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 As with our fi rst edition, the driving force behind the second edition of The 
Growing Spine textbook is our  patients and their families . This book 
would mean nothing without their need for our care and expertise. We 
therefore dedicate it to our patients for their trust and participation and for 
giving us the opportunity to learn from experience and to share the 
knowledge we have gained with others. It is our sincere hope that this book 
will continue to inspire those who care for young children with early-onset 
scoliosis and thoracic deformities, leading to better outcomes and improved 
quality of life. 
 Much has changed over the past 5 years, and we believe this second edition 
textbook refl ects our better understanding of the issues and advances in the 
fi eld. We owe a great deal of gratitude to many who helped us reach this 
level of understanding, including our specialty societies: the Scoliosis 
Research Society (SRS), the Pediatric Orthopaedic Society of North 
America (POSNA), the European Pediatric Orthopaedic Society (EPOS), 
and the American Academy of Orthopaedic Surgeons (AAOS). These 
organizations endorsed the International Congress on Early Onset Scoliosis 
(ICEOS) meeting, supporting both the educational effort during their 
meetings and the formation of a task force for pediatric devices where their 
collaboration with regulatory agencies and the industry has enabled an 
environment for innovation and change. The ability to bring diverse groups 
together to achieve the common goal of improving our patients’ quality of 
life has led to an enriching experience, one which we have attempted to 
share on the pages of this book. 
 Many thanks to our colleagues in North America and around the world at 
both the Growing Spine Study Group (GSSG) and the Children Spine Study 
Group (CSSG) (including investigators and study coordinators), as well as 
to the faculty and participants at ICEOS. These important groups supported 
the creation of a forum of exchange addressing issues surrounding very 
young children with spine and thoracic deformities and thereby advancing 
the research and knowledge in this fi eld. Thanks also to the related 
specialties showing increased interest and participation in teaching at 
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ICEOS, including pulmonology, cardiology, anesthesiology, radiology, and 
genetics. The list is too long to mention all specialties, but suffi ce it to say 
that the help, expertise, and guidance of our specialist colleagues have been 
invaluable. We particularly wish to thank the Growing Spine Foundation 
(GSF) board and staff, who have supported our work with assistance, 
fi nancial support, and guidance over the years. 
 This book would not be in your hands without our dedicated, world-expert 
authors. We are grateful to them for their contributions and for their 
invaluable efforts to prepare excellent chapters and to respond to multiple 
queries and in a timely manner. 
 Last, but not least, we are grateful to our associates and staff for putting up 
with us throughout the preparation of this book; we give them all special 
thanks and are deeply indebted to them for their support. 
 And now, most importantly, a special note from each of us to our respective 
families: 
  Behrooz Akbarnia, MD :  My deepest gratitude, as always, to my wife 
Nasrin, for her continuing support, love, and encouragement throughout the 
completion of the second edition. Thanks also to my three children and their 
spouses and, last but by no means least, to my four wonderful 
grandchildren—Simia, Kian, Leila, and Luca—the last two born after the 
publication of the fi rst edition. They were always a source of inspiration and 
energy for me to continue the work on this book in spite of the time it took 
away from them.  
  Muharrem Yazici, MD :  The greatest of thanks should go to my family 
Ruya, Yildiz Naz, and Mehmed Emir. I have stolen time from them, and 
although I have, on more than one occasion, chosen academia over personal 
life, they have never complained and always provided their love and support 
for me.  
  George H. Thompson, MD :  As with the fi rst edition, my thanks and 
appreciation to my wife, Janice, for her support and encouragement in 
completing the second edition. She and our children and six grandchildren 
were deprived of my attention during the editing of this edition. They never 
complained as they understood the importance of completing this project 
due to the improved care for others that it will provide.  

Dedication
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 The growth of the spine demonstrates symmetry in all dimensions to reach a 
harmonious balance not only for volume and mass (cosmetics) but also for 
function (motion) during growth as well as when growth is completed. This 
is especially important for the development of the thoracic cage and subse-
quent pulmonary function. 

 Spinal pathology from any etiology can affect growth and development in 
different ways. For example, if the disorder affects a very limited area, such 
as a localized congenital malformation (i.e., unbalanced hemivertebra or 
unsegmented bar), a limited operative procedure (i.e., hemivertebra excision) 
may have signifi cantly different results. Localized congenital deformities 
may result in a signifi cant deformity with growth, while a limited procedure 
may correct a deformity and allow adequate development of the spine. In 
other situations, the etiology may affect a larger part, if not the entire spine 
such as in neuromuscular, syndromic, or idiopathic deformities (infantile 
idiopathic scoliosis). For such situations, it must be remembered that any 
surgical procedure on a still growing spine will create a disturbance in the 
growth. Sometimes the spine may not be well balanced in three dimensions 
and may not be reversible following an extensive early fusion. 

 The other point is that scoliosis is mainly a horizontal (coronal) plane 
deformity where the most important mechanism is spinal torsion or rotation. 
Until now, surgically speaking, we have developed devices able to correct the 
collapsing spine with elongation or distraction rods or by growth modulation 
devices with a compression mechanism used anteriorly on the apical verte-
bral bodies on the convex side. But as yet we do not have true derotation 
devices. 

 This is why, until now, the best three-dimensional correction for a spinal 
deformity in a growing child, especially in the thoracic area without congeni-
tal malformations, is by repeated or serial casts and bracing (more or less 
mixed over time). These are used until appropriate defi nitive posterior spinal 
fusion and segmental spinal instrumentation can be performed close to the 
end of growth. 

 Despite that, some situations require surgical treatment during growth, 
particularly early onset or at a young age, and this book will give some pro-
posals and even some solutions for such cases. But the main goal of this book 
is to advise the reader to evaluate carefully and have a clear understanding of 
the pathophysiology, natural history, and treatment options before treating an 
“early-onset scoliosis” case. We need to think about the consequences of 
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immediate and delayed treatment, either nonoperative or mostly operative, 
with its subsequent and sometimes irreversible dangers or complications. 
Remember that operating on a growing spine can result in repeated surgeries 
with exponential complication risks. Perform surgery only when truly 
necessary. 

 Finally, this book will open your mind regarding the need for further 
research, which is always necessary to help the children who are depending 
on our care.  

  Paris     Jean     Dubousset   
  March 2015 

Foreword 1  
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 This is the second edition of  The Growing Spine , being published 4 years 
after the fi rst edition in 2011. With the publication two questions are posed – 
why so soon, and what is different? 

 The fi eld of EOS has expanded greatly with the Study Groups and the 
ICEOS meetings, as well as the knowledge disseminated with the fi rst edition 
of  The Growing Spine , all of which helped establish the growing spine as a 
recognized subspecialty in the fi eld of spinal surgery. More physicians and 
clinics are concentrating on the care of these challenging problems. In addi-
tion, the SRS Growing Spine Committee Early Onset Scoliosis Consensus 
statement published earlier this year covers the problem well (1). The defi ni-
tion of EOS, “spine deformities that is present before the age of 10 years of 
age,” is stated, and in addition the organization of EOS into diagnostic cate-
gories, evaluation, treatment goals, and treatment options is laid out. With the 
great expansion in knowledge and interest in the fi eld, the editors viewed the 
explosion of knowledge in the fi eld as being so rapid that the fi rst edition is 
not current. 

 The second edition has been expanded to 57 chapters with international 
authors comprising 30 % of the total authorship. The chapters have been 
revised and updated with the addition of new chapters. The organization of 
the chapters into different sections is very helpful and follows the outline 
of the consensus statement above. There are certain chapters that still repre-
sent the defi nitive work of defi nitive experts in that particular area: 

 Chapter   4     on “Normal Growth of the Spine and Thoracic Cage” by Dr. 
Alain Dimeglio 

 Chapter   5     on “Normal Lung Growth and Thoracic Insuffi ciency Syndrome” 
by Dr. Gregory Redding 

 Chapter   16     on “Neurofi bromatosis” by Dr. Alvin Crawford 
 Chapters   17     and   18     on “Spine Deformities in Syndromes” by Dr. Paul 

Sponseller 
 Chapter   29     on “Casting for Early-Onset Scoliosis” by Dr. James Sanders 
 Chapter   38     on “Traditional Growth Rods” by Drs. George Thompson and 

Behrooz Akbarnia 
 Chapter   39     on “VEPTR Expansion Thoracoplasty” by Dr. Robert 

Campbell 
 The new chapters add to the knowledge of the growing spine and are an 

impressive addition to the text. They expand on areas partially addressed in 
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the fi rst edition, as well as add additional knowledge. Notable among these 
are: 

 Chapter   7     on “New classifi cation System” by Dr. Michael Vitale 
 Chapter   15     on “Intraspinal Pathology” by Drs. Nejat Akalin and Amer 

Samdani 
 Chapter   50     on “Complications Following Distraction-Based Growing 

Technique” by Dr. John Emans 
 Chapter   52     on “Anesthetic Considerations in Growing Children and 

Repetitive Anesthesia” by Dr. Lena Sun 
 The surgical management is well covered, with chapters on “traditional 

surgery” as these children do not always present at a time when growth- 
friendly surgery can be performed. The coverage of the techniques for 
growth-friendly surgery is extensive with many choices presented, both 
proven and innovative. 

 The most important consideration is the outcome of the treatment as 
pointed out by Dr. Vitale in Chapter 55 assessing the radiographic, pulmo-
nary, and HRQOL results. It is important to remember that the critical time is 
at the end of growth and later when the children become adults. 

 It is an honor and pleasure to be asked to write the foreword to the second 
edition of  The Growing Spine , and you have in your hands the latest compre-
hensive knowledge in this growing unique fi eld. 

 1. Skaggs DL, Guillaume T, El-Hawary R, et al (2015) Early onset scolio-
sis consensus statement, SRS growing spine committee. 2015. Spine 
Deformity 3:107.  

    Minneapolis, MN, USA John     E.     Lonstein  ,   MD        
St. Paul, MN, USA                         
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 The fi eld of spinal deformities in young children is one of the newer areas in 
spinal surgery literature. For a long time, early-onset spine deformities have 
had to endure neglect by researchers and only recently achieved priority in 
the scopes of spinal deformity surgeons. However, despite this late start, 
early-onset deformity literature has accelerated and gained popularity at a 
greater rate, and this early neglect has been largely negated in the appearance 
of an explosive number of epidemiological, clinical, and experimental stud-
ies in the past 5–10 years. 

 Undoubtedly, the collaborative efforts of physicians joined together under 
the auspices of the Growing Spine Study Group and Children’s Spine Study 
Group and International Congress on Early Onset Scoliosis (ICEOS) meet-
ings held annually since 2007 have had stimulating effects on this newly 
kindled research effort. However, we should not be remiss in mentioning the 
2010 fi rst edition of this book, which has contributed greatly to the recogni-
tion of the growing spine as an independent subspecialty in the practice of 
spinal surgery. 

 Our book, the fi rst edition of which was eagerly perused by the spinal 
surgery reader, was sold out quickly and among thousands of Springer- 
published textbooks and soon took its place on the top rungs of the most- 
downloaded list of eBooks. It was even later translated into Chinese and is 
being translated to other languages. Both due to this quick depletion of 
printed books and the rapid evolution of information in this fi eld, prepara-
tions for the second edition began only 3 years after its initial publication, a 
time period that can be considered quite short for scientifi c medical text-
books. The edition you hold in your hands today boasts extensive reviews of 
all of its chapters and includes all-new developments that have found their 
place in the EOS literature recently in the form of updates and in all-new 
chapters. The editorial process was performed even more diligently, with 
close attention to the congruity of sections written by authors across the globe 
to achieve an integrated text. As distinct as this book is by presenting the clas-
sical and emerging ideas on the growing spine, it is also unique in that it 
boasts exceptional international contributions. 

 The dissemination of scientifi c knowledge is in constant fl ux. As soon as a 
research project is turned into written word, it is doomed to become outdated. 
Given time, doubtless the information that has found its way onto the pages 
of this book will suffer that very same fate. However, we, the editors, are 
confi dent in our belief that our book will provide current and satisfying 
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answers to basic questions posed by clinicians and academicians interested in 
the fi eld. 

 Although all three editors have reviewed all chapters meticulously, mis-
takes overlooked are inevitable in a text of this scope. All accolades for the 
book belong with the authors. We are grateful to them for their invaluable and 
diligent contributions. All errors and omissions, however, are the responsibil-
ity of the editors. For these, we beg your forgiveness and understanding. 
Please do not hesitate to share with us any and all errors and omissions that 
you note in this book, thereby allowing us to correct them in future editions. 

 Finally, without the hard work of our dear friend Pat Kostial, RN, BSN, 
the publication of this book would not have been possible. There are no words 
to convey our gratitude to Ms. Kostial for her indispensable help. With 
Michael D. Sova’s transparent, collaborative work style and diligence, who 
worked with us for this edition, obstacles disappeared and impossibilities 
only took a little time. We consider ourselves very lucky for having had the 
opportunity to work with such a team. It would also not have been possible to 
print these sentences without the professional approach of Springer, which is 
doubtless among the world leaders in the publication of scientifi c medical 
literature.  

    La Jolla ,  CA ,  USA      Behrooz     A.     Akbarnia  ,   MD   
    Ankara ,  Turkey      Muharrem     Yazici  ,   MD   
    Cleveland ,  OH ,  USA      George     H.     Thompson  ,   MD       

Preface to the Second Edition
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 Early onset scoliosis (EOS) is a major topic in pediatric spine deformity 
today. These challenging deformities occur in almost all differential diagnos-
tic categories. 

 Unfortunately, each diagnosis has a different natural history, making it 
even more demanding. This is the fi rst textbook on this topic. It is a compila-
tion of the current concepts of evaluation and treatment of the various defor-
mities of the growing spine. 

 We have tried to explore the normal growth of the spine and other associ-
ated organs as well as natural history of the various differential diagnostic 
categories and possible treatment options. It is anticipated that this textbook 
will need to be updated every 2–3 years in the future as concepts and treat-
ment guidelines change. Treating the spinal deformity is not the major issue, 
but controlling the deformity to allow for growth of the spine and the associ-
ated organ systems, such as pulmonary, cardiac, and gastrointestinal, is the 
major goal. Controlling deformity allows for improved spinal growth of the 
involved child and the controlling associated development of these organ sys-
tems. A short trunk has an adverse effect on these organ systems. As a conse-
quence, EOS requires a multidisciplinary care. It involves genetics, pediatrics, 
pulmonology, cardiology, neurology, neurosurgery, as well as orthopaedic 
surgery. 

 Treatment options for very young children are controversial. Bracing, 
serial Risser casts, and surgery (growth modulation and the use of distraction- 
based or growth-guided techniques such as growing rods) are explored in this 
textbook. 

 Preliminary treatment results have demonstrated that growth-friendly sur-
gical techniques are effective in controlling or modulating curve progression 
and allowing for spinal growth. Spinal growth allows for improved capacity 
of the thoracic and abdominal cavities. Cosmesis is less than ideal as crank-
shaft remains a signifi cant problem even in the growing rod systems. Surgical 
treatment complications are high, particularly infection and implant failure, 
especially rod breakage. Management of complications is an important aspect 
of the treatment of EOS. Because of the high complication rate, it is impor-
tant to make the right decision regarding patient and family selection. They 
must be cooperative and understanding and be willing to be cooperative dur-
ing the postoperative period. 

 Future research is important. The Growing Spine Study Group (GSSG) 
and other databases will hopefully guide future investigations. Only by 
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 defi ning the results of treatment in a relatively large volume of children over 
a long period of time can the true effectiveness of each of these techniques be 
determined. Predicting who will worsen, improving spinal tethers to control 
progressive deformities and the development of self-expanding or remotely 
controlled devices that would obviate the need for repeated surgical 
procedures. 

 We thank our contributors who are all specialists and experts in a variety 
of areas involved with early onset scoliosis. We also acknowledge the contri-
bution of the members of Growing Spine Study Group who have continu-
ously provided the information that is the basis for a signifi cant portion of the 
data presented in this book. 

 Special thanks for assistance in preparing and organizing this textbook are 
to Sarah Canale and Pooia Salari; without their assistance, the completion of 
this project would have been very diffi cult.  

    La Jolla ,  CA ,  USA      Behrooz     A.     Akbarnia  ,   MD   
    Ankara ,  Turkey      Muharrem     Yazici  ,   MD   
    Cleveland ,  OH ,  USA      George     H.     Thompson  ,   MD       

Preface to the First Edition
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 Key Points 

     1.    Development of the spine and spinal 
cord begins during the third week of 
gestation.   

   2.    Early development includes formation 
of the axes of the embryo, formation of 
primitive neural tissue, and notochord 
development.   

   3.    The axial skeleton eventually arises 
from the somites, and normal vertebral 
and neural formation is dependent upon 
normal development of the paraxial 
mesoderm and somites.   

   4.    Errors in the formation of the paraxial 
mesoderm and somites and errors in the 
formation of the cartilaginous precur-
sors to the vertebrae and neural arch 
structures lead to congenital scoliosis 
and spinal dysraphism conditions, as 
well as abnormalities in other develop-
ing organ systems.   

   5.    Neurocentral joints allow continued 
growth of the spinal canal, and second-
ary vertebral ossifi cation centers persist 
until the third decade of life.     
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1.1     Early Development 

 The initial development of the spine begins during 
the third week of gestation. The embryo at this 
stage of development exists as a two-cell layered 
structure called the bilaminar germ disc. On 
approximately day 15, a groove forms in the mid-
line of the germ disc called the primitive groove. 
The primitive groove forms an initial deepening at 
the cranial end of the embryo and then extends cau-
dally and grows along the length of the germ disc 
forming the cranial and caudal axes of the embryo. 
This central deepening is termed the primitive pit, 
and the collection of cells that surround the primi-
tive pit forms the primitive node (Fig.  1.1 ). The 
head of the embryo eventually forms at the primi-
tive pit and primitive node. The entire structure 
(primitive pit, node, and groove) is called the prim-
itive streak. The primitive streak establishes the 
embryonic longitudinal axis, giving rise to left and 
right sides of the embryo. Therefore, the cranial/
caudal, left/right, and ventral/dorsal axes are 
formed during this third week of gestation.

   A three-layered embryo is formed by the pro-
liferation and migration of epiblast cells through 

the primitive streak (Fig.  1.2a–c ). Epiblast cells 
invade and replace the hypoblast cell layer, form-
ing the defi nitive endoderm. Migration of epi-
blast cells between the epiblast and endoderm 
layers continues, forming a third cell layer, meso-
derm. Upon establishment of the mesodermal 
layer, the epiblast is renamed the ectoderm or 
ectodermal layer.

   Two midline structures develop in the meso-
derm: the prechordal plate and the notochordal 
process. The notochordal process begins as a hol-
low mesodermal tube and goes on to become a 
solid rod structure, called the notochord. The 
notochord induces the formation of the vertebral 
bodies, and subsequently, the vertebral bodies 
coalesce around the notochord inducing the noto-
chord to form the nucleus pulposus (Fig.  1.3a, b ).

   Following the development of notochord, 
three distinct structures form in the mesoderm: 
the paraxial mesoderm, intermediate mesoderm, 
and lateral plate mesoderm. As pertains to the 
spine and spinal cord, the paraxial mesoderm, 
which lies adjacent to the notochord, gives rise to 
cell lines that form the critical structures called 
the somites. The somites are responsible for for-
mation of the axial skeleton, voluntary muscula-
ture, and the skin dermis (Fig.  1.4 ). The 
intermediate mesoderm and lateral mesoderm are 
involved in the development of the urogenital and 
cardiopulmonary systems. As a consequence, 
defects that alter the development of the meso-
derm resulting in vertebral abnormalities may 
also result in concurrent abnormalities in the 
 urogenital and cardiopulmonary systems. 
VACTERL syndrome is an acronym with each 
letter representing an associated defect secondary 
to abnormalities in the mesodermal development 
including Vertebral anomalies, imperforate Anus, 
Cardiac abnormalities, TracheoEsophageal fi s-
tula, Renal dysplasia, and Limb malformations. 
Approximately 30–60 % of vertebral abnormali-
ties diagnosed in childhood will have an addi-
tional organ system abnormality, with the 
genitourinary system most commonly involved. 
This underscores the need to evaluate for addi-
tional organ system involvement in children and 
infants with congenital vertebral abnormalities, 
including cardiac and renal ultrasound.

  Fig. 1.1    Photomicrograph of primitive streak in the 
bilaminar germ disc. The primitive pit, primitive groove, 
and primitive node form the primitive streak. The head of 
the embryo will eventually form at the primitive pit and 
primitive node, and the entire structure (the primitive 
streak) establishes the embryonic longitudinal axis 
(Adapted from Tamarin (1983) With permission from 
John Wiley & Sons)       
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1.2        Somite Formation 
and Differentiation 

 The axial skeleton, voluntary muscle, and the 
dermis of the neck and trunk are derived from 
the somites. The somites emerge as paired on 
approximately gestational day 20, arising from 
the paraxial mesoderm and developing in a cra-
nial to caudal fashion at a rate of approximately 
3–4 somites per day (Fig.  1.5 ).Initially 42–44 
somite pairs exist adjacent to the notochord. 
The cranial- most somite pairs eventually form 
the base of the skull and extend caudally to a 
rudimentary structure, the embryonic tail. 
However, caudal 5–7 somites regress, leaving a 
total of 37 somite pairs for development. Somite 
pairs 1–4 form the occiput as well as the bones 
of the face and inner ear. Somites 5–12 form the 

cervical spine (there are eight cervical somites 
but ultimately only seven cervical vertebrae 
because the fi rst cervical somite participates in 
occiput formation). Somites 13–24 form the 
thoracic vertebrae, somites 25–29 form the 
lumbar vertebrae, and somites 30–34 form the 
sacral vertebrae. The remaining three terminal 
somite pairs form the coccyx and persist after 
regression of the terminal embryonic tail. The 
consecutive somite  pairing on the embryo cre-
ates an anatomic template that organizes the 
vertebral alignment and the corresponding 
peripheral nervous system (PNS), which per-
sists to maturity.

   As the embryo develops, the somites sepa-
rate into subdivisions. Accordingly, the ulti-
mate tissue structure that develops from each 
somite is produced from the respective somite 

a c

b

  Fig. 1.2    ( a – c ) Proliferation and migration of epiblast 
cells. Epiblast cells proliferate and migrate through the 
primitive streak eventually forming the endoderm, meso-

derm, and ectoderm; the defi nitive three-cell layered 
embryo (Adapted from Larsen (1993). With permission 
from Elsevier)       
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subdivision. The fi rst somite subdivision that 
appear are the sclerotomes. The sclerotomes 
ultimately give rise to the bony spinal column. 
Sclerotomes are formed when a hollow central 

cavity forms within the somite. This cavity 
develops in the medial region of the somite 
adjacent to the midline notochord and neural 
tube. The central cavity fi lls with cells, termed 

a

b c

  Fig. 1.3    ( a – c ) Formation of the notochordal process and 
notochord. The hollow notochordal process forms within 
the mesoderm and goes on to form the solid notochord. 

The notochord induces vertebral body formation and even-
tually becomes the nucleus pulposus (Adapted from Larsen 
(1993). With permission from Elsevier)       

  Fig. 1.4    Paraxial mesoderm, 
intermediate mesoderm, and 
lateral plate mesoderm 
formation, location and 
eventual structures (Adapted 
from Larsen (1993). With 
permission from Elsevier)       
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loose core cells, and eventually ruptures, allow-
ing the core cells to migrate toward the midline 
and envelop the notochord and neural tube 
(Fig.  1.6 ). The cellular structure that eventually 
surrounds the notochord and neural tube is 
termed sclerotome. The ventral sclerotome that 
surrounds the notochord eventually becomes 
the vertebral body, and the dorsal sclerotome 
that envelops the neural tube eventually 
becomes the vertebral arch.

   Normal vertebral body and vertebral arch 
development are dependent upon sclerotome 

induction by the underlying notochord and neu-
ral tube. Abnormalities in this sclerotomal- 
notochord induction signaling process creates 
spinal dysraphism, which is a spectrum of birth 
defects caused by failure of neural tube closure. 
Spina bifi da is defi ned as incomplete closure of 
the neural arch leaving the underlying neural 
elements uncovered. The severity of spina bifi da 
ranges from spina bifi da occulta, in which the 
neural arch fails to completely close, to more 
severe conditions of spina bifi da, in which the 
contents of the neural canal extend out of the 

  Fig. 1.5    Somite formation. 
The paired somites arise from 
the paraxial mesoderm and 
form the axial skeleton, 
voluntary muscle, and the 
dermis of the neck and trunk 
(Adapted from Larsen (1993). 
With permission from 
Elsevier)       

  Fig. 1.6    Sclerotome 
formation. The central cavity 
within the somite fi lls with 
loose core cells and eventually 
ruptures. Core cells migrate 
toward the midline and 
envelop the notochord and 
neural tube forming a 
sclerotome. The ventral 
sclerotome forms the vertebral 
body, and the dorsal 
sclerotome becomes the 
vertebral arch (Adapted from 
Larsen (1993). With 
permission from Elsevier)       
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canal and become continuous with the overlying 
skin. The type and severity of spina bifi da are 
classifi ed by the neurological tissue that extends 
out of the canal, which may include the neural 
meninges (dura and arachnoid), as well as nerve 
roots. The neurological tissue that extends out of 
the spina bifi da defect is contained within a 
membranous tissue called a cele. The cele is 
what is visible on the skin surface overlying the 
spina bifi da defect and, as indicated above, may 
contain meningeal tissue, in which case, the cele 
is termed a meningocele. The cele may also con-
tain neural tissue and meninges, called a 
meningomyelocele. 

 Once the sclerotomes form and become posi-
tioned adjacent to the notochord and neural tube, 
each sclerotome divides into a cranial and a cau-
dal portion. This cranial and caudal division 
allows the spinal nerves to emerge from the neu-
ral tube and exit at their respective level 
(Fig.  1.7a–d ). Once the sclerotome division is 
complete, the caudal portion of the suprajacent 
sclerotome merges with the cranial portion of the 
subjacent sclerotome. This sclerotomal merging 
forms the vertebral precursor. This sclerotomal 
division and then the subsequent re-fusion 
explain why there are eight cervical nerves but 
only seven cervical vertebrae (Fig.  1.7d ). The 
cranial division of the fi rst cervical somite forms 
a portion of the base of the occiput, while the 
caudal division of the fi rst cervical somite and the 
cranial division of the second cervical somite 
form the atlas. The fi rst cervical nerve exits above 
the C1 vertebra, the second cervical nerve exits 
between C1 and C2; this pattern persists to the 
C7-T1 foramen where the C8 nerve root exits. 
The sclerotomal cells that remain following the 
sclerotome division surround the notochord and 
form annulus fi brosis, which is the fi brous por-
tion of the intervertebral disc. The portions of the 
notochord that becomes enveloped by the sclero-
tomal tissue form the nucleus pulposus. Then 
during the process of maturity, the original noto-
chord cells of the nucleus pulposus are replaced 
by fi brocartilageous cells.

1.3        Central Nervous System 
Development 

 Two key structures originate in the mesoderm 
during early development: the notochordal pro-
cess and the prechordal plate. The prechordal 
plate induces the overlying epiblast cell layer to 
form the neural plate, then the neural plate cells 
differentiate into neurectoderm. Once formed, 
the neurectoderm proliferates in a cranial to cau-
dal fashion. The cranial portion of the neural 
plate is broad shaped and gives rise to the brain, 
while the tapered caudal region of the neural 
plate forms the spinal cord. The positioning of 
the neural plate as it develops is such that the cau-
dal portion of the neural plate overlies the noto-
chord and is bordered by the somite pairs. This 
positioning allows the caudal portion of the neu-
ral plate to become enveloped by the sclerotomes 
forming the spinal canal, and then the neural 
plate itself becomes the spinal cord (Fig.  1.8 ). 
The neural plate becomes the neural tube by a 
process called neurulation, in which the neural 
plate involutes, until the lateral edges of the 
folded neural plate and overlying ectoderm meet 
and fuse in the midline forming the tubular shape 
of the neural tube (Fig.  1.9 ).

    Once the neural tube fuses in the midline, it 
separates from the overlying ectoderm and dif-
ferentiates into three distinct layers (Fig.  1.10 ). 
The innermost cell layer of the neural tube, 
called the ventricular layer, lays adjacent to the 
lumen of the neural tube (the neural canal). The 
ventricular layer is comprised of neuroepithelial 
cells, which are the precursors to the cells that 
eventually comprise the CNS. The fi rst genera-
tion of cells produced by the neuroepithelial 
cells are neuroblasts. Neuroblasts eventually 
become the neurons in the CNS. Once formed, 
neuroblasts migrate away from the ventricular 
layer to form the mantle layer. The mantle layer 
eventually becomes the gray matter of the 
CNS. The neuroblasts in the mantle layer orga-
nize into four columns during the fourth week of 
gestation, forming paired dorsal and ventral col-

S. Bess and B. Line
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