from the slope of the temperature 

variation over the first 15-20s as transients at any location reduces significantly after that 

time point (Fig. 7.2b). For the popliteal artery, the estimated cooling rates range from 

2500 to 5
o
C/min at different radial locations. Table 7.2 provides information on end 

temperatures and cooling rates predicted at different locations within the artery for 

different initial balloon temperatures. In addition to the different conditions listed in 

Table 7.2, thermal response during constant boundary condition at ro = 15.5mm (extreme 

case) is studied.  

 

Table 7.2 Summary of the thermal injury following cryoplasty in the a) femoral and b) 

popliteal artery model. BT: Balloon temperature (
o
C), r: radius (mm), IBE: Ice ball edge 

(mm), NZ: Necrotic zone (mm), AZ: Apoptotic zone (mm), CR: Cooling Rate (
o
C/min) and 

ET: End Temperature (
o
C). 
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Figure 7.2c describes the temperature vs. radial distance at different times during the 

extreme case. In vivo thermal history is expected to be captured in between the two 

extreme cases considered in the thermal model. While the initial cooling rates did not 

change significantly, sub-zero temperatures are predicted in the entire artery and the ice 

ball edge grew beyond the artery wall. Based on the temperature predictions of the 

thermal model and results that quantify the thermal effects on SMC viability described 

elsewhere, conservative estimates of thermal injury during cryoplasty are presented. 

 

 

Figure 7.3 Thermal injury regimes during cryoplasty (with balloon temperature of -20
o
C) in 

a femoral artery as predicted using the thermal model and the in vitro studies on SMC 

biophysics and viability. Regions of both necrosis and apoptosis are predicted. 

 

Based on the thermal history, the biophysical mechanisms and the viability 

outcomes presented elsewhere
19

, conservative estimates of injury regimes within the 

artery are predicted (Table 7.2 and Fig. 7.3). We define temperature regimes and cooling 

rates that may result in necrotic or apoptotic cell injury. Necrotic injury is defined to 

occur in regimes experiencing a temperature less than -20
o
C and a cooling rate greater 

than 50
o
C/min (dominated by IIF). Apoptosis is defined to occur in regimes experiencing 
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temperatures between 0 and -10
o
C and a cooling rate less than 50

o
C/min. These estimates 

were based on in vitro studies performed to quantify the thermal effects on SMC injury. 

Regions close to the inner arterial wall or to the cryoplasty balloon experience a lower 

end temperature (~-20
o
C) and a high cooling rate (>130

o
C/min) and hence are presumed 

to have higher necrotic injury. The thermal injury was higher as expected when a lower 

balloon temperature (-20
o
C) was used. Figure 7.3 summarizes the different injury 

regimes, using the ANSYS model, in a femoral artery of 11mm lumen diameter when the 

balloon temperature was maintained at -20
o
C. Table 7.2 summarizes the predicted 

necrotic and apoptotic injury regimes for the femoral and popliteal artery due to freezing. 

When a constant temperature boundary condition was applied at radial distance of 

15.5mm (Fig. 7.2c), the ice ball edge and the injury zones are expected to extend beyond 

the artery wall. 

 This study is useful in predicting possible temperature regimes that can yield 

higher necrotic or apoptotic cell injury by modifying the thermal conditions imposed. 

Arteries occlude when rapidly frozen to -80
o
C and apoptosis and necrosis are reported for 

balloon temperatures of -20
o
C and -10

o
C

20, 21
 under in vitro conditions. Balloon 

temperatures in between -80
o
C and -20

o
C may be looked into as options to enhance cell 

injury post cryoplasty. The results of the study may be used in further optimization of the 

cryoplasty protocol and in designing in vivo studies. 
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