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1 INTRODUCTION

Idiopathic scoliosis is a classic and intriguing orthopedic disorder in which the spine, 
usually during the pubertal growth spurt, collapses into a three-dimensional deformity 
without any known cause. Despite many anatomical similarities between the human spine 
and other spines in nature,41,60,247,293 idiopathic scoliosis is not found in other vertebrates.11,193 
!e unique human upright spinopelvic alignment, that implies an essentially di$erent 
biomechanical loading condition compared to other vertebrates, has implications for 
rotational stability and plays an important role in the initiation and progression of the 
rotatory deformity that idiopathic scoliosis actually is.47 !is concept of idiopathic scoliosis 
as a rotatory instability of the spine is further investigated in this thesis.

EVOLUTION OF THE SPINE, PELVIS AND HUMAN BIPEDALISM

!e earliest known vertebrate is believed to be a primitive chordate (Myllokunmingia) of 
only a couple of centimeters long, which lived about 525 million year ago (mya).245 !ese 
"sh-ancestors featured a notochord, which is a &exible, rod-shaped body serving as a rigid 
structure for muscle attachment and is considered as the precursor of the spine.145 Chordates 
did not have extremities. !e propulsion of the body came from the tail, this apparently 
trivial trait turned out to be essential in the course of the evolution of the spine and pelvis.

When "sh evolved, they developed multiple ventral "ns that served as stabilizers during 
swimming.145 At the beginning of the transition to land-life (approximately 380 mya) these 
ventral "ns served as precursors for the extremities. At that time the pelvic bone was not yet 
attached to the spine (Figure 1).107,145 

When these amphibian tetrapods started to walk on land, they still featured a 
"sh-like posterior propulsion of the body, only now using their hind legs instead of their 
tail. As a result, propulsive forces were now transmitted through the pelvis to the spine  
(Figure 2). Hence, a strong pelvis-spine connection was needed. !is resulted in the 
development of the sacroiliac joint (Figure 1).107,145 A well-developed pelvis and sacral-illiac 
connection ultimately allowed the elevation of the body on the hind legs, thus enabling 
primitive bipedalism.

Human bipedalism and the unique upright spinopelvic alignment
!e acquisition of bipedalism is generally considered as the key event in human evolution. 
However, in the course of evolution, humans have not been the only vertebrates that developed 
some form of bipedalism. Especially in plantigrade mammals (bears, mice, rats or primates) 
an upright posture is o%en naturally adoped.17,276 !ese habitual bipedal vertebrates, however, 
retained a &exion contracture of their hips and knees, precluding full upright ambulation.

Humans are the only vertebrates that are able to ambulate upright with simultaneous 
full extension of knees and hips, carrying the weight of their upper body consistently 
positioned above the pelvis (Figure 3).9 Not even chimpanzees and bonobos, man’s closest 
living relatives (we share a common ancestor approximately 6 million years ago49,109,291), are 
able to walk upright as humans do. Like all other vertebrates except man, great apes typically 
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1display a ‘bent-hip, bent-knee’ gait during quadrupedal as well as bipedal locomotion 
(Figure 3).63,64 Consequently, their spine is more horizontally positioned, and the center of 
mass of the upper body remains positioned in front of the pelvis. 

Anatomically, non-human apes are able to fully extend either their knees or hips like 
man. However they seem unable to fully extend both joints simultaneously.23,63 !erefore, 
adopting a man-like fully erect posture with fully extended knees, would require an extreme 
lordosis of the lumbar spine, due to this functional &exion contracture in the hip and the 
resulting orientation of the sacrum (Figure 3). At some point during the evolution of human 
bipedal gait, the functional &exion contracture of the hips and knees apparently disappeared 
and the pelvis developed a signi"cant extension curvature between the ischium and ilium, 
thus tilting the sacrum. Now, only a relatively small lumbar lordosis was required in order 
to position the center of mass of the upper body directly above the pelvis (Figure 3). !is 
typical human way of locomotion has been shown to be much more energy e'cient than a 
‘bent-hip, bent-knee’ gait,9,285 and completely freed the hand from any locomotive task. 

Biomechanical consequences of the human upright spinopelvic alignment
Evolving from a more or less horizontally positioned spine into an upright positioned spine, 
which was an oddity in evolution, obviously had consequences for the way the spine is 
biomechanically loaded. When standing at rest, only gravity and muscle-pull act on the 
spine. Due to the horizontally oriented spine in quadrupeds, but also in all occasional 
bipedals, the resultant force of gravity and muscle force can be decomposed in an axial 
component and an anterior shear component (Figure 4). In humans, however, it was shown 
that certain parts of the spine are subject to shear loads that act in a posterior direction as 
well (Figure 4).47 !e magnitude of these loads, and the speci"c area of the spine on which 
they act, is to a large extent determined by a person’s sagittal spinal alignment.47

Having intervertebral discs, endplates, and strong vertebral bodies, the spine is well 
equipped to absorb and resist axial compressive forces. Anteriorly directed shear loads are 
also well counteracted by the facet joints and the posterior location of major muscle groups 
and spinal ligaments. However, the anatomy of the human spine is not very well designed 
to resist posteriorly directed shear loads given the anatomical orientation of the stabilizing 
structures. We recently showed in a biomechanical cadaver study that these posteriorly 
directed shear loads lead to a decrease in rotational sti$ness of the spine.140 

!ese "ndings indicate that the human spine, with its posteriorly inclined segment, 
is a rotationally less stable construct than the spine of all other vertebrates. However, the 
sagittal spinal alignment displays a large natural variation between individuals in terms of 
inclination and length of the posteriorly inclined segment (Figure 5). In addition, it is well 
known that the sagittal alignment of the spine changes during growth.75,78,133,183,281 However, 
the exact development of sagittal alignment of the spine at di$erent ages, and between the 
sexes, remains largely unknown.

Idiopathic scoliosis
Scoliosis is not a diagnosis but a description of a complex deformity of the spine as well as 
the whole trunk. It is de"ned as a lateral curvature of the spine greater than or equal to ten 
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Figure 1. Illustration of the evolution of the legs and pelvis during the transition to land 
life. At the top a primitive "sh (Eusthenopteron) of approximately 380 mya in which the 
pelvic bone was not yet attached to the spine. In the middle a "shapod (Acanthostega) of 
only 15 milion years later. !e pelvis is now attached to the spine by ligaments and muscles. 
At the bottom an extant lizard (Veranus). !e pelvis is connected to the spine through "rm 
sacroiliac joints. (Data compiled from Hogervorst et al.107)

Figure 2. When amphibians started to walk on land, they still featured a "sh-like posterior 
propulsion of the body, only now using their hind legs instead of their tail. As a result, pro-
pulsive force (dotted arrow) was now transmitted through the pelvis to the spine, which led 
to the development of the sacroilliac joints. (Data compiled from Kummer145)
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degrees,163 nonetheless it has been appreciated already by eighteenth century anatomists that 
it is in fact an alteration of spinal morphology in all three planes.3,199 In the coronal plane, 
a lateral deviation occurs, in the sagittal plane the normal thoracic kyphosis is replaced by 
a lordosis, and in the transverse plane there is marked axial rotation. In the normal spine, 
rotation and lateral &exion of the spine are known coupled phenomena and therefore occur 
simultaneously.290 Based on our previous research, we believe that in scoliosis, rotation is the 
initiating force, thus driving lordosis and lateral deviation as secondary phenomena.124,137

Having a scoliosis is not only a cosmetic burden, leading to a disturbed self-image at 
a very vulnerable age, but it may, in progressive and more severe cases, eventually also 
in&uence pulmonary and cardiac function. It can occur in a multitude of conditions 
(e.g. congenital abnormalities of the spine, neurological disorders, genetic conditions, 
intervertebral disc degeneration) but in more than 80% of the cases, a speci"c cause is not 
found. It is then termed ‘idiopathic’.251 

Idiopathic scoliosis exclusively occurs in humans.11,193 It has an overall prevalence of 
2-3% in the normal population,12,40,128 and traditionally is categorized, based on the patients 
age of onset:

 » infantile idiopathic scoliosis (onset at 0-3 years old),
 » juvenile idiopathic scoliosis (onset at 4-9 years old), and
 » adolescent idiopathic scoliosis (onset at 10-16 years old) (Figure 6).

Figure 3. Non-human apes typically display a ‘bent-hip, bent-knee’ posture during bipedal 
locomotion (le!). Anatomically they could adopt a man-like fully erect posture with fully 
extended knees, but that would require an extreme lordosis of the lumbar spine (middle). 
Due to a backwards-bent pelvic axis (dotted lines), only humans are able to stand upright 
with fully extended knees and only a relative small lumbar lordosis. !e body’s center of 
mass (S) is directly positioned above the pelvis (right). (Data ompiled from Kummer143,145)
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1 Adolescent idiopathic scoliosis is by far the most prevalent type with a percentage of 84-89%, 
followed by the juvenile (10-15%), and infantile form (1%).95 An intriguing characteristic of 
idiopathic scoliosis is that for previously unexplained reasons, in the adolescent form, girls are 
more o%en a$ected than boys,227 and the primary thoracic curve is predominantly right-sided 
(Figure 6). Towards the younger end of the age spectrum (infantile form, younger than 4 years 
of age), boys are more a$ected and curves are typically le%-sided.121,266,297 Juvenile idiopathic 
scoliosis (4 to 9 years of age) can be considered as an intermediate form in which about as 
many girls as boys are a$ected, and the number of le% and right-sided curves is more or less 
evenly divided.53,93

Idiopathic scoliosis is more frequently seen in patients with relatives who are a$ected 
by the same disorder. A prevalence of 7-11% in "rst degree relatives has been found.221 Still, 
despite extensive ongoing research, the genetic basis of idiopathic scoliosis has not been 
clari"ed yet, nor the particular mode of inheritance.125,189

Especially for the adolescent form of idiopathic scoliosis, many theories have been 
brought forward on how a previously healthy girl, can develop normally until the onset of 
pubertal growth, but a%er that develops a complex three-dimensional trunk deformity. Over 

Figure 4. An anterior-
posterior shear com-
ponent (Fshear) and 
an axial component 
(Faxial) can be com-
posed from the sum 
of gravity and mus-
cle force (Fg+m). Due 
to the horizontally 
orientated spine in 
quadrupeds, but also 
in occasional bipedal 
primates (A), shear 
load will be anteriorly 
directed. Only in the 
backwardly inclined 
thoracolumbar spinal 
segment of the human 
spine shear loads are 
posteriorly directed 
(B). (Data compiled 
from Janssen et al.123)
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1the years, practically every structure of the body has been incriminated in the pathogenesis 
of idiopathic scoliosis.141 Nonetheless, no single cause has been identi"ed yet. !erefore the 
condition is termed multifactorial.

OUTLINE OF THIS THESIS

In an e$ort to further clarify the etio-pathogenesis of idiopathic scoliosis and explore new 
therapeutic options, researchers have been inducing scoliosis experimentally in animals 
for more than a century. Many animal species as well as an overwhelming variety of 
procedures that produce an experimental scoliosis have been described in the literature. 
However, varying results have been reported on identical procedures in di$erent animal 
species. Furthermore, the relevance of experiments in quadrupedal animal models for the 
understanding of human idiopathic scoliosis remains questionable. In chapter 2 we present 
an extensive review of the procedures that have been performed in animals in the attempt 
to induce experimental scoliosis. !e characteristics and signi"cance of various animal 
models are discussed.

Figure 5. Lateral spinal full-length radiographs of three normal asymptomatic adults in a 
standardized freestanding position.122 !e sagittal spinal alignment displays a large natural 
variation between individuals in terms of inclination and length of the posteriorly inclined 
segment (white line).
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1 Although a previous biomechanical cadaver 
study of spinal segments showed that the spine was 
a less rotationally stable construct under posteriorly 
directed shear loads than under anteriorly directed 
shear loads,140 this has never been tested in vivo. 
Since no suitable animal model is available that 
mimics the human spinal loading condition, we 
therefore analyzed the rotatory characteristics of 
the human spine in vivo when it is brought from 
a quadrupedal position into a standing upright 
position in an upright magnetic resonance imaging 
(MRI) study (chapter 3).

Progressive adolescent idiopathic scoliosis 
occurs 5.4 times more frequently in girls than in 
boys.227 !us far, this well-known di$erence in 
prevalence rate between the sexes has remained 
unexplained. In chapter 4 we tested the hypothesis 
that the female spine is more prone to posteriorly 
directed shear load. We analyzed the typical sagittal 
spinopelvic alignment and sagittal inclination of 
each individual vertebra in young adult males and 
females using an accurate biplanar radiographic 
three-dimensional reconstruction technique. 

!e genetic basis of adolescent idiopathic 
scoliosis has not yet been clari"ed, nor the 
particular mode of inheritance.125,189 In chapter 5 
the hypothesis was tested that the familial trend in 
adolescent idiopathic scoliosis may be explained 
by the inheritance of a sagittal spinal pro"le that 
makes the spine less able to withstand rotatory 
forces. In this study the spinopelvic alignment 
of parents of children with severe progressive 
adolescent idiopathic scoliosis was compared to 
sex- and age-matched controls. 

In a previous study, we showed that curve 
patterns in adolescent idiopathic scoliosis 
correspond with built-in preexistent rotatory 
patterns that occur in the normal, non-scoliotic 
adult spine.137 In contrast with adolescent 
idiopathic scoliosis (that is classically right 
sided in the thoracic area), le%-sided thoracic 
curvatures are predominant in infantile idiopathic 
scoliosis.121,266,297 In juvenile idiopathic scoliosis the 

Figure 6. Spinal full-length 
radiograph of a typical right-
sided thoracic curve pattern in a 
14-year-old girl with adolescent 
idiopathic scoliosis.
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1number of le% and right-sided curves is about evenly divided.53,93 To test the hypothesis 
that these typical curve patterns are determined by di$erences in the direction of built in 
rotation at di$erent ages, we analyzed the direction of preexistent vertebral rotation in the 
normal non-scoliotic infantile, juvenile, and adolescent spine (chapter 6). 

Pelvic morphology has been shown to be an important determinant of the sagittal spinal 
alignment. !e pelvic incidence appears to be the main pelvic parameter that determines 
the axis of the sagittal balance of the spine,160 and has already been shown to be related to 
the progression of scoliosis.108,160,166,234 A relatively large variation in normal values for pelvic 
incidence has been reported. Since pelvic incidence is usually measured from standard two-
dimensional sagittal radiographs it is prone for measurement error. In chapter 7 we present 
a computerized method to measure the pelvic incidence semi-automatically in three-
dimensional images acquired by computed tomography (CT). We applied this method in 
a large, normal population in which all ages were represented. !e reported normal values 
are very accurate and can serve as a reference for future investigations. 

Next to the pelvic incidence, pelvic tilt and sacral slope are also pelvic parameters that 
are used to describe the morphology and orientation of the pelvis in the sagittal plane. 
However, the ischium is never included in the assessment of pelvic morphology. Yet, the 
ischium, being a lever arm for the ischio-femural muscles and part of the acetabulum, plays 
an important role in the extension of the pelvis and is paramount in man’s ability to position 
the trunk straight above the pelvis. !is speci"c orientation distinguishes man from all 
other vertebrates143,216 but it has never been accurately described. In chaper 8 we introduce 
a novel pelvic parameter to describe the ischio-sacral relationship: the pelvic lordosis. !is 
pelvic lordosis is also a determinant factor in the spinopelvic alignment and thus it can 
be inferred to play a role in the etio-pathogenesis of spinal pathology. We quantify this 
‘pelvic lordosis’ semi-automatically in a large cohort of a normal population of modern 
humans, investigate its relation to the pelvic incidence, and discuss its possible implications 
for spinopelvic alignment. Finally, in chapter 9, results and conclusions of the previous 
chapters are summarized and discussed, plus the "nal conclusions are given.
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1 QUESTIONS TO BE ADDRESSED IN THIS THESIS

Many theories about the etio-pathogenesis of idiopathic scoliosis have evolved in the 
literature since the beginning of the last century.141 Despite a tremendous body of gained 
knowledge on the subject, answers to a number of relevant questions are still lacking. In this 
thesis we address the following questions:

1. What is the most widely used animal experimental model used in studying the etio-
pathogenesis of idiopathic scoliosis, and to what extent does that model relate to 
human idiopathic scoliosis?

2. Does bringing a spine from a quadrupedal position to a standing upright position, and 
thus subjecting the spine to additional posteriorly directed shear loads, alter the spine’s 
tendency to rotate in vivo?

3. Does the normal spinopelvic alignment di$er between the sexes? And if so, could that 
possibly provide an answer to the predominance of adolescent idiopathic scoliosis in 
girls?

4. Can the heredity of idiopathic scoliosis be explained by the heredity of a certain 
spinopelvic alignment that is more prone to rotational instability?

5. Can the di$erence in the distribution of curve direction in idiopathic scoliosis at the 
infantile, juvenile and adolescent age groups be explained by a preexistent vertebral 
rotational pattern that is present at the corresponding age?

6. How does the pelvic incidence, measured by a semi-automatic three-dimensional 
method in a normal population, relate to the pelvic incidence reported for sex and age 
groups in the literature, which is measured on two-dimensional radiographs? What are 
accurate reference values?

7. What are the reference values for the pelvic lordosis in modern man? What is the 
relation between the pelvic lordosis and the sagittal spinal alignment?
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ABSTRACT

Study design. Extensive review of the literature on experimental animal models in scoliosis 
research.
Summary of Background Data. Many animal species as well as an overwhelming variety 
of procedures that produce an experimental scoliosis have been reported in the literature. 
However, varying results have been reported on identical procedures in di$erent animal 
species. Furthermore, the relevance of experimental animal models for the understanding 
of human idiopathic scoliosis remains questionable.
Objectives. To give an overview of the procedures that have been performed in animals in 
the attempt to induce experimental scoliosis, and discuss the characteristics and signi"cance 
of various animal models.
Methods. MEDLINE electronic database was searched, focused on parameters concerning 
experimental scoliosis in animal models. !e search was limited to the English, French and 
German language.
Results. !e chicken appeared to be the most frequently used experimental animal, followed 
by the rabbit and the rat. Additionally, scoliosis has been induced in primates, goats, sheep, 
pigs, cows, dogs and frogs. Procedures widely varied from systemic to local procedures.
Conclusions. Although it has been possible to induce scoliosis-like deformities in 
many animals through various ways, this always required drastic surgical or systemic 
interventions, thus making the relation to human idiopathic scoliosis unclear. !e basic 
drawback of all used models remains that no animal resembles the upright biomechanical 
spinal loading condition of man, with its inherent rotational instability of certain spinal 
segments. !e fundamental question remains what the signi"cance of these animal models 
is to the understanding of human idiopathic scoliosis.
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INTRODUCTION

Idiopathic scoliosis is a classic orthopedic disorder of which the etiology and pathogenesis 
remain largely unknown, although upright spinal biomechanics has been shown to play 
an important role.2,47,140,175,275 It occurs only in man and is characterized by the fact that in 
previously healthy subjects, usually girls, a complex three-dimensional deformity of the 
spine develops during the period of rapid growth, leading to a disturbed self-image and 
potential back, pulmonary and cardiac complaints in later life.

In an e$ort to further clarify the etio-pathogenesis of idiopathic scoliosis and explore new 
therapeutic options, researchers have been inducing scoliosis experimentally in animals for 
more than a century. Von Lesser, in 1888, was the "rst to describe an experimental scoliosis 
model.280 He produced thoracolumbar scolioses in rabbits a%er unilateral dissection of the 
phrenic nerve. Since then, numerous experimental procedures leading to a spinal deformity 
have been reported in various animal models. !e wide variety of procedures and species 
used, plus the varying success rates for a particular procedure when used in di$erent species, 
makes it di'cult to determine its relevance for the clari"cation of the etio-pathogenesis of 
idiopathic scoliosis in humans.

!e purpose of this study is to provide an overview of experimental animal models used 
in scoliosis research, with emphasis on the characteristics of the most widely used animals. 
Moreover, this study considers the relevance of these "ndings to the understanding of the 
etio-pathogenesis of idiopathic scoliosis in man.

METHODS

!e MEDLINE electronic database was consulted until December 2010 to search for 
publications on experimental animal models that produced or were designed to produce 
a scoliosis. !e search terms and results are stated in Table 1. Titles and abstracts of the 
resulting 1,242 citations were scanned and the following exclusion criteria were applied:  
(1) papers not written in the English, French or German language; (2) articles not reporting 
on an intervention that produced or was intended to produce scoliosis; and (3) case reports. 
!is led to the exclusion of 1,121 citations, resulting in a total number of 121 included 
articles. Procedures were divided into prenatal and postnatal procedures according to 

Table 1. Search terms and results

Search Query Number of publications
#1 Scolio* 15,251
#2 (((((experimental) OR experimental model) 

OR experimental setup) OR animal) OR animal 
model) OR in vivo

5,829,832

#3 Search #1 AND #2 1,242

*Indicating truncation of the search term
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MacEwen,171 and postnatal procedures were categorized into local interventions (e.g. 
osteotomies, nerve resections, tethering) and systemic interventions (e.g. pinealectomy, 
feeding Latyrismus peas, prolonged exposure to light).

RESULTS

An overview of the interventions performed in the di$erent species is given in Table 2. !e 
chicken appeared to be the most widely used experimental animal in scoliosis research, followed 

Table 2. Types of procedures for producing experimental scoliosis

Type Procedure Animal
Prenatal procedures Maternal exposure to infectious agents Sheep203,296 

Maternal exposure to carbon monoxide Mouse91,92 
Surgical scoliosis in utero through a 
hysterotomy

Lamb130,131 

Injection of teratogenic chemicals in embryos Chicken84

Rat192 
Unilateral removal of the labyrinthine end 
organs 

Frog153

Postnatal procedures
- Systemic 

interventions
Pinealectomy Chicken7,14,16,26,27,58,

73,74,129,172,173,177,194,263,

269,286,287

Long time exposure to intense light Chicken194

Brain stem damage and experimentally-
induced hemiparkinsonism

Rat19,104

Feeding of Latyrismus peas, beta-
aminopropionitrile

Rat90,152,211,212

     
                  

Bipedal ambulation and pinealectomy or 
melatonin de"cient animals

Rat175,176

Mouse6,178,201

Bipedal ambulation and semi-carbazide Rat261

- Local procedures
Damage to the 
spinal column

Unilateral resection transverse processes and 
facet joints

Rabbit288

Unilateral epiphysiodesis Pig21,301

Anterior destabilizing and insertion of a 
wedge-shaped resin disc

Cow243

Unilateral growth modulation of endplate with 
implanted electrodes

Rabbit80
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Table 2. Continued

Type Procedure Animal
Damage to the 
neural tissues

Unilateral resection of the phrenic nerves Rabbit280

Intercostal nerve resection Rabbit4,5,155,186,223,2

37,239,240

Rhizotomy Rabbit8,164,260

Primate208

Surgical damage of spinal cord Rabbit18,67

Dog54

Primate207

Damage to the 
surrounding 
tissue

Unilateral resections of spinal ligaments Rabbit155,156,202

Hemilaminectomy Rabbit156

Pig156

Bilateral rib osteotomies plus unilateral 
"xation of overriding ribs

Rabbit241,242

Unilateral rib resections Chicken72,225

Rabbit4,154-156,265

Bilateral resections of dorsal ribs Primate264

Unilateral resections of paravertebral muscles Rabbit156,186,202,249

Primate253

Gradual rib elongation Pig238

Unilateral electrical muscle stimulation Rabbit142,294

Immobilization 
and tethering

Tying together of transfers processes with 
bilateral cauterization of the laminae

Rabbit77,155,157,249,250

Forcing a scoliotic position using a cast or 
extension splint

Rabbit101,214

Unilateral tethering of the spinous apophysis 
and transverse apophysis

Rabbit42

Scapula-to-pelvis tethering Rabbit127

Rat231

Forcing a scoliotic position using an external 
"xation apparatus

Rat13,184,257,259

Posterior asymmetric tether from T5 to L1 
laminae with rib resection

Goat31-38

Unilateral tethering with a rod or stainless 
steal wire

Pig1,150,151,204,235

Unilateral anterolateral &exibel tether or 
shape memory alloy staples over consecutive 
vertebrae 

Pig195,198 
Goat114

Cow196,197
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by the rabbit, the rat and mouse. Additionally, scoliosis has been induced in primates, goats, 
sheep, pigs, cows, frogs and dogs. In this sequence, these animal models are discussed below.

THE CHICKEN

Prenatal procedures
!e teratogenic e$ects of insulin injection into the egg yolk of the chicken was extensively 
studied by Duraiswami.84 A variety of single and multiple congenital deformities including 
scoliosis, spina bi"da, hip dysplasia, and club feet were observed. 

Postnatal procedures

Systemic interventions
Unlike in humans, the pineal gland in the chicken consists of two parts: a bulb that lies just 
underneath the skull, and a long stalk that attaches the bulb to the posterior aspect of the 
third ventricle (Figure 1).27

!illard, in 1959, studied the e$ect of pinealectomy on chickens and unexpectedly 
discovered the occurrence of scoliosis in 65% of these chickens.263 !ree decades later, 
Machida et al.172,173 elaborated on this procedure. !ey performed an experimental study 
on three groups of chickens: (1) chickens that underwent a pinealectomy, (2) chickens to 
which the resected pineal gland was gra%ed into the intramuscular tissue of the trunk, and 
(3) chickens without treatment serving as controls. Scoliosis was reported in 100%, 10%, 
and 0%, respectively.172 !is led to the hypothesis that the neurohormonal system in the 
pineal body was the major contributing factor in this type of experimental scoliosis.

Figure 1. Top and sagittal 
view of the chicken brain. 
!e pineal gland is located 
at the dorsal surface of the 
brain, where it is embedded 
in a triangular space between 
the two hemispheres of the 
telencephahalon. A long stalk 
attaches the bulb to the pos-
terior aspect of the third ven-
tricle. 
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Machida et al. pursued this theory and evaluated the neurohormonal characteristics 
of the pineal body. !ey studied the e$ects of melatonin and serotonin suppletion in 
pinealectomized chickens. !e incidence of scoliosis a%er three months was 100% in 
pinealectomized chickens, compared to 73% and 20% in chickens supplied, respectively, 
with serotonin or melatonin injections a%er pinealectomy.174 !is led to the suggestion that 
melatonin metabolism contributes to the etiology of this scoliosis type. However, Wang et 
al. conducted a series of experiments14,286,287 and observed that melatonin therapy in a much 
lower, more physiological dose than used by Machida et al.174 was ine$ective in altering the 
incidence or severity of scoliosis in pinealectomized chickens. In addition, serum melatonin 
levels a%er pinealectomy were found to be close to zero in all chickens and yet scoliosis 
developed in only 55% of them. From the former it was concluded that melatonin by itself is 
not a good predictor nor indicator of scoliosis incidence. Hence, it seemed unlikely that a low 
serum melatonin level is the solitary etiological factor in the development of experimental 
scoliosis in chickens. Moreover, Bagnall et al. showed con&icting results regarding the e$ect 
of autotransplantation of the pineal gland into the thoracic musculature, since neither 
a%er transplantation nor a%er solely cutting of the pineal stalk melatonin levels could be 
maintained.16 Nevertheless, it did not a$ect the incidence of scoliosis when compared to 
pinealectomy alone. !ese "ndings were con"rmed in similar studies.27,269

Since several groups58,200,263,286,287 reported scoliosis to occur only in about 60% of their 
pinealectomized chickens, Beuerlein et al. investigated whether other aspects of the surgical 
procedure played a role in the etiology of the disorder.26,27 Di$erent resection techniques 
(cut high, cut low, suction, pull with forceps, and solely cutting the stalk but leaving the 
gland behind) and the e$ects of damage to the cerebral cortex were investigated. !ese 
experiments revealed that cutting the pineal stalk is the critical stage of pinealectomy 
a%er which scoliosis may develop, and not the removal of the gland or some artifact of the 
surgery.26,27

!e same group also succeeded in producing experimental scoliosis in 15% of normal 
chickens by keeping them in an environment consisting of intense continuous light.194 As 
melatonin production is inhibited by light, decreased serum melatonin levels were observed 
in these chickens. Light therapy in combination with a pinealectomy increased scoliosis 
incidence from 50% to 80%. It was hypothesized that a threshold level of serum melatonin 
below which scoliosis may develop was responsible, in conjunction with a factor yet to be 
identi"ed. !ese "ndings, however, could not be reproduced by Cheung et al. in a similar 
study.50

Recently, it has been demonstrated that tamoxifen and tri&uoperozine (both calmodulin 
antagonists) e$ectively reduced the rate and magnitude of scoliosis in pinealectomized 
chickens.7 Since melatonin also acts as a calmodulin antagonist, it has been postulated that 
loss of this antagonistic e$ect may be the cause of scoliosis. 
Local interventions
Rib transsection in chickens did not lead to any marked scoliosis, whereas rib resection 
did.72 !is led to experiments in which progressive scoliosis in pinealectomized chickens 
was successfully treated by rib resection on the concave side of the curve.73,74
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THE RABBIT

No publications concerned prenatal and systemic interventions performed in the rabbit. 
On the other hand, a wide variety of postnatal local interventions were performed in this 
species.

Postnatal procedures

Local interventions
Many investigators into experimental scoliosis have emphasized the lordotic nature of 
scoliosis,78,222,250 in accordance with the well-known fact that human scoliosis is always a 
lordotic deformity. !is concept has been put forward by several authors.3,78,199,222,250

 In 1952, Somerville produced a progressive structural scoliosis in a growing animal by 
tethering the spine of rabbits into a lordosis.250 He approximated spinous processes with 
sutures, and to reduce posterior spinal growth, he performed laminar cautery. !is led him 
to describe scoliosis as a “rotational lordosis”. Others, however, failed to produce scoliosis 
using the same method unless a contralateral release of the paraspinal muscles using 
cauterization was added.77,157,295 However, in a subsequent study by Smith and Dickson, it was 
shown that in animals with severe progressive deformity followed by this procedure, there 
was localized spinal cord damage due to the cauterization procedure.249 !ey suggested that 
neural damage instead of muscle release or laminar growth disturbance was responsible for 
the rapidly progressive deformity.

To investigate the e$ect of forced lordosis without possible in&uence of any surgical 
trauma, Poussa et al.214 used an external splint to force lordosis in the thoracolumbar 
junction. !is led to a scoliosis in more than half of the animals. !ese results supported 
the view that lordosis is a prerequisite for the development of scoliosis in the rabbit. 
Carpintero et al. elaborated on this asymmetric lordosis theory.42 !ey theorized that 
unilateral dominance of the paravertebral musculature produces an asymmetrical lordosis 
when erector muscles act behind the anterior axis of &exion of the spinal column. !us, 
they performed a unilateral surgical tether between the spinous process apophysis and 
transverse apophysis at three upper levels of the spine (Figure 2). All surviving animals 
exhibited a moderate (27-42°) scoliosis with the convexity opposite to the operated side, 
including axial rotation.

Hakkarainen101 simply immobilized growing rabbits in a scoliotic position using a three-
point plaster of Paris corset during two to "ve weeks. When the initial curve exceeded 30° at 
the time of relief from immobilization, a progressive scoliosis developed.101 Subcutaneous 
scapula-to-contralateral pelvis tethering surgery (Figure 2) also consistently produced 
scoliosis in immature rabbits featuring vertebral wedging when the tether was intact for 
eight weeks.127 Recently, electrodes delivering a constant of 50 mA were implanted into 
one-half of the growth plate of the rabbit spine leading to asymmetric growth inhibition of 
the vertebral endplate, hence creating scoliosis.80

Langenskiöld and Michelsson performed several surgical procedures in rabbits that 
turned out to be milestone experiments in scoliosis research.154-156 Most of their procedures, 
however, did not produce scoliosis: sectioning of the phrenic nerve (contrasting Von 
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Lesser280), several transpositions of rhomboid muscles, electro coagulation of anterior 
costal growth zones, and excision of the costotransverse muscles. Excision of the erector 
spinae muscle and section of ribs VI to XI, including corresponding intercostal nerves 
and arteries, only produced slight-to-moderate scoliosis in a limited number of animals. 
However, severe scoliosis in all animals was induced a%er unilateral rib resection (Ribs VI 
to XI).155 In 1962, Langenskiöld and Michelsson reported extensively on their experiments 
involving rabbits and pigs following up on their previous work.156 A scoliosis of 50 to 
115° developed in approximately 50% of the experimental animals a%er sectioning of the 
ligaments around the proximal fourth and "%h ribs (leaving the ligamenta tuberculi costae 
intact) or sectioning of all ligaments around the costovertebral joints. Hemilaminectomy 
(including excision of the articular processes) on the right side of "ve thoracic vertebrae 
produced scoliosis in all surviving rabbits of which some progressive (50° to 180°). It 
was postulated that the posterior costotransverse ligament plays an important role in the 
development of scoliosis by aforementioned techniques.

Sevastik et al. osteotomized four ribs in the rabbit, made them override by 1 to 2 cm, 
and then secured them with wire. !is only resulted in a progressive scoliosis when the 
procedure was combined with simultaneous osteotomy of the opposite ribs.241,242 !is 
observation prompted the hypothesis that the spinal deformity in idiopathic scoliosis could 
initially be due to asymmetric longitudinal growth of the ribs. Support for this was acquired 
by the fact that a le% convex scoliosis developed a%er intercostal nerve resection on the right 
side.156,186,223 According to the authors, this was due to an increase in the vascularity of the 
structures on the denervated side of the thorax and not to paresis of the trunk muscles.4,5 
Sevastik et al. additionally succeeded to correct such experimentally induced scoliosis 
either by rib elongation with a metallic expander or further resection of intercostal nerves 
on the opposite side.237,239,240

Figure 2. Tethering 
procedures in the rab-
bit. (A) Unilateral sur-
gical tether between 
the spinous apophysis 
and transverse apophy-
sis. (B) Subcutaneous 
scapula-to-contralateral 
pelvis tethering. (Data 
compiled from Carpin-
tero et al.42 and Kalle-
meier et al.127)
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In 1961, Liszka postulated that inappropriate a$erent impulses to the spinal cord may 
be the initiating cause of scoliosis.164 His experiments have been repeated and expanded 
by other workers.170,171,260 Laminectomy of four or "ve segments in 10-day-old rabbits and 
division of the dorsal roots on one side was reported to produce a scoliosis with convexity 
toward the side of the divided nerve roots in about half the animals. Both Liszka and 
MacEwen assumed that severance of the re&ex arc was responsible for the development 
of the scoliosis. However, Alexander et al. asserted that scoliosis produced by rhizotomy 
in rabbits is not due to interruption of the sensory feedback system, but to simultaneously 
occurring damage to the anterior horn cells and subsequent motor paralysis as a result of 
the surgical procedure.8 Indeed, unilateral lesion of the dorsal column and posterior horn 
of the spinal cord by coagulation with laser, stereotaxic microcoagulation and longitudinal 
electro coagulation induced scoliosis in approximately half of the operated rabbits.18,67

THE RAT AND MOUSE

Prenatal procedures
Rats were used to test several chemical agents that are known to be teratogenic in the 
chicken, in a mammalian embryo. Congenital vertebral deformities were observed a%er 
application of most tested chemicals. Scoliosis was observed a%er administration of 
6-aminonicotinamide.192 Also, exposure of pregnant mice to carbon monoxide on gestation 
day nine produced o$spring with congenital scoliosis.91,92

Postnatal procedures

Systemic interventions
Rats supplied with a diet containing 50% of sweet-pea (Lathyrus odoratus) seeds all developed 
scoliosis as a result from osteoporosis and collapse of several vertebrae.90,152,211,212 Ponseti et 
al. reported that sweet-pea seeds appear to contain a toxic factor (beta-aminopropionitrile) 
that a$ects the formation of organic bone matrix, aorta, and possibly other mesodermal 
structures.211,212

Experimentally induced hemiparkinsonism by unilateral injection of 
6-hydroxydopamine into the le% area ventralis tegmenti in rats produced a scoliosis with 
thoracolumbar curves oriented towards the lesion side. !e severity of the scoliosis was 
directly associated with a decrease in striatal dopamine.104 Also, damage to particular brain 
stem nuclei related to postural control and equilibrium resulted in scoliotic deformities in 
rats. !is was con"rmed by electromyography, which showed imbalance of the paraspinal 
muscles.19 O’Kelly et al. used immature rats and hamsters (phylogenetically more closely 
related to humans than chickens and rabbits) in their experiments to evaluate scoliosis 
development a%er pinealectomy.200 However, scoliosis was not observed. 
Bipedal ambulation in addition with systemic interventions
At the same time as O’Kelly et al.,200 Machida et al. demonstrated that scoliosis did not 
develop in rats a%er pinealectomy either. However, when they made pinealectomized rats 
bipedal, scoliosis did occur.175 Rats were made bipedal by amputating both forelimbs and 
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tail at three weeks of age. Subsequently, the rats were stimulated to walk upright by gradually 
raising food and water. Bipedal rats with only a sham operation (insertion and withdrawal 
of the needle without application of suction) did develop a cervicothoracic lordosis, but no 
scoliosis.176

Bipedal ambulation in melatonin-de"cient knockout mice induced scoliosis at a rate 
of 64.3%. Bipedalism in control mice resulted in scoliosis at a lower rate (25%). Moreover, 
pinealectomy combined with bipedal ambulation in normal mice produced scoliosis at 
a rate (70%) similar to what was seen in melatonin-de"cient mice.178,201 Recently, it has 
been shown that tamoxifen favorably changes the natural history of scoliotic deformities 
in bipedal melatonin-de"cient mice.6 Also, a higher percentage of scoliosis in bipedal 
versus quadrupedal rats was observed in rats with induced osteolathyrism by admission of 
semicarbazide.261

Local interventions
Right lateral curvatures in growing rats were produced by suturing the inferior angle of 
the scapula to the ipsilateral pelvis.231 !is led to several morphological and histological 
changes characteristic of human scoliosis.

Mente et al.184 applied an external "xation apparatus earlier developed by Stokes et al.,254 
to the rat tail to assess if scoliosis progression could be explained in terms of mechanical 
forces causing vertebral wedging. !ey not only produced vertebral wedging and scoliosis 
but also showed that intervertebral discs underwent remodeling and reversal of an induced 
vertebral wedging by distraction instead of compression.184,257 !is was consistent with the 
concept of mechanically provoked progression of scoliotic deformities according to the 
Hueter-Volkmann law.254 Additionally, vertebral diaphyseal remodeling (Wol$ ’s law) has 
been shown to contribute to the deformity in older rats.13 Stokes et al. also showed that the 
imposed reduced mobility caused by the use of this apparatus is already a major source of 
disc changes. !ey suggest that this may be a factor in disc degeneration in scoliosis.259

PRIMATES

Postnatal procedures

Systemic interventions
Cheung et al. performed pinealectomy in 18 rhesus monkeys of which ten showed total loss 
of melatonin secretion, but no scoliosis developed in any of the monkeys.51

Local interventions
For reasons that remain unclear, procedures that were successful in producing scoliosis 
in quadrupeds seemed to fail in primates. Unilateral resection of the rib heads, excision 
of intercostal nerves, division of costotransverse ligaments, excision of the erector 
spinae muscle, resection of the sacrospinalis muscle, division of the interspinous and 
interlaminar ligaments, various muscle resections, and denervations have been attempted 
with little or no success.224 Contrasting unilateral rib resection, bilateral resection of ribs 
and costotransverse ligaments did produce severe scoliosis in monkeys.264 Scoliosis also 
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incidentally occurred in a series of monkeys during routine virulence testing by intraspinal 
injection for poliomyelitis vaccines.207 In addition, scoliosis developed in monkeys a%er 
rhizotomy convex to the damaged side in which the severity was dependent upon the 
number of nerve roots cut.208

GOAT, SHEEP, PIG, COW, FROG AND DOG

Besides the chicken, rabbit, rat and mouse, other animals were used to a much lesser extent 
as experimental models in scoliosis research. 

Prenatal procedures
Experiments were performed on lambs in which scoliosis was surgically produced in 
utero.130,131 Also, pregnant sheep were infected with Toxoplasma gondii296 or Akabane 
virus203 leading to congenital scoliosis. A possible vestibular origin for scoliosis was recently 
tested in the frog by unilateral removal of the labyrinthine end organs at larval stages.153 
Microcomputed tomography scans of the skeleton of the adult frogs showed curvature of 
the spine in the frontal and sagittal plane, a transverse rotation along the body axis, and 
substantial deformations of all vertebrae.

Postnatal procedures

Local interventions
Beguiristain et al. proposed that asymmetrical growth in the neurocentral cartilage of 
the vertebrae could lead to vertebral rotation and thus to scoliosis. Because in pigs the 
neurocentral cartilages of the thoracic spine are active beyond the age of one, pigs were 
selected to undergo unilateral epiphysiodesis of the neurocentral cartilage (Figure 3). 
Selective epiphysiodesis of the neurocentral cartilage at four or "ve vertebral levels 
consistently produced a structural scoliosis in the pig’s spine with rotation and wedging 
of the vertebral bodies and convexity on the side of screw "xation.21,59 !is could not be 
reproduced in a comparable study by Cil et al.55 However, by using double pedicle screws 
Zhang and Sucato did succeed in creating su'cient epiphysiodesis and hence a scoliosis.300 
In addition, they showed in a recent pilot study that double-screw epiphysiodesis not only 
can lead to a scoliosis but also could be used to reverse scoliosis in an immature pig model.301 

Scoliosis in the pig and goat was also achieved by a posterior asymmetric tether 
(optionally combined with concave ribcage ligament tethering) to study the safety 
and e'cacy of fusionless scoliosis treatments, to measure certain (vertebral) growth 
modulations, and to test the permeability and remodeling of the vertebral end plate.1,31-

38,114,150,151,195,198,204,235,284,302 !e possible neurological cause of scoliosis and biomechanical 
analysis of several instrumentations in thoracolumbar scoliosis were tested on cows.196,197,243 
Scoliosis in dogs was produced a%er experimentally induced syringomyelia.54
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DISCUSSION

Idiopathic scoliosis is believed to 
occur exclusively in humans.11,193 Many 
-sometimes exotic- theories have been 
developed in an e$ort to better understand 
this classical orthopaedic disorder. !e 
present study aims to provide an overview 
of the literature on animal experimental 
models used in studying the etio-
pathogenesis of idiopathic scoliosis and to 
discuss the most widely used animals on 
this subject. 

!e chicken appeared to be the 
most frequently used animal in scoliosis 
research. !is is remarkable considering 
the fundamental di$erences between the 
chicken and man in terms of anatomy, 
biomechanics, and phylogenetical 
distance to man. !e chicken’s spine 
contains only eight thoracic vertebrae, all 
lumbar vertebrae are fused and only two 
intervertebral spaces (between the sixth 
and seventh, and seventh and eighth vertebra) have marked intervertebral discs and can be 
recognized as mobile segments.299 Despite the fact that the chicken is bipedal, the thoracic 
and lumbar spine is still mainly horizontally orientated and by no means biomechanically 
loaded in a manner similar to the human erect spine.47 Moreover, di$erences in bone 
structure exist between avian species and mammalian species.

Nevertheless, pinealectomy in the chicken appeared to be the most frequently used 
animal model in scoliosis research. !is is partly due to the fact that in comparison to 
mammals, the pineal gland in the chicken is located more super"cially (on the dorsal surface 
of the brain), where it is embedded in a triangular space between the two hemispheres of 
the telencephahalon and can thus be relatively easily approached. Unlike in man, the pineal 
gland in chickens consists of two parts: a bulb that lies just underneath the skull and a long 
stalk that attaches the bulb to the posterior aspect of the third ventricle (Figure 1).27 Initial 
reports commented on anatomical similarities of the scoliotic spine in pinealectomized 
chickens with idiopathic scoliosis seen in humans.129,286 However, more recently also 
anatomical di$erences in curve morphology, rib asymmetry, and time of onset of vertebral 
wedging have been highlighted.14,52,177 One should, therefore, be cautious when attempting 
to draw parallels between the pathogenesis of scoliosis in the chicken and human adolescent 
idiopathic scoliosis.88

!e second most used animal in experimental scoliosis research is the rabbit. !e rabbit is 
a relatively high-level vertebrate and is phylogenetically closer to man than the chicken. !e 

Figure 3. Representation of a unilateral 
epiphysiodesis of the neurocentral car-
tilage with a compression screw. (Data 
compiled from Beguiristain et al.21)
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vast majority of the studies performed on the rabbit concerned the induction of scoliosis by 
means of immobilization and operations of the rib cage and spine. It is somewhat surprising 
that no publications were encountered on pinealectomy performed in the rabbit, given the 
vast amount of research into this successful procedure in the chicken. Possibly, this could be 
because of a publication bias if the procedure turned out to be unsuccessful.

!e rat and mouse, both rodents and essentially nocturnal, are lower level vertebrates 
compared with the rabbit, dog and goat. Nevertheless, these species are widely used in 
orthopedic research because of its low costs and easy handling. Relevant to scoliosis 
research is that rodents, among many plantigrade mammals, exhibit a natural preference 
for erect sitting and walking. For these reasons, rats and mice were chosen by Go$ and 
Landmesser to create a bipedal animal model on which gravity acts in a more or less similar 
manner as it does in men.100 !ey amputated the forelegs and tail in newborn rats and mice 
and stimulated them to walk upright by gradually raising food and water as the animals 
grew. !e bipedal rats rapidly developed an upright bipedal penguin-like waddle, placing 
each foot alternately before the other whereas bipedal mice preferred to hop with both feet 
together.100

!e fact that bipedal rats and mice consistently showed higher incidences of scoliosis in 
di$erent experimental models compared with their quadrupedal counterparts6,175,176,178,201,261 
clearly shows that the upright posture plays an important role in the origin of scoliosis. 
Apparently, biomechanical loads acting on the quadrupedal spine protect the spine more 
or less from developing a rotational deformity. Still, it should be noted that even the spine 
of bipedal rodents is not loaded in a similar way as the spine of a standing human. Humans 
are the only vertebrates that are able to ambulate upright with fully extended knees and 
hips, carrying the weight of their trunk above the pelvis. As a result, only the human spine 
is subject to posteriorly directed shear loads, due to the fact that a considerable part of the 
spine is posteriorly inclined (Figure 4).47 !ese particular loads have been shown to render 
the human spine less rotationally stable.123,140 In fact, the lack of these posteriorly directed 
shear loads in all available animal models is their major shortcoming. It requires great e$ort 
and rather draconic interventions to create some form of a rotational deformity in any type 
of animal used, whereas much less is needed in terms of a disturbance of the locomotor, 
proprioseptive, neuromuscular, or collagen metabolism systems to initiate a decompensation 
into a rotatory deformity in man. In that sense, the development of idiopathic scoliosis 
could really be the human spine’s pre-conditioned response to a multitude of o$ending 
stimuli, and thus the disorder can truly be called multi-factorial.

Obviously, among all other animals, primates are phylogenetically closest to man. From 
a scienti"c point of view, this reason alone would make primates the most ideal experimental 
animal. In addition, most primates spend a considerable part of the day sitting upright or 
walking in the semi-erect position. Besides, their vertebral column anatomically closely 
resembles that of humans. Still, even the primates’ spine is biomechanically not loaded in a 
manner similar to the human erect spine (Figure 4). Due to the lack of availability and high 
costs, the use of primates has been limited. In the few available studies, it was striking that 
procedures that were successful in producing scoliosis in quadrupeds failed in primates. 
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Figure 4. An anterior-
posterior shear compo-
nent (Fshear) and an axial 
component (Faxial) can be 
composed from the sum 
of gravity and muscle force 
(Fg+m). (A) Because of the 
horizontally orientated 
spine in quadrupeds, but 
also in occasional bipedal 
primates, shear load will 
be anteriorly directed. (B) 
Only the human spine 
knows certain areas, 
namely where the spine is 
backwardly inclined, where 
shear loads are posteriorly 
directed. (Data compiled 
from Janssen et al.123)

!is raises the principal question to what extent positive "ndings in phylogenetically and 
biomechanically even more distant animals can be translated to humans.

!is may be particularly true for the role of melatonin. Pinealectomy and variations on 
this procedure were subject to extensive research and validation. However, the question 
remains how the endocrine system in chickens compares to the human situation, since 
a pinealectomy in hamsters, rats and monkeys did not reveal scoliosis even though they 
are phylogenetically closer to humans.51,200 So far, studies on melatonin levels in scoliotic 
patients showed con&icting results15,106,179 and melatonin suppletion therapy in patients did 
not show signi"cant bene"cial e$ects.179

!is review illustrates that the ideal animal model for studying etio-pathogenesis of 
idiopathic scoliosis is neither available in nature nor can it be arti"cially created in terms 
of anatomical or biomechanical resemblance to man. Japanese macaques that are trained 
to walk bipedal might come closest to ful"lling these requirements. If trained to walk 
bipedally at a juvenile age and over periods of some months or years, they gradually acquire 
a pronounced lordosis of the lumbar spine.215 Obviously, the development of such a model 
is time consuming, not everywhere available and expensive. 

A%er reviewing the vast amount of research on experimental scoliosis, the fundamental 
question that remains is what the signi"cance of these animal models is to the disorder 
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of human idiopathic scoliosis. Idiopathic scoliosis is a rotatory deformity of the growing 
spine that occurs in previously more or less normal children. It is striking that because to 
simple biomechanical conditions, the human spine has been shown to be less rotationally 
stable than all other spinal constructs in nature, thus making it likely that relatively little 
e$ort is needed to induce a progressive rotatory deformity, i.e. idiopathic scoliosis.140 
Unfortunately, all historic animal models lack these basic mechanical prerequisites because 
they are subject to forces that decrease rather than increase this rotational tendency.123 
Logic dictates, therefore, that rotational equilibrium of the spine is more easily disturbed in 
humans than in any other vertebrate. In other words, to create a rotational deformity of the 
spine in any animal requires draconic interventions that are most likely not needed in the 
human spine. Failure to appreciate this (basic) limitation of all animal models in scoliosis 
research leads to unwarranted assumptions of severe underlying disorders that, however 
necessary to produce scoliosis in animals, obviously do not play the same role in humans.

Although our literature search was extensive, this review has some limitations. Papers in 
other languages than English, French or German were not included and only the MEDLINE 
database was used. Also some studies found, were of low power due to the limited use of 
animals. As we decided to exclude papers not reporting on an intervention that produced 
or was intended to produce scoliosis, papers in which scoliosis was observed in a strain of 
animals due to inbred or environmental pollution were excluded.

CONCLUSION

!is review shows that scoliosis-like deformities of the spine can be created with various 
procedures in many animals. !e chicken has been the most widely studied, followed by the 
rabbit, the rat and mouse. Additionally, scoliosis has been induced in primates, goats, sheep, 
pigs, cows, dogs and frogs. Most animal models, in particular the widely used chicken, 
have fundamental shortcomings in areas that have been shown to be particularly relevant 
in the etio-pathogenesis of human idiopathic scoliosis. Especially the lack of a model 
that biomechanically resembles the human spinal loading condition is a major drawback 
in scoliosis research. For this reason, in every study, rather draconic interventions were 
needed to create a rotational spinal deformity in an animal. However, these interventions 
do not correspond at all to the much more subtle disturbances that can lead to a progressive 
rotatory deformity in the already rotationally unstable growing human spine. !erefore, 
the relevance of these animal models for increasing our understanding of human idiopathic 
scoliosis seems limited.
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ABSTRACT 

Both the human as well as the quadrupedal spine have been shown to exhibit a pattern of 
preexistent rotation that is similar in direction to what is found in the most common types 
of idiopathic scoliosis. It has been postulated that human bipedalism introduces forces to 
the spine that increase a tendency of the vertebrae to rotate. !e objective of this study was 
to examine the e$ect of body position on vertebral rotation in vivo. !irty asymptomatic 
volunteers underwent magnetic resonance imaging scanning of the spine (T2-L5) in three 
di$erent body positions; upright, quadrupedal-like (on hands and knees) and supine. 
Vertebral rotation in the local transverse plane was measured according to a pre-established 
method and compared at di$erent spinal levels between the three body positions. It was 
shown that in all three positions the mid and lower thoracic vertebrae were predominantly 
rotated to the right. However, vertebral rotation was signi"cantly less in the quadrupedal 
position than in both the standing upright and supine positions.
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INTRODUCTION

Idiopathic scoliosis (IS) is a complex three-dimensional deformity of the spine in which 
vertebral rotation plays an important role.298 Spinal biomechanics are di$erent in man 
than in other vertebrates and may play a role in the initiation and/or progression of this 
rotatory decompensation of the spine. !e normal, non-scoliotic spine in man as well as in 
quadrupedal animals has been shown to also exhibit a rotational pattern that is similar in 
direction, but much less in magnitude to what is commonly found in IS.137 We postulate that 
the human upright orientation of the spine, as compared to the quadrupedal orientation, 
plays a role in the expression of rotational patterns of certain spinal segments. In the present 
magnetic resonance imaging (MRI) study, we analyzed the e$ect of three di$erent body 
positions and thus the orientation of the spine in space on the preexistent rotation of the 
normal, non-scoliotic human spine in vivo. Vertebral rotation was measured according 
to a previously established method on MRI images of the spine in non-scoliotic human 
volunteers, acquired in the upright, “quadrupedal-like” (on hands and knees) and supine 
position. 

MATERIALS AND METHODS

Study population and MRI technique
!irty asymptomatic volunteers (15 males, 15 females) enrolled in this study. !e women 
had a mean age of 23 years (range 19-27), mean height of 170 cm (range 160-180), mean 
weight of 65 kg (range 54-85) and a mean body mass index of 22.2 kg/m2 (range 19.0-27.4). 
!e male volunteers had a mean age of 23 years (range 18-29), mean height of 180 cm 
(range 170-195), mean weight of 77 kg (range 67-100) and a mean body mass index of 23.3 
kg/m2 (range 21.0-26.6). Exclusion criteria were a history of any spinal pathology, spinal 
or pelvic abnormalities or any contraindication for MRI. !e study was approved by the 
Institutional Review Board and all participants provided written informed consent before 
participating in the study.

MRI scans of the spine of each volunteer were acquired in three di$erent positions: 
(1) bipedal (standing fully upright), (2) supine, and (3) quadrupedal-like (on hands and 
knees) (Figure 1). A 5-degree backward tilt, as is customary in this type of MRI, was kept 
in the standing upright position to improve standing stability, since volunteers had to 
maintain the same position for approximately 15 minutes. In the quadrupedal position, 
MRI compatible padding was provided under hand and knees so as to position the trunk 
horizontally (Figure 1c).

All images were acquired on 0.6-T upright open MRI unit (Upright Multi-Position MRI, 
Fonar Corporation, Melville, NY). First, multi-stack spin echo survey scans were acquired 
(repetition time (TR), 196 ms, echo time (TE): 15 ms, number of excitations (NEX) 1, slice 
thickness 9 mm, matrix 256x256, "eld of view (FOV) 480x480 mm2). !e survey images 
in the coronal and sagittal planes of the spine were then used for planning sixteen (L5-T2) 
axial T1-weighted fast-spin echo (FSE) multi-stack scans, on which the vertebral rotation 
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measurements were performed. (TR: 488 ms, TE: 17 ms, NEX: 2, slice thickness: 10 mm, 
matrix: 300x300, FOV: 300x300 mm2).

Each stack consisted of a single slice of 10 mm thickness that was planned passing 
through the center of each vertebral body and pedicles. !e scan planes could be planned 
‘truly axially’ by orienting the slices perpendicular to the local axis of vertebral rotation both 
on the coronal and on the sagittal survey images, as is illustrated in Figure 2. A relatively 
thick slice thickness of 10 mm was used to ensure an adequate signal-to-noise ratio. 
Planning of the slices always started caudal at L5 and proceeded in the cranial direction, 
when possible as far as T2. Quadrature receiver coils were used; a Quad TL thorax coil for 
the standing and supine position, and a Quad Planar coil for the quadrupedal position since 
the subject’s trunk was not on the scanner table. As time was needed for the acquisition of 
the survey scan plus slice planning, each position was sustained for at least 10 minutes prior 
to actual scanning. !us, we assume that the body had su'cient time to adjust to each new 
position before the scans were made.

Measurements
We used the same de"nition for vertebral rotation as we did in our previous CT and MRI 
studies in humans and dogs.137-139 Vertebral rotation was de"ned as the angle between the 
longitudinal axis of the vertebra and the mid-sagittal axis of the trunk. !e longitudinal axis 
of the vertebra was de"ned as the line passing through the center of the spinal canal and 
the visually determined center of the anterior part of the vertebral body. !e mid-sagittal 
axis of the trunk was de"ned as the line between the center of the spinal canal and the 
center of the sternum at level T8. Rotation of the anterior part of the vertebra to the right 
side of the patient was de"ned as a positive angle, to the le% as a negative angle (Figure 

Figure 1. !ree positions in the upright open MRI scanner: (A) standing upright, (B) su-
pine and (C) “quadrupedal” on hands and knees, and (D) the quadrupedal position outside 
the scanner when seen from the side.
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3). !ree observers (M.J., T.B. and R.W.) independently measured the vertebral rotation 
of T2-L5 in all positions using an in-house developed interactive computer program. 
Circles, which were adjustable in size, assisted the observers in determining the centers 
of the spinal canal and sternum (Figure 3). !e delineations performed by the observer 
and the positional information about the orientation and location of the scan planes in the 
laboratory (scanner) frame (stored in the header of the DICOM "les that contained the 
images) were used in calculating the rotation angles. 

One of the three observers (R.W.) performed all measurements two times on separate 
sittings. !e centers of the spinal canal and sternum at level T8 (which determine the 
position the mid-sagittal axis of the trunk) as well as the vertebral rotation angle were 
tested for inter-observer and intra-observer variability. Furthermore, the centers of the 
spinal canal were used to calculate spinal shape in the coronal and sagittal plane in all three 
positions.

Statistical analysis
!e statistical analysis was performed using SPSS 12.0 for Windows (SPSS, Inc., Chicago, 
IL). Repeated measures analysis was performed to determine whether vertebral rotation 
between the positions was statistically signi"cant and to analyze di$erences in the coronal 
and sagittal shape of the spine in the three di$erent positions. Inter-observer and intra-
observer variability were calculated using intra-class correlation coe'cients (ICCs)244. 
A P value below 0.017 was considered to be statistically signi"cant because a post hoc 
Bonferroni’s correction was applied.

Figure 2. Planning of the scan planes on the coronal and sagittal survey scans. By orienting 
the slices perpendicular to the local axis of vertebral rotation both on the coronal and on 
the sagittal survey images, the scan planes could be planned ‘truly axially’.
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RESULTS

!e vertebral rotation angles of the vertebrae in each position are shown in Table 1 and 
Figure 4. In all three positions, the mid and lower thoracic vertebrae (T6-T11) were 
predominantly rotated to the right. Maximum rotation in the upright position and supine 
position was at level T7 (2.7° and 2.8° respectively). Maximum rotation in the quadrupedal-
like position was at level T8 of 1.4°. Vertebrae in the quadrupedal-like position were found 
to be signi"cantly less rotated as compared to the supine (P = 0.001) and standing upright 
positions (P < 0.001). Rotation patterns in the supine and standing upright position were 
not signi"cantly di$erent (P = 0.785). No signi"cant di$erences were observed in vertebral 
rotation in all three positions between the sexes. 

Analysis of the spinal shape in the coronal plane did not show any di$erence between the 
three positions (Figure 5). In the sagittal plane, the spinal curvature is signi"cantly di$erent in 
the upright position when compared to the quadrupedal and supine position (both P < 0.01). 
In the upright position, the spine is more kyphotic in the upper thoracic region, equally curved 
in the mid-thoracic and thoracolumbar region and more lordotic in the lower lumbar region. 
However, the sagittal spinal pro"le was not di$erent between the quadrupedal and supine 
position (P = 0.761), even though rotation was signi"cantly di$erent in these positions. ICCs 
for inter-observer and intra-observer variability of the vertebral rotation angles were 0.82 and 
0.87, respectively. !e ICCs for the inter-observer and intra-observer variability of the centers 
of the spinal canal and sternum are shown in Table 2.

Figure 3. Vertebral rotation angle in a transverse MRI scan at level T8.
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Figure 4. Mean vertebral rotation angles (in degrees, with SEM) in the transverse plane at 
level T2-L5 in 30 young adults in di$erent positions.

Figure 5. Mean sagittal and coronal shape of (the centers of) the spinal canal at level T3-L5 
of 30 young adults in di$erent positions (in mm with SEM). T9 is set as origin.
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Table 2. ICCs of the inter-observer and intra-observer variability of the x- and y-coordinates 
of the centers of the spinal canal and sternum at level T8. See Figure 3 for the directions of 
the x and y axes within the image.

Inter observer variability Intra observer variability
x y x y

Center of spinal canal 0.97 0.99 0.99 0.99
Center of sternum 0.92 0.99 0.91 0.99

DISCUSSION

Although certain kinds of scoliotic-like curvatures have been described in a number of 
experimental animal models, human bipedalism appears to be a prerequisite for the 
development of IS.11,193 Despite the fact that two-legged locomotion is a common trait in 
nature, a unique characteristic of human bipedalism is the way we ambulate in a fully erect 
position with extended knees and hips. !us, in man the center of mass of the upper body 
is constantly positioned straight above the pelvis, that in itself has also adjusted its shape 
to upright locomotion.107 All other vertebrates, also the bipedal ones, ambulate with &exed 

Table 1. Mean vertebral rotation angle of level T2-L5 in all three positions.

Standing upright Supine Quadrupedal

Vertebra n
Rotation angle (°) 

(mean  SEM) n
Rotation angle (°) 

(mean  SEM) n
Rotation angle (°) 

(mean  SEM)
T2 11 0.2  0.8 7 -0.2  1.4 9 -0.1  0.8
T3 23 -0.3  0.6 24 -0.9  0.6 28 -1.2  0.5
T4 27 -0.6  0.6 27 0.0  0.6 29 -0.9  0.6
T5 30 1.1  0.5 30 1.1  0.5 30 0.4  0.5
T6 30 2.4  0.6 30 2.6  0.5 30 1.3  0.5
T7 30 2.7  0.6 30 2.8  0.5 30 1.3  0.5
T8 30 2.7  0.6 30 2.8  0.5 30 1.4  0.6
T9 30 2.5  0.6 30 2.3  0.5 30 0.7  0.6
T10 30 2.3  0.5 30 2.2  0.5 30 0.5  0.5
T11 30 2.1  0.6 30 2.2  0.6 30 0.6  0.5
T12 30 1.1  0.7 30 1.2  0.7 30 0.3  0.5
L1 30 1.2  0.9 30 0.9  0.7 30 0.1  0.6
L2 30 0.4  0.8 30 0.4  0.7 30 -0.3  0.6
L3 30 0.5  0.6 30 0.2  0.7 30 -0.7  0.6
L4 30 -0.2  0.6 30 -0.0  0.6 30 -0.5  0.5
L5 30 -0.4  0.5 30 -0.1  0.6 30 -0.5  0.5
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knees and hips, thus putting the center of mass of the upper body consistently in front of 
the pelvis (Figure 6).9,63

Forces acting on the human spine are obviously in&uenced in their magnitude and 
direction by this fully upright position.47 In all vertebrates, the spine is predominantly loaded 
in an axial direction with superimposed anteriorly directed shear loads (ADSL) due to 
gravity and muscle force. In the human spine, these ADSL are decreased due to a decrease 
of the anterior vector of gravity. Furthermore, posteriorly directed shear loads (PDSL) are 
introduced to certain spinal areas (Figure 6).47 In a previous biomechanical in vitro study, 
it was shown that these PDSL lead to a decrease of rotational stability of spinal segments.140 

!e present in vivo study shows that body position, and thus the orientation of the 
spine in space, plays a role in the magnitude of vertebral rotation. Rotation was least in the 
so-called “quadruped-like” position, and increased in the human upright, but also in the 
supine position. Neither sagittal alignment, nor coronal alignment seems to be of in&uence 
for these "ndings. Both sagittal and coronal alignment of the spine were similar in the 
supine and quadrupedal position, although rotation di$ered signi"cantly between these 
positions. !e fully upright position showed a di$erent sagittal pro"le, but rotation again 
was similar to the supine position. 

Figure 6. !e sum of 
gravity and muscle force 
(Fg+m) acting on a verte-
bra can be decomposed 
in an axial component 
(Faxial) and an anterior-
posterior shear compo-
nent (Fshear). Due to the 
horizontally orientated 
spine in quadrupeds, 
but also in occasional bi-
pedal primates (A), this 
shear load will be ante-
riorly directed. Only in 
the posteriorly inclined 
thoracolumbar spinal 
segment of the human 
spine can shear loads be 
posteriorly directed (B).
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We postulate that these "ndings can be explained by the fact that PDSL, that render the 
spine less stable in a rotatory sense, are actually non-existent in the quadrupedal position, 
when the spine and trunk are dependent in space. !ese PDSL increase, however, in both 
the upright and supine position. !e "nding that rotation increases in the supine position 
was initially surprising to us, but actually is very consistent with our other "ndings, and 
with the literature on infantile scoliosis. Obviously, in a supine position, the spine is very 
much subject to PDSL, making it less stable in rotation, as we showed in our in vitro 
experiment.140 !is "nding is consistent with earlier literature showing that severe forms of 
early onset scoliosis occurred predominantly in infants that were put to sleep in a supine 
position. Infants that were put in their cots prone or in an alternate position did not develop 
this severe deformation.182 Supposedly, being in a supine position for prolonged periods of 
time at a very young age with a more plastic skeleton can increase already present slight 
rotational patterns in the spine. !is in turn could lead to morphologic changes in the 
developing spine under Hueter-Volkmann’s and Wolf ’s laws, ultimately resulting in the 
vicious circle that ends in early onset scoliosis.258

Similar to the pattern found in our previous CT study in the normal, non-scoliotic 
spine137, the rotational pattern found in all three positions studied, corresponds to what 
is seen in the most prevalent types of IS, which show a primary thoracic curve rotated to 
the right with compensatory curves to the le% above and below. An explanation for the 
predominance of right-rotating thoracic curves can possibly be found in this preexistent 
rotation. We assume that once the spine starts to deteriorate into progressive deformity, 
it will most likely follow this built-in rotational pattern, rather than revert to the opposite 
direction.

It must be noted that in some tall subjects (mainly males) the "eld of view of the MRI 
scanner was not large enough to include the most cranial vertebrae. In addition, some upper 
thoracic vertebrae were excluded due to motion artifacts or a low signal-to-noise ratio. !e 
present study underscores the importance of sagittal spinal alignment. !e balance between 
the axially, anteriorly and posteriorly directed mechanical loads is in&uenced by di$erences 
in sagittal spinal alignment, and determines the rotational stability of the spine.

Which vertebrae are less stable in rotation depends on their orientation in space: the 
more backwardly inclined the spinal segment is, or the greater the number of superimposed 
vertebrae that are backwardly inclined, the more likely the segment will develop rotation 
(Figure 6). Whether this rotation will progress may depend on several factors, one of 
which being the overall balance and magnitude of axial, ventral and dorsal forces that act 
on the spine during critical periods of rapid spinal growth, but also on the individual’s 
various compensating mechanisms, such as proprioceptive ability, ligament sti$ness, 
trunk musculature and many others that have been suggested to play a role in the etio-
pathogenesis of IS.

It is well known that sagittal spinal alignment changes with growth. Unfortunately, this 
is not well quanti"ed at the individual vertebral level, neither for di$erent periods of growth 
nor for di$erences between the sexes. We recently showed in young asymptomatic adults 
that the female spine is more backwardly inclined than the male spine.122 If this is also the 
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case during the period of peak adolescent growth velocity, it means that at this crucial 
moment the female spine may be less rotationally stable than the male spine. !is might be 
one of the reasons why IS has a higher incidence in girls. 

CONCLUSION

Preexistent vertebral rotation in a supine, upright and quadrupedal position in the normal 
spine was analyzed in vivo in a human model. In all three positions, the mid and lower 
thoracic vertebrae were predominantly rotated to the right. However, rotation was less in 
the quadrupedal position than in both the standing upright and supine positions. Neither 
coronal, nor sagittal alignment in the di$erent positions appears to play a role in this 
di$erence in rotation. !e erect as well as the supine spine show a higher tendency to rotate 
than the quadrupedal spine with its dependent thorax and abdomen. In depth analysis of 
the balance between the forces that act on the spine during critical periods of rapid growth, 
may shed more light on the still intangible etio-pathogenesis of IS.
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ABSTRACT

Study Design. A three-dimensional analysis of spinopelvic alignment in 60 asymptomatic 
young adult males and females.
Objectives. To analyze the di$erences in sagittal spinopelvic alignment in a group of 
asymptomatic young adult males and females and describe gender speci"c reference values. 
Summary of Background Data. Several spinal disorders like idiopathic scoliosis and 
Scheuermann’s disease have a well-known sex-related prevalence ratio. As spinopelvic 
alignment plays an important role in spinal biomechanics, it is imperative to analyze 
possible di$erences between the male and female spinopelvic alignment. Furthermore, in 
spinal fusion surgery, normal sagittal balance should be recreated as closely as possible.
Methods. An innovative biplanar ultra low-dose radiographic technique was used to 
obtain three-dimensional reconstructions of the spine (T1-L5), sacrum, and pelvis in a 
freestanding position of 30 asymptomatic young male and 30 young female adults. Values 
were calculated for thoracic kyphosis (T4-T12), lumbar lordosis (L1-S1), total and regional 
lumbopelvic lordosis (PRT12, PRL2, PRL4, and PRL5), sagittal plumb line of T1, T4 and 
T9 (HAT1, HAT4, and HAT9), T1-L5 sagittal spinal inclination, T9 sagittal o$set, pelvic 
parameters (pelvic tilt, sacral slope, and pelvic incidence). In addition, vertebral inclination 
in the sagittal plane of each vertebra was measured. Di$erences in spinopelvic alignment 
between the sexes were analyzed. 
Results. !e female spine was signi"cantly more posteriorly inclined (11° vs. 8°; P = 0.003). 
High thoracic and thoracolumbar vertebrae were signi"cantly more posteriorly inclined in 
women than in men. !oracic kyphosis, lumbar lordosis, regional lumbopelvic lordosis, 
sagittal plumb lines, T9 sagittal o$set, and pelvic parameters were not statistically di$erent 
between the sexes.
Conclusions. !ese results indicate that the female spine is de"nitely di$erent from the 
male spine. !e spine as a whole and individual vertebrae in certain regions of the normal 
spine is more backwardly inclined in females than in males. Based on our previous research 
this signi"es that these spinal regions are subjected to di$erent biomechanical loading 
conditions. !ese vertebral segments are possibly less rotationally stable in females than 
in males.
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INTRODUCTION

For more than a century, it has been appreciated that the sagittal shape of the spine plays 
an important role in the development and progression of spinal deformities. Nineteenth-
century anatomists considered a well-developed thoracic kyphosis (TK) to be an adequate 
protection against progressive scoliosis.3,199 On the contrary, a lack of normal kyphosis has 
been suggested as a possible risk factor in the development and progression of idiopathic 
scoliosis.47,75 

In the past two decades, spinopelvic alignment has been studied extensively, and 
reference values have been described in both asymptomatic adults24,25,29,48,86,87,96,99,102,110,115-

118,135,146,162,209,218,229,267,272,274,277,281 and children.20,56,134,167,181,273 Given the fact that some spinal 
disorders, such as idiopathic scoliosis but also Scheuermann’s disease, have sex-related 
prevalence rates, it is surprising that only a few studies have analyzed di$erences in the 
normal spinopelvic alignment between the sexes.99,133,135,160 Furthermore, most of these 
studies only obtained two-dimensional (2D) referential values using standing upright 
sagittal radiographs, hereby simplifying a complex three-dimensional (3D) construct. 
To our best knowledge, no study has ever analyzed the di$erences in sagittal spinopelvic 
alignment and sagittal inclination of each individual vertebra between the sexes with an 
accurate 3D reconstruction technique. !e purpose of this study was to analyze in depth 
the di$erences in sagittal spinopelvic alignment in a group of asymptomatic young adult 
males and females.

MATERIALS AND METHODS

Population
Sixty healthy young adults without prior spine surgery or known spinal disease, without 
spinal or pelvic abnormality, and without a history of back or hip pain were enrolled in this 
study. !e cohort consisted of 30 males and 30 females, all of European heritage. Before 
radiography, informed consent was obtained, and weight and height were measured. 

Positioning
Care was taken to obtain the most natural position of each subject as possible, forced 
positioning was avoided. Each subject was asked to stand upright in a relaxed manner and 
look forward. !e "ngertips of both hands were placed at the zygomatic bones with the 
upper arms in approximately an angle of 45° to the vertical. !is freestanding position was 
used to prevent projection of the arms over the thoracic spine on the sagittal X-ray without 
creating an additional force on the trunk to counterbalance (Figure 1).

Radiography
Subsequently, simultaneous biplanar radiographs (PA and lateral) from head to feet were 
obtained using the EOS imaging device (Biospace Med, Paris). !is system provides high-
de"nition digital radiographs (0.186 mm resolution, 30,000 grayscales), with an eight to ten 
times lower radiation dose than is needed in conventional imaging.83,126
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Reconstruction
A 3D reconstruction of the bony shape of the vertebrae (T1 to L5), sacrum, and pelvis, 
was made by two observers (X.D. once, M.M.A.J. twice) using an accurate reconstruction 
technique that was previously described.113,210 !e observers were familiar with the 
reconstruction so%ware developed in collaboration between the Laboratoire de Biomécanique 
(ENSAM-CNRS, Paris, France) and the Laboratoire de recherche en Imagerie et Orthopédie 
(ETS-CRCHUM, Montréal, Canada) (Figure 2).

Spinal and pelvic parameters
With the 3D reconstructions, clinical parameters were automatically calculated. Parameters 
describing the sagittal spinopelvic alignment are presented in Table 1 and illustrated in 
Figure 3. A vertebral reference frame based on the de"nition of Stokes and the Scoliosis 
Research Society was associated with each vertebra.255 Lateral inclination of the vertebrae 
were calculated according to the angle sequence de"ned by Skalli et al.246 

Intra and inter observer reliability
Intraclass Correlation Coe'cients for all parameters were calculated within and between 
the observers.244 

Figure 1. Freestanding position in the EOS imaging system.
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Figure 2. Graphical user-interface for identifying anatomical landmarks used for the three-
dimensional reconstruction system.

Statistical analysis
!e statistical analyses were performed using statistical so%ware SPSS 16.0 for Mac (SPSS, 
Inc., Chicago, IL). Descriptive statistics were computed, providing means and range as a 
function of sex. !e independent samples t test was used to analyze di$erences in the spinal 
and pelvic parameters between males and females. Before testing, normality of distribution 
was examined using Q-Q plots and tested using Shapiro-Wilk tests. In addition, Levene’s 
test was used to test equality of variances. A P value below 0.05 was considered to be 
statistically signi"cant.
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Table 1. Nomenclature for parameters, with their abbreviations and descriptions. See 
Figure 3 for illustrations of the parameters.

 Abbreviation Description
!oracic kyphosis (˚) TK Angle between tangent lines drawn along the 

inferior endplate of the T12 vertebral body and 
the superior endplate of T4. 

Lumbar lordosis (˚) LL Angle between lines drawn along the superior 
endplate of S1 and the superior endplate of L1.

Pelvic radius parameters117

Hip axis HA Midpoint between the centers of both femoral 
heads, previously described by Jackson et al.116

Pelvic radius line PR line A line segment from the hip axis to the posterior 
superior corner of S1.

Total lumbopelvic 
lordosis (˚)

PRT12 Angle between the PR line and the tangent line 
along the inferior endplate of T12 vertebral body.

Regional lumbopelvic 
lordosis (˚)

PRL2, PRL4, 
PRL5

Angle between the PR line and tangent lines 
along the superior endplates of L2, L4, and L5 
vertebral bodies.

Pelvic morphology (˚) PRS1 Angle between the PR line and the line along 
the S1 endplate that intersect at the superior 
posterior corner of S1.

Spinal balance parameters
Sagittal T1 (T4, T9) 
plumb line (mm)

T1HA, 
T4HA, 
T9HA 

Distance between the plumb lines passing trough 
HA and the plumb lines from the centroids of 
the T1, T4 and T9 vertebral bodies.

T9 sagittal o$set (˚) T9SO Angle between the vertical and the line 
connecting the centroid of T9 vertebral body to 
the hip axis.

T1-L5 sagittal spinal 
inclination (˚)

T1-L5-SSI Angle between the vertical and a best-"t straight 
line (least squares) passing thought the centroids 
of the vertebrae (T1-L5).

Pelvic parameters160

Pelvic tilt (˚) PT Angle between the line connecting the midpoint 
of the sacral plate to the hip axis, and the 
vertical.

Pelvic incidence (˚) PI Angle between the perpendicular to the sacral 
plate and the line connecting the sacral endplate 
midpoint to the hip axis.

Sacral slope (˚) SS Angle between the superior endplate of S1 and 
the horizontal.

Vertebral orientations 
in space246

Sagittal vertebral 
inclination (˚)

SVI Amount of vertebral inclination in the sagittal 
plane. Forward (anterior) inclination is described 
by a positive value and backward (posterior) 
inclination by a negative value. 
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Figure 3. Spinal and pelvic parameters: T4-T12 kyphosis, T12-L5 lordosis and pelvic ra-
dius parameters (PRT12, PRL2, PRL4, PRL5, and PRS1), spinal balance parameters (T1HA, 
T4HA, T9HA, and T9SO), T1-L5 sagittal spinal inclination (T1-L5-SSI) and pelvic param-
eters (pelvic tilt, pelvic incidence, sacral slope). See Table 1 for abbreviations and descrip-
tions of parameters.

RESULTS

Population
!e mean age of the population was 27 years (range, 21-49) for males and 26 years (range, 
20-42) for females. Although, as may be expected, men were signi"cantly taller and heavier 
than women, no statistical di$erences were found in BMI between the groups (Table 2).

3D global spinal and pelvic parameters
Table 3 provides the mean values and standard deviations (SD) of the pelvic and spinal 
parameters in males and females measured automatically from the 3D reconstructions. 
No statistical signi"cant di$erences were found in TK, lumbar lordosis (LL) or the pelvic 
radius measurements between the sexes. Spinal balance parameters (T1HA, T4HA, T9HA, 
and T9SO) that indicate the positions of the vertebrae relative to the hip axis (HA) were 
not found to be signi"cantly di$erent between males and females; neither were the pelvic 
parameters. However, the T1-L5 Sagittal Spinal Inclination (T1-L5-SSI), which describes 
the overall spinal inclination from T1-L5 (Figure 3), was signi"cantly more negative in 
women (-11˚, SD: 2.7) than in men (-8˚, SD: 2.8) (P < 0.01, independent samples t test). 
!is implies that the female spine is overall more backwardly inclined than the male spine.
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Table 3. Mean values and standard deviations (SD) of the pelvic and spinal parameters in 
males and females.

Males (n=30) Females (n=30)
Parameters* Mean SD Mean SD P
!oracic kyphosis (˚) +37 7.3 +35 10 N.S.
Lumbar lordosis (˚) -58 10 -59 9.2 N.S.

Pelvic radius parameters
PRT12 (˚) -94 7.9 -97 8.0 N.S.
PRL2 (˚) -88 7.3 -91 7.7 N.S.
PRL4 (˚) -71 8.6 -72 8.8 N.S.
PRL5 (˚) -56 9.8 -57 9.7 N.S.
PRS1 (˚) -32 9.5 -35 9.6 N.S.

Spinal balance parameters
T1HA (mm) +48 20 +57 20 N.S.
T4HA (mm) +71 20 +73 19 N.S.
T9HA (mm) +73 20 +69 18 N.S.
T1-L5 sagittal spinal 
inclination (˚)

-8 2.8 -11 2.7 0.003**

T9 sagittal o$set (˚) -11 3.1 -11 3.0 N.S.
Pelvic parameters

Pelvic tilt (˚) +12 5.7 +11 6.8 N.S.
Pelvic incidence (˚) +53 10 +50 10 N.S.
Sacral slope (˚) -41 8.6 -39 7.6 N.S.

*See Figure 3 and Table 1 for abbreviations and descriptions of parameters. -,lordotic 
Cobb angle, lordotic pelvic radius parameter, posteriorly inclined T9 sagittal o$set;  
+, kyphotic Cobb angle, a plumb line posterior to the HA in T1HA, T4HA and T9HA. 
N.S., not signi"cant, **, statistically signi"cant (P < 0.01)

Table 2. Characteristics of the male and female group. Mean age, height, weight, and body 
mass index (BMI) (with range).

Males Females P 
N 30 30
Age (yr) (range) 27 (21-49) 26 (20-42) N.S.
Height (cm) (range) 179 (158-192) 164 (155-177) <0.001
Weight (kg) (range) 70 (51-99) 57 (48-72) <0.001
BMI (kg/m2) (range) 21.9 (17.1-27.5) 21.4 (18.5-27.8) N.S.

N.S. indicates not signi"cant.
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Orientation in space of each individual vertebra
Table 4 and Figure 4 provide the mean values and SD of the sagittal inclination of each 
individual vertebra. From L2 up to T1 all vertebrae were more posteriorly inclined in 
women than in men. !is di$erence was found to be statistically signi"cant in the upper 
thoracic segment (T1, T2: P < 0.05, and T3-T5: P < 0.01 independent samples t tests) and 
in the thoracolumbar segment (T11, T12: P < 0.05 independent samples t tests). Figure 5 
illustrates the di$erences between the male and female spine by superimposing both spines 
when they are scaled in height. 

Inter and intra observer reliability
!e inter and intra observer reliability was calculated for each parameter. Both were 
excellent with a mean intraclass correlation coe'cient of 0.97 (range, 0.88-1.00) between 
and 0.97 (range, 0.89-1.00) within the observers.

Table 4. Mean sagittal vertebral inclination (and SD) of T1-L5 in men and women. 
All measurements are in degrees. Upper thoracic and thoracolumbar vertebrae are 
signi"cantly more posteriorly inclined in women.

Males (n=30) Females (n=30)
Vertebra Mean SD Mean SD P
T1 24.6˚ 6.3˚ 20.1˚ 7.3˚ 0.012*

T2 22.8˚ 5.7˚ 18.7˚ 6.9˚ 0.015*

T3 20.2˚ 5.5˚ 15.5˚ 6.6˚ 0.004**

T4 15.4˚ 5.3˚ 10.6˚ 6.1˚ 0.002**

T5 10.6˚ 4.8˚ 6.1˚ 6.1˚ 0.002**

T6 4.3˚ 4.0˚ 0.9˚ 6.3˚ 0.016*

T7 -2.8˚ 3.9˚ -4.7˚ 5.5˚ N.S.
T8 -8.2˚ 4.0˚ -9.5˚ 5.1˚ N.S.
T9 -12.3˚ 4.1˚ -12.9˚ 4.9˚ N.S.
T10 -14.3˚ 4.4˚ -15.9˚ 5.1˚ N.S.
T11 -16.1˚ 4.3˚ -18.2˚ 5.3˚ 0.048*

T12 -18.3˚ 4.4˚ -21.2˚ 5.1˚ 0.024*

L1 -18.7˚ 5.2˚ -20.3˚ 4.8˚ N.S.
L2 -15.7˚ 5.3˚ -16.9˚ 4.7˚ N.S.
L3 -7.9˚ 6.5˚ -8.3˚ 5.7˚ N.S.
L4 3.5˚ 7.4˚ 4.1˚ 5.9˚ N.S.
L5 23.4˚ 8.5˚ 23.8˚ 5.0˚ N.S.

- indicates posteriorly inclined; +, anteriorly inclined; N.S., not signi"cant; *, statistically 
signi"cant (P < 0.05); **, statistically signi"cant (P < 0.01)
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vertebral inclination 
(and SDs) of T1-L5 
in men (n = 30) and 
women (n = 30). All 
measurements are in 
degrees. Upper thora-
cic and thoracolumbar 
vertebrae are signi"-
cantly more posteriorly 
inclined in women.

Figure 5. Superposition of the typical fe-
male spine (pink) and the typical male spine 
(blue). Spines are scaled in height.
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DISCUSSION 

!e basic reason to perform this study was our interest in spinal alignment and its 
implications for the occurrence of spinal deformities. Several spinal disorders and 
deformities show a well-known gender distribution; progressive idiopathic scoliosis for 
example occurs 5.4 times more frequently in girls,227 Scheuermann’s kyphosis close to 2 
times more frequently in boys.65,94 Because biomechanics plays an important role in the 
initiation and progression of these deformities, it is imperative to have an understanding of 
spinopelvic alignment in normal men and women. Additionally, in this age of instrumented 
spinal fusion and an emphasis on restoration of sagittal spinal balance, it is of importance to 
have a set of reference values of normal spinal alignment in men and women. 

Human spinal biomechanics di$ers from that of all other vertebrates, despite many 
similarities between the species. Whereas all spines in nature, including the human spine, 
are loaded predominantly in an axial direction, with superimposed anteriorly directed shear 
loads due to gravity and muscle force,144,247,292 only in the human spine certain areas are 
subject to posteriorly directed shear loads as well (Figure 6).47 Direction and magnitude of 
these loads are determined by the overall spinopelvic alignment. !ese posteriorly directed 
shear loads are a unique feature of the human spine, and diminish rotational stability of the 
spinal construct.140

Figure 6. !e sum of gravity and muscle force (Fg+m) acting on a vertebra can be decom-
posed in an axial component (Faxial) and an anterior-posterior shear component (Fshear). 
Because of the horizontally orientated spine in quadrupeds, but also in occasional bipedal 
primates (le!), this shear load will be anteriorly directed. It is only in the posteriorly in-
clined thoracolumbar spinal segment of the human spine, that shear loads can be posteriorly 
directed (right).



62

M
A

LE A
N

D
 FEM

A
LE SPIN

O
PELVIC A

LIG
N

M
EN

T

4

!e results of our present study indicate that the female spine is de"nitely di$erent from 
the male spine. !e female spine as a whole (T1-L5-SSI) and the individual high thoracic 
and thoracolumbar vertebrae are signi"cantly more posteriorly inclined. To our knowledge 
this has never been previously described in the literature. 

!ere is one other study, by Vialle et al., in which the sagittal spinopelvic alignment is 
analyzed between the sexes in a comparable population of young asymptomatic adults.277 
In agreement with our results, this study did not show a signi"cant di$erence in TK, T9SO 
or pelvic tilt between the sexes. In contrast with our results, a signi"cantly larger LL, as 
well as a signi"cantly higher pelvic incidence and sacral slope were observed in the female 
population. However, in this study the L1-L5 lordosis was measured instead of the L1-S1 
lordosis. !erefore the LL cannot be compared between the 2 studies. We measured L1-S1 as 
this corresponds to the de"nition by the Scoliosis Research Society Terminology Committee 
for lumbar lordosis. Moreover, Vialle et al. obtained their results from sagittal radiographs 
on which the complex 3D spinal and pelvic construct is simpli"ed in a 2D projection. !is 
was recently shown by Gangnet et al. when they analyzed 3D and 2D reference values of 
spinopelvic alignment in a group of asymptomatic adults.96

!e study of Gangnet et al. is the only 3D analysis that measured the sagittal vertebral 
inclination of each individual vertebra. Unfortunately, they only presented the mean values 
for the whole group, not for both sexes separately. Nevertheless, the mean sagittal vertebral 
inclination in the lumbar region was comparable to our data but in the thoracic region, 
vertebrae were signi"cantly more anteriorly inclined. !is could be because of to the 
fact that volunteers were standing in a stereographic device with handlebars and not in a 
freestanding position as in our study. 

Biomechanical consequences
!e "nding that certain areas of the spine are more posteriorly inclined in the female 
spine than in the male spine, implies that in women these vertebrae are subject to greater 
posteriorly directed shear loads. In a recent biomechanical in vitro study on porcine and 
human spinal segments we have shown the signi"cance of these posteriorly directed shear 
loads. Whereas the basic anatomy of the spine makes it well suited to resist axial load and 
anterior shear, posteriorly directed shear loads could make spinal segments less rotationally 
stable.140 Naturally, this does not automatically lead to progressive rotational deformity of 
the spine as in scoliosis. !e other two forces that act on the human spine, axial compression 
and anteriorly directed shear, do not always lead to spinal deformity either. Under certain 
circumstances, however, they may induce deformities both in the growing and in the 
mature spine. Excessive axial compression during growth can lead to gradual osteochondral 
lesions; excessive anterior shear can cause gradual or acute traumatic spondylolisthesis.278 
Whether a deformity occurs, depends on there being a disturbance of the normal balance 
between the magnitude of these forces, and the compensating mechanisms such as bone 
and so% tissue strength and sti$ness. 

Our "nding of a more posteriorly inclined female spine implies higher posteriorly 
directed shear loads and could imply less rotational stability of certain strategic regions in the 
female spine. !is may explain why, under certain -still unknown- conditions, progression of 
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frequently occurring minor spinal curves and rotatory patterns into progressive idiopathic 
scoliosis occurs more frequently in the female than in the male population.137 

CONCLUSION

!is is the "rst accurate 3D analysis of di$erences in the spinopelvic alignment including 
sagittal vertebral inclination of each vertebra between the sexes. It is demonstrated that 
the spine as a whole, as well as individual vertebrae in certain regions of the normal spine 
are more backwardly inclined in females than in males. !is signi"es that these areas may 
be less rotationally stable already in the normal female population, and may explain why 
progressive idiopathic scoliosis under certain (still undetermined circumstances during 
growth) occurs more in girls than in boys.
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ABSTRACT

Study Design. A prospective case controlled radiographic analysis of the sagittal pro"le of 
the spine and spinopelvic alignment of parents of scoliotic as compared to parents of non-
scoliotic children.
Objectives. To test the hypothesis that the familial trend in adolescent idiopathic scoliosis 
(AIS) may be explained by the inheritance of a sagittal spinal pro"le, that has been shown 
to make the spine less resistant to rotatory decompensation. 
Summary of Background Data. It is well known that spinal biomechanics, as well as 
familial predisposition, play an important role in the onset and evolution of idiopathic 
scoliosis. !e relationship between the sagittal pro"le of the spine and spinal biomechanics 
has also been established in a number of studies. It has been suggested previously that 
a certain sagittal spinal con"guration with implications for spinal rotational sti$ness, is 
inherited, thus providing a possible explanation for the well-known hereditary component 
in adolescent idiopathic scoliosis.
Methods. Freestanding lateral radiographs of 51 parent couples of girls with severe (Cobb 
angle > 30 degrees) progressive AIS (AIS group) and 102 age-matched controls (control group) 
were taken. Parents with manifest spinal deformities or spinal pathology of any kind were 
excluded based on history or spinal X-Ray, to avoid distorted sagittal images with unreliable 
measurements. Values were calculated for thoracic kyphosis (T4-T12), lumbar lordosis 
(L1-L5), spinal balance (sagittal plumb line of C7 and T4, T1-L5 sagittal spinal inclination, 
T9 sagittal o$set), curvature parameters (expressed in the area under the curve (AUC)), and 
pelvic parameters (pelvic tilt, pelvic incidence, and sacral slope). In addition, the height, o$set 
and length of the posteriorly backwardly inclined spinal segment, inclination of each vertebra, 
and normalized sagittal spinal pro"le were calculated. Di$erences in spinopelvic alignment 
between fathers of both groups and mothers of both groups were analyzed. 
Results. In the fathers of the AIS group, the plumb line of T4 was signi"cantly less 
posteriorly positioned relative to the hip axis (79 mm vs 92 mm; P = 0.009), the overall 
AUC and the lumbar AUC were signi"cantly smaller (P = 0.002 and P = 0.008, respectively) 
as compared to the fathers in the control group. Vertebrae T11-L2 were signi"cantly 
less backwardly inclined in the fathers of the AIS group (T11, L2: P < 0.05, and T12-L1:  
P < 0.01). An analysis of sagittal spinal pro"le showed a signi"cantly &atter spine in the 
fathers of the AIS group (P = 0.01). No signi"cant di$erences were observed in height, 
o$set and length of the backwardly inclined spinal segment. In the mothers of the AIS group 
no statistically signi"cant di$erences were observed in the spinopelvic parameters, spinal 
curvature, inclination of the vertebrae, and declive spinal segment parameters or sagittal 
spinal pro"le as compared to the mothers in the control group.
Conclusions. !e sagittal spinal pro"le of the fathers of scoliotic children was signi"cantly 
&atter than the sagittal spinal pro"le of fathers of non-scoliotics. No di$erence was found 
in the sagittal spinal pro"le of the mothers of scoliotics as compared to mothers of non-
scoliotics. Although, it is well known that scoliotic mothers have an increased risk of getting 
scoliotic o$spring, this study indicate that fathers may contribute as well through their 
sagittal spinal pro"le to the inheritance of idiopathic scoliosis.
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INTRODUCTION

Although the etiology of adolescent idiopathic scoliosis (AIS) has not been established, 
it is well appreciated that the sagittal pro"le of the spine plays an important role in 
spinal biomechanics, rotational stability and the development and progression of spinal 
deformities.3,47,78,140,165,199 Also genetic or hereditary factors play a signi"cant role, as 
became apparent in the late 1960s by Wynne-Davies and Riseborough in their population 
studies.221,297 !ey observed a signi"cantly increased prevalence of scoliosis among family 
members of patients with idiopathic scoliosis. More recently, a meta-analyzes of twin 
studies showed a higher concordance rate for AIS in monozygotic twins than for dizygotic 
twins.132,271 

Still, despite extensive ongoing research, the genetic basis of AIS has not been clari"ed 
yet, nor the particular mode of inheritance.125,189 An X-linked pattern of inheritance was 
suggested by Cowell et al. in 1972, as they noted the paucity of father-to-son transmission.61 
However, in a recent genetic linkage analysis by Miller et al., support for X-linkage was only 
found for a subset of scoliotic pedigrees.188 Furthermore, autosomal dominant inheritance 
pattern and multifactorial mode of inheritance have been suggested.22,44,97,187,191

Dickson et al., in the 1980s, proposed in a number of studies a biomechanical explanation 
regarding the familial trend in idiopathic scoliosis. !ey assumed that, like virtually all 
aspects of growth, the lateral pro"le of the spine is genetically determined. !ose with the 
&attest pro"le are most vulnerable to developing scoliosis since thoracic hypokyphosis 
(or thoracic lordosis) could initiate buckling and thus rotation of the spine.10,69-71,75,76,78,79,158 
Furthermore, decreased thoracic kyphosis would predispose for the lordotic deformity that 
scoliosis actually is. Support for this hypothesis was found in 1993 by Carr et al. in an optical 
skin surface analysis of shape of the back.43 !ey showed that una$ected siblings of patients 
with scoliosis had a &atter back than unrelated controls. In a similar but more extensive 
analysis of the back shape of normal monozygotic twins, dizygotic twins, normal same sex 
siblings and di$erent sex siblings they found a higher familial correlation in sagittal back 
shape for the genetically closer groups.81 Drawbacks, however, of these optical skin surface 
analyses were that they do not provide spinopelvic alignment or exact information of the 
sagittal spinal pro"le.

In the past, the sagittal plane deformity in scoliosis has been emphasized numerous 
times.3,69,75,82,165 Apical lordosis is an integral part of any established scoliosis, and it has been 
considered its primary and initiating event.69,75 In our pathogenetic concept of scoliosis, 
however, rotational instability is the initiating event. Posteriorly directed shear loads, that 
uniquely act on certain (especially during growth) ill de"ned areas of the human upright 
spine (Figure 1),47 lead to a decrease in rotational sti$ness of these segments.123,140 If 
equilibrium is disturbed for whatever reason, this rotational instability leads to a vicious 
circle that ultimately ends in scoliosis.256 Direction of rotation follows built-in patterns that 
are determined by distribution of internal asymmetry.124,139

Subsequently, because the vertebral bodies rotate further from the midline than the 
posterior elements of the spine, which is due to the tight posterior ligamentous tether, this 
rotation by de!nition leads to apical lordosis and an appearance of lateral deviation on the 
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anterior-posterior radiographs. Biomechanical cadaveric studies have shown that rotational 
stability depends on, amongst others, the magnitude of posteriorly directed shear loads. 
!ese loads are in turn dependent on the spatial orientation of vertebrae in the sagittal 
plane (Figure 1).47,140,275 !us, the length and inclination angle of the backwardly inclined 
spinal segments play a role in determining the rotational sti$ness of the spine.

 If sagittal spinal orientation and shape plays a role in the etio-pathogenesis of AIS 
through its in&uence on rotational stability of certain segments, and spinal shape is 
inherited, one can expect to "nd a speci"c sagittal spinal pro"le in the parents of children 
with AIS. In the present study we therefore aimed to compare the sagittal spinal pro"le 
and spinopelvic alignment of parents of children with a progressive AIS to an age and sex 
matched control group.

SUBJECTS AND METHODS

Subjects
One-hundred-and-two parents (51 couples) of girls with severe progressive AIS (AIS 
group) and 102 parents of non-scoliotic children (control group) enrolled in this study. 
All participants met the following inclusion criteria: ( 55 years of age, no clinical spinal 
deformity, no history of spinal deformity, trauma, spine surgery, persisting hip or back 
problems and no contra indications for X-rays. !e parents of non-scoliotic children had 
no known family members with idiopathic scoliosis as determined by history. !e study was 

Figure 1. !e sum of gravity and muscle force (Fg+m) acting on a vertebra can be decom-
posed into an axial component (Faxial) and a shear component (Fshear). Depending on their 
orientation in space, vertebrae in the human spine may be subject to anteriorly (le!) or pos-
teriorly directed shear loads (right). Only in the human spine, certain vertebrae are subject 
to posteriorly directed shear loads; all other vertebrates experience only axial compression 
and anterior shear.
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approved by the institutional review board and all participants provided written informed 
consent before participating in the study. 

Any spinal pathology, as determined by history, led to ineligibility to participate in the 
study. Also, all radiographs were scrutinized for spinal deformity, which, if present, led to 
an exclusion of the participant in the control group, and to an exclusion of the whole couple 
in the AIS group. Taking this into account, based on the radiographs, in the AIS group four 
couples had to be excluded (two mothers had a spondylolisthesis, and two mothers had 
a scoliosis (Cobb angle > 10º)); in the control group "ve participants had to be excluded 
(three females had a scoliosis, one male a Scheuermann’s kyphosis, and one female because 
of a poor quality of the radiograph). Characteristics of the included mothers and fathers for 
both groups are given in Table 1.

Table 1. Characteristics of the mothers and fathers in both groups.*

Mothers Fathers
Control group AIS group P Control group AIS group P

N 57 47 40 47
Age (yr) 
(range)

44.2  
(36.1-53.5)

45.4 
(33.0-52.1) N.S. 45.1 

(36.0-53.4)
47.3 

(37.4-54.6) N.S.

Height (cm) 
(range)

170  
(156-184)

168 
(155-179) N.S. 183 

(170-196)
182 

(165-201) N.S.

Weight (kg) 
(range)

72  
(52-108)

71 
(54-100) N.S. 86 

(67-100)
85 

(62-112) N.S.

BMI (kg/m2) 
(range)

24.9  
(18.4-36.3)

24.9 
(18.7-39.1) N.S. 25.6 

(19.6-31.2)
25.7 

(20.3-34.2) N.S.

*Mean age, height, weight, and body mass index (BMI) (with range); N.S., indicates 
not signi"cant.

Image Acquisition
All radiographs were taken by the same technician, using the same x-ray machine with a 
constant cassette-to-x-ray source distance of 200 cm. !e cassette was positioned along a 
plumb line and the lateral edge of the "lm was used as a reference for the vertical. First a full 
spine posterior-anterior radiograph was taken, followed by a 30x90 cm lateral radiograph 
from the base of the skull to the femoral heads in a standardized freestanding position 
(Figure 2). Participants were positioned with their le% side against the cassette with the hips 
perpendicular to the "lm. !e "ngertips of both hands were placed at the zygomatic bones 
with the upper arms in an angle of approximately 45° to the vertical. Subjects were asked to 
stand upright in a relaxed manner and to look straight ahead. As in a previous study that 
studied spinopelvic alignment,122 this position was used to prevent superimposing of the 
upper arms over the thoracic spine, without creating an additional force on the trunk to 
counterbalance. 
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Measurement Method
In-house developed so%ware was 
used to measure the spinal and pelvic 
parameters on the sagittal radiographs 
in a semi-automated procedure. 
Vertebrae (C5-L5) were delineated by 
clicking on the four corner points, the 
superior endplate of S1 was identi"ed by 
clicking on the posterior-superior and 
the anterior-superior corner point, and 
circles (based on three click points) were 
"tted over both femoral heads (Figure 
3). All measurements were performed by 
two trained observers (MJ once, and SvR 
twice) at separate sittings. Before each 
assessment, all radiographs were blinded 
and randomized. Intraclass correlation 
coe'cients244 (ICC) for all parameters 
were calculated within and between the 
observers. 

Parameters
All commonly used parameters to 
describe the spinopelvic alignment29,

85,99,116,160,161,229,270,272,277 were measured. 
Parameters are illustrated in Figure 4, 
and a list of the nomenclature for the parameters with their abbreviations and descriptions 
is provided in Table 2. !e con"guration of the backwardly inclined segment (declive 
segment) was described by the declive length (DL), declive height (DH), declive o$set (DO) 
and declive inclination (DI) (Figure 4). In addition, the centroids of the delineated vertebrae 
were used to assess the full sagittal spinal pro"le and curvature of the spine. Curvature of 
the thoracic and lumbar spine was investigated speci"cally by calculating the thoracic and 
lumbar area under the curve (AUC) (Figure 4). 

To be able to compare the sagittal spinal pro"les, all pro"les were normalized in height 
and depth based on the distance of the midpoint of T1-hip axis (HA), and the HA was set 
as the origin. Inclination of each vertebra was de"ned by the inclination of the inferior 
endplate to the horizontal.

Statistical Analysis
!e statistical analyses were performed using statistical so%ware SPSS 15.0 for Windows 
(SPSS, Inc., Chicago, IL). Descriptive statistics were computed for the mothers and fathers 
in the AIS group and control group providing means and ranges. Results are presented 

Figure 2. Standardized freestanding posi-
tion during the lateral full-length spinal 
radiograph.
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as mean values and standard deviations (SD). Di$erences within the mothers and within 
the fathers between both groups were analyzed, using the independent samples t test. For 
the spinal and pelvic parameters, a P value below 0.01 was considered to be statistically 
signi"cant since multiple parameters were tested (multiple testing correction). Before 
testing, normality of distribution was examined using Q-Q plots and tested using Shapiro-
Wilk tests. In addition, Levene’s test was used to test equality of variances.

A repeated measures ANOVA was performed to compare the normalized sagittal spinal 
pro"les within the mothers and within the fathers between both groups. !e statistical 
signi"cance level for repeated measures ANOVA was set at < 0.05. Inter and intra observer 
variability for all spinopelvic parameters were calculated using ICC.244

Figure 3. A screenshot of the so%ware’s graphical user interface showing delineated verte-
brae with centroids and femoral heads.
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Figure 4. Illustration of the spinopelvic parameters: T4–T12 kyphosis, L1–L5 lordosis, spi-
nal balance parameters (T4HA, C7HA and T9SO), pelvic parameters (pelvic tilt, pelvic 
incidence, and sacral slope), declive segment parameters (declive height (DL), declive o$set 
(DO), declive length (DL), declive inclination (DI)), T1-L5 sagittal spinal inclination, tho-
racic and lumbar area under the curve (AUC). See Table 2 for abbreviations and descrip-
tions of parameters.

RESULTS

Table 1 provides the anthropometrical characteristics of the mothers and fathers. Mean 
values and SD of the spinopelvic parameters are given in Table 3, and the mean values and 
SD of the sagittal inclination of each individual vertebra are given in Table 4 and illustrated 
in Figure 5 and 6. !e mean sagittal spinal pro"les in the mothers and in the fathers are 
shown in Figure 7.

Mothers 
Age, length, height and body-mass index (BMI) did not di$er signi"cantly between the 
mothers of the AIS group and the control group (Table 1). No statistically signi"cant 
di$erences were found in the thoracic kyphosis or the lumbar lordosis, spinal balance 
parameters (C7HA, T4HA, T1-L5 SSI, T9SO), declive segment parameters (DL, DH, DO, 
DI), curvature parameters (overall AUC, thoracic AUC, lumbar AUC), or in the pelvic 
parameters (PT, PI, SS) (Table 3). No statistically signi"cant di$erences were found in the 
sagittal vertebral inclination of T1-L5 in the mothers (Table 4 and Figure 5), and the mean 
spinal curvatures did not signi"cantly di$er between both groups (Figure 7).
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Table 3. Mean values and standard deviations (SD) of the spinopelvic parameters in mothers and 
fathers.*

Mothers Fathers
Control group 

(n = 57)
AIS group 

(n = 47)
Control group 

(n = 40)
AIS group 

(n = 47)
Mean SD Mean SD P Mean SD Mean SD P

Parameters*
!oracic kyphosis (º) +42 9.3 +43 10.2 N.S. +43 9.3 +41 9.2 N.S.
Lumbar lordosis (º) -47 10.0 -48 12.0 N.S. -44 9.6 -43 9.9 N.S.

Spinal balance parameters
C7HA (mm) +54 23 +51 24 N.S. +48 27 +37 24 N.S.
T4HA (mm) +87 22 +84 20 N.S. +92 25 +79 20 0.009‡
T1-L5 sagittal spinal 
inclination (°) 

-9 3 -9 3 N.S. -8 3 -7 3 N.S.

T9 sagittal o$set (°) -12 2.9 -12 2.4 N.S. -13 3.0 -11 2.8 N.S.
Declive segment parameters

Declive length (normalized) 0.726 0.090 0.725 0.080 N.S. 0.714 0.100 0.712 0.093 N.S.
Declive height (normalized) 0.693 0.088 0.689 0.081 N.S. 0.681 0.096 0.686 0.094 N.S.
Declive o$set (normalized) 0.212 0.047 0.220 0.043 N.S. 0.209 0.054 0.185 0.038 N.S.
Declive inclination (°) -17 3.4 -18 3.6 N.S. -17 3.7 -15 3.5 N.S.

Curvature parameters
Overall AUC (*10-4 sq.units) 372 89 379 104 N.S. 384 88 329 77 0.002‡
!oracic AUC (*10-4 sq.units) 222 74 222 87 N.S. 228 76 198 71 N.S.
Lumbar AUC (*10-4 sq.units) 150 51 157 47 N.S. 156 46 131 41 0.008‡

Pelvic parameters
Pelvic tilt (°) +15 5.8 +14 7.1 N.S. +16 6.2 +16 6.4 N.S.
Pelvic incidence (°) +52 9.1 +51 12 N.S. +52 10 +54 10 N.S.
Sacral slope (°) -37 7.1 -37 7.3 N.S. 36 -7.1 -38 7.2 N.S.

*See Figure 4 and Table 1 for abbreviations and descriptions of parameters. ‡Statistically signi"cant (P ( 
0.01). - indicates lordotic Cobb angle, dorsally inclined T1-L5 sagittal spinal inclination, dorsally inclined 
T9 sagittal o$set, dorsally inclined declive segment; +, kyphotic Cobb angle, a plumb line posterior to the 
HA in C7HA and T4HA; N.S., not signi"cant.

Fathers
Age, length, height and BMI did not di$er signi"cantly between the fathers of the AIS 
group and the control group (Table 1). In the fathers of the AIS group, T4 was signi"cantly 
less posteriorly positioned relative to the hip axis (T4HA: 79 mm vs. 92 mm; P = 0.009), 
the whole spine was less curved or &atter (Overall AUC: 329*10-4 vs. 384*10-4 sq. units; P = 
0.002), and the lumbar spine was signi"cantly &atter (Lumbar AUC: 131*10-4 vs. 156*10-4 
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Table 4. Mean sagittal vertebral inclination (and SD) of T1-L5 in the mothers and fathers.*

Mothers Fathers
Control group 

(n = 57)
AIS group 

(n = 47)
P

Control group 
(n = 40)

AIS Group 
(n = 47)

PVertebra Mean SD Mean SD Mean SD Mean SD
T1 27 7.9 26 9.4 N.S. 29 7.7 29 8.8 N.S.
T2 25 7.0 25 7.7 N.S. 26 7.1 27 7.7 N.S.
T3 21 6.9 22 7.1 N.S. 22 7.2 23 7.2 N.S.
T4 16 7.0 17 7.1 N.S. 17 6.7 17 7.2 N.S.
T5 10 6.1 10 7.2 N.S. 10 6.3 11 6.6 N.S.
T6 2 6 3 7 N.S. 4 6 4 6 N.S.
T7 -5 6 -3 6 N.S. -3 6 -2 5 N.S.
T8 -9 6 -9 5 N.S. -8 6 -7 5 N.S.
T9 -12 5.4 -13 5.2 N.S. -12 6.7 -10 5.2 N.S.
T10 -15 5.4 -15 5.6 N.S. -15 6.8 -13 6.1 N.S.
T11 -19 4.8 -20 5.6 N.S. -19 6.3 -16 5.6 0.031†
T12 -21 5.2 -22 5.5 N.S. -22 5.6 -19 4.6 0.008‡
L1 -22 5.9 -23 5.6 N.S. -23 5.7 -19 4.4 0.001‡
L2 -17 6.4 -17 5.8 N.S. -17 5.3 -15 5.5 0.042†
L3 -7 7 -8 6 N.S. -8 7 -7 5 N.S.
L4 6 7 7 8 N.S. 5 7 6 7 N.S.
L5 27 8.2 28 8.7 N.S. 25 6.6 27 8.4 N.S.

*All measurements are in degrees. †Statistically signi"cant (P < 0.05). ‡Statistically 
signi"cant (P < 0.01). - indicates dorsally inclined; +, ventrally inclined; N.S., not 
signi"cant.

sq. units; P = 0.008) (Table 3). Furthermore, vertebrae T11 down to L2 were signi"cantly 
less dorsally inclined in the fathers of the AIS group (T11, L2: P < 0.05, and T12-L1:  
P < 0.01) (Table 4 and Figure 6).  Finally, the mean spinal pro"le was signi"cantly &atter in 
the AIS group (repeated measures ANOVA: P = 0.01) (Figure 7). No statistically signi"cant 
di$erences were found in the thoracic kyphosis or lumbar lordosis, the spinal balance 
parameters C7HA, T1-L5 SSI and T9SO, any declive segment parameters, any pelvic 
parameters, or in the thoracic curvature (thoracic AUC) between the fathers of both groups.

Inter and Intra Observer Reliability
Inter and intra observer reliability was calculated for each spinopelvic parameter. Both were 
excellent with a mean (and range) ICC of respectively 0.97 (0.90-0.99) and 0.96 (0.89-0.99).
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Figure 5. Mean sagittal vertebral inclination (and SD) of T1–L5 in the mothers in the AIS 
group and control group. All measurements are in degrees.

Figure 6. Mean sagittal vertebral inclination (and SD) of T1–L5 in the fathers in the AIS 
group and control group. All measurements are in degrees. !oracolumbar vertebrae are 
signi"cantly less dorsally inclined in the fathers in AIS group as compared to the control 
group.
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Figure 7. Mean sagittal spinal pro"le in the mothers and fathers in both groups. Pro"les 
were normalized in height and depth, based on the vertical distance of the midpoint of T1-
hip axis (HA), and the HA was set as origin.
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DISCUSSION

Idiopathic scoliosis is a complex spinal deformity, characterized by an alteration of spinal 
morphology in all three planes. In the coronal plane, a lateral deviation of the spine 
occurs, in the sagittal plane the normal thoracic kyphosis is replaced by a lordosis, and 
in the transverse plane there is marked axial rotation. Our research suggests that rotation 
is the initiating force in scoliosis, thus driving lordosis and lateral deviation as secondary 
phenomena.124,137 

Although the etiology of this classic orthopaedic disorder remains rather obscure, a 
number of things stand out clearly in its pathogenesis:

1. the human spine shows less rotatory sti$ness compared to other spines in nature due 
to the occurrence of posteriorly directed shear loads, that act uniquely on certain areas 
of the human spine.47,140 

2. the magnitude of this posteriorly directed shear, and the exact spinal segments on 
which these forces act, is determined by the sagittal spinal pro"le,

3. this sagittal spinal pro"le has a wide natural variation, and is very poorly de"ned 
during di$erent phases of growth,47,123,140

4. sagittal spinal pro"le is inherited in the normal population,81

5. idiopathic scoliosis is a hereditary disorder, although its particular mode of 
inheritance remains unknown.22,44,61,81,97,132,187,188,191,221,271,297

We therefore hypothesized, as was also inferred by Dickson et al.,10,69-71,75,76,78,79,158 that the 
sagittal spinal pro"le of parents of scoliotic children would be di$erent from the sagittal 
pro"le of parents of non-scoliotic children. 

!is present study showed no di$erences in spinopelvic alignment and spinal pro"le 
between the mothers of both groups. !is seems surprising, given the well-known high 
prevalence of idiopathic scoliosis in children, especially daughters, of scoliotic mothers.227 
Besides, we have shown previously that females have more backwardly inclined spinal 
pro"les than males, thus making them more subject to posteriorly directed shear loads 
and decreased spinal rotational sti$ness.122 However, since for the present study scoliotic 
mothers were either not enrolled based on a history of scoliosis, or excluded based on the 
radiograph demonstrating scoliosis, it seems likely that we normalized this population and 
concequently their sagittal spinal pro"le.

Perhaps even more surprising, di$erences were observed between the fathers of both 
groups. !e average spine of the fathers of the AIS group was &atter (as re&ected by a 
signi"cantly lower overall AUC, signi"cantly lower lumbar AUC, and T4 being signi"cantly 
less posteriorly positioned relative to the hip axis) (Figure 7). Apparently, the combination 
of an already less rotationally stable spine, as is always the case in females122, with a &atter 
male spine increases the risk in the o$spring to develop scoliosis.

!e importance of the sagittal pro"le of the spine for the development of scoliosis was 
already observed by eighteenth century anatomists.3,185,199 Meyer stated as early as 1866: 
“Die normale Kyphose der Brustwirbelsäule ist mit dem Bestehen einer Skoliose unverträglich“ 
(a normal thoracic kyphosis precludes scoliosis).185 !is knowledge was re-emphasized by 
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a number of authors, most notably Somerville,250 Roaf, 222 Vercauteren,275 and Dickson10,69-

71,75,76,78,79,158  in the previous century. Dickson78, and Archer and Dickson 10 emphasized that 
‘&at-backed’ spines are potential candidates to start buckling, thus developing scoliosis. 
!ey also postulated that ‘&at-backed’ children possibly come from ‘&at-backed’ families.10,78 
Support for this hypothesis was found in 1993 by Carr et al. in a photogrammetric population 
study. !ey showed that una$ected siblings of patients with scoliosis had a &atter back than 
unrelated controls.43 Our study supports the idea that the inheritance of a certain spinal 
pro"le plays a role in the initiation of the rotatory deformity that we call scoliosis. To the 
best of our knowledge, it has never been reported that fathers possibly play a decisive role 
in the inheritance pattern of idiopathic scoliosis. !is mode of inheritance warrants further 
investigation.

Next to the fact that scoliotic parents could not be included because the sagittal pro"le 
is too distorted by the deformity, another limitation of this study was that we looked at the 
spinal pro"le in its adult form, while it is well known that the sagittal pro"le and spinopelvic 
alignment signi"cantly changes during growth56 and also with ageing.133,183 !erefore, we 
do not know what the sagittal spinal pro"le was like of both groups during childhood, or 
more importantly, at the time of peak adolescent growth velocity. A radiographic analysis 
in age and sex matched yet una$ected siblings of scoliosis patients could potentially provide 
important clues as to the morphology of the spine around the time in life that scoliosis 
usually develops. However, such a study would be unethical due to its radiation exposure. 
We are presently designing a similar study in an upright MRI apparatus that may give 
answers to these pertinent questions.

It is appreciated that the existence of posteriorly directed shear loads during growth 
does not automatically lead to a progressive idiopathic scoliosis. If we consider that each 
growing spine is continuously subject to axial, anterior shear and posterior shear (Figure 
8), none of these forces automatically leads to spinal deformity per se. !e development of a 
deformity, acute or gradual, always depends on an imbalance between the deforming force 
on the one hand, and the body’s compensating mechanisms on the other. Under certain 
circumstances of disturbance of this equilibrium, a relative excess of axial load can lead 
to the deformity known as Scheuermann’s disease. An excess of anterior shear can lead to 
anterior slippage as in spondylolisthesis. It seems consistent and logical that, under certain 
circumstances, an excess of the third known force, posteriorly directed shear, could lead to 
the third spinal deformity that may develop during growth: idiopathic scoliosis (Figure  8). 
Its pathway would be a gradual increase in rotation of certain highly exposed vertebrae, that 
could produce an excess of asymmetric loading, that, in a period of rapid skeletal growth, 
could cause asymmetric vertebral development (according to the principles of the Hueter-
Volkmann law112,279), resulting in even more asymmetric loading. 

Whether this “vicious circle”, introduced by Stokes et al.256, is actually put into motion 
depends on there being a disturbance of the normal balance between the magnitude of these 
forces and the body’s compensating mechanisms. Bone and so% tissue strength, muscle 
strength, propriosepsis, genetic pro"le, the time of onset of the pubertal growth spurt, and 
possibly many more factors have a role in this balance. As a result, the disorder that we call 
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‘idiopathic’ scoliosis is far from homogeneous. !is has complicated investigations into the 
speci"c cause of idiopathic scoliosis in the past and probably will continue to do so in the 
future unless etiological subgroups can be identi"ed more clearly.

CONCLUSION

In conclusion, this study shows that fathers of scoliotic children apparently play a role 
in the pattern of inheritance of AIS, since spinal pro"le is &atter than that of fathers of 
non-scoliotics. !e well-known genetic in&uence of mothers did not appear in this study, 
possibly because scoliotic mothers were either not enrolled based on a history of spinal 
deformity, or excluded based on radiographs showing scoliosis. !is eliminated a strong 
genetic in&uence from this study, but exact and accurate measurement of sagittal spinal 
shape is not possible in a scoliotic spine. !e fact that the inheritance of certain sagittal 
spinal pro"les plays a role in the inheritance of scoliosis re-emphasizes the importance 
of human spinal upright biomechanics in the initiation of the disorder. !e concept that 
fathers seem to play an important role in this mechanism warrants further investigation.

Figure 8. Illustration of three known spinal deformities, and their suggested biomechanical 
pathogenic pathways. An excess of anterior shear can lead to anterior slippage as in spondy-
lolisthesis (le!). A relative excess of axial load during growth can lead to Scheuermann’s 
disease (middle). An excess of posteriorly directed shear, that diminishes rotational sti$-
ness, can under certain circumstances ultimately lead to a rotatory decompensation of the 
spine, i.e. scoliosis (right).
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ABSTRACT

Study Design. Vertebral rotation was systematically analyzed in the normal, non-scoliotic 
thoracic spine of children aged 0-16 years. Subgroups were created to match the infantile, 
juvenile, and adolescent age groups according to the criteria of the Scoliosis Research Society.
Objectives. To determine whether a distinct pattern of vertebral rotation in the transverse 
plane exists in the normal, non-scoliotic infantile, juvenile, and adolescent spine.
Summary of Background Data. We assume that, once the spine starts to deteriorate into 
a scoliotic deformity, it will follow a preexisting rotational pattern. Recently, we identi"ed 
a rotational pattern in the normal non-scoliotic adult spine that corresponds to the most 
common curve types in adolescent idiopathic scoliosis. In infantile idiopathic scoliosis, 
curves are typically le%-sided and boys are a$ected more o%en than girls, whereas in 
adolescent idiopathic scoliosis, the thoracic curve is typically right-sided and predominantly 
girls are a$ected. !e present study is the "rst systematic analysis of vertebral rotation in the 
normal children’s spine. 
Methods. Vertebral rotation in the transverse plane of T2-T12 was measured using a semi-
automatic method on 146 computed tomographic scans of children (0-16 years old) without 
clinical or radiological evidence of spinal pathology. Scans were mainly made for reasons 
such as recurrent respiratory infections, malignancies, or immune disorders. Vertebral 
rotational patterns were analyzed in the infantile (0-3 years old), juvenile (4-9 years old), 
and adolescent (10-16 years old) boys and girls.
Results. In the infantile spine, vertebrae T2-T6 were signi"cantly rotated to the le% (P < 
0.001). In the juvenile spine, T4 was signi"cantly rotated to the le%. In the adolescent spine, 
T6-T12 were signi"cantly rotated to the right (P ( 0.001). Rotation to the le% was more 
pronounced in infantile boys than in girls (P = 0.023). In juvenile and adolescent children, 
no statistical di$erences in rotation were found between the sexes.
Conclusions. !ese data support the hypothesis that the direction of the spinal curve in 
idiopathic scoliosis is determined by the built-in rotational pattern that the spine exhibits at 
the time of onset. !e well-known predominance of right-sided thoracic curves in adolescent 
idiopathic scoliosis and le%-sided curves in infantile idiopathic scoliosis can be explained by 
the observed patterns of vertebral rotation that preexist at the corresponding age.



85

PREEXISTEN
T VERTEBRA

L RO
TATIO

N
 IN

 TH
E CH

ILD
REN

’S SPIN
E

6

INTRODUCTION

A typical feature of scoliosis is the interaction of vertebral rotation in the transverse plane 
and lateral deviation of the spine. Vertebrae are always directed into the convexity of the 
lateral curve. In a recent computed tomographic (CT) study, we showed that in the normal, 
non-scoliotic spine the high thoracic vertebrae are rotated to the le% and the mid and 
lower thoracic vertebrae to the right side.137 Although considerably less in magnitude, this 
preexistent rotational pattern in the non-scoliotic spine is comparable to the most prevalent 
types of adolescent idiopathic scoliosis (AIS), which are characterized by a right-sided main 
thoracic curve in which the mid/lower thoracic vertebrae are rotated to the right side and 
compensatory le%-sided high thoracic and lumbar curves. It was hypothesized that, once 
AIS starts to develop due to a (to a large extent) still-to-be-determined cause, the direction 
of spinal curvature is determined by this already built-in rotational pattern. 

In contrast to AIS (10-16 years old), a high incidence (ranging from 56 to 88%) of 
left-sided thoracic curvatures are reported in infantile idiopathic scoliosis (0-3 years 
old).121,266,297 In juvenile idiopathic scoliosis (4-9 years old) the number of left- and 
right-sided curves is about evenly divided.53,93 Given the hypothesis that the direction 
of the evolving scoliotic curve is determined by a preexistent vertebral rotation at the 
time of onset, we hypothesize that at the infantile age, the normal thoracic spine shows a 
preexistent pattern of rotation to the left side, at the juvenile age more or less neutral, and 
at the adolescent age to the right side.

SUBJECTS AND METHODS

Study population and computed tomography
A total of 539 children younger than 16 years who had undergone a CT scan of the thorax 
in our center between January 2005 and June 2009 for reasons such as recurrent respiratory 
tract infections, malignancies, or immune disorders were enrolled in this study. !e scans 
were made with a Philips Brilliance 16-P CT scanner (Philips Healthcare, Eindhoven, 
!e Netherlands) and the slice thickness varied between 4 and 5 mm. Exclusion criteria 
were clinical or radiologic evidence for trauma or spinal pathology, (e.g., a scoliosis with a 
Cobb angle larger than 10°), evidence for anatomical anomalies of internal organs, mental 
retardation or syndromes associated with disorder of growth, tumor in the spinal region, 
or a poor quality of the scan (i.e., <30 slices, artifacts, not fully transversal slices due to 
a skewed scan position). !is led to the exclusion of 393 (73%) children; 64 (16%) had 
anatomical anomalies of the internal organs, 55 (14%) had spinal pathology or trauma; 58 
(15%) had mental retardation or syndromes related with disorder of growth, 21 (5%) had 
a tumor in the spinal region. Furthermore, in 195 (50%) children the scan was of either 
too poor quality or consisted of too few slices. !e resulting 146 children, 60 girls and 86 
boys, were included in this study. Children were classi"ed into the three age groups de"ned 
by the Scoliosis Research Society as infantile (0-3 years old), juvenile (4-9 years old), and 
adolescent (10-16 years old).252
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Vertebral rotation of T2 down to T12 was evaluated in 48 infantile, 48 juvenile, and 50 
adolescent children. Patient’s characteristics and scan indications for each cohort are given 
in Table 1.

Computed tomographic measurement method
Vertebral rotation was measured in the transverse plane from T2 till T12 using the same 
CT measurement method as was used in our previous studies.137,138 !is method consisted 
of a semi-automated procedure using an in-house created, interactive computer program 
to calculate the rotation angle of the vertebrae in a robust and reproducible way. Vertebral 
rotation was de"ned as the angle between the longitudinal axis of each vertebra and the 
mid-sagittal axis of the trunk. !e mid-sagittal axis was de"ned as the line passing through 
the center of the spinal canal and center of the sternum at level T5, since at this level the 
sternum was most clearly visible. !e longitudinal axis of each vertebra was de"ned as the 
line passing through the center of the spinal canal and the center of the anterior half of 
the vertebral body. A%er segmentation of the vertebrae, spinal canals and sternum at level 
T5, these points and, subsequently, the rotation angles of the vertebrae were calculated 
fully automatically. !e reference line was de"ned as zero-degrees rotation. From a caudal 
view, anti-clockwise rotation of the vertebrae (rotation of the vertebral body to the right 
side of the subject) was de"ned as a positive angle, rotation to the le% side (clockwise) as a 
negative angle (Figure 1). !e vertebrae, spinal canal, and sternum were semi-automatically 
segmented by three experienced observers (M.M.A.J., J.W.M.K., and T.P.C.S.). !e intraclass 
correlation coe'cients calculated for inter- and intraobserver reliability of this method 
were 0.96 ± 0.06 and 0.99 ± 0.01 (mean ± SD), repectively.137 

Table 1. Patient characteristics and scan indications of the infantile (0-3 years old), juvenile 
(4-9 years old), and adolescent (10-16 years old) age cohorts.

" Inclusion

"
Infantile

n = 48
Juvenile
n = 48

Adolescent
n = 50

Age (yr), mean (SD) 1.9 (1.2) 7.2 (1.6) 13.3 (1.7)
Girls, n (%) 22 (46) 20 (42) 18 (36)
Scan indication:

Recurrent respiratory tract infections, n (%) 19 (40) 20 (42) 10 (20)
Malignancy, n (%) 14 (29) 13 (27) 19 (38)
Immune disorders, n (%) 0 (0) 5 (10) 10 (20)
High fever, n (%) 6 (13) 2 (4) 4 (8)
Post-intervention, n (%) 6 (13) 2 (4) 0 (0)
Trauma, n (%) 1 (2) 1 (2) 1 (2)
Other, n (%) 2 (4) 5 (10) 6 (12)
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Statistical analysis
!e statistical analysis was performed using SPSS 15.0 for Windows (SPSS, Inc., Chicago, 
IL). One-sample t tests were used to evaluate the signi"cance of vertebral rotation on each 
vertebral level. A P value of ( 0.005 was considered to be statistically signi"cant for the one-
sample t tests since this test was performed 11 times (Bonferroni’s correction). Repeated 
measures analysis of variance was used to analyze the di$erences between age cohorts and 
between the genders within each age cohort. !e statistical signi"cance level for repeated 
measures analysis of variance was set at 0.05 or less.

RESULTS

!e mean vertebral rotation for each level in the di$erent age groups is demonstrated in 
Table 2 and Figure 2. In all age cohorts a preexisting pattern was observed in which the 
high thoracic vertebrae were more rotated to the le% side than the mid and lower thoracic 
vertebrae. At the infantile age, the mean vertebral rotation was to the le% side at all thoracic 
levels. !is was signi"cant at T2-T6 (P < 0.001). In juvenile children, T4 was signi"cantly 
rotated to the le% side (P <0.001). Other thoracic vertebrae were not signi"cantly rotated to 
either side. At the adolescent age T4 was signi"cantly rotated to the le% side (P = 0.005) and 
T6-T12 were signi"cantly rotated to the right side (P ( 0.001). 

E"ect of age
Repeated measures analysis (with the within-factor vertebral level and between-factors age 
and sex) showed a main e$ect of age on the vertebral rotation. !e di$erences between 

Figure 1. CT slice at level T5 
in the transverse plane. Ver-
tebral rotation was de"ned as 
the angle between the mid-
sagittal axis (line between 
the center of the sternum (S) 
and the center of the spinal 
canal (C)) and the longitudi-
nal axis of the vertebra (line 
through the anterior half of 
the vertebral body (V) and 
spinal canal (C)).
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the rotational patterns of the adolescent- and the infantile-age cohort and between the 
infantile- and juvenile-age cohort were shown to be statistically signi"cant, P < 0.001 and 
P = 0.045, respectively. !e di$erence between the juvenile- and the adolescent-age cohort 
was not statistically signi"cant (P = 0.056). 

E"ect of sex
Mean vertebral rotation in three cohorts for both boys and girls is shown in Table 3 and 
Figure 3. In infantile boys, mean vertebral rotation was le%-sided on all levels of which 
T2-T6 were statistically signi"cant (P < 0.001). In infantile girls, level T4 was signi"cantly 
rotated tot the le% side (P = 0.001). !e rotational pattern in the infantile boys and girls was 
signi"cantly di$erent (P = 0.023). !e rotational pattern in boys was more rotated to the le% 
side than in girls. No statistically signi"cant di$erences were found between the sexes in the 
juvenile- and adolescent-age cohorts (P = 0.485 and P = 0.810, respectively).

DISCUSSION

Many theories about the etio-pathogenesis of idiopathic scoliosis have evolved in the 
literature since the beginning of the last century.141 Despite a tremendous body of gained 
knowledge on the subject, answers to a number of relevant questions are still lacking. In the 
present study we addressed the question why thoracic curves are usually right-sided in AIS 
and le%-sided in infantile idiopathic scoliosis.

Figure 2. Vertebral rotation in the transverse plane (mean and 95% con"dence interval) of 
T2-T12 in the infantile (0-3 years old), juvenile (4-9 years old), and adolescent (10-16 years 
old) non-scoliotic children. All measurements are in degrees.
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Figure 3. Vertebral rotation in the transverse plane (mean and 95% con"dence interval) of 
T2-T12 in the infantile (0-3 years old), juvenile (4-9 years old), and adolescent (10-16 years 
old) non-scoliotic boys and girls. All measurements are in degrees. 
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Analysis of vertebral rotation in the normal, non-scoliotic spine showed that the mid 
and lower thoracic spine was rotated to the le% side at the infantile age, was not signi"cantly 
rotated to either side at the juvenile age, and was rotated to the right side at the adolescent 
age. !e observed pattern at the adolescent age was comparable to the pattern observed in 
our previous systematic analysis of vertebral rotation in the spine in an adult population.137 
!e authors earlier hypothesized in this previous study that the direction of the developing 
curve in AIS is determined by a rotational pattern already present in the spine before the 
spine starts to develop the deformity. !e results of the present study support this hypothesis 
for di$erent age groups that are known to exhibit di$erent curve patterns.93,119-121,266,297

James et al. subdivided idiopathic scoliosis into infantile, juvenile, and adolescent 
types, based on the time of onset.119-121 !is classi"cation is still being used by the Scoliosis 
Research Society.252 !ey, and others93,266,297, showed that at the infantile age, thoracic 
idiopathic scoliosis is more frequently le% convex and most o%en a$ects boys. In contrast, 
in AIS the thoracic curve is more right convex and girls are more a$ected than boys. !e 
di$erences in vertebral rotation found in the present study match the rotational pattern of 
thoracic idiopathic scoliosis in di$erent age groups.93,119-121,266,297 

At the infantile age, mean vertebral rotation of the thoracic vertebrae was signi"cantly 
more pronounced to the le% side in boys than in girls. Although preexistent rotation occurs 
in every individual and even in quadrupeds138 (and thus can never be the cause of scoliosis) 
it is noteworthy that this di$erence matches the higher incidence of infantile idiopathic 
scoliosis in boys. A sex-related di$erence in magnitude of rotation was not observed at the 
adolescent age. 

As in our previous CT studies,137,138 we used the mid-sagittal axis as a reference line, 
which was de"ned as the line passing through the center of the spinal canal and the center 
of the sternum at the level of T5. We used this de"nition as this line showed to be a good 
representation of the anatomical midline of the trunk and the used reference points have a 
very high reproducibility.

Obviously, the study population consisted of hospitalized children, for whom an 
indication for a CT examination of the thorax existed. We tried to avoid the in&uences 
of underlying diseases in this population, by broadly excluding children with disorders 
that possibly a$ect the normal development of the spine. In that sense, there is no reason 
to believe that the rotation patterns found in this study would di$er from the healthy 
population. No ethics committee would however allow a similar CT study in normal 
children, and even magnetic resonance imaging would be di'cult to execute because of the 
long scan times that would probably require anesthesia in the younger children. 

Many anatomists already recognized that the normal spine is never straight or 
symmetrical.199 In a previous study, we showed a relation between the asymmetrical 
position of the thoracic organs and preexistent vertebral rotation, as persons with a situs 
inversus totalis appeared to have a preexistent pattern of vertebral rotation opposite to 
what is seen in humans with normal organ anatomy.139 Taylor et al. hypothesized that the 
eccentric position of the thoracic aorta might be responsible in the development of this 
preexistent rotational tendency as, according to Hueter-Volkmann, asymmetrical pressure 
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of the aorta on the neurocentral cartilage might result in an asymmetrical pedicle growth.262 
More in general, the organ asymmetry that exists in both the thorax and the abdomen can 
be inferred to play a role in the direction of this preexistent rotation. 

Our results suggest that the preexisting le%-sided rotation at the infantile age converts 
into a right-sided rotation at some point in time during growth; all vertebrae are rotated to 
the le% at the infantile age, whereas most mid and lower thoracic vertebrae are rotated to 
the right at the adolescent age. Why rotational patterns are present and di$er between age 
groups is not answered by this study, but in line with our previous investigations, it may be 
related to di$erences in organ mass at di$erent ages. 

Questions regarding the etio-pathogenesis of idiopathic scoliosis are not answered 
by this study either. !is study does, however, give an explanation for the well-known 
phenomenon of predominance in curve direction at the various ages. 

CONCLUSION

!is study showed that there is a pattern of preexistent vertebral rotation in the normal, 
non-scoliotic spine that depends on age. At the infantile age, rotation is predominantly to 
the le%; at the adolescent age, it is to the right; and at the juvenile age, no signi"cant rotation 
to either side is found. At the infantile age, mean vertebral rotation was more to the le% in 
boys than in girls. !ese results match the direction of the curve in infantile, juvenile, and 
adolescent idiopathic scoliosis and support the hypothesis that the direction of the curve 
in idiopathic scoliosis is determined by the rotational pattern present in the normal spine.
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ABSTRACT

Study Design. Pelvic incidence was measured in three dimensions from computed 
tomographic images of normal subjects using a computerized method.
Objective. To obtain the angle of pelvic incidence from three-dimensional images, and 
analyze its distribution in a normal population.
Summary of Background Data. !e sagittal alignment of the pelvis is usually evaluated in 
two-dimensional sagittal radiographs. !e purpose of this study is to measure and analyze 
the pelvic incidence, which represents a key parameter of sagittal alignment, in three-
dimensional images.
Methods. A computerized method, based on image processing techniques, was used to 
automatically determine the anatomical references required to measure the pelvic incidence, 
i.e. the centers of the femoral heads in three-dimensions, and the center and inclination 
of the sacral endplate in three-dimensions. Multiplanar image reformation was applied to 
obtain perfect sagittal views with all anatomical structures completely in line with the hip 
axis, from which PI was calculated.
Results. !e pelvic incidence was successfully obtained in computed tomographic images 
of 370 normal subjects (mean age 41.5 years, range 1*87 years). !e mean pelvic incidence 
(± standard deviation) was equal to 46.6° (±9.2°) for males, 47.6° (±10.7°) for females, and 
47.1° (±10.0°) for both sexes. No statistically signi"cant di$erences were obtained between 
sexes, and statistically signi"cant correlation was obtained between pelvic incidence and age.
Conclusions. In this study, the sagittal alignment of the pelvis was evaluated in terms 
of pelvic incidence completely in three-dimensions. !e results show that computerized 
measurements of pelvic incidence in three-dimensions are less variable than manual 
measurements. !e large span of pelvic incidence values for normal subjects indicates that 
the natural variation of pelvic incidence is relatively large.
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INTRODUCTION

Pelvic morphology is considered to in&uence the sagittal spinal balance and postural 
equilibrium, and has been a major research topic in the past decades.230,236 !e sagittal 
alignment of the pelvis is usually evaluated in two-dimensional (2D) sagittal radiographs in 
standing position and measured by pelvic parameters of sacral slope, pelvic tilt and pelvic 
incidence (PI).160,181 !e angles of sacral slope and pelvic tilt are positional parameters, as 
they are de"ned by horizontal or vertical lines that relate to the position and orientation 
of the subject. On the other hand, the angle of PI is an anatomical parameter, as it remains 
constant for an arbitrary subject position and orientation, and can be therefore compared 
among subjects in either standing, sitting or supine position (Figure 1). Such properties 
enable the measurement of PI in three-dimensional (3D) images, which are commonly 
acquired in supine position. Although the current standard for measuring PI is based on 
2D radiographic images, 3D images are not a$ected by the characteristics of radiographic 
imaging (e.g. projection plane, point source of X-rays). !e geometrical relationships 
among anatomical structures of the sacrum, pelvis and hips that de"ne the parameters of 
sagittal pelvic alignment can be therefore better observed in 3D images. !e purpose of this 
study is to evaluate the sagittal alignment of the pelvis in terms of PI in 3D images, acquired 
by computed tomography (CT), and analyze its distribution in a normal population.

Figure 1. Pelvic parameters in the sagittal plane. Pelvic in-
cidence (PI) is independent of the position and orientation 
of the subject.
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MATERIALS AND METHODS

Subjects 
Subjects that visited the emergency room of the University Medical Center Utrecht, !e 
Netherlands, between June 2005 and June 2010 and received a computed tomography (CT) 
scan of the pelvis or abdomen were enrolled in this study. Exclusion criteria were: age + 90 
years old (due to the ratio in the population and lower quality of CT scans related to the 
ageing of bone structures); any clinical or radiological evidence for pathology or trauma 
of the spine, pelvis or femur; evidence for anatomical anomalies (e.g. abnormal number 
of lumbar vertebrae); syndromes associated with disorder of growth; (psychomotor) 
retardation; poor quality of the scan (e.g. pelvis not fully included, artifacts). !is led to 
the exclusion of 60 subjects. !e resulting 370 subjects were included in this study. !e CT 
scans were acquired by Brilliance 16 and 64 scanners (Philips Medical Systems, Eindhoven, 
!e Netherlands) and represented by axially reconstructed 3D images with 0.4–1.0 mm 
pixel size and 3.0–4.0 mm slice thickness, showing the femoral heads, the whole pelvis and 
at least the L5 spinal segment.

Measurement of pelvic incidence
!e angle of PI is de"ned between the line orthogonal to the inclination of the sacral 
endplate (i.e. the superior endplate of S1) and the line connecting the center of the sacral 
endplate with the hip axis (Figure 1). !erefore, it can be determined from four anatomical 
references, i.e. from the center of the le% femoral head, the center of the right femoral head, 
the center of the sacral endplate, and the inclination of the sacral endplate (Figure 1). !e 
centers of the femoral heads form the hip axis, which is reduced to its midpoint in the case 
of 2D images. 

To measure PI in 3D images, a computerized method based on image processing 
techniques was developed to determine the above described anatomical references. First, 
three points were manually selected in 3D at the approximate location of the le% femoral 
head, right femoral head and L5 vertebral body. !ese anatomical structures can be easily 
identi"ed in 3D with basic anatomical knowledge. Moreover, the resulting three points 
were not required to be at the exact centers of these anatomical structures, but served to 
initialize the computerized method by de"ning the locations of the volumes of interest 
in the 3D image. Second, the computerized method automatically determined the exact 
centers of the femoral heads in 3D from the spheres that best "t to the 3D edges of the 
femoral heads. !e exact center of the sacral endplate in 3D was automatically determined 
by locating the sacral endplate below the L5 vertebral body, and "nding the midpoint of the 
lines between the anterior and posterior edge, and between the le% and right edge of the 
endplate. !e exact inclination of the sacral endplate in 3D was automatically determined 
from the plane that best "t to the endplate. 

Next, multiplanar 3D image reformation was performed to obtain the superposition 
of the femoral heads in the sagittal view. As a result, the hip axis was observed as a not 
inclined line and all anatomical structures were completely in line with the hip axis. Such 
a perfect sagittal view is usually not available in the case of 2D radiographic images due to 
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the projective properties of X-ray acquisition. Finally, PI was automatically calculated as 
the angle between the line orthogonal to the inclination of the sacral endplate and the line 
connecting the center of the sacral endplate with the hip axis (Figure 2).

Measurement validation
A validation study was performed on a subgroup of 14 randomly selected subjects of di$erent 
age and sex. !ree independent observers (TV, MMAJ and a medical student) manually 
determined the centers of the le% and right femoral head, and the center and inclination 
of the sacral endplate in 3D by using dedicated computer so%ware that allowed navigation 
through each CT image, selection of points, and determination of inclination lines. !e same 
three observers also independently initialized the computerized measurements by de"ning 
the approximate location of the le% femoral head, right femoral head and L5 vertebral body.

Statistical analysis
!e measurements of PI were ordered according to age and sex of the subjects, and analyzed 
in terms of mean, standard deviation (SD), 95% con"dence interval (CI), and range of 
values. Linear regression was applied to model the relationships between PI and age, 
while Pearson correlation analysis were performed to search for statistically signi"cant 
correlations between PI and age. !e independent samples t test was used to test for 
statistical di$erences in the obtained values between the sexes (level of signi"cance ( 0.05). 
Validation was performed in terms of mean absolute di$erence (MAD), variability (SD), 
and intraclass correlation coe'cient (ICC) of the measurements. Independent samples t 
test were performed to search for statistically signi"cant di$erences between the obtained 
values (level of signi"cance ( 0.05).

RESULTS

Subjects
!e resulting 370 subjects (mean age 41.5 years, SD 20.1 years, range 1-87 years) were 
divided according to age into nine groups (0-89 years by step of 10 years) and according 
to gender into two groups (189 males, and 181 females). Detailed distributions of each age 
group are presented in Table 1, 2, and 3 for males, females, and both genders, respectively.

Measurement of pelvic incidence
For the "nal cohort of 370 subjects, statistical analysis was performed for the values of 
PI measured by the computerized method. !e resulting mean PI (± SD; [CI]) was 46.6° 
(±9.2°; [45.3°-47.9°]) for males (Table 1), 47.6° (±10.7°; [46.0°-49.2°]) for females (Table 2), 
and 47.1° (±10.0°; [46.1°-48.1°]) for both sexes (Table 3). As the values followed a normal 
distribution (Figure 3a), the use of t tests was adequate to search for statistically signi"cant 
relationships. Correlation analysis yielded relatively weak but statistically signi"cant 
correlation between PI and age, with the correlation coe'cient r = 0.20 (signi"cance level 
P < 0.0001) for males, r = 0.32 (P < 0.005) for females, and r = 0.27 (P < 0.0001) for both 
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Table 1. Pelvic incidence (PI) for the male subjects (M).

Age group 
(yr-yr) "0–9! 10–19 20–29 30–39 40–49 50–59 60–69 70–79 80–89 !!M!!
Number n 12 20 40 30 24 28 19 13 3 189
Age (yr) mean 6.8 16.0 24.4 35.0 45.1 54.2 65.3 75.2 84.7 39.7

SD 2.7 2.5 2.8 2.8 3.1 3.0 3.7 2.7 3.2 20.3
PI (º) mean 43.5 44.8 44.7 47.8 47.1 46.4 47.6 52.2 54.3 46.6

SD 7.3 8.5 10.5 8.5 8.2 9.8 9.1 8.5 10.9 9.2
min. 31.7 29.7 28.1 35.0 33.6 25.4 27.8 42.0 47.5 25.4
max. 55.9 65.5 64.9 63.4 71.6 64.7 64.4 67.5 66.8 71.6

Table 2. Pelvic incidence (PI) for the female subjects (F).

Age group 
(yr-yr) "0–9! 10–19 20–29 30–39 40–49 50–59 60–69 70–79 80–89 !!F!!"
Number n 4 15 35 31 21 31 25 10 9 181
Age (yr) mean 4.0 15.6 24.1 34.8 45.0 53.6 63.8 74.5 81.7 43.4

SD 2.6 2.7 2.8 3.0 3.3 2.6 3.1 3.5 1.8 19.9
PI (º) mean 46.3 44.5 43.4 46.4 44.4 50.6 50.7 58.1 50.6 47.6

SD 6.5 7.4 11.6 11.5 6.3 11.5 8.9 9.0 12.0 10.7
min. 41.0 32.5 20.0 28.6 32.0 25.5 33.4 46.2 37.5 20.0
max. 55.8 60.8 75.4 74.1 55.6 71.9 68.6 69.3 71.1 75.4

Table 3. Pelvic incidence (PI) for the male and female subjects (M+F).

Age group 
(yr-yr) "0–9! 10–19 20–29 30–39 40–49 50–59 60–69 70–79 80–89 M+F
Number n 16 35 75 61 45 59 44 23 12 370
Age (yr) mean 6.1 15.8 24.3 34.9 45.0 53.9 64.5 74.9 82.4 41.5

SD 2.8 2.6 2.8 2.9 3.2 2.8 3.4 3.0 2.5 20.1
PI (º) mean 44.2 44.6 44.1 47.1 45.9 48.6 49.3 54.8 51.5 47.1

SD 7.0 7.9 11.0 10.1 7.4 10.8 9.0 9.0 11.4 10.0
min. 31.7 29.7 20.0 28.6 32.0 25.4 27.8 42.0 37.5 20.0
max. 55.9 65.6 75.4 74.1 71.6 71.9 68.6 69.3 71.1 75.4
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sexes (Figure 3b). By applying linear regression, the relationships between PI and age were 
evaluated to PI = 0.09 , age + 42.95 for males, PI = 0.17 , age + 40.21 for females, and PI 
= 0.13 , age + 41.67 for both sexes. No statistically signi"cant di$erences (P = 0.357) were 
found between the sexes.

!e obtained values allowed a post hoc power analysis. For an estimated sample SD 
of 10°, maximal acceptable di$erence of 1° (the maximal di$erence for which the sample 
mean can deviate from the true population mean before the di$erence is signi"cant) and 
95% con"dence level (level of certainty that the sample mean does not di$er from the true 
population mean by more than the maximum acceptable di$erence), the required sample 
size is 384 (Statistics Calculator, StatPac Inc., USA). However, by reducing the SD that may 
be overestimated and/or increasing the maximal di$erence that may be underestimated, 
the required sample size is considerably reduced, con"rming that the sample size of 370 
subjects was adequate to perform statistical analysis of the obtained PI.

Measurement validation
The analysis of manual and computerized determination of the exact anatomical 
references (center of the left and right femoral heads, center and inclination of the sacral 
endplate) for a subgroup of 14 subjects is presented in Table 4 in terms of MAD and SD. 
For the manual determination of anatomical references, the results show that the three 
observers were relatively consistent (MAD of up to 1.2 mm and 2.4°, SD of up to 1.5 
mm and 2.1°) and reliable (differences not significant; P > 0.05). In the determination 
of anatomical references against different initialization, the computerized method was 
even more consistent (MAD of up to 0.4 mm and 0.9°, SD of up to 0.4 mm and 0.8°) and 
also reliable (differences not significant; P > 0.05). The comparison indicates that the 
computerized measurements were relatively consistent with the manual measurements 
(MAD of up to 2.3 mm and 4.4°, SD of up to 1.8 mm and 3.5°, differences not significant 
P > 0.05). From the obtained anatomical references, PIs were computed and analyzed. 

Figure 3. (A) Distribution of pelvic incidence (PI) for male and female subjects with super-
imposed normal distribution for both sexes. (B) PI in relation to age for male and female 
subjects with superimposed regression lines.
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Table 4. Variability of manual and computerized measurements of the exact anatomical 
references, performed and initialized by three observers for 14 subjects, in terms of mean 
absolute di$erence (MAD) and standard deviation (SD).

manual computerized comparison
Anatomical reference MAD SD ICC MAD SD ICC MAD SD ICC
Le% femoral head center (mm) 1.2 1.5 1.000 0.1 0.1 1.000 2.3 1.8 1.000
Right femoral head center (mm) 1.2 1.2 1.000 0.1 0.1 1.000 2.2 1.7 1.000
Sacral endplate center (mm) 1.1 1.0 1.000 0.4 0.4 1.000 0.7 0.6 1.000
Sacral endplate inclination (°) 2.4 2.1 0.906 0.9 0.8 0.987 4.4 3.5 0.935
Pelvic incidence† (°) 2.5 2.3 0.946 0.9 0.8 0.946 4.7 3.8 0.961

† computed from the above anatomical references

The computerized measurements (MAD of 0.9°, SD of 0.8°) were more consistent than 
the manual measurements (MAD of 2.5°, SD of 2.3°). As the variability of anatomical 
references reflects directly to PI, the comparison between PIs obtained by manual and 
computerized measurements resulted in higher variability of differences (MAD of 4.7°, 
SD of 3.8°), however, they were not significant (P > 0.05).

DISCUSSION

Pelvic incidence describes the anatomical con"guration of the pelvis and is characteristic 
of sagit- tal balance regulation, which provides optimal lordotic positioning of 
vertebrae above a correctly oriented pelvis.160 !e evaluation of PI was already shown 
to be of clinical importance, e.g. related to the progression of scoliosis,108,160,166,234 
spondylolisthesis,103,110,111,147,181 and other spinopelvic indications.62,85,98,149,159,228 Moreover, 
statistically signi"cant correlations have been shown between PI and di$erent parameters, 
such as the Cobb angle,108 lumbar lordosis,147,168,229,272 pelvic tilt,147,166,168,229,277 sacral slope,147,1

66,168,229,233,272,277 and sagittal vertical axis.149

Considering there is no motion in the sacroiliac joints, the sacrum and the pelvis 
together can be represented as a rigid structure.160,181 Subject movement therefore does 
not affect the relative position and orientation between the sacrum and the pelvis. 
As a result, the anatomical pelvic parameter of PI can be measured in 3D because it 
is independent of the position and orientation of the subject. On the other hand, the 
positional pelvic parameters of sacral slope and pelvic tilt depend on the position and 
orientation of the subject. However, correlation of PI with sacral slope or pelvic tilt is 
expected as PI represents the direct sum of the two angles (Figure 1), while correlation 
of PI with lumbar lordosis indicates that PI influences the orientation and positioning of 
lumbar vertebrae.

A number of studies analyzed PI in relation to gender and reported no signi"cant 
di$erences between males and females,86,98,122,167,272 although some studies reported that PI 
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is higher for females.167,168,277 !e relationship between PI and age has also been studied, 
reporting a signi"cant but relatively low correlation for children and adolescents,103,167,168,180 
and no relationship between PI and age in an elderly population.102 For normal subjects, 
it is generally accepted that there is no di$erence in PI between males and females, and 
that PI increases during childhood and then remains unchanged throughout adolescence 
and adulthood.147,180 However, recent "ndings show that PI increases linearly a%er skeletal 
maturity, and continues to increase throughout the lifespan as a result of the increasing 
distance between the sacrum and femoral heads, suggesting a morphological change of the 
pelvis.181 In the present study, the values of PI obtained from a cohort of 370 normal subjects 
are consistent with previous "ndings. Higher PI values were observed only for females aged 
around 40 years or more, however, the di$erences are relatively small and therefore may 
not be clinically relevant. Schwab et al.233,234 reported normative values for PI of 52° (±10°), 
53° (±8°) and 51° (±9°) for 25 normal subjects aged 21*40, 41*60, and over 60 years, 
respectively. Labelle et al.148 reported normative values for PI of 52° (±5°) for a cohort of 
160 normal subjects. !e PI of 47° (±10°) obtained in our study is lower than the reported 
normative values. However, PI was measured manually from 2D sagittal radiographs in 
all of the abovementioned studies, which indicates that radiographic measurements may 
overestimate the actual PI. !e radiographic measurements may be inaccurate due to the 
projective nature of X-ray image acquisition, since it is usually impossible to obtain the 
superposition of the two femoral heads.272 !e midpoint of the line connecting the centers 
of the femoral heads in 2D is therefore considered to be the reference point on the hip axis. 
Moreover, the inclination of the sacral endplate in the sagittal plane may be altered by its 
architecture and inclination in the coronal plane. 

!e measurements in the present study were obtained by applying a computerized 
method to CT images that determined the exact anatomical references in 3D. Perfect sagittal 
views were generated by using multiplanar reformation, which aligned the centers of the 
femoral heads in 3D. !e measurements of PI were therefore not biased by acquisition 
projection or structure orientation, because all anatomical structures were completely in 
line with the hip axis. !e performed measurements in 3D therefore represent PI according 
to the actual geometrical relationships among anatomical structures of the sacrum, pelvis 
and hips observed from the sagittal view. 

!is is the "rst study that evaluates the sagittal alignment of the pelvis in terms of PI 
from 3D images. To the best of our knowledge, the measurements in 3D images have been 
so far performed only by Peleg et al.206 who reported values for PI of 57° (± 13°). However, 
they measured PI manually in reconstructed 2D sagittal cross-sections of CT images for 
a relatively small number of skeletal material (n = 20). Manual measurements in 3D are 
time consuming and error prone due to the di'culties encountered by the observers in 
navigating and identifying the exact reference points of anatomical structures in 3D. 

In the current study, the exact anatomical references were obtained by initializing the 
computerized method in the approximate location of three anatomical structures, i.e. the 
le% femoral head, right femoral head, and L5 vertebral body. !e resulting computerized 
measurements of PI were validated on a subgroup of subjects and the results show relatively 
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high consistency and reliability with no statistically signi"cant di$erences when compared 
to manual measurements. It has to be noted that manual measurements may not re&ect 
the exact centers and inclinations of the 3D anatomical structures, as they were observed 
in 2D cross-sections, moreover, the image slice thickness of 3.0-4.0 mm introduced 
additional bias in the measurements. Computerized measurements were, on the other 
hand, performed completely in 3D. As a result, spheres were aligned with the femoral heads 
in 3D to determine their centers (instead of manually placing circles in 2D), and a plane 
was aligned to the sacral endplate in 3D to determine its inclination (instead of manually 
drawing a line in 2D). 

!e variability of manual determination of the exact anatomical references may also 
originate from the fact that the displacement of a point for around ±1 mm changes the 
angle by approximately 1° when it is measured at a distance of around 100 mm, which 
corresponds to the size of the pelvis. !e variability of measuring PI from radiographs was 
already reported to be between 3° and 6°.28,86,159 In the present study, PI was measured in 
3D from CT images, and variability of 2.3° SD was obtained from three di$erent observers 
performing manual measurements, while variability of 0.8° SD was obtained from three 
di$erent observers initializing computerized measurements. Moreover, the range of the PI 
values obtained in every study (SD of around 10°) indicates that the natural variation of PI 
is relatively large.

CONCLUSION

Pelvic incidence (PI) was measured in three dimensions (3D) from computed tomography 
(CT) images using a computerized method. Computerized measurements of PI in 3D are 
less variable than manual measurements. Mean PI of 370 normal subjects was equal to 47.1° 
with a relative large standard deviation of 10.0°, which indicates that the natural variation 
of PI is relatively large. No statistically signi"cant di$erences in PI were obtained between 
sexes, and statistically signi"cant correlation was obtained between PI and age.
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ABSTRACT

Study Design. Semi-automated measurement of the pelvic lordosis in a normal unselected 
population was performed on three-dimensional computed tomographic scan data.
Objectives. To quantify the pelvic lordosis in the normal human population, investigate 
e$ects of gender and age. In addition, the signi"cance of the pelvic lordosis in relation 
to the sagittal spinopelvic alignment was investigated by correlation analysis between the 
pelvic lordosis and the pelvic incidence. 
Summary of Background Data. Pelvic morphology and orientation in the sagittal plane 
are usually described by three parameters: pelvic incidence (PI), pelvic tilt, and sacral 
slope. However, the ischium is not included in this assessment of pelvic morphology. Yet, 
the position and orientation of the ischium relative to the sacroiliac joint is essential for 
enabling the typical human fully upright way of ambulation with fully extended hips and 
knees, carrying the weight of the upper body constantly positioned above the pelvis. !is 
provided an evolutionary advantage (energy e'ciency, freeing the hands), and is believed to 
be the decisive step forward in human evolution. !e pelvic lordosis is a determinant factor in 
spinopelvic alignment and may thus play a role in the etio-pathogenesis of spinal pathology.
Methods. Pelvic lordosis was de"ned as the angle between the axis of the ischium and 
the line connecting the midpoint of the sacral endplate to the hip axis when the pelvis 
is projected in the sagittal plane. Using in-house developed so%ware, based on image 
processing techniques, the pelvic lordosis and pelvic incidence were measured semi-
automatically from three-dimensional computed tomographic scan data of the pelvis in a 
total of 348 normal subjects. 
Results. !e mean pelvic lordosis of all 348 included subjects was 25 degrees (range, 9-46) 
with a standard deviation of 6.7 degrees. No statistical di$erences in the pelvic lordosis 
were observed between the genders. Pearson correlation analysis showed a weak but 
signi"cant correlation between the pelvic lordosis and age in males (r = 0.14, P = 0.02), but 
no statistically signi"cant correlation between the pelvic lordosis and age in females (r = 
0.23, P = 0.08). A strong correlation was observed between the pelvic lordosis and pelvic 
incidence in both genders (r = 0.51, P = 0.00 for males, and r = 0.51, P = 0.00 for females).
Conclusions. A relatively wide range of values for the pelvic lordosis (9-46 degrees) was 
observed illustrating a relatively wide natural variation in the normal population. No 
statistical di$erences in the pelvic lordosis were observed between the genders, and no 
noteworthy e$ect of age was observed. !e pelvic lordosis was strongly positively correlated 
with the pelvic incidence. A well-developed pelvic lordosis may increase the pelvis’s 
ability to retro&ex and thus might be an important factor in maintaining congruent spinal 
balance. !is is the "rst study that quanti"es the pelvic lordosis in the normal asymptomatic 
population. !e role of the pelvic lordosis in spinal pathology warrants further investigation.
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INTRODUCTION

In the light of human evolution, habitual bipedalism is considered as the crucial step 
forward, freeing the hands from locomotion.66 However, bipedalism is not a unique human 
trait. In fact, numerous vertebrates (e.g. birds, bears, kangaroos, dinosaurs) are habitual 
bipeds. Nevertheless, human bipedal ambulation, characterized by an orthograde spine and 
pendular limb motion, is truly unique and not seen in any other vertebrate.9 

Only humans ambulate fully upright with fully extended hips and knees, carrying the 
weight of the upper body constantly positioned above the pelvis (Figure 1).9,145,226 Not even 
chimpanzees and bonobos, man’s closest living relatives (we share a common ancestor 
approximately 6 million years ago49,109,291), are able to walk upright as humans do, but 
demonstrate a typical ‘bent-hip, bent-knee’ bipedal gait (Figure 1).63 

!e fully upright locomotion of modern humans has been shown to be much more 
energy e'cient as compared to the ‘bent-hip, bent-knee’ bipedal gait of our closest living 
relatives, the non-human apes,9,213,285 and presumably our early hominin ancestors, the 
australopithecines. !e acquisition of habitual bipedalism has been a crucial step in human 
evolution as it enabled e'cient ambulation over a longer period of time, allowing longer 
distances to be traveled. !is improved hunting performance even prior to the invention of 
projectile weapon technology, as it enabled persistence hunting.30,217 In addition, it had the 
advantage that the hands could be fully used at the same time for non-locomotive tasks (e.g. 
transporting loads, carrying weapons while hunting or "ghting).45,66,105 

Anatomically, non-human apes are able to fully extend either their knees or hips like 
man. However, they seem unable to fully extend both joints simultaneously.23,63 When 
a non-human ape stands upright, the trunk swings up on the femoral heads, to a point 
that the ischium points almost directly downward (Figure 2b). In this position, the femur 
cannot be hyperextended (past the vertical line), because the extensors have run out of 
power by the time the femoral sha% approaches parallelism with the almost vertical ischium 
and the proximal femur threatens to impinge on the posterior acetabulum.226 !erefore, 
when standing upright in a human-like position with fully extended knees, the pelvis of an 
ape remains relatively horizontally positioned, thus with the sacroiliac joints relatively far 
anteriorly positioned in respect to the hip axis (Figure 1). Nevertheless, like in all bipeds, the 
body’s center of mass needs to be positioned somewhere above the feet to remain balanced. 
!is can be achieved, but requires an extreme lordosis of the lumbar spine (Figure 1). 
Maintaining such fully erect posture necessitates a large amount of tensile forces delivered 
by the dorsal muscles, and creates excessive and potential pathological stress at the spine 
and pelvis.216,219,289 Given these drawbacks it is perhaps not surprising that orthograde 
posture and locomotion with extended knees is never observed in the normal locomotor 
behavior of non-human primates.63 

During the evolution of human bipedalism, this problem could have been solved by 
simply rotating the sacrum at the sacroiliac joint. However, this would cause the coccyx to 
occlude the birth canal and was thus not a viable evolutionary solution. As an alternative, 
the sacroiliac joint migrated more posteriorly in relation to the hip axis, while maintaining 
the orientation of the ischium, thus preserving the potential of femoral extension: a 
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Figure 1. Non-human apes typically display a ‘bent-hip, bent-knee’ posture during bipedal 
locomotion (le!). Anatomically they could adopt a human-like fully erect posture with 
fully extended knees, but that would require an extreme lordosis of the lumbar spine (mid-
dle). Due to a backwards-bent pelvic axis (dotted lines), only humans are able to stand 
upright with only a relatively small lumbar lordosis in order to position the center of body 
mass (S) directly above the pelvis (right). (Compiled from the work of Kummer143,145)

Figure 2. Orientation of the ischial axis (indicated by an arrow) in: (A) chimpanzee in the 
quadrupedal position, (B) chimpanzee in the erect position, and (C) human in the erect 
position. (Redrawn from Robinson.226)
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signi"cant extension curvature between the ischium and ilium appeared.145 !is angulation 
can be called the ‘pelvic lordosis’. Now only a relatively small lumbar lordosis was su'cient 
in order to position the center of mass of the upper body directly above the pelvis and feet, 
and stay balanced (Figure 1). 

Together with the development of the pelvic lordosis, as we proposed to call it, the 
sciatic notch is formed. !is is a typical characteristic of the genus Homo, as a sciatic notch 
is not pronounced in the pelvis of our early ancestors, the Australopithecines and completely 
missing in non-human primates.216 Shortening and broadening of the iliac ‘neck’ in the 
sagittal plane is generally explained as an adaptation to reduce and resist rotational torque 
that results from bipedalism.28,216 !e concept of the development of a backwardly curved or 
lordotic pelvis as a necessity to balance the center of mass over the pelvis, has been pointed 
out earlier by Kummer,143,145 but to the best of our knowledge it has never been described 
in detail nor quanti"ed. Yet, it can be seen as an essential morphological adaptation that 
enabled fully upright human bipedalism in an energy-e'cient way.

In modern humans, the pelvis remains an important regulator of sagittal spinal 
balance.148,149 !is is becoming more apparent due to the increasing recognition of the 
importance of the sagittal spinopelvic alignment in relation to normal functioning of the 
spine, as well as in the etio-pathogenesis of spinal pathology (e.g. scoliosis, spondylolisthesis, 
Scheuermann’s disease, lumbar degenerative disorders, etc.).39,47,78,89,115,169,248,268 

Typically, pelvic morphology and orientation in the sagittal plane are described by 
three parameters: pelvic incidence (PI), pelvic tilt (PT), and sacral slope (SS) (Figure 3). 
!ese parameters all describe the orientation and position of the sacrum in relation to the 
position of the hip axis. However, the ischium has not yet been included in the assessment 
of pelvic morphology. Yet, the ischium, being a lever arm for the ischiofemoral muscles and 
part of the acetabulum, plays an important role in the extension of the pelvis.
!e aims of this study are therefore:

 » To quantify the pelvic lordosis (PL) in the normal human population in three-
dimensional (3D) images acquired by computed tomography (CT) using semi-
automated so%ware. Di$erences between the sexes, and between age groups are 
investigated.

 » To determine the relationship between PL and PI as the latter has been shown to be a 
determinant of lumbar lordosis29,147,168,229,234,272 and overall sagittal spinal alignment.149

SUBJECTS AND METHODS

Subjects
A total of 1392 patients between 0-90 years old, that had undergone a CT scan of the 
pelvis or abdomen at the emergency department of the University Medical Centre Utrecht 
between June 2005 and June 2010 for reasons such as trauma or acute abdominal pathology, 
were enrolled in this study. Patients with clinical or radiological evidence for pathology 
or trauma of the spine, pelvis or femur, evidence of anatomical anomalies (e.g. abnormal 
number of lumbar vertebrae), or with syndromes associated with disorders of growth were 
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excluded. In addition, a poor scan quality (artifacts) or a scan that did not include both 
femoral heads, L5 or the whole pelvis (including the most distal parts of both the ischia) 
also led to exclusion. 

In this way, a total of 163 males and 185 females could be included in the study, with 
a mean age of 37.9 (range, 3-87) years for the males, and 42.3 (range, 3-82) years for the 
females. !e CT scans were made with Philips Brilliance 16 and 64 scanners (Philips 
Healthcare, Eindhoven, !e Netherlands), and represented by axially reconstructed 3D 
images with 0.4-1.0 mm pixel size, and 3.0-4.0 mm slice thickness. 

To illustrate the di$erence in the pelvic lordosis (PL) between modern humans and our 
closest living relatives, we obtained also CT scans of four non-human primates/apes: one 
bonobo (Pan paniscus), one chimpanzee (Pan troglodytes), one gibbon (Hylobates lar), and 
one siamang (Symphalangus syndactylus). 

Pelvic parameters
We de"ned the pelvic lordosis (PL) as the angle between the axis of the ischium and the line 
connecting the midpoint of the sacral endplate to the hip axis when the pelvis is projected 

Figure 3. Typically, pelvic morphology and orientation in the sagittal plane are described 
by three parameters: the sacral slope (SS), pelvic tilt (PT), and pelvic incidence (PI). !e SS 
represents the angle between the sacral end plate and the horizontal line, the PT is de"ned 
as the angle between the vertical and the line connecting the midpoint of the sacral endplate 
to the hip axis, and the PI is de"ned as the angle between the perpendicular of the sacral 
endplate and the line connecting the midpoint of the sacral endplate to the hip axis.
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in the sagittal plane (Figure 4). !e pelvic incidence (PI) is de"ned as the angle between 
the perpendicular to the sacral endplate and the line connecting the midpoint of the sacral 
endplate to the hip axis (Figure 4). 

Measurement software
In-house developed so%ware was used to measure the PL on sagittal projections of CT 
scanned pelvises. !e so%ware is based on image processing techniques, and was used and 
validated to semi-automatically calculate the PI from CT data in a previous study.282 To 
initiate the computerized measurement, "rst three points had to be manually placed in 
3D: one within each femoral head, and one within the corpus of L5. !ese three points 
then served to de"ne the approximate location of the volumes of interest in the 3D image. 
Subsequently, the exact centers of the femoral heads in 3D (from the spheres that best 
"t to the edges of the femoral heads) could then be automatically determined. Also, the 
exact center and inclination of the sacral endplate in 3D was automatically determined by 
locating the sacral endplate below the L5 vertebral body and "nding the midpoint of the 
lines between the anterior and posterior edge, and between the le% and right edge of the 
endplate. !e exact inclination of the sacral endplate in 3D was automatically determined 
from the plane that best "tted to the endplate. !e centers of the femoral heads and sacral 
endplate in 3D served to determine the initial location of both ischia. Finally, the axes of 
both ischia were automatically determined from a cylinder that best "tted to the edges of 
each ischium (Figure 5).

Next, multiplanar 3D image reformation was performed to obtain a perfect sagittal view 
of the pelvis, in which the centers of the femoral heads were exactly in line (Figure 5). !en 
the PL (as an average of the PL of both the ischia) and PI were automatically calculated.

Measurement validation
A validation study was performed on a subgroup of 14 randomly selected subjects of di$erent 
age and gender. Using dedicated computer so%ware that allowed navigation through each 
CT image, three independent observers (MMAJ, TV and AB) manually determined: 1) the 
centers of both femoral heads in 3D, 2) the center and inclination of the sacral endplate in 
3D, and 3) delineated both ischia using circles in six subsequent transverse slices starting at 
the hip axis moving caudal 1 cm at the time. !e same three observers also independently 
initialized the computerized measurements by de"ning the approximate location of the le% 
femoral head, right femoral head and L5 vertebral body.

Statistical analysis
!e statistical analyses were performed using SPSS 16.0 for Mac (SPSS, Inc., Chicago, 
IL, USA). Descriptive statistics were computed, providing the mean, range and standard 
deviation (SD) as a function of gender. !e independent samples t test was used to test 
for statistical di$erences in the pelvic parameters between the genders. Before testing, 
normality of distribution was examined using Q-Q plots and tested using Shapiro-Wilk 
tests. In addition, Levene’s test was used to test equality of variances. Pearson correlation 
analysis was performed to look for a correlation between the PL and age, and the PL and PI. 
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Inter observer variability was assessed for both manual and computerized measurements 
of the PL by calculating the mean absolute di$erence (MAD), and the intraclass correlation 
coe'cients (ICC)244. In addition, using the same method, variability between manual and 
computerized measurements was assessed.

 RESULTS

!e mean PL of all 348 included subjects was 25 degrees (range, 9-46) with an SD of 6.7 
degrees. No statistically signi"cant di$erences in the PL were observed between the genders 
(Table 1). !e mean PI of all included subjects was 47 degrees (range, 20-75) with an SD of 
10 degrees, and did not signi"cantly di$er between the sexes either (Table 1). 

When categorized into nine age cohorts of ten years, the number of included subjects 
in each age cohort was evenly distributed between the sexes (Table 2). Pearson correlation 
analysis showed a weak57 but signi"cant correlation between the PL and age in males (r 
= 0.14, P = 0.02), but no statistically signi"cant correlation between the PL and age in 
females (r = 0.23, P = 0.08) (Figure 6A). In addition, a strong57 correlation was observed 
between the PL and PI in both genders (r = 0.51, P = 0.00 for males, and r = 0.51, P = 0.00 
for females) (Figure 6B).

Figure 4. Pelvic lordosis (PL) and pelvic incidence (PI) projected onto a multiplanar 3D 
image, reformatted in the perfect sagittal view (exactly in line of the hip axis) and shown 
as the maximal intensity projection of one lateral half of the CT scan. Yellow lines indicate 
the axis of the ischium.
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Figure 5. CT scan of the abdomen in a 23-year-old male. A-F show subsequent images 
in the transverse plane at the hip axis (A) until 5 cm caudal of the hip axis (F). G-I show 
multiplanar 3D reformation image in the coronal plane (G), in the perfect sagittal plane 
shown as the maximal intensity projection of the right half (H) and le% half (I) of the scan. 
!e green circles represent the spheres that best "t to the 3D edges of the femoral heads. !e 
yellow ellipses and lines represent the cylinders that best "t the edges of the ischia. !e blue 
triangle connects the centers of the two femoral heads (hip axis) and the midpoint of the 
sacral endplate, and the red line represents the inclination of the sacral endplate.
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Sagittal views of the four non-human primates plus the semi-automated measurements 
of the PL and PI are shown in Figure 7. !e mean PL and PI in the non-human primates 
were 1.3 degree and 27 degrees, respectively. Both PL and PI were statistically di$erent from 
humans (P = 0.00, independent samples t test).  

Measurement validation
!e computerized determination of the exact anatomical references (center of the le% and 
right femoral head, center and inclination of the sacral endplate) and the measurement of 
the PI were already validated in a previous study.282 !is showed a high consistency and 
reliability with no statistically signi"cant di$erences between computerized and manual 
measurements. !e analysis of manual and computerized determination of the PL is 
presented in Table 3. !e results show that the three observers were highly consistent when 
measuring the PL manually (MAD = 1.0 degrees, ICC = 0.993). !e computerized method 
showed an even higher consistency between the observers (MAD = 0.2 degrees, ICC = 
0.999). !e comparison of manual and computerized measurements showed a MAD of 3.6 
degrees and an ICC of 0.857 (Table 3).

DISCUSSION

Human upright bipedal posture and ambulation, and therefore biomechanical loading of the 
spine, di$ers considerably from other bipedal vertebrates in nature.9,47 !e habitual bipedal 
posture has been shown to decrease the spinal rotational sti$ness and may thus play a role in 
the initiation and progression of typically human disorders such as idiopathic scoliosis.47,123,140 

!e development of a lordotic curvature in the pelvis, which we call ‘pelvis lordosis  
(PL)’ is a prerequisite for the upright posture and habitual bipedal gait of modern 
humans.143,145 In the present study, the PL in the normal human population was quanti"ed 
in a sizeable group of unselected normal male and female subjects of di$erent ages on 
CT images obtained for reasons unrelated to pelvic or spinal pathology. We also found 
a strong correlation of this pelvic parameter to the well-known parameter that describes 
sagittal spinopelvic morphology, the pelvic incidence. A relatively wide range of the PL was 
observed in both sexes (males: mean of 24, range 9-42, SD 6.7 degrees and females: mean of 
26, range 12-46, SD 6.5 degrees). !is illustrates a relatively wide natural variation, which is 
common for most of the spinopelvic parameters in the normal population.122

Like in most mammals, the human pelvis demonstrates a marked sexual dimorphism in 
the coronal and transverse plane obviously related to childbearing. But also in the sagittal 
plane, the female pelvis is characterized by a wider sciatic notch, a feature that is commonly 
used in forensic and archaeological analyses as a sex discriminator.205,283 We therefore 
expected to "nd a di$erence between the PL in females and males. However, the observed 
di$erence of two degrees (26 degrees in women vs. 24 degrees in men) did not reach a 
statistically signi"cant level (P = 0.07).

Pearson correlation analysis showed a weak increase of the PL with age in males. 
We believe that this effect may be questionable as the observed correlation was very 
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Table 1. Mean pelvic lordosis and pelvic incidence for both sexes with range and standard 
deviation (SD).

Males (n=185) Females (n=163) P value
Mean Range SD Mean Range SD

Pelvic lordosis (°) 24 9-42 6.7 26 12-46 6.5 0.07
Pelvic incidence (°) 47 25-77 9 48 20-75 11 0.85

weak (r = 0.14). In addition, the data was not collected longitudinally and no significant 
effect of age was observed in females. On the other hand, Mendoza-Lattes et al. recently 
suggested that some kind of remodeling process in the pelvis takes place in the course 
of adulthood.183 They found that the PI increases throughout lifespan paralleled by an 
increase of the pelvic tilt but not by an increase of the sacral slope. This can only be 
caused by an anterior drift of the acetabulum relative to the sacroiliac joint, which they 
suggested to be due to remodeling of the bony pelvis.183 Such a remodeling process could 
explain the weak increase of the PL with age in males, however, it does not explain why 
the same effect is not seen in females. Also, it has been described that at birth, the pelvic 
morphology has a more quadrupedal-like aspect, with the sacroiliac joint and sacrum 
parallel to the vertebral column, only getting more curved, forced down and forward 
with the development of locomotion and erect posture.232 CT data of infants (0-2 yr) 
are needed to fully investigate remodeling of the pelvis in response to the acquisition 
of independent walking. On the other hand, as there is no longitudinal data, we cannot 
exclude the possibility of a generational difference, either.

Pelvic lordosis and the sagittal alignment
In the last few decades, there has been an increasing recognition of the importance of 
the sagittal alignment of the spine in relation to its normal functioning, and in the etio-
pathogenesis of spinal pathology.39,47,78,89,115,169,248,268 Idiopathic scoliosis, for example, has 
never been observed in vertebrates other than humans, as the human upright oriented spine 
is a less rotationally stable construct than other spines in nature, quadrupedal and bipedal 
alike.47,123 !e role of the pelvis, as a determinant of spinal alignment, and keeping the spine 
optimally balanced through (retro)&exion and/or anterior-posterior shi%, is becoming 
increasingly apparent.148,149 

!e secondary aim of this study, therefore, was to evaluate the PL in relation to the 
sagittal spinopelvic alignment. Since the PI is a parameter that is not a$ected by subject 
positioning, in this case during CT acquisition, we correlated the PL to PI. We observed a 
strong positive correlation (r = 0.51) between the PL and PI in both genders (Figure 4B). 
Given the fact that several studies observed a strong positive correlation (of r > 0.8) between 
the PI and lumbar lordosis,29,147,168,229,234,272 one would expect that the lumbar lordosis should 
increase as the PL increases. However, recently, Lafage et al. demonstrated an opposite 
relation between the PI and lumbar lordosis.149 !ey prospectively analyzed the spinopelvic 
balance in a group of asymptomatic adults, using force plate technology combined with 
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Table 2. Distribution of the number of included males and females per age cohorts of ten 
years.

Age cohort (years) 0-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 80-89 Total
Males  11 19 37 32 26 25 21 12 2 185
Females 2 16 35 29 18 26 22 7 8 163
Total 13 35 72 61 44 51 43 19 10 348

Figure 6. Pelvic lordosis in relation to age (A), and pelvic incidence (B) for males and 
females with superimposed linear regression lines.
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radiography in a freestanding position, and subdivided the subjects according to the 
o$set of the plumb line of C7 in respect to the sacral endplate into three groups: subjects 
with a forwardly inclined, a neutral, and backwardly inclined spine. Analysis of the pelvic 
parameters in these groups showed no signi"cant di$erence for the sacral slope. However, 
the PI and pelvic tilt signi"cantly increased as the spine went from a backwardly inclined to 
a forwardly inclined position. Meanwhile, the lumbar lordosis decreased the more the spine 
was forwardly inclined. In addition, analysis of the pelvic location regarding the gravity line 
and the position of the feet revealed that the pelvis shi%s forwards when the spine is more 
backwardly inclined, and vice versa. 

!e study of Lafage et al.149 illustrates two things. Firstly, the relation between the 
spinopelvic parameters (i.e., pelvic tilt, sacral slope, pelvic incidence, lumbar lordosis, and 
spinal balance) is not as straightforward as it seems, and secondly, the importance of the 
ability of the pelvis to retro&ect, as a reaction to a forwardly inclined spine. We hypothesize 
that a pelvis with a large pelvic lordosis, and thus with a rather horizontally oriented 
ischium, has a higher potential to retro&ect, and thus maintain a better-balanced spine. 
!is raises the question whether people with a small PL are more prone to develop sagittal 
spinal imbalance, and/or posterior impingement and osteoarthritis of their hips. Evaluation 
of the PL in patient groups with spinal or hip pathology should be performed and compared 
with the data of the normal population as presented in this study to investigate this further. 
In addition, the relationship between the PL and overall sagittal spinopelvic alignment 
warrants future research. 

A limitation of this study was that due to the supine image acquisition, positional 
parameters, such as the sacral slope and pelvic tilt, were invalid and could therefore not be 

Figure 7. Pelvic lordosis (PL) and pelvic incidence (PI) measured in CT scans of four non-
human apes (belonging to the same super family Hominoidea as modern humans).
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assessed in conjunction with PL and PI measurements. Neither could we evaluate the rest 
of the spinal curvature. On the other hand, by using CT data, we were able to use image-
processing techniques to semi-automatically calculate the PL and PI with an extremely high 
reproducibility. 

One of the great ongoing debates in palaeo-anthropology is when and how hominins 
acquired habitual bipedal locomotion. Whether Australopithecus could walk upright is not 
contested, as the oldest available pelvis of the 3.2-million-year-old fossil of Australopithecus 
afarensis, popularly known as Lucy, exhibits pelvic morphology that indicated a shi% 
toward bipedalism (e.g. widening, shortening, and lateralization of the ilium).220 However, 
the Australopithecines also featured primitive upper limbs that indicate adaptations to an 
arboreal environment. Although complete pelvises are extremely scarce from the fossil 
record, mapping the PL in the human lineage might shed new light on the evolution of 
bipedalism.

CONCLUSION

!e mean pelvic lordosis (PL) in the present population was 25 degrees (range, 9-46) with 
an SD of 6.7 degrees. No statistical di$erences in the PL were observed between the genders, 
and no signi"cant e$ect of age was observed. !e PL was strongly positively correlated with 
the PI (r = 0.51). A well-developed PL seems to increase the pelvis’ ability to retro&ect and 
thus might be an important factor in maintaining congruent spinal balance. !e role of 
the PL in the evolution of bipedalism, and in spinal disorders such as idiopathic scoliosis, 
spondylolisthesis and degenerative lumbar disorders warrants further investigation.
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SUMMARY AND ANSWERS TO THE QUESTIONS

In this section, the results of the studies that were performed for this thesis are summarized 
by addressing the questions that were formulated in chapter 1 (Introduction and Aims). 

1. What is the most widely used animal experimental model used in studying the etio-
pathogenesis of idiopathic scoliosis, and to what extent does that model relate to 
human idiopathic scoliosis?

In an e$ort to further clarify the etio-pathogenesis of idiopathic scoliosis and explore new 
therapeutic options, researchers have been inducing scoliosis experimentally in animals for 
more than a century. Over all these years, many di$erent procedures have been developed in 
a wide variety of animal species. Many procedures have been shown to lead to some form of 
scoliosis. However, varying results have been reported on identical procedures in di$erent 
animal species. !e relevance of experimental animal models for the understanding of 
human idiopathic scoliosis remains therefore questionable, in particular since man has a 
spine that is intrinsically more prone to develop a rotatory deformity than any other spine 
in nature.47,123,140 !e aim of the study presented in chapter 2 was to give an overview of the 
procedures reported in the literature, and discuss the characteristics and signi"cance of the 
various animal models.

Pinealectomy in the chicken appeared to be the most frequently studied experimental 
animal model in scoliosis research. !is is remarkable considering the fundamental 
di$erences between the chicken and man in terms of anatomy, biomechanics, and 
phylogenetical distance. But also in terms of di$erences in curve morphology, rib 
asymmetry, and time of onset of vertebral wedging.14,52,177 !e question remains how 
the endocrine system in the chicken, relates to the human endocrine system, because a 
pinealectomy in hamsters, rats, and monkeys did not reveal scoliosis even though they are 
phylogenetically closer to humans, and in the case of monkeys also anatomically very much 
resemble man.51,200 In addition, studies on melatonin levels in scoliotic patients so far showed 
con&icting results,15,106,179 and melatonin suppletion therapy in patients with adolescent 
idiopathic scoliosis did not show signi"cant bene"cial e$ects.179 One should therefore be 
cautious when attempting to draw parallels between the pathogenesis of scoliosis in the 
chicken and adolescent idiopathic scoliosis in humans. Animals, bipedal and quadrupedal 
alike, show much less tendency of their spines to rotate than humans, due to simple 
biomechanics. It thus requires great e$ort, and extensive local or systemic interventions to 
create a rotatory spinal deformity in an animal. !is bears no resemblance to the situation 
in man, where a much slighter disturbance of equilibrium may initiate progressive rotation 
of spinal segments. !e relevance of these animal models for increasing our understanding 
of the etio-pathogenesis of human idiopathic scoliosis therefore seems limited.
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2. Does bringing a spine from a quadrupedal position to a standing upright position, 
and thus subjecting the spine to additional posteriorly directed shear loads, alter 
the spine’s tendency to rotate in vivo?

It has been shown that human bipedalism introduces unique forces to the spine that 
increase a tendency of the spine to rotate.47 In all vertebrates (including man), the spine 
is predominantly loaded in an axial direction with superimposed anteriorly directed shear 
loads due to gravity and muscle force. In the human spine, however, posteriorly directed 
shear loads are introduced to certain critical spinal areas. In a previous biomechanical in 
vitro study, we have shown that these posteriorly directed shear loads lead to a decrease of 
rotational sti$ness of spinal segments.140 !e aim of the study presented in chapter 3 was 
to test this in vivo by using an open magnetic resonance imaging (MRI) scanner in which 
preexisting vertebral rotation in a quadrupedal, supine, and standing upright position could 
be measured in a cohort of thirty asymptomatic, non-scoliotic young adult volunteers. 

!is study showed that the magnitude of their vertebral rotation was least in the 
quadrupedal position, and increased in the standing upright as well as in the supine position. 
Posteriorly directed shear loads, that render the spine less stable in a rotatory sense, are 
non-existent in the quadrupedal position. !ese posteriorly directed shear loads increase, 
however, in both the upright and supine position, making the spine a less rotationally stable 
construct. !is may also explain why the incidence of infantile scoliosis diminished when 
baby’s in England where no longer positioned supine in their cots.182 Given these "ndings, 
being supine and relatively motionless for a long period of time at a very young age with a 
still plastic skeleton, seems able to induce an increase in spinal and truncal rotation that can 
under certain circumstances becomes progressive.

3. Does the normal spinopelvic alignment di#er between the sexes? And if so, could 
that possibly provide an answer to the predominance of adolescent idiopathic 
scoliosis in girls?

One of the previously unexplained but well known characteristics of adolescent idiopathic 
scoliosis, is that girls are far more o%en a$ected than boys (5.4:1).227 As spinopelvic 
alignment plays an important role in spinal biomechanics, and thus in the etio-pathogenesis 
of adolescent idiopathic scoliosis, the aim of the study presented in chapter 4 was to analyze 
possible di$erences between the male and female spinopelvic alignment. We used an 
innovative biplanar ultra low-dose radiographic technique (EOS imaging device, Biospace, 
Paris) to obtain three-dimensional reconstructions of the spine, sacrum, and pelvis in a 
freestanding position. Spinopelvic parameters could be automatically calculated from 
these three-dimensional reconstructions. A total of 30 male and 30 female non-scoliotic, 
asymptomatic adults with a mean age of 26 years (range, 20-49) were included for analysis. 
!e results showed that the young adult female spine is indeed di$erent from the male 
spine in terms of spinopelvic alignment. !e female spine as a whole and the individual 
high thoracic and thoracolumbar vertebrae are signi"cantly more posteriorly inclined. 
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!is implies that in females, these speci"c spinal segments are subject to relatively greater 
posteriorly directed shear loads. !e normal female spine thus appears to be less able to 
withstand rotation than the normal male spine. Although we lack information about the 
spinal con"guration of boys and girls around the time of their growth spurt, this "nding may 
explain why, under certain conditions of disturbed equilibrium, progression of frequently 
occurring minor spinal curves and rotatory patterns into progressive idiopathic scoliosis 
occurs more frequently in girls than in boys. 

4. Can the heredity of idiopathic scoliosis be explained by the heredity of a certain 
spinopelvic alignment that is more prone to rotational instability?

Idiopathic scoliosis is more frequently seen in people with relatives who are a$ected by 
the same disorder. A prevalence of 7-11% in "rst degree relatives has been found.221 Still, 
despite extensive ongoing research, the genetic basis of idiopathic scoliosis has not been 
clari"ed yet, nor its particular mode of inheritance.125,189 In chapter 5 we hypothesized that 
the familial trend in adolescent idiopathic scoliosis may be explained by the inheritance 
of a certain sagittal spinal pro"le, as was also suggested by Dickson.10,69-71,75,76,78,79,158 To 
test this hypothesis, we measured the spinopelvic alignment and sagittal spinal pro"le 
on freestanding lateral radiographs of both fathers and mothers who have a child with 
progressive adolescent idiopathic scoliosis (AIS group). We compared them to a sex- and 
age-matched control group without scoliotic children. Exclusion criteria for the parents 
were -amongst others- having a scoliosis as established by history or on the full spine 
radiography. As a result of this exclusion criterion, mainly a number of mothers (and thus 
also their partners) could not participate in the study. Since in the development of scoliosis 
the sagittal aspect of the spine changes signi"cantly, this exclusion criterion ‘normalized’ 
the sagittal pro"le of mothers in the AIS group. !is may explain why no di$erence in 
spinopelvic alignment and spinal pro"le between the mothers of both groups was found. 
However, di$erences were observed between the fathers of both groups. !e average spine 
of the fathers of the AIS group appeared to be &atter than in fathers without scoliotic 
children. !e fact that the inheritance of certain sagittal spinal pro"les seem to play a role 
in the inheritance of scoliosis, re-emphasizes the importance of human spinal upright 
biomechanics in the initiation of the disorder. !e concept that fathers apparently play a 
role in this mechanism through the inheritance of their sagittal spinal pro"le, in addition to 
the well-known maternal in&uence, warrants further investigation.

5. Can the di#erence in the distribution of curve direction in idiopathic scoliosis 
at the infantile, juvenile and adolescent age groups be explained by a preexistent 
vertebral rotational pattern that is present at the corresponding age?

Adolescent idiopathic scoliosis is in its most common form characterized by a right-sided 
main thoracic curve in which the mid and lower thoracic vertebrae are rotated to the right 
side. We recently showed that this rotational pattern in scoliosis simply follows rotation 
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as it is also present in the normal, non-scoliotic adult spine.137 However, in contrast to 
adolescent idiopathic scoliosis (10-16 years old), a high incidence of le%-sided thoracic 
curvatures is reported in infantile idiopathic scoliosis (0-4 years old).121,266,297 In juvenile 
idiopathic scoliosis (4-9 years old) the number of le%- and right-sided curves is about 
evenly divided.53,93 !e aim of the study presented in chapter 6 was to determine whether 
a distinct pattern of vertebral rotation in the transverse plane exists in the normal, non-
scoliotic infantile, juvenile, and adolescent spine. Using a semi-automatic method, we 
measured the vertebral rotation on 146 computed tomographic scans (taken for unrelated 
reasons) of children (0-16 years old) without clinical or radiological evidence of spinal 
pathology, and analyzed vertebral rotational patterns in the infantile (0-3 years old), 
juvenile (4-9 years old), and adolescent (10-16 years old) boys and girls. !e results of this 
study showed that there is a pattern of preexistent vertebral rotation in the normal, non-
scoliotic spine that di$ers in di$erent age cohorts: at the infantile age mid thoracic rotation 
is predominantly to the le%, at the adolescent age it is to the right, and at the juvenile 
age, no signi"cant predominant direction of rotation was found. At the infantile age, mean 
vertebral rotation was more to the le% in boys than in girls. !e latter "nding is interesting 
since in infantile idiopathic scoliosis more boys are a$ected than girls, which is in sharp 
contrast to adolescent idiopathic scoliosis.93,266,297 Being already more rotated to start with, 
one can infer that boys pass beyond a certain threshold a%er which scoliosis develops more 
easily than girls. !e results of this study match the direction of the predominant curves in 
infantile, juvenile, and adolescent idiopathic scoliosis and support the hypothesis that the 
direction of the curve in most types of scoliosis (also neuromuscular136) is determined by 
the rotational pattern present in the not yet a$ected spine.

6. How does the pelvic incidence, measured by a semi-automatic three-dimensional 
method in a normal population, relate to the pelvic incidence reported for sex and age 
groups in the literature, which is measured on two-dimensional radiographs? What 
are accurate reference values?

Pelvic morphology has been shown to be an important determinant of the sagittal spinal 
alignment. !e pelvic incidence appears to be the main pelvic parameter that determines 
the axis of the sagittal balance of the spine,160 and has already been shown to be related to 
the progression of scoliosis.108,160,166,234 A relatively large variation in normal values for pelvic 
incidence has been reported. Since pelvic incidence is usually measured from standard 
two-dimensional sagittal radiographs, it is like all radiographic measurements, prone for 
measurement error. In chapter 7 we present a computerized method, based on image 
processing techniques, which semi-automatically measures the pelvic incidence in three-
dimensional images, acquired by computed tomography. Pelvic incidence was obtained in 
370 normal subjects (mean age 41.5 years, range 1-87 years). !e CT scans that were used 
in this study had been obtained for several unrelated reasons. !e mean pelvic incidence 
(± standard deviation) was 47.1° (± 10.0). No statistically signi"cant di$erences were 
obtained between genders, and a weak but statistically signi"cant correlation was obtained 
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between pelvic incidence and age. For normal subjects, it is generally accepted that there 
is no di$erence in pelvic incidence between males and females, and that pelvic incidence 
increases during childhood and then remains unchanged throughout adolescence and 
adulthood.147,180 Our results were in concordance with these observations except for the 
fact that we observed an increase of pelvic incidence with age in females over 40 years of 
age. Also, the mean value of pelvic incidence (of 47°) obtained in our study is on average 
5° lower than the reported normative values for pelvic incidence in other studies which 
measured the pelvic incidence on two-dimensional radiographs.148,233,234 !is could mean 
that radiographic measurements in two-dimensional radiographs may overestimate the 
actual pelvic incidence.

7. What are the reference values for the pelvic lordosis in modern man? What is the 
relation between the pelvic lordosis and the sagittal spinal alignment?

In the course of human evolution, the pelvis developed a lordotic angle between the ischial 
and iliac bone (Figure 1, chapter 8). !is speci"c orientation distinguishes man from all 
other vertebrates143,216 but it has never been accurately described. In chaper 8 we introduce 
a novel pelvic parameter that describes this relationship: the pelvic lordosis. !is pelvic 
lordosis is, next to pelvic incidence, sacral slope and pelvic tilt, possibly a determinant 
factor in the spinopelvic alignment and thus it can be inferred to play a role in the etio-
pathogenesis of spinal pathology. !e aim of the study presented in this chapter is to 
quantify this ‘pelvic lordosis’ semi-automatically in a large cohort of a normal population 
of modern humans, investigate its relation to the pelvic incidence, and discuss its possible 
implications for sagittal spinopelvic alignment. We de"ned the pelvic lordosis as the angle 
between the axis of the ischium and the line connecting the midpoint of the sacral endplate 
to the hip axis when the pelvis is projected in the sagittal plane (Figure 4, chapter 8). Using 
in-house developed so%ware, based on image processing techniques, the pelvic lordosis 
and pelvic incidence were measured semi-automatically from three-dimensional CT data 
of the pelvis in a total of 348 normal asymptomatic subjects. CT scans had been taken for 
purposes unrelated to the study. !is study showed a mean pelvic lordosis of 25° (range, 
9-46) with a standard deviation of 6.7°. No statistical di$erence in the pelvic lordosis was 
observed between the genders, and a weak but signi"cant correlation between the pelvic 
lordosis and age was found in males (r = 0.14), but not in females. In addition, it was 
shown that the pelvic lordosis strongly and positively correlates with the pelvic incidence 
(r = 0.51). A well-developed pelvic lordosis increases the pelvis’s ability to retro&ect and 
thus it may play an important role in maintaining congruent spinal balance. !e role of 
a well-developed pelvic lordosis in the development and progression of several spinal 
disorders such as spondylolisthesis, idiopathic scoliosis and low back pain warrants further 
investigation.
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GENERAL DISCUSSION

!is thesis "ts in a mechanically oriented tradition of research into the etio-pathogenesis 
of idiopathic scoliosis, based in the eighteenth century with work of Meyer, Lorentz, Von 
Lesser, and Nicoladoni,165,185,199,280 pursued more recently by Roaf, Somerville, Dickson and 
Vercauteren.10,69-71,75,76,78,79,190,222,250,275 

It elaborates on the theory that posteriorly directed shear forces, that uniquely act on 
certain areas of the human spine, lead to diminished rotational sti$ness of certain exposed 
spinal segments, as was brought forward by Castelein47 and substantiated in a number of 
subsequent publications.46,47,68,136-141 Several conclusions can be drawn from this thesis, and 
a number of still unanswered questions are raised. 

In chapter 2 it was remarkable to see that the most studied animal model in scoliosis 
research appeared to be the pinealectomy in the chicken, given the fundamental di$erences 
between the chicken and man in terms of anatomy, biomechanics, and phylogenetical 
distance. But also in terms of di$erences in curve morphology, rib asymmetry, and time 
of onset of vertebral wedging.14,52,177 !e question remains how the endocrine system in 
chickens, relates to the human endocrine system, because a pinealectomy in hamsters, 
rats, and monkeys did not reveal scoliosis even though they are phylogenetically closer 
to humans.51,200 In addition, studies on melatonin levels in scoliotic patients so far showed 
con&icting results,15,106,179 and melatonin suppletion therapy in patients with adolescent 
idiopathic scoliosis did not show signi"cant bene"cial e$ects.179 

All types of experimental scoliosis require rather draconic surgical or systemic 
interventions, which does not bear much relationship to human idiopathic scoliosis. 
Furthermore, no animal model, not even the bipedal ones, resembles the upright biomechanics 
of the human spine, on which unique forces act that have been shown to decrease rotational 
sti$ness.140 One should therefore be cautious when attempting to draw parallels between the 
pathogenesis of scoliosis in the chicken (or other animal models) and idiopathic scoliosis in 
humans. !erefore, the relevance of these animal models for increasing our understanding of 
the etio-pathogenesis of human idiopathic scoliosis seems rather limited. 

Given the abovementioned limitation, no experimental animal model was available 
in which the e$ect of the unique human biomechanical loading conditions on rotational 
stability of the spine could be investigated in vivo. !erefore a human in vivo experimental 
model was designed in which young adult volunteers underwent a MRI scan of the spine in 
a quadrupedal-like (on hands and knees), supine, as well as in a standing upright position 
(chapter 3). It was shown that preexisting vertebral rotation was present in all positions, its 
magnitude was least in the quadruped-like position, and increased in the human upright 
and also in the supine position. From this study it was concluded, in concordance with the 
in vitro study by Kouwenhoven et al.,140 that posteriorly directed shear loads to which the 
spine is subject in the upright and supine position, render the spine less stable in a rotatory 
sense. A spine and trunk that are dependent in space are subject to only axial and anteriorly 
directed loads, the latter counteracting any rotational tendency. 

!is study also provides an explanation why infantile scoliosis, that was very prevalent 
in England, was practically abandoned when baby’s were no longer positioned supine 
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in their cots.182 It seems likely, given the above mentioned "nding, that being relatively 
motionless in a supine position at a young age with a malleable spine and trunk, may lead 
to a progression of spinal and truncal rotation. Under certain circumstances a vicious circle 
with progressive rotation of both trunk and spine, with asymmetrical growth leading to 
more asymmetrical loading, may occur.

From chapter 4 it can be concluded that the young adult female spine as a whole, 
and the individual high thoracic and thoracolumbar vertebrae, are signi"cantly more 
posteriorly inclined than in males. !is implies that in young female adults these speci"c 
spinal segments are subject to relatively greater posteriorly directed shear loads. !us the 
female spine is a rotationally less stable construct than the male spine,140 which may explain 
why progression of frequently occurring minor spinal curves and rotatory patterns into 
progressive idiopathic scoliosis occurs more frequently in girls than in boys. !is study 
does not supply information on the spinal con"guration between the sexes at the time 
scoliosis develops, around the pubertal growth spurt. 

!ere is a need for an investigation into the normal spinal con"guration around the 
pubertal growth spurt. However, in addition to ethical concerns in the case of a radiographic 
study design, one must also take into account that some of the enrolled children might 
develop a scoliosis (or any other spinal deformity) at a later age. !erefore, such a study 
should have a longitudinal study design in which the children should at least be followed 
until adulthood. !at way, normal values would be provided including information about 
morphologic precursors of scoliosis (or other spinal deformities). !is fascinating theme is 
the subject of a current investigation. 

Normal and aberrant development of sagittal spinopelvic alignment during childhood, 
or, more importantly, at the time of peak adolescent growth velocity remains poorly 
de"ned. In the growing child both thoracic kyphosis and lumbar lordosis (measured by 
Cobb’s method) increase during adolescence,75,78,281 as with further ageing.133,183 A recent 
retrospective cross-sectional radiographic analysis of spinopelvic alignment in children by 
Cil et al.56 revealed that this increase in lumbar lordosis and thoracic kyphosis does not take 
place at the same time: lordosis typically starts to increase earlier (7-12 years of age) than 
the thoracic kyphosis (13-15 years of age), both in boys and girls.56 Since girls enter their 
period of rapid pubertal growth on average two years earlier than boys, they must have a 
more backwardly inclined spine at their peak adolescent growth velocity than boys. !is has 
also been suggested by Dickson, but to the best of our knowledge never been documented.78

Voutsinas and McEwen281 noted that the use of the Cobb angle alone, as a way to describe 
the spinal shape, does not give a very accurate representation of the overall morphology of 
the spine in relation to the pelvis. It may in fact be misleading, as totally di$erent spinal 
curvatures with di$erent orientations of vertebrae in space may present the same Cobb 
angles. Appropriate knowledge of normal sagittal balance, especially in the pediatric 
population is to a large extent lacking.

In chapter 5 we tried to provide an answer in line with our mechanical theory that is 
based on the global spinal con"guration in space for the inheritance of idiopathic scoliosis. 
In this study we analyzed the sagittal spinal alignment of parents that have a child with 
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progressive idiopathic scoliosis (AIS group), and compared it with a sex- and age-matched 
control group. Although this study shows di$erences in the spines of the fathers of the AIS 
group (it is &atter) we do not know what the sagittal spinal pro"le was like of both groups 
during childhood, or more importantly, at the time of peak adolescent growth velocity. An 
extensive radiographic analysis of the spinopelvic alignment in sex- and age-matched, yet 
una$ected siblings of scoliosis patients, could provide additional important clues as to the 
morphology of the spine around the time in life that scoliosis usually develops. 

New upright imaging devices like the innovative biplanar ultra low-dose EOS imaging 
device (Biospace Med, Paris) in which the radiation dose is signi"cantly reduced as 
compared to conventional imaging, but can produce three-dimensional reconstructions 
of spine and pelvis, presents an improvement in a clinical setting.83,126 Its use in healthy 
children for research purposes, however, will remain questionable. Another relatively novel 
upright imaging technique is the upright MRI apparatus. We are currently designing a 
study in this upright MRI apparatus to investigate the upright spinopelvic alignment in sex- 
and age-matched, still una$ected younger siblings of scoliosis patients. We expect that a 
relative high number of these siblings will develop scoliosis,221 and hope to be able to de"ne 
a di$erent spinal pro"le from the ones that do not. 

Hopefully reliable normative values of spinopelvic alignment for all ages and sexes will 
become available to achieve a better understanding of the sagittal balance of the spine and 
pelvis in the pediatric population, and thus of the balance between the forces that act on the 
spine during critical periods of rapid growth.

In chapter 6 we deal with the important question in scoliosis research, which concerns 
the typical curve direction in idiopathic scoliosis. In a previous study we showed that the 
normal, non-scoliotic adult spine exhibits a rotational pattern, that corresponds to what is 
seen in the most prevalent types of adolescent idiopathic scoliosis.137 However, in contrast 
to adolescent idiopathic scoliosis (10-16 years old), a high incidence (ranging from 56 to 
88%) of le%-sided thoracic curvatures are reported in infantile idiopathic scoliosis (0-3 
years old),121,266,297 and in juvenile idiopathic scoliosis (4-9 years old) the number of le%- and 
right-sided curves is about evenly divided.53,93 We hypothesized that at the infantile age, the 
normal thoracic spine shows a preexistent pattern of rotation to the le% side, at the juvenile 
age more or less neutral, and at the adolescent age to the right side. !e results of our 
systematic analysis of vertebral rotation in the children’s spine con"rmed this hypothesis 
thus explaining the predominant curve patterns at all ages.

No answer, however, is provided to what causes the apparent shi% from preexisting le%-
sided rotation at the infantile age into a right-sided rotation at some point in time during 
growth. But in line with our previous investigations,139 it may be related to di$erences in 
organ mass at di$erent ages. Kouwenhoven et al. investigated preexistent vertebral rotation 
in the normal, non-scoliotic spine of persons with a situs inversus totalis (SIT).139 !is study 
not only showed a pattern of vertebral rotation opposite to what was found in persons 
with normal organ anatomy. !ey also determined right- and le%-handedness in the SIT 
group, which showed a similar distribution as in the general population. Since rotation of 
the thoracic vertebrae in the SIT group was to the opposite side as compared to normals, 
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and handedness was distributed in a similar manner, the results of this study demonstrate 
that handedness is not involved in the direction of vertebral rotation in the normal spine. 
!e asymmetrical anatomy of the thoracic organs did correlate with the direction of a 
physiological axial rotation of the normal spine.139

Pathogenic concept
One of the basic questions remains, why most spines remain stable in their development 
and some do not. Posteriorly directed shear loads have been demonstrated to lead to a 
diminished rotational stiffness of the involved spinal segments,123,140 but not automatically 
to a progressive idiopathic scoliosis. It must be emphasized that all humans are subject 
to these forces, but due to a lack of data on spinopelvic alignment especially during 
growth, the magnitude of these forces, and the areas on which they act, are poorly 
defined. Moreover, it is well known that the sagittal spinal alignment displays a large 
natural variation between individuals in terms of inclination and length of the posteriorly 
inclined segment (Figure 1).

Figure 1. Lateral spinal full-length radiographs of three normal asymptomatic adults in a 
standardized freestanding position.122 !e sagittal spinal alignment displays a large natural 
variation between individuals in terms of inclination and length of the posteriorly inclined 
segment (white line).
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Each growing spine is continuously subject to biomechanical loading which can be 
decomposed into axial compression, and an anterior or posterior shear force. However, 
none of these forces leads to spinal pathology per se. !e development of a deformity, be it 
acute as in a fracture or gradual as in a growth disturbance, always depends on there being 
an imbalance between the deforming force on the one hand, and the body’s compensating 
mechanisms on the other. Under certain circumstances of disturbed equilibrium, a relative 
excess of axial load in relation to these compensating mechanisms for example can lead to 
the deformity known as Scheuermann’s disease (Figure 2). An excess of anterior shear can 
lead to anterior slippage as in Spondylolisthesis. It seems consistent and logical that, under 
certain circumstances, an excess of the third known force, posteriorly directed shear, will 
lead to the third spinal deformity that may develop during growth: rotational instability 
of the spine or Idiopathic Scoliosis. Its pathway would be a gradual increase in rotation 
of certain highly exposed vertebrae that causes asymmetric loading. In a period of rapid 
skeletal growth, this could cause asymmetric vertebral development (according to the 
Hueter-Volkmann law112,279), resulting in even more asymmetric loading.256 

Figure 2. Illustration of three known spinal deformities, and their suggested biomechanical 
pathogenic pathways. An excess of anterior shear can lead to anterior slippage as in spondy-
lolisthesis (le!). A relative excess of axial load during growth can lead to Scheuermann’s 
disease (middle). It seems consistent and logical that, under certain circumstances, an ex-
cess of posteriorly directed shear, that diminishes rotational sti$ness, can ultimately lead to 
a rotatory decompensation of the spine, i.e. scoliosis (right).
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Whether this vicious circle is actually put into motion depends on there being a 
mismatch between the magnitude of these forces, that are determined by the geometry of 
the spine on the one hand, and on the other hand the compensating mechanisms, such as 
bone and so% tissue strength and sti$ness, muscle strength, propriosepsis, genetic pro"le, 
the time of onset of the pubertal growth spurt, etc. As a result, the disorder that we call 
‘idiopathic’ scoliosis is far from homogeneous, and spinal rotatory decompensation seems a 
rather aspeci"c response to a multitude of o$ending factors. !is diversity has complicated 
investigations into the speci"c cause of idiopathic scoliosis in the past and probably will 
continue to do so in the future unless etiological subgroups can be identi"ed more clearly.
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De resultaten van de studies die beschreven zijn in dit proefschri% worden hieronder 
samengevat door het beantwoorden van de vragen die werden gesteld in hoofdstuk 1 
(Introduction and Aims).

1. Wat is het meest gebruikte proefdiermodel voor het bestuderen van de etio-
pathogenese van idiopathische scoliose, en in hoeverre is dit model gerelateerd aan 
idiopathische scoliose in de mens?

In een poging om de etio-pathogenese van idiopathische scoliose verder te verhelderen en 
nieuwe therapeutische mogelijkheden te verkennen, hebben onderzoekers gedurende meer 
dan een eeuw scoliosen weten te induceren in dieren. In al die jaren zijn er in een breed scala 
aan diersoorten, talloze methodes beschreven welke al dan niet tot een experimentele scoliose 
leidden. Echter, als identieke methodes in verschillende diersoorten worden uitgevoerd, 
worden er vaak uiteenlopende resultaten beschreven. De relevantie van experimentele 
diermodellen voor het verhelderen van de etio-pathogenese van idiopathische scoliose in 
de mens lijkt dan ook twijfelachtig, te meer daar de mens een wervelkolom hee% die van 
nature minder rotatie-stabiel is dan de wervelkolom van elke andere gewervelde.47,123,140 Het 
doel van de studie die beschreven werd in hoofdstuk 2 was om een   literatuuroverzicht te 
geven van de methodes waarmee getracht is een experimentele scoliose te induceren, en 
om tevens de kenmerken en de relevatie van de verschillende diermodellen te bespreken. 

Het verwijderen van de epifyse (glandula pinealis) in de kip, met als gevolg een 
afname van de melatonine spiegel, leek het meest bestudeerde proefdiermodel in scoliose-
onderzoek. Dit is opmerkelijk, gezien de fundamentele verschillen tussen de kip en de mens 
in anatomisch, biomechanisch en fylogenetisch opzicht, maar ook omdat de experimenteel 
verkregen scoliose in de kip en idiopathische scoliose in de mens verschillen in onder 
meer de morfologie, ribasymmetrie en wigvorming van de wervels.14,52,177 In hoeverre het 
endocriene systeem van de kip overeenkomt met het endocriene systeem van de mens, 
blij% zeer de vraag. Te meer omdat het verwijderen van de epifyse in hamsters, ratten 
en apen niet tot een scoliose leidde, terwijl deze diersoorten fylogenetisch dichter bij de 
mens staan dan de kip. In het geval van apen, is het diermodel ook nog eens in anatomisch 
aspect vrijwel gelijk aan de mens.51,200 Daarnaast laten studies over melatonine-niveaus 
in scoliosepatiënten tot nu toe tegenstrijdige resultaten zien,15,106,179 en bleek melatonine-
suppletie-therapie bij patiënten met adolescente idiopatische scoliose geen signi"cant e$ect 
te hebben.179 Men moet daarom voorzichtig zijn met het trekken van parallellen tussen 
de pathogenese van experimentele scoliose in de kip en de pathogenese van adolescente 
idiopatische scoliose in de mens. Als gevolg van simpele biomechanica, hebben alle 
gewervelde dieren (zowel tweevoeters als viervoeters) een wervelkolom die veel minder 
de neiging hee% om te roteren dan de menselijke wervelkolom. Vandaar dat er relatief 
uitgebreide lokale of systemische interventies nodig zijn om een rotatoire deformiteit in de 
wervelkolom van een dier te induceren. In de mens is dit geenszins het geval. Bij de mens 
kan een ogenschijnlijk geringe verstoring van de spinale balans veel gemakkelijker tot een 
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progressieve rotatie van de wervelkolom leiden. De relevantie van de diermodellen voor het 
vergroten van ons begrip van de etio-pathogenese van idiopathische scoliose in de mens 
lijkt derhalve beperkt.

2. Hee! het oprichten van de wervelkolom van een viervoeterpositie naar een 
rechtopstaande positie, waarbij de wervelkolom in vivo wordt onderworpen aan 
posterieur gerichte schui$rachten, e#ect op de neiging van de wervelkolom om te 
roteren?

Als gevolg van de unieke wijze van rechtoplopen van de mens, wordt de menselijke 
wervelkolom onderworpen aan krachten die de rotatiestabiliteit van de wervelkolom 
doen afnemen.47 In alle gewervelde dieren (inclusief de mens) wordt de wervelkolom 
voornamelijk belast in een axiale richting. Als gevolg van de zwaartekracht en de spierkracht 
wordt de wervelkolom in alle gewervelden tevens belast met een naar anterieur gerichte 
afschui.racht. Echter, uitsluitend de menselijke wervelkolom kent gebieden waarop 
tevens naar posterieur gerichte krachten inwerken (Figuur 6, hoofdstuk 3).47 In een eerder 
biomechanische in vitro onderzoek hebben we aangetoond dat deze naar posterieur gerichte 
afschui.racht leidt tot een afname van de rotatie stij/eid van deze wervel segmenten.140 
Het doel van de studie in hoofdstuk 3 was om dit in een in vivo setting te testen, door 
met een open magnetic resonance imaging (MRI)-scanner de preëxistente vertebrale rotatie 
in een viervoeterpositie, rugligging, en rechtopstaande positie bij dezelfde proefpersoon 
te analyseren. Dit is gedaan in een cohort van dertig asymptomatische, niet-scoliotische 
jongvolwassen vrijwilligers. 

Deze studie toonde aan dat de mate van preëxistente vertebrale rotatie het geringst was in 
viervoeterpositie en groter werd in rechtopstaande positie en in rugligging. Naar posterieur 
gerichte afschui.rachten, welke de wervelkolom minder rotatiestabiel maken, zijn niet 
aanwezig in de viervoeterpositie. Echter, deze posterieur gerichte schui.rachten zijn in 
zowel rechtopstaande positie als in rugligging wél aanwezig, waardoor de wervelkolom 
een   minder rotatiestabiel construct wordt. Hiermee lijkt ook een verklaring gevonden te 
zijn voor de afname van de incidentie van infantiele scoliose vanaf het moment dat baby’s 
in Engeland niet langer in rugligging, maar in buikligging in de wieg werden gelegd.182 
Kennelijk kan een lange periode van relatief bewegingsloze rugligging op zeer jonge lee%ijd, 
waarop het skelet nog relatief makkelijk vervormbaar is, onder bepaalde omstandigheden 
tot een progressieve deformatie van de wervelkolom leiden.

 
3. Is de stand en vorm van de wervelkolom en het bekken verschillend tussen mannen 

en vrouwen? Zo ja, is de hoge prevalentie van adolescente idiopatische scoliose bij 
meisjes door dit verschil te verklaren?

Een onverklaard, maar typisch kenmerk van adolescente idiopatische scoliose, is dat 
meisjes veel vaker aangedaan zijn dan jongens (5.4:1).227 Aangezien de stand en vorm van de 
wervelkolom en het bekken voor een groot deel bepalen, hoe de wervelkolom biomechanisch 
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belast wordt, spelen zij zeer waarschijnlijk ook een rol in het etio-pathogenese van 
adolescente idiopatische scoliose. Het doel van de studie in hoofdstuk 4 was om mogelijke 
verschillen tussen de stand en vorm van de mannelijke en vrouwelijke wervelkolom en 
bekken in kaart te brengen. Hiervoor hebben we een innovatieve, röntgenologische techniek 
(EOS imaging device, Biospace, Parijs) gebruikt, waarbij met een ultra lage stralingsdosis 
een driedimensionale reconstructie van wervelkolom, sacrum (heiligbeen) en bekken kon 
worden verkregen in een volledig vrijstaande positie. De parameters, die de vorm en stand 
van de wervelkolom en bekken beschrijven, werden automatisch berekend op basis van 
deze driedimensionale reconstructie. In totaal werden er 30 mannelijke en 30 vrouwelijke 
niet-scoliotische, asymptomatische volwassenen, met een gemiddelde lee%ijd van 26 jaar 
(range, 20-49), geïncludeerd en geanalyseerd. De jongvolwassen vrouwelijke wervelkolom 
bleek inderdaad anders te zijn dan de mannelijke: de vrouwelijke wervelkolom als geheel, en 
een aantal thoracale en thoracolumbale wervels, stonden signi"cant meer naar posterieur 
gekanteld. Dit houdt in dat bij vrouwen deze speci"eke spinale segmenten onderworpen 
zijn aan relatief grotere posterieur gerichte schui.rachten. Hierdoor zou de normale 
vrouwelijke wervelkolom in principe minder goed in staat zijn om rotatie te weerstaan 
in vergelijking met de normale mannelijke wervelkolom. Deze bevinding gee% een 
verklaring voor het feit dat de progressie van een veel voorkomende minimale scoliose in 
een progressieve idiopathische scoliose vaker voorkomt bij meisjes dan bij jongens. Hierbij 
moet worden opgemerkt dat vooralsnog niet precies bekend is hoe de spinale con"guratie 
is rond de tijd van de groeispurt van jongens en meisjes.

4. Kan de erfelijkheid van idiopathische scoliose worden verklaard door het overerven 
van een bepaalde vorm en stand van de wervelkolom en het bekken welke minder 
rotatiestabiel is?

Idiopathische scoliose komt vaker voor bij mensen die één of meerdere familieleden hebben 
met een idiopathische scoliose. Onder eerstegraads familieleden van scoliose patiënten wordt 
een prevalentie van 7-11% gezien.221 Vooralsnog is de genetische basis van idiopathische 
scoliose niet gevonden. Ook worden er verschillende overervingspatronen beschreven.125,189 
In hoofdstuk 5 stellen we dat de familiaire trend bij adolescente idiopathische scoliose kan 
worden verklaard door de overerving van een bepaald sagittaal, spinaal pro"el, zoals in het 
verleden ook gesuggereerd is door Dickson.10,69-71,75,76,78,79,158 Om deze hypothese te testen 
hebben we van beide ouders van kinderen met een progressieve adolescente idiopathische 
scoliose (AIS groep), de stand en vorm van de wervelkolom en het bekken, plus het 
sagittale, spinale pro"el geanalyseerd op laterale röntgenfoto’s die genomen zijn in een 
gestandaardiseerde vrijstaande positie. Deze pro"elen hebben we vergeleken met die van 
ouders die geen kinderen hebben met een scoliose en die vergelijkbaar waren qua lee%ijd en 
geslacht (controlegroep). Een van de exclusiecriteria voor de ouders was onder andere het 
hebben van een scoliose. Als gevolg van dit exclusiecriterium konden met name een aantal 
moeders van scoliotische kinderen (en hiermee dus ook hun partners) niet mee doen aan de 
studie. Omdat bij het ontwikkelen van een scoliose het sagittale aspect van de wervelkolom 
signi"cant verandert, hee% dit exclusiecriterium waarschijnlijk normaliserend gewerkt 
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op het sagittale pro"el van met name de moeders in de scoliose groep. Dit kan verklaren 
waarom er geen verschil in de stand en vorm van de wervelkolom en bekken en het spinale 
pro"el tussen de moeders van beide groepen werd gevonden. Er werden daarentegen wel 
(en dat is niet eerder beschreven) verschillen gevonden tussen de vaders van beide groepen: 
de gemiddelde wervelkolom van de vaders van de AIS-groep bleek vlakker in het sagittale 
vlak dan de wervelkolom van vaders uit de controlegroep. Dat de overerving van een 
bepaald sagittaal spinaal pro"el een rol lijkt te spelen in de overerving van idiopathische 
scoliose, benadrukt dat de biomechanica van de menselijke rechtopstaande wervelkolom 
een belangrijke rol speelt bij de etio-pathogenese van idiopathische scoliose. Het concept 
dat vaders blijkbaar een rol in dit mechanisme spelen via de overerving van hun sagittaal 
spinaal pro"el, rechtvaardigt vervolgonderzoek.

5. Kan het verschil in de distributie van links- en rechtszijdige bochten in 
idiopathische scoliose op de infantiele, juveniele en adolescente lee!ijd verklaard 
worden door een rotatiepatroon van de wervelkolom dat preëxistent aanwezig is op 
de overeenkomstige lee!ijden?

De meest voorkomende vorm van adolescente idiopatische scoliose wordt gekenmerkt 
door een primaire thoracale bocht naar rechts, met rotatie van de betre$ende wervel 
corpora naar rechts. Recent hebben we aangetoond dat het typische rotatiepatroon, als 
in adolescente idiopathische scoliose, ook aanwezig is in de normale, niet-scoliotische 
volwassen wervelkolom.137 Echter, in infantiele idiopathische scoliose (0-4 jaar oud) wordt 
er een hoger percentage van linkszijdige thoracale bochten gerapporteerd.121,266,297 In 
juveniele idiopathische scoliose (4-9 jaar) daarentegen is het aantal links- en rechtszijdige 
bochten ongeveer gelijk verdeeld.53,93 Het doel van de studie in hoofdstuk 6 was om te 
kijken of er een typisch patroon van preëxistente axiale rotatie aanwezig is in de normale, 
niet-scoliotische, infantiele, juveniele en adolescente wervelkolom. Met behulp van een 
semi-automatische methode hebben we de vertebrale rotatie gemeten op 146 computer 
tomogra"sche (CT) scans (welke reeds gemaakt waren voor een andere reden) van kinderen 
(0-16 jaar) zonder klinische of radiologische tekenen van spinale pathologie. Vervolgens 
hebben we het rotatiepatroon geanalyseerd in infantiele (0-3 jaar oud), juveniele (4-9 jaar 
oud) en adolescente (10-16 jaar) jongens en meisjes. Hieruit bleek dat er sprake is van een 
verschillend preëxistent rotatie patroon in de normale, niet-scoliotische wervelkolom, in 
de verschillende lee%ijdsgroepen: op de infantiele lee%ijd waren de mid-thoracale wervels 
voornamelijk naar links geroteerd, op de adolescente lee%ijd naar rechts, en op de juveniele 
lee%ijd werd geen signi"cant overheersende rotatierichting gevonden. Op de infantiele 
lee%ijd stonden bij de jongens de wervels meer naar links gedraaid dan bij de meisjes. 
Deze laatste bevinding is interessant, omdat infantiele idiopathische scoliose een hogere 
prevalentie hee% in jongens dan in meisjes, hetgeen in schril contrast staat met adolescente 
idiopatische scoliose.93,266,297 Het lijkt aannemelijk dat in jongens, waarbij de wervelkolom 
al meer geroteerd is, een bepaalde drempel, waarna een scoliose zich ontwikkeld, eerder 
wordt behaald dan in meisjes. 
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Dit onderzoek laat preëxistente rotatiepatronen zien die overeenkomen met de rotatie 
in infantiele, juveniele en adolescente idiopatische scoliose. Hiermee wordt de hypothese 
ondersteund dat de richting van de bocht in de meeste vormen van scoliose (ook in de 
neuromusculaire136) wordt bepaald door het rotatiepatroon dat al aanwezig is in de normale 
wervelkolom.

6. In hoeverre komt de bekkenincidentie (pelvic incidence), gemeten volgens een semi-
automatische driedimensionale methode, overeen met de bekkenincidentie zoals 
die gerapporteerd is in de literatuur, waarbij deze gemeten is op tweedimensionale 
röntgenfoto’s? Wat zijn nauwkeurige referentiewaarden van de bekkenincidentie in 
de normale populatie?

De morfologie van het bekken bepaalt voor een belangrijk deel de stand en vorm van de 
wervelkolom. De bekkenincidentie lijkt een van de belangrijkste bekkenparameters te zijn 
die de sagittale balans van de wervelkolom bepaalt.160 Ook is er reeds een relatie tussen 
bekkenincidentie en de progressie van scoliose aangetoond.108,160,166,234 Echter, in de literatuur 
wordt een relatief grote variatie van normaalwaarden gemeld voor de bekkenincidentie. 
Aangezien bekkenincidentie meestal gemeten wordt op een standaard tweedimensionale 
sagittale röntgenfoto, is deze, net als alle rontgenologische metingen, gevoelig voor 
meetfouten. In hoofdstuk 7 wordt een gecomputeriseerde methode gepresenteerd waarbij 
semi-automatisch de bekkenincidentie gemeten wordt op driedimensionale beelden 
die verkregen zijn met CT. Met deze methode is de bekkenincidentie gemeten in 370 
normale proefpersonen (gemiddelde lee%ijd 41.5 jaar, range 1-87 jaar). De gemiddelde 
bekkenincidentie (± standaarddeviatie) was 47.1° (± 10.0). Tussen mannen en vrouwen 
werd geen statistisch signi"cant verschil gemeten. Er werd wel een zwakke, maar statistisch 
signi"cante correlatie gezien tussen de bekkenincidentie en lee%ijd. Het wordt over het 
algemeen aangenomen dat mannen en vrouwen geen verschillende bekkenincidentie 
hebben en dat de bekkenincidentie toe neemt tijdens de kindertijd en later niet meer 
verandert gedurende de adolescentie en volwassenheid.147,180 Onze resultaten waren in 
overeenstemming met de literatuur, behalve dat in onze populatie een toename van de 
bekkenincidentie gezien werd bij vrouwen van boven de 40 jaar. Ook was de gemiddelde 
bekkenincidentie (van 47°) in onze studie gemiddeld 5° lager dan in andere studies, waarbij 
de bekkenincidentie gemeten is op tweedimensionale, sagittale röntgenfoto’s.148,233,234 Dit 
zou kunnen betekenen dat het meten van de bekkenincidentie op conventionele, sagittale 
röntgenfoto’s, de eigenlijke bekkenincidentie overschat.

7. Wat zijn de referentiewaarden voor de bekkenlordose in de moderne mens? Wat 
is de relatie tussen de bekkenlordose en het sagittale pro%el van de wervelkolom?

Gedurende de menselijke evolutie hee% het bekken een lordotisch kromming gekregen, 
waarbij de hoek tussen de as van het ischium en het ilium is afgenomen (zie "guur 1, 
hoofdstuk 8). Dit onderscheidt de mens van alle andere gewervelden,143,216 maar dit is nooit 
nauwkeurig beschreven of gemeten. In hoofdstuk 8 introduceren we een nieuwe bekken 
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parameter: de bekkenlordose. De bekkenlordose is, naast de bekkenincidentie (pelvic 
incidence), sacrale helling (sacral slope) en bekkenkanteling (pelvic tilt), een bepalende 
factor voor de stand en vorm de wervelkolom, en zou dus een rol kunnen spelen in de etio-
pathogenese van wervelkolompathologie. 

Het doel van de studie in hoofdstuk 8 is om de bekkenlordose semi-automatisch te 
meten in de normale populatie, en om de relatie tussen bekkenlordose en bekkenincidentie 
te onderzoeken, zodat de rol van de bekkenlordose op het sagittale spinale pro"el kan 
worden beoordeeld. Bekkenlordose hebben we gede"nieerd als de hoek tussen de as 
van het ischium en de lijn die het middelpunt van de sacrale eindplaat met de heupas 
verbindt, als het bekken in het sagittale vlak wordt geprojecteerd (Figuur 4, hoofdstuk 
8). We hebben so%ware ontwikkeld, gebaseerd op beeldverwerkingstechnieken, waarmee 
de bekkenlordose en de bekkenincidentie semi-automatisch gemeten konden worden op 
driedimensionale beelden die verkregen zijn door een CT van het bekken in 348 normale 
asymptomatische personen. De CT-scans waren reeds gemaakt voor andere doeleinden. 
Onze studie liet een gemiddelde bekkenlordose van 25° (range, 9-46) zien met een 
standaarddeviatie van 6.7°. Er werd geen statistisch verschil gevonden in de bekkenlordose 
tussen mannen en vrouwen. Wel werd er een zwakke, maar statistisch signi"cante correlatie 
gezien tussen de bekkenlordose en lee%ijd bij mannen (r = 0.14). Dit werd echter niet bij 
vrouwen gezien. Daarnaast werd een sterk positieve correlatie gezien tussen bekkenlordose 
en bekkenincidentie (r = 0.51). 

Een goed ontwikkelde bekkenlordose vergroot de mogelijkheid van het bekken om te 
retro&ecteren en speelt hiermee dus een belangrijke rol bij het handhaven van de spinale 
balans. Vervolgonderzoek naar de rol van de bekkenlordose in de ontwikkeling en progressie 
van spinale pathologie, zoals spondylolisthese, idiopathische scoliose of lage rugpijn, lijkt 
ons dan ook gerechtvaardigd. 

ALGEMENE DISCUSSIE

Dit proefschri% past in een traditie van biomechanisch georiënteerd onderzoek naar 
de etio-pathogenese van idiopathische scoliose, waarvan de basis reeds gelegd is in de 
achttiende eeuw met werk van Meyer, Lorentz, Von Lesser en Nicoladoni,165,185,199,280 en meer 
recent voortgezet door Roaf, Somerville, Dickson en Vercauteren.10,69-71,75,76,78,79,190,222,250,275 
 Er wordt in dit proefschri% voortgebouwd op de theorie dat naar posterieur gerichte 
schui.rachten, welke alleen aangrijpen op bepaalde segmenten van de menselijke 
wervelkolom, leiden tot een verminderde rotatiestij/eid van deze segmenten. Deze 
theorie is geïntroduceerd door Castelein47 en is inmiddels onderbouwd in een aantal 
publicaties.46,47,68,136-141 Uit dit proefschri% kunnen een aantal conclusies getrokken worden 
en daarnaast worden er een aantal vragen opgeworpen.

In hoofdstuk 2 was het opmerkelijk dat het meest bestudeerde diermodel in scoliose-
onderzoek het verwijderen van de epifyse (glandula pinealis) in de kip blijkt te zijn, gezien 
de fundamentele verschillen tussen de kip en de mens in zowel anatomisch, biomechanisch 
als fylogenetisch aspect, en gezien de verschillen in onder meer morfologie, ribasymmetrie 
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en wigvorming van de wervels tussen de ontstane scoliose in de kip en de idiopathische 
scoliose in de mens.14,52,177 Het blij% de vraag in hoeverre het endocriene systeem van de kip 
overeenkomt met het menselijke endocriene systeem. Te meer omdat het verwijderen van 
de epifyse in hamsters, ratten en apen niet tot een scoliose leidde, terwijl deze diersoorten 
fylogenetisch dichter bij de mens staan, en in het geval van apen ook nog eens in anatomisch 
aspect vrijwel gelijk zijn aan de mens.51,200 Daarnaast laten studies over melatonine-niveaus 
in scoliosepatiënten tot nu toe tegenstrijdige resultaten zien,15,106,179 en hee% melatonine-
suppletie-therapie bij patiënten met adolescente idiopatische scoliose geen signi"cant 
e$ect.179 

Er blijken ingrijpende chirurgische of systemische interventies nodig te zijn om een 
experimentele scoliose in een dier te creëren, wat zich niet verhoudt tot de omstandigheden 
waarondere de menselijke idiopathische scoliose zich ontwikkelt. Bovendien is er geen 
diermodel beschikbaar, zelfs niet onder tweevoeters, dat in biomechanisch opzicht 
vergelijkbaar is met de rechtopstaande menselijke wervelkolom waarop unieke krachten 
werken waarvan door ons is aangetoond dat deze de rotatiestij/eid doen afnemen.123,140 
Daarom moet men voorzichtig zijn bij het trekken van parallellen tussen de etio-
pathogenese van scoliose in de kip (of andere diermodellen) en idiopathische scoliose in 
de mens. De relevantie van deze diermodellen voor het vergroten van ons begrip van de 
etio-pathogenese van idiopathische scoliose in de mens lijkt dan ook beperkt. 

Zoals hierboven beschreven, is er geen diermodel beschikbaar waarin in vivo het 
e$ect van de unieke menselijke biomechanische belasting op de rotatiestabiliteit van de 
wervelkolom zou kunnen worden onderzocht. Daarom is er in hoofdstuk 3 voor gekozen 
om een humaan, in vivo model te ontwerpen waarin jong volwassen vrijwilligers een 
MRI-scan van de wervelkolom hebben ondergaan in zowel viervoeterpositie (op handen 
en knieën), rugligging, en rechtopstaande positie. In alle drie de posities werd een 
preëxistent rotatiepatroon van de wervelkolom aangetoond. Echter, de mate van vertebrale 
rotatie was het geringst in de viervoeter positie en nam toe in de rechtopstaande positie 
en in rugligging. Uit deze studie kon worden geconcludeerd dat posterieur gerichte 
afschui.rachten, waaraan de wervelkolom is onderworpen in rechtopstaande positie en 
rugligging, de wervelkolom minder rotatiestabiel maken. Dit is in overeenstemming met 
een in vitro studie van Kouwenhoven et al.140 

Deze studie gee% tevens een mogelijke verklaring voor de plotselinge incidentie-afname 
van infantiele scoliose, vanaf het moment dat in Engeland baby’s niet meer op hun rug 
maar op hun buik in de wieg werden gelegd.182 Kennelijk verhoogt een lange periode van 
relatief bewegingsloze rugligging op zeer jonge lee%ijd, wanneer de romp nog betrekkelijk 
makkelijk kan deformeren, onder bepaalde omstandigheden het risico op een progressieve 
rotationele deformatie van de wervelkolom.

Uit hoofdstuk 4 kan worden geconcludeerd dat een aantal thoracale en thoracolumbale 
wervels, en de wervelkolom als geheel signi"cant meer achteroverhellen in een jongvolwassen 
vrouw dan in een jongvolwassen man. Dit houdt in dat bij vrouwen deze speci"eke spinale 
segmenten onderworpen zijn aan relatief grotere, posterieur gerichte schui.rachten. 
Hiermee zal de gemiddelde vrouwelijke wervelkolom in principe minder goed in staat zijn 
om rotatie te weerstaan   dan de gemiddelde mannelijke wervelkolom.140 Deze bevinding 
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biedt een verklaring waarom de progressie van een relatief veelvoorkomende minimale 
scoliose naar een progressieve idiopathische scoliose vaker voorkomt bij meisjes dan bij 
jongens, ondanks dat we niet precies weten hoe de spinale con"guratie van jongens en 
meisjes is rond de tijd van hun groeispurt.

Er is dan ook behoe%e aan een onderzoek naar de normale spinale con"guratie ten 
tijde van de adolescente groeispurt. Echter, naast ethische bezwaren in het geval van een 
röntgenologisch onderzoek, moet men ook in ogenschouw nemen dat van de geïncludeerde 
kinderen er sommige een scoliose of een andere wervelkolomaandoening zouden 
kunnen ontwikkelen op latere lee%ijd. Zo’n studie zou dus idealiter een longitudinale 
onderzoeksopzet moeten hebben, waarbij de kinderen op z’n minst worden vervolgd tot 
volwassen lee%ijd. In dat geval zou zo’n studie ook het morfologische voorstadium van een 
idiopathische scoliose (en mogelijk andere wervelkolompathologie) kunnen laten zien. Dit 
is een boeiende thema, en het onderwerp van een door ons recent geinitieerd onderzoek.

De normale en afwijkende ontwikkeling van de sagittale bekken- en 
wervelkolomcon"guratie tijdens de kindertijd, of nog belangrijker, op het moment dat 
de adolescente groeispurt maximaal is, is slecht gede"nieerd. Het is wel bekend dat de 
thoracale kyfose en de lumbale lordose (gemeten volgens de methode van Cobb) toenemen 
tijdens de adolescentie,75,78,281 zoals dat ook gebeurt vanaf de middelbare lee%ijd.133,183 Echter, 
uit een recente retrospectieve, cross-sectionele, radiologische analyse van de bekken- en 
wervelkolomcon"guratie in kinderen door Cil et al.,56 bleek dat zowel in jongens als in 
meisjes deze toename van de lumbale lordose en thoracale kyfose niet plaatsvindt op hetzelfde 
moment: de lordose begint eerder toe te nemen (7-12 jaar) dan de thoracale kyfose (13-15 
jaar).56 Aangezien meisjes hun adolescente groeispurt gemiddeld twee jaar eerder doormaken 
dan jongens, kan het niet anders dan dat ze een meer achteroverhellende wervelkolom 
hebben op het moment dat ze hun maximale adolescent groeisnelheid doormaken. Dit 
is eerder ook verondersteld door Dickson, maar naar ons weten nooit documenteerd.78

Voutsinas en McEwen281 betogen overigens dat het beschrijven van het sagittale pro"el 
van de wervelkolom aan de hand van Cobb hoeken misleidend kan zijn, omdat totaal 
verschillende spinale con"guraties met verschillende oriëntaties van wervels dezelfde 
Cobbhoeken kunnen hebben. Daarnaast gee% het geen informatie over de stand van de 
wervelkolom in relatie tot het bekken. Al met al ontbreekt grotendeels de accurate kennis 
over de normale sagittale bekken- en wervelkolomcon"guratie in met name de pediatrische 
populatie. 

In hoofdstuk 5 hebben we geprobeerd om aan de hand van onze biomechanische theorie 
een verklaring te vinden voor de erfelijkheid van idiopathische scoliose. In deze studie is 
de stand en vorm van het bekken en de wervelkolom in het sagittale vlak geanalyseerd van 
ouders die een kind hebben met een progressieve adolescente idiopathische scoliose (AIS-
groep). Dit is vergeleken met een vergelijkbare controlegroep (qua lee%ijd en geslacht) van 
ouders die geen kinderen hebben met een scoliose. Hieruit bleek dat het sagittale spinale 
pro"el van de vaders van de AIS-groep vlakker was. Helaas weten we niet hoe het pro"el 
was van beide groepen tijdens de kinderlee%ijd, of nog belangrijker, op het tijdstip dat de 
adolescente groeispurt op zijn maximum was. Een uitgebreide radiologische analyse van 
het sagittale pro"el van de wervelkolom en bekken van onaangedane broertjes en zusjes van 



166

A
PPEN

D
IX

&

scoliose patiënten kan belangrijke aanwijzingen opleveren met betrekking tot de morfologie 
van de wervelkolom en bekken rond de periode dat een scoliose zich meestal ontwikkelt.

 Nieuwe upright imaging apparaten zoals het innovatieve EOS-systeem (Biospace Med, 
Parijs), waarin de stralingsdosis aanzienlijk is verminderd in vergelijking met conventionele 
beeldvorming, en waarmee driedimensionale reconstructies van de wervelkolom en bekken 
kunnen worden verkregen, biedt een aanzienlijke verbetering in de klinische setting.83,126 
Echter, het gebruik ervan bij gezonde kinderen voor onderzoeksdoeleinden zal hoe dan ook 
controversieel blijven. Een relatief nieuwe techniek is de upright MRI-scanner. Momenteel 
zijn we een studie aan het voorbereiden, waarin met behulp van deze upright MRI-scanner 
de stand en vorm van de wervelkolom wordt geanalyseerd in onaangedane broertjes en 
zusjes van scoliosepatiënten. We verwachten dat een relatief hoog percentage van deze 
broertjes en zusjes op latere lee%ijd ook een scoliose zal ontwikkelen.221 We hopen op 
die manier het sagittale pro"el te kunnen de"niëren van degenen die een scoliose gaan 
ontwikkelen, en van degenen bij wie dit niet gebeurt. 

Hopelijk zullen er in de nabije toekomst normaalwaarden beschikbaar komen van de 
vorm en stand van het bekken en wervelkolom voor alle lee%ijden en voor beide geslachten, 
zodat we het samenspel van krachten in de pediatrische populatie met name tijdens de 
kritische groeispurtperiodes beter kunnen begrijpen

 In hoofdstuk 6 wordt een van de meest klassieke vraagstukken in scoliose-onderzoek 
behandeld omtrent de typische richting van de bocht in idiopathische scoliose. In een eerdere 
studie hebben we laten zien dat de normale, niet-scoliotische volwassen wervelkolom een 
preëxistent rotatiepatroon vertoont, dat in rotatierichting overeenkomt met wat wordt gezien 
bij het meest voorkomende type van adolescente idiopatische scoliose (primaire thoracale 
bocht naar rechts).137 Echter, in tegenstelling tot adolescente idiopatische scoliose (10-16 
jaar oud), wordt bij infantiele idiopathische scoliose (0-3 jaar oud) een hogere incidentie 
(variërend van 56 tot 88%) van linkszijdige thoracale bochten gezien,121,266,297 en bij juveniele 
idiopathische scoliose (4-9 jaar) komen links- en rechtszijdige bochten ongeveer even 
vaak voor.53,93 Onze hypothese was dat de normale wervelkolom op de infantiele lee%ijd 
preëxistent naar links is gedraaid, dat deze op de juveniele lee%ijd min of meer neutraal is, 
en op de adolescente lee%ijd naar rechts is gedraaid. In een systematische analyse van de 
vertebrale rotatie bij kinderen van verschillende lee%ijden werd deze hypothese bevestigd. 
Hiermee werd een verklaring gegeven voor typische richting van de bocht bij de drie typen 
idiopathische scoliose.

Deze studie gee% echter geen antwoord op de vraag wat de oorzaak is van de schijnbare 
verschuiving van preëxistente vertebrale rotatie naar links op de infantiele lee%ijd, naar 
een preëxistente rotatie naar rechts later tijdens de groei. Mogelijk zou dit, in lijn met 
onze eerdere studies,139 verklaard kunnen worden uit verschillen in orgaanmassa op de 
verschillende lee%ijden. 

Pathogenetisch concept
Een van de fundamentele vragen blij% ook in dit proefschri% onbeantwoord: “Waarom 
blijven de meeste wervelkolommen stabiel tijdens hun ontwikkeling, en waarom blijven 
sommige dat niet?”. Posterieur gerichte schui.rachten, waarvan is aangetoond dat ze 
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leiden tot een verminderde rotatiestij/eid,123,140 leiden immers niet automatisch tot een 
progressieve idiopathische scoliose. In principe zijn alle mensen onderworpen aan deze 
krachten, maar door een gebrek aan kennis over het sagittale spinale pro"el, met name 
tijdens de groei, is de grootte van deze krachten en de gebieden waarop zij aangrijpen 
slecht gede"nieerd. Bovendien vertoont het sagittale pro"el van de wervelkolom een grote 
natuurlijke variatie tussen individuen in zowel de mate van achteroverhelling, als in de 
lengte van het achteroverhellende segment (Figuur 1). Tot slot is weinig tot niets bekend 
over de mechanische eigenschappen van die structuren die een bijdrage leveren aan de 
mechanische stabiliteit van de wervelkolom (zoals bijvoorbeeld de disci) tijdens cruciale 
fasen van de groei.

Elke groeiende wervelkolom is voortdurend onderhevig aan biomechanische belasting 
die kan worden ontbonden in een axiale compressie, en in een schui.racht in anterieure 
of posterieure richting (zie "guur 4, hoofdstuk 1). Geen van deze krachten leidt per se tot 
wervelkolompathologie. De ontwikkeling van een deformiteit, zij het acuut (zoals in een 
fractuur) of geleidelijke als in een groeistoornis, hangt af van een verstoring van de balans 
tussen de deformerende kracht aan de ene kant, en de compensatiemechanismen van het 
lichaam aan de andere kant. Onder bepaalde omstandigheden van een verstoord evenwicht 
kan een deformiteit ontstaan. Zo kan excessieve axiale belasting leiden tot sluitplaat 
impressies, ofwel de ziekte van Scheuermann (Figuur 2). Een overmaat aan anterieure 
schui.racht kan leiden tot een anterieure verschuiving, een spondylolisthese. Deze 
krachten en hun bijbehorende deformiteit zijn algemeen bekend. Er bestaat echter nog een 
derde kracht die inwerkt op bepaalde gebieden van de wervelkolom, vanzelfsprekend kan 
ook deze groter zijn dan wat het lichaam aankan, en tot een deformiteit leiden. Dit is de naar 
posterieur gerichte afschui.racht, waarvan we hebben aangetoond dat deze leidt tot een 
afname van de rotatie stabiliteit. Het lijkt consistent en logisch dat deze kracht kan leiden 
tot de derde deformiteit tijdens de groei: rotatie-instabiliteit van de wervelkolom, o%ewel 
idiopathische scoliose. Een geleidelijke toename van de rotationele bewegingvrijheid van 
bepaalde wervels die in hoge mate blootgesteld worden aan posterieure afschuiving, zal 
een excessieve asymmetrische belasting opleveren. In een periode van snelle skeletgroei 
kan dit leiden tot een asymmetrische wervelontwikkeling (volgens de principes van de 
wet van Hueter-Volkmann112,279), dat op zijn beurt resulteert in nog meer asymmetrische 
belasting.256

 Of deze vicieuze cirkel daadwerkelijk in gang wordt gezet, hangt af van de grootte van 
de bovengenoemde krachten, die onder andere worden bepaald door de geometrie van de 
wervelkolom aan de ene kant, en de compensatiemechanismen zoals sterkte en stij/eid van 
bot en wekedelen, spierkracht, propriosepsis, genetische pro"el, de tijd van aanvang van de 
adolescente groeispurt aan de andere. In die zin, is de aandoening die wij ‘idiopathische’ 
scoliose noemen verre van homogeen. Een rotatoire decompensatie van de wervelkolom 
lijkt nogal aspeci"eke reactie te zijn op een veelheid van destabiliserende factoren. Deze 
heterogeniteit hee% het onderzoek naar de speci"eke oorzaak van idiopathische scoliose 
in het verleden altijd bemoeilijkt, en zal dit waarschijnlijk ook in de toekomst blijven doen 
tenzij er evidente etiologische subgroepen kunnen worden geïdenti"ceerd.
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