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ABSTRACT 

The vocal folds are important for protection of the airway during swallowing, the 

regulation of breathing and for voice production. Unilateral vocal fold paralysis (UVP) is 

caused by damage to the recurrent laryngeal nerve (RLN). Although surgery is most 

often linked to onset of UVP, the cause remains unknown in 12-42% of those with this 

disorder [1, 2]. At the level of the aortic arch the RLN branches from the vagus nerve 

and courses around the arch to ascend back toward the larynx. I hypothesize that an 

aneurysm of the aorta or alternatively changes in aortic arch compliance could impose 

increased stress and strain on the RLN where it is adjacent to the aorta resulting in 

impaired nerve function. The purpose of this research is to develop a computational 

model based on the biomechanical properties of the left RLN. This model is important 

for formulating predictions of the typical ranges of stress and strain responses of RLN 

tissue to forces imposed by surrounding structures (aortic arch). These predictions may 

be important for future investigations using an animal model to determine the amount 

of stretch necessary to cause onset of UVP. 

The first aim of this work was to identify differences in the biomechanical 

properties in the RLN of piglets between its location within the neck and the portion of 

the left RLN within the thorax, including the aortic arch region. The distal right RLN 

segment showed higher maximum tangential modulus (MTM) than the left. With the 

left nerve the proximal segment (aortic arch region) exhibited higher values of MTM and 

the stiffness parameter β than the distal segment. This increased stiffness of the 
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proximal region may be in response to the pulsatile forces near the region of the aortic 

arch.  The second aim of this work was to identify difference in the biomechanical 

properties in adolescent and piglet RLN specimens, between age and between the 

proximal and distal segments.  Additionally the collagen structure of the RLN was 

imaged with two-photon microscopy to compare the microstructure with the 

biomechanical response of the RLN tissue.  The tangential modulus (TM) and full width 

half maximum of the collagen fiber distribution (FWHM) was larger in the proximal 

segments than the distal segments. The strain energy and stiffness parameter α were 

larger in the piglet than the adolescent pigs while the stiffness parameter β was larger in 

the adolescent pigs. The purpose of the third aim was to use the material constants 

from the second aim to create a parametric computational model of the left RLN and 

the aortic arch.  Results indicated that the parameters with the greatest sensitivity to 

left RLN maximum principal stress and strain are the material properties of the aortic 

arch. The maximum value of strain found in the RLN region of interest was 16.1%, which 

may indicate that some combination of aortic arch and RLN properties can elicit damage 

in the RLN. 
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1. INTRODUCTION 
1.1 Peripheral Nerve Physiology 

Peripheral nerves are unique soft tissues, anchored to the spinal column. The 

structural organization of peripheral nerves allows axons to conduct electrical impulses 

while allowing the nerve to bend and stretch to tolerate the myriad postures of the 

trunk, head and limbs. Axons within a peripheral nerve are extensions of cell bodies. 

Because their terminals are distant from the cell bodies, axons are insulated, bundled 

and protected within three protective layers of connective tissue – the endoneurium, 

the perineurium and the epineurium (Figure 1.1). Connective tissues of peripheral nerves 

play an important role in insulating and protecting peripheral nerves [3-11]. 

 

 

Figure 1.1 Anatomical regions and structures in a typical peripheral nerve trunk [12] 
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1.1.1 Endoneurium 

The endoneurium has two layers that are composed of collagen fibrils (Types 

I,II,IV) that surround individual axons and provide a nominal degree of tensile strength 

[4, 13-15] Within the endoneurium, all axons are intimately associated with Schwann 

cells. A single Schwann cell envelops a single myelinated axon. Along a myelinated axon, 

the points of separation between myelinating Schwann cells are called nodes of Ranvier.  

Between the axons is a loose connective tissue of type I and type II collagen fibrils in 

longitudinal orientation, fibroblasts, mast cells and macrophages. 

 

1.1.2 Perineurium 

Groups of nerve fibers, or nerve fascicles, are contained within several layers of 

flattened cells that comprise the perineurium. This structure acts as a “blood-nerve 

barrier” by preventing the transport of harmful agents into the endoneurium [4, 13, 14, 

16, 17]. The perineurium surrounding each fascicle is the primary contributor to the 

nerve’s tensile strength and elasticity [8, 18]. This layer contains Type I and Type II 

collagen fibers, as well as elastic fibers oriented in circumferential, oblique, and 

longitudinal orientations, which together can provide multi-directional tensile strength 

to the fascicles [19, 20]. 
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1.1.3 Epineurium 

The most external layer surrounding all of the fascicles within each nerve is the 

epineurium. This layer contains a loose framework of collagen fibrils (Types I and III), 

adipose tissue [4, 13, 19, 21], elaunin filaments (10 nm width) and elastin fibers (250-

500 nm in width) [4, 14]. This dense network of collagen and elastic fibers can absorb 

shock by dispensing the compressive forces and protecting nerves from such 

compression to the nerve structure as a whole.  It has been hypothesized that the 

epineurium does provide some protection to the nerve in tension as well [18, 22]. The 

outermost tissue of the epineurium is attached to paraneural fascia components of the 

connective tissue surrounding the epineurium [23]. The paraneural loose connective 

tissue may contain a significant amount of adipose tissue, which serves to protect the 

nerve sites of recurrent compression. 

 The amount of epineurium present in a peripheral nerve varies relative to the 

environment that the nerve travels through.  For example, peripheral nerves exhibit 

increased amounts of epineurium where they cross joints [14, 24].  Such increases in 

epineurium would improve protection from nerve compression resulting from joint 

movement [9-11, 14, 15, 25-27].  This is especially true when a nerve contains large 

amounts of adipose tissue in the epineurium.  Thus, consideration of the amount and 

composition of the epineurium of peripheral nerves can serve as an important factor 

when attempting to understand onset of nerve dysfunction. 
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1.2  Nerve Mechanics 

As with other soft tissues, the response of nerve tissue to mechanical loading 

depends on the size, shape, organization and composition of that tissue.  Mechanical 

properties depend on the specific conditions related to loading, i.e. rate and duration of 

applied load. When describing the response of tissue to mechanical loading, the 

behavior and structure of each material comprising the overall tissue, as well as their 

local organization and structure contribute to the overall biomechanical response. 

Structural properties describe the behavior of the tissue as a whole and depend on the 

geometry and material properties of the entire structure. Material properties describe 

the intrinsic properties of a material and are independent of the shape of the material. 

The material properties of nerves are likely to be dependent on a number of factors 

such as outer-inner layer integrity, arrangement of fascicles and the molecular structural 

elements of the extracellular matrix such as collagen and elastin [15]. The concept that 

nerves are mechanically homogeneous may be inappropriate since the mechanical 

environment loading varies along the length of most nerves [20, 28].  

The two loading conditions that are the most clinically relevant is tensile testing 

along the length and compression in the radial direction. When a load is first applied to 

a resting nerve, the nerve lengthens markedly relative to the applied load; this is 

represented in the toe region of the representative stress-strain curve of Figure 1.2. 

Structurally, the minimal longitudinal tensile load results in straightening of the wavy 

connective tissue and axons in the endoneuriual compartment.  As the tensile load is 



19 
 

increased, the nerve elongates at a steady rate, demonstrated by the linear region of 

the stress-strain curve of Figure 1.2. The slope of this portion of the curve is a measure of 

the resistance of the nerve to deformation and is termed stiffness.  At a certain point, 

the amount of applied load starts to permanently deform elements of the nerve. Finally 

the nerve reaches its ultimate stretch and undergoes mechanical failure. Identifying the 

maximum load which nerves can withstand is of great importance to improving the 

outcome of nerve repair.  During elongation of a nerve, its cross-sectional diameter also 

reduces causing compression of the nerve fibers and/or blood vessels [6, 7, 13, 27]. 

 

Figure 1.2 Typical load-elongation and stress-strain curves for a peripheral nerve. [20] 

 

 
1.3 Nerve Injury 

Nerve injury includes not only direct tissue damage but also any outcome that 

include any ensuing physiological dysfunctions, such as weakness or sensitivity. Nerves 
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are susceptible to injury from tensile and compressive loading.  Compressive or tensile 

loads on a nerve may occur by a traumatic event or by an abnormal condition in an 

adjacent structure. Nerve injuries are categorized clinically according to a scheme first 

proposed by Herbert Seddon [29-31]. Neurapraxia is the least severe form of nerve 

injury, usually with complete recovery. In this case, the actual structure of the nerve 

remains intact, but there is an interruption in conduction of the impulse down the nerve 

fiber. Most commonly, this involves compression of the nerve or disruption to the blood 

supply (ischemia). There is a temporary loss of function which is reversible within hours 

to months of the injury (the average is 6–9 weeks). Axonotmesis is a more severe nerve 

injury with disruption of the neuronal axon, but with maintenance of the connective 

tissues. This type of nerve damage may cause paralysis of the motor, sensory, 

and autonomic nerve fibers. It is mainly seen in crush injury but can also occur when the 

nerve is stretched (without damage to the epineurium). Regeneration occurs over 

weeks to years. Neurotmesis is the most severe lesion with potential of recovering. It 

occurs on severe contusion, stretch or laceration. Not only the axon, but the 

encapsulating connective tissues lose their continuity. Function will not likely return 

without any surgical intervention [29-31]. 

 

 

 

 

http://en.wikipedia.org/wiki/Ischemia
http://en.wikipedia.org/wiki/Neuron
http://en.wikipedia.org/wiki/Axon
http://en.wikipedia.org/wiki/Paralysis
http://en.wikipedia.org/wiki/Sensory_nervous_system
http://en.wikipedia.org/wiki/Autonomic_nervous_system
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1.4 Unilateral Vocal Fold Paralysis 

1.4.1 Anatomy of Vocal Folds 

The larynx, or voice box, has multiple intrinsic muscles that control movement of 

the vocal folds. All of these muscles are innervated by the recurrent laryngeal branch of 

the vagus nerve except the cricothyroid muscles, which are innervated by the external 

branch of the superior laryngeal nerve, which is also a branch of the vagus nerve .The 

cricothyroid muscles function to elevate the anterior arch of the cricoid cartilage and 

depress the posterior portion of the thyroid cartilage lamina [32]. This produces tension 

and elongation of the vocal cords, resulting in higher-pitch phonation. The posterior 

cricoarytenoid muscles function to rotate the arytenoid cartilages laterally, thereby 

abducting the vocal cords. Their action opposes that of the lateral cricoarytenoid 

muscles. The lateral cricoarytenoid muscles function to rotate the arytenoid cartilages 

medially, thereby adducting the vocal cords. The main function of the transverse 

arytenoid muscle is adduction of the vocal cords. The thyroarytenoid muscles function 

to draw the arytenoid cartilages forward, thereby relaxing and shortening the vocal 

cords, while also rotating the arytenoid cartilage inward, thus adducting the vocal folds 

and narrowing the rima glottis. The vocalis part of each thyroarytenoid muscle is 

contained within the vocal folds on each side [32, 33]. 

Vocal fold paralysis (also known as vocal cord paralysis) is a voice disorder that 

occurs when one or both of the vocal folds don't open or close properly due to 

http://emedicine.medscape.com/article/1875813-overview
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neurologic injury. Unilateral vocal fold paralysis (UVP) is a common disorder. Paralysis of 

both vocal folds (bilateral) is rare and can be life threatening [34, 35]. 

The vocal folds are two elastic bands of muscle tissue located in the larynx (voice 

box) directly above the trachea (windpipe) (Figure 1.3). When you breathe, your vocal 

folds remain apart and when you swallow, they are tightly closed. When you use your 

voice, however, air from the lungs causes your vocal folds to vibrate between open and 

closed positions. 

If you have UVP, the paralyzed fold may remain open, leaving the air passages 

and lungs unprotected. You could have difficulty swallowing, food or liquids could 

accidentally enter the trachea and lungs, causing serious health problems. If the 

paralyzed fold doesn’t open properly you may have difficulty breathing [36-46].  
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Figure 1.3 Anatomy involved in speech and voice production [47] 
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1.4.2 Anatomy of Recurrent Laryngeal Nerve 

The recurrent laryngeal nerve (RLN) is the primary motor supply to the muscles 

of the vocal folds in the larynx. The RLN is a myelinated nerve. It is a component of the 

vagus nerve. As the vagus nerve exits the medulla, the fibers of the RLN are anteriorly 

situated in it. As the vagus traverses inferiorly, the fibers of the RLN start to rotate 

medially until they are ultimately separated from the vagus nerve. The vagus nerve has 

a superior ganglion at the level of the jugular foramen. This ganglion is also known 

as jugular ganglion. This ganglion contains cell bodies of parasympathetic and sensory 

fibers that run in the vagus.  

The course taken by the vagus nerve differs between the right and the left sides. 

The right vagus nerve descends with the common carotid artery. At the level of division 

of the innominate artery, the right RLN branches from the vagus nerve and loops around 

the subclavian artery and ascends along the superior lobe of the pleura. It then 

approaches the tracheoesophageal groove behind the common carotid artery. The left 

vagus nerve follows the carotid artery into the mediastinum crossing anterior to the 

aortic arch. The left RLN branches from the vagus nerve just below the aortic arch and 

loops medially under the aorta and ascends within the tracheoesophageal groove 

(Figure 1.4) [48].  

The approximate length of the left RLN is 12 cm, whereas the right nerve 

measures about 6 cm only [49]. Considering the extra length and the distance the left 

RLN has to travel, it is the common nerve affected by diseases, disorders or trauma . The 
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right RLN does not get into the tracheoesophageal groove until it approaches the 

cricothyroid joint [48]. In some patients the right RLN branches from the vagus nerve at 

the level of thyroid gland, this condition is always associated with an anomalous 

retroesophageal location of the right subclavian artery. This is also known as a non-

recurrent variation of the right RLN. This condition places the nerve at risk during 

thyroid surgery [50]. 

         The RLN has a significant but varying relationship with the inferior thryoid 

artery. On the left side, the left RLN passes behind the inferior thyroid artery in 50% of 

the cases and anterior to the artery in 20% of cases and may lie in between the 

branches of the inferior thyroid artery in 30% of cases [48, 51]. These relations are 

different on the right side. On the right side the right RLN approaches the 

tracheoesophageal groove more laterally. In half of the cases the right RLN passes 

between the distal branches of the inferior thyroid artery, in 30% of patients it may lie 

anterior to the artery, and in 20% of cases it may lie deep to the inferior thyroid artery 

[48, 51]. 

Both the left and right RLN enters the larynx deep into inferior constrictor 

muscle and posterior to the cricoarytenoid joint. Inside the larynx it divides into sensory 

and motor branches. The anteriorly directed motor branch is made up of 1000 axons. 

About 250 of the axons innervate the cricoarytenoid muscle, since it is the sole abductor 

of the vocal fold. The trachea, oesophagus and pyriform sinuses receive their sensory 

fibers from the posterior division of the RLN before entering the larynx [52]. 
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The blood supply to the RLN comes from the inferior thyroid artery. The feeding 

branches are usually anterior to the nerve. Distally, the inferior laryngeal artery, a 

terminal branch of the inferior thyroid artery, supplies the RLN [52]. 
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Figure 1.4 Anatomy of the left and right RLN [52] 
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1.4.3 UVP: Symptoms, Diagnosis, Causes 

The main presenting symptom in the case of UVP is hoarseness of voice, the 

degree of which depends on the position of paralyzed vocal cord [53].Other associated 

symptoms may be stridor, breathlessness, dysphagia, sore throat, cough and 

haemoptysis (coughing of blood) [53]..Among those diagnosed with UVP, 38% exhibit 

aspiration during swallowing due to the impaired closure of the larynx necessary to 

protect the airway during eating [36]. 

The majority of individuals diagnosed with UVP are older than 45 years of age 

with an average age of 64 years at onset [54, 55] and slightly more females than males 

[1, 2]. In general, the left RLN is impaired more often than the right [34, 35]. The more 

frequent impairment of the left RLN is attributed to its longer path through the thoracic 

cavity. Thus, pathologies such as tumors involving the lungs, esophagus, or trachea may 

potentially affect left RLN function [56]. 

In the majority of patients with UVP the etiology can be determined via 

extensive history-taking, clinical examination, and laboratory testing. UVP may occur 

subsequent to trauma, surgery, respiratory infection, or idiopathically (i.e. unknown 

cause) [25, 55-58]. Of these, damage to the RLN is most often associated with surgical 

procedures [56, 58]. The RLN is at risk for injury during many surgical procedures, such 

as thyroid, anterior cervical spine, and thoracic surgery. The true incidence of vocal fold 

paralysis remains unknown. The incidence of injury to the RLN from thyroid surgery has 

been reported to be between 0.3% and 13.2%, and from anterior cervical spine surgery 
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to be between 2% and 21.6% [3, 59]. Mechanisms of iatrogenic injury include 

intubation, transection, crush, traction, inadvertent ligature placement, and thermal 

injury. 

Interestingly, 12-42% of cases of UVP are initially diagnosed as idiopathic or of 

unknown etiology [60]. Recent literature suggests that some of these cases may, in fact, 

be caused by diseases to the proximal region (i.e. closer to  the aortic arch or subclavian 

artery) of the RLN [61]. Several such cases have been published in recent years further 

elucidating the link between UVP and aortic or pulmonary artery aneurysm, enlarged 

atrium, or neoplasm affecting the lower lobe of the left lung [61-64]. Thus, a proportion 

of those previously diagnosed with idiopathic UVP may have resulted from changes in 

the aortic arch, pulmonary vein, or atrium resulting in increased stretch or compression 

on the nerve. Evidence that chronic compression may be indicated in idiopathic onset of 

UVP has been addressed by research investigating its histopathology in horses [65]. This 

research showed that pathologic changes in the RLN were consistent with that of 

chronic nerve compression.  

Hoarseness of voice due to left RLN paralysis was first described in 1897 by 

Norbert Ortner, an Austrian physician, in a patient with mitral valve disease (mitral 

stenosis and left atrial enlargement). Various cardiopulmonary conditions associated 

with left RLN palsy have been described over the last 100 years. Thus, the syndrome is 

now also termed as cardiovocal syndrome [66].  
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1.4.4 Treatment 

The most popular for treatment of unilateral vocal fold immobility is known as 

vocal fold medialization. This is an operation in which a small implant of some material 

is surgically placed inside the larynx to move the immobile fold closer to the midline, see 

Figure 1.5. There are different materials used for the implant: custom carved silastic (a 

type of plastic made from silicone), Gore-Tex, and a bone-like material called 

hydroxyapatite [67] [68]. The operation is done in most cases using only a local 

anesthetic, so the patient is awake. This allows both the surgeon and the patient to 

assess voice quality during the operation and to adjust the size of the implant to 

improve vocal control and production. 

 

Figure 1.5 The images above show the medialization thyroplasty procedure. The image 
on the left shows the placement of the shim in the thyroid cartilage. The image on the 

right demonstrates how this shim, when correctly placed, can help push a motion-
impaired vocal fold medially.[69] 
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The arytenoid is a small piece of cartilage that makes up the posterior portion of 

the vocal cord. The muscles that move the vocal folds are attached to the arytenoids. 

The medialization procedure described above does not move the arytenoid very well, 

and some patients will have a breathy voice after the operation due to air leakage in the 

rear portion of the vocal folds [68]. An arytenoid adduction can be done in these cases. 

The term adduction just means movement towards the middle. Since the silicone block 

or other implant will not move this portion of the vocal fold very well, a different 

technique is used. 

Another group of treatment techniques for unilateral vocal fold immobility 

involves injection of a material into the larynx to push the fold towards the midline. 

Different materials can be used for injection. Fat can be taken from a patient and 

injected back into the larynx. Since this is a natural material coming from the patient, 

there is much less chance of a reaction or infection from the material. However, about 

50-70% of the fat is reabsorbed after several months, so the procedure often must be 

repeated over time [70]. Gelfoam is an absorbable material that can be crushed and 

injected [71]. It is absorbed slightly more quickly than fat, so it is only a short term 

solution. Finally, a teflon paste can be injected to push the fold towards the middle. 

There are several disadvantages to Teflon which have made the medialization 

procedure described above more popular. First, it is harder to control exactly where the 

Teflon finally ends up. The Teflon particles can infiltrate the muscles or lining of the 

vocal fold, which worsens the natural vibratory function of the vocal fold and produces 
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poor voice quality. Teflon can cause reactions in some people, producing what is called a 

granuloma. Finally, Teflon is much more difficult to remove than the silicone block and 

the procedure is therefore less reversible. Also, if nerve recovery eventually occurs and 

vocal fold function returns after a Teflon injection, the voice may not improve as much 

as it would if medialization had instead been performed. One advantage of Teflon 

injection is that, in some cases, it can be injected in the physician's office or clinic, and 

therefore does not always require a trip to the operating room [67, 71]. 

Functional electrical stimulation (FES) of the larynx, or laryngeal pacing, 

continues to be explored as a potential therapeutic option for unilateral and bilateral 

paralysis. FES systems have been used to restore motor function to patients who have 

spinal cord injury, to control heart rhythms in cardiac disease, and to restore sensory 

function [59].   

Gene therapy may offer future treatment options for RLN injury [72]. Several 

growth factors have been identified that promote neuronal survival and sprouting. 

Delivery of genes encoding such growth factors into host tissue may protect against 

neuronal degeneration and stimulate regeneration after nerve injury. Shiotani and 

colleagues delivered the gene for IGF-I in a nonviral vector to the rat thyroarytenoid 

muscle after RLN transection [73]. Rats who received the gene demonstrated greater 

reinnervation and less muscle atrophy than rats who did not receive the treatment [59].  
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2. HYPOTHESIS AND SPECIFIC AIMS 
2.1 Hypothesis 

The vocal folds are important for protection of the airway during swallowing, 

regulation of breathing, and for voice production during speaking. Individuals with 

unilateral vocal fold paralysis/paresis (UVP) often experience choking during eating and 

difficulty with breathing and speaking. These problems cause significant impairment of 

daily function in these individuals. Most diagnosed with UVP are older than 45 years of 

age and either underwent surgery to the neck or chest prior to onset, or had onset 

without a known cause (i.e. idiopathic). Recent studies of the quantity and composition 

of the connective tissues that surround nerve fascicles (i.e. epineurium) within the 

recurrent laryngeal nerve (RLN) found significant differences within the neck and thorax 

regions of the RLN that further differed with growth.  The long-term goal of this 

research is to develop a computational model of RLN tissues which will be used to study 

how the forces imposed on the RLN tissues directly (i.e. surgical retraction) or by 

surrounding structures (e.g., aortic dilation with age/disease, postsurgical edema) affect 

its stress and strain. This model will also be used in future investigations to test 

predictions of the levels of RLN tissue deformation necessary to cause onset of UVP in 

the pig. 

Our central hypothesis is that the biomechanical characteristics of the RLN differ 

with anatomical setting (i.e. neck vs. thorax) and across the lifespan and may play a role 

in the onset of UVP with aging.  
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2.2  Specific Aims 

Specific Aim 1: Determine the effect of nerve location (neck versus thorax region) on 

the biomechanical properties of excised samples of the left and right RLN in piglets. 

Hypothesis 1: The RLN exhibits larger stiffness in the region of the arteries (thorax region) in 

order to protect against environmental forces that may be damaging to the nerve. 

 

Specific Aim 2: Determine the effect of development (with age) and location (neck 

versus thorax region) on the biomechanical and microstructural properties of excised 

samples of left and right RLN in piglets and juvenile pigs.  

Hypothesis 2: Adolescent pigs are more resistant to stretch than piglets. RLN segments 

of piglets in the distal region will exhibit different properties than those in the proximal 

region as seen in Specific Aim 1. RLN segments of adult pigs in the distal region will 

exhibit an even greater difference in properties than those in the proximal region. 

 

Specific Aim 3: Develop a finite element based computational model of the RLN using 

the outcomes from Specific Aims #2 that can be used to identify the most influential 

material constants of the aorta and RLN that affect RLN strain and stress.  
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Hypothesis 3: There are ranges of both aortic arch and nerve properties beyond which lead to 

more than 10% strain of the nerve when a static load is applied. The material properties of the 

aortic arch will have a significant effect on the strain in the left RLN. 
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3. SPECIFIC AIM 1  
3.1 Introduction [74] 

Given that the most common causes of UVP are associated with compromised 

nerve tissues, investigation of the biomechanical properties of the RLN may be helpful 

to characterize the environmental forces this nerve is able to withstand.  Such research 

would test the ability of the connective tissues that compose the RLN to protect it from 

typical stress and strain forces in its environment. 

The amount of epineurium present in a peripheral nerve varies relative to the 

environment that the nerve travels through.  For example, peripheral nerves exhibit 

increased amounts of epineurium where they cross joints [14].  Such increases in 

epineurium would improve protection from nerve compression resulting from joint 

movement [4-7, 9-11, 13].  This is especially true when a nerve contains large amounts 

of adipose tissue in the epineurium [19].   

Previous work compared the epineurium of the left RLN to the flexor hallicus 

longus branch of the tibial nerve (NFHL) in the canine [58].  This study demonstrated a 

significant difference in the amount and makeup of the epineurium in the left RLN 

compared to the NFHL.  The RLN exhibited a significantly greater amount of adipose 

tissue and relative cross-sectional area consisting of epineurium than the NFHL nerve.  

In addition, the quantity and distribution of adipose tissue in the RLN epineurial tissue 

was greater than seen in the comparison nerve.  The comparison nerve demonstrated 
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similar proportions and distribution of adipose tissue as was previously reported for 

non-cranial peripheral nerves [19, 26].   

The extensive amount of epineurium and large amount of adipose tissue 

contained within the epineurium of the canine’s left RLN may have functional 

significance.  That is, the observed characteristics of the RLN epineurium may serve to 

protect the nerve against structural damage to nerve fibers during mechanical 

deformation or constriction such as occurs during neck flexion/extension or laryngeal 

elevation.  The amount and makeup of epineurium offers clues regarding the 

environmental forces to which the RLN is subjected.  The purpose of this study was to 

investigate the biomechanical properties of the piglet RLN using uniaxial tensile testing.  

Given prior research demonstrating changes in epineurium composition and relative 

cross-sectional proportion along its length, the changes in mechanical response as a 

function of segment location of the RLN were studied.  

 

3.2 Materials and Methods [74] 

3.2.1 Nerve Specimen Acquisition and Preparation 

The RLN was excised bilaterally in eight 2-day-old domestic piglets (four males 

and four females) within 6 h postmortem. All nerve specimens were excised in entirety 

from the vagus nerve to insertion into the posterior larynx and stored in physiologic 

saline at 4 °C. To maintain orientation of proximal and distal aspects of each nerve, a 
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large segment of the vagus was excised with the RLN branch. Three nerve samples broke 

away from the vagus during excision so that this method of determining nerve 

orientation was not possible for these samples. In those specimens, a suture was 

attached to the laryngeal end of the nerve to indicate the distal portion of the nerve. 

One nerve lost its orientation marker during storage making it impossible to determine 

which end of the nerve was proximal or distal. This nerve and its companion nerve were 

not analyzed consequently. Thus, seven right and left RLNs were tested within 48 h of 

acquisition. 

Nerves were segmented using a cross-sectional cut such that all nerve segments 

were measured to have an average gauge length of 11.86 (±1.63) mm and a diameter of 

0.42 (±0.095) mm. The average values of gauge length and diameter for each nerve 

segment are reported in Table 3.1 The average diameter and length (±SD) of each group of 

nerve segments measured before uniaxial tensile testing.  
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Segment Average diameter, mm (±SD) Average length, mm (±SD) 
PLs1 0.41 ± (0.050) 11.67 ± (1.66) 

PLs2 0.39 ± (0.074) 11.67 ± (1.66) 

PLs3 0.40 ± (0.062) 11.67 ± (1.66) 

PLs4 0.48 ± (0.195) 11.67 ± (1.66) 

PRs1 0.45 ± (0.096) 13.00 ± (1.00) 

PRs2 0.48 ± (0.179) 13.00 ± (1.00) 

Table 3.1 The average diameter and length (±SD) of each group of nerve segments 
measured before uniaxial tensile testing are reported here. The segments are notated 

with and L for left and and R for right. Segment 2 of the left corresponds with the 
segment nearest the aortic arch where segment 4 is the most distal. Segment 2 of the 

right is the proximal (near artery) segment and segment 1 is the distal segment. 

 
 

Thus, two segments were tested from the right RLN (segment 1 and 2) and four 

segments from the left RLN (segments 1, 2, 3, and 4). Segment 1 corresponded to the 

proximal end, or the segment at the vagus nerve location for both the right and left RLN. 

Segment 2 corresponded to the portion of the left RLN that wraps around the aortic 

arch. Segments 3 and 4 of the left RLN were associated with the distal portion within the 

neck where the nerve inserts into the larynx. In contrast, segment 2 of the right RLN 

corresponded to the distal segment where the nerve inserts into the larynx. The 

difference in the number of segments between the left and right RLN was due to the 

longer length of the left RLN (71.5 ± 8.70 mm) compared to the right (48.25 ± 8.88 mm). 

In addition, the right nerve resides almost entirely within the neck region whereas the 

left RLN transitions from the thoracic environment into the neck region. Figure 

3.1 illustrates the environment and segmentation of the right and left RLNs. 
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Figure 3.1 Illustration of the segmentation of the right and left RLNs  

 
 
 

3.2.2 Uniaxial Testing 

Uniaxial testing was completed using a commercially available Perkin-Elmer 

Diamond Dynamic Mechanical Analyzer (DMA). The DMA had a load and spatial 

resolution of 0.5 μN and 1 μm, respectively. All nerve specimens were tested in 37C 

PBS at a strain rate of 5% / minute up to 25% strain. Cauchy stress, T11, was calculated at 

each time point as  
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Where P11 is the instantaneous load, Ao is the initial cross sectional area (assumed to be 

circular), and 11 is the stretch.  

 

3.2.3 Constitutive Modeling 

Following the work of Raghavan and Vorp [75], we modeled the nonlinear 

mechanical behavior of the RLN as a homogeneous, incompressible, isotropic, and 

hyperelastic material using a strain energy density function of the following form 

 

],[ BB IIIWW  ,                       (3.2) 

 

Where W  is the strain energy density, BB trI  , ]))[(2/1 22
BBB trtrII   

(representing the first and second invariants of B ), T
FFB  ( B  is the left Cauchy-

Green tensor and F  is the deformation gradient tensor). 

For this type of material, the constitutive equation is 
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where T  is the Cauchy stress tensor, I  is the identity tensor, and p  is a Lagrange 

multiplier [75]. 

Figure 3.2 shows a representative plot of the first and second invariants of the 

stretch tensor.  This plot demonstrates a nearly linear relation between the B invariants 

associated with Cauchy stress. This result was true for all specimens tested. For this 

reason, it was assumed that )( BIWW  only. If we consider an incompressible (

1321  ) and isotropic ( 32   ) specimen extended uniaxially and subjected to a 

traction of magnitude 11T  and a stretch ratio of 11 , which is stress free in the other two 

directions ( ]0,0,[ 11TdiagT ), then from equation (3) we find 
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Figure 3.2 The experimentally determined relationship between the first and second 
invariants of the left Cauchy stretch tensor. Linear regression resulted in a highly 

correlated fit (R2=0.99) 

 
 

As seen in Figure 3.3, 
BdI

dW
 varies varied linearly with 3

B
I , so that we can write 

)3(2  B

B

I
dI

dW
 ,                                                 (3.5) 

where  and   are the model parameters.  This relation also held for all specimens 

tested. Equation (3.5) suggests that at most a quadratic term is necessary so that the 

strain energy can be written 
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From equations (3.5) and (3.3), we obtain 

BIT B )]3(2[2  Ip  .                                         (3.7) 

 

The constitutive model proposed above for the RLN can be reduced by combining 

equations (3.4) and (3.5) and utilizing the traction free boundary conditions to obtain 
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 T .                             (3.8) 

Equation (3.8) was used in this study to model each nerve segment’s behavior during 

uniaxial extension. 
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Figure 3.3 The experimentally determined relationship between the first derivative of 
the strain energy density function and the first invariant of the stretch tensor for a 

typical nerve specimen.  By observing a highly correlated fit (R2=0.98), we can 
anticipate a linear relationship between the two. 

 
 
 

3.2.4 Data Acquisition and Analysis  

The parameters for quantification of the RLN tissue biomechanical behavior 

were obtained using two programs.  A custom written Matlab program was used to 

generate individual specimen T11 - 11 plots. The program also calculated the yield stress 

and yield stretch as the point at which the incremental modulus first decreased. The 
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incremental modulus at yield, herein termed the maximum tangential modulus (MTM), 

was also quantified using the Matlab program.  

The constitutive model described above (8) was fit to each nerve segment’s T11 - 

11 data using a Marquardt-Levenberg least-squares algorithm in the commercially 

available statistical software Sigma Stat.  In order to prevent violating fundamental 

thermodynamic principles,   and   were required to be greater than or equal to zero. 

Figure 3.4 shows the Cauchy stress-stretch ratio data from a representative nerve 

specimen and corresponding fit by equation (3.8).   

 

Figure 3.4 Cauchy stress-stretch ratio data from a representative specimen and 
corresponding fit by Eq. (3.8) (R2=0.99) 
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Statistical analyses were conducted to compare the measures of yield stress, 

yield stretch, MTM,   and   between and within the right and left RLN segments. Two 

different statistical tests were conducted for the between and within nerve 

comparisons. The first test used the generalized estimating equations approach to 

determine differences in MTM, yield stress, yield strain,   and   between the right and 

left RLN and along their lengths. Due to the differing lengths and associated numbers of 

segments tested between the right and left RLNs, values for each dependent variable for 

the left RLN were collapsed for segments 1 and 2 (i.e., most proximal segments within 

the thorax), and segments 3 and 4 (i.e., most distal segments within the neck) to create 

two nerve segments for comparison to the right RLN segments 1(i.e., proximal) and 2 

(i.e., distal). That is, data associated with left RLN segments 1 and 2 were analyzed 

together as segment 1 and left RLN segments 3 and 4 were analyzed together as 

segment 2. Collapsing adjacent segments along the length of the left RLN allowed for 

statistical comparison of analogous proximal and distal segments of the left and right 

RLN to determine differences between the left and right nerves. This comparison is of 

interest as the entire right side resides within the neck region compared to the left RLN 

that resides within both the thoracic and neck regions. Thus, the independent variables 

tested included left vs. right RLN and a comparison between nerve segments from 

proximal to distal. 
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The second statistical test conducted was a generalized estimating equations 

analysis to determine differences between nerve segments along the length of the right 

and left RLNs across the dependent variables of interest. Thus, all four nerve segments 

were compared to each other within the left RLN to determine differences within the 

thorax compared to the neck region of this nerve and both segments of the right RLN 

were compared to each other during this analysis. 

 

3.3 Results [74] 

3.3.1 Results for comparisons between the right and left RLN 

Maximum Tangential Modulus (MTM):  A significant main effect was identified for 

nerve segment (Wald Χ2 (1, N = 38) = 15.1, p < .0001), with the average MTM of the left 

nerve (16.8 (+7.62) MPa) significantly less than the right nerve (18.5 (+ 5.65) MPa).  In 

addition, a significant interaction was found for nerve segment x nerve (Wald χ2 (1, N = 

38) = 6.875, p = .009).  Post-hoc pairwise comparisons using a Bonferroni correction for 

comparison of nerve and for nerve segment (α = .05/2 = .025) were completed to 

determine which segments differed between nerves.  The results demonstrated that the 

MTM of the right RLN segment 2 was significantly higher than left RLN segments 1 (p < 

.0001; 95% Wald CI for difference = -14.35 to – 8.59) and 2 (p = .01; 95% Wald CI for 

difference = -14.38 to -1.96).  Figure 3.5 shows the average MTM calculated for each 

collapsed group and differences between the left and right nerve specimens.  
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Figure 3.5 Data collected for segments 1 and 2, and segments 3 and 4 were collapsed 
to create two nerve segments for comparison to the right RLN segments 1 and 2. MTM 
was averaged (±SEM) for each group of segments. The MTM of the right RLN segment 

2 was significantly higher than left RLN segments 1 and 2. 

 

 

Yield Stress and Yield Strain:  No significant differences were identified between nerves 

and segments 1 and 2 for either of these dependent variables.  Average yield stress and 

strain data for the collapsed data can be found in Table 3.2. 
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Sample   (MPa)   (MPa) Yield Cauchy stress (MPa) Yield stretch 
LS1 0.4 ± 0.22* 9.7 ± 4.4** 1.93 ± 0.94 1.21 ± 0.14 

LS2 0.25 ± 0.35 8.94 ± 4.57 1.30 ± 0.95 1.17 ± 0.05 

RS1 0.51 ± 0.54* 5.44 ± 2.26** 2.07 ± 1.25 1.20 ± 0.05 

RS2 0.46 ± 0.48 6.87 ± 1.86 2.13 ± 1.01 1.18 ± 0.08 

Table 3.2 Collapsed data collected for segments 1 and 2, and segments 3 and 4 were 
collapsed to create two nerve segments for comparison to the right RLN segments 1 
and 2.  ,  , yield stress, and yield stretch were calculated and averaged (±SEM) for 
each group of segments. Nerve segment 1 was identified as significantly different 

between nerves for   and   

*Wald χ2 (1, N = 38) = 7.226, p = 0.007  **Wald χ2 (1, N = 38) = 10.183, p = 0.001 
 
 

 
 

 :  A significant main effect for nerve segment was identified (Wald χ2 (1, N = 38) = 

14.116, p < .0001).  Using a Quasi Likelihood test, nerve segment 1 was identified as 

significantly different between nerves (Wald χ2 (1, N = 38) = 7.226, p = .007).  The 

average   values calculated for each specimen of the collapsed data group can be found 

in Table 3.2.  As can be seen in this table, the right RLN exhibits higher average values of 

  in segment 1 compared to the left RLN.   

 :  A significant main effect for nerve segment was identified (Wald χ2 (1, N = 38) = 

7.304, p = .007). Using a Quasi Likelihood test, nerve segment 1 was identified as 

significantly different between nerves (Wald χ2 (1, N = 38) = 10.183, p = .001).  The 

average   values for the left and right RLN segments can also be found in Table 3.2. As 

can be seen in Table 3.2, the left RLN segment 1 shows higher average values for   than 

does the right RLN segment 1. 
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3.3.2 Results for comparisons within the left and right RLN 

Maximum Tangential Modulus (MTM): A significant difference for the main effect of 

nerve segment was found for the left RLN (Wald χ2 (3,N = 24) = 8.994, p < 0.05), but not 

for the right RLN. After several pairwise comparisons were completed during the post 

hoc analysis, no statistical differences were found between left RLN segments.  Figure 

3.6 shows the average MTM within left and right nerve specimens. 

 

Figure 3.6 All four nerve segments were compared to each other within the left RLN 
and both segments of the right RLN were compared to each other during this analysis. 

MTM was calculated and averaged (±SEM) for each group of segments 

 
Yield Stress and Yield Strain:  No significant differences were identified within the right 

or left RLNs for yield stress or yield strain variables (Figure 3.7). Average yield stress and 

strain data for the within nerve segment comparison data can be found in Table 3.3 
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Uncollapsed data collected for all four nerve segments were compared to each other within the 

left RLN and both segments of the right RLN were compared to each other.  ,  , yield stress, 

and yield stretch were calculated and averaged (±SEM) for each group of segments. Nerve 

segments 2 and 3 were found to be significantly different from segment 4 of the left RLN for 

 Table 3.2.   

 

Figure 3-7 

Figure 3.7 All four nerve segments were compared to each other within the left RLN 
and both segments of the right RLN were compared to each other during this analysis. 

Yield stress was calculated and averaged (±SEM) for each group of segments. No 
significant differences were identified within the right or left RLNs for yield stress. 
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Sample α (MPa) β (MPa) Yield Cauchy stress (MPa) Yield stretch 

LS1 0.32 ± 0.38 8.42 ± 5.38 1.64 ± 1.31 1.11 ± 0.14 

LS2 0.5 ± 0.32 10.91 ± 4.53* 1.86 ± 1.38 1.30 ± 0.27 

LS3 0.58 ± 0.48 7.1 ± 1.72** 2.52 ± 1.25 1.19 ± 0.06 

LS4 0.37 ± 0.49 4.19 ± 2.38*,** 1.61 ± 1.24 1.20 ± 1.08 

RS1 0.25 ± 0.35 8.94 ± 4.51 1.30 ± 0.05 1.17 ± 0.05 

RS2 0.46 ± 0.48 8.87 ± 1.86 2.13 ± 1.01 1.18 ± 0.08 

Table 3.3 Uncollapsed data collected for all four nerve segments were compared to 
each other within the left RLN and both segments of the right RLN were compared to 
each other.  ,  , yield stress, and yield stretch were calculated and averaged (±SEM) 
for each group of segments. Nerve segments 2 and 3 were found to be significantly 

different from segment 4 of the left RLN for   

*95% Wald CI for difference = 3.36–11.3, p < 0.0001 
**95% Wald CI for difference = 1.5–4.6, p < 0.0001 

 

 :  A significant difference for nerve segment was found for the right RLN (Wald χ2 (1, N 

= 14) = 4.569, p < .05), but not for the left RLN.  However, post hoc pairwise comparisons 

did not show statistical differences within the right RLN segments. The average   values 

calculated for each specimen for within nerve comparisons can be found in Table 3.3. 

 
 : A significant difference for nerve segment was found for the left RLN (Wald 

χ2 (3, N = 24) = 17.703, p = 0.001), but not for the right RLN. Post hoc pairwise 
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comparisons were completed using a Bonferroni adjustment. Segments 2 and 4 (95% 

Wald CI for difference = 3.36 to 11.3), and segments 3 and 4 (95% Wald CI for 

difference = 1.5–4.6) were significantly different at the p < 0.0001 level. The average   

values calculated for each specimen for within nerve comparisons can also be found in 

Table 3.3.  As seen in this Table 3.3,   values decreased from segments 2 to 4 within the 

left RLN. In contrast,   values appeared to remain relatively consistent along the length 

of the right RLN. 

 

3.4 Discussion [74] 

The responses of the left and right RLNs to longitudinal tensile stress were 

investigated in piglets using a uniaxial tension setup. Significant differences were 

demonstrated between the left and right RLNs for MTM,   and  . However, the 

differences showed that the MTM of the distal portion of the right RLN differed from 

both proximal and distal segments of the left RLN while only the proximal segments of 

both nerves were different for   and   measures. The right RLN demonstrated greater 

average MTM in the proximal and distal values compared to values found in the same 

segments within the left nerve. In contrast, higher   values were found in the proximal 

left RLN compared to both segments in the right RLN. These findings may relate to the 

very different anatomical locations of the proximal sections of each nerve. The left RLN 

resides deep within the thorax at the level of the aortic arch, a prominent pulsating 
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vessel. In comparison, the right RLN descends to the level of the subclavian artery 

before it loops around this vessel and ascends toward the larynx. The latter is a smaller 

pulsating vessel located at the junction between the thorax and base of the neck. The 

increased stiffness of the left vs. right RLN (as indicated by higher   values) 

demonstrated there may be a protective measure to counter the complex mechanical 

environment the left RLN experiences as it loops around the pulsing aorta. 

The results obtained from within nerve testing allow a closer inspection of changes in 

biomechanical properties within the left and right RLN from proximal to distal segments. 

No significant differences were found for the right RLN. This finding is not surprising 

given that the right RLN resides almost entirely within the neck region offering a more 

consistent environment than for the left RLN.   was found to significantly differ 

between segments 2 and 4 and segments 3 and 4 within the left RLN, with higher values 

of   in the second and third segments. As seen in Figure 3.8Figure 3.8 Representative 

plot of Eq. (8) substituting in average values of   and   ± 1 SD), β appears to be a 

stronger indicator of the stiffness of each nerve segment than the parameter α. At 

values of stretch greater than 1.10 (more than 10% strain), the slope of the model curve 

(representative of stiffness) varies much greater with changes in   vs. changes in  . 

Although no significant differences were found within nerve segments for MTM or yield 

stress, the descriptive data show a higher stiffness in the second and third segments of 

the nerve (see Figure 3.6 and Figure 3.7), similar to the results found for  . Given that 

there was a significant difference in the main effect for the left RLN within ANOVA, the 
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insignificant results for the post hoc analysis on MTM are likely due to the multiple 

pairwise comparisons. 

 

Figure 3.8 Representative plot of Eq. (8) substituting in average values of   and   ± 1 
SD 

 

Previous studies have been done on the mechanical properties of peripheral 

nerves, including but not limited to, the tibial and sciatic nerves [20, 76, 77].  However, 

to the author’s knowledge there has been no investigation of the tensile behavior of the 

RLN. Comparing the stiffness of adult heterogeneous stock mice sciatic nerves elongated 

in an axial-loading device following crush injury revealed an average stiffness of 7.0 MPa 

and an average stress of 3.2 MPa at 43% strain [77].  An average stiffness of fresh whole 

http://link.springer.com/article/10.1007%2Fs10439-010-0013-7/fulltext.html#Equ8
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rat sciatic nerves elongated in a tensile-testing device was reported to be 

0.580 ± 0.150 MPa and values of ultimate stress and strain were reported to be 

2.720 ± 0.970 MPa and 0.810 ± 0.114, respectively [76]. These values are smaller on 

average than the values of the MTM and yield stress of the piglet RLN reported in this 

paper. These differences are most likely related to the species and size differences 

utilized in these previous studies. 

A study of the biomechanical properties of rabbit peripheral nerves mounted on 

a material testing machine and stretched to failure at a rate of 1 cm/min, yielding 

ultimate strain and tensile strength values of 38.5 ± 2.0% and 11.7 ± 0.7 MPa, 

respectively [18]. The reported value of average ultimate tensile strength is larger than 

the reported value of average yield strength of the RLN in this study, but on the same 

order of magnitude. This is expected as our tests were not run to failure. Right and left 

RLN nerve segments were found to yield at strain values ranging from 11% to 20%. 

These findings support previous studies which demonstrate that strains of 6% to 8% for 

a short time can cause physiological changes within the peripheral nerve tissue 

tolerance and strains of 11% or greater can cause long-term damage and are considered 

to be states of extreme stress [20].  

Based on the results of this study, the RLN appears built to withstand greater 

amounts of stretch in the vicinity of the aortic arch in the left RLN than in more distal 

segments as indicated by the statistical findings for  . This suggests that the left RLN in 

piglets may be more prone to injury when stretched within the distal (neck) region, such 
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as may occur during surgical procedures in the distal segments located near the larynx. 

Interestingly, the statistical findings for MTM were not found to be statistically different 

between proximal and distal segments within the left RLN as was found for  . These two 

measures both offer a biomechanical measure reflective of stiffness in the tissues and 

would be expected to have similar outcomes. Observation of the descriptive data for 

MTM exhibit an average increase in value at the left RLN segment associated with the 

aortic arch (i.e., segment 2) similar to that shown for  . MTM is a measure of the 

tangential slope of the Cauchy stress-stretch curve at a point at which the tangential 

slope no longer increases. This point varies considerably from sample-to-sample which 

could be the reason it was not significant while   was. It should be noted that   is a 

constitutive parameter which governs the shape of the curve at higher regions of stretch 

(greater than 10% strain). Note that, assuming material linearity, the 43% decrease in 

MTM from segments 2–4 of the left RLN would result in a corresponding 7% increase in 

stretch. These results may have important physiological relevance. 

It is not expected that the RLN of piglets would experience significant tensile loading 

after only 2 days of growth and therefore the high stiffness found in this segment should 

not be attributed to growth and elongation. The portion of the left RLN adjacent to the 

aortic arch (i.e., segment 2) may require greater stiffness to withstand the pulsating 

stretching forces from that vessel. It is possible that changes in the elasticity of the 

aortic arch associated with increased thoracic aortic compliance or aneurysm might 

impose stretching forces on the RLN beyond its capacity to withstand resulting in 



59 
 

structural damage to the connective tissues within. Should this be the case, it would be 

of interest to determine how the stiffness of this segment of the RLN might change with 

aging, particularly in age groups in which spontaneous impairment of this nerve is 

known to occur. Future research is necessary to test this hypothesis directly. 

The right nerve was not found to differ significantly between the proximal and distal 

segments for any of the dependent variables tested within this nerve. This was most 

likely because it resides almost entirely within the neck which offers a fairly consistent 

environment. Interestingly, the average MTM in the right RLN appeared to increase 

where the nerve inserts into the larynx. This may occur related to stretch imposed on 

the right RLN associated with laryngeal elevation and depression during swallowing, 

even during gestation. 

There were some limitations to the procedures of this study. Due to the size of 

the tensile apparatus of the DMA a maximum elongation of 25 mm was enforced. This 

prevented testing of the specimens to failure, which is why no values are reported here 

for ultimate tensile strength. These disadvantages were deemed an acceptable tradeoff 

for the high load and displacement resolution offered by the DMA. An additional 

limitation is the comparison of the data from piglet nerves with the data of mature 

animals. Ideally this data should be compared to those of a more similar investigation, 

one that studies the tensile behavior of the RLN or another peripheral nerve of piglets. 

However, to the author’s knowledge, such information is not currently available in the 

literature. 
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In conclusion, this study provides new quantitative data regarding the 

biomechanical properties of the RLN in piglets. It is likely that the connective tissues 

comprising the left and right RLN may differ in their ability to withstand stretch as 

indicated by the findings of this study. The anatomic relation of the left RLN to the aortic 

arch could possibly render the nerve vulnerable to compression and stretch either by a 

thoracic aortic aneurysm or increased aortic arch compliance. In addition, the findings of 

this study suggest differences in stiffness along the length of the left RLN, particularly in 

segments 2 and 3. This offers insight regarding the protective function of RLN 

connective tissues and may contribute to understanding structural compromise in this 

nerve due to surgical damage or thoracic aorta changes in compliance or aneurysm. 
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4. SPECIFIC AIM 2 
4.1 Introduction 

In previous study, an investigation of the quantity and composition of 

epineurium along the length of the RLN was performed in 10 juvenile pigs and 8 piglets 

[78]. This study described the composition and relative amount of epineurium in the 

cross-section of the RLN from its origination at the vagus nerve to its insertion into the 

posterior larynx. The authors demonstrated RLN epineurium quantity and composition 

of 3 month old (i.e. juvenile) pig exhibited more epineurium than found in the piglet, but 

similar to that found in humans (76-79%). Significantly more epineurium was found in 

distal segments (neck region) than in proximal segments (thorax region) for both the left 

and right RLN. However, the right RLN exhibited significantly more epineurium and 

adipose tissue than the left RLN across all segments. Interestingly, the left RLN exhibited 

a significant increase in adipose tissue within the distal segments. The proximal 

segments of the left RLN had more collagen and perineurium than distal nerve segments 

on either side. These findings support the hypothesis that epineurium and perineurium 

quantity and composition changes with growth and with anatomical setting. It supports 

our hypothesis that due to the anatomical setting of the RLN, the proximal sections of 

the RLN that loop around arteries, will have different biomechanical properties than the 

more distal sections in the neck. The general finding from the first study, specific aim1, 

was that biomechanical differences exist along the length of the left RLN and between 

the left and right RLN. In response to stretch, the left RLN exhibits increased stiffness at 
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the level of the aortic arch. The right RLN exhibits greater stiffness than the left RLN. The 

differences between the left and right RLN may reflect differences in the anatomical 

setting that already exist at birth in the piglet [74]. These findings support Sunderland’s 

theory that connective tissues within peripheral nerves may develop in response to 

environmental forces to which the nerve is exposed [5-8, 21, 27].  

The purpose of this study is to determine whether the biomechanical and 

microstructural properties of RLN tissues change with growth and development and 

whether these properties differ between locations (thorax versus neck). Outcomes of 

this research may elucidate if the onset of UVP is associated with deformation of RLN 

connective tissues due to surgery, disease, and/or diameter/compliance changes in the 

aortic arch or subclavian artery. The structure-function relationships of the protective 

components of the nerve may provide a direct link between the structural organization 

of the RLN, the complex mechanical environment that surrounds it, and the resulting 

RLN deformations.  

 

4.1.1 Geometry 

The geometry of this finite element model includes the aortic arch and the left 

RLN. The geometry of the aortic arch is determined from analysis of MRI data provided 

by Washington University, St. Louis, MO.  A multi-faceted approach was adopted to 

create a model representing a general, rather than a patient-specific aortic arch 

geometry. 3D reconstruction of the arch in its diastolic configuration was used to 
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determine the aortic arch spatial orientation. The arch was assumed to have a circular 

cross-section and diameter measurements were taken at six locations along the length 

of the arch, including the region mid-way between the left common carotid and left 

subclavian arteries where the RLN is assumed to lie. Since the geometry and location of 

the left RLN are not visible from the MRI data, the left RLN was fixed in space at a 

constant distance from the location on the aortic arch that is mid-way between the left 

common carotid and the left subclavian arteries. An example MRI image and the 

location of the RLN observed from dissection are highlighted in Figure 4.1.  

 

Figure 4.1 Example MRI image of the aortic arch with the RLN position highlighted by 
the red arrow 
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MRI Image Retrieval 

Un-gated and gated structural 3T MRI scans (MAGNETOM Trio, A Tim System) of 

the thoracic aortic arch and was collected during a single MRI imaging session.  

Electrocardiogram (ECG)-gating with data acquisition during diastole and systole was 

used to control for cardiac motion artifacts during image acquisition. A total of 44 to 64 

3D partitions were measured with a slice thickness of 3 mm. Fifty-one to 77 lines were 

measured during each cardiac cycle depending on the heart rate.  

 

Aortic Arch Segmentation 

A 3D geometry was created using a custom Matlab program previously written in 

the Soft Tissue Biomechanics Laboratory [79]. Briefly, the entire 3D segmentation and 

smoothing algorithm was implemented using a GUI interface in MATLAB. The image 

data were regenerated with equal resolution in x, y, and z directions by linearly 

interpolating the image data. An initial surface, called a snake, is a 2D active contour 

specified which diffuses in the image based on the gradient vector field (GVF). The GVF 

is an external force that must be balanced with internal forces in the snake. The sphere 

deforms in the 3D GVF and gives the final segmented geometry. Figure 4.2 displays a 

representative sagittal slice of the MRI images and the snake used to define the initial 

surface.  Figure 4.3 displays the final reconstructed geometry from the MRI images. 
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Figure 4.2 Representative MRI slice and the corresponding snake used to define the 
surface [79] 

 

Figure 4.3 Final reconstructed aortic arch geometry in Matlab 

 

From the final segmented geometry the centerline of the arch was measured to 

mark the orientation of the arch. From the patient-specific geometry the cross-sectional 

diameter was measured and fit to a circle at six locations along the length of the arch. 
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This x,y,z data was imported into SolidWorks to reconstruct the aortic arch. Figure 4.4 

displays the cross-sectional circles along the length of the aorta. Figure 4.5 displays the 

final geometry generated in SolidWorks.  

 

Figure 4.4 Reconstructed aortic arch geometry is fit to circular cross sections  
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Figure 4.5 Final aortic arch geometry generated in SolidWorks 

 

 

 

Geometry of Nerve 

The left RLN was fixed in space at a constant distance from the location on the 

aortic arch that is mid-way between the left common carotid and the left subclavian 

arteries. The left RLN was assumed to be adjacent to the inferior aortic surface as has 

been observed during prior anatomical dissections of porcine subjects by the author. 

The diameter of the nerve was 1.95 mm as it has been reported as the average value of 

the RLN in humans [80]. 

 

4.2 Materials and Methods 

4.2.1 Specimen preparation 
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All animal specimens were acquired from the Animal Facility at the University of 

Arizona Health Sciences Center.  None of the animals used in this research underwent 

prior procedures affecting the central or peripheral nervous system, cardiovascular 

system, or tissues in the neck or chest.  There were six domestic piglets (7-11 days old) 

and eight domestic adolescent pigs (4 months old) utilized in this study. Left and right 

RLNs from each adolescent pig and each piglet were excised along their entire length 

from the origin at the vagus nerve until it inserts into the posterior larynx. Dissections 

were completed with the RLN – vagus nerve branch intact so that nerves were coded for 

their anatomical setting (the branch noting the proximal end, see Figure 4.6. Each nerve 

was sectioned into a distal and proximal sample. All nerve samples were stored in 

physiological saline at 4°C until the time of testing within 24 hours after tissue harvest. 

Adolescent pig RLNs were measured to have an average diameter of 1.58 ± 0.06 mm 

while the piglet RLNs were measured to have an average diameter of 0.74 ± 0.03 mm.  

All data in this paper is reported as mean ± standard error of mean the mean.   
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Figure 4.6 Left) Proximal end of cut nerve displaying the branch of the left RLN from 
the vagus nerve Right) Left and right RLN innervate the larynx at the distal ends of the 

nerves 

 
 
 

4.2.2 Uniaxial Testing 

The organization of the collagen fibers within the RLN epineurium and their 

changes during biomechanical stress were studied using a custom designed uniaxial 

testing device.  

 The testing device is a modification of the chamber first devised by Ri and Shi 

[81]. The device is a portable device with allowable use of macroscopic and 

microstructural testing with 1 kg limits on force. Mechanical design was performed with 

Solid Works 2010 (Concord, MA) and motion control programming was performed 

with LABVIEW 2013 (Austin, TX).  An acrylic chamber 30 mm long was machined with 

one channel for the nerve to exit the chamber and with inlets and outlets that may be 
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used in future studies. The nerve ends were fixed by a stationary and moveable clamp. 

The moveable clamp was attached to a rigid bar bolted to a motorized stage. The fixed 

end was sutured to a carbon fiber rod that is attached to the end of the load cell. The 

entire device was designed so that it may fit beneath a multiphoton microscope as 

shown in Figure 4.7. 

 

Figure 4.7 A) Uniaixial tenile testing device beneath the multiphoton microscope B) 
Close of the fixed end and moveable ends of nerve C) Close up of the nerve in the 

chamber and fixed to the load cell 

 
  The samples sit in a saline solution with the bath held at a user specified 

temperature ranging from room temperature to 50°C (37±1°C for this study).  The 

temperature is controlled through a custom built LabView program with a 
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thermocouple (Omega Engineering, Inc., Stamford, CT) in the bath and one Kapton 

heater (Minco) underneath the bath.    

 The load cell (Omega Engineering, Inc., Stamford, CT) can measure loads up to 

1000 grams with 0.50% full-scale accuracy and 0.2% full-scale repeatability.  Prior to 

each test the load cell was calibrated.  

 The motor (Newmark, Inc., Chicago, IL) has a coupled linear stage which pulls the 

loading line and has the capabilities to microstep to 0.2 m resolution with a maximum 

velocity of 10 mm/s.   

 Data is acquired via NI CompactDAQ 8-Slot Ethernet Chassis system (National 

Instruments, Inc., Austin, TX).  All devices are connected to this chassis.  

This device allows biomechanical testing underneath a multiphoton microscope. 

This device was designed to conduct uniaxial tensile testing of a specimen through 

controlled changes in applied strain or load. The assessment of RLN mechanical 

behavior was performed using a strain-controlled experiment. Each nerve sample was 

mounted in a closed bath filled with PBS, pH-7.4 warmed to 37±0.7 °C. A minimal load of 

3 grams was applied to ensure that the nerve was in a state of pre-tension before 

testing commenced.  The nerve was stretched in increments of 5%, 10%, and 15% of the 

initial length at a rate of 0.03 mm/minute. The average gauge length for all nerve 

specimens was 24.5 ± 1.41 mm. At each stepwise administration of strain the 

multiphoton microscope was used to image collagen fibers within the RLN. 
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4.2.3 Multiphoton Imaging 

Our device has been specifically designed for integration with the Advanced 

Intravital Microscope (AIM) for multiphoton imaging at the University of Arizona's BIO5 

Institute. Multiphoton microscopy offers advantages of superior image quality, deeper 

optical sectioning, and reduced photo damage for hydrated ex vivo tissues when 

attempting to visualize the extracellular matrix microstructure [82]. The AIM uses a 

pulsed Titanium-Sapphire laser (680–1060 nm) for simultaneous two-photon excitation 

and second harmonic imaging. For this study an Olympus UMPLFLN 10× water 

immersion objective with a numerical aperture of 0.3 was used with a laser power on 

the sample of 40 mW and excitation wavelength of λ=780 nm. Collagen visualization 

came from second harmonic generation (SHG) collected through a bandpass filter 

(377/50).  Image stacks were taken for each specimen at 0%, 5%, 10% and 15% strain, 

with each stack having an acquisition time of approximately 10 minutes. Image stacks 

were taken of the specimen using an 800×800 μm2 field of view at 3 μm steps imaging 

through the epineurium of the nerve to a depth of approximately 250 μm. From these 

images, the preferred orientation of the collagen fibers was determined at each level of 

applied strain.  

 

4.2.4 Image Analysis 

Image stacks of each specimen contained an SHG channel that was used to 

determine collagen fiber orientations using a custom written fiber-orientation analysis 
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script for MATLAB (R2013a, MathWorks, Natick, MA USA) [83]. The software overlays 

vectors in the direction of fibers, from which histograms were generated of the collagen 

fiber orientations for each 0%, 5%, 10% and 15% stacks from each specimen. Vector 

orientations are included from every image in an image stack giving a view of the 

cumulative fiber orientation through the thickness. Figure 4.8 displays an example 

image overlaid with vectors describing the fiber angle. The stretch dependent mean 

mode and full width at half maximum (FWHM) of the fiber histograms were used as 

indicators of the preferred fiber alignment and spread of fiber orientation, respectively. 

From this changes in fiber alignment or fiber dispersion that occur with nerve stretch 

were quantified.  

 

 

Figure 4.8 Example of the fiber angle orientation programs calculated in Matlab 
overlaid on representative SHG images of the RLN [83] 

 
 

4.2.5 Constitutive Model  
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Data collected from the uniaxial mechanical tests were analyzed using MATLAB. 

Cauchy stress, T11, was calculated at each time point as 

     
1

1
11 











oA

f
T                    (4.1) 

where f1 is the instantaneous load, Ao is the initial cross sectional area (assumed to be 

circular), and 1 is the stretch.  

Following the work of Raghavan and Vorp [75], I modeled the nonlinear 

mechanical behavior of the RLN as a homogeneous, incompressible, isotropic, and 

hyperelastic material using a strain energy density function as shown in our previous 

work [74]. 

Equation 4.2 was used in this study to model each nerve segment’s behavior during 

uniaxial tensile testing. 
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4.2.6 Data Analysis 

A custom written MATLAB program was used to generate individual specimen 

T11-λ1 plots.  The program was also used to calculate a tangential modulus (TM) and a 

strain energy density (W) at each strain step for each specimen. The constitutive model 

(4.2) was fit to each nerve segment’s T11-λ1 data to determine the values of   and   

using nonlinear optimization in MATLAB.   and   were constrained to be greater than 

or equal to zero.  Figure 4.9 shows the Cauchy stress-stretch ratio data from a 
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representative adolescent pig specimen (A) and a representative piglet specimen (B) and 

corresponding fits using Equation 4.2.  

 

Figure 4.9 Cauchy stress-stretch ratio data from a representative piglet specimen (A) 
and a representative adolescent pig specimen (B) with corresponding fits with α and β 

values 

 

4.2.7 Statistical Analysis 

One-sample Kolmorgorov-Smirnov tests were used to determine the normality 

of the data for the end points TM, W,  ,  , mean mode, and FWHM.  All of the end 
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points rejected the null hypothesis that the data is normal (α = 0.05). A Box-Cox 

transformation was then utilized to normalize the data so that statistical analyses of the 

independent variables and between interactions of independent variables could be 

performed using a commercial statistical software package (IBM Corp. Released 2013. 

IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.). A repeated 

measures ANOVA was chosen to evaluate the significance of the following independent 

variables in each end point: side (left and right), age (adolescent and piglet), location 

(proximal and distal) and strain level (0-3).  

All of the graphical data are presented using error bars equal to the standard 

error of the measurement. The mean values and standard errors are back-calculated 

from the Box-Cox transformed data (Box-Cox transformed mean and Box-Cox 

transformed distribution, respectively). Post hoc analyses consisting of Student's t-tests 

with Bonferroni correction were performed to compare specific mean values of 

significant 2-way interactions, since there was no significant 3-way or 4-way interactions 

in our results. The Bonferroni correction method was chosen as it is the most 

conservative method to account for family-wise error rate. 

 

4.3 Results 

4.3.1 Biomechanical Response 

 Tangential Modulus (TM): In both the adolescent pigs and the piglets 

there was a strain stiffening effect with the TM being larger at larger values of strain 
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(Figure 4.10A). A significant main effect (p < 0.002) was identified for side with the 

average TM being larger in the left nerve samples (15.32 MPa ± 1.20 MPa) than the right 

(11.80 MPa ± 1.20 MPa) (Figure 4.10B). A significant interaction was found for side x 

location (p < .001).  Figure 4.10C shows that among the proximal nerve segments those 

from the left nerve have a higher average TM (18.51 MPa ± 1.22 MPa) than those from 

the right nerve (10.78 MPa ± 1.22 MPa). Figure 4.10C also shows that among left nerve 

specimens those that are proximal nerve segments have a significantly larger TM (18.51 

MPa ± 1.22 MPa) than distal segments (12.60 MPa ± 1.22 MPa). 
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Figure 4.10 A) Average TM is reported for adolescent and piglet nerves at each value 
of stretch B) Average TM is reported for all adolescent and piglet RLN segments and all 
left and right RLN segments (* p < 0.002) C) Average TM is reported for proximal and 

distal segments of the left and right RLN (* , † p < 0.001) 

 

 

Strain Energy Density (W): A significant main effect (p < 0.038) was identified for 

age with the average W  being larger in the piglets (0.042 MPa ± .01 MPa) than in the 
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adolescent pigs (0.025 MPa  ± 0.01 MPa) (Figure 4.11B). A significant main effect (p < 

.0001) was also identified for side with the average W being larger (0.038 ± 1.07) in left 

nerve samples than right (0.028 ± 0.01) (Figure 4.11B). A significant interaction was 

found for age x location (p < .022). Figure 4.11C shows that within the distal segments, 

the piglets had a significantly larger W (0.044 MPa ± 0.01 MPa) than the adolescent pigs 

(0.021 MPa ± 0.01 MPa). Also, within the adolescent pigs, the proximal segments had a 

significantly greater W (0.030 MPa ± 0.01 MPa) than the distal segments (0.021 MPa ± 

0.01 MPa).  A significant interaction was found for side x location (p < .003).  Figure 

4.11D shows that within the proximal segments, the left specimens have a larger 

average W (0.046 ± 0.01) than the right specimens (0.026 ± 0.01).  Also among the left 

specimens, the proximal segments have a larger average W (0.046 ± 0.01) than the 

distal segments (0.032 ± 0.01). 
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Figure 4.11 A) Average W is reported for adolescent and piglet nerves at each value of 
stretch B) Average W is reported for all adolescent and piglet RLN segments (* p < 

0.038) and all left and right RLN segments († p < 0.001) C) Average W is reported for all 
proximal and distal segments of adolescent pigs and piglets (‡,† p < 0.008; *, § p < 

0.007) D) Average W is reported for all proximal and distal segments of the left and 
right RLN (*, † p < 0.002) 

 

 Constitutive Modeling 

 : A significant main effect (p < 0.006) was identified for age with the average α 

being larger in the piglets (1.55 MPa ± 1.20 MPa) than the adolescent pigs (0.70 MPa ± 

1.17 MPa) (Figure 4.12A). A significant interaction was found for side x location (p < 

0.044). Figure 4.12B shows that among proximal nerve segments the left specimens have 

a larger average value of   (1.42 MPa ± 1.21 MPa) than the right specimens (0.78 MPa ± 

1.21 MPa). 
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 : A significant main effect (p < 0.014) was identified for age with the average   

being larger in the adolescent pig specimens (8.36MPa ± 1.38 MPa) than the piglet 

specimens (3.93 MPa ± 1.44 MPa) (Figure 4.12B). 

 

Figure 4.12 A) Average values of   and   are reported for all adolescent pig and piglet 
RLN segments (* p < 0.006, † p <0.014) B) Average α is reported for all proximal and 

distal segments of the left and right RLN (* p < 0.011) 
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4.3.2 Image Analysis 

 Representative SHG images of a left proximal segment of adolescent pig 

RLN and a right proximal segment of piglet RLN at 0% strain and 15% strain are shown in 

Figure 4.13.  

 

Figure 4.13 Representative SHG multiphoton images of a proximal segment of piglet 
RLN (left) and a proximal segment of adolescent pig RLN (right) at 0% strain (top) and 

15% strain (middle). SHG channel depicts the collagen content of the tissue. These 
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images are taken approximately 100 µm into the adolescent pig segment and 60 µm 
into the piglet segment. The red arrows indicate the angle at which 90° is measured. 

Histograms (bottom) show the overall collagen fiber orientations throughout the 
tissue at 0% and 15% strains. 

 

 

Full Width Half Maximum (FWHM): There was no significant main effect 

identified for FWHM, however there was a significant interaction found for side x 

location (p < 0.0001).  Figure 4.14A shows that among the distal nerve segments the right 

specimens had a significantly larger FWHM (15.56°  ± 1.00°) than the left specimens 

(13.72° ± 1.00°) and among the proximal segments the left specimens showed a larger 

FWHM (15.52° ± 1.00°) than the right (12.98° ± 1.00°).Additionally, Figure 4.12A shows 

that within the left nerve specimens the proximal segments had a significantly larger 

FWHM (15.52° ± 1.00°) than the distal segments (13.72° ± 1.00°) and within the right 

nerve specimens the distal segments had a larger FWHM (15.56° ± 1.00°) than the 

proximal segments (12.98° ± 1.00°).   

Mean Mode: A significant main effect (p < 0.004) was identified for location with 

the average mean mode being larger in the proximal segments (89.43° ± 4.13°) than the 

distal segments (88.13° ± 4.16°) (Figure 4.14B). 
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Figure 4.14 A) Average FWHM is reported for all proximal and distal segments of all 
left and right RLNs (†, * p < 0.004; ‡, § p < 0.001) B) Average mean mode is reported 

for all proximal and distal segments (* p < 0.004) 

 

 

Please refer to Table 4.1 for a summary of all main effects including the mean 

differences, standard error and associated p values.  Also refer to Table 4.2 for a 

summary of all pairwise comparisons completed for all significant interactions including 

the mean differences, standard error and associated p values.  
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Table 4.1 Summary of key main effects identified for age, location and side for all 
independent variables (TM, W,  ,  , FWHM, Mean mode). a The mean difference is 

significant at the 0.05 level. 

 

 

Age 

(Piglet vs adolescent pig) 

(MPa)

Side

 (Left vs Right) 

(MPa)

Location 

(Proximal vs Distal) 

(MPa)

Tangential Modulus (TM ) Mean Difference 1.25 1.50a 1.19

St. Error 1.39 1.14 1.14

p 0.516 0.002 0.191

Strain Energy Density (W ) Mean Difference 1.33
a

1.19
a 1.06

St. Error 1.13 1.05 1.05

p 0.038 0.000 0.196

α Mean Difference 2.05
a 1.28 1.12

St. Error 1.26 1.16 1.16

p 0.006 0.093 0.480

β Mean Difference 3.25a 2.08 1.29

St. Error 1.6 1.61 1.73

p 0.014 0.116 0.610

FWHM Mean Difference 1.01 1.00 1.00

St. Error 1.01 1.00 1.00

p 0.292 0.349 0.304

Mean Mode Mean Difference 2.48 4.56 8.08
a

St. Error 5.65 4.27 4.27

p 0.826 0.265 0.004
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Table 4.2 Summary of all pairwise comparisons made for all significant interactions. a: 
The mean difference is significant at the 0.05 level 

 
 
 

4.4 Discussion 

The data suggests that overall piglet RLN tissues have a larger W and TM than 

those of the adolescent pigs and would therefore be more resistant to deformation 

(Figure 4.10B, Figure 4.11B).  However, values of TM at strains above 10% and values of 

β are larger in the adolescent pigs than in the piglets (Figure 4.10A, Figure 4.12B). When 

Tangential Modulus (TM )

Side*Location Mean difference (MPa) St. Error (MPa) p

Left Proximal/Distal 1.81a 1.20 0.001

Right Proximal/Distal -1.31 1.20 0.139

Distal Left/Right -1.04 1.21 0.847

Proximal Left/Right 2.24a 1.21 0.000

Strain Energy Density (W )

Age*Location Mean Difference (MPa) St. Error (MPa) p

Distal Piglet/Adoles. Pig 1.48a 1.14 0.008

Proximal Piglet/Adoles. Pig 1.19 1.14 0.200

Adolescent Pig Proximal/Distal 1.19a 1.06 0.007

Piglet Proximal/Distal 1.05 1.07 0.504

Side*Location

Left Proximal/Distal 1.23a 1.07 0.002

Right Proximal/Distal -1.09 1.07 0.215

Distal Left/Right 1.03 1.07 0.708

Proximal Left/Right 1.37a 1.07 0.000

α

Side*Location Mean Difference (MPa) St. Error (MPa) p

Left Proximal/Distal 1.58 1.27 0.056

Right Proximal/Distal -1.26 1.27 0.339

Distal Left/Right -1.06 1.27 0.801

Proximal Left/Right 1.86a 1.27 0.011

FWHM

Side*Location Mean Difference (MPa) St. Error (MPa) p

Left Proximal/Distal 1.01a 1.01 0.004

Right Proximal/Distal -1.02a 1.01 0.000

Distal Left/Right 1.02a 1.01 0.004

Proximal Left/Right -1.02a 1.01 0.000
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looking closer at differences in nerve segment location, results in W suggest that in 

adolescent pigs the proximal segments (near aortic arch) are more stiff than the distal 

segments (Figure 4.11C). I found the same result when comparing proximal and distal 

segments of the left nerves, W, TM and   were larger in the proximal segment 

compared to the distal (Figure 4.10C, Figure 4.11D, Figure 4.12A).  It was also shown in 

the results for W, TM and    that for proximal segments, the left nerves are more stiff 

than the right nerves (Figure 4.10C, Figure 4.11D).  In  Specific Aim 1 I found that larger 

values of α result in larger values of stiffness (slope of the Cauchy stress – stretch curve) 

at low values of stretch and larger values of   result in an increase in stiffness at higher 

values of stretch [74]. Therefore, the differences in α and   highlight that the adolescent 

pigs are more resistant to deformation than piglets at higher values of stretch while the 

piglets are more resistant to deformation at lower values of stretch.   

 In Specific Aim1, I studied two-day-old piglet specimens and calculated 

maximum tangential modulus (MTM), instead of a TM at each strain step, and 

parameters α and   as was done in this study. The average yield stress calculated for 

each piglet nerve segment group ranged from 1.30 (±.05) MPa to 2.52 (±1.25) MPa 

associated with 15%-25% strain [74]. When comparing to this study I find similar results 

with maximum stress values ranging from 0.91(±) MPa to 3.28 (±) MPa associated with 

15% strain. The results of the previous study showed the parameters α,  and MTM to 

be larger in the left proximal segments compared to the distal segments. This is 

comparable to the results we found in the current study with values of TM, W, α and   
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in the left proximal segments being larger than that for the distal segments. The 

previous study also found the left nerves to have smaller values of α (proximal and distal 

segments) and MTM (distal segments only) than the right nerves where   was larger in 

the left nerves (proximal and distal segments). The results of this study show that for 

proximal nerves only, the left nerves have larger values of α,  , W and TM (indicators of 

stiffness) than the right nerves. However for the distal segments the right nerves have 

larger values of α,  , W and TM.  The minor differences in these results may be 

attributed to the differences in age and size of the animals used in the studies or to the 

differences in testing protocols.  

Qualitatively the microstructures of the piglet nerve segments and adolescent 

pig nerve segments look very different (Figure 4.13).  It is clear that the adolescent pig 

specimens have a larger nerve diameter and also appear to have larger individual fiber 

diameters. Additionally the collagen fibers of the piglet nerve segments appear to be 

more densely packed together.  Quantitatively there were no significant changes in fiber 

dispersion (FWHM) or alignment (mean mode) with increased strain within any group of 

nerve segments. This may be attributed to the fact that nearly all of the collagen 

appeared to be aligned and all of the fiber crimp removed as the segments were loaded 

into the device. There was little to no change in fiber alignment because the preferred 

direction of the collagen fiber is along the length of the nerve in both adolescent pigs 

and piglets (Figure 4.13).  The only difference found in FWHM was that in left nerves the 

proximal segments have a larger FWHM than the distal segments and the reverse was 
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true for right nerves (Figure 4.14A). This is the same result that was found for W, TM 

and α.  This suggests that segments with higher values of stiffness may also have higher 

degrees of fiber splay. Additionally, only one significant result was found for mean 

mode, in which we  found a mean mode value closer to 90° (longitudinal alignment) in 

the proximal segments than the distal (Figure 4.14B). This result may not have 

physiological significance, however, since the relative difference was small (88.1° versus 

89.4°). 

Looking back at the results of the histological data previously published by 

Campbell et al., we can make some interesting comparisons with our mechanical data. 

They reported a higher percentage of epineurium in the right RLN when compared to 

the left, regardless of age. They also report a higher percentage of epineurium in the 

piglets compared to the adolescent pigs. These findings appear to have an inverse 

relationship in our results with greater stiffness in the left nerve compared to the right 

and greater stiffness in the piglet compared to the adolescent pig (at low strains).  

The findings of Campbell et al. were however different for the percentage of 

collagen that comprises the epineurium and the percent perineurium.  The authors 

found that the epineurium of the left RLN exhibited a greater percentage of collagen 

than the right and also that piglet samples had a greater percentage of collagen found in 

the epineurium than adolescent pigs. There was also a significant difference found 

between the proximal and distal segments of the adolescent pig, with the proximal 

segments exhibiting more collagen than the distal segments.  
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When taking a look at percent perineurium, the authors of the histological study 

found a larger percentage of perineurium for the left RLN compared with the right. In 

addition, the average percentage of perineurium was higher in the piglet RLN than in 

the adolescent pig. 

The mechanical testing done in this study was purely tensile. It has been 

reported that perineurium may be the primary contributor to tensile strength of 

peripheral nerves [8, 18, 22, 28].  If this is true than the results of the mechanical data 

are what is expected given the results of the histological study [78]. More perineurium 

in the right RLN and the piglet RLN may lead to greater values of tensile strength in 

these specimens.  While epineurium is a contributing factor to tensile strength of a 

nerve, it is the collagen fibers of the epineurium that provide the primary resistance to 

stretch [8, 18, 22, 28, 78]. This may mean that the larger percentage of epineurial 

collagen in the left RLN, the piglet RLN and the proximal RLN of the adolescent pig is a 

contributing factor to the higher levels of stiffness I found in these segment groups.  

To our knowledge the only other study on the mechanical behavior of the RLN is 

the study our group previously published in Alexander et al, 2010 [74]. However there 

have been studies on the mechanical properties of other peripheral nerves that may 

allow us to make some useful comparisons.  

Other research groups have performed studies on the mechanical behavior 

and/or the microstructure of other peripheral nerves including but not limited to the 

ulnar nerve, tibial nerve, median nerve and sciatic nerve [18, 20, 23, 76, 84-88].  Ma et 
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al. published a study of adult human cadaver ulnar nerves stretched at a rate of 0.05 

mm/s up to 10% strain found an average maximum value of tensile stress to be 0.18 

MPa which is lower on average than the stresses I have calculated in the porcine RLN 

[84]. In another study of the sciatic nerve of female guinea pigs, Young’s Modulus was 

reported at 5%, 10%, 15% and 20% strain, being 32 MPa (± 13) at 15% which is the 

maximum stretch we achieved in this study [86]. This is higher than the values I 

reported which may be due to differences in species and/or differences in the amount 

of force imposed on the sciatic nerve than the RLN.  

This study was not without limitations. The most significant limitation was the 

time required to acquire multiphoton images.  Each z-stack of images takes 

approximately ten minutes to complete.  This prevented us from measuring fiber data 

as a continuous function of stretch.  The multiphoton microscope also restricts us to less 

than 300 µm of depth through the nerve specimens that equates to less than 25% 

through the largest diameter specimens and just over 50% through the smaller 

specimens. The left RLN in particular is subject to a complex mechanical environment. 

While it is tethered to the aortic arch by way of the ligamentum arteriosum and the 

pulmonary artery, I do not expect sliding between the nerve and the aorta, however I do 

expect it to be subjected to pulsatile tensile and compressive forces caused by the 

internal pressure of the arteries and also aortic root motion. This study measures the 

ability of the RLN to withstand stretch but not compression, which is a focus of our 

future research in RLN biomechanics. Finally, the cost and availability of pigs also 
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restricted the age of the tissue that was available to us. It would be interesting to also 

observe mechanical and microstructural behavior of much older specimens to further 

look at changes with aging.  

In conclusion the mechanical properties and microstructure of the left RLN are 

heterogeneous with the proximal region, which loops around the aortic arch, exhibiting 

greater stiffness than the distal or neck region. The higher stiffness and greater degree 

of collagen fiber splay may provide this region of the RLN the necessary structure to 

counter forces imposed by the aortic arch, pulmonary artery, and any neighboring 

tissues that contact it. There were not any significant differences found in the 

microstructure between the adolescent pigs and the piglets, however W and α were 

significantly greater in piglets while β was significantly greater in adolescent pigs. This 

may mean that the piglet RLN tissues are more resistant to stretch until greater levels of 

strain (>10%) are reached at which point the adolescent pig RLN tissues become more 

stiff.  This study applies an innovative biomechanical and imaging approach that allows 

simultaneous imposition of nerve stretch while directly observing and measuring 

connective tissue changes within the epineurium. Ongoing work in our laboratory will 

focus on exploring other methods of nerve deformation, including compression. 
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5. SPECIFIC AIM 3 
5.1 Introduction 

Unilateral vocal fold paralysis (UVP) occurs when one of the vocal folds (or 

chords) becomes paralyzed due to damage of the recurrent laryngeal nerve (RLN) that 

innervates it (left or right side).  In most cases it is the left side vocal fold that is affected.  

Up to 42% of UVP cases have been reported as idiopathic [1, 2]. Due to the proximity of 

the vagus nerve and its recurrent branch to the aortic arch; we hypothesize that damage 

to the RLN may be caused by forces imposed on the nerve by aortic arch. 

Hoarseness associated with cardiovascular pathology is termed cardiovocal 

syndrome, or Ortner’s syndrome as it was first ascribed by Nobert Ortner [63, 64, 66]. 

Cardiovocal syndrome is caused by an impaired ability of the left recurrent laryngeal 

nerve to transmit impulses to laryngeal musculature because of stretching or 

impingement of the nerve from disease-induced changes in cardiac or great vessel 

anatomy [66]. Hoarseness due to paralysis of the left recurrent laryngeal nerve caused 

by a dilated left atrium in mitral stenosis as discussed by Ortner is a subject of 

controversy. Different authors have cited different mechanisms for the syndrome and a 

variety of cardiac problems can lead to paralysis of the left recurrent laryngeal nerve 

[63, 64, 66]. These include mitral stenosis, thoracic aortic aneurysms, patent ductus 

arteriosus, primary pulmonary hypertension, atrial and ventricular septal defects, 

Eisenmenger’s syndrome and recurrent pulmonary embolism [64, 66]. 
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To understand how cardiovocal syndrome arises, one has to consider the 

anatomical position of the recurrent laryngeal nerve and the left atrium. On the right, 

the recurrent laryngeal nerve crosses around the first part of the subclavian artery and 

travels in the groove between the trachea and esophagus. On the left, the vagus nerve 

gives off the recurrent laryngeal nerve at the aortic arch. This nerve loops around the 

lateral aspect of the ligamentum arteriosum, passes up the right side of the aortic arch 

and ascends in the groove between the esophagus and trachea [89]. The lengthy course 

of the recurrent laryngeal nerve in the thoracic cavity especially around the aortic arch 

makes it vulnerable to compression, traction and erosion by enlarged or displaced 

cardiac chambers, dilated pulmonary arteries and a dilated aorta. Contrary to its name, 

the left atrium does not lie on the left side but forms the most posterior chamber of the 

heart. It is closely related to the esophagus, spine, left recurrent laryngeal nerve, 

pulmonary vessels, lung parenchyma and bronchi. Therefore, when the left atrium 

enlarges, it causes complications by compressing these adjacent structures. 

Cardiovascular pathology is a rare cause of left vocal cord palsy [90]. The incidence of 

mitral stenosis causing this syndrome ranges from 0.6 to 5% [90]. De Bakey et al. 

reported that 8.6% of their patients complained of hoarseness caused by stretching or 

compression of left recurrent laryngeal nerve [90], Leonetti reported that 8 of 168 

patients (4.8%) with thoracic aortic aneurysms (TAA) presented with hoarseness and all 

of these had type I aneurysms (de Bakey classification) involving the ascending root and 

aortic arch [58].  
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The evaluation and simulation of the mechanical loading of the left recurrent 

laryngeal nerve can be used to study the effects of various physiologic scenarios in the 

aortic arch, including healthy and diseased states of the aortic tissue.  Finite element 

methods have been used extensively to study pressure vessels and other soft tissues 

[91-93].  However to the author’s knowledge, there have not been any finite element 

studies used to investigate mechanical behavior of peripheral nerves and more certainly 

not the recurrent laryngeal nerve. 

In previous chapters we have reported variations in the mechanical properties of 

porcine recurrent laryngeal nerves based on age and proximity to the aortic arch (in the 

case of the left RLN).  The average ± SD of the material properties (α and  ) of the left 

RLN adolescent pigs determined from previous experimental work were implemented in 

this model.  The material properties of the aortic arch were obtained from previous 

published work done in our laboratory that is based on the Holtzapfel model [94]. The 

geometry of the aortic arch was determined from 3D reconstruction of patient specific 

MRI data using a circular cross-sectional area.  The geometry of the nerve was assumed 

from observation during dissection.  

The purpose of this study is to develop a computational model using finite 

element methods that can assess the effect of changes in left RLN connective tissue and 

the aortic arch properties on the mechanical response of the left RLN. This model is vital 

for formulating predictions of the typical ranges of stresses and strains in response to 

physiologic and supraphysiologic levels of stretch. These predictions may be important 
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to future investigations using an animal model to determine levels of stretch and 

compression associated with UVP.  

 

5.2 Methods 

5.2.1 Finite Element Mesh 

The aortic arch was discretized into 8,500 homogenous 4-node, quadrilateral, 

stress/displacement shell elements with reduced integration and a large-strain 

formulation (S4R).  Do to the more complex geometry of the RLN it was discretized into 

two types of elements. The RLN mesh contains 33,700 homogenous 8-node linear brick, 

reduced integration solid elements (C3D8R) and homogenous 4-node linear tetrahedron 

solid elements (C3D10). The meshes of the aortic arch and the RLN are displayed in 

Figure 5.1.  

 

 

Figure 5.1 Finite element meshes of the aortic arch and RLN generated in ABAQUS (v 
6.13) 

 

5.2.2 Material Properties 
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Constitutive Model of the Aortic Arch 

An incompressible, anisotropic, hyperelastic material model was adopted to 

characterize the mechanical behavior of the aortic arch. The model is based on the 

fiber-reinforced hyperelastic material model proposed by Holzapfel et al. which has 

been shown to accurately capture the behavior of blood vessel inflation under internal 

pressurization and is one of the forms of the strain energy potentials currently available 

in ABAQUS (v 6.13) to model anisotropic hyperelastic materials [95]. Briefly, the aortic 

tissues were assumed to be composed of a matrix material with two families of 

imbedded fibers, each of which has a preferred direction. The fiber directions ( ) can be 

mathematically described using two unit vectors. The strain energy function W can be 

expressed as: 
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strain invariant,   ̅(  ) are pseudo-invariants of  ̅ and the directions of the fibers   . 

The axial and circumferential stretches are represented with    and    respectively, 

where,    ̅    
    

  (    )
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       .          ,    and D are 

material constants.     is used to describe the matrix material. D is the material 

constant that controls near incompressibility, while     is a positive material constant 

with the dimension of stress and    is a dimensionless parameter. The fiber dispersion 

parameter   was used to describe the distribution of fiber orientation. When  =0, the 
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fibers are perfectly aligned (no dispersion). When  =0.33, the fibers are randomly 

distributed and the material becomes isotropic [94, 95]. The material constants 

implemented in this study are the result of an experimental study previously published 

in the Soft Tissue Biomechanics Laboratory [94].  One representative aortic arch 

specimen was chosen from each of the two age groups (30-60 years of age and over 60 

years of age). The anisotropic hyperelastic material model was implemented into 

Abaqus 6.13 (SIMULIA, Providence, RI). Discrete local coordinate systems were defined 

to include fiber orientations ( ) for each region of the arch along its length. The fiber 

orientations are displayed in Figure 5.2.  The material constants and fiber orientations 

used for each representative aorta are shown in Table 5.1. 

 

 

 

 

     (MPa)   (MPa)    D (MPa-1)     (°) 

Young Aorta 

( 30-60 yrs) 
.0428 1.19 17.47 1.19e-5 0.24 40° 

Old Aorta 

(>60 yrs) 
.0603 2.94 130.90 4.15e-5 0.22 44° 
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Table 5.1 Aortic arch Holzapfel model parameters used for the old and young finite 
element models [94] 

 
 
 

 

Figure 5.2 Aortic arch fiber angle orientation, (young,  =40°  old,  =44°) 

 

 

 

Constitutive Model of Recurrent Laryngeal Nerve 

 An isotropic hyperelastic material model of polynomial form was used in 

previous chapters by the author to capture the behavior of RLN tissue. The mean and SD 

values for the material properties of the RLN are taken directly from the results of the 

adolescent porcine polynomial model calculated in Specific Aim 2.  Table 5.2 displays the 

average and standard deviations used in this study. 
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    (MPa)   (MPa) 

-SD 0.17 2.51 

Mean 0.90 9.71 

+ SD 1.63 16.91 

Table 5.2 Mean ± SD of the polynomial model parameters of the RLN implemented in 
the finite element model 

 

5.2.3 Load and Boundary Conditions 

For the aorta and RLN to deform in a physiological manner, the distal ends of the 

arch were fixed in all directions except radially to accommodate expansion due to 

internal pressure (Figure 5.3 D,E). The distal and proximal ends of the RLN and its vagus 

branch were also fixed in all directions (Figure 5.3 A,B,C). A tie constraint was generated 

between the surface of the RLN and the aortic arch. This boundary condition has been 

observed in situ with the nerve tethered to the aortic arch by surrounding connective 

tissues. The effects of stiffness due to the connective tissues are assumed to be 

negligible. An intraluminal static pressure of 120 mmHg (0.016 MPa) was the only load 

applied.  
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Figure 5.3 Boundary conditions applied to the RLN (A,B,C) and the aortic arch (D,E) 

  

In order to simulate a state of pre-stress in the RLN, the aortic arch diameter 

(measured from its diastolic configuration) was reduced so that when a static 80mmHg 

(0.012 MPa) (diastolic pressure) was applied to the internal surface in the finite element 

model, the new geometry accurately represents the arch geometry from the MRI data in 

the diastolic configuration. This process is illustrated in Figure 5.4.  In order to do this, 

an automated optimization scheme was used to minimize the sum of the squares of the 

residuals (SSR) between the Euclidian distance between the location of the nodes of the 

diastolic MRI configuration geometry and the location of the nodes on the 

corresponding computationally reduced geometry. In each iteration of the custom 

A B 

C 

D 

E 
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written Matlab program, the parameter    ( = percent of the initial diameter) is 

updated until the optimum value of   is determined. Optimization occurred without the 

RLN as part of the model. The RLN was then implemented on the new optimized 

geometry. This was done for both cases of aortic arch material parameters (young and 

old). For the old age group,   was calculated to be 0.940. For the young age group, 

  was calculated to be 0.863.The original and reduced geometries of the old aorta 

calculated from the optimization scheme are shown in Figure 5.5.  

 

 

Figure 5.4 Optimization scheme to determine the 0 pressure configuration of the 
aortic arch 
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Figure 5.5 Result of the aortic arch geometry optimization scheme where the reduced 
geometry is equal to the original geometry after 80mmHg of pressure is applied to the 

internal surface 

 

 

5.2.4 Data Processing 

Post processing of the analytical model provided maximum principal RLN stress 

and maximum principal RLN strain for each combination of 5 material constants at each 

element for the region of interest.  The material constants investigated were the 

properties of the RLN   and  , the static systolic pressure of the internal aortic arch, 

and the two Holzapfel model parameters of the aortic arch with units of stress,     and 

  . Plots of maximum RLN principal stress and principal strain were generated as a 

function of each independent variable (aortic and RLN material constants and pressure).   
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Scatter-plots of each variable and peak maximum stress and peak maximum 

strain in the RLN region of interest were constructed to provide graphical indications of 

association.  Spearman’s rank correlation was used to provide a mathematically 

objective assessment of the association between each variable and peak stress and peak 

strain [96]. A correlation coefficient of 0.95 was interpreted to indicate a reliable 

association. The Spearman’s rank correlation coefficient was used to assess which 

parameters are the most influential on left RLN stress and strain. 

 

 

5.3 Results 

 The distribution of maximum principal strain of the entire system of a 

representative case is shown in Figure 5.6.  Figure 5.7 displays the undeformed and 

deformed configuration of a representative RLN specimen.  
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Figure 5.6 Representative system maximum principal strain distribution 

 

 

Figure 5.7 Undeformed and deformed configuration of a representative RLN specimen 
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 Representative maximum principal strain contours for the RLN with average 

values of α and β and the young aorta and each pressure is shown in Figure 5.8. The 

same maximum principal strain contours are shown for the average properties of the 

RLN and the old aorta at each pressure in Figure 5.9. 
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Figure 5.8  Maximum principal strain contour plot in the RLN region of interest with 
average values of RLN properties for the cases of the young aorta at each pressure 
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Figure 5.9  Maximum principal strain contour plot in the RLN region of interest with 
average values of RLN properties for the cases of old aorta at each pressure 

0.11 
 
 

0.07 
 
 

0.04 
 
0.00 

Max Principal 
Strain 

Old Aorta (> 60 yrs) 

8
0

 m
m

H
g 

1
2

0
 m

m
H

g 
1

5
0

 m
m

H
g 



109 
 

Figure 5.10 displays the effects of all combinations of   and   on maximum 

principal stress and maximum principal strain for both aorta models at each level of 

pressure. Each surface represents a different quantity of pressure. From these plots we 

can see that the maximum values of   and   result in a maximum nerve stress and a 

minimum nerve strain. 

 Figure 5.11 and Figure 5.12 show the peak maximum principal stress and strain, 

respectively for all combinations of parameters of the RLN, aortic arch and pressure. For 

the RLN region of interest, the range of peak maximum principal stress for all cases was 

0.33 MPa– 8.24 MPa. The range of peak maximum principal strain for all cases was 0.02 

– 0.16 (mm/mm).  After assessing all models, the largest value of RLN stress occurred in 

the young aorta model with the highest values of RLN   and   and 150 mmHg of 

pressure. The highest value of RLN strain occurred in the young aorta model the lowest 

values of RLN   and   at 150 mmHg of pressure. 
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Figure 5.10 Surface plots demonstrating the effects of all combinations of   and   on 
RLN stress (left) and RLN strain (right) for both aorta models at each level of pressure 
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Figure 5.11 Peak maximum principal stress for the region of interest of the RLN for all 
combinations of RLN parameters of the young and old aortas at each level of pressure, 
A)-C) display the results for the young aorta at each pressure,  D)-F) display the results 

for the old aorta at each pressure 
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Figure 5.12 Peak maximum principal strain for the region of interest of the RLN for all 
combinations of RLN parameters of the young and old aortas at each level of pressure, 
A)-C) display the results for the young aorta at each pressure,  D)-F) display the results 

for the old aorta at each pressure 
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calculated for each model parameter.  To determine whether these co-vary in a 

significant fashion, a t-test can be applied to the correlation coefficient at a given n-2 

degrees of freedom and confidence level, in this case 95%. Figure 5.14 demonstrates the 

probability density function as a function of degrees of freedom and t-value so that the 

95% CI can be determined. If the 95% CI envelopes a correlation coefficient of 0.0 then 

the association is not reliable as 0.0 corresponds with no correlation. The Spearman’s 

correlation coefficients along with the 95% CI signifying sensitivity of maximum principal 

stress and maximum principal strain to input parameters are shown in Figure 5.15.  

 For both peak maximum principal stress and peak maximum principal strain the 

parameters that exhibited the greatest correlation coefficients were    and     with the 

same interval (stress: -0.63 (-1.00 to -0.253); strain: -0.62 (-0.997 to -0.243)). There was 

no significant correlation with pressure in either case (stress: 0.31 (-0.076  to  0.638), 

strain: 0.35 (-0.027 to 0.727)).   was not correlated in a 95% CI in either case (stress: 

0.14 (-0.237 to 0.517), strain(-0.24 (-0.617 to 0.137)).   was significantly correlated in 

the case of maximum principal stress, but not strain. The correlation coefficient with 

stress was 0.41 (0.032 - 0.787) and with strain it was -0.12 (-0.497 – 0.365).  
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Figure 5.13 Graphical representation of relationships between peak maximum 
principal stress (left) and RLN and model parameters and between peak maximum 

principal strain (right) and model parameters 
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Figure 5.14 For a total of 54 combinations of parameters, correlations below 95% 
correlation confidence threshold of 0.377 are disregarded 
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Figure 5.15 Spearman rank order correlation sensitivity to peak maximum principal 
stress (top) and peak maximum principal strain for each input parameter with 95% 

confidence intervals 
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RLN. The purpose of this study was to determine if their exists combinations of aortic 

arch and RLN properties and systolic blood pressure that could yield quantities of peak 

strain of the RLN outside of what is considered a normal physiologic range.  We 

reported which model parameters yield the highest level of RLN stress and strain.  

Additionally we investigated the sensitivity between each of these parameters and 

stress and strain in the RLN. For all cases the maximum principal stress and maximum 

principal strain of the portion of the RLN around the aortic arch occurred at the same 

element location, which is approximately in the middle of the curved region. 

The highest value of RLN strain reported in any case occurred in the young aorta 

(most compliant aorta) with the lowest values of   and   (most compliant RLN) in the 

RLN at the highest amount of pressure (150 mmHg).  This is expected as the highest 

values of compliance applied with the greatest value of load would yield the greatest 

amount of deformation and hence strain in the nerve.  

The highest value of RLN stress reported in any case also occurred in the young 

aorta with an average value of   but a maximum value of   in the RLN and 150 mmHg. 

This can be explained by considering that in order to achieve a high value of RLN stress 

there should be a high value of stiffness in the RLN but also a large amount of enforced 

displacement by the aortic arch.  The largest amount of aortic arch displacement occurs 

when the aortic arch is more compliant (in this case younger).  
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In the cases of the old aorta the maximum principal strain in the RLN never 

exceeded 5.5%.  In the cases of the young aorta the peak maximum principal strain with 

120 mmHg was 14.3% and with 150mmHg was 16.1%.  

Through ranking the parameters with Spearman’s correlation coefficient we 

determined that the parameters that have the greatest influence on the left RLN 

principal stress and strain are the material properties of the aortic arch. This supports 

our hypothesis that cardiovascular disease may play a role in the idiopathic onset of 

unilateral vocal fold paralysis. The results showed that lower values of     and    would 

generate higher values of principal stress and strain.     and    have units of stiffness 

(MPa). A lower value of stiffness would allow for larger deformation of the aortic arch 

which would in turn further stretch the RLN.  However there are other factors that may 

need to be considered in future studies such as arterial dilation that occurs with the 

onset of aneurysm.  

While there has not yet been any published data on the functional deficit of the 

RLN to different degrees of applied load or stretch, these types of studies have been 

performed on other peripheral nerves.  For example, the isolated tibial nerve of rabbit 

can sustain tensile strains as large as 15% before any appreciable stress develops in that 

tissue [28, 97].  Nerve tension has been found to reduce blood flow and nerve 

conduction velocity. At strains of 6-8% blood flow within the tibial and sciatic rat nerves 

begins to decrease and is completely blocked at strains of 14-16% [3, 77].  Another 

group reports that the extant data indicate that strain of 6-8% for short duration causes 
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transient physiological changes that appear to be within the normal stress tolerance of 

the tissue, whereas acute strains of 11% or greater cause long-term damage and may be 

considered to be excessive stress states [20]. A study of guinea pig tibial nerves in 2007 

included applying incremental quantities of stretch and measuring corresponding 

changes in compound action potential (CAP) [98]. Results of this study showed that a 

longitudinal strain of 5% caused a 16% reduction in the CAP, a strain of 10% caused a 

50% reduction in the CAP and with 20% strain severe conduction block with minimal 

recovery was observed [98].  

Because species and tissue variations exist and nerve structure varies by 

location, comparing quantitative data between studies is problematic.  This is one 

limitation of this study. However, until function deficit studies are done in this nerve 

model, these previously published works provide some indication of the quantity of 

strain required to elicit damage to a peripheral nerve.  Based on previous findings we 

conclude that there may exist properties of the aortic arch and RLN that result in levels 

of strain (up to 16%) that are large enough to cause injury in the left RLN near the region 

of the aortic arch.  Future studies should include experimentally derived compression 

behavior of the RLN implemented in a computational model that takes into account the 

effects of stretch and compression on the RLN by the surrounding vessels, including the 

pulmonary artery.  Further research should be done to determine what amount of 

stretch causes significant functional deficits in the RLN in order to make a more accurate 

prediction of the effects of cardiovascular disease on RLN injury. 
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6. DISCUSSION 
6.1 Summary of Results 

 Unilateral vocal fold paralysis (UVP) is now considered a common disorder seen 

in the practice of otolaryngology and voice pathology. UVP can greatly affect a patient’s 

quality of life by diminishing the ability to speak and causing difficulty with breathing 

and swallowing.  While most cases are caused by surgery or a traumatic event, many 

cases are diagnosed as idiopathic. The anatomy of the recurrent laryngeal nerve (RLN) 

and its proximity to major vessels (aortic arch, pulmonary artery and subclavian artery)  

provides a region of interest that may be subject the RLN to stretch and compression 

forces large enough to damage the nerve. In order to better understand the idiopathic 

onset of UVP and to a help further elucidate a possible cause, the biomechanical 

behavior of the RLN should be characterized.  This dissertation describes the 

biomechanical properties of the RLN in piglets and adolescent pigs at the distal (neck) 

and proximal regions (aortic arch/subclavian artery).  Novel data were reported in 

regard to the location and age dependence of the tensile behavior of RLN mechanical 

properties.  

The goal of Specific Aim1 was to investigate the biomechanical properties of piglet 

RLN and identify differences in these properties along its length and between the left 

and right side. Quasi-static uniaxial tensile testing and isotropic constitutive modeling 

were performed on seven piglet RLNs. Stiffness and other biomechanical parameters 

were derived from these tests and compared by conducting two different statistical 
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analyses for the between and within nerve comparisons. Results showed higher stiffness 

values in the left RLN segment than for the right. Descriptive data demonstrated a 

higher stiffness in RLN segments surrounding the aortic arch, indicating a more 

protective role of the extracellular matrix in these nerves.  This research offered insight 

regarding the protective function of the RLN connective tissues and structural 

compromise due to its environment. 

The focus of Specific Aim 2 was determine if the biomechanical and 

microstructural properties of the RLN change during phases of growth and development 

and by location according to its mechanical environment. Specifically we looked for 

differences in the region of the nerve that loops around the aortic arch. The neck/distal 

and thoracic/proximal (near the aortic arch) regions of the RLN from 8 adolescent pigs 

and 6 piglets were isolated and mechanically assessed in uniaxial tension. Two-photon 

imaging (second harmonic) data was collected at 5%, 10% and 15% strain during the 

mechanical test. The tangential modulus (TM) and the strain energy density (W) were 

determined at each level of strain. The mean mode of the preferred fiber angle and the 

full width at half maximum (FWHM, a measure of fiber splay) were calculated from the 

imaging data. We found significantly larger values of TM, W, and FWHM in the proximal 

segments of the left RLN when compared to the distal segments. TM and W were larger 

in the left segments than the right.  W was larger in piglets when compared to 

adolescent pigs. The proximal region of the left porcine RLN is more stiff than the distal 
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region and has a higher degree of fiber splay. These differences may develop as a result 

of the more dynamic environment the left RLN is in as it loops around the aortic arch.  

The purpose of Specific Aim 3 was the computational modeling of the left RLN and 

the aortic arch. The material properties of the RLN and aortic arch were determined 

from Specific Aim 2. This model investigated the effects of various RLN and aortic arch 

parameters on the strain and stress in the RLN. The aortic arch geometry was 

determined from processing MRI data and the RLN geometry was determined from 

observation during dissection and generated with SolidWorks. Two aortic arch models 

were used, the materials properties of one were taken from a young data group (ages 

30-60 years) and the material properties of the other were taken from an old data group 

(over 60 years). For each aortic arch model the properties of the RLN varied by mean ± 1 

SD. The strain and stress of the RLN in the region of interest were reported for both 

models at three different static systolic pressures (80 mmHg, 120mmHg and 150mmHg) 

to simulate the effects of normal tension and hypertension. We found that the left RLN 

stress and strain are most sensitive to changes in the aortic arch material properties.  

This suggests that the aortic arch and other arteries in the vicinity of the region of 

interest may influence the strain in the nerve enough to damage the nerve. The 

maximum strain found in the RLN region of interest was 16.1%, possibly large enough to 

cause damage in the RLN, especially in the long term. 
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6.2 Future Work 

The work presented in this dissertation was a pilot study into the variations that 

may exist in the mechanical properties and microstructure between recurrent laryngeal 

nerve locations.  Given the pilot-study nature of this work, there is room for more 

advanced future work.  This final section proposes future work that can be performed 

based on the observations from the presented work in this dissertation. 

 The first major limitation of this study is that the mechanical testing performed 

did not capture the compressive properties of the RLN. Given the surrounding 

environment of the RLN, particularly on the left side, it may be subject to compressive 

forces as well as tensile ones. Future mechanical testing should characterize the 

compressive properties of the RLN. Peripheral nerve tissue has been reported to have a 

viscoelastic response [28], additional tensile testing should be done to characterize the 

viscoelastic behavior of the RLN.  

 The gated MRI images used for the geometric reconstruction of the aortic arch 

will also be a part of another future study. The images will be acquired from subjects 

ranging from 20-85 years of age, twenty of them diagnosed with left-sided idiopathic 

UVP and twenty age-matched controls. Measures of aortic arch and pulmonary artery 

diameter should be made from several MRI scanning orientations. Compliance can be 

determined for the aorta and the pulmonary artery over a cardiac cycle that is 

normalized to the pulse pressure. The mean aortic arch diameter and compliance should 
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be compared between experimental groups to determine if there are differences 

between the individuals diagnosed with left-sided idiopathic UVP age-matched controls. 

 The data from the gated MRI data can be used to further develop the 

computational model of this study. We propose a more elaborate model based on 20 

UVP patient-specific geometries and 20 age-matched control patient-specific 

geometries. The geometry should include not only the aortic arch and the RLN, as in the 

current study, but also the main pulmonary artery and changes in diameter and 

compliance of this artery may subject the nerve to compressive forces when combined 

with the aortic arch.  The material properties of the RLN will come from the same 

experimental data previously quantified.  The aortic arch and pulmonary artery 

compliance could come directly from the measurements of the gated MRI data. The 

parameters of the constitutive model chosen to describe the mechanical behavior of the 

arteries will be determined through an optimization scheme. A 2D cross-sectional 

geometry of the artery (aorta or pulmonary artery) should be used for the minimization. 

The blood pressure from the MRI data (measured directly from the patient during the 

time of the MRI scan) should be used as a boundary condition for these simulations. 

Matlab should used to minimize the sum of the squares of the residuals (SSR) between 

the computationally generated diameter and the corresponding MRI-measured values, 

resulting in a unique set of material constants for both the aorta and the pulmonary 

artery. This data could also be used to compare the material constants of the arteries of 

UVP patients against those of aged-match controls. 



125 
 

 Another future study should include investigation the effects of tensile and 

compressive forces on the functionality of the RLN. Previous published studies have 

included measurements of compound action potential of peripheral nerves while under 

tension and compression [81].  This could be done with recurrent laryngeal nerves ex 

vivo using a device designed in our lab. This device is the same as the one described 

previously for uniaxial tensile testing. The nerve chamber is equipped with ports to 

allow Ag/AgCl electrodes to pass through to stimulate one end of the nerve and record 

compound action potentials on the other end, see Figure 6.1 . There is also a port and 

tubing to allow the inflow of a mixture of 95%O2/5%CO2 to keep the nerves viable.  

 

 

Figure 6.1 Nerve chamber set up from uniaxial tensile testing device for 
electrophysiological measurements 

  

 

A
B C

A

B

Nerve

Electrode Pairs
A: KCl
B: Silicone vacuum grease
C: Kreb’s bubbled with 95%O2/5%CO2
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Preliminary testing has been done on four month old adolescent pig RLN specimens. 

Plots of compound action potential recordings as a function of time with the applied 

strain shown on each are displayed in Figure 6.2.  In the left plot the compound action 

potential begins to decline with the application of 12% strain, in the right plot the 

compound action potential begins to decline with the application of 6% strain.  

  

Figure 6.2 Preliminary compound action potential measurements with applied strain 
for two adolescent pig RLN specimens 

 

Ultimately, the information acquired from these studies can be used to develop 

hypotheses for future investigations using an animal model regarding the degree of 

deformation of RLN tissues with in vivo measure of blood vessel diameter/compliance 

and geometry to determine levels of stretch and compression associated with UVP. 
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APPENDIX 

 

Polynomial Fit Code (See separate function file below) 

%This program imports nerve test data and fits a polynomial model from  

Ragahavan and Vorp using 

%least squares 

%clear 

%clc 

%close all 

  

filename= input ('Enter name of file: '); 

xexp=position'; 

fexp=load'; 

fexp=load*0.00980665002864'; 

  

fexp=sgolayfilt(fexp,1,2001); 

fexp=fexp'; 

  

[xexp,I,J]=unique(xexp,'first'); 

fexp=fexp(I); 
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xexp=xexp-xexp(1); 

fexp=fexp-fexp(1); 

  

b1=input('Enter starting index of first shift: '); 

b2=input('Enter ending position of first shift: '); 

d1=input('Enter the magnitude of the first shift: '); 

d2=input('Enter the magnitude of the second shift: '); 

fexp(1,b1:b2)=fexp(1,b1:b2)+d1; 

fexp(1,b2+1:end)=fexp(1,b2+1:end)+d1+d2; 

  

%Compute Sample parameters from load and position 

d=input('Enter diameter of nerve in mm: '); 

lo=input('Enter guage length of nerve in mm: '); 

A=d^2*pi/4;  

strain=xexp/lo; %sample strain 

stretch=strain+1; 

S=fexp./A; 

S=S.*stretch; 

  

exstretch=stretch'; 

exstress=S; 
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exstress=exstress'; 

  

%initial guesses for fitting variables (alpha, beta) 

xo=[.1,... 

    10]; 

  

%Minimize the function "merit.m" by varying the inputs alpha and beta with 

%initial guesses stored in the vector xo and by passing experimental data 

%to the function (last 3 entries: position, force, and initial gauge 

%length) 

options = optimset('MaxFunEvals',10000,'MaxIter',10000); 

f=@(x)obj(x,exstress,exstretch); %define parameter function handle that  

%allows code to pass additional parameters to merit function 

[fitvars,FVAL,EXITFLAG,OUTPUT]=fminsearch(f,xo,options); 

  

y=[exstretch;exstress]; 

y=y'; 

f=[exstretch;stress(exstretch,fitvars)]; 

f=f'; 

[r2 rmse]=rsquare(y,f); 
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%Plot Results 

figure 

plot(exstretch,exstress,'r:','Linewidth',4) 

hold on 

plot(exstretch,stress(exstretch, fitvars),'b','Linewidth',4) 

legend('Experimental','Model','location','southeast'); 

xlabel('Stretch (\lambda)','FontWeight','bold','FontSize',16);ylabel('Cauchy-stress 

(MPa)','FontWeight','bold','FontSize',16); 

grid off 

title(['Polynomial Model Fit: \alpha = ' sprintf('%0.2f',fitvars(1)) ' MPa, \beta = ' 

sprintf('%0.2f',fitvars(2)) ' MPa'],'Fontweight','bold','FontSize',16); 

box off 

set(gca, 'FontWeight','bold','FontSize',16); 

  

saveas(gcf,[filename '_polyfit.fig']); 

  

save ([filename '_polyfit.mat'],'filename','exstress','load', 'position','exstretch','OUTPUT', 

'fitvars', 'FVAL','stretch','r2'); 

  

Supplementary Function File for Polynomial Fit 

function smodel=stress(exstretch,a) 
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%exlam= experimental stretch 

%a=fitting parameters vector 

  

%unpack input variables 

alpha=a(1); 

beta=a(2); 

  

%Determine stress in sample predicted by model for current values of alpha 

%and beta 

%smodel=((2*alpha) + (4*beta.*(exstretch.^2)+ 2*(exstretch.^-1)-3))*((exstretch.^2)-

(exstretch.^-1)); 

  

smodel=((2*alpha) + (4*beta.*((exstretch.^2)+ 2*(exstretch.^-1)-3))).*((exstretch.^2)-

(exstretch.^-1)); 

 

 

Code for calculating Tangential Modulus TM and Strain Energy W at each Strain Step 

syms x a b; 

T=((2*a) + (4*b.*((x.^2)+ 2*(x.^-1)-3))).*((x.^2)-(x.^-1)); 

DT=(2*x + 1/x^2)*(2*a + 4*b*(2/x + x^2 - 3)) - 4*b*(2*x - 2/x^2)*(1/x - x^2); 
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a=fitvars(1); 

b=fitvars(2); 

x1=1.05; 

DT1=(2*x1 + 1/x1^2)*(2*a + 4*b*(2/x1 + x1^2 - 3)) - 4*b*(2*x1 - 2/x1^2)*(1/x1 - x1^2); 

x2=1.10; 

DT2=(2*x2 + 1/x2^2)*(2*a + 4*b*(2/x2 + x2^2 - 3)) - 4*b*(2*x2 - 2/x2^2)*(1/x2 - x2^2); 

x3=1.15; 

DT3=(2*x3 + 1/x3^2)*(2*a + 4*b*(2/x3 + x3^2 - 3)) - 4*b*(2*x3 - 2/x3^2)*(1/x3 - x3^2); 

  

W1=(a*((x1.^2)+2*(x1.^-1)-3))+(b*((x1.^2)+2*(x1.^-1)-3)^2); 

W2=(a*((x2.^2)+2*(x2.^-1)-3))+(b*((x2.^2)+2*(x2.^-1)-3)^2); 

W3=(a*((x3.^2)+2*(x3.^-1)-3))+(b*((x3.^2)+2*(x3.^-1)-3)^2); 

  

save ([filename '_modulus.mat'],'filename','DT1','DT2','DT3','W1','W2','W3'); 

 

Optimization Code For Shrinking Aortic Arch (4 separate files) 

1. Run Create_circles.m  

 

clear all 

close all 
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global nodes_target elements nodes abaquscount  Ulimit Llimit  

load target_geom 

nodes_target = nodes; 

abaquscount = 1 

%load('C:\Users\mjoy\Desktop\simulations\data.mat') 

  

%% get nodal data 

% nodes_target = [];               % nodal coordinates of the target geometry 

  

alfa = 0.95;                       % dilatation factor to get the shrunk  

                                 % geometry from the target geometry 

%nodes = [(1:length(X))',X,Y,Z];  % nodal coordinates of the shrunk geometry 

  

%% Optimization on alpha 

% define the limits for the variation of alpha 

Llimit = alfa*0.75; 

Ulimit = alfa*1.25; 

  

options=optimset('Display','iter','TolX',1e-3,'TolFun',1e-3); % See help on fminsearch  

  

[alfa,fval,exitflag,output]=fminsearchbnd(@obj_fun,alfa,Llimit,Ulimit,options); 
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Function script to generate the new nodes 

 

function [ring_nodes_xyz,ring_mean_xyz]=rings(alfa) 

global nodes 

% clear all 

% alfa = 1.5; 

%% get nodes and element data 

nodes = importdata('nodes.txt'); 

elements = importdata('elements.txt'); 

nele = 114; 

ring_elements{1,1} = [linspace(1,4333,38)';(8854:8892)']; 

ele = ring_elements{1,1}; 

elems{1,1} = elements(ele,:); 

ring_nodes{1,1} = [elements(ele(1:length(ele)/2),[2,5]); 

elements(ele(length(ele)/2+1:end),[4,5])];%ring_nodes{1,1} = 

[elements(ring_elements{1,1},[2,5]);elements(ring_elements{1,1},[4,5])]; 

for i = 2:nele 

    ring_elements{i,1} = [ring_elements{i-1,1}(1:length(ring_elements{1,1}(:,1))/2)+1;... 

        ring_elements{i-1,1}(length(ring_elements{1,1}(:,1))/2+1:end)-length(ele)/2]; 

    ele = ring_elements{i,1}; 
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    elems{i,1} = elements(ele,:); 

    ring_nodes{i,1} = [elements(ele(1:length(ele)/2),[2,5]); 

elements(ele(length(ele)/2+1:end),[4,5])]; 

end 

ele = ring_elements{i,1}; 

% elems{i+1,1} = elements(ele,:); 

ring_nodes{end+1,1} = [elements(ele(1:length(ele)/2),[3,4]); 

elements(ele(length(ele)/2+1:end),[2,3])]; 

  

%% get normal for each section 

ring_nodes_xyz{size(ring_nodes,1),1} = zeros(size(ring_nodes{1,1},1),4); 

nodes1 = []; 

for i = 1:size(ring_nodes,1) 

    % get the nodal [x,y,z] of the current ring of nodes 

    temp = ring_nodes{i,1}; 

%     [temp,id] = unique(temp(:),'stable'); 

    ring_nodes_xyz{i,1} = nodes(unique(temp(:)),:); 

     

    % translate the above ring to the origin 

    translated_ring_nodes_xyz{i,1} = ring_nodes_xyz{i,1}(:,2:4) - 

repmat(mean(ring_nodes_xyz{i,1}(:,2:4)),size(ring_nodes{i,1},1),1); 
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    ring_mean_xyz(i,:) = mean(ring_nodes_xyz{i,1}(:,2:4)); 

    

    % convert the translated ring of nodes to a spherical system 

    temp = translated_ring_nodes_xyz{i,1}; 

    [spherical_ring_nodes_rtphi{i,1}(:,1),spherical_ring_nodes_rtphi{i,1}(:,2),... 

        spherical_ring_nodes_rtphi{i,1}(:,3)] = cart2sph(temp(:,1),temp(:,2),temp(:,3)); 

    modified_ring_nodes_rtphi{i,1} = 

[spherical_ring_nodes_rtphi{i,1}(:,[1,2]),alfa*spherical_ring_nodes_rtphi{i,1}(:,3)]; 

    temp = modified_ring_nodes_rtphi{i,1}; 

    [modified_ring_nodes_xyz{i,1}(:,1),modified_ring_nodes_xyz{i,1}(:,2),... 

        modified_ring_nodes_xyz{i,1}(:,3)] = sph2cart(temp(:,1),temp(:,2),temp(:,3)); 

    translated_modified_ring_nodes_xyz{i,1} = modified_ring_nodes_xyz{i,1} + 

repmat(ring_mean_xyz(i,:),size(ring_nodes{i,1},1),1); 

     

    nodes1 = 

[nodes1;ring_nodes_xyz{i,1}(:,1),translated_modified_ring_nodes_xyz{i,1}(:,1),... 

        

translated_modified_ring_nodes_xyz{i,1}(:,2),translated_modified_ring_nodes_xyz{i,1}(:

,3)]; 

    % pause; 

    hold off; 
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end 

nodes = nodes1; 

% close 

 

 

Obj Function for Fminsearch operation in the Create_circular_sections file 

function f=obj_fun(inputparameters,x,y) 

% fminsearch runs this program to compare the SSR between the exp and comp result 

global nodes_target elements nodes abaquscount 

% load tempfile; 

  

%% read in the target data 

COORD_target = nodes_target(:,1:4); 

  

%% create new nodal positions based on 'alpha' 

[ring_nodes_xyz,ring_mean_xyz]=rings(inputparameters); 

  

%% create ABAQUS input file solve the current file and retrieve computational results 

% make a function call to create input file for ABAQUS simulation. Make 

% sure to create a local cylindrical coordinate system at the center of 

% each circular section. This will be used to prescribe displacement 
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% boundary conditions so that the geometry deforms only in the radial 

% direction. 

  

COORD_current = createinput(ring_nodes_xyz,ring_mean_xyz); 

  

%% calculate residual 

% keyboard; 

                 

fprintf('\nevaluating objective function...\n'); 

residual = COORD_current(:,end-3:end) - COORD_target(:,end-3:end); 

f = sum((residual(:)).^2); 

fprintf('\niteration number: %d\n',abaquscount); 

% plot(abaquscount,inputparameters,'*');hold on 

abaquscount = abaquscount + 1; 

inputparameters 

end 

 

Createinput File to Generate the ABAQUS input file 

function [COORD_current]=createinput(ring_nodes_xyz,ring_mean_xyz) 

% This program writes an ABAQUS input file.  This is called upon each 

% iteration to change the constants 
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global nodes elements 

  

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%% writing an input file for abaqus 

name='Aorta'; 

file=strcat(name,'.inp');   % adding '.inp' extension to the filename. 

fid=fopen(file,'w');        % opening the file to write the content. 

fprintf(fid,'*Heading\n'); 

  

jobname=name; 

fprintf(fid,'**Job name:%s ',jobname); 

  

modelname='model';          % input('\nenter the model name:','s'); 

fprintf(fid,'Model name:%s',modelname); 

  

partname='Aorta';             % input('\nenter the name of the part:','s'); 

fprintf(fid,'\n**Parts\n**\n'); 

fprintf(fid,'*Part, name=%s\n',partname); 
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instance='instance';% input('enter the name of the instance:','s'); 

fprintf(fid,'*End Part\n**\n**ASSEMBLY\n**\n'); 

fprintf(fid,'*Assembly, 

name=Assembly\n**\n*Instance,name=%s,part=%s\n**\n',instance,partname); 

  

  

fprintf(fid,'*Node\n'); 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% writing nodes and their coordinates 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

for i=1:length(nodes) 

    fprintf(fid,'%6d,%6d,%6d,%6d\n',nodes(i,1),nodes(i,2),nodes(i,3),nodes(i,4)); 

end 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% 

%writing elements and their nodal connectivity 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%% 
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fprintf(fid,'*Element,type=S4R\n');  

  

for j=1:length(elements) 

    fprintf(fid,'%4d,%4d,%4d,%4d,%4d\n',elements(j,1),... 

       elements(j,2),elements(j,3),elements(j,4),elements(j,5)); 

end 

  

%node set for all nodes 

% all_node='all node'; %input('enter the name of all the nodes: ','s'); 

% all_node(isspace(all_node))='_'; 

% fprintf(fid,'*Nset,nset=%s, in 

  

%element set for section (all elements) 

all_ele='all ele'; % input('enter the name of the all elements: ','s'); 

all_ele(isspace(all_ele))='_'; 

fprintf(fid,'*Elset,elset=%s,internal,generate\n',all_ele); 

fprintf(fid,'%d,%d,1\n',1,length(elements)); 

  

%%Orientation 
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fprintf(fid,'*Distribution,name=Ori-1-DiscOrient,location=ELEMENT,Table=Ori-1-

DiscOrient_Table\n'); 

fprintf(fid,'** Description: Distribution generated from Discrete Orientation\n'); 

% insert table of values here for the orientation table taken from an input file generated 

by the user 

 

fprintf(fid,'*Orientation,name=Ori-1,system=RECTANGULAR\n'); 

fprintf(fid,'Ori-1-DiscOrient\n'); 

fprintf(fid,'3,44\n'); 

  

section1_name='section-1'; %input('enter the name for section1: ','s'); 

fprintf(fid,'**Section:%s\n**\n',section1_name); 

%fprintf(fid,'*Shell Section,elset=%s,material=AORTA\n',all_ele); 

fprintf(fid,'*Shell Section,elset=%s,material=AORTA,orientation=Ori-1\n',all_ele); 

fprintf(fid,'2,5\n'); 

fprintf(fid,'*End Instance\n**\n'); 

  

  

%node sets generation for front and rear ends 

  

A=ring_nodes_xyz{1,1}; 
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fr_nodes=A(:,1); 

  

A=ring_nodes_xyz{end,1}; 

rear_nodes=A(:,1); 

  

front_end_nodes='fr node'; % input('enter the name for the front end nodes: ','s'); 

front_end_nodes(isspace(front_end_nodes))='_'; 

k=0; 

fprintf(fid,'*Nset,nset=%s,internal, instance=%s\n',front_end_nodes,instance); 

for i= 1:length(fr_nodes) 

fprintf(fid,'%d,',fr_nodes(i)); 

    k=k+1; 

    if k==16 

        fprintf(fid,'\n'); 

        k=0; 

    end 

end 

 

% rear end of the Aorta. 

rear_end_nodes='re node'; % input('enter the name for the rear end nodes: ','s'); 

rear_end_nodes(isspace(rear_end_nodes))='_'; 



144 
 

k=0; 

fprintf(fid,'\n*Nset,nset=%s,internal,instance=%s\n',rear_end_nodes,instance); 

for i = 1:length(rear_nodes) 

    fprintf(fid,'%d,',rear_nodes(i)); 

    k=k+1; 

    if k==16 

        fprintf(fid,'\n'); 

        k=0; 

    end 

end 

  

 

% node set for internal surface. this is used to impose pressure later on. 

internal_surface='is_node'; % input('enter the name of the internal surface nodes: ','s'); 

internal_surface(isspace(internal_surface))='_'; 

fprintf(fid,'\n*Nset,nset=%s, internal, instance=%s, 

generate\n',internal_surface,instance); 

% fprintf(fid,'%d,%d,1\n',length(nn)-nnodes+1,length(nn)); 

fprintf(fid,'1,%d,1\n',length(nodes)); 

  

% elements set for internal surface. 
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intern_surf_ele='is ele'; % input('enter the name of the internal surface elements: ','s'); 

intern_surf_ele(isspace(intern_surf_ele))='_'; 

fprintf(fid,'*Elset,elset=%s,internal,instance=%s,generate\n',intern_surf_ele,instance); 

fprintf(fid,'1,%d,1\n',length(elements)); 

  

%% defining internal surface 

  

i_surf='is'; % input('enter the name for the internal surface: ','s'); 

i_surf(isspace(i_surf))='_'; 

fprintf(fid,'*Surface, type=ELEMENT,name=%s,internal\n',i_surf); 

fprintf(fid,'%s,SNEG\n',intern_surf_ele); 

  

%% defining the location of the local coordinate systems 

  

a1=ring_mean_xyz(1,:); 

b1=ring_mean_xyz(2,:); 

  

a2=ring_mean_xyz(end,:); 

b2=ring_mean_xyz(end-1,:); 

  

fprintf(fid,'*Transform, nset=%s,type=C\n',front_end_nodes); 



146 
 

fprintf(fid,'%d,%d,%d,%d,%d,%d\n',a1(:,1),a1(:,2),a1(:,3),b1(:,1),b1(:,2),b1(:,3)); 

  

fprintf(fid,'*Transform, nset=%s,type=C\n',rear_end_nodes); 

fprintf(fid,'%d,%d,%d,%d,%d,%d\n',a2(:,1),a2(:,2),a2(:,3),b2(:,1),b2(:,2),b2(:,3)); 

  

  

fprintf(fid,'*End Assembly\n'); 

  

fprintf(fid,'*Distribution Table, name=Ori-1-DiscOrient_Table\n'); 

fprintf(fid,'coord3D,coord3D\n**\n'); 

%% Material definitions  

  

fprintf(fid,'\n**MATERIALS\n**\n'); 

  

%a Holtzapfel material behavior is taken 

  

fprintf(fid,'*Material, name=AORTA\n'); 

fprintf(fid,'*Anisotropic Hyperelastic, holzapfel, local direction=1\n'); 

fprintf(fid,'.0231,2.45e-05,1.17,1.2,0.19\n**\n'); 

     

% %Elastic material behavior is taken 
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% fprintf(fid,'*Material,name=AORTA\n'); 

% fprintf(fid,'*Elastic\n'); 

% fprintf(fid,'3,0.49\n**\n'); 

 

%% Steps 

% the step written considers a fixed time increment. see the abaqus manual 

% for other options like "automatic" etc. 

step1_name='analysis'; % input('enter the name for step1: ','s'); 

step_time=10;       % input('enter the time period for the step: '); 

increm_size=.001;     % input('enter the size of increment: '); 

  

  

fprintf(fid,'** STEP:%s\n**\n',step1_name); 

fprintf(fid,'*Step,name="%s",nlgeom=YES\n**\n',step1_name); 

fprintf(fid,'*Static\n%d,%d,1e-07,10\n**\n',increm_size,step_time); 

%% Boundary conditions  

fprintf(fid,'** BOUNDARY CONDITIONS\n**\n'); 

disp_BC1='fr fix';  % input('enter the name for the fixed front end BC: ','s'); 

fprintf(fid,'** Name:%s Type:Displacement/Rotation\n',disp_BC1); 

fprintf(fid,'*Boundary\n%s,2,2\n%s,3,3\n%s,4,4\n%s,5,5\n%s,6,6\n',front_end_nodes,fr

ont_end_nodes,front_end_nodes,front_end_nodes,front_end_nodes); 
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disp_BC2='re fix';  % input('enter the name for the fixed rear end BC: ','s'); 

fprintf(fid,'** Name:%s Type:Displacement/Rotation\n',disp_BC2); 

fprintf(fid,'*Boundary\n%s,2,2\n%s,3,3\n%s,4,4\n%s,5,5\n%s,6,6\n**\n',rear_end_nod

es,rear_end_nodes,rear_end_nodes,rear_end_nodes,rear_end_nodes); 

  

%% Load for step1 

  

load_BC1='int pres'; % input('enter the name for the load(pressure) on the inside:','s'); 

value_load1=.0107;% input('enter the value of the pressure on the inside: '); 

  

intern_press=load_BC1;                                      %#ok 

value_int_press=value_load1;                                %#ok 

fprintf(fid,'**LOADS\n**Name:%s Type:Pressure\n',load_BC1); 

fprintf(fid,'*Dsload,op=NEW \n%s,P,%d\n**\n',i_surf,value_load1); 

  

% Output requests for step1 

fprintf(fid,'**OUTPUT REQUESTS\n**'); 

fprintf(fid,'** FIELD OUTPUT: F-Output-1\n**\n*Output, field\n*Node Output\nCOORD, 

U\n**\n'); 
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fprintf(fid,'** FIELD OUTPUT: F-Output-2\n**\n*Element Output, directions=YES\nE, 

MISESMAX, S\n**\n'); 

  

% Write to .dat file the outputs to be minimized 

fprintf(fid,'*NODE PRINT,FREQUENCY=9999999\n'); 

fprintf(fid,'COORD, U\n'); 

  

fprintf(fid,'** HISTORY OUTPUT: H-Output-1\n**\n*Output, history, 

variable=PRESELECT\n'); 

fprintf(fid,'*End Step\n** ----------------------------------------------------------------\n** \n'); 

  

  

fclose all; 

% pause(10); 

  

%% submit input file for analysis 

input_file = ['abaqus j=',name,' interactive']; 

res = dos(input_file); 

sta_files{i,1} = [name,'.sta']; 

a=textread(sta_files{i,1},'%s','delimiter',','); % this reads the .sta textfile. 
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done = sum(ismember(a,'THE ANALYSIS HAS NOT BEEN COMPLETED')); % will give a 1 if 

failed 

if done 

    display('Analysis failed') 

else 

    b = textread('Aorta.dat','%s','delimiter',' '); 

    for j = 1:length(b) 

switch b{j,1} 

case 'COOR1' 

node_num_begin_read=j+3; 

COOR1_begin_read= j+4; 

COOR2_begin_read=j +5; 

COOR3_begin_read=j+6; 

end 

    end 

K0 = {}; 

    for j  =  node_num_begin_read:4:node_num_begin_read+ 37060 

        k = b(j+1); % Create a matrix of the displacement 'U' 

        K0 = [K0 k]; % Concatenate matrix 

    end 

     b0 = cellfun(@str2num,K0)'; % Convert from cells to string to num 
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  K1 = {}; 

    for j  =  COOR1_begin_read:4:COOR1_begin_read+ 37060 

        k = b(j+1); % Create a matrix of the displacement 'U' 

        K1 = [K1 k]; % Concatenate matrix 

    end 

     b1 = cellfun(@str2num,K1)'; % Convert from cells to string to num 

     

    K2 = {}; 

    for j =  COOR2_begin_read:4:COOR2_begin_read+ 37060 

        k = b(j+1); % Create a matrix of the displacement 'U' 

        K2 = [K2 k]; % Concatenate matrix 

    end 

     

    b2 = cellfun(@str2num,K2)'; % Convert from cells to string to num 

    

    K3 = {}; 

     for j =  COOR3_begin_read:4:COOR3_begin_read+ 37060 

        k = b(j+1); % Create a matrix of the displacement 'U' 

        K3 = [K3 k]; % Concatenate matrix 

     end 
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     b3 = cellfun(@str2num,K3)'; % Convert from cells to string to num 

  COORD_current=[b0,b1,b2,b3]; 

end 

  

  

   ABAQUS Input File 

*Heading 

** Job name: old_low_low_120 Model name: Model-1 

** Generated by: Abaqus/CAE 6.12-3 

*Preprint, echo=NO, model=NO, history=NO, contact=NO 

** 

** PARTS 

** 

*Part, name=sixcricles6-64 

*End Part 

**   

*Part, name="whole nerve" 

*Node 
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LIST NERVE NODES HERE 

 

*Element, type=C3D8R 

 

LIST NERVE BRICK ELEMENTS HERE 

 

*Element, type=C3D10 

 

LIST NERVE TET ELEMENTS HERE 

 

*Nset, nset=Set-1, generate 

     1,  61508,      1 

*Elset, elset=Set-1, generate 

     1,  45460,      1 

** Section: Nerve 

*Solid Section, elset=Set-1, material=Nerve 

, 

*End Part 

**   

** 

** ASSEMBLY 
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** 

*Assembly, name=Assembly 

**   

*Instance, name=sixcricles6-64-1, part=sixcricles6-64 

-141.05485078586, -137.851950159009, -27.020053364426 

*Node 

 

LIST AORTA NODES HERE 

*Element, type=S4R 

 

LIST AORTA ELEMENTS HERE 

 

*Nset, nset=Set-1, generate 

     1,  10500,      1 

*Elset, elset=Set-1, generate 

     1,  10416,      1 

*Nset, nset=Set-2 

   3,   4, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182 

 183, 184, 185, 186, 187, 188, 189, 190, 191, 192, 193, 194, 195, 196, 197, 198 

 199, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209, 210, 211, 212, 213, 214 

 215, 216, 217, 218, 219, 220, 221, 222, 223, 224, 225, 226, 227, 228, 229, 230 
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 231, 232, 233, 234, 235, 236, 237, 238, 239, 240, 241, 242, 243, 244, 245, 246 

 247, 248, 249, 250, 251, 252, 253, 254, 255, 256, 257, 258, 259, 260, 261, 262 

 263, 264, 265, 266, 267, 268, 269, 270, 271, 272, 273, 274, 275, 276, 277, 278 

 279, 280, 281, 282, 283, 284, 285, 286, 287, 288, 289, 290, 291 

*Elset, elset=Set-2 

  5085,  5086,  5087,  5088,  5089,  5090,  5091,  5092,  5093,  5094,  5095,  5096,  5097,  

5098,  5099,  5100 

  5101,  5102,  5103,  5104,  5105,  5106,  5107,  5108,  5109,  5110,  5111,  5112,  5113,  

5114,  5115,  5116 

  5117,  5118,  5119,  5120,  5121,  5122,  5123,  5124,  5125,  5126,  5127,  5128,  5129,  

5130,  5131,  5132 

  5133,  5134,  5135,  5136,  5137,  5138,  5139,  5140,  5141,  5142,  5143,  5144,  5145,  

5146,  5147,  5148 

  5149,  5150,  5151,  5152,  5153,  5154,  5155,  5156,  5157,  5158,  5159,  5160,  5161,  

5162,  5163,  5164 

  5165,  5166,  5167,  5168,  5169,  5170,  5171,  5172,  5173,  5174,  5175,  5176,  5177,  

5178,  5179,  5180 

  5181,  5182,  5183,  5184,  5185,  5186,  5187,  5188,  5189,  5190,  5191,  5192,  5193,  

5194,  5195,  5196 

  5197,  5198,  5199,  5200,  5201,  5202,  5203,  5204,  5205,  5206,  5207,  5208,  5209,  

5251,  5293,  5335 
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  5377,  5419,  5461,  5503,  5545,  5587,  5629,  5671,  5713,  5755,  5797,  5839,  5881,  

5923,  5965,  6007 

  6049,  6091,  6133,  6175,  6217,  6259,  6301,  6343,  6385,  6427,  6469,  6511,  6553,  

6595,  6637,  6679 

  6721,  6763,  6805,  6847,  6889,  6931,  6973,  7015,  7057,  7099,  7141,  7183,  7225,  

7267,  7309,  7351 

  7393,  7435,  7477,  7519,  7561,  7603,  7645,  7687,  7729,  7771,  7813,  7855,  7897,  

7939,  7981,  8023 

  8065,  8107,  8149,  8191,  8233,  8275,  8317,  8359,  8401,  8443,  8485,  8527,  8569,  

8611,  8653,  8695 

  8737,  8779,  8821,  8863,  8905,  8947,  8989,  9031,  9073,  9115,  9157,  9199,  9241,  

9283,  9325,  9367 

  9409,  9451,  9493,  9535,  9577,  9619,  9661,  9703,  9745,  9787,  9829,  9871,  9913,  

9955,  9997, 10039 

 10081, 10123, 10165, 10207, 10249, 10291, 10333, 10375 

*Nset, nset=_PickedSet11, internal, generate 

     1,  10500,      1 

*Elset, elset=_PickedSet11, internal, generate 

     1,  10416,      1 

*Elset, elset=_Surf-1_SPOS, internal, generate 

     1,  10416,      1 
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*Surface, type=ELEMENT, name=Surf-1 

_Surf-1_SPOS, SPOS 

*Elset, elset=_Surf-2_SPOS, internal, generate 

     1,  10416,      1 

*Surface, type=ELEMENT, name=Surf-2 

_Surf-2_SPOS, SPOS 

*Distribution, name=Ori-1-DiscOrient, location=ELEMENT, Table=Ori-1-DiscOrient_Table 

** Description: Distribution generated from Discrete Orientation 

 

LIST ORIENTATION TABLE HERE 

 

*Orientation, name=Ori-1, system=RECTANGULAR 

Ori-1-DiscOrient 

3, 44. 

** Section: Aorta 

*Shell Section, elset=Set-1, material=Aorta, orientation=Ori-1 

2., 5 

*End Instance 

**   

*Instance, name="whole nerve-1", part="whole nerve" 

 1.33226762955019e-15,  5.02851094097423e-11, -21.629863300032 
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 1.33226762955019e-15,  5.02851094097423e-11, -21.629863300032,  

1.33226762955019e-15, 1.00000000005029, -21.629863300032,         180. 

*End Instance 

**   

*Nset, nset=Set-3, instance=sixcricles6-64-1 

   1,   4, 292, 293, 294, 295, 296, 297, 298, 299, 300, 301, 302, 303, 304, 305 

 306, 307, 308, 309, 310, 311, 312, 313, 314, 315, 316, 317, 318, 319, 320, 321 

 322, 323, 324, 325, 326, 327, 328, 329, 330, 331, 332, 374, 375, 376, 377, 378 

 379, 380, 381, 382, 383, 384, 385, 386, 387, 388, 389, 390, 391, 392, 393, 394 

 395, 396, 397, 398, 399, 400, 401, 402, 403, 404, 405, 406, 407, 408, 409, 410 

 411, 412, 413, 414 

*Elset, elset=Set-3, instance=sixcricles6-64-1 

     1,   125,   249,   373,   497,   621,   745,   869,   993,  1117,  1241,  1365,  1489,  1613,  

1737,  1861 

  1985,  2109,  2233,  2357,  2481,  2605,  2729,  2853,  2977,  3101,  3225,  3349,  3473,  

3597,  3721,  3845 

  3969,  4093,  4217,  4341,  4465,  4589,  4713,  4837,  4961,  5085, 10375, 10376, 

10377, 10378, 10379, 10380 

 10381, 10382, 10383, 10384, 10385, 10386, 10387, 10388, 10389, 10390, 10391, 

10392, 10393, 10394, 10395, 10396 
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 10397, 10398, 10399, 10400, 10401, 10402, 10403, 10404, 10405, 10406, 10407, 

10408, 10409, 10410, 10411, 10412 

 10413, 10414, 10415, 10416 

*Nset, nset=Set-4, instance=sixcricles6-64-1 

   2,   3, 128, 129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140, 141 

 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157 

 158, 159, 160, 161, 162, 163, 164, 165, 166, 167, 168, 333, 334, 335, 336, 337 

 338, 339, 340, 341, 342, 343, 344, 345, 346, 347, 348, 349, 350, 351, 352, 353 

 354, 355, 356, 357, 358, 359, 360, 361, 362, 363, 364, 365, 366, 367, 368, 369 

 370, 371, 372, 373 

*Elset, elset=Set-4, instance=sixcricles6-64-1 

  124,  248,  372,  496,  620,  744,  868,  992, 1116, 1240, 1364, 1488, 1612, 1736, 1860, 

1984 

 2108, 2232, 2356, 2480, 2604, 2728, 2852, 2976, 3100, 3224, 3348, 3472, 3596, 3720, 

3844, 3968 

 4092, 4216, 4340, 4464, 4588, 4712, 4836, 4960, 5084, 5208, 5209, 5210, 5211, 5212, 

5213, 5214 

 5215, 5216, 5217, 5218, 5219, 5220, 5221, 5222, 5223, 5224, 5225, 5226, 5227, 5228, 

5229, 5230 

 5231, 5232, 5233, 5234, 5235, 5236, 5237, 5238, 5239, 5240, 5241, 5242, 5243, 5244, 

5245, 5246 
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 5247, 5248, 5249, 5250 

*Nset, nset=Set-5, instance="whole nerve-1" 

   23,   24, 1180, 1181, 1182, 1183, 1184, 1185, 1186, 1187, 1460, 1461, 1462, 1463, 

1464, 1465 

 1466, 1467 

*Elset, elset=Set-5, instance="whole nerve-1" 

 30793, 30795, 30797, 30801, 30802, 30803, 30805, 30806, 30808, 30809, 30810, 

30811, 30814, 30819, 30824, 30825 

 30826, 30828 

*Nset, nset=Set-6, instance="whole nerve-1" 

   3,   4,   7,   8, 587, 588, 589, 590, 591, 592, 593, 594, 595, 596, 597, 598 

 599, 600, 601, 602, 895, 896, 897, 898, 899, 900, 901, 902, 903, 904, 905, 906 

 907, 908, 909, 910 

*Elset, elset=Set-6, instance="whole nerve-1" 

  9397,  9398,  9399,  9408,  9410,  9411,  9413,  9414,  9415,  9416,  9417,  9418,  9419,  

9425,  9426,  9427 

  9428,  9430, 14953, 14954, 14955, 14957, 14963, 14966, 14968, 14969, 14971, 14972, 

14973, 14974, 14976, 14985 

 14986, 14987, 14988, 14989 

*Nset, nset=Set-8, instance="whole nerve-1" 

    3,    4,    7,    8,   23,   24,  587,  588,  589,  590,  591,  592,  593,  594,  595,  596 
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  597,  598,  599,  600,  601,  602,  895,  896,  897,  898,  899,  900,  901,  902,  903,  904 

  905,  906,  907,  908,  909,  910, 1180, 1181, 1182, 1183, 1184, 1185, 1186, 1187, 1460, 

1461 

 1462, 1463, 1464, 1465, 1466, 1467 

*Elset, elset=Set-8, instance="whole nerve-1" 

  9397,  9398,  9399,  9408,  9410,  9411,  9413,  9414,  9415,  9416,  9417,  9418,  9419,  

9425,  9426,  9427 

  9428,  9430, 14953, 14954, 14955, 14957, 14963, 14966, 14968, 14969, 14971, 14972, 

14973, 14974, 14976, 14985 

 14986, 14987, 14988, 14989, 30793, 30795, 30797, 30801, 30802, 30803, 30805, 

30806, 30808, 30809, 30810, 30811 

 30814, 30819, 30824, 30825, 30826, 30828 

*Elset, elset=_m_Surf-1_S1, internal, instance="whole nerve-1", generate 

  1,  36,   1 

*Surface, type=ELEMENT, name=m_Surf-1 

_m_Surf-1_S1, S1 

*Elset, elset=_s_Surf-1_S1, internal, instance="whole nerve-1", generate 

  1,  36,   1 

*Surface, type=ELEMENT, name=s_Surf-1 

_s_Surf-1_S1, S1 

*Elset, elset=_m_Surf-3_S1, internal, instance="whole nerve-1", generate 
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 9433,  9472,     1 

*Surface, type=ELEMENT, name=m_Surf-3 

_m_Surf-3_S1, S1 

*Elset, elset=_s_Surf-3_S1, internal, instance="whole nerve-1", generate 

 9433,  9472,     1 

*Surface, type=ELEMENT, name=s_Surf-3 

_s_Surf-3_S1, S1 

*Elset, elset=_m_Surf-5_S2, internal, instance="whole nerve-1", generate 

 14993,  15029,      1 

*Surface, type=ELEMENT, name=m_Surf-5 

_m_Surf-5_S2, S2 

*Elset, elset=_s_Surf-5_S2, internal, instance="whole nerve-1", generate 

 14993,  15029,      1 

*Surface, type=ELEMENT, name=s_Surf-5 

_s_Surf-5_S2, S2 

*Elset, elset=_Surf-7_SNEG, internal, instance=sixcricles6-64-1, generate 

     1,  10416,      1 

*Surface, type=ELEMENT, name=Surf-7 

_Surf-7_SNEG, SNEG 

*Elset, elset=_m_Surf-8_SPOS, internal, instance=sixcricles6-64-1, generate 

     1,  10416,      1 
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*Surface, type=ELEMENT, name=m_Surf-8 

_m_Surf-8_SPOS, SPOS 

 

*Elset, elset=_s_Surf-8_S3, internal, instance="whole nerve-1" 

 

LIST ELEMENTS TO MERGE FOUR NERVE PARTS INTO ONE PART 

 

*Surface, type=ELEMENT, name=s_Surf-10 

_s_Surf-10_S3, S3 

_s_Surf-10_S4, S4 

_s_Surf-10_S2, S2 

_s_Surf-10_S6, S6 

_s_Surf-10_S1, S1 

_s_Surf-10_S5, S5 

*Elset, elset="__T0_whole nerve-1_M_S1", internal, instance="whole nerve-1", 

generate 

  1,  36,   1 

*Surface, type=ELEMENT, name="_T0_whole nerve-1_M", internal 

"__T0_whole nerve-1_M_S1", S1 

*Elset, elset="__T0_whole nerve-1_S_S3", internal, instance="whole nerve-1" 



164 
 

 32268, 32550, 32628, 32929, 32956, 32979, 33021, 33056, 33087, 33091, 33142, 

33150, 33160, 33190, 33399, 33402 

 33414, 33423, 33496, 45040 

*Elset, elset="__T0_whole nerve-1_S_S1", internal, instance="whole nerve-1" 

 34172, 

*Elset, elset="__T0_whole nerve-1_S_S4", internal, instance="whole nerve-1" 

 40965, 

*Surface, type=ELEMENT, name="_T0_whole nerve-1_S", internal 

"__T0_whole nerve-1_S_S3", S3 

"__T0_whole nerve-1_S_S1", S1 

"__T0_whole nerve-1_S_S4", S4 

*Tie, name="_T0_whole nerve-1", adjust=no 

"_T0_whole nerve-1_S", "_T0_whole nerve-1_M" 

*Nset, nset="_T0_whole nerve-1_SN", instance="whole nerve-1" 

 47792, 47794, 47796, 47813, 47814, 47816, 47837, 48476, 49170, 49224, 49225, 

49226, 49249, 49282, 49283, 49370 

 49371, 49440, 49444, 49523, 49525, 49526, 49533, 49535, 49555, 49557, 49559, 

49567, 49569, 49571, 49576, 49580 

 49610, 49658, 49705, 49706, 49707, 49762, 49817, 49869, 49940, 49941, 49954, 

50624, 51344, 61381 

*Surface, type=NODE, name="_T0_whole nerve-1_SN", internal 
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"_T0_whole nerve-1_SN" 

*Tie, name="_T0_whole nerve-1-Nodes", adjust=no 

"_T0_whole nerve-1_SN", "_T0_whole nerve-1_M" 

*Elset, elset="__T1_whole nerve-1_M_S1", internal, instance="whole nerve-1", 

generate 

 9433,  9472,     1 

*Surface, type=ELEMENT, name="_T1_whole nerve-1_M", internal 

"__T1_whole nerve-1_M_S1", S1 

*Elset, elset="__T1_whole nerve-1_S_S3", internal, instance="whole nerve-1" 

 32740, 32762, 32801, 32805, 32819, 32850, 32852, 32858, 32859, 32878, 34019, 

34054, 34068, 34069, 34117, 34124 

 34910, 34923, 38429 

*Elset, elset="__T1_whole nerve-1_S_S4", internal, instance="whole nerve-1" 

 32821, 32841 

*Elset, elset="__T1_whole nerve-1_S_S2", internal, instance="whole nerve-1" 

 34047, 

*Surface, type=ELEMENT, name="_T1_whole nerve-1_S", internal 

"__T1_whole nerve-1_S_S3", S3 

"__T1_whole nerve-1_S_S4", S4 

"__T1_whole nerve-1_S_S2", S2 

*Tie, name="_T1_whole nerve-1", adjust=no 
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"_T1_whole nerve-1_S", "_T1_whole nerve-1_M" 

*Nset, nset="_T1_whole nerve-1_SN", instance="whole nerve-1" 

 45185, 45193, 47686, 47687, 47695, 47697, 47699, 47907, 47909, 48123, 48125, 

48150, 48152, 48154, 48330, 48332 

 48334, 48584, 48594, 48642, 48652, 48653, 48690, 48696, 48699, 48704, 48754, 

48851, 48853, 48895, 48898, 48901 

 48905, 48953, 49058, 49070, 49085, 49087, 49092, 52355, 52357, 52429, 52620, 

54434, 54487, 55156 

*Surface, type=NODE, name="_T1_whole nerve-1_SN", internal 

"_T1_whole nerve-1_SN" 

*Tie, name="_T1_whole nerve-1-Nodes", adjust=no 

"_T1_whole nerve-1_SN", "_T1_whole nerve-1_M" 

*Elset, elset="__T2_whole nerve-1_M_S2", internal, instance="whole nerve-1", 

generate 

 14993,  15029,      1 

*Surface, type=ELEMENT, name="_T2_whole nerve-1_M", internal 

"__T2_whole nerve-1_M_S2", S2 

*Elset, elset="__T2_whole nerve-1_S_S3", internal, instance="whole nerve-1" 

 31071, 31242, 31500, 32480, 32684, 33785, 33849, 39716, 39843, 39877, 40353, 

40659, 40775, 40804, 40807, 40826 
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 40934, 41093, 41148, 41162, 41202, 42013, 42323, 42362, 43254, 43360, 43362, 

43522, 44140 

*Surface, type=ELEMENT, name="_T2_whole nerve-1_S", internal 

"__T2_whole nerve-1_S_S3", S3 

*Tie, name="_T2_whole nerve-1", adjust=no 

"_T2_whole nerve-1_S", "_T2_whole nerve-1_M" 

*Nset, nset="_T2_whole nerve-1_SN", instance="whole nerve-1" 

 43863, 47767, 47769, 47771, 47781, 47847, 47848, 47849, 48297, 48342, 48537, 

48538, 48571, 48580, 48581, 50460 

 51746, 52508, 53472, 54154, 54444, 55895, 55897, 56446, 56447, 56448, 56488, 

56495, 59368, 59647, 60376, 60881 

 60916, 60936, 60937, 60940, 60943, 60970, 60983, 60986, 60987, 60988, 60990, 

60994, 61336, 61338, 61378, 61448 

 61466, 

*Surface, type=NODE, name="_T2_whole nerve-1_SN", internal 

"_T2_whole nerve-1_SN" 

*Tie, name="_T2_whole nerve-1-Nodes", adjust=no 

"_T2_whole nerve-1_SN", "_T2_whole nerve-1_M" 

*Nset, nset="_T-sixcricles6-64-1-Datum csys-2", internal 

Set-3,  

*Transform, nset="_T-sixcricles6-64-1-Datum csys-2", type=C 
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33.362307588839, 49.1040107809622, -11.6681422679075, 33.4558700923487, 

50.0719815592107, -11.4351645213434 

*Nset, nset="_T-sixcricles6-64-1-Datum csys-1", internal 

Set-4,  

*Transform, nset="_T-sixcricles6-64-1-Datum csys-1", type=C 

-39.897292635839, 18.7908589428395, -13.8521096520721, -39.4499034551049, 

17.8979196006169, -13.8020871364119 

** Constraint: Constraint-1 

*Tie, name=Constraint-1, adjust=no 

s_Surf-10, m_Surf-10 

*End Assembly 

*Distribution Table, name=Ori-1-DiscOrient_Table 

coord3D, coord3D 

**  

** MATERIALS 

**  

*Material, name=Aorta 

*Anisotropic Hyperelastic, holzapfel, local direction=1 

 0.0603, 4.15e-05,     2.94,    130.9,     0.22 

*Material, name=Nerve 

*Hyperelastic, n=2 
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 .9,    0.,  9.71,    0.,    0., 0.001, 0.001 

** ---------------------------------------------------------------- 

**  

** STEP: Step-1 

**  

*Step, name=Step-1, nlgeom=YES 

*Static 

0.001, 1., 1e-05, 1. 

**  

** BOUNDARY CONDITIONS 

**  

** Name: BC-1 Type: Displacement/Rotation 

*Boundary 

Set-3, 2, 2 

Set-3, 3, 3 

Set-3, 4, 4 

Set-3, 5, 5 

Set-3, 6, 6 

** Name: BC-2 Type: Displacement/Rotation 

*Boundary 

Set-4, 2, 2 
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Set-4, 3, 3 

Set-4, 4, 4 

Set-4, 5, 5 

Set-4, 6, 6 

** Name: BC-3 Type: Displacement/Rotation 

*Boundary 

Set-8, 1, 1 

Set-8, 3, 3 

Set-8, 4, 4 

Set-8, 5, 5 

Set-8, 6, 6 

**  

** LOADS 

**  

** Name: Load-1   Type: Pressure 

*Dsload 

Surf-7, P, 0.016 

**  

** OUTPUT REQUESTS 

**  

*Restart, write, frequency=0 
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**  

** FIELD OUTPUT: F-Output-1 

**  

*Output, field, variable=PRESELECT 

**  

*NODE PRINT,FREQUENCY=9999999 

COORD,U1, U2, U3 

*EL PRINT, FREQUENCY=9999999 

MISES, SP3, LEP3    

** HISTORY OUTPUT: H-Output-1 

**  

*Output, history, variable=PRESELECT 

*End Step 

 

Code for Spearman Rank Correlation Coefficient 

%*************************************************   

%************************************************* 

%Spearman Rank Correlation    

%************************************************* 

%************************************************* 
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function [r,t,p]=spear(x,y)   

%Syntax: [r,t,p]=spear(x,y)   

%   

% Spearman's rank correalation coefficient.   

%   

% r is the Spearman's rank correlation coefficient.   

% t is the t-ratio of r.   

% p is the corresponding p-value.   

% x is the first data series (column).   

% y is the second data series, a matrix which may contain one or multiple   

% columns.   

%   

% Reference:   

% Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P.(1996):   

% Numerical Recipes in C, Cambridge University Press. Page 641.   

%     

% Example:   

% x = [1 2 3 3 3]';   

% y = [1 2 2 4 3; rand(1,5)]';   

% [r,t,p] = spear(x,y)   
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for i=1:size(y,2)    

    % quito NaN:   

    x=x(:);   

    yi=y(:,i);      

    H=find(x>=0 & yi>=0);   

    x=x(H);   

    yi=yi(H);     

    % x and y must have equal number of rows   

    if size(x,1)~=size(yi,1)   

error('x and y must have equal number of rows.');   

    end   

       

    % Find the data length   

    N = length(x);   

       

    % Get the ranks of x   

    R = crank(x)';   

    % Get the ranks of y   

    S = crank(yi)';      

    % Calculate the correlation coefficient   

    r(i) = 1-6*sum((R-S).^2)/N/(N^2-1);   
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end   

% Calculate the t statistic   

if r == 1 | r == -1   

    t = r*inf;   

else   

    t=r.*sqrt((N-2)./(1-r.^2))   

end   

  

% Calculate the p-values   

p=2*(1-tcdf(abs(t),N-2))   

  

function r=crank(x)   

%Syntax: r=crank(x)   

%__________________   

%   

% Assigns ranks on a data series x.   

%   

% r is the vector of the ranks   

% x is the data series. It must be sorted.   

%   

%   



175 
 

% Reference:   

% Press W. H., Teukolsky S. A., Vetterling W. T., Flannery B. P.(1996):   

% Numerical Recipes in C, Cambridge University Press. Page 642.   

%   

  

u = unique(x);   

[xs,z1] = sort(x);   

[z1,z2] = sort(z1);   

r = (1:length(x))';   

r=r(z2);   

  

for i=1:length(u)   

       

    s=find(u(i)==x);   

       

    r(s,1) = mean(r(s));   

       

end   

 

Code to Determine 95% CI for Spearman Rank Coefficient Using Probability Density 

Function 
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clear 

np=100; 

q=char('r','b','k','m'); 

%h=[0.025 0.001 0.01 0.05]; 

h=0.05; 

for j=1:length(h) 

    f=h(j); 

%for t=0:0.01:1  

for numb=1:np 

%f=0.95; 

%v=(1:100); 

  

%f=gamma((v+1)/2)/gamma(v/2)./sqrt(v*pi)*(1+t.^2/v).^((-v+1)/2)    

v=numb-1; 

%t=sqrt(((gamma((v+1)/2)/gamma(v/2)./sqrt(v*pi)*f)^(1/((-v+1)/2))-1)*v);   

  

t=sqrt(((f/(sqrt(v)*beta(0.5,v/2)))^(1/((-v+1)/2))-1)*v); 

  

s=numb; 

%t=p/(sqrt((1-p^2)/(n-2))); 
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p(j,s)=t./(sqrt(s-2+t.^2)); 

end 

n=(1:np); 

%loglog(n,p) 

semilogx(n,p(j,:),q(j,:)) 

%loglog(n,p(j,:),q(j,:)) 

if j==1 

    hold 

end 

  

axis([0,np,0,1]) 

end 

xlabel('Number of Samples, n') 

ylabel('Spearmans Rank correlation Coefficient') 

title('The significance of the Spearmans rank correlation coefficients and degrees of 

freedom') 
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