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To my parents,

for confidence to explore the reality of imagination
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~·The edges of the reaI landscape became one with the edges of something 1
dreamed. But what 1 had dreamed was only a pa.ttern~ some beautiful pattern
of light. The continuous work of the imagination, 1 thought, to bring what
is actual together with what is dreamed is an expression of human evolution.
The conscious desire is to achieve a state~ even momentarily: that like light is
unbounded: nurturing~ suffused. with wisdom and creation, a state in which one
has absorbed that very darkness which before was the perpetuai sign of defeat.

Whatever world that is! it lies far ahead. But its outline. its adumbration is
clear in the landscape, and upon this one can actually hope we \\ill find our
way.~'

Barry Lopez~ 1986

~·Eventually! ail things merge into one, and a river runs through it.:'

Norman 11,{aclean~ 1976
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ABSTRACT

Scoliosis is a deformity of the spine that predominately affects adolescent females.

Mild scoliotic curves are most vulnerable to progression during the adolescent growth

spurt~ however~ only an unpredictable 15-25% progress to large incapacitating deformities.

The present objective was to identify mechanical factors associated v.ith the adolescent

grov.rth spurt which are instrumental to curve progression in adolescent idiopathie scoliosis

(AIS). An initially curved and twisted, spatial beam-column model of a spine Vvith a mild

scoliosis was developed. The spine was embedded in a three-dimensional elastic medium

to represent the ribcage. A finite element model of a ribcage was developed to establish its

three-dimensional stiffness through a series of numerical experiments. Parametric analyses

of both the ribcage and spine models were conducted to elucidate a better understanding of

this mechanical system. The geometry~ material properties and applied loads of the spine

were then systematically changed to simulate both normal and aberrant growth patterns

during the adolescent years. The three-dimensional stiffnesses of the ribcage were found

to vary significantly v.ith rib level and orientation. and were most sensitive to changes

in the gross ribcage geometry and the material properties of the costotransverse joints.

The parametric analysis of the whole spine model indicated. that the progression of a mild

scoliosis was most sensitive ta the initial Cobb angle! the spine length~ the body weight

and the lateraI translational stiffness of the ribcage. The progression of a mild scoliotic

curve (Cobb angle < 20°) was found to be small due to mechanical changes associated

\\ith the normal adolescent growth spurt in both males and females. For an initial Cobb

angle of 30°, significant. progression was predicted for a female during normal growth.

The mechanical changes associated \\-ith reported aberrant growth patterns could be key

factors in the progression of a mild scoliosis in a femaIe~ but not in a male. These results~

which considered. both the different geometry~ stiffness and loads in gro'Ç\ting females and

males~ strongly suggested a distinct difference in the progression tendencies between sexes~

consistent with clinical data. Although an aberrant gro\\rth pattern cannot fullyexplain

curve progression in AIS~ mechanical factors associated with the adolescent growth spurt

should be considered to successfully predict the prognosis of a young scoliotic patient.
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RESUME

La scoliose est une déformation de la colonne vertébrale qui affecte essentiellement la

population féminine. Les personnes atteintes d'une déformation scoliotique légère sont les

plus vulnérables à une progression pathologique pendant la phase de croissance rapide.

Toutefois! cette progression mène à une incapacité physique chez seulement 15 à 25% de

ces personnes. L~objectifde cette étude est d~identifier les facteurs mécaniques qui sont à la

base d:une progression de la courbure spinale durant la phase de croissance rapide chez les

adolescents atteints d~une scoliose idiopathique. Une modèle incorporant une courbure et

une déformation angulaire initiale a été développé pour simuler une colonne vertébrale avec

une scoliotique légère. La cage thoracique a été représentée par des éléments élastiques dont

la rigidité spatiale a été déterminée utilisant un modèle tridimensionnel d~éléments finis.

Des analyses paramétriques des résultats des modèles de la cage thoracique ainsi que de

la colonne vertébrale ont été menées pour une meilleure compréhension de ce phénomène.

Les propriétés géométriques et matérielles ainsi que le chargement de la colonne ont été

systématiquement adaptés pour simuler aussi bien une croissance normale qu!anormale

durant l'adolescence. L'analyse a montré que la rigidité de la cage thoracique varie d~une

manière significative en fonction de la position et de l'orientation dans fespace. et qu~elle

est affectée essentiellement par les changements des facteurs géométriques et mécaniques

(propriétés des matériaux) des articulations costo-transvérsaires. Les résultats de r analyse

du modèle de la colonne vertébrale a montré que la progression de la scoliose idiopathique

légère est affectée principalement par l'angle de Cobb, par la longueur de la colonne. par le

poids ainsi que par la rigidité de déplacement latéral de la cage thoracique. Il a été montré

que la progression de la courbure scoliotique (l'angle de Cobb < 20°) due aux changements

mécaniques associées à la phase de croissance rapide des adolescents est faible chez les

deux sexes. Pour une angle de Cobb de 30°! progression de la courbure scoliotique a été

montré pour les adolescents féminin pendant la phase de croissance rapide. Cependant

les changements mécaniques associés à des croissances anormales sont probablement les

facteurs responsables de la progression de la scoliose idiopathique légère, mais seulement

chez les adolescents de sexe féminin. Ces résultats~ qui tiennent compte des différences

ü
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géométriques~ de rigidité et de chargement~ montrent une nette distinction dans les ten­

dances vers une progression scoliotique chez les adolescents des deux sexes. 1vlalgré qu'une

croissance anormale ne peut expliquer la progression de la courbure chez les adolescents

scoliotiques! les facteurs mécaniques associées à une croissance rapide durant l'adolescence

devraient être utilisés pour établir un pronostic satisfaisant chez les adolescents scolio..

tiques.

iii
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5.2 Predictions of the present model for the principal translations of the rib tips

subjected to a force of 7.4 N for linear and geometrical nonlinear analyses.

The predictions were generally in close agreement to other models (Closkey
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··T' equations related to the stiffnesses and

the initial curvatures and twist

linear and nonlinear components of the lateral

··U". sagittal ··V" and axial rotation ·T"

equations associated with the coupling tenns: respectively:

of the axialload .''/\(': equation related to the initial

curvatures and twist. and the shear centre

linear and nonlinear components of the lateral

.OU' and sagittal :"V'~ equations associated with the

J.V. 1 and lV,l1 coupling terms: respectively,

of the axialload .'N': equation related ta the initial curvatures

and twist ~ and the shear centre

vector containing components of the lateral ··U"

load equation

vector containing components of the sagittal

·:'V" load equation

vector containing components of the axial rotation
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n=1-9

'Un: n = 1- 4

·~T load equation

unknown axial load l'lI = J.V and its fust derivative

~V2 = ]\/,1 for solution in a 1st order system of equations

unknown lateraI displacement UI = U and its derivatives

U2 = U.l· U3 = U.l1, U4 = U.Ill for solution in a Ist

order system of equations

unknown sagittal displacement VI = v and its derivatives

V2 = V.l~ V3 = V.l1~ V4 = V.UI for solution in a pt order

system of equations

unknov.rn axial rotation BI = B and its fust derivative

82 = (J,l for solution in a 1st order system of equations

An: n= 1-2

A 3
9'"

-, Bn : n= 1-10..
Bu

Cn : n = 1 - 10

Cu

Dn : n = 1- 8

Dg

CNL

homogeneous components of the 1st order axial load equation

nonhomogeneous component of the 1st order axialload equation

homogeneous components of the 1st order lateraI displacement

equation

nonhomogeneous component of the 1st order lateraI displacement

equation

homogeneous components of the 1st order sagittal displacement

equation

nonhomogeneous components of the 1st order

sagittal displacement equation

homogeneous components of the 1st order axial rotation equation

nonhomogeneous components of the 1st order axial rotation

nonlinear terms of the lst order equations are multiplied by this

term, ~lhich is increased from 0 -..,. 1.0 for solution

equation
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MEDICAL GLOSSARY

The explanation of sorne terms used extensively in the thesis are as follows:

--J

anterior

apical vertebra

caudal

cephalad

Cobb angle

coronal plane

etiology

extension

flexion

idiopathie

kyphosis

lateral

lordosis

media!

median plane

posterior

prognosis

progression

sagittal plane

scoliosis

transverse plane

towards the front

the most rotated vertebra in a scoliotic curve; usually coincident

with the vertebra most laterally deviated from the vertical axis

away from the head

towards the head

clinical measure of the magnitude of a scoliotic curve~

measured on an anterior-posterior (A - P) X-ray

any vertical plane which divides the body into front and back~

also termed the frontal plane

the study or theory of the factors that cause a disease

backward bending

forward bending

of unknown origin or cause: occurring spontaneously

convexity of the spine towards the back or posterior

towards or penaining to either side of the body

conca\ity of the spine towards the back or posterior

towards or pertaining to the middle of the body

the venical plane of symmetry that divides the body into

right and left haIves, aIso termed the mid-sagittal plane

towards the back

a forecast of the probable outcome or termination of a disease

the gradual increase of a scoliotic deformity or curve

any vertical plane that divides the body into right and left sicles

a three-dimensional deformity of the spinal column

any horizontal plane that divides the body into upper and

lower parts: aIso termed the axial plane
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Chapter 1

INTRODUCTION

1.1 General Introduction

Deformity of the spine has probably affiicted humans throughout evolution. Stone age

dra~ings of spinal deformity reveal that the condition predates recorded history. Ancient

literature from China. India and Egypt~ and parts of the Oid Testament. have ail made

reference to persons with spinal deformities (Roai. 1980; Robin. 1990). Hippocrates. in

about 500 B.C.. established. the term scoliosis to describe a deformity of the spine. but

which has come to refer more specifically to a Lateral curvature. Furthermore~ he proposed

that the spine could be straightened. through the appropriate application of forces. Since

that time. both theories as to the cause~ and methods for the treatment of scoliosis have

been proposed by innumerable researchers and physicians.

A remarkable variety of braces have been designed and employed in the treatment of

scoliosis~ to Lesser and greater degrees of success. Expanding on Hippocrates~ technique of

using traction and lateraI forces. various methods were developed ta apply the correction

forces in combination with exercise regimes and bed rest (Paré~ 1582; A.vicenna~ 1595:

Glisson~ 1672). During the industrial revolution the complexity of the braces to apply the

forces became increasingly elaborate, with cnly marginal success. Sayre (1877) introduced

the plaster of Paris jacket which was reasonably successfuL if used for long periods of

time: the consequences of wmch could be equally devastating. Since then~ various forms
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of plaster casts have continued to be introduced (Risser ~ 1953: CotreL 1970). The net

result of this long history of development has been the realization that though a brace or

cast may straighten much of the spinal deformity! it is very difficult ta achieve full and

permanent correction.

The modern era of scoliosis treatment began with the successful development of inter­

segmental fusion of the spine by Hibbs (191ï). Harrington (1962) developed the fust

effective internal fixation system to provide distraction forces directly to the spine. Csed

in combination with fusion~ long term permanent correction of scoliotic deformity was at

last possible. To ensure success, patients were placed in an external cast or brace! till

the fusion mass had stabilized. ~Iany varieties of internal fixation have been devised \\-;th

notable contributions by Luque (1982)! which applied multi-segmentallateral forces rather

than distraction~ and by Cotrel and Dubousset (1984)! which attempted to address the

axial rotational component of the spine in scoliosis.

Today! the physician has available various brace designs and/or surgical procedures to

use in the control and correction of spinal deformity. and has given the patient the hope

that the deformity can be corrected. Though these procedures have achieved a significant

degree of success. they are by no means a guarantee, and require extensive intervention

with varied lasses of mobility. Furthermore! continued progression of the deformity does

occur and the associated deformities in the ribcage are far more difficult ta correct. Future

refinements are still likely possible, as the biology and mechanics of the spine continue

to be studied by many researchers. However, to this day, the etiology or eause of the

scoliotic deformity being treated remains unknO'wn in the ,,'aSt majority of cases (\\Tillner.

1994). Before the physician can provide complete recovery~ or ideally prevention. further

research is required to provide the necessary understa'1ding of the normal, and abnormal!

functioning of the spine. Furthermore. prevention is only possible through knowledge of

etiolog)". Ta investigate the underlying etiolog}: of scoliosis. and in particular why only

sorne curues progress uncontrollably from small defonnities to large incapacitating ones. is

the foeus of this study.
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1.2 Scoliosis

Seoliosis has classieally been defined as an abnormal lateral deviation of the spine.

However ~ the true three-dimensional nature of the deformity was recognized long aga

(Adams~ 1865) (Fig. l.IA). Due to the use of anterior-posterior (A.-P) radiographs in

monitoring the eondition~ the three-dimensionality was ignored, and only the appearanee

in the coronal plane was examined using the classic Cobb angle (Cobb~ 1948) (Fig. l.IB).

Today. seoliosis is again eonsidered an abnormal three-dimensional (3-D) deformity of the

spine. composed of a lateral deviation~ an anterior-posterior deviation and an axial rotation

(Dubousset~ 1994). The vertebrae and ribeage are very distorted in large eurves. Upon

diagnosis~ however. the vertebrae of a patient ~ith a mild seoliosis usually appear normal

and symmetrie~ as the eurve at this stage is produeed almost entirely by the deformations

of the flexible dises.

(A)

Cobb
Angle

42°

-[

Figure l.1: (A) Seoliosis is a three-dimensional deformity of the spinal column~ ~ith associ­

ated deformity to the ribeage (Keim and Hensinger~ 1989). (B) A typical anterior-posterior

(A-P) X-ray of a scoliotic patient~ illustrating the classic tVl<rdimensional measure of the

deformity, the Cobb angle (Leatherman and Dickson~ 1988).
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1.2.1 Definition and Classification

To distinguish between the many types of scoliosÏ5. a classification system has been

developed. based on the underlying etiology. Accurate classification has greatly helped to

understand the disease and enables the application of the most appropriate treatment. The

Scoliosis Research Society developed. a comprehensive classification system based on Cobb~s

(Cobb~ 1948) initial suggestions (Goldstein and Waugh, 1973). Today. after a number

of revisions. a comprehensive classification system encompassing all spinal deformities is

available (see Table A.I~ Appendix A).

The fact that about 90% of scoliosis patients are placed in the idiopathie category

(unknO'wn origin) is possibly the most prominent feature of the classification. VVhether

all these patients have indeed the same underlying cause for their deformity remains to

be established. Nonetheless. upon presentation to a clinic or doctor~ the vast majority

of patients appear otherwise ta be perfectly normal. The idiopathie category is further

sub..dhided by age of onset: infantile~ juvenile and adolescent. The most common type is

the adolescent.

1.2.2 Adolescent Idiopathie Scoliosis (AIS)

Adolescent idiopathie scoliosis (.ljS) is diagnosed \vhen a curve of unknown origin is

discovered between the age of 10 years and maturity. Although discovered in adolescence.

the curve, quite likely, was present at an earlier age and only became prominent '\Vith the

adolescent growth spurt. The distinction. thus~ between juvenile and adolescent idiopathie

scoliosis has become less clear in recent years. A.s a result, A1S is also referred to as

~~late onsef' idiopathie scoliosis as opposed to ··early onsef~ for the others. There are

four distinct patterns: thoracic, thoracolumbar~ lumbar and double (Fig. 1.2). The most

common type is the right thoracic which generally extends from T4 to LI (Robin~ 1990).

The spinous processes of the vertebrae are also always found to he characteristically rotated

into the concavity of the curve, the ma.ximum rotation coinciding with the curve apex (Fig.

1.3). At the time of diagnosis~ the female/male ratio is close to 1:1~ however~ the ratio in
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Figure 1.2: Illustration of the four common curve types found in AIS. A.) Thoracic: B)

Thoracolumbar; C) Lumbar: D) Double (Keim and HensingeL 1989).

the most severe curves can reach 8:1 in favour of females (Robin~ 1990: \\'-einstein. 1994:

Stirling~ 1996) .

1.3 Motivation

The motivation for the present study originates in the natural history of AIS. which

has been elucidated by the epidemiological and clinical studies on the general prevalence

and progression tendencies of scoliotic deformities. The epidemiology of scoliosis is a

rather controversial subject due to the large discrepancies that have been reported for the

prevalence in the general population. From a review of these studies. several important

points have emerged. If scoliosis is defined as any deviation from the mid-sagittal plane.

then 10-15% in the adolescent age group suffer from the deformity (Brooks et al. 1975:

Adair et aL 1977). Such a definition does not acknowledge that variations from ;'ideal~~

are very common in the normal population. If~ on the other hand! scoliosis is defined

more realistically as a deviation of 10° or more as measured by the Cobb angle~ then only
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Figure 1.3: The vertebrae in AIS are always found to be rotated \\ith the spinous processes

oriented towards the concavity of the curve (\"'bite and Panjabi. 1990).

1-4% of adolescents are affected (e.g.. Rogala et al, 1978: Asher et aL 1980: Lonstein et ai .

1982: Dickson. 1983; vVeinstein~ 1994). Such relatively high rates of scoliosis were used to

justify the establishment of large school screening programs. The objective was to diagnose

scoliosis as early as possible so that brace treatment could be started and eventual surgery

prevented. Careful analysis of the results of these programs has revealed that most small

curves of 100 Cobb angle do not progress (e.g.. Rogala et aL 1978; Dickson. 1983: Balley

et aL 1986). In fact~ only about 10-20% of curves found in school screening programs

can be elassified as idiopathie scoliosis that is progressive (Dickson and Areher. 1984).

The other eurves are not true idiopathie scoliosis~ or the eurves remain small and stable

or even recede. F\trther studies found that among patients originally prescribed brace

treatment~ but who did not actually reeeive a brace for a variety of reasons. only 25%

were subsequently demonstrated to have had a progressive eurve (Lonstein and Carlson~

1984: Miller et al~ 1984). Recent studies suggest that controversy about the efficacy of

bracing remains (Goldberg et al! 1993; Lonstein and Winter, 1994; Nachemson et al~ 1995;

Upadhyay et al~ 1995). Clearly not all small curves found in school screening programs
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or routine examinations are equal in terms of progression potential. Most. at least 80%.

require no treatment at ail. Of those that do progress~ many will stabilize to about 300

Cobb angle. To predict which of the small curves will progress to a level requiring surgery

remains a difficult task.

~IIany attempts have been made to develop indices and identify factors that predict prcr

gression. Some of the factors consideree! have been: type and degree of curvature. skeletal

and physiological maturity~ chronological age. family history~ gender. stature. growth rate.

among others. To date. no single factor has been found to accurately and consistently pro­

vide a positive prognosis of progression (Peterson et al, 1995). ~onetheless. some patterns

have emerged. For example. a right thoracic curve of 30° in a young female is considered

to be at high risk for progression (Robin, 1990: Lonstein and Winter. 1994L and must

he monitored. very closely. If there is a 5° increase in Cobb angle in the year following

diagnosis~ then the curve is usually deemed progressive. and bracing treatment or surgery

is required (Lonstein and Carlson~ 1984: Upadhyay et aL 1995). To further help the physi­

cian predict a progressive curve~ attempts have been made~ such as that by Harrington

(1962)~ to develop an index or factor. He proposed that the geometry of the curve could

be used to indicate the need for surgical intervention. Specificaily. the Harrington factor is

calculated. by dividing the Cobb angle by the number of vertebrae in the curve. Lonstein

and Carlson (1984) examined a number of single and combined factors to determine the

prognosis of a curve..A. progression factor was determined that included the Cobb angle.

the Risser sign (a measure of skeletal age) and the chronological age. The progression fac­

tor predicted a much higher incidence of progression. the greater the Cobb angle and the

lower the skeletal age at diagnosis. ~Iost recently. Peterson et al (1995) found that a lower

Risser sign (skeletal maturity). a more cephalad level of the apical vertebra. chronologie

age and~ surprisingly~ an absence of imbalance were predictive of curve progression. yet

still much uncertainty remained.

The natural history of scoliosis is gradually emerging. However. the physician is still not

able to make a treatment decision with complete confidence. Though definite guidelines

are available~ the prognosis for a mild scoliotic CUIVe cannot as yet be predicted. The
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present study is motivated by the need ta identify the characteristics of a progressive

curve and ta develop predictive factors. Furthermore~ an increased understanding of a

progressive curve would help to develop more effective treatment. Only when the potential

for progression in a scoliotic patient can be accurately assessed~ can a rational treatment

regime he implemented by the physician.

1.4 Literature Review of the Etiology of Scoliosis

The literature related to scoliosis is truly extensive. A recent book by Robin (1990)

has provided a thorough compilation of previous work on the etiology of A.IS. Other revie~lS

have been presented by Nachemson and Sahlstrand (1977L Bunnell (1988). Byrd (1988)

and \Villner (1994). This review attempts to summarize the current state of knowledge

as it relates to the etiology of curve progression in AIS. As discussed in the section on

motivation, it has only recently been illustrated that mast scoliotic curves do not progress

to large curves. Consequently~ most studies regarding etiology do not distinguish between

progressive and non-progressive scoliosis. Therefore~ the most prominent etiological the<r

ries regarding both curve progression and AIS itself are covered. Though many of these

theories are of a purely biological origin~ the review emphasizes the mechanical conse­

quences of the given biological deficit. The studies related to anthropometry and scoliosis

are of direct importance to the present study. Consequently~ a comprehensive revie\v of

these studies is presented in detail and summarized in Table 1.1. The other theories are

reviewed in lesser detail and presented. in Appendix B.

The association between growth~ in particular, the adolescent gro\vth spurt ~ and curve

progression in scoliosis is weil documented and has long been knov.rn (Bampfield~ 1824:

Calvo~ 1957: Duthie~ 1959; Burwell, 1971; Duval-Beaupere~ 1971; James. 1967. Burwell

et al, 1977; Willner. 1994). Furthermore~ the belief that serious progression is no longer

a concern following the cessation of rapid growth is strongly held~ though there is clear

evidence of progression in the adult years. Research into the exact association between

grO'wth and scoliosis is more recent. A large number of studies have been undertaken in
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recent years to examine both the biological and hormonal basis of grov.-"th! as weil as the

gross anthropometric measures of growth rate and stature.

In a series of papers. Willner (1974a~b: 1975a!b) presented the first evidence that scol­

iotic boys and girls were taller than age matched controIs. The differences were apparent

before and during adolescence~ but had largely disappeared once adulthood was reached.

The results were found irrespective of whether corrections were made for the loss of height

due to the deformity. Scoliotic girls were aIso found to be lighter and therefore. consider­

ing their increased height, were leaner than normal. Nordwall and \Villner (1975) further

demonstrated that scoliotic girls were taller ~ when the height was corrected for the defor­

mity! than controis of either the same chronologïcal or skeletal age. They further showed

that in early adolescence! the skeletal development Was more advanced in scoliotic girls.

whereas in later adolescence! the reverse \vas true.

Burwell et al (1977) presented an extensive anthropometric study of infantile and ado­

lescent idiopathie scoliosis and found no difference between the normals and scoliotics.

However ~ they conceded that since no corrections were made for the deformity itself. then

the scoliotics were likely taller than normal.

Clark (1977) studied growth velocity! standing and sitting height in scoliotic girls com­

pared with normals. Xo difference in growth velocity was noted. however. it was concluded

that the scoliotics would have been taller if corrections for the deformity had been made.

Schultz and Cisewski (1978) used a morphological factor that measured spine slender­

ness to predict progression in 20 of 26 patients. For non-progressive curves, the factor

correctly predicted no progression in 13 of 22 patients. The spines of the non-progressive

group were 34% less slender compared to the progressive group.

Drummond and Rogala (1980) found that the growth of adolescents with idiopathie

scoliosis did not appear to differ from normal. However~ when measurements were corrected

for skeletal age~ both boys and girls with scoliosis were found to be heavier and taller. They

found a delay in the anset of puberty and skeletal immaturity in girls \Vith AIS~ particularly

with Iarger curves (> 20° Cobb angle).

Skogland and j\HUer (1981) used X-rays to measure the length and proportions of the
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thoraeolumbar spine in ehildren with idiopathie seoliosis « 40° Cobb angle). The length of

the thoracolumbar spine was measured both along the eurve (termed. corrected length) and

as the shortest vertical distance top to bottom (termed uncorrected length). No signifieant

difference in the length of the thoracolumbar spine was found between the controIs and

AIS patients for both measures of length. However ~ there was a tendency for longer spines

in scoliotics (longer by 4 mm for girls and by 12 mm for boys) ~ and the height of the T6

vertebra was signifieantly greater. Furthermore. the slendemess of the T6 and L4 vertebrae

was found to be greater for scoliotics~ particularly for girls less than 13 yrs and for all boys.

It should also be noted. that had the method of Bjure et al (1968) been used to correct

spine length (as used in previous studies) then a significantly greater length in scoliotics

would have been found. The authors felt that this technique overestimated the length~

particularly for curves under 30° of Cobb angle.

Lowet al (1978) and Leong et al {1982} found scoliotics to be taller than normal when

the height was corrected for the deformity. They also found the sitting-heightjlower-limbs

length ratio to be slightly greater in scolioties. Furthermore. the pubertal gro'Wth duration

was longer. This was argued to be the explanation for the greater height of scoliotics.

Buric and :Yfomcilovic (1982) found the standing height of idiopathie scoliotics to be

5 cm greater than controIs~ while the sitting height was 2 cm greater. ~o significant

difference was found in the weights of scoliotics and controIs. The above comparisons were

made at the same chronological age. \Vhen skeletal age was assessed~ the scoliotics were

found to be significantly more mature belo\\· the age of 12 yrs. and less mature thereafter.

Dickson and Sevitt (1982) reported that the children ~ith progressive scoliosis were

significantly taller than those with a non-progressive scoliosis. However. the children in

both groups were grov.ing at the same rates~ and thus~ they concluded that increased

height was not likely to be an etiological factor for AIS~ but rather an indicator of a bad.

prognosis.

In a review paper ~ Gross et al (1983a) argued that the literature consistently supported

the view that scoliosis could bE: explained due to buckling in a purely mechanical manner.

In an interesting analysis~ they compared the partial weight (head, torso and arms) versus
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the critical load (Euler) for normal boys and girls~ and scoliotic girls for ages 11-13 j'TS.

The difference between the critical load and the partial weight was the smallest for the

scoliotic girls. The difference for normal boys was aIso much greater than that for normal

girls. The comparison, however~ did not account for changes in spine stiffness with age,

or for the scoliotic deformity! or for the distribution of body weight over the spine length.

Nonetheless! the results illustrated. a close relationship between body weight and critical

load of the spine.

Schultz et al (1984) measured the spine morphology using X-rays of normal children.

ages 1~16 yrs. The diameters in both the coronal and mid-sagittal planes were measured

at T5! T1Û and L3, as weil as the length between T5-L3. The spines of girls were more

slender than boys at all ages! with statistical significance at ages 12-16 yrs. In a review

paper, Schultz (1984) summarized the data for similar measurements from scoliotics. The

differences between scoliotic girls and the normaIs were inconsistent and only bordered on

statistical significance.

Taylor and Twomey (1984) found the female thoracolumbar spine ta grow more in

length than the male from ages 9 to 13 yrs in normal children. From 8 jTS ta maturity, the

transverse diameters in the coronal plane of thoracic and lumbar vertebrae increased more

in males than females. Therefore! these combined differences \vould result in a significantly

more slender thoracolumbar spine in females compared to males frOID 8 yrs onwards.

Normelli et al (1985b) found no significant difference at the time of the menarche

betweell scoliotic girls and the contrals. using more contemporary anthropometric data.

However! the authors noted that the difference was almost significant and concluded that

the scoliotic girls would have been found taller if the heights had been corrected for the de­

formity. The scoliotic girls were found to be significantly lighter at the menarche compared

to the normals.

Skogland et al (1985) reported a prospective study of 62 tall girls. A scoliosis curve

measuring greater than 100 Cobb angle was found in 13 of the 62 girls. In addition~ 14

girls had a curve of 5-100 and two of these had exceeded the threshold of 10° in an annual

follow-up. This frequency for scoliosis was far higher than expected! and may indicate a
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\... predisposition for scoliosis in girls v,,'ith excessively tall stature.

Two studies by ~icolopoulos et al (1985a,b) examined the stature of healthy children

and of those with AIS. As in the previons studies, the authors found the standing height

of scoliotic girls to be greater than controIs for ages 12 to 15 yrs. However. in contrast

to previous reports, the authors found a significant change in cephalo-caudal proportions.

They found no significant difference in the suprapelvic height between the scoliotic girls

and the normals. Rather they found significant increases in the pelvic height and nearly

significant increases in the subischial height. The authors concluded that girls with AIS

have an ectomorphic growth pattern, where the trunk is shorter relative to leg length.

Archer and Dickson (1985) found the standing height of girls with AIS was significantly

greater from 10 to 13 j'TS in those with a curve greater than 15° compared to those with a

curve less than 15°. or to those with a scoliosis due to pehic tilt. On the other hand, they

found no difference in the growth increments between the curves of different magnitude

or the pelvic tilt scoliosis. Furthermore. they found no differences in standing height or

increase in standing height between progressive. static or regressive curves. The authors

noted that the increased standing height 'was found \\'ithout the use of a correction factor

such as that of Bjure et al (1968) used in previous studies. They were critical of its use~

and argued that the increased height was due to an ··uncoiling:' of the normal sagittal

kyphosis (which is central to the theory of Dickson et al (1984). outlined earlier). They

also found no difference in skeletal development of the scoliotics and were critical of the

use of inappropriate historical controIs in previous works.

Veldhuizen et al (1986) used anterior-posterior X-rays of scoliotics and found no differ­

ence in the growth increments of the height or width of the vertebrae from those involved

in the curve, and those outside the curve region. The slenderness index of height1width

was increased in girls compared to boys, but was not different in the scoliotic region of the

spine compared to the remaining vertebrae.

Shohat et al (1988) examined growth and ethnicity in scoliosis from a large popula­

tion of military recruits at age 17. Scoliotics were significantly taller, lighter and thinner

(weight/height) than the non-scoliotic contrais, with no corrections made for height 1055.
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The more severe eurves were found in taller ~ lighter and thinner individuals. Females were

at increased risk of developing the more severe eurves.

Carr et al (1989) developed an improved technique to correct for the height 10ss due

to the scoliotic deformity. The technique used automated stereophotogrammetry (termed

ISIS) to determine the true spinallength along the eurves in both the sagittal and coronai

planes. This technique~ therefore. eould determine the height loss~ while recognizing the

3-D nature of a scoliotic curve. They found a mean height 1055 due to scoliosis of 2.2 cm

using the ISIS technique. whereas the Bjure et al (1968) formula determined a mean height

1055 of 2.7 cm. This confirmed the suspicions of previous researehers that the formula of

Bjure et al (1968) overcompensated for the deformity. On the other hand~ they still found

that even with changes in the sagittal plane (less kyphosis)~ a correction for height 10ss

due to the deformity~ ranging from 0 to 5.3 cm~ had to be made to establish spine length.

Loncar-Dusek et al (1991) found that scoliotics grew faster or more intensely than their

peers who did not have scoliosis. Scoliotic girls had a peak growth velocity of 8.1 cm/yr

compared to the normals at 7.1 cm/yr. The authors noted~ however. that the increased

growth velocity in scoliotics need not imply an increased standing height at maturity.

Hagglund et al (1992) found that girls with AIS have an accelerated growth velocity

in the prepubertal period. Two years before the peak growth velocity. scoliotic girls were

significantly taller than controIs. Furthermore~ after adjustment for the fact that the

menarche of scoliotic girls was earlier~ they were still taller. At maturity~ however~ the

scoliotic girls were only slightly taller than normal. Since the increased height was found

in the prepubertal gro\V1:h phase~ the authors concluded that increased growth hormone

(GH) activity was responsible.

Carr et al (1993) have recently examined the family stature of patients with idiopathie

scoliosis. They found scoliotics to be 2.4 em taller than normal. 'When the height was

corrected for the deformity~ using the ISIS technique developed by the authors~ the scoli­

otics were 4.6 cm taller than normal. The authors found no differenee in skeletaI age from

ehronological age! nor did the pubertal ratings differ from normal. For scolioties with a

positive family history, their height was similar to normals~ whereas those from unaffeeted
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familles were taller. Therefore~ scoliotics with a positive family history appear not to need

to gro\\r as much to develop scoliosis. The scoliotics were aIso taller than their unaffected

relatives~ indicating that genetic factors alone have not caused the increased height.

Nissinen et al (1993) found in a longitudinal prospective study that both boys and

girls who eventually had scoliosis displayed an increase of body height. sitting height and

growth of sitting height. In pre-scoliotic girls, the sitting height was gained at an earlier

age and the peak sitting height velocity was greater than normal. These factors \vere not.

however. statistically significant in the logistic analyses.

Goldberg et al (1993) found that scoliotic girls had an earlier menarche and were

taller than normal in early adolescence. At maturity~ however. the height difference had

disappeared. If the scoliotics were subdivided by curve severity or by progressive behaviour.

there was no significant difference in the distribution of tall and short girls. The authors

concluded that scollotic girls had an earlier pubertal grov,,-th spurt. but that no abnormality

in growth existed.

In a recent prospective study, Hazebroek-Kampschreur et al (1994) found that height

was the strongest predictor for the development of scoliosis and kyphosis in both sexes.

In particular~ taller girls who had started their adolescent growth spurt at Il years of age

were at greatest risk to develop .J.\.IS and other trunk abnormalities at 13 years of age.

In spite of the extensive research in recent years into growth and stature. as outlined

in the foregoing~ a clear consensus is yet to emerge. Due to the large number of studies

frOID different researchers~ and from different countries! that have reported an increased

standing height in scoliotics, this perhaps is the most confident finding. \Vb.ether or not the

spine is longer~ however, is another question. Only the study br Skogland and ivliller (1981)

measured directly the spine length in scoliotics using X-rays. They ooly found a significant

increase if corrections were made using the technique by Bjure et al (1968)! though there

was a tendency for longer spines in scoliotics. which was not statistically significant. The

recent ISIS technique possibly represents the best method today of assessing the true

length of a spine. The study br Carr et al (1993) found increased standing height but

did not examine directly spine length. Ooly when a technique such as ISIS~ which can
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measure the true length of the 3-D spine, is combined ~ith accurate X-rays ~ill the length

of scoliotic spines be rigorously determined. The suggestion of increased. spine slenderness

in scoliotics needs aIso to be further substantiated. On the other hand. the cliHerence in

spine slendemess between boys and girls appears to be strongly supported.. Though many

of these studies have discussed. the implications of an increased spine length in terms of a

reduced Euler buckling load~ the effect of the reported ~ 1-2 cm increase in spine length

has received little quantitative analysis. In particular: the increase has not been analyzed

in terms of the weight carried by the spine and its slendemess through the years of gro"Wth.

Wnether there is a growth anomaly is also not dear from these studies. Some have found

altered skeletal development~ whereas others have not~ or have found differences which are

not thought to be pathological. Several studies have searched for biochemical indications

of growth abnormalities to explain the apparent increased stature of scoliotics (:YIisol et

al. 1971; Willner et al~ 1976: Skogland and Miller~ 1980~ 1981; i\hl et al. 1988). There

appears to be ev-idence of increased growth hormone activity in scoliotics. particularly in

early puberty~ but the evidence for a primary abnormality is less dear.
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Tahlo 1.1: SUlllluary of t.ho Ht.lHlieH related t,o ullt.hropOlllct.ry uud HcolioHiH.

~".

1-1
0)

~ RESEARCHERS 1 COUNTRY 1 KEY FINDINGS AND COMMENTS 1 CORRECTIONS FOR DEFORMITY· ~

Willner, 1974n,b; 1975n,h Swedml Increnscd stnnding and sitting lwight in scoliot.ics Irrespedive

Proportion belweell sitting und litunding hcight

IlIldisturheci

Decrcllsed weight. -. lenncr t.hnll normal (Met.hocl of Bjum nt. al, 190H)

Found in buth Cl"OSs-sllCtionnl nnd longitudinal

st.uclics

Norrlwall and WilhUlr, 1975 Swedml III(:rcu~cd l:ilunding hcight in sculiut.Îcs YCR

Advuncml skclctnl ugc in carly adolescence (Method of Ujurn et ni, 1U(8)

Burwdl et al, 1977 Englnnd No nnthl'opometric diffomncc in scoliotiCH No

(Symposium) Argued that. with correctionH Ncoliot.ieH ure tllller

CIllrk, 1977 Englancl No difference in I?;rowth velodt.y No

(Symposium) Argued thnt with cormc.t.iolls scoliotic.s are taller

Schultz nnet Cisewski, 197H U.S. Incmnscd slcndcrncss in progressive curvcs, in

(Abstrnct) :lO out of 26 pntients. Dccl"t!ll..'iml ~dendcrncsH

in 1:3 of 22 non-progressive pathmts (X-rnys)

Drummond and Hogala, 1980 V.S. & Cumula Scoliolks uw tnllm and lumvim if correded for No

skc1ctnluge

Skogland und Miller, 1981 Norway Ollly IL tendmH~y for lon~m' lipines in H<:oliotkli Yml (but uot mdng nwtiaod

Incrcased slcnucmcss (pnrtklliurly thorncic) in of Bjllm et fll, 1U(iH)

seolioties (X-ruys) Length along curvc in the coronal plann

Low et al, 197H Hong Kong Inewa..'ied standing height in scolioties Yeti

Lcong nt. Id, 1982 (Method of Djuw (lt nI, 19(8)

Burie ami Momdlovk, 1982 YugoHIn.vin. Incmmmd litanding and sitt.ing' height in YeR (Mcthod of Djure et ni, 19(8)

seoHoticB. No difrerenCl~ in wdght for curVCR > :JO" Cohh angln

Taylor und Twomcy, 1984 Austrnlin Inermumd sphm slmulmncss in nonnal Rirls .-

compal'cd to boys

Schultz {lt ni, 1984 Swmltm Inemnscd Hpine sltmdemtlHH in nomml girls

<:ompul'ml to boys
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~ RESEARCHERS 1 COUNTRY 1 KEY FINDINGS AND COMMENTS 1 COR.RECTIONS FOR DEFORMITY· ~

Normclli ct al, 1985b Swedcn Iuercnscd standing height if corrm:UouH Imd been mnde No

for the dcformily. Deewnscd wcight

Skoglnnd ct al, 1985 Norwny Incrcascd inc:idcuc:e of seolinsis iu tull girls

NicolopouloH ct ni, 1985u,u England Increusecl stunding ami siUing Iwight in scoliotic:H Yes

due to taller pelvis (Met.hod of Bjure et ni, 1968)

Ardl(~r und Dickson, 1985 Englund Increused Htuncliug Iwight for> 15° Cohl> No

No diffenmce in growth velodt.y or devdopmcnt.

IneWl4~e due lu uucoiling (rcducccl kyphosis)

of normal thoruck kyphosis.

Critic:ul of I3jurc ct ni (1968) corwdiol1 nwthod

Cl'iticul of improper historieal controis

Veldhuizen et ni, 1mm Englund No differcnce in growth increnwnt.s tmt.ween

regions of scoliotic :;pincs (X-rnys)

Shohnt ct ni, 1988 hmwl Scoliotic:s uw tuiler nnd lighter, pnrticulurly No

in lurger curves

Curr et ni, 1989 Englnnd Improved mcthod tn corrm:t for hoight loSR Yeti

due to the c1eformit.y (Method of ISIS)

Loncnr-Dusck ct al, 1991 Yugosluvin Incrcuscd pcnk growth velocit.y hut no --

illCrCl4'icd standing hoip;ht nt nmtllrity

Hllgglund ct ni, 1992 Swcclcn Scoliotics nre t.aller in pre-puherty Yes (Mothod of Rjllre et al, 19(8)

Cnrr et nI, 1993 Enp;lflncl ScoliolicH ure taller. No c1iffcrenco in skdetnl np;e. Y(~li

Not. t.nller if t.here is a positive flLlllily hild.ory. (M(~th{)c1 of ISIS, CmT et Ill, 1989)

'l'aller than ll1mffm:t.t1d l'datives

Nissincn ct al, 1993 Finland Inewu:il!d standing and sitting hnight, and p;rowth No

vclocity in l'Icoliotks. Longitlldinlll stucly.

Goldbcrp; ct ni, 1993 Il'dllnd ScoliolicH are tnllcr in carly adolcsccnœ. No Ym,

diff(~Wllee with curve ImVt!l'it.y or progression (Mcthod of I3juw et ni, 19(8)

• Duc to the 10HS of lwight Ils II W8Ult. of tlw c1t~formit.y, it is lwel~Htmry to "corwd" t1m mcnsuwcl vmt.knl Iwight to dclmminc the Ilactual" 8pinc ICllgth.



1.5 Problem Identification and General Objective

The natura! history of AIS reveals that to successfully establish the prognosis of a mild

curve is as important and as difficult as determining the underlying etiology. Successful

prediction of curve progression would reduce unnecessary bracing and radiology of essen­

tially ';';stable:~ curves and lead to earlier diagnosis of progressive ones. Presently~ there are

a number of guidelines. such as age and curve magnitude~ but establishing the prognosis

remains a difficult task for the physician.

Since most mild curves do not progresse this is indicative that more than one factor

must be present in a progressive scoliosis. One factor leads to the initia! scoliosis. and a

second factor leads to the progression. Both factors need not be pathological. In fact. the

second factor need only be a catalyst that is hannlessly present in many people. but when

combined with a small scoliosis can produce progression. Similarly~ the initial scoliosis

may simply represent the outer bounds of asymmetry naturally present in the population.

The second factor that promotes the progression would then be the most important. This

is but one of the problems in determining the etiology of a likely multifactorial disease.

A.nother difficulty is distinguishing between cause and effect. ~Iany clifferences have

been found in clinical studies between scoliotics and controIs. yet the consequences of

the deformity almost certainly causes many of the observed discrepancies. Only long term

longitudinal clinical studies following a large population can conclusively prove that a given

factor is associated with a progressive scoliosis. The difficulty: of course. is determining

what to measure over the long terme

Experimental animal studies avoid the problem of cause and effect~ but introduce other

concerns. Though scoliosis has been produced. in many animals. it is not clear that it

represents a proper model for idiopathie scoliosis in humans. Firstly: the surgical alteration

or removal of a part may produce scoliosis~ but this level of deficit just simply has not been

observed in scoliotics. Second.ly~ the morphology~ stiffness~ activating muscles and control

systems are all quite different between humans and animais. In particular. the raIe of

gravity is very different in quadrupeds. It is thus difficult to ascertain the validity and
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implications of the results.

Even if the etiology of scoliosis and a progressive curve is purely biological, mechanics

are still relevant to the understanding of the d.isease. l\tlany~ if not most. of the biological

theories of scoliosis are manifested in a mechanical manner. Differences in morphology.

hormone levels. and muscular-control systems~ for instance. are all biological deficits which

alter the mechanics of the spinal complex. .An understanding of the relevant mechanics

can only help to establish the prognosis and the potential for the final curve magnitude.

In fact, progressive scoliosis could be described as a purely mechanical event. dictated

by a change in the equilibrium states. A stable curve remains in equilibrium. whereas a

progressive curve represents a search for a new and necessary equilibrium configuration.

The study of the mechanics of a scoliotic spine can also help to distinguish between

cause and effect without the problems involved in clinical and experimental studies. By

purely examining cause~ a study of mechanics can determine if a given theory is plausible.

and the level of alteration required for progression. The development of an analytical

model provides the opportunity to examine a multitude of potentially causal factors.

Of the various etiological theories reviewed in the previous section and A.ppendix B.

those related to growth and stature have ooly received limited consideration from a me­

chanical point of view. Yet c1early, changes in stature are inextricably associated 'with

mechanics. This is particularly relevant for the fol1owing three reasons. Firstly. though

the risk of progression in scoliosis is consistently shawn to be associated with the adoles­

cent growth spurt, the exact reasons for this correlation are not known. In particular. it is

not knoVo-n whether the correlation is due to the growth \\ithin the vertebrae. due ta the

changes to the gross anthropometric measures of the spine and trunk, or to sorne other

purely biological relationship. After birth~ the period of adolescence represents the most

dramatic changes in the human form. Consequently, it is not unreasonable to assume that

the association between growth and scoliosis is due to the changes in the gross morphol­

ogy which occurs during the adolescent growth spurt. The mechanics of this event~ and

specifica1ly for a scoliotic spine~ have not been widely investigated despite the strong links

v..ith progression. Secondly~ there continues to be reports~ as highlighted in the foregoing
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literature review ~ of altered growth and stature in scoliotics. These differences are not

necessarily pathological~ but could represent the upper limits or an identifiable subgroup

with a given growth rate and stature. There have been concems raised about the va­

lidity of these observations~ and thus. there is a need to establish whether the observed

changes could alter the mechanics sufficiently to cause progression. Thirdly. the differences

in stature between males and females is often discussed in the scoliotic literature. How­

ever. the resultant mechanical differences has received far less attention. This is significant

considering the dramatically different progression tendencies between males and females.

To further the understanding of the relationship between growth and progressive scol­

iosis~ in partieular a mechanical correlation~ there are various possible approaches: clinicaL

experimental (in-vivo~ in-vitro and animals) and models. The relationship between grov....th

and progressive scoliosis originated in the clinical studies~ however~ they are restricted by

the problem of cause and effect and the very large populations which must be studied

due to the relatively small number of mild scoliotic curves that do progress. Experimental

studies in animals are difficult to interpret in terms of mechanical concerns. Experimental

in-vivo studies are intrinsically difficult and limited by the factors which can be studied.

Experimental in-\iitro studies could be very useful in order to examine stature. but the

access to a sufficient adolescent specimen population is essentially impossible. On the

other hand. a modelling approach appears very weil suited at this point in time. The

development of a model to analyze the mechanics of the adolescent growth spurt ~ and the

relationship to idiopathie scoliosis~ provides a means to assess the present clinical observa­

tions from a mechanical point-of-vie",". A model can then be used in concert \Vith future

clinical studies ta establish if there is a mechanical basis to the link between scoliosis and

growth. Therefore~ the general objective of the present study can no",· be formulated as

follows:

i) Development of a model of a spine with a mild idiopathie scoliosis.

ü) Investigation of the mechanics of curve progression during the critical gro\\~h spurt

of adolescence.
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This work is part of a longer term goal to eontribute to the development of a rational

methodology to establish the prognosis of a mild idiopathie scoliosis diagnosed in a young

adolescent. The development of a modeI to study the ehanging meehanics of the grov"ing

spine in scoliosis represents a first step towards this goal.

1.6 Thesis Outline

Chapter 1 presented a general introduction to the subjeet of scoliosis and the me>­

tivation for studying this disorder. A literature review of the prominent theories for the

etiology of scoliosis was presented. followed by the formulation of the general objective.

Chapter 2 presents a revieVl of spinal biomechanies as related to seoliosis and to prev;­

ous models of the spine~ followed by the formulation of the specifie objectives. Chapter 3

presents the deveIopment of the governing equations of the spatial beam-column model of

the spinal column. Chapter 4 presents the development of the ribcage FE~l used to estab­

lish the elastie ribcage stiffness needed for the beam-column mode!. Chapter 5 presents the

validation studies of the present spinal model in comparison v.ith experiment and other

spine models. Chapter 6 presents the analysis of the ribcage stiffness and the support

provided ta the spinal eolumn. Chapter 7 presents the parametric analysis and the results

of the effect of the adolescent growth spurt on curve progression due to simulated growth.

Chapter 8 provides a discussion of the findings. the limitations of the present work, draws

some conclusions and provides suggestions for future work. Appendi"{ A presents a list of

ail kno\VD. etiologies for scoliosis. Appendix B presents a review of various theories for the

etiology· of AIS. Appendix C presents a short review of relevant spinal anatomy to assist

the reader. Appendix D presents a review of various approaches to modelling the spine

not directly related to scoliosis. Appendix E presents an analysis of the potential errors of

the present spine model and the limits on its applicability. Appendices F,G and H provide

a listing of the various terms and coefficients in the governing equations.
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Chapter 2

REVIEW OF SPINAL

BIOMECHANICS AND

FORMULATION OF SPECIFIC

OBJECTIVES

2.1 Introduction

Prior to the formulation of the specifie objectives of this study. it is necessary to review

the rele"ant spinal biomechanics needed to develop the present model of a seoliotic spine.

A review of certain experimental studies is included as they are relevant to understanding

the behaviour of the spinal column or are related to scoliosis. However, the review is

concentrated on spinal modelling studies related to scoliosis. which is the area of the present

study. An overview of spinal modelling is also presented in Appendix D to illustrate the

various approaehes and for completeness. The fonnulation of the specifie objectives for

this study concludes the chapter.
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2.2 Review of Spinal Biomechanics

-.ij

Individual components of the spine such as the disc~ vertebra~ and ligaments have

been extensively tested in experiments to determine their material properties. The joints

of the spine and ribcage have been studied to determine stiffnesses or fiexibilities through

load-displacement tests. And to a limited degree, the spine as a whole has also been

investigated to determine its kinematics. stiffness and stability characteristics. From this

experimental data. models have been developed to represent the various tissues of the

spine. There are excellent textbooks and papers ",rhich provide comprehensive discussions

on the biomechanics of the spine and scoliosis (Schultz. 1976~ 1984; Pope et al. 1984;

Bunch and Patwardhan, 1989; ,",bite and Panjabi. 1990: Goel and vVeinstein, 1990).

2.2.1 Experimental Studies

Experimental studies into the mechanics of the whole spine with application to scoliosis

are very rare. The study of Lovett (1905) was possibly the first to provide quantitative

information on the mechanics of the normal spine using cadavers and live models. in

order to gain insight into the pathological condition of scoliosis. The results illustrated

the complex movements of the spine, in particular, the coupling behaviour between axial

rotation and lateral bending, which varied along the spine length. It was concluded that

the axial rotation component of scoliosis could not be explained by normal movements of

the spine.

The next study to provide substantive quantitative information of spinal mechanics was

by Lucas and Bresler (1961) and Lucas (1970). \\l'hole adult ligamentous spines devoid of

musculature and the ribcage were subjected to axial compression at Tl ta investigate the

stability of the column. For a spine fixed at the base and free at the top. a critical load

of 19.1 1\ was found experimentally for buckling in the coronal plane. When the top was

restrained laterally. but free to rotate (Le., pinned) ~ the criticalload was 166.8 X. The spines

were aIso subjected ta a lateralload applied at the Tl vertebra. The lateral deflection of

the spine was used to establish the lateral fiexibilities at each motion segment! from which
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an effective uniform stiffness for the whole spine was calculated. Using Euler:s formula: a

criticalload of 20.4 N for the free top, and 167.2 X for the pinned top was calculated. The

excellent agreement between the theoretical and experimental results illustrated that the

adult ligamentous spine behaved as an elastic rod within the range of loads studied.

There are numerous studies in the literature which have reported 3-D flexibility data for

the motion segments from adult spines (see \Vhite and Panjabi~ 1990). Only the study of

~1iller and Skogland (1980a) determined the 3-D flexibility of an adolescent spine. Though

only from a single specimen (an Il year old boy) ~ the results supported the impression that

adolescents were more flexible than adults. The authors also attempted to correlate the

fiexibility data v.rith morphological measurements and disc hydration at each spine level

(~filler and Skogland~ 1980b). No single geometric variable could explain ail the changes

in fiexibility with spine level. TorsionaI and lateral bending fiexihilities were most strongly

correlated with variables at a given spine level.

Halsall (1980) and Halsall et ai (1983) examined the lateral stiffness of intact cadaveric

spines \"vith the ribcage intact and severed. Lateral deflection of the spine was found to be

linear up to a load of 250 N. which resulted in a fiexibility of 0.1 mm/N at the Tg vertebra.

When the results were compared v.~th a beam mode!. excellent agreement for the lateraI

defiection along the spine was found between experiment and theory.

The studies reviewed above appear to be the only ones which provide quantitative data

on the '\\~hole spine or the adolescent spine, with application to scoliosis.

2.2.2 Scoliosis Models

The use of mechanical models to investigate the mechanics of scoliosis has a long

history. ~Iore recently~ anal~/tical models have become sufficiently sophisticated to provide

quantitative insights into the mechanics of scoliosis. They have been used to study the

mechanics related to etiology~ and to study the effects of various brace designs and interna!

fixation systems. For this review, the quantitative studies are grouped according to each

particular model and research group~ and summarized in Table 2.1. In the sections below:

only those models which have been explicitly used. to study etiologj· are discussed in detail.
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Mechanical Models

Early mechanical models by Feiss (1907) and Carey (1932), were constructed of metaL

leather: wood! and springs. and were remarkably elaborate. These models provided a tool

to examine the kinematics of the spine and to illustrate how a scoliotic deformity might

arise. Other simpler models have been used by Rogers (1933), .J\.rltin (1949), Somerville

(1952). Roaf (1958: 1966), Lindahl and Raeder (1962)! Olsen and Allen (1969)~ among

others. ultimately. these models could only provide qualitative information of spinal me­

chanics.

Euler Column Models

The similarity of the spine to a structural column has been noted by all researchers

ta various degrees. :\lany have advocated that scoliasis is a stability failure~ which can

be described and predicted. by Euler's formula. According ta the well-known formula:

the critical compressive load of a column is a function of the length~ stiffness and end­

conditions. Using this knowledge: the various structures of the spine have been discussed

in terms of their ability to lower the criticalload. In this contexte the Euler model of a

scoliotic spine has been employed. for a long time. Only v.ith the work of Lucas and Bresler

(1961) did the Euler model provide the tirst quantitative information.

Quantitative Models

In a long series of papers (1970-1993L Schultz and co-workers have developed a math­

ematical model to study the mechanics of scoliosis. The theory for the model was tirst

outlined by Schultz and Galante (1970). In a subsequent paper, Schultz et al (1972). used

the geometrical model ta illustrate that scoliotic deformities could be reproduced within

the normal range of motion of the spine with no vertebral asy-mmetries required. The next

stage of development was to incorporate the quasi-static force-deformation properties of

the spine (Belytschko et al (1973); Schultz et al (1973)). The spinal column was mod­

elled as a collection of rigid bodies for the vertebrae: interconnected by several deformable

elements.

..:\.ndriacchi et al (1974) incorporated the ribcage into the ligamentous spine mode!. The

bony ribs and sternum were modelled as rigid bodies. The costovertebral: costotransverse~
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costal cartilage and intercostal structures were modelled by defonnable beams and springs.

In comparison with the stability experiments on the spinal column by Lucas and Bresler

(1961)! the ribcage increased the buckling load by a factor of three to four. depending on

the boundary conditions at the top of the spine. Takashima et al (1979) incorporated the

active contractions of the trunk muscles into the spine and ribcage mode!. Distributed

body weights were also included and applied at each vertebra~ offset from the centre.

The model was then used by Haderspeck and Schultz (1981) to investigate what mus­

cular loads could be involved in the progression of an idiopathic scoliosis. Based on the

results. it was argued that progression was unlikely due ta any malfunctions intrinsic to the

trunk muscles. An increase in Cobb angle of 6° ~ which represented progression. was easily

corrected by many muscle groups at low intensity. The findings were further explored

in experimental studies by Portillo et al (1982)~ and Reuber et al (1983). Progression of

scoliosis was proposed to result from an inability of the postural control system to ade­

quately respond ta the lateral bending moments imposed on a spine due to a small curve.

If the muscular forces were tao symmetric: all of the moments had to be resisted by the

soft-tissues of the spine itself. Over time: these moments on the spine would lead to the

permanent structural changes observed in large curves.

Further developments to the ribcage model of .~driacchi et al (1974) were reported by

Closkey et al (1992). Five rigid cylinders~ interconnected by deformable beam elements~

were used to represent each rib. The response of the whole ribcage to frontal and lateraI

compressive loads was found to be in better agreement with experiments than the earlier

rigid rib model by Andriacchi et ai (1974). Recently: Closkey and Schultz (1993) used the

deformable ribcage model to study the ribcage deformity in scoliosis.

~1iller and Skogland (1980c) developed a model of the ligamentous spine modelled as

a series of 17 flexible beam elements. Each beam was assigned a 3-D fiexibility matrix

determined from a single adolescent spine (yliller and Skogland: 1980a). A total of 146

paravertebral muscle slips were modelled~ and symmetrical and asymmetricaI configura­

tions of the spine were analyzed in terms of the muscular response to maintain stability.

The effects of an 8% increase in thoracic length and a 30% increase in lateraI fiexibility
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were also studied to simulate growth. They concluded that the changes in displacements

and loads on the spine indicated that curve progression via a growth mechanism cannat

be excluded.

Lindbeck (1985) proposed a continuum model of the spine to analyze a functional

scoliosis due ta leg length inequality. The spine from L5 to T7 was idealized as a slender

elastic beam. The spine and thorax: above T7 were considered as a rigid body. The smaIl

displacement governing equations for the elastic axis were developed. and included an

initial deformity. In a parametric analysis. it was found that to reproduce a functional

scoliotic shape (measured on an X-ray). a uniform bending stiffness of around 2 ~m2 was

required! which was in good agreement v.-ith experimental values reported in the literature.

Patwardhan and ccr-workers developed a biamechanical analog of curve progression

based. on the c1assical theory of beam-columns (Patwardhan et aL 1986). It \vas argued

that progression can be likened to the plastic deformation of an initially curved beam­

column, whereas a non-progressive curve remained in the elastic range. The transition was

based on reaching a critical bending moment in the spine. The model was restricted ta

the coronaI plane and therefore did not include the axial rotation component of a scoliotic

deformity. An adjusted stiffness (El) was used ta represent the overall behaviour of the

spine. The model was used to parametrically investigate the progression characteristics of

different types and magnitudes of curves, as weil as. the effectiveness of bracing different

curves. A further investigation with the model was undertaken by ~leade et al (1987) ta

analyze the progression characteristics of double curves.

Veldhuizen and Scholten (1987) used a discrete model of the spinal column to analyze

the kinematics of a scoliotic spine compared ta a normal spine. The model was essentially

identical to the earlier model by Belytschko et al (1973)! except for improved modelling of

the facet joints. A scoliotic deformity would appear to have a different coupling pattern

between lateral bending and axial rotation since the spinous processes are rotated into the

concavity-; a pattern which is opposite ta the kinematics in the normal spine (Scholten and

Veldhuizen, 1985). However~ using X-rays and the modeL the authors showed that with

further lateral bending! a scoliotic deformity displayed a normal kinematic behaviour.
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Scholten et al (1988) examined. the stability of the spine with the discrete model and

argued that the initiation of scoliosis could not be e..xplained by buckling theory. Using a

nonlinear analysis~ the spine was found to be stable up to loads of two times body weight.

The spine also remained stable even \\'ith a five-fold reduction of E. However. though

the spine was found to be mathematically stable~ the displacements predicted by these

reductions were very large~ and in a clinical setting would surely have been considered

progression.

Stokes and Laible (1990) developed a FE~I of the osse<rligamentous thorax to mves­

tigate the initiation of scoliosis due to asymmetric rib growth. The nodal geometry was

based on stereoradiographic reconstructions of an adolescent spine. The ribs~ costal car­

tilages~ and costotransverse joints were modelled by beam elements~ and the intercostal

tissue by spring elements. The motion segments were modelled by a two node element

which incorporated experimentally measured stiffness matrices for the thoracic region.

Stokes and Gardner-~Iorse (1991) used a FE~f of the ligamentous spine to analyze the

interaction between lateral bending and axial rotation in scoliosis. The motion segments

were represented by two methods. The fust was similar to the method in the previous

model. whereas in the second~ an equivalent beam element was used which approximately

matched the stiffness matrLx of the other method. From the results. it \vas argued that the

normal coupling of the motion segment could not explain the a.xial rotation in scoliosis and

that the initial sagittal curvature was of greater importance in deterrnining the coupling.

~oone et a! (1991) developed a continuum model to investigate scoliosis due to bi­

lateral muscular weakness ~ith applications to paralytic scoliosis. A. nonlinear continuum

beam-column model of the spine in the corona! plane was developed. The moments due

to two lateral muscles were also included as contraction forces producing a moment. The

ability of the model to represent a scoliotic curve and the post-surgical shape of a corrected

curve was demonstrated. The continuum model was aIso compared ","ith a FE~I model

(Ghista et al~ 1988) with good results.
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Table 2.1: SUJlUllary of the lllodeis that have been develuped t,o illvest.igutc the lllcchnnicB of Bcoliosis. The nlOdels are grollped

according to the diffcrcllt prium.ry rcsearchers.

RESEARCHERS MODELTYPE· COMMENTS & APPLICATION

1 2 1 3 4 5 fi1

Schultz and Galante, 1970 1( NL -- 3-D - MP Geometrie model of 3-D spine motion

Schultz et al., 1972 1< NL -- :J-D --- MP Gt..'Ometric UIllllY8iH of the 3-0 licoliotic dcformity

Delytschko et al., 1973 0 NL NLE 3-D SL MP Validation of wholc isolnted ligllmontous spille model

Schultz et nl., 1973 D NL LE 3-D SL MP Properties and validation of model nt lIIotioJl ::;egmellt lovel

Schultz and Hirsch, 1973 D NL LE 3-D IL MP Allalysis of Harrington roel correction

Andriucchi ct ul., 1974 D L LE 3-D SL MP Incorporntion oC ribcogc iuto thn ligamentolls spine modBl

Andriacchi et al., 1976 D L LE 3-D BL MP Analysis of the Milwaukee bruce tu correct scoliosis

'IRknshima et al., 1979 D L LE 3-0 ML MP Incorporation of t.rtlnk musclcs into the spiue und

ribcage model

Huderspeck and Schultz, tOM t D L LE 3-D ML MP Annlysis of lIluBculnr response tn curve Jlrogres~iÎon

Schultz et aL, 1981 D L LE 3-D ML MP Analysis of correction of scolimds by mllsei(, stimulation

Wynarsky and Schultz, 1991 O&D L LE 3-D BL& ML MP Opthnnl correction possible by brnce or musclo loads

Closkey et al., 1992 D L LE 3-D SL MP Incorporation of a d(,formable ribcnge into the model

Closkey and Schultz, 1993 D L LE 3-D SL MP Annlysis of the ribcnge deformity in scoliosis

Miller and Skoglo.nd, 1980c O&D L LE 3-D ML AP Simulated growth of au udolcscent spine

Ycttram and Jackmau, 1980 0 L -. 3-D ML -' Effectivenc88 of bmce and correction dcvices in scoliosis
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Con'd Table 2.1
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RE8EARCHERS MODELTYPE· COMMENTS & APPLICATION

1 2 3 4 5 6

Lindbcck, 1985 C L LE 2~D SL MP Devclopmcllt of 8. beam-column mode! tn represent El

functional scoliosis

Patwardhan et al., 1986 C L LE 2-D SL MP Dcvelopmellt. of fi benm-column modol to study curv(~

progrcssion

Meade (~t al., 1987 C L LE 2-D SL MP Annlyabl of progre88ion of double curvca

Veldhuizen and Scholten, 1987 1< NL - 3-D -- MP Analysis of the couplillg bchu.viour of a Rcoliotic spinu

Scholtcn ct al., 19M8 0 NL LE 3-0 SL MP AualYlds of t.he stability of thc apine

Viviani ct aL, 1986 FEM L LE 2-0 IL pp Analysis of optimal correction of scoliosis using internai

fixation

GhiBta ct al., 1988 FEM L LE 2-D IL pp Analysis of optimal correction of Hcoliosis mdng lnternlll

fixation

Jaynraman et al., 1989 D NL LE 3-D IL MP Analysis of dlfferent internai fixation systcnuJ

Stokcs and Laible, 1990 FEM NL LE 3-D CL AP&MP Thorax model to st.udy asymmetric rib growth

Stokes and Gardner-Morsc, 1991 FEM L LE 3-D SL MP Analysis of axial rotation component in scoliosis

Stok<>.B and Gardner-Morse, 1993 FEM L LE 3-D IL AP&MP AIll\lysls of Hnrrington distraction for correction of BcolimJis

Noone et aL, 1991 C NL LE 2-D ML MP Developmellt of u. bCllm-columll model for pllmlytlc scoliosis

• The type of model ls desc:ribed using 6 pnrnnwteni. 1) I<-killcmat.àe, D-diserctc (rigid bodies, sprinJl;s, and defol1unhle elements), FEM-finite

clement model, O-opthllizatioll, C-cont.àmllllll bCllm-cohmmj 2) L-p;eomctric linlmr, NL-geollletric J10l11i1lCIUj 3) LE-Ilnear elustie, NLE-Iloillinear Alü.'itkj

4) 2-D-two dimenslonalj 3-D-thrce dimensiolllllj 5) GL-lilduccd growth loads, SL-gcncral 3-D staUe loads, BL-stuUe bmce londs; ML-stalle muscle loads,

IL-instrumcntntion londsj (i) PP-patient propcrties, MP-mature or adult propcrtiesj AP-adolcscent properties.



2.3 Formulation of Specifie Objectives

-{

As discussed in Chapter 1. the general objective of the present study is ta investigate

the mechanics of curve progression during the adolescent growth spurt. Furthermore~

it was proposed that the development of an appropriate model of a spine with a mild

scoliosis provides a tool to efficiently and unambiguously investigate the many variables

present during grov..1;h. 1t is clear from the foregoing review that the methods of approach.

and choice of specific features incorporated in a modeL are strongly guided by the desired

application. Consequently, the present model is not intended as a general model of the

spine~ and cannot analyze many of the problems addressed by the other models. However~

by focusing and optimizing the model to the present application~ a relatively simple and

efficient model is developed.

The choice of the specifie features to incorporate in the present model is guided by

a number of characteristics of both a progressive scoliosis and the spinal column itself.

Firstly~ curve progression in scoliosis is defined on a bi-annual or yearly basis. Consequently.

the progression of scoliosis is essentially a quasi-static phenomenon. Though a spine is

subjected to many dynamic loads during day-to-day activities. there is no e\idence that

curve progression occurs in this time frame. Therefore, the development of a model solely

for static analysis is appropriate (Item 1).

Secondly~ though the trunk muscles can readily generate forces of sufficient magnitude

to correct a scoliotic curve. they clearly do not respond adequately to a progressive scolio­

sis. The exact reason is not ob\ious. Though the muscles can generate high forces. these

cannot he maintained for lengthy periods of time. Therefore. whether a sufficiently high

magnitude of muscle force can be maintained over the time frame of curve progression

is not clear. Alternatively: it is possible that the musculature is not always capable of

responding ta a progressive curve due to inappropriately oriented muscles or inadequate

sensing by the postural system which must detect the curve. The trunk musculature and

postural system have evolved ta both maintain upright stability and to activate motion.

Consequently~ the muscles may simply not have a ;':built-in!~ ability ta respond to a scoliotic
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deformity. Therefore~ irrespective of the exact rea!5on~ since both nonprogressive and prc:r

gressive seoliotie curves are not corrected by the trunk muscles~ it is difficult to assess their

exact influence on scoliosis. Furthermore~ though there are many suggestions of a defieit

in the postural control system of scoliotics. which could lead to as}rmmetrical muscular

actions, the exact mechanism is not clear at alI. Therefore~ the development of a model

incorporating only the passive response of the spine is appropriate (Item II).

Thirclly, idiopathie scoliosis is a three-dimensional deformity of the spine. even in the

earliest stages. Curve magnitude is routinely measured using the two-dimensional Cobb

angle~ v.rhich ignores the axial rotation and anterior-posterior deformities of scoliosis. Ho'w­

ever, the three-dimensional nature of scoliosis has also become clinically relevant in recent

years. Therefore~ the model needs to be three-dimensional and capable of analyzing the Lat­

eral and anterior-posterior displacements~ as well as the axial rotation of the spine (Item

III).

Fourthly. a scoliotie spine with a large deformity would require a geometrically nonlinear

analysis due to the large displacements. The axial rotations and lateral displacements of

the spine can become very large in the stages of a curve requiring bracing and surgery.

However, the present study is interested in the earlier stages of a mild scoliosis. before

the defiections become large. Therefore. the development of a model for smalt to moderate

displacements is appropriate (Item IV). This issue is further discussed in the chapters on

model development.

Fifthly, though the vertebrae of a spine v..;th a large scoliosis are clearly deformed. those

from a spine with only a mild scoliosis are only marginally deformed. if at ail. Furthermore.

these deformities are more likely a seeondary efIect! rather than a cause of the deformity.

TherefoTe~ the model need not account for any changes to spinal mechanics that could result

from deformed vertebree (Item V).

The five items outlined in the foregoing have focused the choices for the present model

to a large extent on the basis of the characteristics of a mild scoliosis. However, there

are still a number of aspects which must be cansidered "'ith respect ta the spinal column

itself. The basic unit of the spinal column, the motion segment: is a complex structure v..;th
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varied tissues. properties and geometry. The modelling of the motion segment continues

ta be an area of active research with further refinements likely needed ta accurately model

the individual tissues. It is not necessarv. however. to model the individual tissues directlv.• w'

unless one is explicitly interested in their mechanics. The present model need only predict

the displacements of the vertebrae to analyze progression. The stiffness characteristics

of motion segments have been studied extensively and possibly are the best documented

aspect of the spine. This data is ideal for the present model~ since the characteristics of ail

the tissues of the mùtion segment are contained in the compact form of effective stiffnesses.

TherefoTe~ it is adequate for the model to incorporate the stiffness characteristics of each

motion segment at each level of the spine~ as opposed to modelling directly the individual

tissues (Item \11).

From anatomical~ experimental and modelling studies! it is clear that the ribcage plays

an important raIe in supporting the spine. The spinal column is located. between the

right and left halves of the ribcage! and joins the two halves together to form the ~~barrer!

structure of the ribcage and establish its strength. Since the spinal column is an integral

part of this enclosed form~ the relative displacements between the spine and ribcage are

strongly restrained. Therefore: the model needs to include the support of the ribcage (Item

VII). However! even though the ribcage is a complex spatial structure with varied material

properties and geometry! its interaction with the spine is very specifie. Each rib is joined

ta a vertebra of the spinal column at two joints. The present model takes advantage of

this feature to provide a relatively simple representation of the passive ribcage support. It

is understood that the active support of the ribcage through the trunk muscles could be

more complexe However~ as discussed above. the present model is only concerned directly

with the passive response of the spine and ribcage.

The final point ta consider for the development of the present model is the objective

of analyzing the effect of the adolescent growth spurt on curve progression. The adoles­

cent growth spurt has not been studied extensively in the previous models. A rigorous

mechanical analysis of the various components such as spine length~ vertebral dimensions~

weight. ribcage support. among others. is required to fully discern their role during growth.
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Recently~ scoliosis models have attempted to ~'individualize~~ the models by incorporating

either spinal stiffness or geometry directly from the adolescent patient. The drawback

of this approach is the large populations required and the difficulty in establishing the

variables or measures to compare the mechanics unambiguously between patients. Con­

sequently. another approach is needed to establish which of the variables present during

growth are most likely or most capable of affecting progression. The parametrization of

the problem provides a means to efficiently analyze the variables present during growth.

and to investigate the interdependent effects. Thereforet the model must be amenable to a

general parametric analysis (Item VIII).

In addition, a model provides the means to simulate directly the effects of the adolescent

growth spurt in a spine with a mild scoliosis. During growth. the stiHness properties. spine

length and body weights are changing simultaneously. For a scoliotic curve of a given

magnitude, at a certain age. a model can simulate the effects of different growth rates and

patterns on curve progression tendencies in a simple and unambiguous manner. Therefore.

the model must be suitable for the simulation of different growth rates and patterns (Item

IX).

The two basic approaches to spine models have been the discrete and finite element rep­

resentation versus the continuum. Both have been successfu! to varying degrees depending

on the given application. The spine would appear to be a naturally discrete system due

to the relatively rigid bodies, separated by a number of relatively flexible structures. On

the other hand, a continuum model of the spinal column has been sho~;n ta provide an

accurate analysis of its mechanics in a number of situations. including scoliosis. pro"ided

appropriate properties are adopted. Of course~ the two models cannot provide entirely the

same information. The discrete models, however. can quickly become expensive and data

intensive~ wwch can greatly restrict their ability to analyze the effects of a large number of

parameters. Alternatively, the continuum models are excellent for a parametric analysis.

However, previons models have suffered from the serious restriction of ooly two-dimensional

representation in the coronal plane~ with no axial rotation component. Furthermore~ the

ribcage has only been included in a lumped form or not at ail.
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For the present model~ a hybrid approach is proposed. The scoliotic spinal eolumn

is to be modelled as an initially eurved and twisted. spatial beam-column embedded in

an elastic medium to represent the ribcage. The stiffness of the supporting ribeage is

to be determined from numerical experiments using a finite element mode!. It is argued

that once this representation of the ribcage is included into the governing equations of the

beam-column, the model is sufficiently accurate and efficient to reach the general objective.

Therefore~ the present work is divided into four specifie objectives:

i) Development of the governing equations of an initially eurved and twisted~ spatial

beam-column ta represent a spinal eolumn with a mild idiopathie scoliosis which

incorporate the features outlined in Items I-VI.

ii) Development of a finite element model of the ribcage and investigation of the stiffness

it provides for the spinal eolumn in view of the needs established in Items 1\/ and

VII.

iii) Investigation of the mechanics of a scoliotic spine through a parametric analysis in

order to address the needs expressed in Item VIII.

iv) Investigation of the meehanical effect of growth on curve progression through simu­

lation of the adolescent growth spurt in order ta address the needs expressed in Item

IX.

A.s outlined in the foregoing arguments, a number of assumptions have been made in

order to develop a model ta study eurve progression during adolescent growth. Therefore~ it

must be reemphasized that this model cannot analyze many aspects of spinal biomechanics

for which it was not intended. However, by focusing the development of the model ta the

present application~ the goal was to create a model of relative simplieity and efficiency, but

which incorporated sufficient features of spinal mechanies needed to investigate AIS.
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Chapter 3

SPINAL COLUMN MODEL

3.1 Introduction

The governing equations of an initially curved. and twisted~ spatial beam-column.

developed to represent a scoliotic spine~ are presented in this chapter. An overview of

beam-column theory is first presented to orient the reader with the general behaviour.

terminology~ assumptions and applications. This is followed by the development of the

equations with the necessary modifications for application to the study of the mechanics

of a scoliotic spine. In the final sections, the loads applied to the spine are described.

followed by the geometry and properties of the spinal column. Several validation studies

are outlined and the procedures for a parametric study and the simulation of the adolescent

grov.o-th spurt are described.

3.2 Review of Beam-Column Theory and Behaviour

Beam-columns belong to a larger class of slender material bodies ".rhich are more

generally referred to as rods. A rod is a one-dimensional material continuum in which

one dimension is considerably greater than two other representative dimensions. The con­

tinuum, however, can undergo spatial displacement in three dimensions. There are many

examples of rods~ such as cables~ wires, struts~ bars~ shafts! columns, beams, beam-colurnns.
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fluid jets! strings of molecules! etc. A beam-column is in general a structural member that

is subjected to axial compression. as well as bending due to lateral loads and moments.

For a slender beam-column! the representative cross-sectional dimensions (b and d) should

be much less than the length dimension (L). In engineering applications. the theory of

beam-columns has provided excellent results if blL and dlL < 0.1.

In-Plane Beam-Column Behaviour

The most prevalent beam-column theory is that of Bemoulli-Euler~ which is based on

the assumption that cross-sections remain plane and normal to the deflection a.xis! and

undergo no distortions (Fig. 3.1). These assumptions create inconsistencies in that shear

forces are included for equilibrium with no resulting deformation. As a result. however! the

governing equations can be readily developed by an equilibrium balance on an infinitesimal

beam-column element. Consider a beam-column subjected to a distributed lateral load.

q! and a compressive load. P (Fig. 3.2A). An infinitesimal or differential element for the

beam-column is shawn in Fig. 3.2B. Considering the lateral displacement. u! ta be small.

the forces on the element are summed in the horizontal direction to give

tPu dV
P dz 2 - dz = q

~Ioments are then taken. and negiecting second order terms! to give

dM =v
dz

(3.2)

-

where }vI is the bending moment. and t./r

is the shear force. For small displacements! the

lateral displacement of the beam-column is related ta the moment as follows:

rFu
El dz 2 = -AI (3.3)

where Elis the bending stiffness of the beam-column in the plane of bending. This equa­

tion aiso inherently assumes that the cross-section is symmetric about the axes. Combining

equations (3.1). (3.2) and (3.3L the governing differential equation is determined as

rJ.4u cflu
El dz4 + P dz2 = q (3.4)
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Plane Sections Remain
Normal Ta Elastic Axis

Elastic Axis
Bafora Deformation

Elastic Axis
After Deformation

"<
Figure 3.1: illustration of the Bernoulli-Euler beam-column assumption that plane sections

originally normal ta the elastic a.xis remain normal after deformation.
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M+Mdz

V+V'dz

"'"__- </>::: du = u'
dz

u+u'dz ---,.

M

x

A

p

A

q

(A) (8)

Figw-e 3.2: A) A beam-column subjected ta an axial compression load.! p~ and a distributed

lateralload~q. B) Differentia! element from the beam-calumn shown in a displaced position

for small displacements. V is the shear force! IV is the normal force~ which is equal to P

in the present example, and ~vl is the bending moment acting on the cross-section.
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for a constant El along the length. This is the basic 4th order differential equation of a

beam-column for bending in one plane. The solution of this equation determines the lateral

displacement, u~ of the elastic axis as a function of the length, z. With the associated

boundary conditions, a large class of engineering structures are governed. by this equation.

If there is no lateralload, q, then equation (3.4) is simplified to

(3.5)

This 4th order homogeneous equation governs the buckling of columns subjected to com­

pressive end loads, and represents an eigenvalue problem. The solution for the lowest

eigenvalue is the classical Euler criticalload

(3.6)

or

where C is a constant determined by the boundary conditions. and L is the column length.

The right hand side of equation (3.5) is zero, which established the eigenvalue problem.

A.s a result. the defiections of the column are zero until the critical load. Per , is reached,

at which point sudden fallure occurs. and indeterminant displacements are predicted by

this linear elastic theory. In reality, this mathematical situation is never reached due to

smalliateralioads. compression load eccentricity, or small initial displacements, collectively

termed imperfections. The inclusion of these imperfections in equation (3.5) complicates

the equation, and the problem is no longer an eigenvalue one. Instead a more general

non-homogeneous equation is required to describe the problem. As a result. similar to

the solution of the general beam-column equation, the defiection of the elastic axis is

determined for allioad magnitudes. The effect of imperfections is illustrated graphically

in Fig. 3.3. The Lateral load. load eccentricity, and the initial displacements can result in

significantly large defiections. far below the criticalload of the ideal column.

Out-of-Plane Beam-Column Behaviour

The foregoing description of beam-column behaviour was confined to one plane and was

thus termed in-plane behaviour. Out-of-plane behaviour or spatial behaviour can oecur
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Small
Displacements

Increasing
Imperfections

u

Figure 3.3: Effect of imperfections on the displacement beha\-iour of a column. An initial

displacement~ ~~ causes immediate deflections~ v.rhich can become large below the critical

load. Other imperfections such as a smalliateralload~ Q~ or a load eccentricity~ e~ causes

a further increase in the displacements.

for a number of reasons. The most obvious is due to bending in either plane~ or bi-axial

bending. For a doubly symmetric beam-column subjected to an axial compression. P.

with end eccentricities~ ex and ey ! in two orthogonal planes! then bending in either plane

is produced (Fig. 3.4). Depending on the shape of the cross-section. significant twisting

or axial rotation aIso occurs. Consider the situation where the bending stiffness in one

plane~ EIx. is considerably greater than the stiffness in the other. Ely. Even for a pure

axial compression load! this structure can experience spatial buckling involving lateral

displacements and axial rotations. For a lateralload applied in the stiffest plane, spatial

buckling can also occur! generally referred to as lateral buckling. On the other hand. for

a load applied in the weaker plane only bending would occur, the defiections govemed by

equation (3.4). To determine the buckling load or the deflection curve for lateral buckling!

a new set of equations is needed.

Consider again the beam-column shown in Fig. 3.4. A balance of the forces and

moments acting on a differential element is carried out, as before! except that the adjacent
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Figure 3.4: illustration of a beam-column subjected to bi-axial bending due te an eccentric

compression load P. :\-loments 1.v[x and A1y are produced in each plane and the resulting

deflection is spatial.

position is now displaced in space. The development is more extensive. but otherwise the

method is the same. For small displacements~ the follov..ing equations are obtained that

describe the behaviour of this bi-axially loaded beam-column

d4u cFu d?8
Ely dz4 + P dz2 - Pey dz2 = 0

d4v cFv <PB
EIx dz4 + P dz2 + Pex dz2 - 0

tf2B cFu cFt'
GJ dz2 + Pey dz2 - Pex dz2 = 0 .

These are three linear homogeneous coupled clifferential equations. They determine the

two lateral displacements! u and v! plus the axial rotation. f) ~ of the beam-column. where

Elx~ Ely are the bending stiffnesses in the two principal planes and Cl is the torsional

rigidity~ all of wmch are constant along the length.

If ex and ey are relatively smalL the beam-column remains nearly straight up to the

lowest criticalload. There are three criticalloads. one for each plane plus torsional buck­

ling! the lowest of which governs the behaviour. The larger the values of ex and ey: the less
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important are the criticalloads because once again relatively large displacements can occur

below the criticalload. li either ex or ey is zero a different type of situation arises as all

three equations are no longer coupled. Consider that ex is zero and the compression load is

only eccentric in the yz plane. The out-of-plane displacement~ u~ and axial rotation. B, are

still determined by two coupled. equations (lst and 3rd af 3.7). The in-plane displacement,

v. is now independent and governed by the 2nd equation of (3.7). H again EIx is greater

than Ely! then lateral-torsional buckling can occur governed by the two coupled equations.

So far. only symmetric cross-sections have been considered.. For asymmetric sections,

the equations are further complicated. by what is termed the shear centre. At some point,

S. of a cross-section, the resultant shear force, V, causes no axial rotation. For symmetric

sections! the shear centre. S, is lacated at the geometric centre which locates the axes on

the cross-section. For asymmetric sections. it is located at sorne other point. located at

< ço~ 1]0 >, which can be determined. Therefore. for asymmetric sections, equations (3.7)

are altered by incorporating the coordinates ço and TJo with the load eccentricity terms ex

and ey. The equations now describe the displacement of the shear centre instead of the

geometric centre. The shear centre further couples the equations together. In general, thin­

walled open cross-sections are most strongly affected by a shear centre, but any asymmetric

solid section also cantains a shear centre.

Imperfections of the spatial beam-column have the same effect as for the in-plane beam­

column. Once again. the defiections can become substantial far belo~· a criticalload. As

such, the general load-defiection behaviour of the beam-column can be of much greater

importance than the criticalload. To determine the spatial deflections of the beam-column,

terms are added to equations (3.7) 50 that they are no longer homogeneous.

The behaviour of beam-columns has been studied in great depth by a number of re­

searchers. In particular~ the textbaoks by Love (1920), Timoshenko and Gere (1961). Chen

and Atsuta (1977) and Wempner (1981) ail provide excellent analyses of the mechanics

of beam-columns. Further complexities, not reviewed in the foregoing: such as more gen­

eral loading, complex boundary conditions, distributed properties and nonlinearity, are

discussed in these books.
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Directed Rods

As mentioned. earlier. beam-columns belong to a larger class of bodies called rods~ for

which a much more general theory has been developed directly from a mathematical base in

the field of continuum mechanics. By invoking the assumption that plane sections remain

plane after displacement, the classical Bernoulli-Euler theory discussed. in the foregoing

has been developed. to govern the behaviour of beam-columns. However. it is instructive

to understand how this assumption relates to a more general theory.

A one-dimensional continuum can be described by a Cosserat or directed curve in

space. A Cosserat curve is a material curve embed.ded in three-dimensional space, ~ith

two deformahle vector fields (termed directors) attached to every point of the curve. A

reference axis of the spatial rod is located in space, ~ith respect to a Cartesian system,

by a parametric representation f( s). where s is the curvilinear coordinate along the axis

(Fig. 3.5). At each point on the axis defined by f. there are a pair of directors d2 and d3 .

Also shown in the figure is the Frenet triad. formed by the unit tangent vector, i~ the unit

principal normal, n, and the unit binonnal. b, at each point on the axis. The plane defined.

by iL and brepresents the normal cross-section of the rod. In generaL directors do not lie in

the normal cross-section, and the projection of d2 and d3 on the cross-sectional plane can

also be determined. The deformation of a rod. therefore. can be described by the tangent

vector which models the axis~ and the two directors which model the cross-section.

The modem foundations of directed curves was established by Ericksen and Truesdell

(1958). This work served as a basis for the development of nonlinear theories of rods. as weil

as shells. Green and Laws (1966) developed a general theory of rods using two directors.

whereas Cohen (1966) used three directors. The nonlinear theory of Cohen (1966) can

account for axial extension of the rod axis, bending. transverse shear and deformation of

the cross-section. These theories are developed with a broad generality and are applicable

to ail rods, as weil as beam-columns. More recent papers have presented constrained

theories of rods~ where an internal constraint is imposed by a restriction of the possible

class of motions. Xaghdi and Rubin (1984) examined seven different constraints which can
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Figure 3.5: The axis of a spatial rod is specified by the position vector. f ~ in a Cartesian

system. A.t each point along a curve~ a Frenet triad formed by the unit tangent vector ~ f

the unit principal normal. fi! and the unit binormal~ b~ can be defined. Two directors~ d2

and d3 ! are also shown~ which need not lie in the plane defined by iL and b.

be imposed on a nonlinear theory of rods. which was developed using a Cosserat curve and

t'wo directors. A nonlinear version of the Bernoulli-Euler beam theory was presented where

the cross-sectional deformations and axial extension were excluded. This theory was very

similar to an earlier work by Green and Laws (1973)! which also developed a nonlinear

Bernoulli-Euler beam using a different approach. Cohen and Sun (1992) considered si.x

different constraints imposed on a general rad theory based on three directors. A nonlinear

Bernoulli-Euler theory was developed by applying four of the canstraints.

The strength of the director theories of rads lies in their generality and their develop­

ment from basic principals! with no apriori assumptions. This generality alsa contributes

to their weakness! with the associated complexity of the governing equations. The con­

strained theories of rads represent a compromise which simplifies the equations. thereby

increasing the applicability of the theory.
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3.3 Spatial Beam-Column Model of a Mild Scoliosis

-

Though many aspects of a scoliotic spine with regard ta the kinematics. loads and

boundary conditions have been included to various degrees in existing formulations of

beam.-column equations, the exact combination of features required to model a scoliotic

spine has not been considered previously. Therefore~ in this section~ the assumptions

and features of the scoliotic spine model are first detailed, followed by a derivation of

the governing beam-column equations in a general form. Subsequently~ they are applied

specifically to the scoliotic spine.

To develop the equations~ a variety of sources were consulted. In particular. the text­

books by Love (1920), ~ovozhilov (1953)~ Timoshenko and Gere (1961)~ Bolotin (1963),

Washizu (1968), Chen and Atsuta (1977) and Wempner (1981) provided the overview of

the general theory of spatial beam-columns. In general. however. the applications discussed

in these books involved simplifications not appropriate ta the modelling of the spine. A

number of papers and reports provided more complex forms of the equations which were

consulted in the development: Houbolt and Brooks (1958), Soltis and Christiano (1972):

Hodges and Dowell (1975): Rosen and Friedmann (1978, 1979)~ Hodges and Ormiston

(1980). Reissner (1983), Hodges (1985), Rosen and Rand (1986)~ Hodges (1987), Bauchau

and Hong (1987. 1988), Tabarrok and Xiong (1989) and Koenig and Balle (1993). ~Iany

of these studies were concemed with the spatial behaviour of initially curved and tv~ti.sted

beam-columns, with 'variable properties along the length~ for the study of helicopter blades.

This complexity of behaviour closely resembles the spinal column and served as a base ta

develop the equations. The properties~ load conditions and initial shape are of course

very different in the spine. The beam-columns considered in these studies were also either

initially tv.-isted or initially curved ooly in one plane. which remained constant along the

length. The derivations began in a general form but were then restricted in the applica­

tions.
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3.3.1 Assumptions and Features of the Present Model

As discussed in Chapter l, beam.-column theory can model a scoliotic spine provided

that sufficient complexity is incorporated into the governing equations. The first consid­

eration is whether a spine is slender enough to be considered. as a beam-column. The

cross-sectional dimensions of a vertebra generally decrease frOID the lumbar to the cervical

region. The dimensions of a mid-thoracic vertebra are, therefore, representative of the col­

umn. The width, b, in the coronal plane of the vertebral body at T9 is about 3.25 cm and

the depth. d, in the mid-sagittal plane is about 2.74 cm (White and Panjabi. 1990). The

length, L~ of an adult spine might be anywhere from 43-55 cm on average. The slendemess

ratios blL and dlL are therefore less than the 0.1 value usually considered nec~ssary for

beam-column theory ta apply (Chen and Atsuta~ 1977). The theory approaches its limit

in the coronal plane at the lumbar level, whereas in the upper thoracic region, the ratio

is further reduced below the value at T9. The other concem is that in the mid-sagittal

plane, the posterior elements increase the representative d value. However, the value of d

for the vertebra can be nearly doubled to include the posterior elements (which is about

their size) and still the theory would apply. Since most of the bending is resisted by the

disc. the full dimensions of the posterior elements should not be required to establish a

representative d value. For an adolescent spine. the ratios for blL and dl L are aIso below

0.1 and beam-column theory should aIso be applicable.

The anterior portion of the spinal column comprised of the vertebral bodies, the disc and

the anterior and posterior longitudinal ligaments is to be modelled as a spatial Bemoulli­

Euler beam-column. Therefore. the spine is considered as a continuum where plane sections

normal to the elastic axis before deformation remain plane and normal after deformation.

The greatest concern with this assumption is that it implies that the deformation occurs

at every point along the axis of the spine. In reality. the vertebrae are much more rigid

compared to the disc and mast deformation occurs in the dise. Therefore~ a plane that

is forced ta be normal ta the axis in the model is not likely to represent ail planes along

the actual spine (Fig. 3.6). Due to the altemating sequence of vertebra-disc-vertebra, it is

reasonable to assume that plane sections would remain normal to the axis at one location,
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Figure 3.6: illustration that the cross-sectional plane of the spine at ail positions along the

axis cannot remain normal to the elastic axis. \Vïthin each motion segment~ however~ at

least one plane should remain normal after deformation.

at least ~ in each motion segment. Consequently~ though there would be discrepancies

between these locations, the errors should not accumulate along the spine length. The

relative success of beam-column theory in describing the shape of a spine (as described

in the literature review) indicates that this discrepancy cannot be overly significant in a

global sense. The deflection of the elastic axis is still able to represent the motion of the

vertebral centres.

The posterior elements, including the facet joints and the ligaments, are to be modelled

partially by their effect on the shear centre of the beam-column. The cross-sectionalshape

of the vertebral bodies and discs are nearly ellipticaL and as such. the shear centre should

be located near the geometric centre. The centre of rotation (analogous ta shear centre)

of a motion segment is samewhat posterior to the disc centre~ particularly in the lumbar

spine (\Vhite and PanjabL 1990). This is partly due to the facet joints which~ in the

lumbar region. resist axial rotation and force the centre of rotation posteriorly towards

the locked facet joint (Shirazi-Ad.l et al~ 1986a). The ligaments attached to the posterior

elements also contribute to the position of the shear centre. Therefore~ the definition of

a shear centre that is not a function of motion is a limitation. On the other hand, it is

argued that the shear centre can model fust order effects of the posterior elements. Le.,
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the coupling between lateral bending and axial rotation~ and a centre of rotation posterior

to the disc centre. Furthermore~ the overall effects of the posterior elements are aIso to

be included by incorporating the bending stiffnesses and torsional rigidity for the motion

segments at each spine level (\tVhite and Panjabi~ 1990). Therefore~ the different responses

between flexion!extension could be included~ as weil as the stiffening behaviour provided.

by the facet joints through nonlinear or bilinear properties that vary over the spine length.

However~ though the properties vary over the length~ the changes between adjacent motion

segments are considered to be small and gradual enough that the rate of change of the

stiffnesses is negligible.

The other assumptions implied by the Bernoulli-Euler theory are that the cross-section

is not distorted and the axis is not extended. Again~ it is argued that these are reasonable

assumptions at present. The spine is most flexible in bending and axial rotation. The

height of a person does change from going to a standing position from a supine one.

However~ the change is fairly small and divided by changes in the sagittal configuration.

as weil as the actuallength of the spine as the dises are eompressed. This present work is

concemed Vlith changes to the spine that occur over the period of a year. during which the

small changes in length due to increased verticalloads are not likely to alter the mechanies.

A seoliotic spine with a large deformity would require a geometrically nonlinear anal­

ysis. The axial rotations and lateral displacements of the spine ean become very large

in the stages of a progressive curve requiring braeing and surgery. However~ the present

study is focused on the earliest stages of a mild scoliosis before the deflections become

large. Furthermore~ in a mild scoliosis there are minimal changes to the vertebrae~ as the

deformations are confined to the dise and remain small. Therefore~ the present model is

developed for small strains and moderate rotations.

The assumption of moderate rotations means that 2nd order terms are neglected com­

pared to unity, but are retained compared to 1st order terms. Therefore. the most sig­

nificant of the nonlinear terms are retained in the governing equations. In particular~

the nonlinear terms that involve the interactions between the displacements in mutually

orthogonal planes and the axial rotation of the bearn-column are retained. These terms
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could be of importance in modelling the three-dimensional deformity of a scoliotic spine~

in which there is a correlation between the lateraI displacements and the axial rotation.

In a linear theory~ these coupling terms do not emerge in the derivation. If an error of

10% in the pred.icted displacements is considered. acceptable~ then it can be shown that a

change in Cobb angle up to 18° can be adequately predicted by moderate rotation theory.

Furthermore~ a change in axial rotation up to 18° can also be predicted. Beyond these

values~ errors greater than 10% can be expected in the predicted displacements. A mild

scoliosis is usually considered to be in the range of 10-30° Cobb angle. Therefore~ mod­

erate rotation theory would appear to be ideal to model the spine \\ith a mild scoliosis.

Through the inclusion of the most significant nonlinear terms~ the moderate theory extends

substantially beyond a linear theory~ yet remains significantly more efficient than a fully

nonlinear theory. A fuller discussion of the potential errors is presented. in Appendix E.

The natural curves of the spinal column~ and the curves due to a mild scoliosis are to

be included in the model as initial curvatures and t\\ist. The sagittal profile of the spine

is represented by an initial curvature in one plane~ whereas a scoliotic spine involves initial

curvatures in bath planes. as weil as an initial axial tv.rist.

In a normal spine~ the head and top of the spine are aligned. centrally over the pelvis. In

a scoliotic spine~ the postural control system attempts to maintain this normal alignment

in the presence of a lateral deviation of the spine. Consequently~ the top of the spine

usually remains close to its normal anatomie position~ particularly for a mild scoliosis.

There can be a lateral offset~ however~ on the order of a few centimeters. To simulate this

overall balance~ the displacements of the top of the spine are either specified or considered

zero. Bath pinned and fixed conditions can be considered for the rotations at the top.

The bottom of the spine is considered. to be fixed~ as a cantilever~ ta the pelvis. These

boundary conditions are not intended to represent the everyday activities of the spine, but

rather the long term situation during the progression of the deformity. Over the long term,

the top of the spine remains close to its anatomie position (Peterson et al~ 1995).

To summarize~ the anterior part of the spinal column is modelled. as an initially curved

and t'wisted~ spatial Bernoulli-Euler beam-column undergoing moderate rotations and
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small strains. The axial displacements~ however~ are considered negligible. The effect

of the posterior elements on spinal kinematics is partially modelled by a shear centre. In

addition! nonlinear and distributed. properties along the spine are also included to further

model the actions of the posterior elements.

3.3.2 Development of the Governing DifferentiaI Equations

The governing equations of the initially curved and tVvisted spatial beam-column modeI

are presented in this section. The deveIopment proceeds from a general description of the

geometry and kinematics before and after deformation~ followed by the derivation of the

generalized stress-strain relations! the equilibrium equations and finally~ the boundary con­

ditions. Since an existing fonnulation of the equations was not availabIe in the literature.

the present development proceeds from certain basic fundamentals Vo..hich are presented for

completeness.

Geometry Before Deformation

_A. fixed Cartesian coordinate system is defined by the triad of unit vectors i). 1 Consider

a spatial curve defined in parametric form by the position vector ~ fo (s ). as a function of

arc length s. At each point along the curve. an orthogonal triad of unit vectors i. il. and b
is defined. The unit tangent vector to the curve is t. while iL is termed the unit principal

normal and b the unit binormaI. The unit tangent vector is given by

_ dfo ­
ro.s = ds = t (3.8)

i...

The unit normal and binormal are given by the Serret-Frenet equations (Struik. 1961;

Thomas and Finney~ 1980)

t.s 0 JC 0 t

n.s - -K- a , il. (3.9)

b.s 0 -, 0 b

IThroughout, a subscript i or j is assigned values of 1,2 or 3.
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where K, is the curvature and T is the geometric torsion. The triad f il. and b is generally

referred to as the natural system of a space curve~ which is fully described. by the vector

fo(s)~ and equations (3.8) and (3.9).

Consider a second triad of orthogonal unit vectors, êi~ defined at every point along the

curve. The unit vector, êl~ is also tangent to the curve and identical to i~ whereas ê2 and

ê3 lie in the plane defined by il. and b, but are rotated about ê1 or i by an angle Q. The

unit vectors. êi • are thus given by

ê1 1 0 0 i

ê2 - 0 cos a sin a fi, (3.10)

ê3 0 -sina cos a b

An alternate form of the Serret-Frenet equations is obtained (Love, 1920: Connor~ 1976)

by differentiating equation (3.10) and employing equation (3.9) to give

....
êl. l ê l .s 0 ~ -ke ê1

•
ê2.1 - ê2.s - -~ a kç ê2 (3.11)

ê3.1 ê3,s k~ -kç 0 ê3,

The terms ke~ k.r, are curvatures, while kç is the twist of the curve. and are functions of /C.

T and Q. The terms ke~ kT] and kç can be "iewed as the projections of /C and T. defined in

the r fi, bsystem! onto the êi system. A. general curvature vector can thus be defined as

(3.12)

Since êi is an orthogonal system, then

(3.13)

~

·f

where bf is the Kronecker delta synlbol in three-dimensional space, and is defined byal = 1

if i = j or a if i :1 j. Using equations (3.11) and (3.13): the curvatures and t~ist can also

be expressed by
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kT1 - ê2 • ê1.1 = -ê1 • ê2.1 (3.14)
i
1•....

kç ê3 . ê2.1 = -ê2 . ê3.1-

~OVt consider that an axis of a beam-column is represented by the space curve ro(s).

The cross-section of the beam-column normal to the tangent~ ê1, is defined by the vectors

ê2 and ê3 (Fig. 3.7). The position of any arbitrary point B on the cross-section is given by

(3.15)

where ç, TI are coordinates in the cross-section at position s aJong the axis. The curvature

relations expressed in equations (3.11) or (3.14) describe the axis of the beam-column.

The basis vectors. !Ji, of this curvilinear coordinate system are given by

!Ji = f. i .

Inserting equation (3.15) into (3.16), and using (3.8) and (3.11) gives

(3.16)

91 v'9 -TJkç çkç ê1- fh - 0 1 0 ê2 (3.17)..
93 0 0 1 ê3

where

9 = (1 - ç~ + TJk~f (3.18)

If k was zero. then the undefonned configuration of the beam-column would be straight

and untViisted. The basis vectors, gi' would then simply be identical to the êi system.

which in turn would be aligned with the fixed îj system. However. because of the initial

curvatures. k. the êi and îj systems are not aligned. The axis of the undeformed beam­

column is sufficiently described by equations (3.8) and (3.11). which are based on the

parametric position vector, fo(sL and the curvatures k. The position of the undeformed

beam-column in the fixed ij system can also be expressed in terms of an initial displacement

vector, do, and a rotation matrix, cg, as follows:

do - Wo Îr + Ua î2 + Va î3 (3.19)

- ei et ij (3.20)! -
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Figure 3.7: The axis of the initially curved and twisted beam-column is specified in the

fixed system~ ij~ by the position vector ro. A point B in the plane of the cross-section

is specified by the position vector f. A1.so shown is the local system~ êi ~ where ê 1 is the

unit tangent vector and ê2~ ê3 define the plane of the cross-section. At point B~ the basis

vectors~ 9i ~ are shown.
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where Wc, Uo and Vo are the displacements of every point along the beam-column axis in

the directions î l , î2 and î3 of the fixed system, respectively. The components of the rotation

matrix cg are the direction cosines of the triad, ~, relative to the fixedij system, and

serve to describe the rotated position of the cross-section defined by êi in space.

Geometry After Deformation

t:nder the action of loads, the beam-column is deformed from its initial position in

space to a subsequent position described by the displacement of the axis. During the

deformation, the cross-section is rotated to a new position in space. At every point along

the deformed axis~ an orthogonal triad of unit vectors, ë; ~ is defined, where êi is the unit

vector tangent to the deformed axis. and ê;, ê; define the cross-section of the deformed

beam-column. The triad. êi~ of the undeformed beam-column is. therefore, displaced by a

vector, Do. and rotated by Ctj to êi. The position vector of the deformed axis becomes

(3.21)

where

(3.22)

and thus,

(3.23)

The components w. u and t' of the displacement vector~ Do. are in the directions ê1• ê2 and

ê3 , respectively~ of the undeformed configuration (Fig. 3.8). They could equally have been

defined with respect to the triad ê; of the deformed beam-column.

The rotation of the triad êi to êi is described by

(3.24)

If the rotation is large, it cannot he described by a vector and must he treated by other

means such as Euler angles. Consider the follovling sequence of Euler type rotations. (}3

about ê3 , followed by ()2 about the rotated ê2 , and finally, ()l about the rotated ê1 . For
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z Elastic Axis
Before Deformation

Elastic Axis
After Deformation

y

Figure 3.8: The elastic axis of the beam-column before and after deformation. The dis­

placement~ Do! of the beam-column is given by the components w. u and v. expressed in

the êi system~ respectively. AIso shown is the êi system of the deformed beam-column~

where êi is the unit tangent vector of the deformed axis~ and ê2and êj define the plane of

the cross-section of the deformed beam-column.
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this sequence, the rotation matrix. Cij~ determined from the product of three matrices.

becomes

(3.25)

where Ci = cos Bi and Si = sin0i .

The rotations~ Bil are now related to the displacements. W l u and V l by exarnjnjng the

deformation of a differential element, dS l of the beam-column (Peters and Ormistonl 1973:

Hodges and Dowell l 1975: Chen and Atsuta, 1977; Rosen and Friedmann l 1979: Rosen and

Rand l 1986). First l consider the unit tangent vector to the deformed axis given by

!

•

where

and

dl - W.l - u~ + vke

d2 - U.l + wkTf - vk(

d3 - V.l - wke+uk(

- l- 2? 2] 1/2D =1 Ra.l 1= (1 + dr) + d2+ d3 .

(3.26)

(3.27)

(3.28)

-i

The motion and deformation of the element can be described fust as a rigid translation

w. u and V l plus a rigid rotation B3~ 82 and 81 • of the êi to the éi system. SubsequentlYl

the element is deformed by changing the dimensions and angles of the unit vectors. ê;.
to a system l Ci. which are the basis vectors of the deformed beam-column. Consider the

element ds on the axis of the beam.-column shown in Fig. 3.9. The element is carried

to point Bo by the displacements w, U, v not shO'wll in the figure. The element is then

stretched by dlds in the êl direction and d2ds in the ê2 direction ta deform from 1 --i' 2,

as indicated by the unit tangent vector of equation (3.26). In the process l the element is
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defined to rotate through the angle (}3 about ê3 . Subsequently. it is further stretched by d3ds

in the ê3 direction and defined to rotate -()2 about ê2 to deform from 2 ~ 3. Finally. the

element is defined to rotate (}l about the Bo- 3 axis, which now represents the unit tangent

vector. êi, of the deformed beam-column. This transformation from the undefonned to the

deformed configuration is apparent from equation (3.26) which detennines the direction of

êi. Examining Fig. 3.9. the following relations can be determined

sin (}3
d2 cos83 = (1 +dd

(3.29)- -
Dl Dl

sin 82
d3 Dl

(3.30)-
D

COS(}2 = -
D

where

Dl = [D2 - d~]1/2 . (3.31)

Also the angle (}l is replaced by (), which represents the axial rotation of the cross-section

about the tangent to the axis.

At this point, there have been no assumptions beyond the Bernoulli-Euler model of

a beam-column. The rotation matrix, Ctj' of equation (3.25), which is valid for large

rotations, can be related to the displacements w. u. and v, and the rotation (}, of the axis

through equations (3.27 - 3.31). As a result. the deformed axis is related to the undeformed

by the four variables, w. u. v and f), which vary along the length. The substitution of

equations (3.28 - 3.31) into (3.25) gives a rotation matrix of

(1 + dr) d2 d3- -
D D D

C~· = _ (Slda (1 +dtl + C l d2 ) (Cl (1 + dIl _ S l d2d3 ) SIDI (3.32)'r) DDI Dl Dl DDI D

( _ Cld3 (1 + dIl + Sl d 2 ) _ (Sl (1 + dIl + C l d2da) GID I

DDI Dl Dl DDI D

For a large displacement analysis, equation (3.32) must be used to account for the

geometric nonlinearities. The equation is now simplified to a situation referred to as

moderate elastic rotations. The expressions for D and Dl given by equations (3.28) and
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Figure 3.9: Illustration of the relationship between the displacement variables u:~ u and

v~ where are a function dl~ d2 and d3~ and the three Euler rotations of the cross-section of

the beam-column. The cross-section of the undeformed beam-column~ with unit tangent

vector, êI : is carried through three Euler type rotations. 83 , (J2 and (JI: to the deformed

position with unit tangent vector êi.
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(3.31) are expanded in series form and substituted into equation (3.32). Similarly~ sinO

and cos B are aIso expanded in a series. If terms up to 2nd order are retained. then after

sorne algebra. the rotation matrix becornes

1 22 d2 (1- dd d3 (1 - dd1 - - (d2 + d3 )
2

Cij = -d2 (1 - dd - Bd3
1 ') 1 2 (J1 - - d2 - - B
2 2

-d3 (1 - dr) + Bd2 -(0 + d2d3 ) 1- ~ d2 - ~ rP
2 3 2

(3.33)

•

Further reductions are made by assuming that dl, 4, ~ and e2 are small compared to

unity. In the present modeL the axial displacements along the beam-column are considered

very smal!. Therefore. dl is of O(é~)~ similar to ~~ ~ and B2 which are of O(é~). However.

terms of CJ(€2) are retained compared to terms of order O(€)~ but not compared ta terms

of 0(1). For example~ terms sucb as d2d3 , fJd2 and ed3 are retained compared ta terms

such as d2 ~ d3 and e. This is referred ta as moderate rotations! and the rotation matrix is

simplified as follows:

Cij = 1 B

1

(3.34)

If the rotations were small instead of moderate! the terms Od3 ! Od2 and d2d3 can aIso he

drepped te give an anti-symmetric~ linear rotation matrix.

As in the undeformed beam-column, a curvature vector ~ k. can be defined as

(3.35)

where K( is twist. and K~, KT] are the curvatures of the deformed beam-column.2 The

curvatures and twist can, therefore, he defined by

2These terms are nct e.xactly the curvatures and twist. but rather are (1 + èu ) times the e.xaet values,

where êu is the extensional strain of the axis. This has already been considered small earlier byassuming

dl « l, and this assumption is aIso considered later in the strain analysis (\Vempner. 1981).
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\.. êi.l 0 K" -Kc êi..

ê2.1 - -KTJ 0 K( ê; (3.36)

êj.l Kt, -K( 0 êj

or alternatively!

Kt, - êî . êi.l = -êj . êi.l

KTJ - ê; . êî.l = -êi . ê2.1 (3.37)

K( - êj . ê2.1 = -ê; .êi.l

To determine the curvatures and twist in terms of the rotation matrix. equation (3.24) and

its derivatives will respect ta s or 1 are substituted into equation (3.37)~ and employing

equation (3.11)~ the following expressions are found

(3.38)

The foregoing expressions for the deformed curvatures and tvlist could be determined

in terms of any rotation matrix. If equation (3.34) for moderate rotations is used! the

following expressions are found
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K 11 - -(0 + d2d3 ) kF. + ~ - (d3 - Od2 ) k( + d2.1 + Od3,1

K( - d2 kF. + d3k" + k( + 0.1 + d3d2•1 .

(3.39)

This can further be reorganized into a combination of the initial curvatures and t\\ist~ plus

linear terms and nonlinear terms as follows:

Kf. - k{ + Kt +K{'''L

K11 - ~+KL+KNL
Tl 11

K( = k( + Kt +K{L

(3.40)

where Kf. K~ and Kt are the linear terms

KL - -d3•1 + Ok" - d2k(f.

K L - d2,1 - OkF. - d3 k(Tl

KL - B. 1 + d2 kf. + d3~(

(3.41 )

and where KtL. K~IVL and Kt'L are nonlinear contributions

K~VL - -Bd3kç + Bd2.1..
K NL - -d2d3kf. + Od2k( + Bd3.1 (3.42)

1]

NL d3d21Kr -.. ,

If the expressions for di~ given in equation (3,27L are inserted into equations (3,41-3.42)~

then the deformed. curvatures and twist are expressed in terms of four variables U'. u. l' and

B. plus the initial curvatures kf.~ ~ and twist k(. The nonlinear terms of equation (3.42)

result from retaining sorne higher order terms in the rotation matrix. For the linear case~

KrL , K~L and KtL are simply set equal to zero. For an initially straight beam-column~

k~. k." and kç are also set equal to zero. In this case, the curvatures and twist of the

deformed beam-column are reduced ta the well-known linear expressions

K~ - -V.lI

K1] - U.lI (3.43)

- K( B. I-..
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Strain Analysis

The preceding sections have been primarily concemed \\ith the geometry~ kinematics

and deformation of the axis of the beam-column. In order ta establish the stress-strain

relations, however~ it is necessary ta determine the deformation of all points of the beam­

column. not just the elastic axis. As discussed earlier, the Bernoulli-Euler hypothesis is

used to establish the deformation of the beam-column. As a result. the position of some

point B on the cross-section of the beam-column can be described by

R(s~ ç, 1]) = Ro(s) + çê; + T7êj (3.44)

"rhere R is a position vector. and ç, 1] are coordinates in the cross-section. Another term

is often included in this expression to describe the warping of the cross-section in the

tangential direction êi. This term is particularly important for thin walled open sections

or composite beam-columns which can display significant warping of the cross-section. For

slender solid sections, it is less of a factor and is not included in the present derivation.

The displacement of point B from the undeformed to the deformed configuration can

be described by

(3.45)

where f is given by equation (3.15) and Û is the displacement vector of point B (Fig.

3.10). The basis vectors of the deformed beam-column are given by

(3.46)

Equation (3.44) is differentiated~ and using equations (3.26) and (3.36) the follov-ing ex­

pressions for the basis vectors are obtained

",·here

..;c -TJK( çK(

010

o 0 1
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(3.47)

(3.48)



i•
and D is given by equation (3.28). As before~ for the rotation matrix, D is expanded as a

series

where

D (1 ('\ - ) 1. 1 - 1 -2= + ~ell 2 = + eu - - eH + ...
2

_ ,1 2 1 2 1 2
eIl = dl 1 2 dl + 2 d2 + 2 d3

(3.49)

(3.50)

This expression in series form is valid for small èll~ therefore~ D is simplified such that

D = 1 + ëu . (3.51)

1
l
~

It is now possible to determine the strains of the deformed beam-column using the basis

vectors. The strains are determined by (Wempner~ 1981)

eu - (Cl' Gl - 91 . 91/2(fJl . 9r)

e12 - (Cl' G2- 91 . 92)/2 Jgl .fil (3.52)

el3 - (êl .63- fil ·93)/2 J9l . gl

Due to the Bernoulli-Euler assumptions~ the strains e22~ e33 and e23 are easily found to he

zero. This is in accordance with the assumption of no deformation of the cross-section of

the beam-column. Using equations (3.17-3.18)~ (3.47-3.48) and (3.51)~ the strains become

(3.53)

where

(3.54)

At this stage~ the initial curvatures and twist are considered to be small such that~ in

combination with the assumption of a slender body~ 9u ~ 1. Furthermore: the analysis is

restricted to small strains! and the strain components are reduced to engineering strains.
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Figure 3.10: illustration of the deformation of the beam-column from the initial to the

deformed position. The displacement of a point B on the cross-section is given by Û. Also

shown are the basis vectors, Ci! of the deformed beam-column at point B.
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...
Therefore~ equation (3.53) becomes

éll - ëll - ç KT] + TJ Kf.

1'12 - -T} k,

"(13 - ç k,

(3.55)

-(~.

where éll is the axial strain~ 1'12. '"'(13 are the engineering shear strains~ and Rç = Kç - k~.

kT] = K'1 - kT1 and Ï<, = K, - k,. It is also apparent that the term~ ëll , introduced.

previously in equation (3.49), is the extensional strain of the elastic axis.

Stress-Strain Relations

The material of the beam-column is assumed to he linear elastic. isotropie and homoge­

neous, and described by the Young's ~1odulus, E, and the Shear j\tlodulus. G. The stresses

acting on the cross-section cano therefore, be expressed as

0'11 - E éll = E (èu - çÏ<T] + TJKf,)

112 - 712 + G {12 = T12 - TJC k, (3.56)

113 - 713 + G {13 = Tl3 + çG Kç

where 712 and T13 are the components of the shear stresses which are due ta the shear

forces acting on the cross-section. These shear forces are required for equilibrium in the

governing equations developed subsequently, but which do not deform the cross-section

according to the Bernoulli-Euler assumptions, and therefore~ do not emerge naturally from

the strain analysis. Alternatively, ë12 and ë13 terms could have been introduced earlier

in the strain analysis, in which case T12 = 2C ë12 and T13 = 2G ë13 . Either way~ the

addition is artificial for a Bernoulli-Euler beam-column. It is also possible to permit

transverse shearing deformations, given by ë12 and è13 , as a modification of the Bernoulli­

Euler hypothesis~ but this is not considered in the present derivation.

The stress vector which acts at sorne point B on the deformed cross-section can be
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expressed as

(3.57)

where 911 :::::; 1~ due to relatively small initial curvatures~ as previously mentioned in the

strain analysis. Using equations (3.47-3.48) and (3.51)~ and applying the small strain

assumptions made earlier! the stress vector becomes

(3.58)

-

AIso neglected in the equation are the effects of the axial stress in the shear terms. This

nonlinear contribution can become important in beam-columns with an open section. when

the axial stresses are high.

The stress vector is now integrated over the cross-section to determine the resultant

force

(3.59)

where N is the axialload or normal force to the cross-section, and v~~ \t; are the resultant

shear forces. Therefore, using equation (3.56) and (3.58-3.59L the normal force is given by

(3.60)

which can be simplified. for a homogeneous E over the cross-section. as follovls:

where

A - / h df.dTJ

ça - ~ Jh çdE,d1J

1]0 - ~ Jh1Jdçd1J

(3.61)

(3.62)

The term A is the cross-sectional area~ and ço! TJo are the coordinates of the tension centre

or neutral point of the cross-section. The shear forces are not integrated out specifical1y,

as ooly the resultant is of necessity in the derivation.
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The moment produced by the stress vector is determined by integrating the cross

product of the stress vector and the moment arm at point B~ measured from the origin of

the cross-sectional coordinates. to give

(3.63)

where Ale. is the torsional moment~ and lv[e. J,if" are the bending moments. Substitution

of equations (3.56) and (3.58) into equation (3.63) gives

.~lç - L(~TI3 - 1/T12)dA = JL(~7't3 - 0/12 + ckç (e + 172
) )dÇd17

Atfe - LCTll1]dA = JLE(ëll - t,K" + 1]Ke)T]~d1] (3.64)

·\![TI - - LCTll çdA = - JLE(ëll - t,KTJ + TJKe) çdÇdT/

The two bending moments can be further expressed as

;.'v[f, - (EA) êu TJo + Elf,f, Ke- EleTJ K"

Al" - -(EA) ëu ço - Elf,T] Ke+ Elo/1 kT]

where

(3.65 )

10/1 - /Lt,2 dÇdll

1ee - JLTJ2 dçd1] (3.66)

le" - JLç1] dçdT]

If equation (3.61) is substituted. into (3.65) for ëll~ then the bending moments become

!vIe - l·.jTJo + Eleeo Ke - E1eTJo kTJ

1\l11 - -j.Vço - EleTlO Ke+ El1J17O K"
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where

I~~o = I{~ - A1J~ - / L(1] -1]0)2 df,d1J

I rmo = fTTT] - Aç5 - / L(ç - ça)2 d~d1J

I~TJo = I{Tl - Aço1Jo = / L(ç - ça) (1] - TJO) dçd1]

(3.68)

The terms Içço~ ITTTIO and IçT10 are determined with respect ta the tension centre < Ça, 170 >.

The bending moments about the origin of some axis of the beam-column have. therefore~

been expressed in terms of properties determined about another point. the tension centre.

The torsional moment can also be reduced ta the following

(3.69)

where

(3.ïO)

The second term in equation (3.69) is the torsional moment produced by the shear forces

~ and ~~ which act about the origin of the coordinate system on the cross-section. This

term becomes zero by definition if the origin is termed the shear centre. The axis of the

beam-column located at this point is then termed the elastic axis. This refiects the fact

that some point on an elastic cross-section can always be found such that the resultant

shear forces do not influence the torsional moment.

Therefore. combining equations (3.61)~ (3.65) and (3.69)~ where the origin about which

the moments are determined is now the elastic axis~ leads ta the follo"rïng equations

lV A A770 -A~o 0 ëu

J1f. ATJo Içç -It: 0 Kç,'TJ
=E (3.71)

lvl." -Aço -If.'TJ ITlTl 0 K'TJ

lI/l, 0 0 0
CJ

K,-E-
....
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which are referred to as the generalized stress-strain relations for a curved and twisted

beam-column. The origin of the coordinates is located. at the shear centre. and the equa­

tions include an offset < ça ~ 7]0 > of the neutral point origin.

If the cross-section axes chosen are the principal axes~ then by definition If'! = O.

Further ~ if the neutral point or tension centre coincides with the origin (~o = 170 = 0), the

equations become completely uncoupled and reduce to the familiar form.

lV - EAë ll

l'yJ~ - EI~~ K{ (3. (2)

.\1111 - EITTT'J KTl

l'vIe; - Cl Ke;

where EA is the extensional stiffness. EI~~, EI'7'7 are the bending stiffnesses. and Cl is

the torsionaI rigidity.

Equilibrium Equations

Ta derive the goveming equations it is necessary to consider the equilibrium between

the internaI resultants due to deformation and the applied forces and moments. Consider

a differential beam-column element~ ds. shovln in a deformed position in Fig. 3.11. A

distributed force. j~ and a distributed moment. ih~ per unit length3 are assumed to act

along the elastic axis. Summing the forces acting on the element ta zero gives

(3.73)

and similarly for the moments

(3.74)

-{
....

where t and .";1 are the internai forces and moments defined earlier.

To solve these vectorial equations, they must be expressed in component form to give

six equations. The vectors can be resolved in either the deformed or the undeformed co­

orctinate system. The internai resultants are most naturally expressed in the deformed or

30ue to the assumption of small extension of the elastic axis, the change in unit length is small.
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Figure 3.11: Differential element! ds! of the spatial beam-column subjected to an applied

force! j, and moment! m! per unit length along the elastic axis.

local system! whereas the applied forces and moments depend on the given problem. If the

applied loads are of a ""follower:! nature that depend on the deformation then they also are

most naturally expressed in the deformed system. The other consideration is the magni­

tude of deformation. A small displacement analysis is better expressed in the undeformed

system. Based on these considerations, the vectorial equations are now resolved into com­

panent form in the undeformed coordinate system. êi - Therefore~ the applied forces and

moments are expressed as

-

and the internai forces and moments as

F - F1ê1+ F2ê2 + F3ê3

1.\1 - fL,f1ê1 + J.\J2ê2 + A13ê3
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These components are related to those in the deformed system given by equations (3.59)

and (3.63) by using equations (3.24) and (3.34) to give

FI - l't + Cil lié + Cil~ (3.77)

F2 - C;2J.7V + lié + Ci2V71 (3.78)

F3 - C;31'.j + C23~ + V71 (3.79)

and

1.\11 - lvIç + Cil J.\1Ç + CilAf"1 (3.80)

!.vf2 - C;2.i\fç + i.VIç + Ci2M"1 (3.81 )

1.v13 - C;3Afç + C23.L\tf~ + ;'V["1 (3.82)

Equations (3.75) and (3.76) are now substituted into equations (3~73) and (3.74), and

making use of equation (3.11)~ (3.24) and (3.34)~ the following sbc: equations are obtained:
•
....

Fl. l + F3k~ - F2kT'J + fI - 0

F2,1 + FIl\", - F3kç + f2 - 0

F3,1 + F2 kç - Flk~ + f3 - 0

lvIr.l + ."~I3k~ - lV!2k" + C;2F3 - C~3F2 + ml - 0

J.V[2.1 + .A'lrkT1 - 1\/J3kç + C;3 Fl - F3 + m2 - 0

.\/3,1 + }V[2kÇ - lvJlkç - C;2F1 + F2 + m3 - 0

(3.83)

(3.84)

(3.85)

(3.86)

(3.87)

(3.88)

These are coupled nonlinear equations expressed in the undeformed system. Due to the

Bernoulli-Euler assumptions~ only 4 variables are needed to describe the motion of the

beam-column. Therefore, only four equations are needed: as the shear resultants F2 and

F3 can be eliminated. First~ equations (3.87-3.88) are substituted into (3.83-3.86), chen

equations (3.87 and 3.88) are differentiated to give the following 4 equations
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[ ~\;/2.1 + ~\;!Ik" - A;f3k( LI + (C;3 Fd,1 - F3.I + m2.1 = 0

[ .0//3.1 + .\;!2k( - Nllk~ LI - (C;2Fd,I + F2.1 + m3.1 = 0

(3.89)

(3.90)

(3.91)

(3.92)

The shear forces F2 and F3 have n.ot yet been fully eliminated as they remain present in

the bending moment equations (3.90-3.91). Csing equations (3.77-3.79L then FI can he

expressed in terms of F2 and F3 as follows

.. (3.93)

.... This expression is valid only to the second arder and was determined after dropping prod­

ucts of Ctj compared to unity~ as was done previously. Similarly~ using equations (3.87-3.88)

for F2 and F3~ and using equation (3.93) for Fl~ the following expressions are found

(3.95)

-

which again are only valid for moderate rotations. It is now possible ta express the four

equations in terms of Iv.... .AI1. 1\12 ! and 1.\13 . Equations (3.93-3.95) are first substituted into

equations (3.84-3.85) and then subsequently into (3.89-3.91) ta eliminate the forces Fl~

F2 and F3 • Once again~ products of Ctj are neglected compared to unitY and follo\Ving a

lengthy algebraic reduction! the following equations are determined:
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(3.96)

...

(3.99)

-l

These four equations govern the spatial beha"iour of an initially curved and twisted beam­

column undergoing moderate rotations expressed in the undeformed position. In the

present forro., they are generally referred to as intrinsic equations since they do not contain

explicit displacement terms. If further substitutions are made, a set of explicit equations

in terms of the four unknowns w, u. v and f} can be determined.
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Boundary Conditions

Ali that remains to complete the derivation of the governing equations is to determine

the boundary conditions. In complex structures~ the exact boundary conditions are not

always apparent. In these situations. the governing equations are often derived. frOID a

variational approach~ as opposed to the Newtonian approach used in the foregoing. The

boundary conditions emerge naturally from the variational approach and no further deriva­

tions are required. In the present application~ the spatial beam-column is not subjected.

to any unusual or complex boundary conditions. Therefore. the weil knO'\\Ll standard

boundary conditions of a beam-column are sufficient for the present mode!.

In general~ the present beam-column can either be free. pinned or fixed at each end.

These are the common boundary conditions of a beam.-column~ and are sufficient for the

present mode!. These boundary conditions are enforced by specifying a set of either ge­

ometric or load constraints at the ends of the beam-column. For a free end. the internaI

forces and moments must satisfy the foIlowing

.N=V{=Vry - 0

lv!ç = j'vIf, = AIry - 0 (3.100)

The displacements at the free end are non zero. and can assume any value consistent with

the given problem. For a pinned end~ the internai moments and displacements must satisfy

the following

At!, = ..'VIf, = AIry - 0

u=v=8 - 0 (3.101)

-.I-:;

The internaI shear forces~ ~ and ~~ are non zero and represent the end reactions of the

beam-column. The axial force~ ]V. ~ is also non zero if the beam-column is not free to slide

in the axial direction. For a fixed. end~ the rotations and the displacements must satisfy

the foIlowing
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() = U.l = V.l - 0

w=U=v - 0 (3.102)

-

-of

The internai forces and moments are non zero and represent the end reactions of the

beam-column.

One set of the above boundary conditions must be satisfied at each end of the beam­

column. Together \vith the governing equations~ the displacements at all points along the

beam-column can then be determined.. and is generally referred to as a two-point boundary

value problem.

3.3.3 Application to the Scoliotic Spine

In the preceding section~ the governing equations of an initially curved. and t'wisted~

spatial beam-column were developed in a most general forme These equations are now

adapted to specifical1y represent a spine mth a mild scoliosis. To summarize~ three basic

sets of equations must be combined together to provide four explicit equations to solve for

the four unknowns. From the preceding section. these are

1. Intrinsic equilibrium equations - (3.96-3.99)

2. Curvature-displacement equations - (3.27)~ (3.40-3.42)

3. Generalized stress-strain equations - (3.71).

Before combining these equations~ consider fust the cross-section of the spine (Fig.

3.12). The origin of the coordinate system is located somewhat posterior ta the vertebral

body centre, at the centre of rotation or shear centre of a motion segment. The tension

centre is chosen to coincide with the vertebral body centre. As a result of the symmetry of

the cross-section about the mid-sagittal plane~ the tension centre is located at < O~ Tfo >

of the cross-section~ i.e.• Ça = O. Furthermore, the local coordinate system is aligned \\'ith

the principal axes. Therefore~ equation (3.71) becomes
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Figure 3.12: Location of the tension centre of the spine in relation to the shear centre.

Due to symmetry! the tension centre is assumed to be offset only in the ê3 direction by TJo-

7\l A A170 0 0 ëu
.- Alç A1Jo Iç~ 0 0 Kf.

=E (3.103)
.i'vfT] 0 0 ITJT1 0 KT]

Al( 0 0 0
GJ

K,-
E

The longitudinal deformation! w! of the spine is assumed to be much less than the

transverse components! u and v. Therefore! equation (3.27) is simplified to give

dl - -ukT] + vkç

d2 = U.I - vk(

d3 - 'V.l + uk,

(3.104)

-1-

where the terms related to w have been dropped. In this case. J.V is considered the unkno'\\--n

as opposed to w! and klç! /vIT] are given by equation (3.67). Therefore. equation (3.103) is

better expressed as4

4Note that since ça = 0, then EIT7f1 = Elf/11o·
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~ lV
At[~ 1]0 EI~eo a a

Kt:
.\;1'7 0 0 EITJT10 0

.. (3.105)-
K'7

AIç 0 0 0 Cl
Kç

-

The curvatures and twist expressions were previously related to the variables dl, d2~ d3~

as weil as the initial curvatures k~~ Je" and twist kç. Direct substitution of equation (3.104)

into equations (3.40-3.42) results in very lengthy expressions relating the curvatures and

twist to the variables u~ v and B. However! since the present study is ooly concerned

with a mild scoliosis. then as discussed in Section 3.3.1. a moderate rotation theory was

adequate to model the rotations. Consequently! the initial rotations Uo.l~ VO.l and 80 are

also considered to be moderate and of the same order as U.l~ V.I and 8. The deformed

curvature and ~ist expressions are! therefore~ simplified by neglecting products of the

initial and final rotations compared ta one. Terms of O(€2) are neglected compared to

terms of O(lL and terms of O(€4) are neglected compared to O(€2), etc. The resulting

curvature and twist expressions are thus valid for moderate rotations, and contain the

influence of the initial curvatures and t'\\-'ist at the same order. Therefore. the curvatures

and twist expressions become

K~ - Kf. - ke = -V.Il - 2U.lk, - Uk(l + vkZ + 8k'7 + BU.lI

K'7 - K'7 - kry = U.ll - 2V.lkç - vk( 1 - uk~ - 8ke+ BV.ll

Kç - K, - kç = B. I + u.lke+ V.l~ + V.IU.ll . (3.106)

-

These expressions contain four distinct parts: initial curvatures and twist, pure linear

terms~ pure nonlinear terms, and combinations of linear terms with the initial curvatures

and tv.'ist. Since the initial curvatures and mist are also considered moderate! the products

of nonlinear terms with the initial curvatures and twist were dropped from these expressions

due to the ordering scheme.

It is now possible to determine the explicit equations of the initially curved and tv.isted~

spatial beam-column for moderate rotations and displacements. First~ equations (3.80-

77



~,-

3.82) are substituted into equations (3.96-3.99L with the use of equation (3.34). Subse­

quently~ equations (3.104-3.106) are aIso substituted to establish four equations in the four

unknov..-n.s J'v.! u~ v and e. During this procedure! many more nonlinearities arise and are

carefully excluded. to maintain the ordering scheme used in the curvatures and tv-ist equa­

tions. Furthermore, advantage is taken of certain features of the spinal column properties

to simplify the equations. It is also assumed that EI~~o~ Elo/lO and GJ are of the same

arder. The main effect of this assumption is that products of three terms or more of the

rotations are neglected~ since they can always be compared to unity. If~ for instance! the

spine was considerably stiffer in one direction compared to the others~ then terms multi­

plying that stiffness would not be comparable to terms multiplying the other stiffnesses.

Consequently! some higher order nonlinearities would have to be retained in the ordering

scheme. However ~ the stiffness of the spine is of similar magnitude in both planes~ and in

torsion.

The stiffnesses EI~{o~ EITTTlO and GJ are considered to vary over the spinal length.

However~ the spatial derivatives of the terms are considered negligible. Varied properties

along the spine are to be included in a step-VlÏse manner specified for each motion segment

along the spine. The changes between successive motion segments are considered to be

small and graduai. though the differences between the top of the thoracic and the bottom

of the lumbar spine can be significant. It should be noted! however. that nonlinear terms

involving the axialload are carefully retained since the axialload can be relatively large~

and can be considered as the primary load on the spine.

There are many algebraic steps involved in this reduction that need not be detailed.

During the algebraic reduction~ the equations are reorganized in terms of the derivatives

of the axial load, .tv ~ the displacements u~ v! and the axial rotation f). The final set of

equations are best expressed in the following matrix form

-l;1

+ [[.i\!J1]+ (AMI]] {t},l + [ (Mo] + (A.AJo]] {t} = {A.Vlc }
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where [.l\14L [!\lf3L [1\121, [.I\·t[d and [..\tJo] are (4 x 4) matrices that contain terms related to

the internai reactions, and [AM2]. [AA;[IL [A.L\.101are (4 x 4) matrices and {A.Alc } is a vector

related to the applied forces and moments. The four unknowns are expressed by the vector

{t}, where

{t} =
u

v

8

(3.108)

•

The components of the matrices are quite lengthy \vith bath linear and nonlinear terms,

and are given in Appendix F.

It is difficult to fully appreciate all the terms contained in the compact matrLx form

of equation (3.107). On the other hand, the fully expanded equations are very long with

many terms. However, similar ta the curvature and twist expressions, there are four types

of terms that are contained in the components of the matrices. In arder to illustrate the

nature of the equations, consider the simplest form of the equations wweh can be fully

expanded in a relatively compact forma If only the linear terms of the displacements u. v

and eare retained, and products of the initial curvatures and mist with the displacements

are also dropped. the equations are considerably simplified. Then. the four governing

equations become

l'j.l -1]OV,1 lV. ll + 1]0 (k~ - V,ll) ;,V. l + (kf. - v,u) m2 + (k.,., + U.ll) m3

+ m3,1U.l - m2.l V.I + Il = 0 (3.109)

-Elçço V.llll + 1]o.!.V.ll + V.IJ.V,l - (kf. - v.u)·",· - kÇm 3 + m2.1 + 13 = 0 (3.110)

EITJT1Ou,llll + 1]081.V,l1 - U,IJ.V. l + 2TJo (kç + 8.d l'i. l

­JJ GJ8,ll - TJo (kr, + u.ll)N + m2u ,1 + m3V.I + ml = 0
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~ote that products of J.V and the displacements u~ v and B are retained even though they

represent a nonlinearity. Due to the relatively high axial stiffness of the spinal column, the

axial load JV can become large. Thus these terms are of fundamental importance in the

equations as they are not a 2nd order effect. This nonlinearity is further d.iscussed in the

solution procedure detailed in the following section.

3.4 Solution

The governing equations (3.107) of the spinal column model are 4th order nonlinear!

nonhomogeneous~ coupled differential equations vlith variable coefficients. The nonlinearity

is due to the inclusion of higher order terms in the displacements for moderate rotations!

and for the combinations of the axial load with the displacements. The equations are

nonhomogeneous due to the general loading! and the initial curvatures and twist. The

coupling of the equations is due to the offset of the shear centre from the tension centre.

the nonlinearity and the initial curvatures and twist once again. The coefficients are

variable over the length due to distributed properties and loading, as weil as. the initial

curvatures and twist. In addition~ boundary conditions are specified at either end of the

beam-column! and therefore, the equations represent a two-point boundary 'lalue problem.

The mechanics described by these equations were analyzed in this study using two separate

approaches. First, a parametric analysis was perforrned using these equations to study the

effect of a number of variables. Secondly, the equations were programmed into a loop to

explicitly examine the changes during the adolescent growth spurt. In both cases, however.

the equations had to be solved for a given set of boundary conditions, initial curvatures

and tv..ist. properties and loading conditions.

The equations (3.107) were reduced to a system of l st arder differential equations.

and solved with a two-point boundary value problem solver available in the International

NIathematical and Statistical Library (INISL). In a preliminary analysis, both the multiple

shooting technique (DB2PMS) and a finite difference technique (DB2PFD) were explored.

The multiple shooting technique was found to be more efficient and stable and! therefore,
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was used ta solve the equations.

As mentioned earlier, two types of nonlinearities are involved in the equations, which

are of a different nature. Since the axial displacements are assumed ta be small, the

axialload, Iv", becomes the unknown. As a result! products of N and its derivatives with

the displacements are nonlinearities in the equations. The other nonlinearities are due

ta the products of the displacements and are considered 2nd arder effects. The axialload

nonlinearities are entirely different! since 1V can be relatively large and is not constrained in

the ordering scheme. These terms! therefore, have a fundamental influence on the equations

and behave very differently from the purely displacement nonlinearities. Consequently, the

nonlinearities had. to he treated separately, or convergence problems could have arisen due

to differences in magnitude between the nonlinearities. Therefore. in the solution scheme,

the axialload equation was solved separately frOID the three displacement equations.

The clisplacement equations of (3.107) (Le., the 2nd , 3rd and 4th ) contain 4th arder

derivatives for u and 1], and 2nd arder derivatives for 8. They were reduced ta a system of

10 1st order equations by the following substitution

Ul = U

U2 = U.l = U1.1

81 = 8

82 = 8_1 = 81.1
(3.113)

-:{

U4 = U.lll = U3.l V4 = V_Ill = V3.1

Since the two bending equations for U and v contained terms of the 2nd arder derivative of

8, then the torsion equation for 8 was substituted into the bending equations following the

1st arder substitutions. Similarly, the bending equations for u and v were substituted into

each other due to terms of the 4th arder derivative of u and v. As a result, the displacement

equations of (3.107) were expressed as a system of pt arder equations as follows:
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Ul.l 0 1 0 0 0 0 0 0 0 0 Ul 0

U2.1 0 0 1 0 0 0 0 0 0 0 U2 0

U3.1 0 0 0 1 0 0 0 0 0 0 U3 0

U4.1 BI B2 B3 B4 Bs B6 B7 Bs Bg BIO U4 Bu

Vl.I 0 0 0 0 0 1 0 0 0 0 VI 0
- +

V2.1 0 0 0 0 0 0 1 0 0 0 V2 0

V3.1 0 0 0 0 0 0 0 1 0 0 V3 0

V4.1 Cl C2 C3 C4 Cs C6 Ci Cs Cg ClQ V4 CU

01.1 0 0 0 0 0 0 0 0 0

~B J

81 0

O2.1 Dl D2 D3 0 D4 Ds D6 0 D7 82 Dg
(3.114)

Similarly. the axialload equation of (3.107) (i.e.~ the l st ) contains 2nd order derivatives

- of lV and was~ therefore! reduced to two lst order equations by the following substitution...
~Vl - ;.V

~V2 - ,:,V. 1 = J.V1. 1 (3.115)

The second system of equations became

{1V1.1

} = [;, ~2 ] {~Vl }+{;3} (3.116)
J.V2.1 ;,V2

The coefficients BI! B2 ! etc. for equations (3.114) and (3.116) are available in Appendix

H.

-l

For a solution! equation (3.114) required values for the axialload 1\i and its derivatives.

\vhereas equation (3.116) required values for the displacements U! v and e plus the deriva­

tives. Therefore! the solution scheme involved guessing values for the a.xialload~ solving

equation (3.114) for U~ v and 0 and then solving equation (3.116) for J.V. The output of

one equation, therefore! served as the input to the other till convergence was achieved.
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The other nonlinearity involving products of the displacements was solved. by embed­

ding the problem in a family of solutions which proceeded from the linear to the nonlinear

case. The terms involving nonlinearities were multiplied by a factor eNL and the solution

proceeded from GNL = 0.0 ta GNL = 1.0, using the previous solution as guesses.

For the parametric analysis, the equations were solved using the scheme described

above. For the explicit analysis of the adolescent growth spurt. a further loop was added

in arder to determine the model predictions during the years of growth. At each groVv~h

increment! the properties and loads were updated and the solution for 1V. u! v and () from

the previons age was used as the initial configuration. A fiow chart of the overall solution

procedure is shawn in Fig. 3.13.

3.5 Spinal Column Loads

In the present study! the spinal column was subjected ta loads \vmch originated from

two separate sources: the applied body weight of the upper torso. and the passive reactions

of the ribcage generated in response to the progression of a scoliotic spine. The ribcage

loads are discussed separately in the final sections of Chapter 4. since they are determined

from the FENf analysis of the ribcage. In this section! only the loads due ta the applied

body weight are considered.

The body weight was modelled as a distributed force, f::! in the vertical direction! il, of

the fixed system. The body weight was assumed ta act independent of the displacement of

the spinal column. However. the body weight was considered to be offset from the vertical

axis of the spine in the anterior direction. The potential of an offset in the lateral direction

was also incorporated into the model. 1t is understood that possibly the body weight

applied to a scoliotic spine might behave more like a follower force. In particular! as the

vertebrae are rotated in a scoliotic spine during progression. the torso is aIso rotated to a

certain degree. Therefore! the location of the centre of mass of the torso would change and

the line of action of the body weight would be dependent on the spine motion. However!

though the rotation of the ribcage and torso is moderately correlated to the axial rotation
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Input: initiaI curvature and twist for mild scoliosis

Input: spine & ribcage stiffnesses t length and weight
~~--

Elç~ r El"l1o' GJ, L, ln r110 1 kij 1 {W}

Initial geuss: axialload N

NO

Solve: nonlinear equation 3.114 - Ur V, (}

Iterate on ~L = 0 -1.0

Solve: nonlinear equation 3.116 - N

Iterate on CNL = 0 -1.0

New Input: current curvature and twist

kçl~tkç

-~.

Figure 3.13: Flowchart of the overall solution procedure. ~ote that of the solution of each

set of nonlinear 1st order equations involved a further loop which proceeded from a solution

of the linear equations first ~ and then to the full nonlinearity using the previous step as

a guess. Also, for the parametric analysis only the loop to solve both sets of nonlinear

equations was performed.
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of the spine in scoliosis, the exact relationship can be quite variable between patients

(Aaro and Dahlbom~ 1981; Closkey and Schultz, 1993). Furthermore. the top of the spine

is usually only offset laterally a small amount relative to the bottom, and most of the torse

is still predominantly centred over the pelvis, as in a normal spine. Also~ the present model

is only concerned with a mild scoliosis where the offsets of the torsa are much less than in

a large deformity. Therefore. it was felt reasonable to consider that the line of action of

the body weight was independent of the spinal column displacements.

The distributed forces and moments of the applied body weight, jw and mU!. which act

at the point GUI < ex~ ey > in the horizontal plane of the fixed system~ can be expressed

as follows:

(3.117)

where f": has been assumed to act in the negative î l directioD.

In order ta incorporate these forces and moments of the applied body weight into

the governing equations. they must be related to the applied forces and moments in the

undeformed coordinate system, in which the equations were originally resolved. This can

easily be achieved through two steps. First. the moment equation of (3.117) must be

modified to include the effect of the initial displacements, and secondly. the forces and

moments must be rotated from the fixed to the undeformed system. The displacements

of the spine in the initial configuration were originally defined in equation (3.19). In the

horizontal plane of the fixed system, the elastic axis of the beam-column in the initial

configuration is located at < Uo~ Va > for a given point along the axis. Therefore. equation

(3.117) is modified as follows:

f·w - fUl-- z 21

ihW
- - f-: (ey - Va) î2 + r:: (ex - Ua) î3 (3.118)

....

where mu,· is still resolved in the fi.xed system. but now acts about the origin of the initial

configuration or undeformed system (Fig. 3.14), and jw remains the same.
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Figure 3.14: Location of the line of action of the body weight in the fixed system.

The force~ jw. and the moment~ rh lU ~ must now be resolved in the undeformed system

through the rotation matrix C& (introduced in equation (3.20))~ which relates the unde­

formed system~ êi~ to the fixed system î j . Therefore. the loading due to the applied body

weight given in equation (3.118) can be expressed in the undeformed system using equation

(3.20) as follows:

-r: (( Cf2 (ey - va) - Cf3 (ex - ua)) ê1

+ (C~2 (ey - 'Va) - C~ (ex - ua)) ê2

+ (C~2 (ey - va) - cg3 (ex - Uo)) ê3 ] .

(3.119)

-t

The components of the rotation matrix~ Cij ~ have not been explicitly expressed up to

this point. The initial curvatures and twist have~ however~ been restrained ta moderate

rotations similar to the defarmed ctL""Vatures and twist. Therefore, the matrix~ C&~ can

now be expressed in terms of moderate rotations similar to Cij. Equation (3.34) for Cij

can easily be modified to determine an expression for Cij by simply dropping the initial

curvatures and twist from the di variables, and replacing u~ v and () by Uo~ Va and Bo. The

rotation matrix, Cij ~ can be expressed. in terms of the initial displacements for moderate

86



initial rotations as follows:

1 UO.l VO,l

C~ = -(UO.l + 80vo.d 1 80

-(1.'0.1 - 80Uo.d -(Bo+ Uo.I VO.l) 1

(3.120)

Inserting equation (3.120) into (3.119)~ the components of the forces and moments of the

applied body weight in the undeformed system are given by

If - -t:
f 2

w - (W( e )J: Ua.l -+- OVO.l

If - r: (VO,l - BoUa.l)

(3.121)

and

mW - r;-' ( (ex - uo) VO.l - (ey - va) UO.l ).- 1

.. m W - f': ( (ex - ua) Ba - (ey - va) ) (3.122)2

m W - r: ((ex - uo) + (ey - va) Bo + eyuo. 1 VO,l )3

or

Ir:
If

{W} =
/3 (3.123)

Wml

mW
2

m3
which are valid for moderate initial rotations. The coordinates ex and ey can assume any

value~ provided the rotations do not become large.

Therefore, the applied body weight is now expressed in the undeformed system and can

easily be incorporated into the governing equations through the components fi and mi. It

should be noted that the components liw and mr are functions of the position along the
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spine length. The applied body weight f~ can vary over the spine length, as can its point

of application Gw < ex, ey > in the global system. Similarly~ the initial displacements uo,

Vo and Bo which represent the normal sagittal shape of the spine and the scoliotic deformity

are not, in general~ constant along the spine length.

The applied body weights of a young adult male and female (19-35 years old) were de­

termined from extensive published data gathered between the 1930-1970:s from the popu­

lations of Western societies (Western European, ~orth American and Australian) (Tanner

et al, 1965; McCammon, 1970; Eveleth and Tanner! 1976: Bayer and Bay1ey, 1976). The

average weight of an adult was found to be 635 ~ (male - 690 N; female - 580 N). It is

recognized that in any given population there are large variations in weight, and that vari­

ations in the means between vVestern countries also exist, nonetheless. the average weight

between al.l of these studies was very consistent (± 1 standard deviation < 1.5%). The

total upper body weight of the trunk~ arms and head was determined to be 64% of the

total body weight (Ruff, 1950; Barter, 1957; Clauser et al, 1969), similar to that used by

other authors (Takashima et al, 1979; Wong, 1979; )jliller and Skogland. 1980c; Haderspeck

and Schultz, 1981: Gross et al, 1983). This upper body weight was then distributed over

the spine at each of the vertebral levels from Tl to L5, with the weight of the head and

neck applied. at Tl! and the weight of the upper extremities distributed over T2 to T4! as

in other models (Takashima et al, 1979: Haderspeck and Schultz, 1981: Scholten. 1986).

The distributed weight at each spine level was converted to per unit length based. on the

intervertebrallengths (see Section 3.6). A different load distribution was used in the model

of rvriller and Skogland (1980c)~ where only the weight above TIl (...... 40% bodyw-eight)

was applied to the spine distributed. over the thoracic region. However ~ in preliminary

investigations~ the spinal displacements were found to be very similar for both of these

load. distributions for a spine v.-ith a fixed boundary condition at the bottom. The loads in

the lumbar region remained nearly axial with very little bending moments, and therefore~

the lateral displacements were rninimally effected by the lumbar component of the body

weight. The actual weight carried by the spine is probably somewhere between these two

distributions.
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The distributed upper body weights were applied at the centre of mass at each level

of the spine as in previous models (Orne and Liu~ 1971: Cramer et al. 1976; Takashima

et aL 1979; Haderspeck and Schultz. 1981; Miller and Skogland, 1980c; Scholten. 1986:

Kiefer et al. 1994). This position was located in the mid-sagittal plane~ offset anterior to

the vertebral centres by flg • Based on a recent study~ the centre of mass in the male model

was located 10 mm more anterior compared to the female (Pearsall and Reid. 1992). In

Table 3.1~ the distributed body weights and locations of the centres of mass used in the

present model are presented for the seventeen levels of the spine.

3.6 Spinal Column Geometry

In this section. the variables and data used to describe the geometry of the spinal

column are presented. First~ the geometry of a normal spine for both an adult female

and male is described~ followed by the geometry of an initial mild scoliotic deformity. The

variation of this geometry during the adolescent growth spurt is described in Section 3.10.

3.6.1 Normal Adult

To describe the geometry of the spinal column for the present beam-column modeL a

number of parameters were needed, which varied along the spine length. These were the

location of the spinal axis in the sagittal plane (vo). the curvature in the sagittal plane

(kE,) and its derivatives~ the position of the centres of the vertebral bodies relative to this

axis (710), the axiallengths between vertebral centres (ln), the representative cross-sectional

dimensions for the \\-idth (bn ) in the coronal plane and the depth in the sagittal plane (dn )

of the vertebrae. and the vertical spine height (L). The anthropometric data is described

below and summarized in Table 3.2.

The '~S~ shape curvature of the spine in the sagittal plane has been quantified by the

total included angle of the thoracic kyphosis~ and the total included angle of the lumbar

lordosis. These angles have been determined with noninvasive techniques which measured

the back profile (Willner and Johnson~ 1983; Carr et al~ 1989a~ 1991; ~fellin and Poussa,
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Table 3.1: The distributed body weights and locations of the centres of mass in an adult

male and female as used in the present mode!.

Segmental Location of Centre of l\'Iass (69 ) t

Spine Body Weight* (mm)

Level (N)

Male Female lvIale Female

TI-T2 74 65 10.0 0

T2-T3 37 30.5 15.0 5.0

T3-T4 36 30 19.5 9.5

T4-T5 35 30 26.5 16.5

T5-T6 24 20 34.0 24.0

T6-T7 20 17 42.0 32.0

T7-T8 18 15 49.0 39.0

T8-T9 18 15 54.0 44.0

T9-TIO 17 14 55.5 45.5

TIO-TII 17 14 56.0 46.0

TI1-TI2 19 15.5 55.0 45.0

T12-L1 20 16.5 52.0 42.0

LI-L2 20 16.5 47.0 37.0

L2-L3 20 16.5 41.0 31.0

L3-L4 20 16.5 33.0 23.0

L4-L5 20 16.5 25.0 15.0

L5-SI 20 16.5 18.0 8.0

* The body weight load per unit length (f~) was determined from these values based on the intervertebral

lengths (ln) presented in Table 3.2.

t The anterior location of the centre of mass relative to the vertebral centre which was located at

< O. TJo >. Therefore~ the location of the centre of mass in the fixed. system was at < O~ !:.g + TJo - t·o >.

which meant that el' - Vo = !:.g ~ TJo in equation (3.122).
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1992) and more directly from x-rays (Fons et al. 1980; Stagnara et al, 1982). Based on

these results~ the angle of thoracic lqrphosis in the model was 37° and the angle of lumbar

lordosis was 50° in both male and female adults. Sorne noninvasive type studies suggested

a greater lordosis and lesser kyphosis in females (Willner and Johnson~ 1983; ;\Ilellin and

Poussa, 1992), which was not supported by an x-ray study (Stagnara et al, 1982). These

discrepancies may have been due ta the different techniques, since the noninvasive tech­

niques tended to under predict the lardosis due ta skin artifacts (vVillner! 1981). Two

other angles were also use<! to establish the shape. The tangent ta the sagittal curve at

the bottom was about 32° to the vertical, and at the top the tangent was about 12° ta the

vertical (Stagnara et al, 1982; Bernhardt and BridwelL 1989). To represent this sagittal

shape of the thoracolumbar spine. a 5th order polynomial was used similar to Cramer et al

(1976) who used a 6th order polynomial ta model the whole spine shape, including the cer­

vical region. The top of the spine at the centre of vertebra Tl was assumed to be vertically

aligned with the bottom at the L5-S1 motion segment. and a verticalline from L5-51 ta

Tl was also assumed ta pass through the T12-L1 level (this vertical position is described

below). This sagittal alignment of Tl relative to L5-81 has been used in most models

(Schultz et al, 1972; Takahashi et al, 1979; Schultz et aL 1981; Scholten, 1986; Kiefer et

aL 1995), though in others, Tl was slightly posterior (Orne and Liu, 1971; Cramer et al,

1976; ~Iiller and Skogland, 1980c)~ and in others, the anterior-posterior position of Tl ~~as

studied as a variable (Schultz et al, 1981; Kiefer et al, 1994). In anatomy texts. Tl and L5­

51 were described to be in sagittal alignment (Grant, 1978: Gray~ 1989L though. a recent

experimental study suggested that in adolescents there was an anterior offset of Tl relative

to L5-S1 (Pearsall and Reid, 1992). Based on these constraints, it was then possible to

determine the coefficients of the polynomial to represent the sagittal curve. The initial

sagittal curvature and its derivative were then easily determined from the polynomial.

The 17 thoracolumbar vertebrae were characterized by three dimensions of the verte­

bral bodies; the width (bn ), the depth (dn ) and the height (hn ). These dimensions were the

average values obtained from a number of anthropometric studies. again based on popu­

lations from Western societies (Huber, 1930: Berry et al~ 1987: Scoles et al! 1988; Panjabi
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et al, 1991; Panjabi et al, 1992). Though techniques and definition of dimensions were

somewhat varied, there was still remarkable consistency between the studies. For instance,

the earlier data of Huber (1930) and the most recent data of Panjabi et al (1991, 1992)

were very similar at ail spine levels. AIso, the average weight of 657 N and the average

height of 167.8 cm in the subjects (average age: 46.3 years; range: 19-59 years) of the

studies of Panjabi et al (1991, 1992) was very similar to the data used in the present model

(weight - 635 N; height - 168.5 cm). The subjects of the study by Seoles et al (1988) were

young males and females (20-40 years) from an extensive collection of skeletons collected

between 1893 and 1938. The subjects for Berry et al (1985) were males and females taken

from the same collection v.."th an oider age range of 50-70 years. Therefore, though the

vertebral dimensions were determined from studies conducted over a longer time span than

the studies used for other data, the consistency of the data provided confidence that these

vertebral dimensions would correspond v.."th the other anthropometric data. These data

were ail averaged te establish the dimensions of an ;'ideal~' adult for model validation.

However~ other studies~ 'which have not measured the dimensions of all vertebrae. have

shawn that in bath the Iumbar and thoracic regions the vertebrae in males and females

v..g ere very different! both in total size and in the ratios of the dimensions (Brandner! 1970:

Skogland and ~Iiller. 1981; Schultz et al~ 1984: Taylor and TVlomey, 1984: Veldhuizen et

al. 1986; 5coles et al. 1988; Gilsanz et al, 1994, 1994a). The results of these studies were

used ta scale the average data at allievels and establish the venebral geometries of a male

and female adulte

The heights of the interuertebral dises were specified as a fraction (0.3 - 0.45) of the

adjacent vertebrae based on reported data (Todd and Pyle~ 1928; Brandner, 1970; Taylor.

1975). The distances between vertebral centres (ln) were then calculated as the disc height

plus half the vertebral height of each of the adjacent vertebrae. The summation of the 17

values for ln gave the spine length along the sagittal curve, which was about 1.3% longer

than the vertical height. The average spine length from the superior surface of Tl ta the

superior surface of 51 was 485 mm in the adult male and 448 mm in the adult female, with

an average of 467 mm in the present mode!. The average vertical height was about 462
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mm. Direct measurement of the vertical spine height from the middIe of Tl to L5 in nine

adults (male and female) was reported to be about 411 mm by Halsall (1980) and Halsall

et al (1983)~ wmch was about 5o/é smaller than the present value of about 430 mm. Taylor

and Twomey (1984) reported the vertical spine height from Tl to L4 to be 400 mm in

females and 432 mm in males at adulthood. This corresponded very weIl with the current

model values of 401 mm and 436 mm for females and males~ respectively. The vertical

height of the present adult model was about 7% smaller than that of Schultz et al (1973).

The standing height of a young adult male and female (19-35 years oId) has been

reported to be 175 cm and 162 cm~ respectively (Tanner et al~ 1965; ~IcCammon. 1970;

Eveleth and Tanner~ 1976; Bayer and Bayley. 1976). Again~ these data 'were representative

of an average adult from Western society. The sitting height of adult males and females

was reported to be 90.6 cm and 85.5 cm, respectively (Anderson et al~ 1965; ~fcCammon!

1970; Eveleth and Tanner! 1976). Therefore~ the vertical height of the spine in the present

model was 27.49é of the standing height and 52.8% of the sitting height in adult males~

whereas in adult females~ the spine height was 27.3% of the standing height and 51.7% of

sitting height. Adult males have longer legs than females! but have a shorter pelvis. which

explains why the spine length as a portion of standing height was similar in males and

females, but differed slightly when expressed as a portion of the sitting height (Tanner.

1962: Anderson et al~ 1965: rvrcCammon~ 1970; Karlberg and Taranger. 1976; :\icolopoulos

et al, 1985). This reflects the data that the sitting height divided by the standing height

is slightly greater in females. These values for the spine height as a percentage of the

standing height were identical to that used by Gross et al (1983). Therefore~ the present

approach of determining the spine height as a summation of the heights of the vertebrae

and dises resulted in excellent agreement with other independent measures, and determined

the spine length as a fraction of the standing height.

As summarized by \VDite and Panjabi (1990), the centre of rotation of the motion

segment during axial rotation is posterior to the vertebral centres in the sagittal plane.

This is largely due to the orientation of the facet joints. In the lumbar spine~ the facet

joints resist axial rotation very effectively. and consequently the centre of rotation is quite
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posterior to the vertebral centres. In the thoracic spine, the facet joints are much less

effective and the centre of rotation is doser to the vertebral centres. In a finite element

analysis of the lumbar motion segment,Shirazi-Adl et al (1986a) showed that the centre

of rotation was about 12 mm posterior to the vertebral centre~ which agreed with earlier

experimental work (Gregerson and Lucas. 1967; Cossette et al~ 1971). In the thoracic spine.

the centre of rotation was about 6 mm posterior (Gregerson and Lucas. 1967; White and

Panjabi. 1990). These values were used for the parameter 1]0 in the thoracic and lumbar

regions~ with a transition zone from T10-Ll. It is recognized that the centre of rotation

of a motion segment is not constant during motion. However~ this approach captured the

primary effect that the centre of rotation was posterior ta the vertebral centres.

3.6.2 Mild Scoliotic Deformity

Scaliosis is a three-dimensional deformity of the spine invohing lateral and sagittal

translations! as weIl as axial rotation of the vertebrae. In recent years~ there have been

increased attempts to develop a 3-D measure of the scoliotic curve to better represent the

true geometry. However. there has yet to be the widespread acceptance of a single 3-D

measure. The use of the Cobb angle in the coronal plane remains the most commonly used

measure of a scoliotic curve. in conjunction Voiith the lateral de\tiation and axial rotation at

the apical vertebra. The strong correlation between the Cobb angle and the apical axial

rotation! as weil as the apicallateral translation has been reported by a number of authors

(Aaro and Dahlbom~ 1981; De Smet et at 1984; Stokes et al. 1987; Drerup and HierholzeL

1992; Kanayama et aL 1996). A scoliotic curve was also shown to be smooth. and could be

represented by sinusoidal or polynomial curves (Stokes et al, 1987; Drerup and Hierholzer.

1992; Kanayama et al, 1996). Therefore~ in the present study~ similar to Kanayama et al

(lg96)~ 5th order polY"D.omials were used to represent an initial mild scoliotic deformity. A

thoracic scoliosis was initially created which spanned T5 to T12 with an apical vertebra at

Tg. Initial scoliotic curves with Cobb angles defined in the coronal plane of 10o~ 20° and 30°

were studied. The magnitude of axial rotation at the apical vertebra has been reported to

be in the range of 0.31-0.39 times the Cobb angle (Aaro and Dahlborn, 1981; De Smet et al,
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Table 3.2: Anthropometrie data of an adult male and female for input to the spinal eolumn

mode!.

Spine Male Female

Level n 1']0 bn dn ln bn dn ln

T2-Tl 17 6.0 28.0 18.0 29.0t 25.0 16.0 26.9'

T3-T2 16 6.0 28.0 19.0 22.4 25.0 17.0 20.8

T4-T3 15 6.0 27.7 20.6 23.1 24.7 18.4 21.4

T5-T4 14 6.0 27.5 23.3 23.5 24.5 18.4 21.7

T6-T5 13 6.0 27.8 25.4 23.8 24.8 20.7 22.0

T7-T6 12 6.0 28.6 26.8 24.4 25.4 23.8 22.7

T8-T7 Il 6.0 30.1 28.3 25.0 26.8 25.2 23.2

T9-T8 10 6.0 31.7 29.6 25.8 28.3 26.4 23.9

T10-T9 9 6.0 33.3 30.9 27.3 29.7 27.5 25.2

TII-T10 8 6.0 36.0 31.7 28.8 32.0 28.3 26.7

T12-T11 ~ 7.5 38.6 32.6 30.6 34.4 29.0 27.9,
LI-T12 6 9.5 41.8 33.3 32.4 37.2 29.7 29.6

L2-L1 5 11.0 44.4 34.2 34.8 39.6 30.4 32.0

L3-L2 4 12.0 47.6 34.9 36.2 42.4 31.1 33.6

L4-L3 3 12.0 49.7 35.9 36.8 44.3 31.9 34.0

L5-L4 2 12.0 51.3 36.5 37.3 45.7 32.5 34.5

SI-L5 1 12.0 52.9 36.9 23.5* 47.1 32.9 21.7"

• AlI dimensions given in mm. 110 was assumed to be identical for maIe and femaIe.

• These dimensions were from the vertebral centre of L5 to the superior surface of Sl.

t These dimensions were from the vertebral centre of T2 ta the superior surface of Tl.
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1984; Stokes et al~ 1987; Kanayama et al, 1996). Therefore~ in the present model~ for each

of the initial Cobb angles investigated. the corresponding initial apical rotation was 0.35

times the Cobb angle~ with the spinous processes rotated. into the concavity. With these

conditions. and the restraints of zero rotation and deviation at the top and bottom~ the

coefficients of the polynomials to represent the scoliotic curve were determined. The present

study only considered a thoracic scoliosis and aIso did not consider initial abnormalities in

the thoracic kyphosis of the spine as part of the scoliotic curve. Considerable controversy

exists around whether the thoracic kyphosis is aIso disrupted in scoliosis (as outlined in

Appendix B). Future studies can investigate other scoliotic curve patterns and the role

of the thoracic kyphosis. At present, however~ all modei analyses were conducted on a

thoracic scoliosis with an initial Cobb angle and apical axial rotation as described..

3.7 Spinal Column Material Properties·

To specify the material properties of the spine, it was necessary ta determine the

following "'effective:' stiffnesses: Eleço ' EI1JT1O and CJ. These stiffnesses were termed effec­

tive as they were intended to represent the whole motion segment stiffness due to the net

contributions of the disc, ligaments and facet joints. The load-displacement response of

the motion segments has been shown to vary over the spine length (\Vhite and PanjabL

1990), and therefore these effective stiffnesses should also vary. A very extensive series of

studies have been performed by many authors to establish the load-displacement response

of the motion segment in the lumbar and thoracic spine. \\tllite and Panjabi (1990) have

reviewed ail these studies and summarized. the results to establish average stiffness coeffi­

cients for the various regions of the spine. Based on these results, the effective stiffnesses

of the thoracic and lumbar regions were calculated using the intervertebral lengths of the

T6-T7 and L3-L4 motion segments (see Section 3.6) and are presented in Table 3.3.

The effective lateral bending stiffness (Elrrrlo ) determined by this procedure was in ex­

cellent agreement with the range ofbending stiffness (1.5 - 7 Nm2 ) used by other continuum

spine models (Lindbeck~ 1985~ 1987, 1988; Patwardhan et al. 1986; Hjalmars~ 1988; Noone
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Table 3.3: The average stiffness coefficients and calculated effective stiffnesses of the tho­

racic and lumbar regions of an adulte

Thoracic Region· Lumbar Regiont

Axial K (Nm/deg)*· 2.53 5.00

Torque GJ (Nm2 ) 3.3 10.0

Lateral K (Nm/deg) 2.80 1.75

Bending EITlTJO (Nm2
) 3.7 3.5

Flexion! K (Nm!deg) 2.51 1.72

Extension+ EI~~o (~m2) 3.3 3.45

•• The K's were the stiffness coefficients reported by White and Panjabi (1990).

• The calculation of the thoracic effective stiffnesses was based on the intervertebrallength of T6-Ti.

t The calculation of the lumbar effective stiffnesses wa.s based on the intervertebral Length of L3-L4.

+ ~ote that the flexion and extension stiffnesses reported by \\''bite and Panjabi (1990) were combined.

et al. 1991). However, the stiffnesses used in these models were only determined in an

adhoc procedure by adjusting the stiffnesses until the models agreed with in vivo descrip­

tions of spine deformation. The present approach to determine the effective stiffnesses

frOID independent studies of the motion segments provided a more rigorous basis for these

values. The bending stiffness of the spine in the sagittal plane (flexion/extension) of the

discrete model of Belytschko et al (1973) and Schultz et al (1973) was in the range 0.5 ­

3.5 ~m2 (as discussed by Scholten~ 1986), which was also in excellent agreement with the

present values.

The load.-displacement response of the motion segment has also been shown to be

nonlinear at higher loads and moments. However, examining the results of these studies

(Panjabi et al, 1976; Schultz et al, 1979; Nachemson et al~ 1979; Tencer and Ahmed: 1981),

the stiffness was linear up to about 4-5° of rotation (bending or axial). This is within the

range of applicability of the present mode!. For example, for a Cobb angle of 400 spanning

eight vertebra, the intervertebral angles would only be 50 and a linear stiffness response
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would still be expected. Therefore. only linear stiffnesses were included in the present

model to investigate the mechanics of a mild scoliosis. These stiffnesses reported by V\1tite

and Panjabi (1990) were generally intended to represent the elastic behaviour beyond the

initial toe-in region of 100w stiffness common ta biological materials. yet belovl the higher

strain range where significant stiffening can occur. Therefore. the model may be slightly

too stiff for very small deformations. but should have a reasonable stiffness in the range

of interest. A nonlinear stiffness as a function of curvature could be implemented in the

developed equations in future studies. Similarly~ the present model could also he extended

to include the differences in the flexion and extension stiffnesses. However ~ in the range

of flexion and extension rotations of the present mode!. the stiffnesses in these opposite

senses were assumed to he identical. In more extreme conditions of flexion and extension~

this assumption would not be valide

The motion segments have also been shown ta display coupled motion. In particular~

a lumbar motion segment subjected to a Lateral bending moment was also found ta rotate

axially. These coupled stiffnesses are second arder terms compared ta the principal stiff­

nesses (\Vhite and PanjabL 1990)~ but are significant during testing of motion segments.

However~ at the whole spine level they are less significant since the sagittal curvature of

the spine also pIays a dominant role in coupling behaviour (Scholten. 1986; Panjabi et al.

1989: Stokes et al~ 1991). In the present modeI~ the axial rotation and the lateraI bending

were èoupled due ta the anterior offset (170) of the centre of rotation from the vertebral

centres~ as weil as the initial twist and curvature. as seen in equations 3.111-3.112. This

overall coupling was related to the axial load on the spine~ and did not represent a direct

coupling between lateraI bending and axial rotation. However, it would be possible to

iuclude this coupled behaviour at the motion segment level through a term I(T'J in equa­

tion 3.103. Similarly~ the flexion/extension behaviour could also be coupled ta the lateral

bending through a term If.T'Jo Therefore~ at present~ the axial rotation and lateraI bending

were coupled only due to the term 7]o~ and the sagittal curvature of the spine (vo) ~ although

further coupling could be implemented in the equations.

The effective stiffnesses presented in Table 3.3 were used as the base stiffnesses for the
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lumbar and thoracic regions to estimate stiffnesses at other levels. The variation in the

stiffness with vertebral level was assumed to be related. to the changes in vertebral and

disc geometry outlined in Section 3.6. Assuming an elliptical cross-section for the disc~

h b di iffn . al b~ lin bn d~ d h . al iffnt e en ng st esses were proportIon to T or T' an t e torsIon st ess was

proportional to l" (~ ~~~). The bending and torsional stiffnesses as a function of spine

level are presented in Fig. 3.15. This technique was previously used in the model developed

by Schultz et al (1973). :\liller and Skogland (1980c) found strong negative correlations

between vertebral body size and axial torsion and lateraI bending. Nachemson et aI (1979)

found that the load-displacement response of lumbar motion segments was very variable~

but that specimens from the upper lumbar regions were 20% stiffer in lateraI bending and

torsion than those from the lower lumbar region~ possibly associated with the decreased

disc height in the upper lumbar region. They also found that motion segments from

females were about 25% more flexible than male. and attributed this difference to the

reduced vertebral and disc dimensions of the female specimens~ rather than to a difference

in material properties. Therefore. on the basis of the different geometry between a female

and male spine reported in Section 3.6. the effective stiffnesses of an adult female and male

over the spine length were estimated from the base values and presented in Table 3.4. The

stiffnesses representative of a female were found to be about 70% of the male values.

3.8 Validation Studies of the Spinal Column

To validate the present spine model and approach. several comparisons \\ith experi­

ment were made for model predictions of the axial rotation and lateraI bending response

of the spine ~ith ribcage supported included. and for the buckling load of the isolated

spine. AdditionaI validation studies were conducted for the isolated ribcage~ and these are

described in Chapter 4.

Lovett (1905) subjected a whole spine with ribcage to axial torque and determined the

variation of axial rotation of the spine from a maximum of 54° at the top ta zero at the

bottom. The torque applied was unkno\vn. In the present modeL an a~al torque was
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Table 3.4: Effective stiffnesses of an adult at all spine levels of the present model.

!\tlale Female

Spine EITTT1Q EI{{o GJ EITf110 EI~{o GJ

Level (Nm2 ) (Nm2 ) (Nm2) (Nm2 ) (Nm2 ) (Nm2 )

T1-T2 2.73 2.26 2.90 1.90 1.57 2.01

T2-T3 3.21 2.61 3.06 2.23 1.82 2.13

T3-T4 3.60 2.98 3.23 2.50 2.07 2.25

T4-T5 3.95 3.32 3.42 2.75 2.31 2.38

T5-T6 4.23 3.65 3.70 2.94 2.54 2.57

T6-T7 4.37 3.89 3.89 3.03 2.71 2.71

T7-T8 4.55 3.92 4.15 3.16 2.73 2.88

T8-T9 4.74 3.97 4.42 3.29 2.76 3.07

T9-TI0 4.87 4.04 4.87 3.38 2.81 3.38

TIO-TII 4.81 4.11 5.61 3.34 2.86 3.90

T11-T12 4.60 4.10 6.49 3.19 2.85 4.51

T12-L1 4.48 4.08 7.86 3.11 2.83 5.46

LI-L2 4.32 4.05 9.47 3.00 2.82 6.58

L2-L3 4.15 4.04 10.77 2.88 2.81 7.48

L3-L4 4.13 4.07 11.80 2.87 2.83 8.20

L4-L5 4.63 3.89 12.83 3.22 2.70 8.92

L5-S1 5.39 3.63 13.53 3.74 2.53 9.40
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Figure 3.15: The average effective stiffnesses of an adult at each of the spine levels.

... applied ta the whole spine model at Tl until the maximum axial rotation matched that

of the experiment. Comparisons were made with both the full 3-D ribcage stiffnesses

included. in the model and with ail the stiffnesses except the lateral translational stiffness

(see explanation and definition of these stiffnesses in Chapter 4).

Lucas and Bresler (1961) determined the buckling [oad of an isolated spinal column

for a fixed bottom and free or pinned top. A buckling 1000. of about 20 K was found for

the free top~ whereas a 10ad of about 16ï N was found for the pinned top. To simulate

these experiments, a compressive axialload was applied at the top, with a very smalllateral

offset at Tl. This imperfection was needed to provoke collapse of the model since a directly

stability analysis was not done. The imperfection was only 0.1% of the spine height. This

imperfection would also have been present in the experiment since the spinal column would

not have been perfectly symmetric. The applied load. at Tl was then increased in small

increments until very large lateral displacements occurred.
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The most important experiment for validation of the current model is that reported

by Halsall (1980) and Halsall et al (1983). In this experiment~ nine spines in whole fresh

cadavers were subjected to a Lateral load applied at Tg. The top and bottom of the spine

was clamped for a fixed-fixed beam bending experiment. The lateraI load was applied

slightly anterior to the spinal canal in one set of spines and slightly posterior in another

set; which caused a coupled axial rotation in opposite senses in each set. The lateraI

fiexibility at T9 was not significantly different between those two configurations with an

average value of 0.1 mm/N for loads up to 250 ~. This experiment was simulated br

applying a 250 N load at T9 of the whole spine model with ribcage stiffnesses included

(with/v.-ithout the lateral translational stiffness). The 1000 was applied. at three different

locations in the anterior-posterior direction: at the shear centre~ 20 mm posterior and 6

mm anterior to the shear centre. The anterior and posterior positions were selected to

represent the load application points in the experiment. This experiment provided ideal

data to validate the combined lateraI stiffness and rotational response of the whole spine

modeL in a configuration similar to scoliosis.

3.9 Procedure for Parametric Analysis ofWhole Spine

Model

A set of seven parametric studies were conducted with the whole spine model to

establish the relative effects of various parameters on the behaviour of the spinal coIumn.

Since progression of a scoliotic curve is defined as a 5-10° increase in Cobb angle (Lonstein

and Carlson. 1984; Peterson et aL 1995: Upadhyay et al, 1995)~ the objective ofthis analysis

was to establish the percentage change needed in the various parameters of the spine to

produce a 5 - 10° change in Cobb angle. The base model was representative of a 9 year

oId female or 10-11 year oId male. This age was chosen as the base since it represents the

start of adolescence prior to the growth spurt. The effect of the growth spurt was analyzed

through a separate and direct simulation (see Section 3.10). Since carves diagnosed at

this age are most vulnerable to progression (Lonstein and Carlson~ 1984), the goal was
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to examine which anthropometric parameters were most critical to maintaining a stable

non-progressive curve during the coming growth spurt. The body weight~ spine length~ and

spine stiffnesses at this age are described in Section 3.10. The procedure to determine the

ribcage stiffnesses at this age is described. in Section 4.3.2.3. The mechanical properties and

loads of this base model were then changed in small increments~ while keeping aIl other

parameters constant~ until an increase in Cobb angle of greater than 10° was achieved.

The seven parameters changed in the base model were: total upper body weight (W)~

lateral bending stiffness (E1f111OL torsional rigidity (GJ). lateral translational stiffness of

the ribcage (k~l)~ lateraI bending stifEness of the ribcage (kssL axial rotational stiffness of

the ribcage (k~6) and the spine length (L). For each of these seven parametric studies.

the analyses were repeated for an initial Cobb angle of 100
• 20° and 30°. for a total of 21

separate studies. At each of these initial Cobb angles~ there was an initial axial rotation of

the apical vertebra, as described in Section 3.6.2. Though the effect of other parameters

could also have been investigated~ these were felt to be the most important, since they

change ,vith grovlth and are involved in the lateral and rotational response of the spine.

3.10 Simulation of Adolescent Growth 8purt

The spinal column and ribcage models were fust developed to represent an ':ideal~'

or ':average~' adult. These models were validated through comparison v..ith experiments

conducted on adults. To analyze the mechanics of an adolescent spine~ these models were

then systematically changed based on reported data in the literature. In this section. the

changes to the body load.~ spine length and effective stiffnesses of the spinal column model

required to simulate the adolescent growth spurt of a male and female are fust described~

followed by a description of changes made to simulate the accelerated growth patterns

which have been reported in scoliotics~ as outlined in Chapter 1. The changes required. to

model the adolescent ribcage are presented in Sections 4.4.2.1 and 4.4.2.3. l\ flowchart of

this overall validation and analysis procedure is presented. at the end of Chapter 4.
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3.10.1 Normal Growth

The changes to the body weight and spine length during adolescence were taken from

growth charts established in studies conducted between 1930 to 1970 on populations from

\Vestern societies (Tanner~ 1962; Anderson et al~ 1965; Tanner et al~ 1966; ~cCammon~

1970; Bayer and Bayley~ 1976; Eveleth and Tanner~ 1976; Karlberg and Taranger. 1976:

Tanner and vVhitehouse~ 1976; Lowrey. 1978). Though secular trends of an increased

weight and height frOID the late 1850~s to the 1950~s are weIl documented (Tanner. 1962)~

the results of these studies from a more recent and shorter time range were found to be

very consistent. The standard deviation of the average height and weight at a given age

between these studies was always less than ±3%. Tanner (1962) aIso reported that secular

trends chiefly affected body size rather than the proportions! and that the inereased weights

and heights were present at all ages during adolescence. Secular trends in anthropometric

data probably continue today as illustrated by ~ormelli et al (1985)! who showed that the

height and weight of Scandinavian children between Il and 16 years of age was greater (2%

for height at 16 years) compared to those found in earlier studies for a similar population

(Willner1 1972; Karlberg and Taranger! 1976). Therefore! clearly care must be taken

in using anthropometric data. For instance! the weight data from an earlier time range

determined in the population of one country or ethnie group should not be combined

with ~eight data from more recent times of a different population. In the present study!

by determining the average heights and weights from a broader spectrum of populations

(though confined to Western societies to minimize variation) Vvith overlapping time frames!

these concerns were minimized. The drawback to this average cross-sectional approach was

that care must be taken not to extrapolate these current results ta a specific population

with different a.nthropometric proportions. However, in the absence of longitudinal studies

reporting all the anthropometric data needed, the use of a broad series of studies should

limit any biasing of the model input data. These studies were also chosen because the

time frame when they were conducted overlapped with the other studies used to establish

vertebral dimensions and material properties (as described in other sections).

The upper body weight (~V) was determined to be 64% of the body weight and the spine
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height (L) was determined to be 27.5% of the standing height as discussed in Sections

3.5 and 3.6. These data are shown in Figs. 3.16 and 3.17~ respectively~ for a female and

male from 9 to 18 years of age. These percentages were assumed ta be constant at all

ages. It is acknowledged that this may not be correct, but more detailed information to

establish exact numbers as a function of age are not available. Since growth in standing

height involves growth of the legs~ pelvis~ spine and head~ it is difficult to more accurately

establish the change in spine length as a percentage of the standing height. For instance,

during adolescent gro~1:h~ the legs grow slightly longer than the trunk. particularly in

males (Tanner, 1962; McCammon, 1970: Karlberg and Taranger, 1976; Nicolopoulos et al.

1976). Therefore~ if the spine length was assumed to be 27.5% of the standing height at

adulthood~ it may actually be closer ta 28-29% at young adolescence. On the other hand,

this change may be affected by the lack of growth in the head during adolescence~ and

the gro~1;h in height of the pelvis which may or may not differ between males and females

(Anderson et al~ 1965: ~icolopoulos et al~ 1985). Therefore. because the spine length as

a percentage of the standing height declines consistently from birth to maturity. the use

of a constant number. wmch was established as a fraction of the adult height~ should be

conservative. AIso, the peak increase of around 4% in height of the female spine compared

to the male, between 12 and 13 years of age as used in the present mode!. was slightly

less than the peak increase of around 6% reported in a separate study based on direct

measurement of the spine height (Taylor and Twomey, 1984).

To determine the effective stiffnesses of an adolescent spine, both changes in the mate­

rial properties and the geometry of an adolescent spine compared to those of an adult were

included. The only reported data from young adolescent spines (Il year oId boy and a 13

year old girl) is by ~1iller and Skogland (1980a). which suggests that the axial fiexibility is

twice as great as an adult and the bending fiexibilities are 5 to 10 times greater. As argued

by these authors (Miller and Skogland~ 1980b), these differences were likely due to both ge­

ometry and material properties related to the increased hydration of the adolescent spine.

The axial stiffness is proportional to the square of the cross-sectional dimension divided

by the length ("" E (b x h)/L) (Schultz et al~ 1973). The reported vertebral dimensions
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vertebral dimensions (~liller and Skogland~ 1980b) of the Il year oId boy are only about

80% that of an adult (Berry et at 1987; Scoles et al~ 1988; Panjabi et al! 1991; Panjabi et

al. 1992). Therefore~ the axial stiffness should also be 80% of an adult or 25% more flexible

(1/.8 x 100). The further increase in axial flexibility of the adolescent spine must be due

to a decreased modulus around 60% of an adult spine to achieve the reported doubling of

the axial flexibility (1/.6/.8 x 100). Similarly~ the bending stiffnesses are proportional to

the quadratic of the cross-sectional dimensions divided by the length ("" E (b x h3
) / L ). and

therefore for adolescent dimensions only 80% of an adult. the bending fiexibility should

be increased by about 200% (1/.83 x 100). This again suggested that the modulus of an

adolescent spine was around 20-40% of an adult spine to achieve the reported 5 to 10 fold

increase in bending flexibility. Galante (1967) also reported a 50% reduction in stiffness

of the annulus at childhood compared to adulthood. The decreased modulus of the ader

lescent spine was due possibly to increased hydration levels of the adolescent dise. The

variation in disc hydration at different spine levels was also correlated to the variation

in stiffness along the spine. indicating that disc hydration did affect the motion segment

stiffness (NIiller and Skogland~ 1980b). This reàuction of modulus is also consistent with

reports of increased relaxation of the ligaments of young rabbits (Lam et aL 1993) which

v,ras related to an increased water content (Chimich et al~ 1992). On the basis of these esti­

mates! the ;:effective" modulus of the young adolescent motion segment was estimated to be

only about 40% that of an adult. At other ages between young adolescence and adulthood.

the reduction in modulus was determined from linear interpolation. Though the material

properties could also be affected by the adolescent growth spurt. there was not enough

data to establish this effect. On the basis of limited data~ onlya reasonable estimate for

the maximum change in the material properties of the young adolescent compared to an

adult was established. Further~ since the adolescent growth spurt affects tissues different1y

throughout the body (Tanner~ 1962)~ it was not possible to estimate hO'w the growth spurt

would affect the changes in material properties.

The vertebral dimensions during adolescence were determined from a number of studies

which reported the gro~~h of the vertebrae (Taylor and Twomey~ 1984; Schultz et al! 1984;
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Veldhuizen et al! 1986; Gilsanz et al~ 1994). These studies do not provide comprehensive

data of vertebral dimensions at all levels for all ages. However= they do provide data of

the percentage increments in dimensions during adolescent growth of select thoracic and

lumbar vertebrae for females and males. These data were then used to scale the vertebral

dimensions of the present model which were determined from a more comprehensive data

set. Then using the same technique used to scale the effective stiffness of an adult male

and female~ and the stiff.n.esses between levels (see Section 3.7) ~ the effective stiffnesses

were estimated for ail ages during adolescence.

Combining these changes related to geometry and material properties! the net changes

to the effective stiffnesses were determined for all ages during adolescence compared to

adulthood. These effective stiffnesses as a function of age are shown in Fig. 3.18 for the

TB-Tg spine level for both a male and female. At the other spine leveIs! the stiffnesses

varied in a similar manner. At adulthood! the difference between males and females was

greatest and agreed with the reported data of Nachemson et al (1979). Due to the earlier

growth spurt of females! the stiffnesses were more similar in young adolescence. In later

adolescence! the growth spurt of the males increased the stiffnesses. The vertebrae of a

female spine are more slender compared to a male at all ages beyond 5 years! due to both

greater heights and smaller widths (Taylor and Twomey, 1984). During adolescent grov...th~

the width of female vertebrae do increase but never appear to exceed the \\~dths of male

vertebrae (Taylor and Twomey~ 1984; Schultz et al, 1984: Veldhuizen et al. 1986: Gilsanz

et aL 1994). Therefore~ unless the material properties between males and females differed~

it is very unlikely that the effective stiffnesses of a female spine could exceed those in a

male. Overali, these data would suggest that a young adolescent spine would be about 6

times more flexible than an adult! which agreed with the experimental measurements of a

5-10 fold increase reported by ~filler and Skogland (1980a).

3.10.2 Accelerated Growth in Scoliotics

The adolescent growth of scoliotics has been reported to differ from normal controIs as

reviewed in Chapter 1. In general! scoliotics were found to be (2 - 4.5%) taller~ particularly
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in early adolescence (Willner~ 1974a~b~ 1975a,b~ Leang et al~ 1982; Burie and ~Iomeilovic~

1982; Normelli et al~ 1985; Archer and Dickson~ 1985; Hagglund et at 1992; Carr et al~

1993; Goldberg et al~ 1993). It was less elear if the growth was abnormal or aberrant.

but rather just precocious. The sitting heights of scolioties were also inereased.. However,

whether the proportion of sitting height to standing height differed. in scoliotics was less

clear (Willner~ 1975; Leong et al~ 1982; Nicolopoulos et al~ 1985; Upadhyay et al~ 1991).

On the other hand, though taller, the body weight of seoliotics was not found to be

increased compared to normals. And at maturity~ the body weight may have been even

less. Therefore~ seoliotics were in general taller and leaner, or more slender. This increased

slenderness of body proportions may be reflected in the inereased slendemess of the spines

in scolioties, as reported by Schultz and Cisewski (1978) and Skogland and Miller (1981).

The grov;~hof vertebrae oceurs through two mechanisms. Longitudinal or axial growth

occurs at the superior and inferior growth plates~ Vw~hereas increase in the transverse width

and depth occurs through periosteal growth (Gooding and ~euhausser! 1965; Taylor, 1975;

Skogland and ~'1iller, 1981; Feik and Storey~ 1983) . These two growth mechanisms are

controlled by different factors. Longitudinal growth is govemed by the hormonal system,

whereas periosteal growth is influenced by mechanical factors. Therefore~ a scoliotic with

inereased height~ but normal weight, would also likely have a more slender spine.

On the basis of these reported alterations in the gro'\l;1:h of scoliotics~ the normal grov..'th

patterns reported in Section 3.10.1 were modified. In case l, the spine length was increased

by 2% at all years during adolescence. In case II. the length was first increased by 2% at

age 9 years. At other years, a linear reduction of this increase was implemented 50 that

at maturity, there was no difference. Case III was similar to case II except an increase of

4.5% was implemented at 9 years of age. These changes were considered for bath males

and females. AIl other parameters of the model were not changed from the normal baseline

values at each of the years during adolescence. These growth patterns were repeated for

a mild scoliotic curve with an initial Cobb angle of la, 20 and 30°. Therefore, a total of

eighteen different simulations of adolescent growth patterns were performed.
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Chapter 4

RIBCAGE MODEL

4.1 Introduction

The ribcage is a complex structure which provides support to the spinal eolumn

through a passive and an active mechanism. In both meehanisms~ however~ the support is

predominantly achieved through the forces and moments generated between the individ­

ual ribs and the vertebrae at the costovertebral and costotransverse joints. As a passive

structure. the ribeage provides elastic resistance to the deformation of the spine. As an

active strueture~ the ribeage serves as a moment arm and a transmitter of forces generated

by the trunk muscles. In the present chapter. a finite element model (FEy!) of the ribcage

is developed in order to conduet numerieal experiments to determine the nature and mag­

nitude of the passive support provided by the ribeage to the spine. A knowledge of these

reactions is necessary to complete the beam-column model of the seoliotic spine presented

in the preceding chapter.

A short description of the finite element method is fust presented~ followed by the

development of the present mode!. In the final section of the chapter ~ a model for the

ribcage stiffness is proposed. and the procedure for the numerical experiments undertaken

to establish the passive resistanee of the ribcage is outlined.
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4.2 Finite Element Model of the Ribcage
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The finite element method is a means to discretize a continuous medium! in order to

determine the behaviour of a given volume under a specifie set of conditions. 'When applied

to solid structures~ the displacements~ strains and stresses throughout the deformahle

material are determined for the applied loads and boundary conditions. The method

is particularly useful for analyzing complex structures of varied geometry and material

properties~ and subject to general complex loading.

The basic approach is to subdivide the medium into a numher of discrete elements!

which are then systematically assembled to represent the whole structure. A.s the num­

ber of elements increases! the accuracy of the representation aIso increases. One of the

most widely used finite element formulations is the displacement-based! which originated

frOID the displacement method of structural analysis (Zienkiewicz! 1977; Cooke. 1981:

Bathe. 1982). Today! there are many general displacement-based finite element programs

available. Ali the common elements are included in these programs. and they are capa­

ble of solving problems v.-ith both material and geometric nonlinearities. These general

displacement-based finite element programs are weil suited to model the passive response

of the ribcage in order to establish its stiffness characteristics.

The present finite element model is intended to be representative of an ··ideal~~ ribcage.

Cnfortunately~ however, the geometric and material property data of the individual com­

ponents are primarily available only for the adult ribcage. As such. the ribcage model

developed must be considered representative of an ··ideal~~ adult. Hov.rever! the gross

dimensions of adolescent ribcages are available~ and are considered as variables in the

subsequent analysis, in order to fully investigate the passive resistance of the ribcage.

The first step in the development of a finite element model is ta establish the appropriate

structural mode!. The ribcage is composed of a number of different tissues which have

specifie geometries and properties. The ribs are the fundamental structures of the ribcage~

that establish its shape and strength. They are long, slender curved bodies which are

oriented in three-dimensions~ and undergo general spatial motion. Consequently~ in the
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present model they were represented by spatial beam elements. A more detailed or finer

model of the ribs 'was not required, since the present study was only interested in the gross

rib motion, rather than a rigorous stress analysis of the cross-section. The costal cartilages

were also modelled by beam elements, as they represent an extension of the ribs! albeit

much more flexible. Only the first ten ribs were incorporated in the present model. Ribs

Il and 12 were not included since they do not forro a closed loop. Consequently. these

~iloating' ribs are far less capable of bracing the spine.

The sternum is a thin rectangular structure that is comparatively much more rigid than

any other component of the ribcage. In the present model! it was represented by a number

of plate elements.

The costovertebral and costotransverse joints must be included in the ribcage model!

since they are fundamental to the interaction between the spine and ribcage. Together.

the costovertebral and costotransverse joints permit easy rotation about the rib neck axis.

Other motions are relatively restrained. In the present model, the costovertebral joint was

modelied as a pinned. joint with some separation allowed between the rib and vertebra.

The costotransverse joint was modelled by a beam element.

The passive responses of the intercostal muscles and tendonous tissues were modelled

by a number of rod elements! arranged in a criss-cross pattern similar ta the internai and

external intercostal muscles. It was feh necessary to include the passive response of these

muscles since they are an integral part of the ribcage which interconnect the ribs all along

their length. The ribs are closely spaced, and any separation of the ribs would clearly

be restrained passively by these muscles. Once the structural model of the ribcage was

established, it was necessary ta determine the geometry of the various components frOID

wrnch the nodal coordinates were calculated. The next step was to determine the number

and choice of the specifie elements! and their respective properties. This procedure is

detailed in the following sections for each of the individual components of the ribcage.
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4.2.1 Geometry and Nodal Coordinates

The geometry of the individual components of the ribcage are available in the litera­

ture. Furthermore! there are a number of guidelines available to direct the assembly of the

individual components into a complete model of the ribcage. To supplement and confirm

some of the geometric data in the literature! three skeletons~ ail in excellent condition!

were selected from the collection in the Department of Anatomy~ ~IcGill University. Two

males and one female were selected. Their age at death was unknown. Additionally~ 10

ribs from various rib levels were selected to determine the wall thickness of the cortical

shell. Geometrie measurements were made using Vernier calipers (± 0.02 mm) and a flex­

ible tape measure (± 0.5 mm). These geometric measurements were not intended as an

exhaustive anthropometric study~ but only intended to supplement the literature values.

The overall accuracy of the model was validated in comparison with experiment and other

models. The geometry of the individual components of the present model is described

below! followed by the assembly procedure.

4.2.1.1 Ribs

The ribs are curved bones that change in geometry at each level of the spine. They

are oriented in space! but do~ however. lie nearly in a plane. Each rib was modelled by a

number of spatial beam elements. As such~ it was fust necessary to establish the geometry

of the elastic axis.

Roberts and Chen (1972) showed that the elastic axis of a rib was essentially coincident

\\Iith the geometric centre. Furthermore~ this axis could he described by arcs from two

circles: one for the neck region! from the head to the angle~ and another for the shaft

region from the angle to the tip. Schultz et al (1974a) used part of a single circ1e to

quantify the rib shaft geometry from the angle to a point near the tip. Other points were

needed to specify the locations of the tip. the costotransverse joint and the rib head at

the costovertebral joint. \Vilson et al (1987) used a single circular arc to represent the rib

from angle to tip. Other researchers described the entire rib shape from the head to the tip
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using a parabolic arc (Dansereau and Stokes~ 1988) or cubic Bezier polynomials (Kenyon

et al~ 1991).

In the present study~ two circular arcs were used. to model the rib geometry (Fig. 4.1).

One circular arc was used for the neck region~ based on the values of Roberts and Chen

(1972). A second larger arc used. to represent the shaft region was located relative to the

rib head based on the values and method of Schultz et al (1974a). This method was chosen

for its simplicity and ability to use the values of Schultz et al (1974aL which are from the

largest database. The geometric data of Schultz et al (1974a) also contains a portion of

costal cartilage at the tip. This length was estimated from comparison of measurements

of the outer perimeter of their ribs v.rith measurements of the present ribs, '\vhich did not

include any costal cartilage.

The data used to construct the rib geometry in the present model is shown in Fig. 4.2.

A1so shown are the average values from Schultz et al (1974a). and those from the models

of Andriacchi et al (1974)~ and Closkey et al (1992)~ which are based on the measured

values. \Vhere possible~ comparison with the data from other researchers is also included.

The geometric data used in the present model does not match exactly the experimental

data~ as the goal was to create an ooidear' ribcage. In the assembly procedure (detailed

ïn a subsequent section) ~ the use of the exact experimental data produced a somewhat

irregular shaped ribcage. Consequently~ adjustments were made ta form a ;;smoother:'

shaped ribcage. However. the changes required were relatively small and the data compares

weil with the other models (Fig. 4.2).

A computer program was vlritten to generate the nodal coordinates from the geometric

data. The number of nodal points could be easily changed. and the final number was

decided upon following a check for grid independence (detailed in the section on rib ele­

ments). The program aIso allowed for individual components to be adjusted.~ to create ribs

of different size and shape~ for assembly ioto different shaped ribcages.
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Figure 4.1: Geometrie parameters used to quantify the rib geometry. RN - radius of a rib

in the neck region; Rs - radius of a rib in the shah region; le - chord length of a rib: ;3

- arc angle of a rib: C:r: - lateraI coordinate of the center of curvature of the shaft: Cy ­

anterior-posterior coordinate of the centre of curvature of the shaft; A y - anterior-posterior

coordinate of the rib angle; a - arc angle of the rib shaft. (A.dapted frOID Gray~ 1989).

4.2.1.2 Costal Cartilages and Sternum

The dimensions of the sternum were established by the locations of the costosternal

joints at seven points on either side (Fig. 4.3A). A local reference frame was defined~ with

the origin located at the xiphoid process. The values chosen for the present model are the

averages from those in the literature (Schultz et aL 1974b). as weil as from measurements

made on the three skeletons.
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(B)
Costotransverse
Joint

....

Figure 4.3: (A) Coordinate system X s - Ys of the sternum to define the geometry of the

costosternal joints; (B) Coordinate system Xv - Yv of a vertebra to define the geometry of

the costovertebral and costotransverse joints. (Adapted from Gray! 1989).

...
The costal cartilages joïn the sternum to the anterior tips of the upper seven ribs. The

geometry of the costal cartilages was thus established by the location of the sternum and

the rib tips in space. As such~ it was not necessary ta specify their lengths directly. Rather!

the costal cartilages were located automatically by the assembly procedure detailed in a

subsequent section.

4.2.1.3 Costovertebral and Costotransverse Joints

The ribs articulate with the vertebrae at the costovertebral and costotransverse joints

on either sicle of each vertebra (Fig. 4.3B). These positions are easily distinguishable

on a vertebra and have been reported by a number of researchers (Schultz et al~ 1974b;

Panjabi et al. 1991). Presently! measurements were also made from the three skeletons.

The literature and present values were averaged for use in the present model.
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Figure 4.4: Orientation of a typical rib in space~ as defined by the "pump handle~l angle~

.Bl~ and the "bucket handle" angle, :32- (Adapted from Gray~ 1989).

4.2.1.4 Nodal Coordinates of the Assembled Ribcage

The nodal coordinates of the individual components of the ribcage were next assem­

bled together to establish the full ribcage geometry. A number of values were needed

for the assembly and were taken from the literature. First~ the spatial position of the

costovertebral and costotransverse joints had to be established. The geometry of these

joints was previously specified relative to a local reference frame located at the vertebral

centre. The coordinates of the vertebral centres were chosen to be identical to those in

the beam-column model of a normal spine (see Section 3.6). The tbree-dimensional coor­

dinates of the costovertebral and costotransverse joints were then determined by rotating

the cross-sectional plane of each vertebra normal to the tangent of the thoracic kyphosis

at the given rib level.

~ext, the individual rib geometry, which has already been defined in a plane, was

rotated through two rotations to locate the ribs in space (Fig. 4.4). These angles are

similar to the ;~pump hand.le" angle and the '~bucket handle" angle commonly used to refer

to the spatial rib orientation and kinematics during respiration. The thoracic index (TI)

is the ratio of the width to depth of the ribcage usually measured at mid-sternum, and the
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thoracic ratio (TR) is the ratio of the \l.Iidth of the ribcage at each vertebrallevel to the

length T1- T12. Consequently~ these measures of ribcage shape are largely determined. by

the bucket and pump hanclle angles. The values in the literature for the angles (Wilson et

at 1987: Dansereau and Stokes, 1988) were used as a guide~ and subsequently adjusted till

the ribcage shape ratios were in reasonable agreement with the values in the literature.

In the final step~ the sternum was located in space in a plane 2-4 mm anterior to the rib

tips. The exact anterior-posterior position was established by ensuring that the thoracic

index corresponded to literature values. A computer program was written to assemble

the individual rib geometry and determine the three-dimensional nodal coordinates of the

ribcage. A fiowchart of the procedure is shawn in Fig. 4.5. This allowed for the easy

assembly of any ribcage size or shape. A somewhat similar procedure was used by Kenyan

et al (1991) to assemble the sixth rib and sternum from x-ray measurements.

4.2.2 Elements and Material Properties

As discussed in the foregoing! the spatial orientation of the ribs was established to ensure

that the overall shape of the assembled ribcage agreed with literature values. In Fig. 4.6.

the ,,-alues for the thoracic ratio are compared ta those in the literature. The overall shape

of the ribcage in the corona! plane was found ta be very similar to the measured values. The

TR in the model was slightly larger (about 8-10%)~ in particular~ in the lower ribs. This

difference was due to the use of adult dimensions for the individual ribs. whereas the data

available for the thoracic ratio was for an adolescent population. However, the clifference

was consistent with the general pattern of an increasing index \l.Iith age (Openshaw et aL

1984; Grivas et aL 1991). In the present model, the thoracic index at the mid-sternum

level was 1.4. This was found to be in excellent agreement with the values in the literature

for TI of 1.33 - 1.44 (Davenport, 1934), 1.30 - 1.46 (Takahashi and Atsumi. 1955)~ 1.47

(Howatt and De!vluth, 1965), 1.26 - 1.33 (Davis and Troup~ 1966). 1.54 (Openshaw et aL

1984) and 1.47 (Karlberg and Taranger, 1976). Therefore, the cross-sectional shape of the

model was also reasonable in comparison with anthropometric measurements. Since the

geometry of the individual components was combined from a variety of sources~ it was
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Input: Nodal coordinates in local systems

Determine nodal coordinates of CV & CT joints
in fixed system alon9 the thoracic kyphosis of

spine

Rotate ribs through angles 13
1

and 132
Position stemum for correct TI

NO

Output: 3-D nodal coordinates in fixed system

-i

Figure 4.5: Flowchart of the assembly procedure to determine the 3-D nodal coordinates

of the ribcage. The data was input in the local coordinate systems of the ribs~ vertebrae

and sternum, and output as three-dimensional data in the fixed global system.
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Figure 4.6: The thoracic ratio at each rib level in the present model and compared to

clinical data in the literature.

important to ensure that the overall ribcage shape was reasonable.

The elements used. ta modeI the ribcage components are detailed. in this section

along with the respective material properties. )Iot ail properties could be specified directly

from the literature~ but rather sorne had to be determined by numerical simulation of

specifie experimental tests. This procedure was used previously in other ribcage models

(Andriacchi et al~ 1974: Stokes and Laible~ 1990; Closkeyet al, 1992) and is outlined in the

following sections. In these instances. the final property values are presented in Chapter

5. Additionally~ measurements from the three skeletons were used to determine the rib

cross-sectional properties.

4.2.2.1 Ribs

Since the ribs are curved, it would be natural to model them with curved beam

elements. However ~ the curved beam. element formulations require that the principal axes
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be aligned with the plane of the curved element defined by its radius of curvature. In

the ribcage~ the lower ribs could be adequately modelled by this curved beam element.

In the upper ribs~ however! the principal axes are not aligned Vvith the plane of the rib

in which it is curved. Consequently~ it was not possible to use curved beam. elements.

Instead., straight beam elements were used~ since the principal axes can be aligned with

any direction. However ~ sufficient elements had. to be used to ensure that the behaviour of

the curved rib was adequately modelled. Therefore! two investigations were performed in

order to check for grid independence~ and for convergence of the straight beam model to

a curved beam mode!. Ribs 2 and 8 were selected for the analysis~ since rib 2 was highly

curved and rib 8 was the longest.

The curved shapes of ribs 2 and 8 were modelled by both curved and straight beam

elements, which were increased in number from 2 up to 18. The properties for ribs 2 and 8.

'which are described later ~ were used for the present analysis. The principal axes of the ribs

were aligned with the plane of the curvature of the rib to allow comparison of the solutions

of the curved and straight beam representations. The ribs were fixed in all directions

at the rib head. and the tip Vlas loaded simultaneously with three forces in mutually

orthogonal directions (lateral~ anterior and superior). The model predictions of the tip

displacements were then checked for convergence since the load-displacement beha"iour is

of primary interest. To assess the predictions from the various grids~ they \vere compared

as a percentage difference from the predictions of the curved beam representation with 18

elements.

The convergence of the tip displacements as the number of elements was increased is

shawn in Fig. 4.7. For the curved beam representation. grid independence was achieved

v.ith as little as 5 or 6 elements for rib 8. and 3 elements for rib 2. The use of more

curved elements produced changes in the predicted displacements of less than 0.5%. For

the straight beam representation~ grid independence was achieved with about 9 elements

for both rib 2 and 8. Though the addition of straight elements after about 5 or 6 elements

produced relatively small changes~ nonetheless the predictions gradually approached the

predictions of the representation with 18 curved beam elements. The addition of more
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Figure 4.7: Grid independence check for the finite element representation of the ribs.

Comparison between a curved and a straight beam representation are also shown.

than 9 elements produced changes of less than about 2%.

Therefore~ on the basis of the foregoing~ each bony rib was modelled by 9 elements for

a total of 180 elements for the entire ribcage. Other investigations also showed that 3 of

the 9 elements per rib should be used for the neck region of the rib~ which has a higher

curvature than the shaft region. Though possibly a slightly less number of elements could

have been used~ it was also desired to ensure that the curved rib shape was reasonably weil

represented. with sufficient nodes for the attachrnent of the intercostal elements.

The cross-section of each rib was assumed to be elliptical in order to calculate the

principal moments of inertia and cross-sectional area. Variations frOID a purely elliptical

shape are due to grooves in the shaft region which contain nerves and veins (Fig. 4.8).

These changes are unlikely to affect the overall behaviour of the rib~ but rather ooly affect

the local deformation. The cross-section of a rib also reveals a porous core of cancellous

bone surrounded by a shell of cortical bone. The core was also assumed to be elliptical.

The bending stiffness of a rib in one of the principal planes was. therefore~ estimated as
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Figure 4.8: Cross-sectional geometric parameters of a rib. (A.) Typical geometries in the

shaft and neck regions: (B) Hollow elliptic model of the rib cross-section. ho - major outer

diameter; hi - major inner diameter: bo - minor outer diameter: bi - minor inner diameter:

t cort - cortical wall thickness.

follows:

1ï 3
l oon = - h· bi64 l

(4.1)

(4.2)

(4.3)

-
~

where Ecortl Ecan were the Young~s ~Ioduli for cortical and cancellous bone~ respectively.

The dimensions of the rib cross-section given by ho~ bo~ hi and bi are shawn in Fig. 4.8.

The properties of cancellous bone can vary over quite a range. but in general are much less

than cortical bone. Also~ due ta the cubic influence of the cross-sectional diameter on the

moment of inertia, the contribution from the cancellous core ta the bending stiffness was

very small due to the smaller dimensions of the core. For the following properties (Granik

and Stein, 1973; Keaveny and Hayes~ 1993) and dimensions (Sedlin et al~ 1963)~
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ho = 13 mm

hi = Il mm

bo =6mm

bi = 4.5 mm.

..

Ecart = 12000 NIPa Ecan = 50 - 500 ~IPa

the bending stiffness for the cortical shell was equal ta 4.2 ~m2. whereas the maximum

possible (i.e.~ corresponcling to Ecan = 500 lVlPa) bending stiffness for the cancellous bone

was 0.15 ~m2. Therefore~ the bending stiffness was clearly dominated. by the cortical shell~

and the contribution from the cancellous core was negligible (Granik and Stein~ 1973). For

an elliptical core inside an elliptical shelL the ratio of the diameters are proportional~ and

thus

hi bite =-=- (4.4)
ho bo

where te is a measure of the wall thickness. Therefore~ inserting equation (4.4) into (4.2L

and dropping the cancellous bone contribution~ the bending stiffness was given by

Ti 3 4
EI1 = Ecort 64 hobo (1 - te) .

Similarly~ the other properties were given by

(4.5)

(4.6)

(4.ï)

(4.8)

-

where EI1, EI2 were the bending stiffnesses about the principal rib planes~ GJR was the

torsional rigidity~ and AR Vlas the effective cross-sectional area. Therefore~ using equations

(4.5 - 4.8). the properties of the ribs were simply estimated by the specification of the

major and minor diameters and the wall thickness.

The major and minor diameters were measured from the ribs of the three skeletons.

~Ieasurements were made at four locations on each rib from either side: one in the neck
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region and three along the shaft. The measurements did not change greatly in the shaft

region and were, therefore. averaged for each rib. On the other hand, the neck and shaft

regions were clearly different for ribs 2-10 (Fig. 4.9). The major diameter 'was greater

in the shaft region compared ta the neck region. whereas the minor diameter was greater

in the neck region. The major diameter of rib 1 was clearly different from the other ribs

which reflected its unique shape. In Fig. 4.9C~ the ratio of the major to minor diameters

are compared for the neck and shaft regions. The neck region was found to be approaching

a circular cross-section. whereas the shaft region was much more elliptic.

Sed.lin et al (1963) reported values of 12.9 ± 1.97 mm for the major diameter~ and 4.8

± 1.6 mm for the minor diameter of the shaft region of an adult. Granik and Stein (1973)

reported values of 16.5 mm for the major diameter and 7.4 mm for the minor diameter of

the mid-shaft region of ribs 6 and 7. These values were in excellent agreement with the

present ",-aIues of about 14 mm for the major diameter and 7 mm for the minor diameter.

for the shaft region of ribs 6 and 7.

The cross-sections of 10 ribs were examined and the cortical wall thickness was esti­

mated to be 0.75 - 2.00 mm. This agreed with the values in the literature of 0.92 - 1.09

mm (Roberts and Chen. 1970) and 0.25 - 2.29 mm (Granik and Stein! 1973). Therefore.

the value of te was estimated to be 0.8. which gave a wall thickness in the appropriate

range.

Using equations (4.5 - 4.8)! the cross-sectional properties for the ribs were determined

for the neck and shaft regions at each rib level (Fig. 4.10). The major moment of inertia

for rib 1 was clearly different from the other ribs in bath the neck and shaft regions~ which

refiects its unique anat0my. The torsional constant and cross-sectional area were also quite

different for rib 1 compared to the others. For the other ribs, the major moment of inertia

was larger in the shaft region compared with the neck region, v,.-hereas the minor moment

of inertia was larger in the neck region. These differences with db level were. of course.

directly related to the cross-sectional dimensions. A similar explanation can explain the

variation in the torsional constant and effective cross-sectional area with rib level. AIso

shO'wn in Fig. 4.10 are the values used in the present mode!. There were slight differences
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from the measurement 'values, due to the present concern of creating an ··idear' mode!.

The present cross-sectional properties \\·ere also in good agreement at aIl rib levels

with those of Roberts and Chen (1970)~ which were based only on a single specimen. For

example~ at rib 7. they reported values of about 700 mm4 and 200 mm4 for the major and

minor moments of inertia, respectively, a torsion constant of 450 mm4 and a cortical area

of 32 mm2 in the shaft region. On the other hand~ in the neck region~ the major and minor

moments were around 300 mm4 • the torsion constant around 425 mm4 and the area around

33 mm2 . They also reported the greatly increased values at the fust and second ribs used

in the present mode!. Saumarez (1986b) also commented on the significant differences

between the neck and shaft regions. The minor moment of inertia for the mid-shaft region

of ribs 6 and 7 was calculated explicitly by Stein and Granik (1976)~ based on the exact

cross-sectional geometry~ and reported to be in a range of about 75-250 mm4 ~ which agreed

with the present value of about 150 mm4 (Fig. 4.10B). The cross-sectional area of cortical

bone has also been reported to he in the range 20-35 mm2 (Stein and Granilc 1976), 19-27

mm2 (Takahashi and Frost, 1966L 17-27 mm2 (Sedlin et al~ 1963; Sedlin~ 1964) for the

shaft region of the middle ribs in an adult. These values agreed weil with the present area

values of about 27 mm2 (Fig. 4.10D). The ratio of the cortical area ta the total cross­

sectional area has also been reported to be in the range 0.29 - 0.56 (Sedlin. 1964)~ 0.28 ­

0.58 (Takahashi and Frost, 1966) and 0.18 - 0.48 (Santoro and Frost, 1968), again for the

shaft region of the rniddle ribs from an adult. In the present study, the ratio was equal to

(1 - t~) or 0.36~ which agreed very weil.

Since the rib cross-sections were elliptical~ it was necessary to specify the orientation

of the principal axes of the cross-sections. These orientations were specified for each rib

using the immediately superior rib. The minor principal axis of a given beam element~ at

a given rib level. was oriented along the tangent to the outer surface of the ribcage. For

rib 1. the minor principal axis of the given beam element was directed towards a central

node located at the top of the ribcage. The orientation of the principal axes of the beam

elements changed~ therefore. between each rib Ieve!. A certain amount of ·1wisf~ along the

rib length was also created by this procedure~ as discussed by Roberts and Chen (1972).
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Figure 4.10: Cross-sectional properties of the ribs used in the beam elements and compar­

ison with ",-aIues in the literature [A dotted line was added to interconnect the data used

in the model to greater illustrate the differences as a function of rib level.] (A) ~Iajor

moment of inertia, Il; (B) Minor moment of inertia~ 12 ; (C) Torsional constant~ JR ; (D)

Cross-sectional area, AR'
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Cross-sectional area, AR,
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The present cross-sectional data was clearly from a limited specimen population and

was only intended. as an estimate of the properties which were not available \vith the other

rib geometry. The overall validity of the rib behavioUI~ however, was checked by simulating

the experiments on individual ribs by Schultz et al (1974a). A similar approach was used by

Closkeyet al (1992) ta establish the stiffness values between the 5 rigid bodies of their rib

mode!. In the experi.ments~ individual ribs were loaded in three orthogonal directions at the

tip, with respect to the local rib coordinate system: lateral/medial. anterior/posterior~and

superiorjinferior. The three-dimensional motion of the tip was recorded experimentally.

however ~ only the principal translations in the direction of loading were reported for all

ribs tested. The ribs tested also induded part of the costal cartilages. Therefore, in the

present simulation. one element from the costal cartilage (see Section 4.2.2.2) ~'as added

ta the bony tips of ribs 1-6 and two elements for ribs 7-10.

Since the beam orientations were best specified in an assembled configuration of the

ribcage~ this numerical simulation was performed with the ribs in the assembled configu­

ration. The loads at the rib tips~ however, were oriented. in the local coordinate system

similar to the experiment. and the ribs were fixed in aIl directions at the costotransverse

joint. The results of this validation check of the individual rib behaviour are presented in

Chapter 5.

To examine the effect of the variation in cross-sectional property with rib LeveL three

separàte cases were also investigated, the results for which are presented in Chapter 5. In

case A. the foregoing properties were used~ which involved varied properties V-tith rib level

for bath the neck and shaft region. In case B, one set of properties were used for the neck

region and one set for the shaft region for rib levels 2-10, based on the following average

values:
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~• ~eck region Shaft region

Il (mm4
) 266 456

12(mm4) 172 100

JR (mm4) 417 325

AR (mm2) 24.2 24.0

In case C. one set of properties were used for bath the shaft and neck regions for rib

levels 2-10. based on the following weighted average values (25% neck and 75% shaft):

Il = 410 mm\ /2 = 118 mm.4, JR = 348 mm4 and AR = 24 mm2
. In ail three cases~ the

properties for rib 1 remained. the same due ta its unique shape.

4.2.2.2 Costal Cartilages and Sternum

-}
~

The costal cartilages were modelled by beam elements joining the tips of the bony

ribs ta the sternum. Two elements were used for the costal cartilage at each rib level on

either side~ except for rib 7~ where 3 elements were used due ta the increased length of

the cartilage. Based on the grid independence checks for the bony ribs~ this seemed a

reasonable number given the shorter length and lesser curvature of the costal cartilages.

Additionally~ one element per rib was used on either side to join ribs 8, 9 and 10 ta the

imme<:liately superior rib (i.e.~ db 8 to rib 7. etc.) at the tip. These lower ribs~ termed

~~false~~ ribs~ do not attach directly ta the sternum. but rather act through an interchondral

joint ta the adjacent ribs. Ribs 6 and 7 were also interconnected at an interchondral joint.

which was modelled by one beam element on either side. Therefore~ the costal cartilages

were modelled by 25 beam elements on either side for a total of 50 elements.

The sternum was modelled by six plane elements. Each element interconnected two

adjacent rib levels of the seven '~rue~~ ribs attached directly ta the sternum '\lia the costal

cartilages. The sternum was by far the stiffest structure of the ribcage and was found ta

displace essentially as a rigid body. The use of si.x elements was~ therefore~ more than

adequate ta model the displacement of the sternum. The costal cartilages and sternum are

shown in Fig. 4.11 in an assembled configuration.
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Figure 4.11: Costal cartilages and sternum of the finite element model shoVy~ in a frontal

view. The beam elements of the costal cartilages are only illustrated by a tine to represent

the elastic axis.
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The costal cartilages are attached to the sternum at the costostemal joints via a number

of ligaments. It was not necessary, however~ to model the ligaments and joints directly.

Instead~ in the present model~ the costal cartilages were attached directly to the sternum.

The properties of the costal cartilages were then chosen by simulating the experimental

studies on the costal cartilage and sternum unit by Schultz et al (1974b). The combined

effects of the ligaments and costostemal joint were~ therefore. modelled. collectively in the

properties of the costal cartilages. Since the properties of the individual ligaments were

not available~ this represented. the most viable approach and has been used in the other

models (Andriacchi et al: 1974~ Stokes and Laible: 1990~ Closkey et al~ 1992. Loring, 1992).

However: it should be noted that the stress and strains v.."Ïthin the costal cartilage elements

were. consequently~ not likely to be correct.

To simulate the experiments by Schultz et al (1974b): the costal cartilages and sternum

were isolated from the ribcage mode!. Forces in the superior/inferior and anterior/posterior

directions were applied to the costal cartilages at the average position of the 5 specimens

tested. The cross-sectional properties of the costal cartilages were initially chosen to match

the average rib shaft values with an E of 300 MPa. Through a trial and error approach.

the properties were subsequently adjusted to match the experimental measurements. The

final values chosen are presented in the validation results of Chapter 5.

4.2.2:3 Costovertebral and Costotransverse Joints

The spatial orientation of the costovertebral and costotransverse joints leads to the

unique kinematics between the ribs and the vertebrae. The dominant motion is a rotation

about the rib neck axis that interconnects the two joints. This motion is central to respi­

ration as the ribs rise up during inspiration by rotating about this axis. As a result~ much

of the changes in ribcage shape during respiration are due to the rigid body displacements

of the ribs, as opposed to a deformation of the ribs.

To model this behaviour. the costovertebral joint was modelled as a pinned joint v.."Ïth

no resistance to bending in any plane. The axial stiffness and torsional response of the

joint was modelled bya rod element with bi-linear properties. A high compressive stiffness
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Figure 4.12: The structural model of the costovertebral and costotransverse joints.

was used to prevent penetration of the rib into the vertebra: a lower tensile stiffness was

used to allow for some separation between rib and vertebra. Only one rod element was

used at the costovertebral joints between the rib heads and the vertebrae. For most ribs.

the rib head articulates with two adjacent vertebrae. However~ the use of only one rod

was found to be adequate to model the overall rib-vertebrae kinematics demonstrated in

experimental studies.

The costotransverse joint was modelled by a beam element oriented normal to the rib

neck axis. Once again~ bi-linear properties were specified to prevent penetration and allow

easier separation. A schematic illustration of the structural model of the costovertebral

and costotransverse joints is shown in Fig. 4.12.

Similar to the costostemal joint. the ligaments of the costovertebral and costotransverse

joints were not modelled explicitly: but rather were lumped into the overall behavioUI of

the joints. The choice of the appropriate material properties was determined: once again:

through the numerical simulation of the experiments of Schultz et al (19i4b). A small

portion of each rib was loaded in three orthogonal directions at a point which was the av­

erage of the 5 specimens tested. The attachments of the costovertebral and costotransverse

joints at the vertebrae were fixed in all directions. A trial set of material properties were
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initially used and subsequently adjusted till agreement between experiment and model

was established. The adjustment of the properties was quite straightforward~ by keeping

in mind that the predominant motion must be a rotation about the rib neck axis. The

final set of properties for the beam and rad elements are presented in Chapter 5.

4.2.2.4 Intercostal Structures

To model the passive response of the intercostal muscles and tendonous attachments

between each of the ribs~ a number of rod elements were used. They were arranged in a

criss-cross pattern between each rib similar ta the external and internal intercostal muscles.

Each node from one rib was attached to four other nodes; two on an adjacent superior and

two on an adjacent inferior rib! except rib 1 and 10 which could only be attached inferiorly

and superiorly. respectively. Therefore. 20 elements were used between each rib on either

side. for a total of 360 elements. Since the muscular and tendonous tissues are incapable

of resisting compressive forces~ bi-linear properties were used for the intercostal elements.

The compressive stiffness was assumed to he 10 times less than the tensile stiffness. This

ensured that there was little compressive resistance between adjacent ribs, while preventing

overlap and physical interaction. The tensile properties for these elements were determined

by the numerical simulation of experiments on the lateral and anterior1posterior stiffness

of the ribcage. This procedure is detailed in the following section.

4.2.2.5 Assembled Ribcage

The elements of the individual components of the ribcage were cambined together

into the assembled ribcage using the three-dimensional nodal coordinates. The assembled.

ribcage is shown in Fig. 4.13. In summary, the model was composed of 180 beam elements

for the bony ribs! 50 beam elements for the costal cartilages, 6 plate elements for the

sternum~ 20 beam elements for the costotransverse joints, 20 rod elements for the costover­

tebral joints and 360 rod elements for the intercostal tissues. for a total of 636 elements.

The nodal coordinates of the elements were defined by 283 grid points. Additionally. 20

other grid points were included in the model far the locations of the vertebral centres and
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shear centres of the spinal column (see Section 3.6)~ for a total of 303 nodes.

The spinal column stiffnesses were not~ of course, included in this modeL but rather

were part of the beam-column mode!. However, several constraints had to be included

in the ribcage model to ensure compatibility with the spinal model. The spinal column

model assumed that the spine was inextensible~ due to high axial stiffness, and that no

deformation of the cross-section occurred. Therefore: rigid body elements were included

at each rib level to ensure that no cross-sectional deformation occurred between the cos­

tovertebral and costotransverse nodes on the vertebrae. The four nodes were thus rigidly

linked at each rib leve!. Similarly! to prevent relative axial displacement between the rib

levels, a rigid rod element was added between each node at the vertebral centres. These

nodes were then pin-connected to the rigid body elements interconnecting the costover­

tebral and costotransverse joints. Therefore, 20 rigid body elements were aIso included

in the ribcage model to represent the high axial and cross-sectional stiffness of the spinal

column. Otherwise, no other constraints were imposed between the rib levels.

The overall defiection behaviour of the ribcage was validated by comparison with ex­

perimental results in the literature, as done for the previous models. Agostini et al (1966)

subjected the muscle relaxed ribcage of three live males to a lateraI squeezing force of up

to 147 !.'[. The subjects were in a sitting position during the experiment. The changes

in the lateraI diameter! as weil as the anterior-posterior diameter (measured between the

sternum and the vertebrae) were recorded at the level of the xiphoid process. The loads

were applied to the ribcage through two plates (140 mm x 30 mm) positioned on either

side, just ventral to the muscle latissimus dorsi and centred at the height of the xiphoid

process. To simulate these experiments, lateraI forces were applied to the two mast lateral

nodes on either side for ribs 5-8. Therefore, the lateralload was distributed over 8 nodes

on either side. A net lateral force of 120 N was applied to either side. The vertebral centre

node of the first vertebra was constrained against vertical displacement, since the high axial

stiffness of the spinaI column would prevent vertical motion. The vertebral centre node of

the 10th vertebra was aIso constrained against displacement to simulate the vertical sitting

position of the test subjects. To simulate the back support against which the volunteers

139



..

­.jt

(A) (B)

(C)

Figure 4.13: The finite element model of the assembled ribcage. (A) Lateral vie\v: (B)

Frontal view; (C) General view. ~ote that in (A) and (B) the intercostal elements were

removed for darity and only sho'WD. in CC). Alsa~ beam and rad elements are anly illustrated

by a line ta represent the elastic axis.
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sat, the most posterior nodes on either side were constrained against anterior-posterior

translation and completely unconstrained in other directions.

Nahum et al (1971) subjected both embalmed and fresh (unembalmed) cadavers to

frontal compression loads on the sternum. A 152 mm diameter striker applied the com­

pression load to the sternum~ centred at the rib 4-5 leve!. The posterior of the ribcage was

restrained by a rigid support. Loads of up ta 616 K were applied. To simulate these ex­

periments~ a compression force of 500 ~ was applied to four nodes of the sternum. located

at the junctions of ribs 4 and 5 with the sternum The most posterio! nodes on each rib

of either side were constrained against anterior-posterior translation. to simulate the back

support.

As discussed in the previous section~ the tensile properties of the intercostal elements

were chosen through trial and error ta ensure a reasonable agreement between model

predictions and the experiments just described. In preliminary investigations. it was found

that the intercostals primarily affected the response of the ribcage to the lateral squeezing

force, as opposed to the frontal compression force. Therefore. the intercostal values were

chosen by tirst matching the model predictions to the experimental results for the lateral

loads. The final property values are presented in Chapter 5~ along \'oith the validation of

the overall ribcage response.

4.3 Solution

The analyses were performed using the general purpose finite element program 1-ISC/

~astran (V65~ ~Iac:\ea1-Schwendler Corporation~ Los Angeles, CA, USA). The program

was implemented on a mainframe environment (IB~f 309D-200E. with vector processing).

The output was downloaded from the mainframe environment to a PC en\-ironment for

analysis. The program FENfAP (Vl.l. Enterprise Software Products~ Harleysville~ PA.

USA) was used for post-processing of the nodal displacement data.

The solution sequences SOL24, 80L64 and SOL66 were used for linear, geometric

nonlinearity, and geometric and material nonlinearitYl respectively. Relatively small load
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increments were usually required due to the high differences in stiffness properties between

the bony and soft tissues structures. otheI'Vlise numerical divergence problems oeeurred.

The bi-linear properties were handled through SOL66~ however~ usually only one load

inerement was required if geometrie nonlinearity was not eonsidered..

4.4 Equivalent Stiffness of the Ribcage

The finite element model of the ribeage~ deseribed in the previous sections~ was devel­

oped in order to investigate the support provided for the spinal eolumn through a passive

mechanism. As a passive structure~ the ribeage pro'\lides an elastic restraint against the

deforming ribcage. The forces of the ribcage are transferred to the spine through the cos­

tovertebral and eostotransverse joints. Therefore~ the interaction between the spine and

ribeage is very specifie, occurring at four joints on each vertebra. In the present mode!. it

is proposed to take advantage of this anatomieal feature in arder to provide a relatively

simple means of ineorporating the ribeage support into the spinal eolumn mode!.

Previous models of the spine that have not direetly modelled the ribcage~ have either

omitted its support entirely~ or included it in a lumped form (see Chapter 2). The entire

stiffness of the ribeage was modelled by inereasing the thoraeic bending stiffness~ or con­

sidering the thoracic region of the spine as rigid. This was not felt to adequately model

the three-dimensional ribeage support. In particular~ the ribeage support is likely ta vary

with spine level due to the changing geometry of the ribcage. Furthermore. the ribeage

support in a lateral-media! direction is likely to be different from that in an anterior­

posterior direction. Therefore~ in the following two sections~ a model is fust proposed for

the representation of the three-dimensional stiffness of the ribcage. and secondly, a series

of numerieal experiments are outlined to establish the magnitude of the ribeage support.

4.4.1 Madel of the Equivalent Stiffness of the Ribcage

Due to the specifie nature of the spine and ribcage interaction~ it is proposed that the

passive response of the ribeage can be replaced by a 3-D elastic medium which surrounds
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the spine. Furthermore~ the properties of the elastic medium ~"ould vary v-ith rib level.

To illustrate the concept~ consider only the lateral deformation of the spine. At each rib

level~ the relative displacement between the spine and ribcage is elastically restrained in

the coronai plane (Fig. 4.14). The stiffness of the elastic restraint is a function of the

collective actions of the various components of the ribcage. and their respective geometry

and properties. Furthermore~ there is both a ~~push~! and a ""pulP reaction from either

side of the ribcage. Therefore~ the totallateral stiffness of the ribcage can be replaced

by a series of elastic springs for each rib level. The stiffnesses of the springs are dearly

expected to be a function of rib level due to the changing geometry of the ribcage from

top to bottom. The foregoing discussion was confined to only the lateraI stiffness of the

ribcage. An equivalent elastic stiffness for the ribcage could equally be specified for all

other directions. Thus~ the ribcage can be considered as a 3-D elastic medium which

surrounds the spinal column and restrains its motion in ail directions (Fig. 4.15). The 3-D

elastic restraint! however! is transferred to the spine through four joints at each rib level.

Therefore! the ribcage stiffness can and need only be specified at each rib level.

The experimental studies on the ribcage stiffness in the frontal and lateraI directions~

which were used to validate the present FEl\I model! shovled that the passive response of

the ribcage was linear in a large range. In a frontal direction! with loads up to 600 ::\ ~ the

clisplacements remained linear up to 60 mm (Nahum et aL 1971). In a lateral direction.

changes to the ribcage diameter! with loads up to 120 N. remained very linear up to 24

mm (Agostini et al. 1966) and in an experiment on the lateral fiexibility of both the spinal

column and the ribcage, a linear response up to lateraI loads of 250 K. with a lateral

translation of 25 mm. was found (Halsall et al! 1983). The apex of a mild scoliotic curve

might be displaced laterally 10 - 40 mm and even less in the sagittal plane. Consequently.

if this full offset is transferred ta the ribcage. a linear reaction can be expected ail along

the spine. Therefore, it was feh that the 3-D stiffness of the ribcage could be adequately

specified with linear stiffnesses. A further discussion regarding this point is presented in

Chapter 5 on the validation of the present FEM~ where both linear and geometric nonlinear

models are compared with experiment.
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Figure 4.14: :Ylodel of the elastic restraint exerted by the ribcage against the spinal column

in response to lateral bending in the coronal plane (Adapted from Gray. 1989). At each

vertebral level, the colléctive actions of the ribcage are replaced by a spring acting in the

corona! plane at a point SR in the transverse plane. (A) Corona! plane view; (B) Transverse

plane view at one vertebral level.
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Figure 4.15: Three-dimensional model of the elastic restraint of the ribcage which sur­

rounds the spinal column (Adapted from Gray~ 1989). At each vertebral leveL both trans­

lational and rotational springs are used to model the 3-D support of the ribcage.

145



-i

In arder ta express the ribcage stifIness in a general form. consider a point SR about

which the stiffnesses are to be expressed. Three translations~ Tx~ Ty and Tz, as weIl as

three rotations. Rx, Ely and Rz ! expressed in the fixed system! Îj . are defined at point SR·

In general matrix form.. the 3-D ribcage stiffness! at each rib level. can then be expressed

as follows:

Fx kIl k 12 k13 k14 k15 k16 Tz

F y k22 k23 k24 k25 k26 Ty

F z k33 k34 k35 k36 Tz
(4.9)-

Mx k« k45 k46 Rx
My kS5 kS6 Ely

M z k66 Rz

where Fx~ F y and :Fz are forces. and j\.ltx~ My and M z are moments in the fLxed system~

ij • The terms of the matrix~ ku , k12~ ... ~ etc. are the stiffness values of the ribcage.

The diagonal terms represent the principal stiffnesses. whereas the off-diagonal terms are

coupled stiffnesses. For example~ ku is the Lateral stiffness illustrated in Fig. 4.14 at a

given rib level. The terms k12 , k13: k14! k15 and k16 exist oilly if the force Fz produces

translations and rotations in the other directions! in addition to the principal translation

Tz . At each rib leveL a stiffness matrix can be defined! 50 that 10 matrices in total are

required to describe the overall ribcage stiffness.

Due ta the characteristics of the spine and sy"IIlIIletry! not all the terms of the stiffness

matrix need be evaluated. First. due to the high axial stiffness of the spinal column! it

was assumed to be inextensible. Even if axial deformation did occur, the ribcage is not

weil positioned to resist these motions. Consequently, the third row and third column can

be dropped from equation (4.9). Second! due to symmetry about the mid-sagittal plane,

some of the coupled stiffnesses must be zero. A force in the anterior-posterior direction

(Fy ) cannat produce a medial-lateral translation (Tx )! a lateral rotation (Ry) or an axial

rotation (Rz ). Therefore, k21~ k25 and k26 must be zero! which in turn~ implies that k12! k52

and ~2 must also be zero. Similarly, a flexion-extension moment (l\1x ) cannat produce a
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• medial-Lateral translation (T%)~ a lateral rotation (Ry) or an axial rotation (R;;). Therefore~

k41 ~ k45 and k46 must be zero~ which again implies that k14 , k54 and k64 must also be zero.

Therefore, equation (4.9) can be simplified as follows:

Fx kll a 0 k15 k16 Tx

Fy k22 k24 0 0 Ty

Mx - k44 a a Rx (4.10)

My k55 k56 Ry

M z k66 Rz

The stiffness matrix is considerably simplified and only five principal stiffnesses remain~

along with four coupled stiffnesses.

If point SR is chosen as the shear centre of the motion segment. as described in Chapter

3. then the ribcage stiffness can be incorporated directly into the spatial beam-column

equations. The governing equations of the beam-column determine the displacements of

the elastic axis located at the shear centre~ in response to forces and moments applied at

the shear centre. In the beam-column equations. the forces and moments were specified per

unit length. Therefore~ equation (4.10) must be converted to a unit length basis. Since a

stiffness matrix has been specified at each rib leveL each matrix was divided by the distance

between the vertebral centres at the given rib level (see Section 3.6). In tms way. the

applied forces and moments per unit length from the ribcage were specified in a step-wise

manner along the spine. This is not an unreasonable approach since each rib articulates

with a vertebra at two costovertebral joints which span the dise height. Furthermore.

there are ligamentous attachments to the vertebrae both superior and inferior to the rib

head. Therefore~ the rib-vertebra interactions are spread over a distance nearly equal ta

the distance between the vertebral centres.

At a given rib level~ the ribcage stiffnesses are expressed as follows:
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f; kf1 0 0 kf5 kf6 Tz~

f; kG k~4 0 0 Ty22

mT - kG 0 0 Rx (4.11)
% 44

m T kS5 kG Ryy 56

mT k&; R;:z

where J;~ f;~ m;, m~ and m~ are the forces and moments per unit length~ specified in the

fixed system. The stiffness terms kf1 ~ kf5~ kf6' etc. are now specified per unit length. In

order to incorporate these passive reactions of the ribcage into the beam-column equations~

they must be transformed into the undeformed coordinate system. since the beam-column

equations were resolved in that system. The applied ribcage forces and moments f;, 1; ~

m~, m~ and m~, in the fixed system~ are related to the applied forces and moments~ fT
and mr, in the undeformed system. through the rotation matrix Cfj ~ originally defined in

equation (3.20), which relates the undeformed system. êi , to the fi."(ed system î j . Therefore.

the folloVw~g expressions are found for the applied forces

and for the applied moments

If - f;Cf2 + f; C f3

h - .r;C~2 + f;C~3

fr - J;cg2 + f;cg3 ~

(4.12)

mT rCG . rCG rCG
1 - m= 11 ~ m% 12 + my 13

mr reG r reG TeG
2 - m z 21 ï m% 22 + m y 23

mr rCG r rco rco
3 - m z 31 -r- m% 32 + my 33'

(4.13)

-{

The components of the matrix Cij were specified in equation (3.121), and equations (4.12)

and (4.13) can be rewritten as follows:

Ir - f;uo. 1 + f;Vo. 1
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and

J; - J; + !;90

J; - -1; (Bo+Uo.1vO,l)+!;

m; = -m~ (Ua. 1 + Bova.l) + m~ + m~Bo

m; - -m~ (Va.l - BOUo.1) - m~ (Bo+ Ua. lVa.l) + m~

(4.14)

(4.15)

Using equations (4.14) and (4.15)~ the ribcage reactions can be incorporated into the beam­

column equations through the applied forces and moments. fi and mi~ which are included

in the formulation of the governing equations.

The ribcage forces and moments are best described as reactions~ since they are zero

unless the normal relative anatomic position between the spine and ribcage is changed. The

greater the relative motion~ the greater is the reaction. Consequently~ they are functions

of the displacement of the spine~ and the sense of the force or moment is opposite to the

direction of motion. It is~ therefore~ necessary to relate the deformation of the ribcage.

given by Tx~ Ty~ Rx~ Ry and R z in the fixed system, in a manner consistent \Vith the

displacement of the spinal column~ which was expressed in the undeformed system.

First, consider the translations Tz and Ty, which can be related to the translations u

and v. of the elastic axis through the rotation matrix C:J. The translations u and v are

expressed in the undeformed system~ êi , as follows (see equation 3.22)1:

(4.16)

and in the fi.xed system, î j , as

(4.1 ï)

The components in the Î2 and î3 directions represent the translations Tz and Ty , respec­

tively~ of the elastic axis in the fixed system under the action of the applied loads. Ad­

ditionally, there are the components Ua and Vo due to the initial displacements which are

l Note that the axial displacement w has been dropped in accordance with the asSumptiODS of small

axial displacements.
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Figure 4.16: Translation of the shear centre as viewed in the transverse plane. ;';ote that

since the systems are not necessarily co-planar~ then only the projections of the axes of the

coordinate systems êi and ê; onto the fixed system i j in the transverse plane are sho'\\n.

already defined in the fixed system. Using equation (4.17)! and (3.121) for the components

of C~! the translations Tx and Ty can then he expressed as follows (Fig. 4.16):

Tx - Ua + U - v(}a

Ty - Va + v + u(}o (4.18)

--i
"t

These expressions represent the total translation of the elastic axis. expressed in the fixed

system. They are a combination of both the initial configuration and the displaced config­

uration. However, the initial displacement~ Va, used ta represent the initial sagittal profile

of the spine should not result in a passive reaction from the ribcage. Since the ribcage is

naturally curved to match the sagittal profile! it is expected that no passive reaction in

the anterior-posterior direction would be present. Therefore, the translations Tx and Ty

150



are better expressed as

Tx - Uo + U - v(Jo

Ty - v+u8o (4.19)

-

where the initial anterior-posterior translation~ Vo~ has been dropped. The effects of the

initial scoliotic shape given by Uo and 8o~ however~ are retained. If the scoliotic shape

included an anterior-posterior component, then the effect of this on the ribcage reactions

could be included. through the Va term of equation (4.18).

The rotations R x ~ Ely and Rz must also be related to the displacement variables of the

beam-column. This was achieved by equating the terms of two separate rotation matrices~

one involving expressions related to Rx~ Ry and R= and the other involving the displacement

variables of the beam column. u~ v and O. As discussed earlier~ the passive response of the

ribcage was considered to he linear in the range of motion of a mild scoliosis. Consequently~

the ribcage response is independent of 1000 history~ and the rotations Rx. Ry and R= can

be applied in any sequence. However ~ due to the nonlinearity of the beam-column modeL

it is necessary to express the rotations Rx~ Ry and Rz in a manner consistent with the

beam-column equations. The defonned system~ ë; ~ can be related to the fixed system. ij ~

as follows:

(4.20)

where

(4.21)

-{

The rotation matrix. Clj' is the product of the tVlO rotation matrices~ Ctic and CkJ~ which

relate the intermediate undeformed system to the deformed and fixed systems. respectively.
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Therefore. multiplying these matrices together. the following expression for Cij is found:

1 UO. 1 + U,l - (JOV,l - kçv VO,l + V.l + (JOU,1 + kçu

[ - (Uo., + BOvo. l ) - (U.I + Bv.Il

Cij = - BVo.1 + k(v]

[ - (vo. l - Bouo.,) - (V.I - Bu.Il

+ BUo , - k(U]

1

[ - (Bo+ vO.1 Uo. l )

- (B + t,.lu.Il]

80 + 8 - VO. 1 U.l

1

(4.22)

..

where terms of O(E2
) have again been neglected compared. to unity. The rotation matrix.

Ci] ~ represents the total rotation of the beam-column from a straight configuration~ through

an initial curvature and twist: to the spatially deformed configuration. The individual

components of Ci] are. of course. the direction cosines of the deformed system. ë:. relative

to the fixed system î]. Due to the linearity of the ribcage sti.ffnesses~ the rotations Rx :

Ry and R z cao be incorporated into the beam-column equations through any sequence of

rotations. If a sequence of Ry about î3 : followed by Rx about the rotated î2~ followed by

Rz about the rotated il is used. then the rotation matri.x is given by

(4.23)

CzSxCy + SzSy -S::Cy + CzSxSy C=Cx

where Cx = cos Rx~ Cy = cos Ry, Sx = sin Rx~ etc. The rotation matrix~ C:j , of equatian

(4.23) relates the ë: system to the i j system through three successive rotations 14, Rx and

Rz • Therefore~ the rotation matrix C;j must be identical ta Cij of equation (4.22) which

also relates the ê; system to the î j system. Using equation (4.23): the rotations Rx, Fly,

and Rz are given as follows:



sin R:r: - -Ci3

tanRy - Ci2 (4.24)
Cb

C'
tanRz - ~

Ck

If the rotation matrix for moderate rotations given in equation (4.22) is used for the

components in equation (4.24L then the rotations are given by the following expressions.

Rx - -Vo - V 1 - Bou 1 - k(u.1. ,

Ry - Uo. l + U.I - BOV,I - kçv

R z - Bo + () - VO. l U,l

(4.25)

These expressions for Rx ~ Ry and R z are related to the rotations of the beam-column at

the level of moderate rotations. It should be noted that if a different sequence of rotations

is used: then slightly different expressions for Rx~ 14 and Rz are found. However~ these

differences are found to be 2nd order. which are considered negligible in the ordering scheme

of moderate rotations.

SunHar ta the discussion for the translations! the initial sagittal profile should nat cause

a ribcage response. Therefore. if vO. l only represents the normal sagittal profile of the spine.

equation (4.25) should be simplified as follows:

Rz - -V,l - Bou,! - kçu

Ry - Ua,l + u,! - Bov,! - k(v

Rz - Bo+ B - VO,l U.l

(4.26)

-{
where the VO,l term has been dropped. from the Rx expression. Hawever ~ again! similar ta

the translations, the terms uo. l ! Bo and kç are retained for the initial scoliotic shape.
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~.... It is now possible to express the ribcage reactions resolved in the undeformed system

of the beam-column equations~ as a function of the stiffnesses and of the displacement

variables of the spine. Combining equations (4.11)~ (4.14)~ (4.15). (4.18) and (4.25). the

following expressions for the ribcage reactions are found:

f[

fi

{ }+[v]
u

f3 =[R] U,l +{z} (4.27)v
m T

V.l1
f)

mT
2

m T
3

where the components of ('R.L ['Dl and {I} are rather lengthy and are given in Appendix G.

If only the principal stiffnesses are considered~ then the expressions are somewhat simplified

and given as follows:

(4.28)
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and

m~ - -( (k~ - k~) VO,l - k~f)OUo.l ] U,l + [ k~UO.l + k~58ovo.l J V.I

+ [ k~k(uO.l ] u + [ k~kçvO,l 1V - k~B

- [ (k~ - kgs )80 + k~Ua,l VO,l j V.l - [ k~k((Bo + Ua,l Va,l) J U

(4.29)

It should be noted that in these expressions. the stiffnesses are not taken ta he of the same

arder necessarily. Consequently~ higher order terms related ta the initial displacements are

retained. For example~ since kgs is not necessarily the same arder as k~: then terms such

as k~()5 cannot be dropped compared to kgs.

The totalloads~ from the ribcage and body weight~ applied ta the spinal beam-column

model are as follows:

(4.30)

-i

or in component form expressed in the undeformed system~
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12 - ff+f;
~

~ 13 f;: +h (4.31)-
u: rml - ml +m1

m2 - mU: + m r
2 2

m3 - mIL" + m r
3 3

These components have been established (see equations 3.121. 3.122 and 4.27) and can

easily be incorporated into the governing equations~ given by equation 3.107. through the

terms fi and mi included in the fonnulation. It should also be noted that there is a change

of sign in the ribcage reactions given by equation 4.27 when they are substituted into

equation 3.107. At this stage~ the model is DOW complete with the passive reactions of

the ribcage included in the beam-column model of the spine. The equations have been

expressed in a compact matrix form with the components of the matrices available in the

appendices.

It must also be noted that the general ribcage response given in equation (4.27) is

composed of two basic parts: a response related to the initial configuration. and a response

due to the deformation from the initial configuration to the final position. Therefore. prior

to the deformation of the spine~ a constant ribcage load related to the initial configuration.

given by the array {I}, is applied. to the spine. A.s discussed earlier~ the component related

to the normal sagittal profile is not included in these terms: which should only be related

to a mild scoliosis, which is an ';unnatural~! configuration and could generate a response

from the ribcage. This model also assumes that the ribcage response is purely elastic with

no variation with time. However~ in reality, most biological tissues are viscoelastic. and

consequently! stress relaxation occurs. The time frame for stress relaxation of the ribcage

response is likely much less than the yearly time frame of curve progression in scoliosis.

Therefore, during progression the ribcage response could he less than that predicted by a

purely elastic analysis. The exact viscoelastic characteristics of the whole spine are not

available and it is not possible to simulate this effect directly. However ~ if at each increment

of body load the array {I} is set equaI to zero, the ribcage response would only be related to
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the subsequent deformation. In other words~ the ribcage reactions are completely relaxed

after each load inerement so that no constant ribcage load is included. This simulation of

stress relaxation would represent the minjmum ribcage response, whereas the inclusion of

the constant load related to the initial configuration would represent the maximum ribcage

response. In reaIity, the actual ribcage response would likely be somewhere between these

extremes.

It is also apparent from equations (4.27-4.29) that the spine and ribcage interactions

are functions of the initial scoliotie shape included in the terms of [R] and ['D}. The

eomponents of these matrices are related to both the pure stiffness of the ribcage and

to other terms involving the stiffnesses and the initial scoliotie shape. This! of course!

reflects the changing geometric relationship between the initial configuration of a mildly

scoliotic spine and the ribcage. The stiffnesses! however, remain constant! regardless of the

changes, due to the assumed linearity of the ribcage response. In other words. the stiffness

of a normal ribcage is assumed identical to that of a mild scoliosis.

The final point to consider with regard to the present model of the passive reactions

of the ribcage are the boundary conditions used in the finite element modeL The elastic

stiffnesses used to surround the spine are intended to represent the relative stiffness be­

tween the spine and ribcage. Clearly, in day-tcrday activities. the spine can undergo large

motions which are nearly identical to the ribcage motions with little relative displacement.

Consequently! only minimal passive bracing of the spine from the ribcage would occur in

these situations. However. the present model is only concerned with the ribcage response

to a mild seoliotie curve~ and the relative displacement betv;een the spine and ribcage dur­

ing curve progression. Therefore, the boundary conditions of the ribcage shouid reflect its

position during the progression of a mild scoliosis. In the stages of a mild scoliosis~ the ster­

num remains close to its normal anatomie position (Closkey and Sehultz~ 1992). Thus! in

the finite element modeI! the sternum is fixed in its anatomie position in order ta establish

the relative stiffnesses between the spine and ribcage. This is likely an oversimplification

of the situation! and these stiffnesses ean he eonsidered as the upper bound.
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4.4.2 Procedure for the Numerical ExperÎInents

As discussed in the foregoing section! the ribcage stiffness was incorporated. into the

beam-column equations through distributed forces and moments acting at the shear centre

of the spine. The forces and moments were in turn expressed in terms of stiffness matrices

specified at each rib level. Ta determine the nonzero terms of these matrices. a series

of numerical experiments were performed with the developed FE~I ~ and are described

in this section. These experiments could have been performed in two separate ways.

In the fust technique~ the shear centre is displaced in the principal directions one at a

time. From the resultant reactions at the shear centre, it is possible ta determine the

stiffnesses. Alternately. pure forces and moments in each of the principal directions are

applied one at a time. From the resultant displacements of the shear centre. it is possible

ta determine the fiexibilities instead of the stiffnesses. These two techniques! generally

referred to as the stiffness and the fiexibility method. respectively, provide essentially

the same information. However~ in the fiexibility method! it is necessary to invert the

flexibility matrix to determine the stiffness matrix. Generally! in experimental situations.

it is difficult to apply pure displacements! and the fiexibility method is adopted (Panjabi

et al. 1976). In the present model~ if displacements had been applied ta the rigid elements

used to model the vertebrae! the reactions could not have been determined. Therefore. for

the present analysis. it was necessary to adopt the flexibility approach. Equation (4.10)

can be expressed in terms of flexibilities as follows:

Tr

]
III 0 a fI5 f16 Fr

Ty /22 124 0 0 F y

Rr

f=
/44 0 0 Mx (4.32)

Ely f55 /56 My

R= /66 M=

where Ill, f22! /44 etc. are the principal flexibilities~ and fIS, /16~ 124 and /56 are the

coupied flexibilities.

Using equation (4.32L the fiexibilities at each rib level were determined by applying!
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one at a time~ the forces and moments to the shear centre. The resultant principal and

coupled displacements were determ.ined~ from \vhich the fiexibilities could be calculated.

Consider~ for example, the situation when a pure latera! force Fr was applied. From the

resultant displacements. the following flexihilities were then determined.

fll - Tr/Fx

f15 - Ry/Fr

f16 - R:/Fr

(4.33)

...

Similarly, the other fiexibilities were determined from each of the loading conditions by

the same procedure. Once the flexibility matrix at a given rib level was determined. it was

inverted to determine the stiffness matrix. Note that for significant values of the coupled

flexibilities the matrix must be inverted and not just the reciprocals of the flexibilities used

for the stiffnesses. In this manner. the stiffnesses ku , k22 etc. were determined. for each rib

level and then the stiffnesses kIl' k~2 per unit length calculated. It should also be noted

that through this procedure~ bath the ~·push~' and ô~pulr reactions from either side of the

ribcage were collectively contained in these stiffnesses.

4.4.2.1 Sensitivity Analysis

I~ Chapter 5, the finite element model of the ribcage is fust validated in a consistent

manner by comparing the predictions of a model \\ith adult geometry ta experiments

performed. on adults. Cadaveric experimental data to validate an adolescent ribcage model

is not available~ and would be nearly impossible ta obtain. Therefore~ a series of sensitivity

analyses were performed with the adult ribcage model in order ta estimate the stiffnesses

for a young adolescent ribcage. This sensitivity analysis \vas aIso used ta estimate the

differences in the ribcage stiffnesses between an adult male and female due to differences

in geometry.

Changes in four separate parameters of the ribcage were considered: 1) gross ribcage

geometry, 2) rib cross-sectional properties, 3) the lengths of the costal cartilages, and 4)

material properties of the soft and bony tissues. These changes \vere considered separately
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in order to understand how each change contributes to the overall difference when an the

changes were combined. A summary of these changes in a total of ten models is presented

in Table 4.1! and described in detail below. It should also be noted that the effect of

changes in the ribcage stifInesses was also investigated in the parametric analysis of the

whole spine model presented. in Chapter 7.

To investigate the effects of the grOS5 ribcage geometry on the stiffnesses. three separate

models were generated. In each of the models. the width! depth or height of the ribcage was

reduced. by 20%. respectively. These reduction values were based on anthropometric data

of the thorax width. the biacromial distance! the thorax depth. the thorax circumference

and the spine length of a nine year oid girl and ten to eleven year old boy compared to

their values in an adult (Tanner! 1962; Watson and LOV-lTey! 1962; .-\nderson et al. 1965;

Howatt and De~Iuth~ 1965: Eveleth and Tanner et al. 1966; )AcCammon! 1970: Karlberg

and Taranger! 1976; Tanner! 1976; Sinclair! 1978). These results were based on studies

which were conducted on populations of \Vestem societies which were similar to those used

to establish the changes made to the spine model (see Chapter 3).

To investigate the effects of the rib cross-sectional properties. two separate changes

were considered. The major and minOT diameters of the outer cortical walls of the ribs

were reduced by 20%. since the rib cross-sectional dimensions have reached about 80% of

their adult value and the total rib areas about 60-65% (.......82 X 100) by the age of 9 and

10-11 ·years in girls and boys~ respectively (Sedlin et al! 1963; Sedlin, 1964; Takahashi and

Frost. 1966). However! though the gross dimensions are increasing! the ratio of cortical to

total area decreases consistently from birth throughout life (Sedlin! 1964; Takahashi and

Frost! 1966). This change was simulated by decreasing the ratio of the inner dimensions

to the outer dimensions by 20% via the parameter te which gave a ratio of the cortical

area to the total area of 0.6! which was reported for a 9 year old girl and 10-11 year old

boy. Therefore! though the total rib cross-sections are smaller in adolescents compared to

adults! they have thicker cortical walls, which should counteract the changes due to smaller

ribs to a certain extent.

To investigate the effects of an increased costal cartilage region! the lengths of the costal
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cartilages were increased by 30% to simulate an adolescent compare<! to an adult. In the

growing adolescent~ the rib tips become gradually ossified~ such that the lengths of the

costal cartilages are gradually decreased until adulthood. In the model of Stokes et al

(1991)~ based on adolescent ribcage geometry~ the properties of soft tissues were increased

compared to the CUITent model to achieve agreement with the lateral and anterior load

experiments conducted on adults. These authors argued that this increase in modulus was

needed to counteract the softening due to the increased region of costal cartilage in their

mode!. They also noted that in comparison to the experiments on isolated ribs (Schultz et

al, 1974a)~ their model predicted much larger displacements due ta the increased lengths

of the costal cartilages.

To investigate the effect of material properties. five other models were generated. In

the first~ the cortical bone modulus was reduced by 25% since the modulus has reached

about 75% of a young adult value by about 10 years of age males and females (CUITey and

Butler~ 1975: Carter and Spengler, 1978). This reduction of modulus is due to changes in

bone mineral content and cortical bone density (Currey~ 1988; Gilsanz et al. 1988: Geusens

et al~ 1991: Keaveny and Hayes~ 1993; Gilsanz et al, 1994; !Vfora et al~ 1994). In the other

four models. the moduli of the soft tissues of the ribcage~ i.e.~ the intercostals! the costal

cartilages! the costovertebral and the costotransverse joints~ were indhidually reduced by

60% compared to the adult values in each of the models~ respectively. These changes to

the soft tissue material properties were made based on the estimates of increased fiexibility

in a young adolescent spine ()'1iller and Skogland. 1980c). as outlined in Section 3.10.1.

Since this increased fiexibility was likely due to changes in the ligaments~ as \vell as the

discs~ it was felt that this reported. difference could he extended to the ligamentous soft

tissue of the adolescent ribcage.
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Table 4.1: SUllllllury of the tell lllOdels developed to iuvest.igut.e t.he scusit.ivit,y of the ribcnge St.itfllcssCS to changcs in gCOlllctry

and IIHl.terial property panunetcrs.

Madel Pcrc:ellt.nge Change of Ribcngc Plunmctcr Compnrcd to Valucs in the Validated Model

Grmuol Ribcagc DimCIl::lioilH Rib Cross-Sectionnl Dimensions Material Propertie.'i COHtnl Curtilagc LcngthM

Width Dcpth Height ho, IJo te Bcort EIC Ecc Eev EC1'

G-RW . 20

G-RD -20

G-R.H -20

G-ReS -20 -20

G-CC +30

MP-CRT -25

MP-IC ~tm

MP-CC -(iO

MP-CV - 60

MP-CT -60
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4.4.2.2 Determination of Adult Ribcage Stiffnesses

The FEM of the ribcage was developed and validated from data of bath male and

female adults. Therefore! it was considered to be representative of an ;'average!' adult

v..ith no distinction between male and female. This model was then used ta determine

equivalent ribcage stiffnesses using the procedure described at the start of Section 4.4.2.

These stiffnesses were presented in Section 6.2 and have been used to validate the whole

spine mode!.

Ta determine the ribcage stiffnesses of an adult female and male! linear interpolation

and extrapolation were used based on the results of the foregoing sensitivity analysis. It is

not clear if there are any differences in the material properties of the soft tissues _between

female and male adults (Nachemson et al. 1979). In the absence of reported differences.

the material properties of the ribcage soft tissues were assumed to be identical in males

and females. Similarly! differences in the bone minerai content of cortical bone between

adult females and males have been reported (Geusens et aL 1991: Gilsanz et al, 1994),

but~ it was less clear if there were differences in bone mineral density. and therefore! bone

modulus. Geusens et al (1991) have reported an increased bone mineraI density in males,

whereas others have argued that these differences were due ta differences in bone size.

which has not always been accounted for in the experimental methodology (Gilsanz et al.

1988; Katzman et al. 1991; Gilsanz et al. 1994). Therefore! in the absence of reported

differences in the modulus of cortical bone between females and males. it was assumed to

be identicaL

The geometry of the ribcage in males and females has been reported. to differ. Firstly,

the outer dimensions of the individual rib cross-sections of an adult female were reported

ta be 77-86% of an adult male (Sedlin et al~ 1963). This was consistent ~rith the results

that the total cross-sectional area of the adult female rib was only about 62% of the male

(Sedlin, 1964: Takahashi and Frost. 1966; Santoro and Frost! 1968)! since the total area

woald be proportional to the square of the dimensions ("" .82 X 100 = 64%). On the other

hand! the area of cortical bone in the female was reported ta be about 86% of the male

value (Sedlin et al~ 1963; Sedlin. 1964; Takahashi and Frost! 1966; Santoro and Frost~
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1968). Therefore~ the ratio of cortical area to total rib cross-sectional area was increased

from -- 0.31 in a male to -- 0.43 in a female, which implied that the cortical wall thickness

is greater in females. Since this ratio in the present model was given by (1 - t~), then te

was about 0.76 in females and 0.83 in males. In the ~average~ FE~1 developed. a value

for te of 0.8 was used and a ratio of cortical bone area to total cross-sectional area of 0.36.

Therefore, these values were both midway between those of a male and female. On the

basis of the foregoing, the outer dimensions of the female rib were assumed to be 80% of

the male~ and the parameter which established the cortical wall thickness, te, was assumed

to be reduced by 10% in the female. Using the results of the sensitivity analysis for changes

in these parameters, the effect of these differences between the male and female ribs on

the ribcage stiffnesses was determined with linear interpolation and extrapolation.

The second difference in the geometry of the male and female ribcage included in the

modeI was the gross dimension. The gross depth, width and height of the female ribcage

have been reported to be about 92-94% of the corresponding dimensions in males (Watson

and Lowrey, 1962; Tanner et aL 1966; Anderson et al, 1965: :YIcCammon~ 1970; Eveleth

and TanneL 1976: Karlberg and Taranger, 1976; Lowrey, 1978). These data were obtained

again from a broad range of \Vestern populations and were found to be very repeatable.

Therefore~ it was assumed for the present study that the gross depth, width and height

of the adult female ribcage were only 93% of the correspondïng male dimensions. The

results of the sensitivity analysis of the ';average" ribcage were then used to establish the

differences in ribcage stiffness of a male and female due to changes in the gross ribcage

dimensions.

Some studies have also suggested that the thoracic ratio and thoracic index of the

ribcage also differ between males and females (Davenport. 1934; Takahashi and Atsumi.

1955; Howatt and De~Iuth, 1965; Davis and Troup~ 1966; Karlberg and TarangeL 1976:

Grivas et al, 1991). However. these reported differences were not consistent and only

around 2-3%. Therefore, the thoracic ratio and index were assumed to be the same in

females and males.

The foregoing differences in the rib cross-section and the gross ribcage dimensions were
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superpositioned to establish the final differences in the ribcage stiffnesses of an adult female

and male. Further, the ribcage stiffnesses per unit length included the differences in spine

Iength of the male and female which also contributed to differences in the final stiffness

values. These final stiffnesses are presented in Section 6.4.

4.4.2.3 Determination of Adolescent Ribcage Stiffnesses

The magnitude and sense of the changes used in the sensitivity analysis were based

on the differences between a 9 year old girl and an adult female~ and a lOto Il year old

boy and an adult male. At these ages~ boys and girls were reported ta have about an equal

percentage of their growth remaining to reach adulthood. For example~ the ribcage v,.idth

of a 9 year old girl was 80% of the value of that of an adult female~ and similarIy, the ribcage

width of a 10 ta Il year old boy was also 80% of an adult male. However. in a female.

growth is fully ended by 16 years whereas in a male~ it is closer ta 18 years. Therefore~ the

results from each of the sensitivity studies were superpositioned! and the total difference

in the ribcage stiffnesses of a 9 year old girl or 10 to Il year old boy compared to an adult

was determined. These results are presented in Section 6.4.

Ta determine the stiffnesses at other ages between the 9 OT 10-11 year old and the adulte

interpolation could be readily empIoyed due ta the linearity of the mode!. The increments

of the gross ribcage dimensions were determined from available gro\\1;h charts (Tanner.

1962; \Vatson and Lowrey~ 1962; Anderson et aL 1965: Howatt and De~1uth. 1965; Tanner

et al! 1966: ~IcCammon! 1970: Karlberg and Tanner! 1976; Eveleth and Taranger~ 1976:

Lowrey~ 1978). These data were again from a broad population of "Vestem societies~ which

demonstrated very close agreement in the yearly growth increments as a percent of the final

dimension. Separate growth charts were used for females and males which included the

differential adolescent growth spurts. The specifie changes in the gross ribcage dimensions

from young adolescence to adulthood are shawn in Fig. 4.17.

The increments in the individual rib cTOss-sectional properties were based on the re­

ported data for the changes with age in the rib dimensions (Sedlin et al. 1963)! and total

and cortical areas (Sedlin et al~ 1963; Sedlin! 1964; Takahashi and Frost~ 1966). Since the
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". data was not detailed. enough~ ooly uniform increments were used at ail ages between the

9 or 10-11 year old and adulte

The increments for the material properties of the bone and soft tissues were also as­

sumed to be uniforme As discussed in Section 3.10.2~ there was not enough detailed

information to implement variable increments due ta the gro",~h spurt.

These differences at each age were collectively superpositioned. to establish the ribcage

stiffnesses as a function of age. A.t each age~ the ribcage stiffnesses per unit length were aIso

determined. using the changing spine length as detailed in Section 3.10. The final ribcage

stiffnesses per unit length at all ages for male and female are presented in Section 6.4.

Ta summarize~ the 3-D ribcage stiffnesses at all rib levels of an ;';average~~ adult were de­

termined frOID a validated FE~I of the ribcage. A sensitivity analysis was then conducted.

to establish the effect of changes in geometry and material properties of the ribcage on

these stiffnesses. The results of this analysis were used to estimate the differences be­

tween an adult female and male ribcage~ and the maximum changes in the stiffnesses of a

young adolescent. bath male and female~ compared to an adulte Finally~ using interpola­

tion in conjunction with growth charts~ the ribcage stiffnesses at ail ages between young

adolescence and adulthood were determined.

In Fig. 4.18~ a flowchart is presented to illustrate the overall CUITent approach of

first developing both a spine and ribcage model based on data of an ~. average'~ adult.

'with no distinction between male and female. These models were then validated against

experimental data collected from the mechanical testing of the adult spine and ribcage.

Subsequently. the geometry of this validated. "average~' model and the applied body weight

were changed ta represent an adult male and female. Finally~ the material properties

and geometry of the male and female models~ as weil as the applied body weights. were

further changed to represent the male and female adolescent. These models were then

used ta analyze the mechanics of curve progression during the adolescent growth spurt.

This current approach differs significantly from previous studies~ which have used models

developed and validated solely for an ;;average~~ adult male (Schultz. 1984; Scholten, 1986).

or developed with adolescent geometry yet validated against data determined from adults
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(Stokes et Laible. 1991). In other models, it is even less clear if they are representative

of an adult or an adolescent because they are not rigorously validated and the choice

of properties are not clearly justified (Patwardhan et al~ 1986: Lindbeck~ 1988; ~oone

et al. 1991). It is argued that the current approach of first validating an adult model.

and then systematically and consistently changing the mechanical parameters to develop

an adolescent model should provide greater ÏnSight into the progression of scoliosis in

adolescence.
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Chapter 5

VALIDATION OF THE PRESENT

MODEL

5.1 Introduction

To validate the present analytic mode!. the predictions of the model were compared

\vith the results of severa! experimental and model studies. Due to the nature of the present

model. comparisons were fust made for the predictions of the isolated ribcage followed by

the spatial beam-column model with the incorporated equivalent ribcage stiffness. These

validation studies were all conducted with ~~average~~ adult properties and loads for bath

the ribcage and spine models. It should be noted that the equivalent stiffness values of

the ribcage are not presented until Chapter 6. Ho\vever! the validation of the full spinal

beam-column model with the ribcage stiffnesses is included in the present chapter in order

to present the validation studies in a unified manner.

5.2 Finite Element Model of the Ribcage

First! the present finite element model predictions were compared \\-ith experimental

results for the load-displacement behaviour of the individual components. .~s outlined

in Chapter 4. this comparison was used ta establish the final properties of some of the
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elements. Next~ the overall load-displacement behaviour of the assembled ribcage was

compared with experiment, and one other set of properties determined. The present FE~1

of the ribcage was also compared with the other models in the literature.

5.2.1 Individual Ribcage Components

Ribs

As detailed in Chapter 4~ the tips of the individual ribs were loaded with a ï.4 X

force in medial/lateral, anterior/posterior and superior/inferior directions \vith respect

ta the rib coordinate system. The resulting deformations are reported in terms of the

translations of the rib tips in the principal directions. respectively. Significant out-of-plane

translations of the tips also occurred, which is in agreement with experimental observations.

However, since ooly sample experimental results have been reported, these out-of-plane

model predictions could not be validated. Similarly~ the displacements' along the rib length

could not be compared. with experimental results for a lack of data.

The present model predictions of the principal translations of the rib tips are shown in

Fig. 5.1 for ail ten ribs. The predictions were determined for three different sets (Cases A.

B &. C) of cross-sectional properties (see Chapter 4; Section 4.2.2.1.) in order to explore the

effect of variation along a rib and between rib levels. Note that the comparisons were made

for a geometrically linear analysis of the rib displacements, and therefore. no differences

occurred. for loads applied in opposite directions (i.e.~ medial/lateral, etc.). Regard.less of

the cross-sectional properties, the translations of the rib tips shovled a cIear variation \Vith

loading direction and rib level. The rib translations in the anterior/posterior directions

were much less than in the other directions for ribs 2-10, whereas the medial/lateraI and

superior/inferior translations were of similar magnitude. The translations for rib 1 were

similar in the medial/lateral and anterior/posterior directions, but were 3-4 mm larger

in the superiorjinferior direction. This behaviour was likely due to the orientation of

the minor axis of rib 1 which was close to the transverse plane. The rib translations

were in general maximum for ribs 7-8~ for allioading conditions~ which refiected the gross

rib geometry. Ribs 7 and 8 were the longest ribs~ and thus~ the longer moment arm
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for the superior/ inferior and medial/lateral forces lead to increased translations. The

anteriorjposterior translations were also a refiection of the gross rib shape~ but were also

strongly infiuenced by the costal cartilage section at the tip. The anterior/posterior force

was directed along an axis between the costotransverse joint and the tip. Therefore~ the

action of this force \\'as affected by the medial/lateral offset of the curved rib from this axis.

Though the radü were larger in lower ribs~ the most lateral position of each rib changed

little between ribs 4-8. The increase in the translations between ribs 1 and 4. therefore~

was likely a result of the increased. moment arm. The further increase in translations up

to rib 8 was likely due to the increased length of the costal cartilage section on the rib.

The subsequent decrease in the translations for ribs 9-10 was due to a combination of a

decreased. costal cartilage length and a decreased moment arma

The foregoing description of the rib behaviour was found irrespective of the three sets

of cross-sectional rib properties. There were. however~ small differences and the use of

Case A properties! which incorporated separate neck and shaft properties which varied

with rib level~ did provide a slightly better agreement \\iith experiment. Therefore~ the

cross-sectional properties of Case A were used in all subsequent analyses.

In Fig. 5.2~ the present model predictions of the rib tip translations are compared

with the experimental measurements of Schultz et al (1974a) and the model predictions of

Closkeyet al (1992) for both a linear and a geometrically nonlinear analysis. Consequently.

the results from forces applied in opposite directions are now presented separately due to

differences in behaviour related to the updated. geometry of a nonlinear analysis. Excellent

agreement was found between the e}.,1>erimental results and the present model predictions

for all loads and at most rib levels. The greatest differences occurred at rib 10 for ail

load directions except media!. There was no obvious reason for this cliscrepancy. However.

it was possible that the costal cartilages were longer in the specimens compared with the

present model, which could have contributed to the increased motion found experimentally.

Alternatively, the cros5-sectional properties in the present model could have differed from

those in the experiment~ which were not reported. The reductions in the model cross­

sectional properties necessary to achieve agreement, however, appeared to be unreasonably
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large. Exarninjng the individual specimen data (Schultz et al~ 1973a)~ it was noted that

the displacements were double for one out of the five rib 10 specimens~ in ail directions~

except medial. Consequently, the average experîmental results from all five specimens were

likely somewhat skewed at rib 10. If only the average of the four other specimens were

used. then much closer agreement between the results of the experiment and the model

predictions was found. The model predictions of Closkey et al (1992) also did not agree

with the experimental results at rib 10, and were more similar ta the present mode!.

The predictions of the present model were in close agreement with those from Closkey

et al (1992). The largest differences occurred in ribs 2,4 and 6 for an anterior load. The

present model translations were about 50% less, which resulted in better agreement v.;th

experiment. This better agreement was due possibly to the use of an elliptical cross-section

in the present model~ the orientation of which changed v-;th rib level. Consequently, in

the upper ribs, the major axis was better oriented to resist an anterior/posterior load, and

contributed significantly to the anterior stiffness. In the model of Closkey et al (1992),

beams at ail rib levels were assigned the same stiffnesses.

The differences in the present model predictions from the linear and geometrically non­

linear analyses were generally small at these load magnitudes. For a laterai force. the

translations were predicted to be decreased for the nonlinear analysis, whereas they were

increased for a medialload. Similarly~ the nonlinear predictions were increased compared

to the"linear predictions for a posterior load, and decreased for an anterior load. These

changes were at maximum ooly about 5 mm. and in general, much less than 10%. The

differences between the linear and nonlinear predictions for superior/inferior loads were

very small at less than 1%. NIore importantly, the agreement between the model predic­

tions and experimental results was not significantly improved by the nonlinear analysis

compared to the linear analysis. Therefore, at these load magnitudes, a linear analysis

was clearly suflîcient to predict the rib translations. This comparison~ however. has only

been performed at the given load magnitude. It is possible that for higher or lower loads,

the model predictions would be less accurate. Furthermore~ nonlinear material properties

have not been considered either. since there are no values reported in the literature.
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Figure 5.1: Predictions of the present model for the principal translations of the rib tips

subjected to a force of 7.4 N for three different sets of rib cross-sectional properties. In

comparison to the experimental results of Schultz et al (1974a) (averaged between opposite

loading directions)~ the predictions using the cross-sectional properties of Case A were in

closest. agreement~ although all cases were in good agreement. CA) Medial/Lateral Force;

(B) Anterior/Posterior Force; (C) SuperiorjInferior Force.
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Figure. 5.2 (Con~d) Predictions for the present model of the principal translations of the

db tips subjected. ta a force of ï.4 N for linear and geometrical nonlinear analyses. The

predictions were generally in close agreement to other models (Closkey et aL 1992) ~ and

in better agreement with experiment (Schultz et al. 1974a) for rib levels 2, 4 and 6 for an

anterior force. (D) Medial Force; (E) Posterior Force; (F) Inferior Force.
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It should also he noted that the nonlinear geometric analysis did pred.ict a change in

displacements from loads in opposite directions that was consistent with the experimental

results. The posterior displacements were greater than the anterior displacements. and the

lateral displacements were greater than the media! displacements~ similar to the experimen­

tal results. The d.ifferences at these loads were not large. and the linear analysis predicted a

value midway. A.t larger loads~ however ~ the differences from opposite loads ~~ould only get

larger. at \vhich point the linear analysis would no longer predict displacements in either

direction very welle These differences were easily explained due ta the changing geometry

with increasing load. As the anterior load was increased. the rib became straighter and the

axial stiffness of the rib played a larger raie. The predicted displacement from the nonlin­

ear analysis was. therefore~ reduced for the anterior load due to the high axial stiffness. On

the other hand. as the posterior load was increased~ the rib became more curved. and the

lower bending stiffness played a larger role than the a..'tial stiffness. The predicted nonlinear

displacements were~ therefore, increased for the posterior load. A similar analysis can also

explain the difference between the nonlinear predictions for lateral and medial loads.

Costovertebral and Costotransverse Joints

In order to establish the properties of the beam. and rod elements used to sîmulate the

costovertebral and costotransverse joints~ a short segment of each rib was loaded ",ith a ï.4

r\ forc'e in three orthogonal d.irections~ as described in Chapter 4. Excellent agreement was

found between the predictions of the present model and those of the model of A.ndriacchi

et al (1974), which was previously validated against the experimental results of Schultz et

al (1974b) (Table 5.1). Since the load position was not exactly the same between the ribs

from different cadavers and different rib levels in the experimental results~ the reported

results appeared rather variable. Therefore~ presently~ a more detailed comparison vlith

the experimental results was not undertaken. There were~ however ~ differences in the dis­

placements between rib levels~ which reflected the changing geometry of the costovertebral

and costotransverse joints.

The property values of the costovertebral and costotransverse joints were thus assumed
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Table S.1: The present mode! predictions of the translations of a rib 6 segment loaded in

three orthogonal directions about the costovertebral and costotransverse joints were found

to be in excellent agreement compared to the model of A.ndriacchi et al (1974).

J\1edial/Lateral Anterior/Posterior Superior/Inferior

Present yIodel

Andriacchi et al (1974)

(mm)

1.1

1

(mm)

4.7

5

(mm)

14.7

11.5

•

Table 5.2: The present mode! predictions of the translations of a costal cartilage segment

attached to rib 7 loaded. in orthogonal directions about the costosternal joint were found

to be in excellent agreement compared to the mode! of Andriacchi et al (1974).

Anterior/Posterior Superior1Inferior

Present :\tIodel

A.ndriacchi et ·al (1974)

(mm)

10.2

10

(mm)

18.5

14

-!
'l.

to be the same for ail rib levels in the present mode1: costotransverse - A = 10 mm2 • Il =

500 mm4
~ 12 = SaD mm4

. J = 500 mm4
. ECOMPRESSIVE = -1.5 ~IPa~ ErENSILE = 1.0 :vIPa:

costovertebral- A = 10 mm2
. J = 500 mm4 ~ ECO~[PRESSIVE = -0.3 1tlPa~ ErE~SILE = 0.03

MPa.

A. nonlinear analysis was not performed since agreement be~'een the model predictions

and the experimental results was achieved with a linear analysis. Furthermore~ nonlinear

experimental load-displacement results or nonlinear properties have not been reported.
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Costal Cartilages

As described in Chapter 4~ the costal cartilages were subjected to anteriorfposterior and

superiorfinferior loads of 7.4 :ç ~ith the sternum fixed. in order to establish appropriate

properties of the costal cartilage elements. Excellent agreement was found between the

present model predictions compared to the model predictions of A.ndriacchi et al (1974)

which was previously validated against the experimental results of Schultz et al (1974b)

(Table 5.2). The final properties of the beam elements used to model the costal cartilages

at all levels were: A = 20 mm2 ~ Il = 150 m.m4 = 12~ J = 300 m.m4 ~ E = 300 :YIPa.

Although difficult to compare directly due to differing dimensions~ the Young~s yIodulus

agrees with the value at 275 MPa used by Roberts and Chen (1970) and is smaller than the

480 lVIPa used by Stokes and Laible (1992). This difference is probably due to the larger

region of costal cartilage in their model~ which was reconstructed from an adolescent x­

ray. Therefore~ a stiller costal cartilage was needed to achieve agreement with experiments

conducted. on adults. Again~ a nonlinear analysis was not required since agreement was

easily achieved ~ith the linear analysis at the magnitude of loads considered.

5.2.2 Assembled Ribcage

The validation of the gross ribcage stiffness in both the lateral and anteriorf posterior

directions is presented in this section. As described in Chapter 4. the stiffness of the ribcage

in response to a lateral squeezing force was first validated. to establish the appropriate

properties for the intercostal elements. In Fig. 5.3. the present model predictions for the

change in ribcage diameter in both the lateral and anteriorfposterior directions at the level

of the xiphoid process due ta a lateral squeezing force is presented. In comparison with the

experîmental measurements of Agostini et al (1966)~ on three live (muscle relaxed) males.

excellent agreement was found. The present model prediction of the change in the lateral

ribcage diameter was essentially identical compared to experiment~ whereas the change

in the anteriorfposterior diameter was greater by less than 20%. A better comparison is

the ratio of the percentage change of the anteriorfposterior diameter to the percentage

change of the lateral diameter! since this nondimensionalizes the ribcage dimensions which
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may have differed between experiment and the mode!. Again~ an excellent agreement was

found with a ratio of -0.38 measured experimentally and a ratio of -0.41 predicted by the

mode!. The properties of the intercostal elements needed to achieve this agreement were

readily found through trial and errar. The final values for the intercostal rod elements were

A = 20 mm2 and E = 2.5 ~fPa in tension and 0.25 MPa in compression. The elements

had negligible torsional stiffness.

This passive response of the intercostals had to be included in order to achieve agree­

ment between experimental results and the model predictions. In simulations v..ithout

intercostals. the ribs subjected to lateral loads displaced independent of the other ribs

which is unrealistic. In particular~ the change in the lateral ribcage diameter was much

larger than observed experimentally. Without the intercostals. there was very small change

in the anteriorfposterior diameter which also did not agree with experiment. The inclusion

of the intercostals stiffened the whole ribcage and ensured that the displacements from one

rib were transferred to the adjacent ribs as seen in Fig. 5.4.

!vIost of the changes to the Lateral diameter \vere due to rigid body rotations of the

bony ribs about the ri~neck axis at the costovertebral and costotransverse joints. This

was evident from examining the strains in the rib elements. which were found to be small.

l\onetheless. the change in the ribcage diameter was partly due to defonnation of the

ribs. This rib motion is consistent with the actions of the ribs during respiration. On the

other hand~ the anteriorfposterior changes were due mostly to the outward deformation

of the flexible costal cartilage and to a Lesser extent due to deformation of the bony ribs.

This description of the change in ribcage diameters also explains why the intercostals

predominantly affect changes to the lateral diameter. The intercostals are ideally oriented

to resist the rigid body motion of the ribs relative to each other in directions normal to

the plane in which they lie~ but are poorly oriented to resist the outward expansion at the

front of the ribcage.

In comparison with the results of the other models~ the present model was more flexible

than that of Andriacchi et al (1974L and therefore~ was in much closer agreement ~ith

the experimental results. This result was not surprising due to the rigid ribs used in
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Figure 5.3: Comparison of the predictions of the present finite element model of the ribcage

subjected ta a lateral squeezing force compared with experiment and previous models. The

predictions of the present model are ooly shown for a linear analysis to maintain clarity.

Excellent agreement for the change in the lateral diameter was found in comparison to

both experiment and previous models~ whereas a better agreement with experiment Vlas

found for the change in anteriorfposterior diameter.
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Figure 5.4: Deformed and undeformed configuration of the ribcage finite element model

subjected to a laterai squeezing force centered at the level of the xiphoid process at the

bottom of the sternum. The intercostal elements between the ribs ensured the coordinated

action of ail the ribs together.
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the model of _A\ndriacchi et al (1974). The change in the lateral ribcage diameter of the

present model was very close to that of Closkey et al (1992). However, the change in

the anterior/ posterior diameter was about three times more in the present model! which

resulted in better agreement with the experimental results. This difference was likely due

to the pelvostemal springs included in the model of Closkey et al (1992) which restrained

the anterior/ posterior displacements of the sternum. This is further discussed below for

the validation of the anterior/ posterior displacements.

The property values of the intercostal elements used in the present model were in

between that used in other models. Stokes and Laible (1990) used a similar criss-cross

structure over Il nodes per rib and a value of EA = 100 N for the intercostals. In this

modeL with the intercostals also criss-crossed. over Il nodes per rib! a value of EA = 60 ~

for the intercostals was chosen. Therefore, in the present model! the total intercostal stiff­

ness was only about 60% that of the model by Stokes and Laible. Furthennore. they did

not use bi-linear properties vlith negligible compressive stiffness as in the present model,

and thus the difference in total stiffness is greater than 60%. This difference in stiffness is

likely due to the larger region of costal cartilage in their mode!. which was re-constructed

from adolescent x-rays. and validated against experimental data measured on adults. Con­

sequently! to compensate for the larger costal region! the intercostals needed to be stiffer. as

weil as the costal cartilages as noted in the previous section. In the present validation. the

properties of the intercostal elements were determined in a more consistent basis by com­

paring the response of a model with adult geometry to experiments conducted on adults.

Though distributed differently along the ribs in the two models. the total stiffness of the

intercostal elements between two ribs in the models of Andriacchi et al (1974) and Closkey

et al (1992) was 20 ~/ mm. \VIth an average normal distance of about 30 mm between

ribs in the present model and 20 intercostal elements~ trus gives a total stiffness between

two ribs of about 40 ~Imm. This difference may partly explain the smaller changes in

the anterior/posterior diameter due ta a lateral squeezing force predicted by these models

compared to the present mode!. In simulations with the present modeL it was found that

for small values of the intercostal stiffness! closer to the 20 N/mm. there was greater mo-
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tion between the ribs and less anteriorfposterior bulging. As the intercostal stiffness was

increased to 40 Nfmm~ there was less inter-rib motion as the ribcage became stiffer~ which

in turn forced a greater anteriorfposterior change of diameter. which agreed better with

experiment.

In Fig. 5.5~ the present model predictions in response to a frontal sternal load are

compared with experimental results and the predictions of other models. The deformed

ribcage is sho\\<n in Fig. 5.6. In comparison with experiment (Fig. 5.5A)~ the sternal

displacement at the level of the xiphoid process was very similar to the unembalmed or

fresh cadavers. The sternal displacement of the embalmed cadavers was at least 50% less~

and was probably overly stiff to represent the passive stiffness of the ribcage in live subjects.

In comparison with the other models (Fig. 5.5BL the present model was found to be

somewhat more flexible in the anteriorf posterior direction. The models of Roberts and

Chen (1972L which had rigid costovertebral and costotransverse joints~ and of Andriacchi

et al (1974)~ which had rigid ribs~ predicted sternal displacements of only about 60%

compared to the present mode!. The smaller displacements were consistent with the added

rigidity in those models. The sternal displacement predicted by the model of Closkey et al

(1992L 'with the pelvosternal springs~ ,vas onlyabout 25% of the present model predictions

and would appear to be much doser to the stiffness of an embalmed cadaver. However ~

\\tithout the pelvosternal displacements. the sternal displacement predicted by Closkey et

al (1992) was much doser to the present model prediction. In the present modeL there

was a closer agreement in the anteriorIposterior displacement with the fresh cadavers.

which was feh to be a better representation of the passive stiffness in-vivo. The better

agreement of the present model predictions with the anteriorfposterior changes in ribcage

diameter due to the lateral squeezing (Fig. 5.3) would also seem to justif:y the increased

anterior/posterior fiexibility of the present mode!.

The predictions of the present model for the geometric nonlinear analysis were about

30% larger at the highest loads compared to the linear analysis for the frontal sternalload

(Fig. 5.5) and differed by less than 10% at the highest loads for the lateraI squeezing loads

(not shov.n in Fig. 5.3 for clarity). The experimental results~ however. were very linear
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subjected to a sternal compressive load compared with experiment (A) and previous models

(B). Excellent agreement \\Iith the experiments of unembalmed cadavers was found. and

the present model was in general more flexible in the anterior/posterior direction compared

with previous models.
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Figure 5.6: Deformed. configuration of the finite element model of the ribcage subjected to

a lawer sternalload. The sternum undergoes a relatively large rotation due ta the larger

anterior displacements at the inferior portion.

for bath loading directions. This illustrates that at these load magnitudes~ there is likely a

material nonlinearity which compensates for the geometric nonlinearity to produce a linear

laad-displacement response. Therefore: the sole use of a geometrically nonlinear analysis

v"ithout material nonlinearity likely leads to incorrect displacement predictions. Without

the knowledge of the nonlinear material properties. the load-displacement response of the

ribcage is best predicted by a purely linear analysis. The stresses and strains within the

various tissues of the ribcage~ however~ could be incorrect at the higher loads.

In summary: the present ribcage model was found to be in excellent agreement with

the experimental load-displacement results for both the individual components and the

overall ribcage. In comparison with the other models~ the discrepancies were found to be

reasonable~ given the difIerences between the respective modeIs. A bettfl'r agreement with

experiment was found in the anterior/posterior direction due to the increased fiexibility of
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the present mode!. Furthermore~ a linear analysis was found to be sufficient to accurately

predict the available experimental results.

5.3 Spatial Beam-Column Model of the Whole Spine

The present model prediction of the axial rotation at each spine level due to an

applied axial rotation of 54° at Tl is compared with experiment and other models in Fig.

5.7. AlI models were in close agreement \\ith experiment in the Iumbar region of the

spine~ however ~ in the thoracic region all models underpredicted the experimental results.

Excellent agreement was found between the present and previous models at all spine levels.

The present model predictions were identical with or without the inclusion of the lateral

translational stiffness. Since the application of the axial torque did not induce any lateral

translation of the spine~ the rateral stiffness did not play a raIe. Therefore. though the

lateral translational stiffness of the ribcage was determined with the sternum fixed. which

was not the case in this experiment~ this discrepancy had no effect on this comparison.

The different results between the models and experiment could be due to three factors.

First. the experimental results were only from one specimen: and due to the large variability

in cadaveric testing routinely observed, this could easily expIain the difference. Secondly.

the present model was ooly considered accurate up to about 18° of axial rotation: and the

other models were only linear. Clearly~ the a.xial rotation of 54° applied to Tl meant that

the accurate range of the models were exceeded. Therefore. the differences may be partly

due to geometric nonlinearities not modelled. And thirdly~ bath the present and published

models do not include material nonlinearity. Since most biological tissue demonstrates a

material stiffening behaviour at large strains ('Vhite and Panjabi. 1990)~ the absence of

this feature in these models could explain the lack of stiffening in the thoracic regions for

higher axial rotations. However, the excellent agreement of the present continuum model

v.,ith the published discrete models provided strong evidence of the ability of the present

model to predict the axial rotation response of the spine.

The buckling behaviour of the model with a small imperfection is sho,,""TI. in Fig. 5.8 for
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a model \Vith properties based. on the experiment of Lucas and Bresler (1961). For the

free top~ the lateral translation of Tl increased greatly as the criticalload of 20.4 ~ was

approached. Similarly, for the pinned top, the lateral translation at the midelle of the spine

was predicted to he very large as the applied load approached the critical buckling 1000. of

167.2 )1. These critical buckling loads were determined for a spine with a lateral bending

stilIness of 1.90 N m2 and a spine length of 479 cm. For the present modeL the lateral

bending stiffness was greater with an average value around 3.5 ~ m2 and a spin~ length

of 460 cm. Therefore~ the buckling loads in the present model would be about 41 :ç for

a free top and 334 ~ for a pinned top. The predictions of the lateral translations of the

model ,vith the current properties were also found ta increase greatly as these criticalloads

were approached. These predictions were made for a straight spine subjected to an axial

compressive load with ooly a very smalliateral offset. In scoliosis~ the ;';imperfection:"' is

much larger due to the initial lateral curvature and axial rotation of the spine. Therefore.

in a scoliotic spine much greater lateraI translations coupled to the axial rotation occur at

compressive loads below the buckling load of the straight spine.

For a lateralload of 250 ~ applied at the shear centre of T9 in the whole spine model \vith

the full ribcage stiffness included! a maximum lateral translation of 18.8 mm was predicted.

for a lateral fiexibility of 0.075 mm/X (Table 5.3). If the lateraI translational stÏffness was

not included in the modeL then a lateral translation of 24.94 mm was predicted. for a

lateral fiexibility of 0.1 mm/?'. These model predictions were in excellent agreement Voiith

the experimental results of Halsall (1980), Halsall et al (1983)! who measured an average

lateral fiexibility of 0.1 mm/X at Tg. For the lateraI load applied at T9 posterior ta the

centre of rotation~ the model predicted an axial rotation of about 5° with the spinous

processes rotated into the convexity of the lateral curve. This model prediction was only

slightly greater than the 4.50 of rotation measured in the experiment. For the lateralload

applied at T9 anterior to the centre of rotation, the model predicted an axial rotation of

2° in the opposite sense (Fig. 5.9), which was also in agreement with experiment (Table

5.3). In this experiment, the cadavers were placed on a stainless steel table face do"'~~

and the spine at Tl and S5 was clamped in a fixed-fixed set-up. The anterior ribcage and
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sternum were free to slide on the table which was kept wellluhricated. However. due to the

cadaveric weight and clamped spine condition at the top. the movement~ and therefore~

boundary conditions of the sternum were probably somewhere between fully fixed and

completely free. The lateral translational stiffness of the present model was determined

,,-ith the sternum fixed~ and represented the stiffness due to relative lateral movement

between the spine and ribcage. Therefore~ with the lateral translational stiffness included~

the model would be expected to predict a stiffer response compared v.ith experiment ~ as

was found. On the other hand. v.-ithout the lateral stiffness included~ the model would

he expected to predict a softer stiffness which might better match experiment~which was

aIso found. It was not possible to directly model the frictional interactions ben,"een table

and cadaver~ which must have occurred in the experiment. Therefore~ the exact amount of

relative laterai movement between the spine and ribcage in the experiment was unkno'WD..

~onetheless. the predictions of the present model at the two extremes were in excellent

agreement with this experiment~ and provided validation of the combined lateral and axial

rotation stiffness of the present model.

In summary~ the spatial beam-column model was found ta be in excellent agreement

with experiment for axial rotation~ lateral bending and axial buckling. In comparison \vith

a discreet model~ the axial rotations were also in excellent agreement. Further. the vali­

dation of the combined axial rotation and laterai bending response of the model provided

confidence that the model can accurately investigate the mechanics of scoliosis.
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Table 5.3: Comparison of the present model predictions with experiment for the combined

lateraI bending and axial rotation response due to a 250 ~ lateralload applied at vertebra

T9.

Load Lateral Axial

Point* Flexibility Rotation

(mm/~) (deg)

:\tlodel - Full Ribcage 0.068 5.18

Posterior ~1odel - ~0 Lateral 0.093 .5.11

-20 mm Experiment t 0.10±0.03 4.5±1.8

Shear ~1odel - Full Ribcage 0.075 -0.26

Centre ~Iodel - ~0 Lateral 0.100 -0.37

:\fodel - Full Ribcage 0.076 -1.77

Anterior ~Iodel - ~0 Lateral 0.100 -1.83

+6 mm Experiment j 0.09±0.04 -2.0±3.1

• The anteriorjposterior location of the Iateral 1000 applied to vertebra T9.

t Experimental measurements from nine specimens by HaIsall (1980). Halsall et al (1993).
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Chapter 6

RESULTS - RIBCAGE ANALYSIS

6.1 Introduction

In this chapter. the results of the numerical experiments to establish the equivalent

ribcage stiffnesses of an adult ribcage are presented. in the second section. The procedure

for these experiments was outlined in Chapter 4. Subsequently~ in the third section, severa!

investigations are reported. to assess the sensitivity of the ribcage stiffness to various factors.

In the fourth section. the ribcage stiffnesses from adolescence to adulthood are presented

based on estimates of changes in geometry and material properties. The stiffness properties

presented in this chapter were incorporated into the spatial beam-column model of the

spinal column. which was validated in Section 5.3 and subsequently analyzed in Chapter 7.

6.2 Equivalent Ribcage Stiffnesses of an Adult

In Table 6.1~ the principal and coupled displacements due to loads applied indepen­

dently in all directions at the shear centre are presented for rib 6. The coupled displace­

ments were found to be less than the principal displacements by at least one. if not t\VO

orders of magnitude~ in most loading directions. Very similar results were found for the

coupled displacements at all of the rib levels. The possible exception was the coupled axial

translation due to an anterior load which tended to he larger at all rib levels due to a
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rotation downward of the whole ribcage. In the whole spine model~ this motion would be

easily resisted by the high axial stifEness of the spine. Consequently~ the added axial load

to the spine due to this coupled motion would only be a small component of the total

axial load and should not significantly affect its behaviour. It would appear. therefore.

that for loads applied to the ribcage at the location of the centre of rotation of the motion

segments. the resultant displacements are primarily in the principal directions. It should

also be noted that not ail the coupled displacements were found to be symmetric as was

assumed in Chapter 4. An anterior load should not produce a lateral translation due to

the sagittal plane symmetry~ and consequently in an elastic system neither should a lateral

load produce an anterior translation. As seen in Table 6.1. /21 was indeed exactly zero as

expected. however~ /12 was only small. This was due to the use of bi-linear properties. For

example, a lateralload caused the costotransverse joint on one side of the sagittal plane of

symmetry to be in tension. whereas on the other it was in compression. In a truly elastic

system~ the tensile and compressive forces on either side of the symmetry plane would can­

cel~ and there would be no net force available to cause an anterior translation. However.

with bi-linear properties the magnitudes of the tensile and compressive forces differed and

a net anterior force was produced causing the observed small coupled translation. The

main point though was that all the coupled displacements were small. Similarly~ there

were small differences in the translations due to anterior versus posterior loading~ but they

were on the order of the coupled displacements. Therefore~ it was felt necessary to consider

only the principal stiffnesses of the ribcage for inclusion in the beam-column model~ and

only these are reported for all ribs.

In Fig. 6.lA~ the load-displacement results are presented for lateraI loads at al! 10 rib

levels. There was a clear increase in the lateraI translation frOID rib 1 up te rib 10. At

rib lO~ the translations were about 5 times greater than at rib 1. As discussed for the

individual rib behaviour~ this was likely due te both the increased geometry of the lower

ribs~ and hence increased moment arm~ as weIl as the increased lengths of the flexible

costal cartilages. In the assembled ribcage. the orientations of the costovertebral and

costotransverse joints also contribute to the differences in the lateraI translations with rib
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level. In the upper ribs. the rib neck axis is closer to the coronal plane~ whereas in the

lower ribs~ it is closer to the sagittal plane. Consequently~ for a lateralload~ there was a

greater rotation of the lower ribs about the rib neck axis. Due to this increased rotation~

the more flexible soft tissues of the costovertebral and costotransverse joints must provide

the resistance as opposed to the stiller bony structure. Therefore~ due to a number of

factors~ the lateral translations of the lower ribs were found to be much larger than that

of the upper ribs.

In Fig. 6.1B~ the load-displacement results are presente<! for anterior loads at ail 10

rib levels. Similar ta the results for the lateralloads. the anterior translations were found

to increase from rib 1 up to rib 10. However ~ the anterior translations were less than the

lateral translations at all rib levels except rib 10. In particular. for the upper ribs the

translations were two to eight times less. In the lower ribs. the magnitude of the anterior

translations was closer to the lateral translations. The differences in translations between

the rib levels was likely due to the decreased lengths of the costal cartilages in the upper

ribs. Similar to these load-displacement results, the moment-rotation results displayed a

variation v.ith rib level. The axial rotations were the smallest. and the flexion and lateral

rotations were similar.

It is also worth noting that the load.-displacement response. and therefore~ stiffness at a

given rib level is a function of that rib~s interaction with all the other levels. Therefore. in

this p~ocedure to determine the ribcage stiffnesses~ displacements were induced at ail the

rib levels in addition to the primary displacement at the given 100000 rib level (Fig. 6.2).

This level of interaction varied with rib level and further added to the variation of the rib

stiffnesses. Consequently~ the present procedure of sequentially loading each rib level of

the intact ribcage captured the full and complex stiffness of the ribcage.

In Fig. 6.3. the principal ribcage stiffness values as determined from the load displace­

ment results are presented. The anterior translationaI stiffness was greatest at the upper

levels and decreased dO\VLl to a similar value to the lateraI translational stiffness at the

lower levels (Fig. 6.3A). The axial rotational stiffness was greatest at the upper levels

and decreased down to a similar magnitude to the lateral bending and flexion/extension
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Figure 6.1: The load displacement results for a 100 ~ lateralload (A) and a 100 ~ anterior

load (B) applied at the shear centres of the spine at ail rib levels one at a time. There was

a clear variation in the displacements -with rib level for both anterior and lateral loads.
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Figure 6.2: The lateral displacements of the shear centres at all the rib levels due to a

lateraI" load (100 ~) applied at the shear centre of rib level 3 and at rib level 8. The

maximum displacements occurred at the primary loaded level and significant but lesser

displacements were induced at the other rib levels. The principal stiffness determined from

the load-displacement response at a given rib level was therefore affected by interaction

of that given level with all the other rib levels~ primarily through the intercostals due to

relative movement between ribs.
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The latera! and anterior translational stiffnesses were very similar at all rib levels except the

fust and second where the anterior stiffness increased greatly. The axial rotational stiffness

was greater at most rib levels and the latera! bending and flexion! extension rotational

stiffnesses were similar at all rib levels.
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Table 6.1: The principal and coupled displacements of rib 6 subjected to 100 ~ loads andJ...
1000 N-mm moments applied independentlyat the shear centre of the spine at this rib

level. The coupled. displacements are in general much less than the principal displacements.

T: Ty Tz R: Ry R:
(mm) (mm) (mm) (rad) (rad) (rad)

Lateral Load CF:) 97.41 1.40 1.ï5 -0.100 -0.119 -0.060

Anterior Load (Fr;) -4.3 X 10-6 41.63 -6.04 -0.022 1.1 x 10-; 5.2 x 10-8

Fle.."rion/Extension -2.3 x 10-4 -1.51 -1.74 -0.257 -9.3 x 10-6 4.1 x 10-6

:Moment (M:)

Lateral Bending -1.23 0.20 0.12 -8.6 x 10-3 0.295 -5.0 x 10-2

~Ioment (My)

Axial Moment (M %) -0.53 0.53 0.05 -7.6 x 10-3 -5.0 X 10-2 0.170

...

-l

rotational stiffnesses which did not vary greatly with rib level (Fig. 6.3B).

These results demonstrated that the passive ribcage provided primarily a resistance to

axial rotation and anterior translation. particularly at the upper rib levels. At the lower rib

levels. there was much less variation between the two translational stiffnesses or between

the three rotational stiffnesses. Consequently~ in the middle of the spine~ there would not

appear to be a preferential bracing of the spine in any given direction by the ribcage.

To incorporate these ribcage stiffnesses into the beam-column mode!. they were trans­

formed to a per unit length value based on the intervertebrallengths presented in Section

3.6. This further increased the variation of the stiffnesses with rib level br a small amount

due to the greater intervertebral distances in the lower thoracic spine. The final values

of the principal ribcage stiffnesses per unit length for an adult ribcage are presented in

Table 6.2.
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Table 6.2: The principal ribcage stiffnesses per unit length at all the rib levels for an adult

ribcage.

Rib Level Translational Rotational

Lateral-kfl Anterior-k~2 Flexion/Extension-k« Lateral Bend-k~5 Axial-k&i

(kNjm2 ) (kN/m2 ) (N/rad) (N/rad) (N/rad)

1 158.0 1093.4 66.6 212.8 653.7

2 107.4 264.9 129.5 197.8 468.4

3 81.5 15ï.6 124.7 129.4 265.9

4 64.3 135.6 199.4 123.2 286.9

5 53.ï 129.3 171.3 147.5 293.0

6 43.3 101.4 164.4 143.1 248.9

7 38.2 71.6 149.9 133.7 231.0

8 32.1 50.1 175.2 102.4 187.7

9 26.8 28.7 151.6 81.5 139.2

10 22.6 18.6 113.5 62.2 101.4

- ~ote these stiffnesses were representative of an 'ideal~~ adult ribcage v.ith no distinction between male

and female.
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6.3 Sensitivity Analysis of Ribcage Stiffnesses
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The percentage changes in the ribcage stiffnesses due ta v-a.rïation of the geometry and

material properties of the ribcage are presented in Figs. 6.4 - 6.8. The specifie variations

for this sensitivity analysis were outlined in Table 4.1 and the percentage changes were

calculated as the difference between the stiffnesses of the altered ribcage minus those for

the adult ribcage divided by the adult ribcage stiffness values (which were presented in Fig.

6.3). In each of the Figs. 6.4 to 6.8. the results due to changes in geometry are presented

in (A) ~ whereas in (B) ~ the results due ta changes in material properties are shawn. Each

figure presents the results for one of the five ribcage stiffnesses at ail rib levels.

The lateral translational stiffness was most sensitive to changes in the gross depth of

the ribcage where a decrease of 20% in depth resulted in a 30-35% increase in stiffness

(Fig. 6.4A). This increase was likely due ta the decreased moment arm for the lateralload

which reduced the bending of the rib and thereby stiffened the ribcage. On the other hand.

the lateral stiffness was least sensitive ta changes in the gross width of the ribcage.

The lateral translational stiffness was mast affected by the decreases in the material

properties of the intercostal elements and the costal cartilages~ where a 60% reduction of

Young~s modulus in each resulted in 25% reductions in lateral stiffness (Fig. 6.4B). A 60%

reduction of the modulus of the costotransverse (CT) joints decreased the lateral stiffness

by 30% and 20% at the fust and second rib levels. respectively! but only by 10-15% at the

other levels. This variation with rib level was likely due ta the changing orientation of the

CT joints wwch were least posterior ta the shear centre of the vertebrae in the upper rib

levels. Consequently. the CT joints of the upper ribs were exposed ta greater shear forces

due ta a lateral load~ as opposed to the lower ribs where the reaction forces in the CT

joints were more normal ta the joint line with less shear. Therefore~ in the upper ribs~ the

soft tissue of the CT joints played a larger raIe in the lateral sti.ffness~ wruch in turn was

more sensitive to changes in the material properties of the CT joints.

The anterior translational stiffness was most sensitive to changes in the gross ~·idth of

the ribcage~ where a 20% reduction in 'width produced a 35-40% increase in the anterior
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stiffness (Fig. 6.5A). This stiffening was again due to the red.uction of the bending moment

on the ribs, similar to the effect of the reduced. depth on the lateral stiffness. On the other

hand, the reduced depth had. only a minimal effect on the anterior stiffness. AIso the 30%

increase in length of the costal cartilages produced a 20% decrease in anterior stiffness.

The anterior translational stiffness was most afIected. by decreases to the material prop­

erties of the costal cartilages, particularly in the lower ribs where the costal cartilages were

more dominant due to their increased lengths (Fig. 6.5B). Changes to the material prop­

erties of the other tissues had a lesser effect on the anterior stiffness.

The flexion!extension rotational stiffness was increased. the most by reduction of the

gross ribcage width, which was counteracted by a nearly equal decrease in stiffness due to a

reduction of the ribcage depth (Fig. 6.6A). The decrease in the flexion/extension stiffness

due to reduction of the depth was consistent with the reduction of the moment arm or

gross moment of inertia of the ribcage. The increase in the flexion/extension stiffness due

a reduction of the width was related to the more complex transfer of load. through the

ribcage. In flexion/extension, the ribcage stiffness \Vas related mostly to the deformation

of the intercostals. the CT joints and the bending about the major axis of the ribs at their

most lateral region. In reducing the width. there was a general reduction in the area over

which the intercostals acted, yet the lateral region of the ribs was unaffected. There was

a transfer of the load due to flexion/extension from the soft intercostals to the far stiffer

ribs~ and thus the increase in flexion!extension stiffness due to the red.uction of the ribcage

width.

The flexion/extension rotational stiffness was very sensitive to changes in the material

properties of the CT joints, were a reduction of 60% in the modulus of the joints lead to

a 50% reduction in flexion/extension stiffness (Fig. 6.68). This was consistent \\iith the

location of the axis of rotation of the ribs through the CV and CT joints (see Fig. C.7B).

This axis was aligned to permit easy raising and lowering of the ribs during respiration.

which was partly a flexion and extension rotation of the ribs. Therefore, the CV joints had

mjnimal rotational stiffness and the flexible CT joints carried most of the flexion moment.

Thus~ the flexion/extension stiffness was most sensitive to changes in the properties of the
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CT joint. A 60% reduction in the modulus of the intercostals resulted in the next largest

reduction of about 10% in the flexion/extension stiffness at the lower rib levels.

The lateraI bending rotational stiffness was increased by changes to the gross ribcage

depth and decreased by an equal amount by changes to the ribcage width (Fig. 6. ï A).

Similar to the explanation of the changes to the flexion!extension stiffness~ these changes

were consistent with reduction of the moment arms of the ribcage and a transfer of the

moment to the stiffer axis of the ribs. The ooly difference was the opposite roles played

by the ribcage depth and width~ respectively~ on these two rotational stiffnesses.

The lateraI bending rotational stiffness was aIso very sensitive to a reduced modulus

of the CT joints (Fig. 6.7B)~ where a 60% reduction in modulus of the CT joints resulted

in a 45-50% reduction in the lateraI bencling stiffness. Lateral bending caused rigid body

rotation of the ribs about the rib neck axis (see Fig. C7B)~ which was largely resisted by

the relatively soft CT joints and therefore. the bending stiffnesses were sensitive to changes

of the moduli of the CT joints. The intercostals resisted separation of the ribs and have a

dominant role in the lateral bending stiffness~ which explained the 20% reduction in lateraI

bending stiffness due to a 609é reduction in the modulus of the intercostals. Changes ta

the moduli of the costal cartilages only had a small effect since they were located close to

the lateraI bending axis of rotation and were not weil suited to resist the lateraI bending.

The axiaI rotational stiffness was increased about 5% by a 20% reductian of the gross

ribcage height and reduced by 5-10% for a 20% reduction in ribcage width and depth (Fig.

6.8A). The increase in stiffness associated v..ith the decrease of the ribcage height was likely

due to increased contribution of the adjacent ribs to the stiffness at a given rib level as

was iIlustrated previously (Fig. 6.2). The decrease of ribcage height meant that the ribs

farthest from the given loaded level were closer~ and thereby were subjected to greater

a..xial rotation and added more rotationaI stiffness.

The axial rotational stiffness was most sensitive to changes in the material properties

of the costotransverse joints (Fig. 6.8B). but to a slightly lesser extent than the other

rotational stiffnesses. A reduction of 60% in the moduli of the CT joints resulted in a

40% reduction in the axial rotational stiffness at all rib levels. This again illustrated the
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Figure 6.4: The percentage change in the lateral translational stiffness (kIl) due to changes

in the geometry (A) and the material properties (B) of the ribcage. The exact paramet­

ric changes to the geometry of the ribcage v:idth (G-R\\-~)~ ribcage depth (G-RD)~ ribcage

height (G-RHL rib cross-section (G-RCSL costal cartilages (G-CC)~ and the material prop­

erties of the cortical rib bone (~IP-CRTL the intercostals (rvIP-IC)~ the costal cartilages

(NfP-CC)~ the costovertebral joints (~fP-CV) and the costotransverse joints (~1P-CT) are

detailed in Table 4.1.
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Figure 6.5: The percentage change in the anteriar/translational stiffness (k22 ) due ta

changes in the geometry (A) and the material praperties (B) of the ribcage. The ex­

act parametric changes ta the geometry of the ribcage width (G-R\V)~ ribcage depth (G­

RD)~ ribcage height (G-RH)~ rib cross-section (G-RCSL costal cartilages (G-CC)~ and

the material properties of the cortical rib bone (MP-CRT)~ the intercostals (i\IP-IC), the

costal cartilages (NIP-CC)~ the costovertebral joints (~IP-CV) and the costotransverse

joints (NIP-CT) are detailed in Table 4.1.
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Flexion/Extension Rotational Stiffness (k44)
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Figure 6.6: The percentage change in the flexion/extension rotational stiffness (k.t4 ) due

to changes in the geometry (A) and the material properties (B) of the ribcage. The

exact parametric changes ta the geometry of the ribcage width (G-RW)~ ribcage depth

(G-RD), ribcage height (G-RH), rib cross-section (G-ReS). costal cartilages (G-CCL and

the material properties of the cortical rib bone (NIP-CRT)~ the intercostals (1-IP-IC)~ the

costal cartilages (NfP-CC)~ the costovertebral joints (NIP-CV) and the costotransverse

joints (MP-CT) are detailed in Table 4.1.
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Lateral Bending Rotational Stiffness (k )
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Figure 6.7: The percentage change in the lateraI bending rotational stiffness (kss ) due

to changes in the geometry (A) and the materiaI propenies (B) of the ribcage. The

exact parametric changes ta the geometr:y of the ribcage \\-idth (G-RW). ribcage depth

(G-RDL ribcage height (G-RH). rib cross-section (G-RCS)~ costal cartilages (G-CC). and

the material properties of the cortical rib bone (NIP-CRT), the intercostals (~IP-IC)~ the

costal cartilages (MP-CC)~ the costovertebral joints (~IP-CV) and the costotransverse

joints (MP-CT) are detailed in Table 4.1.
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Figure 6.8: The percentage change in the axial rotational stiffness (k66 ) due to changes

in the geometry (A) and the material properties (B) of the ribcage. The exact paramet­

rie changes ta the geometry of the ribcage width (G-R\Vl ribcage depth (G-RD)~ ribcage

height (G-RH)~ rib cross-section (G-RCSL costal cartilages (G-CC)~ and the material prop­

erties of the cortical rib bone (~fP-CRT)~ the intercostals (j\'1P-IC)~ the costal cartilages

(MP-CC)~ the costovertebral joints (MP-CV) and the costotransverse joints (:\fIP-CT) are

detailed in Table 4.1.
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dominant role of the CT joints in resisting any rigid body rotation of the ribs. Reduction

by 60% in the moduli of the intercostals, the costal cartilages and the CV joints each

resulted in about a 10% reduction in axial rotational stiffness.

6.4 Equivalent Ribcage Stiffnesses frOID Adolescence

ta Adulthood

The foregoing sensitivity analysis indicated that the ribcage stiffnesses were sensitive

to changes in geometry and material properties. However. the changes in stiffness differed

for the various directions of the ribcage. As discussed in Section 4.4.2.3.. the collective

summation of the results from the sensitivity analysis provided an estimate of the net

difference in the ribcage stiffnesses of a young adolescent (9 year old female; 10-11 year old

male) compared to an adult.

The net changes in geometry resulted in a 1~20% reduction in the ribcage rotational

stiffnesses of a young adolescent campared ta an adult (Fig. 6.9A). The translational

stiffnesses were less affected by these net changes in geometry at ail rib levels except at rib

one. These relatively small differences, even after substantial changes in geometry, were

due to the counteracting effects of the changes~ where changes in geometry resulted in both

incre~es and decreases in the ribcage stiffnesses as shown in previous section.

The net changes in material properties resulted in about a 55% reduction in all the

ribcage stiffnesses~ except the anterior translational which was only red.uced 40-45%. of

a young adolescent compared ta an adult (Fig. 6.9B). Since the ribcage was a structure

composed of tissues of varied stiffnesses and orientations~ the contributions of each to

the overall ribcage stiffness was variable. Consequently, even substantial changes to the

material properties of sorne tissues had only a minor effect, whereas changes ta other tissues

had a greater effect.

\Vhen combined, the changes in both the geometry and the material properties of a

young adolescent ribcage (9 year oId female: 10-11 year oid male) compared to an adult

lead to a net 40-65% reduction in the ribcage stiffnesses (Fig. 6.10). The differences in the
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Figure 6.9: The net changes in the five ribcage stiffnesses at ail rib levels due to differences
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k11-lateral translational stiffness; k22-anterior translational stiffness: k44-flexion!extension

rotational stiffness: k5s-1ateral bending rotational stiffness; k66-axial rotational stiffness.
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three rotational stiffnesses between a young adolescent and an adult did not very greatly

with rib level, all being reduced 55-60%. The translational stiffnesses of a young adolescent

were reduced about 65% at the fust rib level, but at other rib levels~ the anterior stÏffness

was only reduced about 50% and the lateral stiffness about 40%.

Based on in vivo measurements of trunk flexibility or mobility, :\'1oll and \Vright (1971)

reported a 25% reduction in flexion, a 48% reduction in extension and a 31% reduction

in lateral bending of an adult compared \vith an adolescent. Therefore, the CUITent model

predictions of a 40-60% reduction in ribcage stiffness was in excellent agreement with these

in vivo results. Though clearly the ribcage is only a component of the trunk stiffness, it

must be a dominant factor in the passive stiffness due to its size and structure. Therefore,

this close agreement indicated that the net changes made to the ribcage model were very

reasonable to establish the l'ibcage stifInesses of a young adolescent.

The foregoing systematic changes established reasonable estimates for the net change in

stiffness of a young adolescent ribcage compared to an adult at all rib levels. To incorporate

these values into the spatial beam-column model, they were converted to peI' unit length

similar to the adult stiffnesses presented in Table 6.2. Even though the effect of changes in

the ribcage height have been included in the foregoing estimates, the l'educed height of a

young adolescent ~s ribcage and spine length has a further effect when determining the peI'

unit length values. Since the intervertebrallengths of the adolescent~s spine were less than

an adÙ1t's (see Section 3.10). this lead to a relative increase in the peI' unit length stiffnesses

of the adolescent 's ribcage, which counteracted to a certain extent the overall reduction in

ribcage stiffness due to changes in the ribcage geometry and material properties. In Table

6.3~ the ribcage stiffnesses peI' unit length of a 9 year old female or 10-11 year old male

are presented. In comparison to the values of an adult presented in Table 6.2. there was a

net reduction on the order of 35-50% of the ribcage stiffnesses peI' unit length.

The sensitivity analysis was also used to estimate the differences in ribcage stiffnesses

between an adult male and female, based on differences in geometry (see Section 4.4.2.2).

These values were then converted to per unit length based on the different intervertebral

lengths (see Section 3.6)~ and represented the upper bounds of the final ribcage stiffnesses

212



0

• k11
Â k44 • l<es

;~ - • ~ ~ kss
~ -200
~

Q)
Cl
c
m
~

-40(.)
Q)
Cl
co-..
c
Q) -60~
Q)
c..

-80

1 2 3 4 5 6 7 8 9 10

Rib Level
Figure 6.10: The net changes in the five ribcage stiffnesses at all rib levels due to the

•

collective differences in geometry and material properties of a young adolescent compared
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rotational stiffness.

presented in Figs. 6.11-6.15.

To. determine the ribcage stiffnesses per unit length at the intermediate ages during

the adolescent growth spurt~ interpolation was used as described in Section 4.4.2.3. These

results are presented in Figs. 6.11 - 6.15 for each of the five ribcage stiffnesses for a

female and male. Similar to other properties of the spine~ the ribcage stiffnesses varied

nonuniformly with age and the females reached their adult values earlier than males due to

the different timing of the growth spurt. These final ribcage stiffnesses as a function of age

were used. in the analysis of the effect of the adolescent growth spurt on the progression

potential of mild scoliotic curves presented in Section 7.3.

-·f
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Table 6.3: The principal ribcage stiffnesses per unit length at all the rib levels of a young

adolescent.

Rib Level Translational Rotational

Lateral-kfl Anterior-k~2 Flexion/Extension-k~4 Lateral Bend-k$5 Axial-k66

(kN/m2
) (k.N"/m2 ) (N/rad) (N/rad) (N/rad)

1 74.9 471.1 35.4 113.8 331.3

2 63.5 198.0 69.1 103.8 243.8

3 50.3 124.8 76.5 65.7 134.8

4 41.2 104.6 101.2 66.2 159.3

5 34.7 95.0 87.1 77.5 164.8

6 28.7 74.3 83.4 75.7 148.9

7 24.1 52.7 76.1 71.1 127.1

8 20.1 36.0 88.2 56.6 106.0

9 16.6 21.5 77.3 46.1 79.7

10 13.9 14.1 59.7 36.2 59.0

- ~ote these stiffnesses '9.I-ere representative of a young adolescent, either a 9 year old female or 10-11 year

old male.
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Figure 6.11: The lateral translational stiffness per unit length (kïl) at each rib level as a

function of age for a female (A) and male (B) .
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function of age for a female (A) and male (B).
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Figure 6.13: The flexion/extension rotational stiffness per unit length (k~) at each rib

level as a function of age for a female CA) and male (B).
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Chapter 7

RESULTS - SCOLIOTIC SPINE

MODEL

7.1 Introduction

In tms chapter. the results of the parametric analysis of the spatial beam-column

model v.~th incorporated ribcage stiffnesses are first presented. The procedure for this

analysis was outlined in Section 3.9. Secondly. the results of the explicit analysis of the

effect of the adolescent grovlth spurt on the progression of a mild scoliosis are presented for

bath normal and accelerated growth patterns in females and males~ as outlined in Section

3.10.

7.2 Parametric Analysis of the Scoliotic Spine Model

The results of the parametric analysis of the spine model v.ith a mild scoliosis are

presented in Table 7.1. The model was clearly most sensitive to changes in spine height

(L). For the scoliotic spine with an initial Cobb angle of 100
, an increase of around 20%

was needed to cause an increase of 100 in Cobb angle. However ~ for an initial Cobb angle

of 300~ an increase in spine length of only around 5% was required. The scoliotic spine was

also quite sensitive to changes in the applied upper body weight (W)~ particularly for an
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initial Cobb angle of 30°. where only a 10% increase in weight was needed to increase the

Cobb angle by 10°.

The scoliotic spine was not overly sensitive to changes in the effective lateral bending

stiffness (Elrmo ) and axial torsion stiffness (GJ) of the spine. For an initial Cobb angle of

10° ~ the stiffnesses needed ta be reduced by more than 40% to produce an increase of 10°

in Cobb angle. The model sensitivities were very similar for the changes to each of these

stiffnesses; likely related to the fairly close correlation between the lateral translation and

axial rotation at the curve apex with the Cobb angle.

Changes to the lateral translational stiffness of the ribcage had the most effect on the

scoliotic spine compared to the other ribcage stiffnesses. For an initial Cobb angle of 30°.

a reduction of around 14% in the lateral ribcage stiffness was needed for an increase of 10°

in Cobb angle. Reduction of the axial torsional stiffness of the ribcage had the next largest

effect on the increase in Cobb angle. OveralL the initial Cobb angle did not affect the

sensitivities of the ribcage stifIness parameters as greatly as the spinal column parameters.

These results indicated that a substantial change ta the individual parameters was

required ta increase the Cobb angle 10° for an initial Cobb angle of 10°. Therefore. it is

very unlikely that progression of a very mild scoliosis could accur solely due to grovlt:h~ since

it is unreasonable to expect a change in these parameters in one year by these percentages.

On the other hand~ for an initial Cobb angle of 30° ~ the percentage changes of the applied

weight and spine length needed ta increase the Cobb angle 10° could conceivably occur in

the period of a year. Furthermore. for a Cobb angle of 300~ a change of 10° is a conservative

definition of progression. since a change of only 5° is usually used at this curve magnitude

to define progression (Lonstein and Carlson. 1984).

In this analysis, the changes to the parameters were considered separately. The "..ul­

nerability to progression would be greatly increased if, for example, both the weight and

length increased simultaneously as in gro\V"th. Clearly~ a significant increase in stiffness of

the spine and ribcage would be needed to counteract this potential progression. In the

next section~ the results of the explicit simulation of adolescent growth is presented~ which

considered the simultaneous changes to these parameters during growth.
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Table 7.1: The sensitivity of the scoliotic spine model ta changes in \lariaus mechanical

parameters.

Initial Cobb .~gle

Parameter 100 200 300

Hl + 35.7 +16.3 +10.3

L +19.7 +8.3 +5.1

Elo/1fJ -44.9 -28.5 -16.5

Cl -52.0 -32.6 -18.9

k~l -32.1 -21.0 -14.2

k~5 -91.3 -70.5 -60.3

k66 -51.0 -40.2 -32.4

The sensitivity is expressed as the percentage difference in the parameter relative ta the baseline value

for a 9 year old female or 10-11 year old male required to cause an increase in Cobb angle of 10°. The

parameters analyzed were upper body weight (W"). spine height (L), lateral bending stiffness (EITlTlo )'

a.xial torsion stiffness (GJ)! lateral translationaI stifIness of the ribcage (kfl)! lateral bending stiffness of

the ribcage (k[s) and axial rotational stiffness of the ribcage (k~).
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7.3 Effect of the Adolescent Growth Spurt on Curve

Progression

-

...

7.3.1 Normal Growth Pattern

For a female spine with an initiai Cobb angle of 1[JJ~ the model predicted only a very

small increase of less than 2° in the Cobb angle~ which peaked at Il years of age and

subsequently declined (Fig. 7.lA). In a male spine. the Cobb angle fust declined slightly

between the ages of 10 and 13 years. and then increased very slightly during the male

growth spurt. For both males and females~ the latera! translation and axial rotation of the

apical vertebra were also rninimally affected by normal growth of a spine with an initial

Cobb angle of 100 (Fig. 7.1B-C).

For a spine with an initiai Cobb angle of 2[JJ~ the Cobb angle increased about 5° during

normal grO'wth of a female~ peaked at Il years and then declined to the initial Cobb angle

(Fig. 7.2A.). In a male. the Cobb angle increased only about 1-20 during the later adolescent

years.

For a spine \vith an initial Cobb angle of 3[JJ ~ the Cobb angle increased quite substan­

tially by about go during normal growth of a female (Fig. 7.3A). The lateral translation at

the curve apex was about 36 mm with an axial rotation of 12° (Fig. 7.3B-C). The change

in Cosb angle of a male during growth still only reached a peak of about 3.50 at 18 years

of age.

These results shO'wed that the mechanical changes associated \\Iith normal growth in

a female could result in a sufficient increase in Cobb angle ta be classmed as clinically

progressive for an initial Cobb angle of 20-30°. In a male~ the predictions of the increase

in Cobb angle would all be considered non-progressive. These results aIso showed that the

progression of the curve stabilized and even declined in later yeaxs of adolescence for both

females and males. The peak increases in Cobb angle were predicted ta occur at the peak

of theJidolescent growth spurt (11-12 yeaxs in females; 14-15 years in males) .
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Figure 7.1: The model predictions of the effect of normal grov.rth in males and females on

curve progression of a mild scoliosis in a spine with an initial Cobb angle of 10°. (A) The

Cobb angle of the scoliotic curve at each age of adolescence. (B) The lateral translation of
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axial rotation of the vertebrae along the spine at the age of peak increase in Cobb angle.
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Figure '7.2: The model predictions of the effect of normal growth in males and females on

curve progression of a mild scoliosis in a spine v"ith an initial Cobb angle of 20°. (A) The

Cobb angle of the scoliotic curve at each age of adolescence. (B) The lateral translation of

the vertebral centres along the spine at the age of peak increase in Cobb angle. (C) The

axial rotation of the vertebrae along the spine at the age of peak increase in Cobb angle.
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Figure '7.3: The model predictions of the efIect of normal grov.rth in males and females on

curve progression of a mild scoliosis in a spine with an initial Cobb angle of 30°. (A) The

Cobb angle of the scoliotic curve at each age of adolescence. (B) The lateral translation of

the vertebral centres along the spine at the age of peak increase in Cobb angle. (C) The

axial rotation of the vertebrae along the spine at the age of peak increase in Cobb angle.
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7.3.2 Accelerated Growth Pattern

An accelerated growth pattern was predicted by the model ta have a significant effect

on the progression of a scoliotic curve. For a female spine with an initial Cobb angle of 10° ~

the Cobb angle was increased about 2.5° for the growth pattern of Case I. where the spine

length was increased 2% at each age of adolescence (Fig. 7.4A). In a male on the other

hand, the Cobb angle increased Iess than 1° for the Case 1 grov-1:h pattern (Fig. ï.4B).

Therefore~ compared with the results for the normal growth pattern. the Cobb angle was

found ta be only slightly increased in a female and male due ta the 2% increase in spine

length. This effect was increased by a greater initial Cobb angle. For a female spine with

an initial Cobb angle of 300
• the Cobb angle was increased about 130 at the peak of the

growth spurt at 12 years of age (Fig. 7.4A).

In the growth pattern of Case II. the spine length was fust increased by 2%· at 9 years

of age in a female and at 10-11 years of age in a male. Subsequently~ this length increa.se

was linearly reduced until there was no difference in spine length from normal at maturity.

The model predictions of curve progression during this grovlth patte~:~ were very similar

ta the results of Case 1. The peak increase in Cobb angle was slightly less~ but still for a

female spine with an initial Cobb angle of 300
! the Cobb angle was increased about 11.5°

at 12 years of age (Fig. 7.5A).

The grou,th pattern of Case III ,vas similar to Case II~ except the initial increase in

spine length was 4.50
. This growth pattern had a more dramatic effect. For a femaIe spine

with an initial Cobb angle of 100 ~ the Cobb angle was increased about 6° for the growth

pattern of Case III between the ages of 10-12 years. befere declining at later years (Fig.

7.6A). For an initial Cobb angle of 30o~ the Cobb angle was increased nearly 180 in a female

spine between Il and 13 years of age. The effect of this growth pattern on males was also

more significant. For a male spine with an initial Cobb angle of 300~ the Cobb angle was

increased about 40 (Fig. ï.6B).

The effect of the Case III growth pattern was also te increase the span of years (centered

around the peak of the growth spurt) when the Cobb angles were predicted ta be larger.

This was due ta the fact that in a larger number of the early years of adolescence~ the spine
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length was significantly increased. Further! due to the more sustained period of larger Cobb

angles, this likely contributed. to the progression in a degenerative loop. These increased

Cobb angles in earlier years made the spine more sensitive to increases in length and weight.

Consequently, even though the yearly increments of these parameters were decreasing! they

still had a significant effect on curve progression after the peak of the growth spurt.

These results show that the mechanical changes associated with an accelerated gro'\\l1:h

pattern could lead to increased Cobb angles compared ta those associated with a normal

growth pattern. However. for a curve "With an initial Cobb angle of IDo! the increase in

Cobb angle was still not enough to be classified as progressive. Similarly! in males! the

changes in Cobb angle associated with the accelerated growth rates would also not be

classmed as progressive clinically.

In Figure 7.7! the correlation of the axial rotation of the spine at the curve apex

with the Cobb angle is shown for the curve progression predicted in a female for the

accelerated gro",~h rate of Case III. As observed clinically, there was a close correlation

between increases in Cobb angle and axial rotation of the spine. The spine continued to

rotate axially during progression \\-ith the spinous processes rotated into the concavity of

curve.
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Figure 7.4: The model predictions of the effect of the accelerated growth pattern of Case

1 on the Cobb angle of a mild scoliotic curve with an initial Cobb angle of 10~ 20 and 30°.

(A) Female; (B) Male.
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Figure 7.5: The model predictions of the effect of the accelerated growth pattern of Case

II on the Cobb angle of a mild scoliotic curve with an initial Cobb angle of 10, 20 and 30°.

(A) Female: (B) Nlale.
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Figure 7.6: The model predictions of the effect of the accelerated growth pattern of Case

Illon the Cobb angle of a mild scoliotic curve vlith an initial Cobb angle of 10~ 20 and

30°. (A) Female; (B) :YIale.
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Chapter 8

DISCUSSION AND

CONCLUSIONS

8.1 Introduction

This study was motivated by the need to better predict the progression of spinal

deformity in adolescent idiopathie scoliosis. The current objective was ta develop a model

of a spine Vvith a mild scoliosis~ and ta identify mechanical factors associated with the

critical grO'~vth spwt of adolescence which might explain why only some curves progress

uncontrollably from small to large incapacitating deformities. In this chapter. the possible

mechanical factors that affect curve progression are fust discussed based on the results of

the parametric analyses of the ribcage and spine. Secondly~ the mechanical effect of groVorth

on curve progression is discussed based on the results of the simulation of the adolescent

growth spurt. The present results are then compared with pre'\"Ïous work. followed by a

discussion of the limitations of the present study. Next~ the clinical significance of the

current findings are presented: and following a summary~ a set of conclusions are stated.

The chapter concludes with some suggestions for future studies.
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8.2 Mechanical Factors Affecting Curve Progression

in Scoliosis

.­
r'

~l

The particular mechanics of curve progression in scoliosis is best understood by fust

noting that the mechanics of a curved rod are very different from a straight one. For

instance~ a straight rod subjected to axial compression remains perfectly straight until

the critical buckling load is reached. A curved rod~ on the other hand. deflec!s laterally

for even the smallest axial load due to the induced bending moment. Consequently. the

magnitude of the initial curvature cao be as important to consider as the loading in order

to predict the defiection of a curved rod.

The human spinal column is a long, slender structure curved in one plane~ but straight

in the other, and is surrounded by the ribcage, which provides lateral support similar to

a beam on an elastic foundation. Scoliosis is a deformity of the spinal column which leads

to three-dimensional curvature~ as weil as axial rotation. This work attempted to better

understand the progression behaviour of the scoliotic spine by developing and analyzing

a model of an initially curued and twisted: spatial beam-column embedded in an elastic

medium (Chapters 3 and 7). Due to the complexity of this system! a hybrid approach

was developed whereby the stiffness of the ribcage was fust analyzed with a finite element

model (Chapters 4 and 6). This stiffness data was then incorporated directly ioto the

continuum beam-column model of the scoliotic spine.

One of the significant findings of this study was the specifie variation of the ribcage

stiffness with orientation and rib level (Section 6.2). It was found to be stiffest at the

upper ribs for anterior-posterior translation and axial rotation. In the lower ribs~ the

translatiooal stiffnesses and the rotational stiffnesses were very similar. Consequently~ the

ribcage provides essentially uniform or isotropie support to the middle of the spinal column.

In a thoracic or thoracolumbar scoliosis~ which is the type of scoliosis of interes! in this

study! the apical vertebra is in the middle region of the spine, and there should be no

prefetential forces or moments exerted on the spine by the ribcage. In other words, though

the ribcage provides essential support to the spine, other factors are likely to determine
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the relative magnitudes of the anterior-posterior and lateral translations. and the relative

degree of lateraI tilt and axial rotation in a spine \vith a thoracic or thoracolumbar scoliosis.

The prediction of a high axial rotational stiffness of the ribcage in the upper ribs is of

interest because of the potential effect on the axial rotation of the spine. The combination

of the ribcage axial stiffness with the high torsional rigidity of the lumbar vertebrae would

provide two strong rotational restraints at the top and bottom of the thoracic region of

the spine. A rod curved like the spine in the sagittal plane is forced to rotate axially

when subjected. to lateraI bending like in a scoliotic curve (Scholten~ 1986). Therefore. in a

thoracic or thoracolumbar scoliosis! the ends of the curve would be restrained against axial

rotation as the lateraI bending progresses. These boundary conditions of restrained axial

rotation should reduce the magnitude of axial rotation along the spine caused by lateraI

bending of a curved rod.

The sensitivity analysis of the ribcage indicated that it is truly a complex composite

structure (Section 6.3). lt is composed of tissues of varied properties and orientations.

and the bony and soft tissues each play a specific role under different loading conditions.

Therefore! changes to the geometry of the ribcage were found to both increase and de­

crease the stiffness of the ribcage depending on the direction. When these changes to

geometry were combined! the translational stiffnesses were found to be minimally affected

by geometry compared 'With the rotational stiffnesses. Similarly! changes to the material

propeÏties of the cortical bone had little effect on the ribcage stiffness! whereas changes

to the properties of the intercostals and costotransverse joints were far more dominant.

Overall! the sensitivity analysis indicated that the ribcage stiffnesses were most affected

by the gross ribcage size and the material properties of the costotransverse joints. Inter­

estingly, changes to the geometry and properties of the costal cartilages did not have the

largest effect! even though they are of relatively low modulus and occupy a large region of

the ribcage. They had a dominant effect on the anterior/posterior translational stiffness

as would be expected! since they are loaded about their weakest bending axis during an­

terior1posterior loads. However. for the other loading directions. they had less of a role.

In particular! for all rotational stiffnesses! the costotransverse joints and intercostals were
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found to provide the primary restraint to the nearly rigid body rotations of the ribs.

An important prediction of this study was that the stiffness of an adolescent ribcage

would be reduced the most compared to an adult for axial rotation and lateral or flex­

ion/extension bending, and least for anterior loads (Section 6.4). Again~ this may be

somewhat unexpected. due to the larger region of costal cartilage in an adolescent. .As

previously stated, the costal cartilages did dominate the anterior/ posterior stiffness~ how­

ever, this stiffness was affected the least by the changes to the costotransverse joints which

affected aIl the other stiffnesses to a greater extent. The costotransverse joints are best

oriented to resist compressive loads between the spine and ribcage in the anterior/posterior

direction. Therefore~ even with a reduction of properties they were still very effective at

resisting anterior/posterior loading. Consequently, the anteriorfposterior stiffness of an

adolescent was not reduced as greatly as the other ribcage stiffnesses compared to an

adwt.

The predictions of the ribcage model also suggested that the female ribcage stiffness

would be reduced compared to a male (Section 6.4). This difference was primarily due

to the differences in gross ribcage dimensions in a female. The smaller cross-section of

the female rib also contributed to this difference, but this was somewhat mitigated by the

thicker cortical walIs.

The significance of these parametric analyses of the ribcage is that the support of the

spine "by the ribcage is complex and substantially different in an adolescent compared ta

an adult. Therefore. to understand the mechanics of curve progression in an adolescent,

this difference in the ribcage stiffness must be recognized.

The parametric analysis of the spatial beam-column model ~;ith the incorporated

ribcage- stiffnesses~ demonstrated the very significant effects of the initial scoliotic curve

on the mechanics of progression (Section 7.2). In particular. as the initial Cobb angle

was increased~ the deformation of the scoliotic spine became very sensitive to changes in

length and weight. For an initial Cobb angle of 30°, an increase in length of only 5%

resulted in an increase of 10° in the Cobb angle. This~ of course, is related to the fact

that the critical load of a straight spine is related to the inverse square of the length. This
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is significant because a 5% increase in spine length is not unusual during the adolescent

growth spurt (Tanner! 1962; NIcCammon~ 1970; Karlberg and Tanner, 1976). However!

for a smaller initial Cobb angle of IDa! an increase of nearly 20% in length was needed to

increase the Cobb angle by 100
. This indicates that the smaller initial curve is not overly

vulnerable to progression due solely to rapid grO'wth. The progression of a scoliotic curve

was also most sensitive to the lateral translational stiffness of the ribcage. compared ~ith

the other directional stiffnesses. This is due to the fact that at the apex of the curve. the

lateral stiffness is essentially normal to the curved spine and therefore! most effective at

restraining the scoliosis.

The significance of these parametric analyses of the scoliotic spine is that for a mild

scoliotic curve in a young adolescent~ the changes required in the individual parameters

to cause curve progression are too large to occur in a year due to gro~rth, except possibly

for an initial Cobb angle of 300
. Nonetheless, these results do demonstrate the clifferent

mechanics of the curved scoliotic spine compared ta the straight normal spine. In a scoliotic

spine~ a change in any mechanical parameter due to growth must cause a change in Cobb

angle. Therefore, whether these changes are sufficient to cause progression depends on the

stiHness of the spine and ribcage and the sensitivity of the system at a particular stage

of gro",~h. A normal spine~ on the other hand! is much more tolerant of changes due to

growth since increases in weight and length do not automatically cause bending of the

straight spine. Therefore~ ta fully understand the effect of the adolescent groVlth spurt on

curve progression, the simultaneous changes to all the mechanical parameters of the spine

must be considered.

8.3 . Effect of Adolescent Growth on Curve Progres-

sion

During adolescent growth! the spine length and applied body weight~ as weIl as spinal

and ribcage stiffnesses are all changing. Clearly~ in the normal spine~ synchronicity of these

factors is maintained as the increased length and weight during gro\Vth are counteracted
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by an increased spinal and ribcage stiffness. For a scoliotic spine v..ith additional curvature

and twist, there is a greater burden on the supporting stiffness to maintain stability and

prevent curve progression.

A significant finding from the simulation of the adolescent growth spurt was that for a

minimal scoliotic curve v..ith an initial Cobb angle of 10° ~ then only a very small progression

of the curve was predicted for both males and females with normal growth (Section i.3.1).

On the other hand~ for a larger Cobb angle of 30°. normal growth in a female was found

to lead to substantially greater progression of the curve compared to a male during their

respective gro'W'th spurts. This was due to the earlier growth spurt of female adolescents

combined. vlith a more slender spine compared to males. Consequently. in females there

was a greater initial increase in Cobb angle as the growth spurt began and the weight and

length increased.. However, even as the female growth spurt slowed down. the curve still

progressed somewhat due to the now larger Cobb angle of the scoliotic curve. which was

more sensitive to even relatively small increases in weight and length. In a male. on the

other hanrL there was an initial decrease in the Cobb angle and consequently~ when the

male growth spurt occurred. the spine and ribcage stiffnesses were sufficient to resist the

tendency for curve progression.

~:Iatched by chronological age during adolescence, the female spine is both longer (Tay­

lor and Twomey~ 1984) and subjected to greater body weight (Tanner~ 1962: ~IcCammon.

1970: -Karlberg and Taranger~ 1976) from about Il to 13 years of age compared. to a male.

However. at no age during adolescence are the dimensions or cross-sectional area of the

spine greater in females (Brand.ner~ 1970; Taylor and Twomey. 1984: Schultz et aL 1984;

Gilsanz et al, 1994). Therefore, even during this adolescent period of increased weight in

females the vertebral bodies do not seem to get broader. As demonstrated by both Taylor

and Twomey (1984) and Veldhuizen et al (1986), there is minimal horizontal grovlth of

the female vertebrae compared to the surge in vertical height during the growth spurt.

Whereas in males~ during their later growth spurt, the horizontal growth of the vertebrae
"i

is greater and seems to better match the increase in height. In fact ~ staning as early as 5

years of age, the vertebrae of females are more slender than males (Taylor and Twomey~
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.. 1984). Though clearly the bending and torsional stiffnesses of the spine are related to many

factors~ the cross-sectional dimensions must have a substantial role. If the cros5-sectional

dimensions of the female vertebrae are consistently less than in a male~ it is very unlikely

that the bending stiffness of a female spine could be greater than a male. Therefore~ in the

female growth spurt. the increase in length of the spine and applied weight do not seem

ta be matched by a sufficient increase in the vertebral cross-section and therefore~ bending

and torsional stÏffness.

The most significant finding from the simulation of the increased stature or accelerated

growth observed in scoliotics was that the magnitude of the increase was sufficient to

significantly alter the mechanics of the scoliotic spine (Section 7.3.2). For a young female

adole5Cent~ an increase of 4.5% in spine length lead to substantial increases in Cobb angle

during the growth spurt. Again, however~ in a male the same percentage increase in length

lead to a much smaller increase in Cobb angle.

There appears ta be interacting factors which explain these results. First, the female

spine is more slender as discussed.~ and is already more vulnerable ta progression. An initial

increase of 4.5% in length further increases the slenderness of the female spine destabilizing

an already sensitivity system. In a male. the increase had much less effect due ta greater

initial stability. The other factor is that once an increase in Cobb angle has occurred. the

system becomes much more sensitive to changes in the applied weight and slenderness.

And fn a destabilizing loop, even though the increased stature in early adolescence is

disappearing~ it is still sufficient to affect the progression at later years.

These simulations of the adolescent growth spurt suggest that the changing mechanics of

the spinal complex during growth could be associated with curve progression in a female.

If the female is also of increased stature in early adolescence. this system is much less

stable~ and mechanical factors could indeed play a role in the progression observed. in

these individuals.

The CUITent model predictions of the progression of a scoliotic curve would undoubted.ly

be reduced to a certain degree by asymmetrical muscular contractions. Therefore~ the very

small increase predicted during a normal adolescent groVlth spurt for a spine with an initial
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Cobb angle of 10° may not occur in vivo and be observed clinically. The curve increases for

a larger initial Cobb angle would also likely be less in vivo. However~ these results do show

that the female spine is much more 'vlùnerable to progression during the adolescent growth

spurt relative to the male. This increased. potential for progression would then place a far

greater burden on the supporting postural system to provide support to the spine.

Finally, this simulation of curve progression aIso showed the close correlation of the

increase in Cobb angle Viith the axial rotation and lateral defiection "thich has been re­

ported in the literature (Aaro and Dahlbom! 1981; De Smet et al! 1984; Stokes et al~ 1987;

Stokes~ 1989: Drerup and Hierholzer! 1992: Kanayama et al, 1996). In particular! as the

Cobb angle increased! the spinous processes of the vertebrae continued to be rotated into

the concavity of the curve as observed clinically (Section 7.3.2). The mild scoliosis in the

present model was implemented with an initial axial rotation of the spinous processes into

the concavity of the curve. The present model cannot explain why this characteristic con­

figuration occurs originally~ however! interestingly the model predicts that the vertebrae

continue to rotate in the same sense as the deformity progresses. Numerous researchers

have commented on the need for a posterior tether and/or an uncoiling of the natural sagit­

tal curvature to cause this characteristic rotation (Somerville~ 1952: Deane and Duthie!

1973; Dickson et aL 1984; Jarvis et al, 1988). These features may be needed to cause the

original rotation. but appear unnecessary to cause the continued rotation during progres­

sion. in the present model! posterior tether was not simulated and the sagittal curvature

remained a kyphosis in the thoracic region. Therefore~ it would seem that the continued

rotation of the vertebrae during progression must be related to a different cause. As dis­

cussed in Sections 3.3 and 3.8. the lateral bending and axial rotation of the spine were

inherently coupIed due to the anterior location of the line of action of the applied body

weight relative to the centre of rotation of the vertebrae. The rotation and bending were

further coupled. due to the initial scoliotic deformity (see equations 3.109-112). Therefore~

the continued rotation of the vertebrae into the concavity of the scoliotic curve could he

related. to the natural coupling which occurs in a curved rod subjected ta off-axis loads.
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8.4 Comparison with Previous Work
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As presented in Chapter 2~ Schultz and co-authors (1971-1993) have developed a

discrete model of the whole spine and ribcage to investigate the mechanics of scoliosis.

The geometry~ material properties and applied loads in the model were intended to be

representative of an average American male (Schultz et al~ 1973; Andriacchi et aL 1974;

Takashima et al~ 1979). The current study differs in that the spinal column and ribcage

models were first developed to represent an average adult with no distinction between male

and female. This validated model (Chapter 5) was then systematically changed to represent

an adult male and female~ and subsequently~ further changed ta represent an adolescent

between the age of 9 years and adulthood (Sections 3.8-10 and 4.4.2). The significance

of tms different approach is that the CUITent model includes the relative changes in the

geometry and properties during the adolescent spurt. Ta extrapolate the findings of an

adult model to the adolescent spine may not be correct~ even in a linear modeL unless care is

taken. Because the weight and length~ for example. do not change by the same percentages

from young adolescence to adulthood~ this difference must be accounted for to correctly

model the adolescent spine. Therefore~ the CUITent approach of fust validating an adult

model~ and then systematically changing this model based on published anthropometric

data~ should contribute ta a further understanding of curve progression.

The mast similar study ta the present one is that of ~Iiller and Skogland (1980c). They

developed a discrete model of the isolated spinal column based on adolescent geometry. In

their modeL they also included the material properties determined from their experiments

on an adolescent spine (Miller and Skogland, 1980a). The effect of growth was simulated by

increasing the spine length 8% and the fiexibility 30% in separate analyses. They concluded

that both linear gro~1:h and alterations in material properties may affect the loading of

the adolescent spine and should not he ruled out as being responsible for the progression

of a mjnimal curve. The present results of the parametric analyses are in agreement

with this study. In particular~ in bath studies, a more significant effect ~'as found for

changes in spine length compared ta changes in spine stiffness. However~ these authors did
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not consider the effect of increased weight during gro\\~h and more importantly. did not

systematically consider the effects of these simultaneous changes. Therefore~ it is difficult ta

fully interpret their findings since ta properly investigate the effects of growth. the changes

ta all parameters must be considered. The present study attempted to more rigorously

investigate the effects of the changing mechanical factors during gro~"th. by first validating

the present model against available adult data. and then systematically investigating the

adolescent gro~~h spurt. Therefore~ the present study extends the findings of these authors.

and bridges the gap in the literature between this adolescent based model and the adult

based model of Schultz and ccrauthors~ in order to fully investigate the mechanics of curve

progression during growth in adolescent idiopathie scoliosis.

Patwardhan et al (1986) investigated the mechanics of a progressive scoliosis with a two

dimensional continuum beam-column mode!. They demonstrated the critical importance of

the initial Cobb angle on the mechanics of progression. However. this model did not include

the ribcage and could not analyze the axial rotation or the effect of sagittal curvature of

the spine. This model \\·as not rigorously validated and it was not clear if the loads and

properties were representative of an adult or an adolescent. It is difficult. therefore. to

compare directly their predictions for Cobb angle increase since they \\·ere dependent on

the properties used in their model~ which differed from the current mode!. The present

model maintains the simplicity of this model for parametric analyses. but incorporates

significant new features to better model the spine. The same conclusions regarding the

effect of the initial Cobb angle were demonstrated. however~ due to validation and better

representation of the spine. the present results are likely to be more reliable.

8.5 . Limitations

There are five general limitations of the present study which must be reviewed in

order to reasonably assess the quality of the results. Firstly, the progression of a scoliotic

curve-has only been investigated frOID a theoretical or modelling point-oj-view. Clearly~ any

findings from a model based study must ultimately be substantiated by the results of a

242



-..{

clinical study. Due to the natural history of AIS, very large populations must be followed,

ideally in a longitudinal study~ in order to provide an adequate number of progressive cases

for analysis, which is a very expensive and difficult study. Equally, to explore the mechanics

of curve progression with an experimental study would be extremely difficult due to the

large number of adolescent specimens needed.. Therefore, as outlined in Chapter 1. it was

felt that the best approach was to develop a model of the spine and to rigorously valldate

it fust against experimental data determined. from adults. Subsequently! this validated

model was systematically changed to represent an adolescent with a mild scoliosis based

on extensive published differences of the geometry, and ta a lesser extent ~ the differences

in material properties between adolescents and adults. :VIost previous models used to

study scoliosis have either used adult geometry and properties, or a mixture of adolescent

geometry and adult properties which was still validated against adult experiments (see

Section 2.2). The present modelling approach is argued to be a more systematic! and

therefore! better validated approach ta investigate the mechanics of the adolescent scoliotic

spine (see Fig. 4.18). An analytical study also has dear advantages over a purely clinical or

experimental study to test and explore the mechanics of etiologic theories. In particular,

parametric analyses can establish the key or dominant factors in a complex mechanical

system~ which otherwise would not be evident..And the ability to simulate a process such

as the adolescent gro\\1;h spurt is ideally suited to models. Therefore! the development of

the present model pravides an efficient means to assess the present clinical observations

regarding growth and curve progression in scoliosis (see Section 1.4). In the longer term,

the concomitant use of the model with clinical studies should help to further understand

the mechanics of a progressive curve.

Secondly, there are a number of assumptions which have been made in the development

of the present model. These have been highlighted in the formulation of the specifie objec­

tives and in the chapters on model development (Chapters 3 and 4). The most significant

assumption is the use of a beam-column model to represent the spinal column. It must be

conceded that there are limitations ta such a continuum model~ which is used ta represent

a structure arguably doser to a discrete system. However~ a number of features have been
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included. in the present model in order to improve on previous continuum models. In par­

ticular. the three-d.imensionality and the inclusion of the ribcage support is felt to have

greatly improved the applicability of the continuum model to the spinal column. Further­

more, in comparison with the available experimental results. the present model predictions

were found to be in good agreement (Chapter 5). The present approach of including the

ribcage support directly into the beam-column equations. and then reducing these higher

order governing equations to a 1st order system of differential equations resulted in a very

efficient model of the whole spinal structure. This 'was ideal for the present objectives of

conducting a parametric analysis and simulating a process with many variables. In future

studies, the model can he used to efficiently explore the mechanics of this spatial system

and better understand the three-dimensionality of the scoliotic curve. Therefore~ it is ar­

gued that the present beam-column model can adequately predict the behaviour of the

mildly scoliotic spine, provided the limits of the theory are respected. The development of

the equations for moderate rotations provides a range of applicability which is particularly

suited to the study of a mild scoliosis. The use of the present model~ however, to study

the large deflections of the spine involved in a large structural scoliosis would clearly be

inappropriate. Furthermore, the model is only capable of predicting the displacements

of the spine and cannot predict the behaviour of the individual tissues of the spine. Tt is

worth noting that recent measures of the three-dimensional eurvature of scoliosis are based

on continuous functions describing the location of the vertehrae as a spatial arc. (Stokes

et al, 1987; Drerup and Hierholzer, 1992; Kanayama, 1996). These curvature measures

could be merged very effieiently \\ith the present model to analyze the mechanics of more

complex seoliotic deformities.

The third limitation of the present study is the exclusion of a direct representation of

the muscles and the postural control system needed to maintain the vertical position of the

spine in the mode!. In the formulation of the specifie objectives (Section 2.3), it was argued

that the development of a model, which only inc1uded the passive behaviour of the spine

was rrot unreasonable. The actions of the muscles have only been included in the present

model in terms of their gross effects on the boundary conditions. By considering the top of
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the spine and the sternum of the ribcage to be fixed~ this was felt to model the long term

conditions present during a progressive scoliosis. The greatest concem is the exclusion of

the potential muscular response to the asymmetrical conditions of a progressive scoliosis.

However. in a mild scoliosis, these effects are red.uced. The convex side activity of the

muscles is most prominent in curves beyond 25-30° of Cobb angle (Reuber et al. 1983).

The restriction of the present study to only mildly scoliotic curves is argued to minimize

the potential muscular effects. However, it must be conceded that the increases in Cobb

angle which have been suggested to be progressive in the present study could be mitigated

in vivo to a certain extent. On the other hand~ it is not clear exactly how significant this

factor is in the long term clinical setting, since the activity of the muscles on the convex sicle

is present in both progressive and non-progressive curves (Reuber et al, 1983). Therefore.

though the magnitudes of the present predictions could be infiuenced. by the muscular

response. it is still felt that the direct comparison of the progressive tendencies due to

different growth patterns and the systematic variation of parameters is not invalidated by

the exclusion of muscles in the present study.

The fourth limitation of the present study is the una-vailability of a comprehensive

source of data for both the material properties and the anthropometry of the adolescent

spine and ribcage. In the present study, these data have been gathered from a number of

different studies (Sections 3.7-.8 and 4.4). Ideally, this anthropometric data would have

been determined on a longitudinal basis following a group of adolescents over a number

of years. However, to determine the interna! spine dimensions~ the routine x-raying of

normal or scoliotic children over a number of years at sufficiently frequent intervals is not

an ethically plausible solution. Possibly, the use of a non ionizing technique for imaging

such as magnetic resonance may offer a solution, but still at great expense. 1t would aIso

be impossible to obtain the material properties of the spine and ribcage tissues of these

same individuals. And as discussed previously, it is also essentially impossible to attain

a sufficiently large number of adolescent cadaveric spines for determination of material

properties. Given these restraints. the present use of data from separate sources was

felt ta be appropriate. However. a number of precautions were taken to best ensure the
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validity of the present model predictions. Fust. both the ribcage model and the spatial

beam-column were developed with adult properties and geometry~ and validated against

experimental data determined from adults. This ensured that the overall spine model

and the specific approach employed was valid. Second~ to investigate the effect of the

adolescent growth spurt on the mechanics of a scoliotic spine. the changing geometry was

taken from the large number of studies which have published groVlth charts for various

anthropometric measures of the spine and ribcage. These data were from a broad series of

studies restricted ta populations of Western Society. The weakest estimates were for the

material properties of the adolescents. However ~ the overall reduction in stiffness of the

ribcage and whole spine model of a young adolescent compared to an adult was in good

agreement with reported increases in flexibility of the trunk (Moil and Wright~ 1971)! the

lumbar spine (Hilton et al~ 1979) and joints in general (Fairbank et al~ 1984; Silman et

al~ 1987) for an adolescent. Therefore! it is argued that tirst validating the model \Vith

adult features in a consistent manner against experimental data from adults, and then

systematically changing this model to represent a growing adolescent is the best approach

to overcome the limitations of using data from varied sources. However~ due to this average

nature of the present model, care must he taken in extrapolating the results to specifie

populations where ail the data for each of the model parameters would not be available.

The final limitation of the present study is the use of time-independent properties~ even

though most biological tissues demonstrate time-dependent behaviour of stress relaxation

and creep. This time-dependent response can he represented constitutively as an inherent

viscoelasticit)': or as a poroelasticity with movement of a fiuid relative to a solid phase of

the tissue, or even by a combined approach. In the present study~ only elastic properties

were used because the progression of scoliosis occurs! and is even defined to have occurred,

on a yearly hasis. This time frame is far greater than any time constant which has been

measured for biological tissue. and therefore, progression of scoliosis is a slow quasi-static

phenomenon. Nonetheless! there may still he some concerns Vvith the present model since it

contains material properties \vhich were taken from studies which were not ail performed

necessarily at a quasi-static rate. These stud.ies were conducted in general over a time
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.. frame of severa! minutes~ however ~ significant stress relaxation of biological tissue can

occur over the period of hours (vVb.ite and PanjabL 1990). Also~ the model was validated

against experimental studies which again were not performed at very slow rates. Therefore,

these validated ;'elastic:~ stiffnesses may include a time-dependent stiffening~ as observed

in biological tissue, and he overly large. This could have two effects on the present model

predictions. First, the long term ribcage resistance and bracing of a scoliotic spine may

actually he less in vivo than in the present mode!. Second~ if the spine stiffness was also

less in the long term~ then there would he a greater tendency for the scoliotic curve to

progress. Further, since the present model cannot analyze or represent creep of the spine.

it is possible that curve magnitudes predicted by this elastic model could become larger

with creep. Therefore~ the overall predictions of the present model for curve progression

are likely to be conservative.

8.6 Clinical Significance

As discussed in Section 1.3~ adolescent idiopathie scoliosis \Vith an initial Cobb angle

greater than 10° has a prevalence of 1-4% in an adolescent population. ~fore importantly~

however. only an unpredictable 15-25% of these mild scoliotic curves will progress to larger

deformities during adolescence. Furthermore, the ratio of females to males for progressive

curves can reach 10:1 for larger curves (Weinstein~ 1994). A recent study suggested that

if males are screened in later adolescence then the prevalence of scoliosis in boys is found

to be increased (Karol et al~ 1993). However ~ the overwhelming evidence is that severe

progression occurs predominantly in females. A large number of studies (Section lA). have

reporteçl that scoliotics are taller than normal, particularly in early adolescence. However,

it was less clear if the growth rate was abnormal~ or rather just accelerated~ such that at

the start of adolescence~ prior to the growth spurt~ they were of increased stature.

The association between the adolescent growth spurt and curve progression has long

been known (Willner. 1994). As stated by Lonstein (1996). ';One of the most important

aspects of spinal problems is growth, because it is growth that produces the progression of

247



-....

spinal deformities::. \Vhat remains unknown~ however~ is which aspect of growth is corre­

lated with curve progression. Clearly growth is a complex process that involves multiple

changes to the body. However. the adolescent growth spurt is the most dramatic change in

body size after birth (Tanner, 1962). The present study therefore. attempted to determine

the effect of these gross mechanical changes on the progression of a scoliotic curve.

The adolescent gro\\l1:h spurt is dramatically illustrated by the variable growth velocity

of the standing height from birth to maturity (Fig. 8.1). The distinctly earlier spurt

in females is readily e~ident. However. the change in height and spine length is only one

component of growth. To fully understand the effect of adolescent growth on the mechanics

of curve progression~ it must be recognized that the spine length~ body weight~ spinal and

ribcage stiffnesses are all changing simultaneously during growth. Furthermore~ for the

system ta remain stable. al! these parameters must remain synchranous. In Fig. 8.2. the

ratio of the upper body weight ta the critical buckling load (determined as a straight fixed­

fixed beam-column) during the years of adolescent gro\\'th is shown for a male and female

based on the data used in the CUITent study. If this ratio exceeds one~ then the column

becomes unstable! whereas for values of the ratio below one, the system is theoretically

stable. The ratio for the female spine is found to be significantly greater than that for

a male. This indicates that the female spine has a much smaller margin of safety before

the spine becomes unstable. Furthermore! this ratio changes dramaticaily throughout

adolescence in both males and females. and is seen to peak during the years of the gro~1;h

spurt (10-13 years in a female and 14-17 years in a male). Overall. a female spine appears to

be about 35-50% less stable compared to a male. As discussed previously, trus is partIy due

to the increased slenderness of the female spine. However. \vhen considered in conjunction

with the increased weight the female spine is subjected to in early adolescence during the

gro~~h spurt~ the difference is even more pronounced. This simple comparison is only a

component of curve progression~ ho~·ever~ it clearly illustrates the different mechanics of

the male and female spine. As argued earlier ~ the mechanics of a curved spine are much

more complex. and to adequately predict progression. the spinal curvature as weil as the

ribcage stiffness must also be assessed.. Nonetheless. the closer the applied weight is to the
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critical load of a straight spine~ the more vulnerable to progression it v-ill be with even

relatively small amounts of curvature.

Clinical studies have established a set of guidelines to evaluate the potential for pro­

gression in a scoliotic patient (Lonstein and Carlson. 1984; Weinstein! 1994: Peterson et

al~ 1995). The worst prognosis for serious curve progression is for a young female (9-10

years) ~ who is skeletally immature! with a Cobb angle of at least 20° at diagnosis. The

results of the present analysis clearly indicate that the changing mechanics of the adoles­

cent spine during the growth spurt are likely to have a role in this prognosis. In particular.

the much smaller region of safety of the female spine in early adolescence could readily

explain the increased prevalence of progression in young females. Also~ the significant 00­

ference in progression wwch was predicted by the model for an initial curve in the 20-30°

range of Cobb angle compared v:ith a smaller curve agrees v.ith these clinical predictions.

Therefore, the clinical guidelines for progression~ where an increase of 10° is defined as pro­

gression for curves under 20° ~ but only an increase of 5-6° degrees for curves greater than

200~ is consistent with the mechanics of curve progression demonstrated here. Further. the

cunent model predicts that once a patient has passed the peak of the growth spwt~ there

is unlikely ta be a continued progression of the curve and it may even recede (Section 7.3).

This suggests that mechanical factors associated with grov.~h could explain why young

and skeletally immature patients are most vulnerable to progression. As illustrated in Fig.

8.2. tlie spine appears to be least stable at the peak of the grO'wth spurt, particularly in

females. but also in males. Therefore~ until the patient has passed the peak of their growth

spurt! there appears to he an increased risk for progression due to mechanical factors. It

must be noted that in the current study: all analyses have been referenced to a person!s

chronological age in years. However: it is recognized that the skeletal age and maturity

is a much more accurate assessment of the remaining potential growth. The peak grov.~h

spurt in females was around 11-12 years of age in the present model~ and would need to be

shifted to understand the progression potential of a specifie individual who was of greater

or lesser skeletal maturity at this chronological age.

Overall! the current model predictions are found to be in excellent agreement with the
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cIinical findings of increased risk for curve progression in young females of slightly increased

stature with an initial Cobb angle greater than 20°. This suggests that the inclusion of

mechanical factors related to weight! stature and stiffness properties could improve the

prediction of curve progression. Though sorne studies have considered mechanîcal factors

such as spine slendemess (Schultz and Cisewski! 1979; Skogland and lVliller! 1981: Lonstein

and Carlson. 1984) to predict curve progression. no study appears to have considered all the

combined. factors of weight, stiffness and slendemess together. as weil as initial Cobb angle!

which more accurately characterizes the mechanical state of the spine. The development

of the present model enables the analysis of the mechanics of the scoliotic spine during

adolescent growth! and should contribute to the development of predictive factors which

integrate mechanics with the current clinical guidelines.

Although either normal or accelerated gro'W'th is unlikely to fully explain curve pro­

gression, the mechanical effects of growth may have a role in progression if scoliosis is

thought of as a two factor problem. Lonstein (1996) states. ;;There may actually be two

mechanisms: one for the development of idiopathie scoliosis and another related to curve

progression". The present study was ooly concemed with the progression characteristics

of a curve due to meehanieal changes associated \\ith growth. The cause of the initial

mild scoliosis was not considered. However, recent studies suggest subtle abnormallties in

the postural control system of seoliotics could be the underlying cause of scoliosis (Will­

ner, 1994). If this abnormality was also present in a young female adolescent of increased

stature growing rapidly! it could be very vulnerable to progression. The decreased me­

chanieal stability would place a much greater burden on the weakened postural system to

maintain stability. In this way~ the two factors vtould combine to cause curve progression

during ·gro\\~h. On the other hand! for a person of smaller stature or later in adolescence

with an increased mechanical stability~ the mild scoliosis might occur due ta the defect but

no progression would occur as the postural system would not be unduly taxed. A persan

with a straight spine! though gro\'\ting rapidly and of tall stature should have no difficulty

maintaining stability. since the straight spine can carry a much greater load compared to

a curved one with a mild scoliosis. In this two..factor progression scenario! the mechanical
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effects of growth need not he abnormaL just accelerated. Therefore, the current model

predictions strongly suggest that mechanical factors can explain the progression of larger

scoliotic curves during adolescent growth. However, to best explain why only some scoliotic

curves progress~ the mechanics of growth may need to be considered. as only a component

of a multi-factorial disorder that causes adolescent idiopathie scoliosis.
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Figure 8.2: The ratio of the upper body weight ta the critical load. of a fixed-fixed beam­

column for a male and female during adolescence. A margin of safety exists between the

value of tms ratio and ","hen it equals one~ wmch indicates an unstable system.

8.7 Summary and Conclusions

A.n initially curved and twisted~ spatial beam-column model was developed as an

analog for an adolescent spine with a mild scoliosis ta investigate the mechanics of curve

progression. The governing equations were developed for small strains and moderate ro­

tations. The spine was embedded in a three-dimensional elastic medium ta represent the

ribcage. A finite element model of the ribcage was developed~ and a series of numerical

experiments were conducted with the model to establish the stiffness of the ribcage for

incorp-oration into the beam.-column model. Bath the ribcage and spine models were vali­

dated in a consistent and systematic approach of comparing models with adult geometry
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and properties~ to experiments conducted on adults. A series of parametric studies were

then conducted with these models ta better understand the mechanics of this system. The

geometry. material properties and applied loads of the spine were then changed in a system­

atic manner to simulate both normal and accelerated growth patterns during adolescence.

These analyses were used to establish the raIe of mechanical factors associated with the

adolescent gro\\~h spurt in the progression of a mild scoliotic curve.

On the basis of this study~ the follo\\ing set of conclusions was determined:

1. The three-dimensional stiffness of the ribcage varied with rib level and orientation~

however ~ in the middle ta lower ribcage the variation was least. The ribcage stiffness

was greatest for anteriar/ posterior translation and axial rotation in the upper ribs.

2. The ribcage stiffness was most sensitive to changes in the gross ribcage geometry and

the material properties of the costotransverse joints~ and least sensitive to changes in

the properties of the ribs. Further ~ the anterior stiffness was least affected. whereas

the rotational stiffnesses were most affected by these changes.

3. An adolescent ribcage was considerably less stiff campared ta an adult~ and a male

ribcage was slightly stiffer than that of a female.

4. The progression of a mild scoliosis was most sensitive to the initial Cobb angle~ the

·spine length~ the applied weight and the lateral translational stiffness of the ribcage.

5. A normal adolescent growth pattern in both females and males should not cause

progression of scoliotic curves with a Cobb angle less than 20°.

6. i\tormal growth could lead to progression of a scoliotic curve in a female with an

initial Cobb angle greater than 20° prior to the adolescent growth spurt.

7. The adolescent spine of a female compared to a male has an increased vulnerability

to progression~due to its slenderness in relation to the weight carried during the ado­

lescent years of growth~ which may explain the clinical data of increased prevalence

of progression in young females.
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8. The mechanical changes 8S50ciated with the reported increased. stature in early ado­

lescence of scoliotics could also be factors in the progression of a mild scoliosis in

females. but not males.

8.8 Future Studies

On the basis of the CUITent results~ and the limitations surrounding them~ a number

of future studies are suggested:

1. To better validate models of an adolescent spine~ experimental studies are needed.

Even though adolescent cadaveric studies are likely never to be possible. more in

vivo studies of the overall trunk flexibility and ribcage stiffness could reasonably be

perfonned. The use of magnetic resonance imaging ta view bath the unloaded and

control loaded spines of scoliotics and normals would provide tremendous data for

model validation. Further, cadaveric studies of whole spines are needed. If whole

spines from adults of different stature were acquired and tested. these data would help

better validate both the overall modeL and the predicted effect of anthropometric

stature on the whole spine behaviour.

2. Ta extend the present model~ the inclusion of muscles and in particular, a simulation

of the postural controlloop would be the best improvement. Deficiency of the postu­

ral control system has been suggested ta be an etiologic factor in the development of

a mild scoliosis. The effect of this deficiency on the mechanics of the growing spine

is unknown. Possibly. the results of the present study, which suggest that clinically

reported accelerated growth patterns essentially reduced the stability of the spine,

would be amplified if the postural system was deficient. In this ,vay, a progressive

loop could be created, whereby a decreased spine stability due to accelerated grO'wth

placed. a greater burden on the deficient postural control system. which was then

unable ta provide sufficient support.
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3. Patwardhan et al (1986) suggested that reaching a crltical bending moment in the

spine 'was necessary for curve progression. A recent experimental study by Stokes et

al (1996) provided a means to determine a value for such a moment byestablishing

the effect of abnormalloads on the growth of the vertebrae. If the value of a moment

which disrupted vertebral growth could be established, it would be very instructive

to incorporate this into the analysis of the present results. In this way, it would be

possible ta better assess the progression potential of scoliotic curves during growth.

4. Many other features of a scoliotic curve can be investigated efficiently with this mode!.

A reduced sagittal curvature has been suggested as factor in the etiology of scoliosis.

This could be easily analyzed with the present modei to understand the interaction

between the sagittal curvature, the Iateral curvature and the axial rotation. The

centre of gravity, and lateraI offset are also likely to affect the mechanics of this

system. In particular, the coupling between axial rotation and laterai curvature. In

the present analysis, the top of the spine was considered fixed. but the effect of a

pinned top should aiso be investigated. AIs0 , the full three-dimensionality of the

scoliotic curve could be analyzed using more recent measures of the 3-D curvature

to better understand the mechanics of different curve patterns. The benefit of the

CUITent model is that these varied features can be analyzed very efficiently.

5. The results of this study aIso suggest that the changing geometry of the growing spine

in scoliotics and normaIs would be worth measuring more accurateIy. An imaging

technique such as magnetic resonance offers the best apportunitY for such measure­

ments. The present modei approach could then be used to develop individualized

models of bath scoliotics and normals, which could be followed in a longitudinal

clinical study. Combining models \vith longitudinal clinical studies offers the best

chance to fully establish the role of mechanics in the progression of a curve during

the adolescent groVv~h spurt.
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STATEMENT OF ORlGINALITY

In the present work, an explicit analysis of the mechanical influence of the adolescent

growth spurt on curue progression in idiopathic scoliosis was conducted through a sys­

tematic examination of a number of anthropometric variables related to growth. To the

author~s knowledge, this represents an original contribution to the study of curve progres­

sion in adolescent idiopathie scoliosis. In addition, the follo\\oing points are also considered

as an original contribution to knowledge:

Spine Model Development

The present model is considered unique in these two aspects:

• The governing equations of an initially curued and twisted, spatial beam-column were

developed for small strains and moderate rotations, to represent a spine v..-ith a mild

scoliosis.

• The passive behaviour of the ribcage was modelled as a three-dimensional elastic

medium, represented by unique stiffness matrices at each rib level, which were in­

corporated directly into the spatial beam-column equations governing the spine. The

stiffnesses were determined through a series of numerical experiments conducted on

a finite element model of the ribcage.

Analysis

The following items are considered to elucidate a new understanding of curve progres­

sion:

• The adolescent spine of a female compared to a male has an increased vulnerability

to curve progression! due to its slenderness in relation to the weight carried during

the adolescent years of growth.

• The changes in stature which have been clinically observed in patients with A.IS are

of a magnitude to significantly alter the mechanics of the adolescent spine, making

it more vulnerable to curve progression.
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Table A.l: Etiological classification system for spinal deformities developed in accordance
\\ith the Scoliosis Research Society (Leatherman and Dickson~ 1988).

PRIl\1ARY, PROGRESSIVE OR STRUCTURAL DEFORMITIES
Idiopathie deforrnities
1. Idiopathie scoliosis

a. Early-onset (before 5 years of age)
b. Late-onset (after 5 years of age)·

2. Idiopathic kyphosis
a. Type 1 - classical Scheuermann ~s disease
b. Type Il - ~apprentice~s spine"

Congenital deformities
1. Bone deformities
2. Gord deformities
3. Bone and cord deformities
4. Syndromes in which congenital spine deformities are prevalent

Neuromuscular deformities
1. Cerebral paIsy
2. Poliomyelitis

.3. l'rue ~euromusculard.isorders~'

4. Familial dysautoromia
5. ~Ialignant hyperpyrexia

Deformities in association with neurofibromatosis
1. Dystrophie deformities
2. Idiopathic-ty-pe deformities

.. Late-onset scoliosis also includes adolescent idiopathic scoliosis (AIS).
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A1esenchymal defonnities
1. Heritable disorders of connective tissue
2. ~Iucopoly saccharidoses
3. Bone dysplasias
4. :Metabolic bone disorders
5. Endocrine disorders
Traumatic disorders
1. Vertebral
2. Extravertebral
Deformity due to infection
1. Pyogenic infection
2. Tuberculosis

Deformity due to tumours
1. Intradural tumours
2. SYringomyelia
3. Paravertebral childhood tumours
4. Primary extradural tumours
5. ~letastic spinal disea.se
Miscellaneous conditions
Spinal deformity in adults
1. True adult deformities
2. Adult-presenting deformities
Spondylolisthesis
1. Dysplastic
2. Isthmic
3. Degenerative
4. Traumatic
5. Pathological

SECONDARY, NON-PROGRESSIVE OR
NON-STRUCTURAL DEFORMITIES

Pelvic tilt scoliosis
Irritative Lesions
Hysterical scoliosis

285

Table A.1 (Continued)



..
{

Appendix B

Etiological Theories for Idiopathie

Scoliosis

In this appendix, various theories for the cause of idiopathie scoliosis are reviev.ted and

summarized in Table B.l. The theories are grouped aeeording to the tissue, structure or

system that they primarily affect. This review is intended to provide the reader with an

overview of the varied approaehes wrneh have been considered in the etiology of scoliosis. In

each area, the review attempts to summarize the CUITent state of the literature and ta show'

that there is no clear definitive cause for adolescent scoliosis and thus the term idiopathie.

Genetic

Early researchers, such as Roth (1911), Lovett (1916) and Garland (1934), commented

on the number of familles associated with scoliosis. There are other reports on the ten­

deney for twins to be affected (Fisher and DeGeorge, 1967). One of the more authoritative

works was by \Vynne-Davies (1968) which suggested a dominant or multiple gene inher­

itance pattern...o\ttempts, however, to identify genes have not been suceessful, and only

the inereased incidence in certain familles can he accepted. Furthermore, a multiple gene

inheritance pattern can also indicate a combination of genetic and environmental factors .
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Intervertebral Dise

A number of studies have examined the coIlagen and proteoglycan content of the disc in

scoliotics (Ponseti et al~ 1972; Zaleske et al~ 1980; Taylor et al~ 1981; Oegema et aL 1983).

Definite changes at the cellular level have been found in the nucleus and the annulus, which

were postulated to alter the structural integrity of the dise. Furthermore~ differences in

the dise between the convex and concave sicle of the curve have been observed~ as weIl

as differences due to the location of the disc in the curve. Le. ~ closer or farther from the

apex. However ~ these latter findings are difficult to interpret unambiguously~because the

changes in the disc could be due to the deformity itself, rather than being causative.

Vertebra

Experimental studies in animals (HaBS, 1939; Bisgard and ~Iusselman, 1940; Langen­

skiold and ~Iichelsson. 1962; ~ichelsson~ 1965; Karaharju~ 1967) have produced scoliosis

by destroying the vertebral growth centre on one side. However. the deformities in the

vertebrae are more likely secondary (Enneking and Harrington, 1969; Sevastikoglou et

al, 1980) to the scoliotic curve due to the Heuter-Volkmann principle, which governs the

response of the epiphyseal growth plates at the superior and inferior surfaces of the ver­

tebrae. Similarly, the changes in the laminae and pedicles are likely due to \Volff~s la""

which governs the remodelling of bone due to mechanicalloads.

Recently. the Heuter-Volkmann principle has been proven directly in a rat tail mode!.

where increased compression during growth retarded the developrnent of the vertebrae.

whereas tension had the opposite affect leading to longer vertebrae (Stokes et al! 1996).

Thtse authors hypothesized that this mechanism could be critical in the progression of a

scoliotic curve where the increased bending moment on the spine due to the scoliotic curve

would lead to wedging of the vertebra via the Heuter-\lolkmann principle. This in turn

would lead. to more progression and a larger moment which would only lead to further

wedging in a progressive circle. This mechanism is very attractive to explain the progres­

sion of a curve! but does not indicate why sorne curves progress and others do not~ since

this mechanism would be present in all curves. If it could be shoVllLl that a certain load is
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required before the growth is affected! the magnitude of which might vary between individ­

uals! then this might explain different progression tendencies. However. there is no data

to support this idea at present. Therefore. it has been shovln that the Heuter-Volkmann

principle likely explains the gradual wedging of the vertebrae in a scoliotic curve~ but its

role in directly causing progression remains unclear.

Ligaments and Tendons

Both the collagen and the elastin content of the ligaments and tendons have been

investigated in patients with AIS. ~o biomechanical (~ordwall! 1973; '~laters and ~1orris~

1973) or biochemica! (Bradford et al! 1977; Venn et al, 1983) abnormalities have been

found in the collagen from scoliotics. The findings for the elastin content are less clear.

Veliskakis (1973) found an increased number of elastin fibres~ whereas NordVw'all (1973)

found no difference. There have also been severa! recent studies reporting differences in

the elastin content for scoliotics (Pedrini et al, 1990; Hadleyet aL 1991; Yahia et al, 1992).

The overall laxity of the ligamentous system has also been studied by determining the

trunk bending and joint stiffnesses of scoliotics. 11attson et al (1983) found that normals

had increased lateral bending flexibility (as measured by range of motion) compared to

scoliotic girls. ~AJ.so: the flexibility of other joints was not increased for the scoliotics. A

recent study of Veldhuizen and Scholten (1990) reported similar fiexibility results. Though

these -studies have not determined directly the spinal flexibility~ they do show that scoli­

otics do not suffer from a systemic increased fiexibility.

Muscles

Successful attempts have been made ta produce scoliosis in animal models through

resection or damage to various muscles (Schwartzmann and Miles. 1945; Langeskiold and

j\tIichelsson~ 1961). However. the curves did not always include the characteristic axial

rotation component of AIS and did not have the same progression tendencies. Furthermore~

in AIS there is no obvious gross damage to the muscular tissue. This is further supported

by the study of Portillo et al (1982), which found no trunk muscuIar strength difference

between mild scoliotics and normals.
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NIany studies have reported findings of asymmetrical muscular actÏV;ty, as measured

by E~IG (electromyograph)T between the convex and concave side (e.g.~ Riddle and RoafT

1955; LeFebvre et al~ 1961; Zuk~ 1962). It would appear. howeverTthat the asymmetri­

cal muscular activity is a secondary response ta the curve. The asymmetry disappears

following fusion (Butterworth and James, 1969) and is more pronounced in larger curves

(Reuber et al, 1983: Zetterberg et al, 1984).

The pathophysiology of the muscles of .4lS patients has been examined from many dif­

ferent angles (Kaneko, 1968; Spencer and Eccles. 1976; Spencer and Zorab. 1976; Yarom

and Robin, 1979; Sahgal et aL 1983; Zetterberg et al~ 1983; Ford et al~ 1984; Bylund et al.

1987). As yet~ however~ there is no clear evidence that the observed differences in muscular

tissue are not once again secondary adaptations.

Ribcage

Removal of ribs due to fracture or turnor. for example, can result in scoliosis in hu­

mans (Bisgard, 1934: PiggotT1971: Loynes~ 1972; Durning et al~ 1980). Scoliosis has also

been produced in experimental studies in animals by resection of ribs (Langenskiold and

~1ichelsson, 1961: ~Iichelsson, 1965; Snellman~ 1973; Sevastik et aL 1978). HoweverTthe

implications of these studies for AIS are less clear~ since the ribcage in AIS is fully intact.

Other researchers have studied the ribcage for more subtle defects which could be

implicated in etiology. ~Iehta (1972) investigated the prognostic value of the riIrvertebra­

angle-difference or RVAD in the progression of a curve for infantile idiopathie scoliosis.

Further investigations of the ribcage have focused on rib lengths and asymmetrical growth

of the ribs (Normelli et al~ 1985a: Agadir et al~ 1988; Stokes et al~ 1989)T and on the

importance of symmetrical support from the ribcage (PaL 1991).

A recent theory proposed by Burwell and co-workers (Bunvell and Dangerfield. 1992;

Burwell et al, 1992)~ attempts to unify the many and varied observations from scoliotics

into a general~ multi-factorial view of etiology. Their observations (Grivas et al 1991) of

altereg morphology in the ribcages of scoliotics are the basis for this unified theory. How­

ever, it is not known whether the observed changes in scoliotics in the morphology of the
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ribcage can significantly alter its mechanical support.

Sagittal Plane Curves

Adams (1865) showed that idiopathie scoliosis in the thoracic region was in reality a

lordosis plus axial rotation. The normal thoracic kyphosis had. beeome a lordosis about the

apex of the curve. Somerville (1952) again reaffirmed. the 3-D nature of idiopathie scoliosis.

However ~ the origin of the lordosis at the eurve apex was not clear. as there was no evidence

of a primary growth disturbanee in the posterior elements. Roaf (1966)~ and Deane and

Duthie (1973) also implicated a thoracie lordosis in the etiology of idiopathie scoliosis.

J\.Iore reeently~ Dickson et al (1984) argued that scoliosis is the result of a combination of

a thoracie lordosis (a redueed kyphosis is sufficient) plus a small lateraI deviation in the

coronai eurve. When these conditions arise~ then with repeated flexion, the vertebrae are

foreed to rotate axially~ produeing the idiopathie seoliotic deformity. The distinguishing

feature of this theory from previous ones is that no pathological condition is required. The

smalliaterai deviation is eommon in many people and during the adolescent growth spurt

the thoracie kyphosis is redueed.

Severa! reeent papers have ail shO'wn a deerease in the thoracie kyphosis in seoliotics

(Ohlen et al~ 1988: Poussa et al~ 1989; Carr et al. 1991; Raso et al~ 1991: Kojima and

Kurokawa, 1992; Poussa and ~lellin. 1992). ~ot all researehers. however~ agree that al!

seoliotic curves are lordotic (De Smet et al~ 1984; Stokes et al, 1987). Furthermore, Xiong

et al (1994) have reeently shown that changes to the vertebrae occur in all planes simulta­

neously in the early stages.

A deerease in mobility with fonvard flexion was aIso noted in seoliotics (Poussa et al,

1989; Poussa and Mellin, 1992). However~ the authors acknowledge that their gross mea­

surements of trunk mobility do not necessarily imply a more rigid thoracic eurve (~Iellin

and Poussa, 1992). \Vithout a decreased fiexibility of the spine in the sagittal plane that

rendered the lordosis comparatively rigid~ it is diffieult to aceept the meehanics of this

theory The lateral and torsional buckling of the spine to one side with flexion ean only

oceur if the lordosis is relatively rigid. Otherwise, the spine would simply be flexed. into
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the original kyphosis with applied flexion and remain in the sagittal plane.

Postural Equilibrium

The idea that idiopathic scoliosis is the result of a deficit in the postural control system

in one of the most prominent theories today. The search for the actual deficit~ however ~ has

been less successfuL as ail aspects of the system from the sensory nerves~ to the mU5Cles~

to the brain, to the vestibular system have been studied. The research in this area began

with Yamada et al (1969) who found equilibrium dysfunction in 81% of patients. However~

there were similar problems with other types of scoliosis and the amount of dysfunction

also correlated positively with the curve magnitude~ which again raised the question of

cause and effect.

Sahlstrand et al (1978) found that scoliotics demonstrated increased 5W'ay compared

with normals~ particularly when blindfolded. They concluded that in scoliotics there ex­

isted disturbed proprioception. related to the optic and possibly the vestibular systems.

Herman et al (1985) argued that in scoliotics there was visuo-spatial perceptual impair­

ment. As a result~ scoliotics recalibrate their equilibrium system and develop asymmetrical

muscular action. Contradictory findings have~ however ~ been presented by Gregoric et al

(1981) which could not find any significant change in postural sway and by Adler et al

(1986) which found decreased sway in scoliotics. Proprioception has also been investigated

by Barrack et al (1984) and Keeson et al (1992). for example~ and found to be dysfunctional

or asymmetrical in scoliotics.

Based on the observations of the foregoing authors and others~ attempts have been made

to develop eÀ~erimental animal models of the proposed etiologies. Alterations to the brain

stem have been successful in producing scoliosis in rats (Kawata. 1976)~ for example. A

recent study produced scoliosis in chickens through removal of the pineal gland (rvIachida

et al~ 1993). However~ in humans no differences in the quantity of melatonin. which is

controlled by the pineal gland7 was found in scoliotics compared to normaIs (Bagnall et al~

1996)._ NIore studies are needed to measure the melatonin levels more closely during the

early stages of scoliosis and during progression.
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Table D.1: SUllunary of the variOllH et.iological t.l1eorieH for AIS, Huhdivided accordillg to the pl'Îluury tiHHtte, st,l'lld.llre or systmu

involved.

~ ETIOLOGICAL ~HEORY l 'RESEARCHERS 1 KEY FINDINGS 1)

CcncUe Roth, 1911 History of scoliosis in thc fflluily
Lovett, 1916 History of scoliosis in lite family

Garlancl, 19~4 History of scoliosis in the fmnily

Fisher and DeGcorge, 1967 Occurrcnce of sco)josis in twins

Wynue-Davies, 19G8 Dominant or multiple gene inheritanec pattern

Intervertebral Dise POllseti et ul, 1972 Biochemical changes in the nucleus observed in seolioties
Zalm~k(! (~t ni, 1mm llioehemical changes ure sccondllry

Taylor et al, 1981 Oiochemical changes arc s(~condary

OeAmnll et. al, 198:J Oiochemical changes ure ~econdnry, as t.hey occtlr in

differeut types of seoliosis

Verte1>ru Hans, 19~9 Experimcntal seolimiis in growing <logR

Risgard and Musselman, 1940 Experimental ~i(:oliosis in goats

r~ang(~JlHkiold and MichclssOll, 1962 Experimental ~i(:oli()~is in rabhits

Michclsson, 1965 Experimental Hcoliosis in pigs

J(nraharju, 19G7 Experimental scoliosis

EnJlcking and Harrington, 1969 Vertcbral asymmetrics arc secondary cffects

Sevastikoglou ct nI, 1980 No nsymmetricul growth activity in vcrteoruc uf
progressive Cllrves

Slokcs ct n.l, 1996 Experimental validation of t}w Heutcr-Volkmllnn prindplt~

Ligaments llnd Ten<1ollH Nordwall, 1973 No mechunical diff(~rellce between Rcoliotics and Ilormal~

Collugcn Watcrs and Morris, 197~ No IIlcchanical difference hetween Hcoliotic.s and normllls

IJradford ct nI, 1977 No biochcmiclll differenee hetween scoliotics and norJllal~

Venn ct nI, 1983 No biochemicnl difference uctwccn scoliotics und normal:;
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(1 ETIOLOGICAL THEORY 1 RESEARCHERS 1 KEY FINDINGS ~

-- -- EIll8tin Veliskakis, 1973 InCrell..'icd number of elastin fibres in ligaments [roUl Hcolioties

~ordwall, 1973 No difference between scoliotics and normlllH
1

Pcdrini ct ni, 1990 Importance of clustin for stability

Hadley et al, 1991 Differences round at the mol(~<:ulllr level

Yuhia et ni, 1992 Decrcnscd Rmoullt of dustill fibres in ligaments from Hcoliotics

- .Joint stHflleSH MattRon ct al, 1983 SeoliotiCl'i are not more flexible thun nOl'malH
V(~ldhlJi~erl and Scholtell, HHJO 8coliotics ure not more flexible than norlUulH

Mus<:1es Schwul't~IIlUIlIl und Miles, 1945 Experimental Bcoliosis by muscle excisioll in rats and mice
- Gross musculature Lallgclikiold und MkhelsHoll, 19(H Experimental scoliosis by muscle ex<:isÎon in rabbits

PortiJlo et ni, 1982 No diffcrcnce in musculn.r stl'ength hetween scoliotics unù uorlllllls

-- EMG Hidclle and Hoaf, 1955 Incrm....md Illuseular ad.ivit.y on eonvex side

LeFebvre ct al, 19(;1 Illcreused IllllHcular nctivity on convex Bidc
Zuk, 1962 Illcreused mURculnr nctivity on convex side

Duttcrworth and Jalllcli, 1969 Incrcnsml mUHenlnr aetivity on conv(!x Ride; dec:ren~eH uCter fusion

Reuher et al, 1983 Iu<:rcnsed Ulusculnr activity on eonvex Hide; only in larger c:urveR
Zetterherg et al, 1984 Inc:rem;ecl musc:nlar ac:tivity on C:OIlVCX side; proportiOlml t.n

curve magnitude

-- Pathophysiology 1(llncko, 1968 Nmlrogellic atrophy in pllrmipillnl museleR in scoliotics

SpmlCcr and Zorub, 1976 HistochcmicuJ diffcrenc:es uf muscle fibre types in Hcolioties
Spencer and Eccles, HJ76 Histomorphomctrk differcncŒi of mURde fibre typeB in BcoliotÎcH

YUl'UUl élnd Rohin, 1979 Histochcmiclll and deetroll microscope differcnees in

paruspinnl and glutens muximus muscles of sco1iotics
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~ ETIOLOGICAL THEORY 1 RE8EARCHERS 1 KEY FINDINGS ~

Suhgal et al, 1983 Decrease in type II (fast twitch) fibres on concave side .

! Zetterberg et al, 1983 IncrCflSe in type 1 (slow twitch) fibreH on convex sicle;

nrgued to be sccondury

Ford et aI, 1984 IncrCllSe in type 1 (slow twitch) fibres nt <:t1rVC apex

in the mu]tificluH

By]uud ct al, 1987 AltBrcd proportiolls of type I/type II fibres in scoliotics

R.ihcagc Bisgard, 1934 Scoliosis following thoraci<: discflsc and Burgcry

.--- R.ib resectioll (humans) Piggot., 1971 Postcriol' rib rcsectioll to correct scolio:iiH

Loynes. 1972 Scoliosis following thoracoplasty

DurJling ct al, 1980 Scoliosis following thoffu:oplfl:ity

Hib l'CscctiOll (unimul modd) LUIlp;mlHkiold mld Midldsson, 1961 ~xperimental scoliosis in the rabbit following
ri h resectioJl

MichelsHon, 1965 Rxperimental scoliosis in the rabbit following
rih resection

Sndhnan, 1973 Experimental Acoliosis in pigs

Sevastik et ai, 1978 Experimentnl scoliosis in growing rllbbitH fl)llowin~

ribcage operntions

- Rib llsymllwtricH & lIlorphology Mehta, 1972 PrognoHti<: value of the RVAD in ellfve progression

Scvastik ct ai, 1978 AHYlllllletl'ie l'il> grnwth ean initiate HcolioMis
Sevnstikoglou ct ai, 1980 Some 118Yllllllctry in rib growth in progressive scoliosili

NOl'melli et aI, 1985a. Asymmctric ril> lcngths in scoliotics

Agadir et. al. 1988 Asymmctric ril> growth can initiate scoliosis

Stokes et al, 1989 Asymmctric rib lcngths in Hcoliotics

Pa]. lUtH Asymmctric rib forccM causes scoliosiH

Grivas et ul, 1991 Narrowing of lower cheHt with illcrmuiÏllg age is

a fado.. in SCOliOHiH
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~ ETIOLOGICAL THEORY 1 RESEARCHERS 1 KEY FINDINGS ij
Sagittal Pinne Curves Adams, 1865 Importance of lordoshi in licoliosis

80111crvillc, 1952 Thoracic lordositi due to fnilure of growth in the posterior elements

1 . Rouf, 1966 Thorncic lordm;is due tn lengthcning of the vertebral b()(Jim~

Deane und Duthin, 1973 Thorncic lorc1osis cilie tn inhibition of gl'owth

in the posterior clements

Dic:kSOJl et al, 1984 Thorucic: lordosis is n limit of the normal lut.eral curvcs

Jarvis ct al, 1988 Thorndc lorrlosis is duc to lUI unknown posterior tcthcr

Ohlen et al, 1988 Reduc:ed thoracic kyphosis in the luterai profile

Poussa et al, 1989 Redllced thoracic kyphosis in the laternl profile

Raso ct ul, 1mB Reduced thol'ucic kyphm;iH or lordosis in the sagittal pinne

of the apical vertebra

Carl' ct al, 1991 Redllecd thol'acic kyphosis in the latcral profile

Poussa und Mellin, 1992 Reduced thorucic kyphmdl'l in t.he laterai profile

I<ojimn anù Kuroknwll, 1992 Thoracic lordosi8 in n vertchral reference framc

Postural Equilibriulll Yamadn. et al, 1969 Equilibrium dysfllnction obscrved in scolioties

1<llwntll, 1976 Expcrimclltnl HcoJiosis in rats rclatcd to bruin st.mn

Sahlstl'alld et al, HJ78 Incrcuscd postural sway in scoliotics

Gregoric: et al, 1981 No cvidclU:e of postural problcllls in Hcoliotics

Barl'liCk et al, 1984 Asyullnctry in positioning of lower limiJs in scoliot,ies

Herman ct ni, 1985 Visuo-spatinl disorcler in scoliotics

Adler et al, 1986 ScolioticH have JeRs Rwny thall normal

f(ecson et al, 1992 Asymrnctrical spatial orientation in scoliotics

Machidn. et al, 1993 Experimental scoliosis in chickcns related t.n brnin stcm

Growth Misol ct al, 1971 Serum growth hormone leve1s arc normal in scoliotics

Bioehemicnl Willllcr ct nI, 1976 Increas(~d sccretion of growth hormone in scoliotics

Skoglulld and Miller, 198U Incrcn:îcd response tn grnwt.h hormone stimulation in early

puberty in scoJiotiel'l

Skoglllnd and Miller, 1mn Could not confirm an incrcllsed gl'owth rate in seolioties

Ahl et al, HJH8 Iucwnsed sccretion 'of growth hormonc in carly J>llberty of scoliotics



Appendix C

Anatomy of the Spine

C.l Introduction

..

...

This appendix presents a description of the relevant anatomy of the spine~ including

the structures that comprise the spinal column~ as weIl as those which pro'\ide extemal

support. The description begins with the intervertebral joint which is the basic ;';building

block~~ of the spine. followed. by a description of the spinal column itself~ to illustrate the

variations in form along its length. The subsequent sections describe the external support

provided by the ribcage and the trunk musculature. Throughout this description~ emphasis

is placed on the functional anatomy of the various structures of the spinal complex~ \\ith

particular reference ta those most implicated in the etiology of scoliosis. This anatomical

revie\v is a compilation from many sources (e.g.~ Grant. 1978: Gray~ 1989L and is only

intended as an overall description to assist the reader.

C.2 Intervertebral Joint

An interuertebral joint~ also termed a motion segment~ is defined to comprise two

adjacent vertebrae plus the interconnecting ligaments and disc (Fig. C.1A)..~lthough

there are significant differences in the morphology of the intervertebral joint at different

levels of the spine~ nonetheless~ the basic features remain the same.
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Figure C.1: A) A.n intervertebral joint or motion segment eomprised of two vertebrae~ plus

the interconnecting dise, ligaments and facet joints (Grant~ 1978). B) A typical vertebra

from the lumbar region of the spine (Gray~ 1989). C) .l\..n intervertebral dise is composed

of a nucleus~ surrounded by a series of fibrous bands.
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Vertebra

Each vertebra consists of an anterior or vertebral body~ which is roughly an elliptical

cylinder, and a posterior ring~ termed the neural arch (Fig. C.lB). The neural arch is

composed of two pedicles and two laminae which are united to enclose a space termed the

spinal foramen which serves to protect the spinal cord. At the junction of the laminae~ the

spinous process arises and extends posteriorly~ while at the junction of the laminae and

the pedicles~ two transverse processes arise and extend laterally to each side. There are

a total of four articular processes (two superior and two inferior) which also arise at the

junction of the laminae and the pedicles on either side. These struetures~ extraneous to the

anterior body~ are also colleetively termed the posterior elements. As a general description~

the vertebral bodies serve to cart'}" the body weight and distribute this load to the flexible

intervertebral dise. whereas the posterior elements serve as levers for the attachment of

ligaments and muscles to provide stiffness and motion~ respectively.

Intervertebral Dise

The intervertebral disc is located between two adjacent vertebral bodies. It is comprised

of three distinct structures: the nucleus pulposus, the annulus fibrosis and the carlilaginous

endplates. The nucleus pulposus is a gel-like substance with a high water content making it

nearly incompressible, and it occupies 30-50% of the crass-sectional disc area. The annulus

fibrosls is eomposed of a series of bands eantaining collagenous fibres embedded in a ground

substance, similar to a composite materiaL The fibres are inclined at an angle of about

30° \\ith respect to the horizontal plane of the disc: the angle of inclination changing

altemately from one band ta another (Fig. C.lC). The ordered pattern of the annulus

fibrosis- arises gradually from the periphery of the nucleus, and the annulus completely

surrounds the nucleus. The cartilaginous endplates are composed of hyaline cartilage and

represent a transition zone between the dise and the vertebrae. The endplates gradually

become ossified. with increasing age.

The intervertebral disc provides the three-dimensional fiexibility between the adjacent

vertebrae. The disc is subjected to an axial compression load which in the lower spine can
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often exceed body weight during heavy lifting. As an incompressible fluid~ the nucleus ex­

erts pressure on the inner wall of the annulus in response to the compressive load. In turn!

the fibres of the annulus are tensed to contain this pressure. Concurrent to resisting the

axial compression! the disc permits extensive bending in the sagittal and coronal planes!

as weil as axial rotation.

Ligaments

There are seven ligaments that interconnect tv/o adjacent vertebrae (Fig. C.1A). The

ligaments are mainly composed of collagen and function as uniaxial structures that ooly

resist tension. Their function. therefore! is primarily determined by their location and

orientation.

The anterior longitudinal ligament extends over the anterior surfaces of all vertebrae

and dises! whereas the posterior longitudinal ligament extends over the posterior surfaces.

Due to their locations! the anterior and posterior longitudinal ligaments primarily resist

extension and flexion! respectively. However! they aIso significantly resist dise bulging!

anterior/posterior shear and axial rotation. The ligamenta fiava interconnect the laminae

of adjacent vertebrae on either side. They are the most elastic ligaments in the body and

are pre-tensioned in the neutral position. Their location is best suited to resist flexion

and axial rotation. Between the adjacent spinous processes is the interspinous ligament.

while "the supraspinous ligament extends over the posterior tips of the spinous processes.

Both these ligaments primarily resist flexion! although they can also pro~ide resistance

to axial rotation. The intertransverse ligament joins the transverse processes of adjacent

vertebrae and is most effective at resisting lateral bending and axial rotation. The capsular

ligament is a sac-lïke structure which encloses the facet joint (described below) formed by

the superior and inferior articular processes on either side. Tt is most effective at resisting

the relative motion between the superior and inferior processes.

The seven ligaments function together to provide stiffness and stability to the inter­

vertebral joint while allov.ring sufficient physiological motion, with minimal expenditure of

muscle energy. They best achieve this function through their non-linear stiffness prop-
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erties. Near the neutral position. the ligaments are less stiff compared with a deformed

position~ where the stiffness can be considerably greater. In this manner~ the ligaments

are best able to permit motion at lower loads while providing protection and stability to

the intervertebral joint at higher traumatic loads.

Facet Joints

The facet or apophyseal joints are formed. between two adjacent vertebrae from the

articular processes~which contain the articular facets~ along Vvith the cartilaginous articular

surfaces and capsular ligaments. The facet joints are formed between the superior articular

facets of the inferior vertebra~ and the inferior articular facets of the adjacent superior

vertebra (Fig. C.lA). The articulating surfaces of the facets are composed of cartilage

which allows free relative movements. Concurrently~ the superior and inferior processes

are bound by the capsular ligament.

The general function of the facet joints is to permit relative motion between the ver­

tebrae in one sense~ ·~.:hile constraining the motion in another. The configuration of the

joint~ and therefore its function, varies greatly between different spine levels. and is further

explained in the following section.

C.3 Spinal Column

-1
~

The spinal or vertebral column consists of a total of 33 vertebrae. plus the intercon­

necting discs and ligaments. The spinal column is divided into four major regions from

bottom to top: sacral~ lumbar, thoracic and cervical (Fig. C.2). The main functions of

the spinal column are to transfer load between the pelvis and the upper body, to provide

sufficient f1.exibility during physiological motions and to protect the delicate spinal cord.

These functions are achieved through a complex balance between the characteristics of

the basic element of the spinal column~ the intervertebral joint~ and the gross form of the

column with its four distinct regions. In a lateraI view ~ the cervical region is curved con­

vex anteriorly (lordosis) ~ the thoracic region is concave anteriorly (kyphosis). the lumbar
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Figure C.2: The spinal or vertebral column is composeà of 33 vertebrae and dh'ided into

four regions: sacral. lumbar: thoracic and cervical (Grant~ 1978). A.) Lateral "iew: B)

Anterior view.
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region is convex anteriorly (lordosis) and the sacral region is concave anteriorly (kyphosis).

These four major curves in the lateraI view allow for the internai organs to be carried

more efficiently over the pelvis. provide increased flexibility and provide a shock absorbing

capacity. In a frontal view ~ the spine is normally straight except for a slight right curvature

found in many individuals. This curve is likely due ta the location of the heart and aorta~

and to the preponderance of right-handed individuals. In addition to the lateral curves,

there are other significant differences between the spinal regions~ as described belo\\".

Sacral Region

The sacral region consists of five fused sacral vertebrae and three or four fused coc­

cygeal segments. This fused. mass is firmly attached with the pelvis. Although there are

many disorders of this region, it is not involved greatly with scoliosis.

Lumbar Region

The lumbar region consists of five vertebrae (LI-L5), which are the largest and strongest

in the spine. The lumbar lordosis is largely the resuIt of wedge shaped discs. The facet

joints are primarily oriented perpendicu1ar to the transverse plane, at an angle to the

mid-sagittal plane increasing caudally from a value of about 25° at LI to 55° at L5 (Fig.

C.3A.). This orientation enables the lumbar facets to provide effective resistance to axial

rotation. The lumbar facets are aIso significantly curved, which restricts slipping bet'\veen

the inferior and superior processes. and provides further resistance to axial rotation. The

lower lumbar facets are also tilted such that the superior facets face cephaladly to a certain

degree. This enables them to carry sorne of the verticalload.~which is greatest at the lower

levels, and thereby reduce the stress in the disco

Thoracic Region

The thoracic region consists of 12 vertebrae (TI-TI2), which gradually change in shape

to match the adjoining regions, caudally and cephaladly. The T12 vertebra is ver~l similar

to the L1 vertebra, whereas the Tl vertebra is more similar to the cervical vertebrae
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than to the other thoracic vertebrae. The size of the vertebrae increases frOID Tl-T12 to

accommodate the increasing vertical load, similar to the lumbar vertebrae. The thoracic

kyphosis is more the result of wedge shaped vertebrae~ as opposed to wedge shaped discs~

as in the lumbar region. The facet joints of the thoracic region are significantly different

compared with the lumbar region. The superior facets are directed posteriorly~ while the

inferior facets are directed anteriorly (Fig. C.3B). The left and right facets can thus be

considered as small arcs of a circle. As a result, the facet joints in the thoracic region are

unable ta provide a geometric restraint ta axial rotation. They are also angled at about

60° to the transverse plane, which heips ta resist extension.

The transverse and spinous processes of the thoracic region also differ from the Iumbar

region. The spinous processes become longer and more caudally directed. The transverse

processes also become longer with an articular process near the tip which articulates with

the ribcage. The vertebral bodies of the thoracic region also contain additional articular

processes which articulate with the head of the rib. These articular processes, unique ta

the thoracic vertebrae~ are described. in further detail in the next section on the ribcage.

Cervical Region

The cervical region consists of seven vertebrae (CI-C7L which are the smallest in the

spine. The vertebral bodies are significantly broader in the coronaI plane. The facet joints

are oriented tov.rards the transverse plane to permit easy axial rotation and bending in

either plane. The fust and second cervical vertebra differ markedly from the others and

are also termed the atlas and the axis, respectively. These names reflect their function in

providing a junction to the head with maximum mobility.

C.4 Ribcage

-i
'~

•

The ribcage has severa! important functions. Firstly~ it provides a protective barrier

for the vital internaI organs against traumatic impact. Secondly~ it provides attachment

points for the trunk musculature~ with large moment arms, which allow the muscles to
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Figure C.3: Typical orientations of the facet joints from two regions of the spine ('VVhite

and Panjabi. 1990). A) Lumbar facets; B) Thoracic facets.

efficiently move the spine. Thirdly, the ribcage plays an important role in respiration. The

ribcage diameter changes substantially with inspiration and expiration helping the lungs

to function. FourtWy, the ribcage provides much needed stiffness to the spine during both

passive and active situations.

The ribcage is composed of a number of components which together give it its conical

shape and establish its function (Fig. CA). The ribs are the main components. ~ith 12

on either sicle. They are attached to the central sternum via the costal cartilages which

provide a direct attachment for the fust seven ribs. termed true ribs. The other five ribs

are called faIse ribs as their tips are not attached directly to the sternum. The ribs are

attached to the spinal column via the costovertebral and costotransverse joints. Spatially~

the ribs are inclined to the transverse plane~ with the anterior tips being lower. The space

between the ribs is termed the intercostal space. A more detailecl description of these

compo~ents is presented below.

Ribs

The ribs are long curved arcs of bone which prescribe the basic shape of the ribcage.

The M.ad of a rib is the swollen proximal end which is formed by two articular facets. The

facets, in contact with two successive thoracic vertebrae. form the costovertebral joints.
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Figure C.4: Typical views of the ribcage devoid of musculature (Grant. 1978). A) .Anterior:

B) Lateral.
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The neck is a short segment which extends from the head. of the rib to the articulation

of the rib with the transverse process at the costotransverse joint. The tubercle is located

at the posterio-inferior point of each rib and articulates with the transverse process of the

lower of the two adjacent vertebrae at the given rib Leve!. The angle is a sharp curve in

the rib found Lateral to the tubercle~ and marks a change in the rib as it turns anteriorly

and the curvature decreases. The shaft forms the main body of the rib and extends from

the angle to the anterior tip in a smooth arc. The sternal end or anterior tip of the rib is

an oval depression into which the costal cartilage is attached. The cross-section of a rib is

more or less elliptical. particularly in the shaft region. The discrepancies from a pure oval

forro are due to the grooves to which the muscles and ligaments are attached. The rib is

composed of a cortical shell which surrounds porous cancellous bone.

The foregoing general description of a rib applies best to ribs 3-9. These ribs are very

similar with only changes in their gross dimensions. Rib 7 or 8 is generally the longest.

The fust rib is unique in that it is much smaller Voiith broad~ fiat surfaces facing upwards.

The second rib is tVlice the size of the fust ~ and represents a compromise between the fust

and the other more standard ribs. Rib 10 is unifacetal but otherwise is similar to ribs 3-9.

Ribs 11-12 are also unifacetal and are also called ;iloating ribs~:: since they do not joïn

v.-ith the other ribs and the sternum through the costal cartilages.

Sternum

The sternum or breastbone is a broad. fiat bone situated in the middle of the anterior

wall of the ribcage (Fig. CA). In the adult~ it is composed of three separate portions. The

first portion is the manubrium~ the middle and largest is the corpus sterni and the inferior

portion is the xiphoid process.

Costal Cartilages

The costal cartilages are solid elliptic bars of 'white hyaline cartilage which join the ribs

with the sternum (Fig. CA). The cartilage can be regarded as an extension of the rib

itself. The fust seven ribs are directly attached to the sternum via the costal cartilages.
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Ribs 8-10 are connected to the lower edge of the cartilage of the cephalad rib. The costal

cartilages provide for much of the expansion in ribcage dimensions, as they are much more

flexible than the ribs themselves.

The costal cartilages are fitted into the depression in the anterior tips of the ribs. The

two are held together by the periosteum~ which is the outer layer of dense fibrous tissue

which surrounds bone. The junction between the costal cartilage and the rib is termed

the costochondral joint. This type of joint is termed a synarthrosis with no appreciable

motion between the rib and cartilage. At the other end of the cartilage. it is joined to

the sternum for the fust seven ribs at the costosternal joint. This joint is an arthrodial

articulation which permits sorne gliding between a concave and a convex surface. There

are aIso a number of ligaments which connect the costal cartilage to the sternum.

Costovertebra1 Joint

The costovertebral or CV joint is formed by the heads of the ribs and the thoracic ver­

tebrae (Fig. C.5). As mentioned earlier~ for ribs 2-9~ there are two articulations with each

rib head and the upper and lower successive thoracic vertebrae. The other ribs have ooly

a single articulation at the rib head. The costovertebral joints are arthrodiaL with only a

small amount of sliding between the rib and vertebra. The joint is connected by a capsular

ligament ~ an anterior costovertebral ligament which attaches the rib to the vertebra at

three 'parts~ and an interarticular ligament which attaches to tne intervertebral disc for

ribs 2-9.

Costotransverse Joint

The tubercle of a rib is joined to an adjacent transverse process by an arthrodial joint

termed the costotransverse or CT joint (Fig. C.5). The joint is connected by the anterior~

middle~ and posterior ponions of the costotransverse ligament and a capsular ligament.
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Figure C.S: Transverse view of the costovertebral joint and costotransverse joint (Gray~

1989).

c.s Trunk Musculature

-1-

The musculature of the trunk is a truly complex system -with a very high degree of

redundancy. Though there are many muscles of various forms! they can be broadly divided

into three groups: intrinsic, extrinsic and respiratory. This division is based on their pri­

mary functions! though they are not explicitly confined to these roles.

Intrinsic

The intrinsic category refers to those muscles which are closest to the spinal column

(Fig. C.6A). These muscles provide stability to the spinal column and control the local

relative movements between the vertebrae. They can be further divided into deep~ ïnter­

mediate and superficial categories depending on their relative location to the spinal column.

Extrinsic

The extrinsic category refers to those muscles which interconnect the spine and ribcage

to other parts (Fig. C.6B). In particular~ the lumbar spine and ribcage are connected to
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the pelvis through a number of muscles. These muscles are again needed for stability. but

also are used to activate the large trunk motions of day-to-day activities.

Figure C.6: An illustration of sorne of the trunk muscles (Gray~ 1989). A) Intrinsic: B)

Extrinsic.

Respiratory

The respiratory category refers te those muscles which are an integral part of respi­

ration (Fig. C. ï A). These muscles are active during both inspiration and expiration and

enable the lungs to breath through changes to the volume of the thoracic cavity. During

respiration, the ribs undergo a rotation about an axis aligned with the neck of the rib,

referred to as the rib neck axis (Fig. C.7B).
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(A)

Figur~ C.7: A.) An illustration of some of the respiratory muscles which serve to raise

and lower the ribcage structure during respiration (Gray~ 1989): B) The rib-neck axis (line

C-D)~ about which the rib rotates during respiration (yVoodburne~ 1983).
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Appendix D

Spine Models

In this appendix. various models of the spine. developed for applications other than

scoliosis~ are reviewed ta illustrate the varied engineering techniques which have been em­

ployed. To compare the various approaches ta the quantitative analysis of the spine~ the

models are divided into the follov,.;ng groups: \Vhole Spine, Cervical Spine~ Intervertebral

Joint and Disc. ~Iultisegmental~ Trunk Nluscles and Ribcage. A summary of these models

is presented in Table D.1. In the sections below~ only those models which could potentially

be extended to an explicit scoliosis model are discussed. in some detail.

Whole Spine Models

The fust models developed ta provide substantive quantitative information of spinal

mechanics were dynamic models for studying airplane pilot ejections. These were primarily

interested in the axial response of the spine. Both discrete and continuum models were

used~ and damping and ,,;scoelastic effects were also included (Latham, 1957: Hess and

Lombard~ 1958; Toth. 1967). The next phase of models investigated the spinal response

in the sagittal plane~ for the study of whiplash and automobile crashes (Orne and Liu~

1971; Soechting and Paslay~ 1973; Prasad and King~ 1974). Another development in the

dynamic analysis of the spine was by Cramer et al (1976). A continuum model of the spine~

represënted as a curved homogeneous beam-column subject to eccentric inertial loading~

was developed. Other detailed models of the whole body dynamics have been recently
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developed by Deng and Goldsmith (1987) and by Luo and Goldsmith (1991).

The static behaviour of the whole spine has not been as extensively studied as the

dynamic. Lindbeck (1987~ 1988) developed a continuum model of the spine~ based on

an earlier proposai by Hjalmars (1981). The muscle-relaxed spine~ from L5 to T8, was

modelled as a slender elastic beam. The ribcage was considered as a rigid body. The

ability of the model ta determine the lateraI deflections and curvatures of an asymmetrically

loaded spine in the coronal plane was demonstrated. The inclusion of muscular forces in the

model was proposed by Hjalmars (1988). A very extensive FENl model of the whole trunk

has been proposed by Dietrich et al (1991), but ooly limited applications were presented.

•f\. recent study by Shirazi-Ad! and Parnianpour (1993a) examined the stability of the

thoracolumbar spine. The model was similar to the simplified nonlinear FENf of the lumbar

spine (Shirazi-Adl and Parnianpour~ 1993b)~ but extended ta the whole spine. The ribcage

was model1ed by increasing the beam element stiffnesses five-fold in the thoracic region.

The study was primarily interested in the stability in the sagittal plane with application

to the lumbar spine.

Cervical Spine Models

There are also numerous models in the literature which have been used to investigate

the cervical spine (~IcKenzie and \Villiams~ 1971: Belyrschko et al. 1976: Reber and Gold­

smith; 1979). One of the mast comprehensive models was by \Villiams and Belytschko

(1983). A three-dimensional finite element model was developed for transient analysis and

validated for both lateral and frontal impacts. ~'!ore recently. a continuum beam-column

has been used to investigate the fallure of the cervical spine (Liu and Dai~ 1989; Dai and

Liu! 1992). The equations of a beam-column subjected ta eccentric end loads were devel­

oped for small strains and small displacements.

Multisegmental Models

Crisco and Panjabi (1992) modelled the lumbar spine as a collection of five rigid bodies

intercannected by angular springs. The buckling load predicted by the model agreed with
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experimental results (Crisco et al, 1992) when linear properties were assigned to the springs.

Exponentially nonlinear properties were needed to accurately predict the postbuckling

behaviour measured experimentally (Crisco et al. 1992). The model was also extended.

to the thoracolumbar spÎne to simulate the experiment of Lucas and Bresler (1961). The

buckling load predicted by the model was slightly higher than the experimental value and

the Euler critical load.

A. more extensive FEM model of the lumbar spine was proposed by Shirazi-Adl and

Parnianpour (1993b) to study stability. Two types of models were developed.. In the mst,

the discs and ligaments were modelled in fine detail (7155 elements)! the facets by contact

gap elements! and each vertebra by two beam. elements and two rigid bodies to represent

the anterior body and the posterior structures. The second model considered each verte­

bra as a rigid body and each disc as a spatial beam element with appropriately adjusted

stiffnesses. The simplified model was developed to investigate a large number of cases to

determine values for an appropriate horizontal support and flexion moment to maintain

stability. The authors noted that sucb a parametric analysis was essentially impossible in

the detailed model due to the computational costs.

Ribcage Models

Roberts and Chen (1970) developed a three-dimensional finite element model of the

thoraX ta investigate its response to a frontal load. Each rib was modelled by five beam

elements with varied properties along the length and between ribs. The costovertebral and

costosternal joints were assumed rigid. The displacement of the sternum was found ta be

reasonable when compared with experimental values.

AnGther FE~I of the thorax was developed by Sundaram and Feng (1977) to study

the response when subjected to frontal compressive forces. Two separate models were

created. The fust was very similar ta that of Roberts and Chen (197ü)! whereas the

second incorporated a representation of the internaI organs and the passive resistance of

certain trunk muscles. The results were discussed in terms of potential injuries due ta

chest impact.
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.... There are severa! models developed specifical1y to study the ribcage during respiration

(Jordanoglou! 1970; Saumarez, 1986a!b: Wilson et al~ 1987: Kenyon et al, 1991; Loring,

1992). These models were primarily concemed with the kinematics of the ribs and the

changes in ribcage volume during respiration.
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Table D.l: Surnlnary of spinc lllodels to il1ustratc the variOUH t.echniques eluployed. This is only intended as a rcprescntative list,
and alsa docs Ilot includc scoliosis Inodels (Sec Table 2.1).

STtlUCTURE RESEARCHERS MODEL TYPE· APPLICATION
1 2 3 4 5

Whole Spine Luthum, 1957 D L LE I-D DL Axiul impact
Hp,SR ami Lomhard, 19f>H C L Lg 1-0 DL Axial impnct.
'l'uth, 1907 D L VE I-D DL AXÎlll impnct
Onm nlld Liu, 1971 D NL VE 2-D DL Axinl, sngittnl impnet
Soechtillg and Pm~lay, 197:1 C L LE 2-D DL Sagittnl ill1pnd
Puujuhi, 1973 D L LE 3-D SL & DL Propmmd mode!
Prn.~ad and I(illg, HJ74 0 NI. VR 2-D DL Sagittnl impnct
Crnmcr et ul, 197û C NL LE 2-D DL Sllgittnl illlpnd
Deng IUld Goldsmith, HJ87 D NL VE 3-D DL Sngittal impne:t
Linrlbeck, 1987, 1988 C L LE 2-D SL AHymmetrical lmllling in cormml pinne
Hjnhnnrs, 1988 C L LE 2-D ML AliYlIllnetrknl IUllding in e~or()Jml pJnne
Dietrich, 1991 FEM NL NLE 3-D ML Modd of mus<:lc stnhlizcd trunk
Luo and Goldsmith, 1991 D NL VE 3-D DL Sugittul impm:t
Shlrazl-A<..lllUld PnrninnpoUl', 1993a FEM NL NLEC 3-D SL Spine atability

Cervical Spine McKcnzic nud Williams, 1971 D NL VE 2-D DL Whiplnsh
Belytse:hko et ni, 1976 FEM NL LE 3-D DL Whiplush
n(~ber and Goldsmit.h, 1979 D NI. VE 2-D DL Whiplush
WiIliuIIIs nnd Belytsdlko, 1m~:i FEM NL NLE 3-D DL Frontal nnet Intcrnl whipJash
Li li und Dai, 1989 C L LE 2-D SL Stnbility, failum analysis
Dni and Liu, 1992 C 1. L1~ 2-D SI. Sf,nhilily, fnilure unalysiH

Intervertebral Joillt Delytschko et al, 1974 FEM L LEO AX SL Dise pnthomedu\I1ics
1< ulnk et. ni, 197() F'EM L NLEO AX SL Dise pllthollwcimllicH
Lill ct ni, 1978 FEM L LED 3-D SL Dise puthumechunicH
Spilkm', 19HO FEM L LEI AX SL Dise pathomechnnics
Shira:t.l-Adl et ni, 1984, H)8üll, 198Gb FEM NL NLEC 3-D SL Disc pnthomechllllics
Spilker et al, 1984 FEM L LEI AX SL Oise: pathomcdtnnics
Simon ct al, 1985 FEM NL PE AX CL DiRe puthon1(~chnnicH

UmlO and Liu, 1987 FEM NL NLEC 3-D SL Dise: plltholJl<lehnnics
Laihle et al, 1U9~J,19U4 FgM NL PE ~J-D CL DiNe pnthunwchanic:H
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~ STRUCTURE 1 RESEARCHERS 1 MODEL TYPE· 1 APPLICATION ~

1 2 3 4 5
Multisegmental Goel et al, 1988 FEM NL NLEC 3-D SL Spinul instrumentation

Lavnste ct ni, 1992 FEM NI. NLEC a-D SL Spinal instrument.ation
Crüu:o und Punjul.>i, 1992 D NL NLE 2-D SL Eulcr lumbnr Htnbility
Shirnzi-Adl and Parniflnpollf, Hm:Jb FEM NL NLEC 3MD SL Lumlmr stability

'lhmk musculutum Schultz ct al, 1983 0 L 3-D ML LUUlbar IOlldH
McGiIl and Norman, 1986 0 L - 2-D ML Lmnhnr loudR
Dlmu et al, 1988 0 L 3~D ML Lumlmr lundM
Bergmnrk, lmm D L L 3-D ML Lumhar londs and stahility
McGiIl, 1992 0 L --- 3-D ML Lumbar londs

Ribcnge .Jordanoglou, 1970 I( NL 3-D Respiration kinomntics
Ruberts und Chen, 1970 FEM L LE 3-D SL Frontal londs
Sundanun and Flm~, 1977 FEM L LE 3-D SL Froutul loudH
SUUlIlarCi'., 198ûu,b 1(&0 NL - :J-D SL Respiration mechanicR
Wilson ct al, 1987 1( NL 3-D Rcspiratiun kincmatics
l(onyon et al, 1991 1( NL -- 3-D --- Respiration kinematicR
Loring, 1992 FEM L LE 3-D SL Rcspimtiun IUcchunics

• The type of mode! il'! dcscribed by 5 PUfIll1wtcrs: lst) D-discwtc (springs, dnmpcrs lUlU rigid l)()di(~s), ORoptimil.utiull, CRnmtilllluUl, 1(-kinClIll1tic,
FEM-finite ellllIWllt moclclj 2nd) L-gcometric Jillear, NL-gcometl'ÎC nOlllinearj :irel) L1~clR."tic, VE-viscoclast.ic, LEORlincar clastir: ort.hotropic, LEI­
lincnr elnstk hmtropic, NLEC-Ilunlhwllr c1ustic cOlllpusitu, PE.puruclusticj 4th) I-D-OllC dimcu~iuuul, 2-D-twu dimcmliollul, :J-D-thrcc dil1lcUMiuuul,
AX-llxisynunet.rÎcj 5th) DL-dYllnmk 100uls, Mlrlllllsde londs; SL-St.llt.k londs, CL-cf(~cp londsi -: Not npplicable.



Appendix E

Error Analysis of the Beam-Column

Model

During the derivation of the governing equations of the spatial-beam-column model

(Chapter 3), severa! assumptions were made regarding the magnitude of certain terms in

arder to simplify the equations. In the present appendix~ these assumptions are assessed

in terms of the magnitude of errors that could be expected.

The present spatial beam-column was developed for the situation referred to as small

strains and moderate rotations. This assumption was first implemented in the rotation

matrix~ Cij~ given in equation (3.35), which related the undeformed system~ êi~ to the

deformed system~ êi. In this matrix terms of () (é2) were neglected compared to terms of

0(1), however, terms of 0 (€2) were retained compared to terms of O(e). In other words,

terms of O(e) were not neglected compared to the terms of 0(1). Therefore, the ordering

scheme \vas as follows:

dl --- o (e2
)

d2 --- o (e)

d3 --- o (e) CE.1)

- f) --- o (e)
1-
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and consequently, dl~ 4~ 4 and 82 were neglected. compared. to unity. This situation was

referred to as moderate rotations~ since nonlinear terms involving products of the rotations

were retained in the rotation matrix. In neglecting dl~ 4~ 4 and f)2 compared to unity~

this also implied small strains. which was implemented in equation (3.55).

To assess the potential error of neglecting second order terms. and to illustrate the

difference between linear and moderate rotations~ consider an error of 10% as acceptable.

In a linear theory~ the axial rotation~ 8, and the bending rotations~ d2 and da~ would be

neglected compared to unity. Consequently~ 8. d2 and da must be less than 0.1 so that they

can be dropped from the equations with an error of less than 10%. On the other hand~

for moderate rotations, it was the products of rotations or second order terms that were

neglected compared to unity. Therefore. (J2~ ~ and 4 must be less than 0.1 for moderate

rotation theory to he valid at an error of less than 10%. In other words. ()~ d2 and d3 must

be less than 10]'.

The implications of this difference are very pertinent for a mild scoliosis. For the

linear theory the maximum change in axial rotation must be less than 0.1 rad. or about

6° ~ whereas for the moderate rotation theory. the change in axial rotation need only be

less y'([ï rad or about 18° ~ for a 10% error. A.lternatively~with moderate rotation theory~

a change in axial rotation of 6° can be predicted with an error of less than 1%, whereas

the linear theory would have an error of 10%. The Cobb angle is essentially the inclusive

angle between the normaIs to the tangents at the inBection points of the scoliotic curve~

viewed in the coronal plane. Therefore~ the Cobb angle is proportional to d2 and a change

about 6° can be adequately predicted by a linear model theory. For moderate rotations~

however. a change in Cobb angle of JQI or about 180 can be predicted with an error of

less than 10%.
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Appendix F

Components of the Main Governing

Equations in Matrix Form

The four governing equations are best expressed. in a compact matrix form (see equa­

tion 3.108). In the present appendix~ the components of these matrices are presented. The

governing equations in matrix form are as follows:

+ ([A'ld + [A.AtJr] J {t},l+[ [.L\-lo]+ [AAfo] ] {t}={AAJc } (F.I)

The nonzero components of these matrices are listed in the following pages.
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Matrix .'1/[4

:..

4 UIm22 -
4 Uf!:.B (F.2)m23 -

4
VIm32 -

4 vti!:.
m33 - 2 ()

.,
UN:!:. 1V V.Ifn22 -

~3 - u3 +ufr. B. I (F.3)

3 V3 + VN1C J.V U,l + vt-r. B. Im32 -

...,

• Matrix ~\t[2

.,
UNsJ.Vm22 -

2 U;m 23 -
., U UJv' l\j ~f:.m 24 - 7 + 7 - + U=r V,H

., vJJiim3! -

., V -J- VN V ' v.f\P:·vr. r\,lm32 - 4 1 4.l i 4 1 ',1 U.I

2 VNs IV (FA)m33 -
., V ~V!:.m34 - 6 + 6 U.l1

.,
Ti + T N 2 IV + 72V

f:. V.Ilm42 -
2 7j + T N'lfr. .lV ()m43 -
2 Tim44 -

~
i
'1 ..
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Matrix Ml

1
U~m 21 -

ml - UNs IV +uN'; 1V,l22

ml - Ug + UNg l.V + uJ.f: l'l. l + UJVfP'/lfJ:. -V.UU,1 + UJ.f:NC .'V-.1U,U23

1 UIO + uNio J.V.1m24 -

1 V1 + VN1 lv-m 32 -
ml - v.Nf lV. 1 (F.5)33

ml - Vg + VNg 1'/34

1 T4m 42 -
1 T5 + T./vs lV + TsV'J:. U.Illm 43 -

.. Matrix _\110

•
0 UN"13m21 -
0 Un + U..ifil .V. I + UNIl ~Vm 23 -
0 UI2 + u.AfiI' J.V,llm24 -
0

VJv"12mSl -
a VIO + VN"lO J.V + v.Afio .V. l (F.6)m 32 -

ma - Vu + VN"u J.V + VAfil ..V. l34

a TNgm.u -
0

TN6~Vm 42 -
a T N 7 ."v-m 43 -

mO - TNs .7\;-44

..

...
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~ Matrix ..41\;12 Matrix Al\-/!

am~2 = AmI amb =Am3

am~3 = Am2 am~3 = Am4

am~2 = ACV1 am~4 = Ams

am~3 = ACV2 am~2 = ACV3

amk = ACV4

amL = ACVs

amok = ACTl

am~3 = ACT2

Matrix MIo Array A.t\;Ic
(F.7)

amg2 = Am6 am~ = -Amg

... amg3 = Ami am~ = -ACVg

• amg4 = Ams am~ = -ACT6

amg2 = ACV6

amg3 = ACV7

am~ = ACVa

am~2 = ACT3

am~3 = ACT4

am~ =ACTs
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i
Components of the "U equation" .

~
U1 = EITTT10

NL.U2 = EITf110 - EI~~o

U3 = -2 (EI~~o + El"r/O) kç
NL.U3 = 2 EI~ - 2 EI~{o - CJ

UNNL. -4 - Tlo

UNs = kf,TJo - 1

U6 = -(5 E1't'f110 + Eleeo ) ke;.l

U7 = -(EITTTlO + GJ) ke NL. UN7 = 170U7 = ElfTT10 - EI~~o - 2CJ

UNs = TlOk~.l

• U..~ = k{TJo - 1.....
Ug = -4EIT'fTlok(1l UNg = TJOkry.l + 2ke;

uJI'f = 2kry1]o

uJI'f_VL, = 170

uJJfP_vc = Tlo

UlO = -(2EIT'fTlO + CJ) ke.1 uNio = 2TJo.

Un = -Elrrrro ke;.l11 UNI1 = k(,l

UI2 = - Elrrr1Q k(ll ulV'J' = 110

UN13 = TJOk(,l - Je"-}
~

UJ\/i3 = 2kçTJo
323 (F.8)



Components of the "V equation".

, UIJ·.cV2- = Eleeo - Elf1T1O

V6 = (Eleeo + CJ) ~

Vg = (2 Eleeo + CJ) kTJ•l

VIO = - Eleeo k(lll

, UIJ'.c
Vj- = 2Eleeo - 2ElrrrIO + CJ

vff:. = Eleeo - Elrmo + 2CJ

324

VNs = 1

VNï = 2kç

vN: = 1 + TJok~

vNio = kç

V.liff!' = TJo

VJol12 = -(ke -+- TJok~)

(F.9)



Components of the "8 equation" .

'li = GJ

Ni;7;. = GJ + E1f.f.o - Elf7T1O

T4 = GJ kf..l

•

-.r:t

Ts = GJ ~.l

T .Ais = k~ 770

(F.ID)
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Components of the "U load equation" .

ACU3 - 'D61 + 'Rtïl.l + 'Rs1 kç - 'RSl~ U,l - 'R41,lV.l - Isle"

ACU4 - 'D62 + 'Rtï2.l + 'R52 kç + CRs2k" - 'R.42,d V.I + Is~ - T4. l

ACUs - 'D63 - 1)43v,l - V 43 kçu

ACU6 - 'DS1 .I - 1)21 + V s1 kç + V S1 k"V,1 - I 4•1kç

ACU7 - 'Ds2,1 - 1)22 + V s2kç - V62~U.l

ACUs - 'D63 ,1 + V s3kç - 'D63~U.l + ('Ds3~ - V 43.d V.l - 'D43.l kçu

ACUg - -I2 +Ts.1 +Tsk,

Components of the "V load equation".

(F.11)

­..
!

ACV1 - 'RSI

AL:V2 - 'RS2

AL:V3 - 'DS1 + 'RSl. l - 'Rs1 kÇ - ('Rinkç + 'R.4l,d U.l - Tskç + I 4.1

AL:V4 - 'Ds2 + 'R52.1 - 'Rs2kÇ + 'Rs2 kçv.1 - 'R42.1U.l + Iskç

ALVs - 'Ds3 - 'D43U.1 + D43kçv

ACVs - 'D31 + 1751.1 - V s1 k, + 'Ds1k{v,l

ACV7 - 'D32 + 'Ds2.1 - V 62kç + 'D62 k{u.l + I 4.1k,

ACVs - 'D53.1 - 'D63 kç + ('Ds3 kf. - V 43.d U.1 + 'D53kf.v.1 + 'D43 ,l k,V
A.CVg - I 3 + IS,l - Tsk, (F.12)
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Components of the "(} load equation".

ACT l - 'R.Sl U.1 + ~lV.1 + 'Rs1k(u - 'R,Sl k(V + n41 + I s + Ws

ACT2 - 'R.s2U.1 + ~2V.l + 'Rs2 k(U - 'R,S2 k(V + n42 + I s + W6

ACT3 - 1JS1 U.1 + V 61 V.l + V s1 k(u - V s1 kçv + D41 + (16 + Ws)k(

ACT4 - 1JS2U.1 + V S2V.1 + V s2k(u - V s2 k(v + V 42 - (Is + Ws) kç

ALTs - 1Js3U.l + V 63V.l + V 63 k(u - V s3 kçv + V 43

ACTs - I 4 +W4 (F.13)
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Appendix G

Matrix Components for the Ribcage

Loads

In the present appendix, the components of the matrices for the ribcage loads are

presented (see equation 4.27) ...
:.. /1

/2

{ ::: } + [ V ]

U

/3 =[R] +{z} (G.l)v
ml

()

m2

m3

-~
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1?.n - -kfsUo.1 + kr6 va,l ua.l

1?.12 - +krs8oUo. 1 + k~4Va,l

1?.21 - -krs + kf6va.l + k~iJ5

1?.22 - +kfs8a + k~iJa

1?.3I - +krs (Bo + Uo,l va,l) - kr6VO.l (Ba + UO. lva,l)

1?.32 - -k~sBa (Bo + UO,l VO,l) + k~4

1?.4l - -k~ + kgsVa.l + k~eaUo.l + k&ïva,l + k~sv5.1 (G.2)

1?.42 - +k~Bo + k~UO.l - k~5eOvO,l

R SI - +k~ (uo. l + Bava.l) - kgSVO,1 (uo.l + Bava,J + k~Bo - k~5Bo + kg6vo. l Bo

R S2 - -k6sBa(uo. l + Bavo,l) - k~ - k&ïB5

1?.61 - +k65 (vo.! - 8aua.!) - kgsVa.l (va.! - Boua,J - k~Bo (Bo + ua.! VO,l) - k~5 + k~SVO,l

1?.62 - -k6sBo (va.l - Bouo,J - k~ (Bo + Ua. lva.J + kg50a
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Vu - -k~lUa.t - k~i}ovO,l + k~4k,vO.l

V l2 - +k~lBouo.l + k~5kçUo,l - k~2VO.l

V 13 - -k~6Uo,l

V 21 - -k~l - k~2B6 + k~4k,Bo

V 22 - +krlBo+ k~5k( - ~280

V 23 - -k~6

V31 - +k~l (Bo + Ua,l VO,l) - k~2eO + k~4k,

V32 - -k~lBo (Ba + ua.l vO. l ) - k~5kç (Ba + uO. lvo.J - k~

V33 - +kr6 (Ba + Ua.lVa.l)

V4l - -k~l - k~28oUo,l + k~kçuO.l - k~lVO,t (G,3)

V 42 - +k~lBa + k~5kç - k~2UO.I + k~lBOVO,l + k~kçt:O.l

.. V43 - -k~s - kgsvo. l
....

VSl +kgl (Uo. 1 + BOVO,l) - k~2Bo + k~kç - kg1Bo-
VS2 - -kglBo (Uo. 1 + BOVo. l ) - k~5kç (Ua. l + BaVa,..) + k~2 - k~le~ - k~5kç()a

VS3 - +kg6 (Ua.l + BaVa.l) - kgsBo

VSl .- +kgl (Vo. 1 - BOUo.1) + k~2Bo (Ba + Ua. l VO,l) - k~kç (Ba + Ua. 1 va.l) - kgl

VS2 - -kglBa (va.l - BaUo.J - kgskç (Va.l - Boua.l) + k~2 (Ba + UO,lva.l) + k~lBa + kgskç

VS3 - +kgs (Va.1 - Bauo.1) - kgs

-f
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Il - -krlUOUa.l - krsUa. lUa. l - kr6BOuO.l - k~2VOVO.l + k~4Va.l VO,l

I 2 - -kriUO - krSUO,l - kr6(JO - kg2voBo + k~4VO.lOO

I 3 - +krlUa (Ba + UO.1Vo.l ) + krSua.1 (Ba + uO. lva,l)

+ kr6()a ((Jo + uO.1vo.1 ) (GA)

L4 - -k61Uo - k6sua.l - k66Bo - k~2voUo.l + k~VO.l uO. l

- k~luovo.1 - k~5uO.l va,l - kg6Bavo.l

I s - +k61Ua (uo. l + BOVo. l ) + k6sUo. l (uo. l + Bovo. l ) + k~Bo (ua.l + Bovo. l )

- k~2VO + k~va.l - k~luoBo - k~5UO.lBo - kg685
L6 - +k61 UO(Va.l - BaUa,J + k6s Uo. l (vo. l - Bouo. l ) + k~Ba (va.l - Bauo. l)

•

331



•

Appendix H

Components of the Solution Matrix

In the present appendix. the components of the matrices for the solution of the two

systems of pt arder equations (see equations (3.114) and (3.116)) are presented. The main

equations from these matrices are here repeated~ where the variables .I.Vl~ 1\';2~ Ul~ U2~ U3~

U4~ Vl~ V2~ V3! V4, (h~ (h are defined in equations (3.113) and (3.115)

(H.l)

The coefficients of these equations are now listed. It should be noted that these coefficients

are a function of terms presented in Appendices F and G.
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-

B' 0 / 41 = -am22 m 22

, [1 1 JI 4B2 = - m 22 + am22 m 22

B; = -[m~2 + am~2]/m~

B' 3 1 44 = -m22 m 22

B' r 0 a li 45 = -lm23 + am23 m 22

, [1 1 li 4B6 = - m 23 + am23 m 22

B; = -[m~3 + am~31/m~

B' 3 / 48 = -m23 m 22

B~ = -[mg4 + amg41/m~

B~o = -[m~4 + am~4J/m~2

B' - [ l + a C]I 411 - - m 21 m 21 - am2 m 22

B' 2 1 412 = -m24 m 22

333

Ci = -[mg2 + amg21/m;2
Ci = -[m~2 + am~2]/m;2

ri . 2 2]/ 4L-3 = -lm32 + am32 m 32

~ = -m~2/m;2

~ = -amg3/m~2

~ = -[m~3 + amj3]lm~2

c; = -[m~3 + am~3J/m;2

C~ = 0

ri r 0 0 JI 4L-g = -lm34 + am34 m 32

~o = -[mL + am1]/m~2

~l = -[m~l + mgl - am~1/mi2

~2 = -m~/m~2

(H.2)
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BI
1 l '.Ive c', 1

- BI + D l B 12 - U2 (1 + DlC12) 81

B2
lIve 1 1

- B2 + D2B 12 - U2 (C2+ D2C12 ) 81

B3
1 l '.Ive ~ c',- B3 + D3B 12 - U2 (3 + D3 12) 81

B4
1 Ne 1

- B4 - U2 C481

Bs
1 , '.Ive ~ c',- B 5 + D4 B 12 - U2 (5 + D4 12) 81

Bs
1 1 V'e 1 1

- Bs + DsB 12 - U2 (Cs + DSC12 ) 81

B 7
' 1 ve 1 1 (H.3)- B 7 + D6B 12 - U2 (C7 + DSC12 ) 81

B s B' U"veC'O- s - 2 8 1

B9
1 1 Ne 1 c', 1 1- B9 + D7B 12 - U2 [ (Cg + Di 12) 01+ (Cu + D9C 12 ) J

BIO
1 , '.AiL:.' 1

- B10 + DgB 12 - U2 (CIO + D SC12 ) fh

Bu - B~l + D9B~2

....
...

Cl
1 1 llic 1 1

- Cl + DlC 12 - li2 (BI + D1B 12 ) 81

C2
1 1 Aie 1 1

- C2 + D2C12 - V2 (B2 + D2B 12 ) 81

C3 - C; + D3C~2 - V2VL:. (B; + D3B~2) 81

C4 - C~ - V2veB~81

Cs
1 1 llic 1 1- Cs + D4C12 - Vi (Bs + D4 B 12 ) 81

Cs
1 l "ie 1 1

(HA)- Cs + DSC12 - Y2 (B6 + DsB 12 ) 81

C7 - C~ + D6C~2 - V2~lL:. (B; + DsB~2) BI

Cs 1 \fe'- Cs - V2 B881

Cg - C~ + D7C~2 - V2ve [ (B~ + D7B~2) 81 + (B~1 + D9B~2) J

CIO
1 1 0"e l ,

- C10 + DSC12 - 2 (BIO + DgB 12 ) BI

Cu - C~l + D9C;2
~

f..
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~
Dl - -[m~2 + am~2J/m~

D2
• l 1]/ 2- -lm 42 + am42 m44

D3 - m2 /m2
- 42 44

D4 - -[m~3 + am~3]/m~

Ds - -[ml3 + aml31/mL
D6

2/') (H.5)- -m43 m«
D7 - _[mO + amO J1m 2

44 441 44

Da - 0

Dg - -[m~l - am~]lm~

...

...
i
."\ ...
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