The Human Cranial Sutures in
Health and Disease

THE UNIVERSITY
OF ADELAIDE

AUSTRALIA

U8 cpyor LonE

Peter John Anderson

MB;ChB, BDS, MD(Edin),
FDSRCS(Ed), FRCS(Eng), FRCS(Plast.), FRACS

A Thesis Submitted for the Degree of
Doctor of Philosophy

Dental School
Faculty of Health Science
The University of Adelaide
South Australia
AUSTRALIA

2007



Cranial Sutures Contents

TABLE OF CONTENTS

ABSTRACT v
DECLARATION... .ot \%
ACKNOWLEDGEMENTS...... . seneecses VI
STATEMENTS OF CONTRIBUTORS vil
DEDICATION . X11
CHAPTER 1 INTRODUCTION .. | — B eeeosssssnasszsssnat 1
1.1 INTRODUGCTION Lisisisssenssssssanssnsassssssssenssrserssssnnssssesanssssssssstssssssessssssssasasssssssasssan hdnsssasassisssnsnnsrsss 2
1.2 LITERATURE REVIEW ...uvviiiiiiiieeereescetteseesaasinraeeeeesssneasesiassteesssssessasassesesansasasasssstnsssnsnsessssanencess 9
1.2 LITERATURE REVIEW ..o ecueeeeeireteeiiiteeeseseesstesessseesssassasbesessasssssesesresssenssssessssssnssssasssssaaasasasaenss 9
1.2.1 Intracranial Volume MeaSurement............ccoivviiiivissesamarmsssssssisssnsmsessssmmmsssssisssesssrssnss 9
1.2.2 Genetic STUAIES Of SULUFES ..........ccuouveiiiiiiiiiiiessissss s s s 11
1.2.3 Imaging Studies Of SUTUFES............cooueieiiviimemiee st s s 12
1.3 ATIMS OF STUDY teuuuuereerreereetteesteesiaeiossssssssnsssssressersssessaeiamssentsstissememsssisssersessaasasismmsntssssasasasi 15
CHAPTER 2 METHODS.....ccceeirnresicssnncscssesscnnonsnes v 17
2.1 CASE SELECTION ..evveteeettteeteeiistsstesssisessasaaasssterssessssseesessanmsesessisisesisistasessssasssasanssererarsesessessness 18
2.1.1 Intracranial Volume MeasuremenLt. . ...............uuvveaveeaiveiieiiaiiiieiiaeaeiisisssissssassasssi s s 18
2.1.2 Genetic StUAIEs Of SUIUFES .........cveueeciiiiiiiiii i s 19
2.1.3 Imaging studies of sutures.................. e e T 19
2.2 IMETHODS soveiisous o0 s s samss e s 55 55 vens s5maess s eai s 9 e S SRS S P SR SRS ST S YA TE A TR AT AR AR S0 20
2.2.1 Intracranial Volume Measurement. . ........oociveiveieeeeesiisiseassnessssssissssssssssssssssssss s 20
222 Genetic StUdIes Of SUIUFES ......oc.vicivimiiimasiesisessesssesisss s s e s 21
2.2.3 Imaging STUAIES Of SULUFES ............cooviiiiimiiiiisiisse s b s 23

CHAPTER3 INTRACRANIAL VOLUME MEASUREMENT:
NON-SYNDROMIC CRANIOSYNOSTOSIS .......cccees 25

3.1 INTRODUCTION 1ersvseueemsessesssmsessassessasenasssssssssassssssssssssnsssensensensonsesesssnsanssasnssussussnssusansnssssansansnnes 20

32 SAGITTAL CRANIOSYNOSTOSIS ..o vevevseesessensssessesensssssinssessesiassessssinsasesssssasensesssssssssmssssasasnss 28

3.2.1 HYPOLHesis QA ATIMS ............ccocociimiiimiimniris s 28
3.2.2 OUICOME ... eesceee e eeeeeeiagsessepsassarasssnsss sembesbrbissbuntnasnessssessnbsnonssssannasesasbtaidumsnioassnis 28
33 METOPIC CRANIOSYNOSTOSIS ..oeuuniiienssnsesmnsssssrsssnssssssssmsssssasrsrsissstsstsnssssnieetnsmmtimminssssssmmase 30
331 Hypothesis and AIMS ... s st 30
3.3.2 OUICOME siviiaisiiiia s e e ot s R o o Ty AT SRR SHR TS SRS AR R R F s s DR AR S P RS p 31




Cranial Sutures Contents

TABLE OF CONTENTS (cont)

CHAPTER 4: INTRACRANIAL VOLUME MEASUREMENT:

SYNDROMIC CRANIOSYNOSTOSIS ressaseestssasranansssnsrsnsereiiRRIbRRN 32
4.1 APERT SYNDROME ....eesenevsstteesessesesassesssssstasssssssssssssaesaeasressssssmensessansioninsmnesessssemsenaesssssiesoss 33
4.1.1 HYPOhesis QNA ATMS ........ccccuwueimmmciiiiiieisiseis et s s 33
4.1.2 OULCOME v oo iiaiadieiiaiesanssvissssredie g s A S T S T L SR A R SRR b AT R 34
42 DOUBLE MUTATION .veveveeeitteeteeeseesiiasssssseresssssetessseaassssnsstsstsmssmetsesttesienisisisasessisiosssstsessiesssssas 35
4.2.1 HYpothesis and AiMS ... s s s e 35
4.2.2 QOUECOMIC ..o eesees st e st sesseas e seeaasasaebaaa s e e ae s e s s aeae e a s R et ansee s e bbb s EaSE s Seen R T e annn e ee 36
CHAPTER 5: GENETIC STUDIES . 37
5.1 SOMATIC MUTATIONS 1 et vtueeneiuerenerenessnsrenerecrrestisserssssssiossarsetastmersmmiestarstassssstsioieisiottarn 38
511 HYPOLhesis QRA AIMS c...cccovviiiicsiisiniiisissiieiesis st s s s 38
5.1.2 OULCOIIC ..o eee e ssinaaae s e ase s rabr e aa e s an ke b sa e e b e et 4 e a4 2 e A b e A A e R m R g s ms e ann b e bk barnns e nnnnn 39
CHAPTER 6: TMAGING STUDILES ...cocccuttrereresccnnraosrssessasisssecsssasinensrsssansassnsssassssassssssassossssaressassoss 40
6.1 MICRO-CT/ SCANNING ELECTRON MICROSCOPE.....ccuuierrereeriererreiiimemereemisremmsmmmsmmreaesereceersinn 41
6.1.1 HYPOLhesis QNA ATMS ....cucuiviviiiisiimivimmiesimiins s st s sss s st s ses 41
6.1.2 QVULCOIIEC . ooeeeeieeiessesses s s asssess s e s s e s s s s s s e aasams saa b ae e e e e 484446 e a e e b s e s R4 a b s men s ban b esnen 42
6.2 FOETAL ULTRASOUND ..ecvvvveieeiiereirnemmenetssiereiessinsanssensansnsassens e se R sesa et RN —— 43
6.2.1 HYDOIHESIS QIA AIMS .c.oviivorinsssresensen s bbb bbb 43
6.2.2 O ULCOMC . oeeeeveressemssnernosrerconnenanins ravi by SN S e o N A R SR i 43
CHAPTER 7: DISCUSSION....cccccorsunnrcscnnesirasesens ireseeresneressanassannenss . 44
7.1 DISCUSSION uivnieiniieereeneneereasesstesesresssansnsnerarstastorssnessssssesrassssasiestssroestostorsinesuitiessssrssaisatersrasions 45
1.2 INTRACRANIAL VOLUME STUDIES ..uuvuuuterreectreeresrarsaesaseenmsusmmermeiesessesesimnmsasessiosasarnisissssesssesses 46

7.3 SOMATIC MUTATIONS 1vvevvsseressssssseessesasasessssenssssessssesssssasensssessanssesssssnsssasasssossesssssussessensassassasss 49

7.4 ULTRASTRUCTURAL STUDIES ..eevtieversiieieisrnnsrastaesesssaeesaeesammsisssssnrserssssesasisrmessessnersonesssesssresies 51
7.5 OVERALL +nvvvvveeeeseeeseressessastesessssssesssnsssresesaasasssessssassessessastaseessssstarteressannssassesssnsrnessssnesesarssanss 53
APPENDICES .uoieciceeeerseeisessnesssnererssssesssmsssstssssssssrssssssssassnstrssssssressatessossssssstessassssassassasase 55
APPENDIX ONE ACADEMIC ACTIVITIES ...ocetttrereeieieeeesansetstesiorsstessossesnssiassssessennsessaseresesesssassannnes 56
PUBLISHEA PAPEES ......ocvviisiisiesisissaivosississsassests s tesss s s S s s s 56
ABSIFQCES. .o eeeee s ss et aeeteeaeessaeaa st sanese s s e b aeeea g aeE e S e S eE e AR R g e e e R R e e e s e s b bEs 58
OF QL PFOSEHLGLIONS ... . e eeeeisessesesiesesssseiansssssansssessssessnsssses asaaesesar et eesas A ss s s e b be e st b e Tansasnse sbasesassssnns 59
POSLEF PFESCHIALIONS «..oieiesivesseissesstsassansssasssessssssssssssssssssssssssssssssssssssstsssassnsssnssennssnnssnsbsnsssssssnnssnssnns 61
APPENDIX TWO ETHICAL APPROVALS...c..cieverveenrnirrreeseeerersesississssiassessererermisssneessessasemiiseessss 63
1. Craniofacial Shape Analysis project REC 1438/3/2006 .........ccocoovviiiiiniinminimnminnininiisiine 63
2. Molecular pathways of Craniosynostosis project REC 1033/10/2005....c...cccccuvuivvniviiinnsnins 63
REFERENCES.....ccoccvirtteencnnnssnssrosessesssanesssssssanns v 64

ii



Cranial Sutures

Figures

TABLE OF FIGURES

CHAPTER 1

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

CHAPTER 2

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

The skull of a newborn infant demonstrating the metopic, coronal, sagittal

and lambdoid sutures. Note that the small anterolateral and posterolateral

fontanelles cannot be seen On thiS VIEW. .c.uiveeeiiiiiiiiiiinmiriiesiesssssssisssssamsarsarssneenes

Schematic cross section of a sagittal suture. Osteoblasts surround bone and

osteo-progenitor cells are present at junction of the bone and the

proliferating 0Steogenic froNt..........coivviiiireiie
Open coronal suture, HEE X100........ccoiiiiiiniiii s

Fusing sagittal suture, H&E x100 (arrow marks SUture remnant) ..........ecueeuscussssssssasasens

Immunohistochemistry to identify Retinol Binding Protein 4 (RBP4)

localised to the cytoplasm of osteoblasts (ob) lining the developing bone (b)

10 AN UNTUSEA COTONAL SULUTE ..vvviveiveseeiisrereesisiseceessssnseasasesssassisntassssssnsessesrassesssnnassnsnsannns

Simultaneous display of coronal, sagittal and axial cuts showing the contours

used for intracranial volume MeaSUrEMENT ......c..vvveeeeeieerersiieriernieirnisossisnenerisaesaans

Reference DNA analysis screening for known FGFR2 mutations in exon 7

and TIWIST MULALIONS. ...coveeeevriieeeiieiereiesrarrrrereseseeeesesssssssasses B e esonsstieesannasa e annes

The Skyscan micro-CT 1172 SCANNET ......ccoviruerersismereresssseisiissaissnisisi s

The Philips XL30 multi-function microanalytical Scanning Electron

IMCTOSCOPE .vevvevereismeseissinsanessssnssssssssssasssssnssssussssnnssnsansanssmsnssssssstsssassassasssssansansns

14

ii



Cranial Sutures Abstract

ABSTRACT

This thesis describes the structure of normal cranial sutures and those which have
undergone premature fusion or craniosynostosis. It also reports the results of
investigations of human sutures to identify possible underlying aetiologies which
result in premature fusion. In addition this thesis also investigates the effects of these
abnormally fused sutures on the affected individuals, in particular the secondary effect
on intracranial volume both in those with just a single affected suture and those with
multiple sutures involved as part of a syndrome. These later individuals often have an
identified causative genetic mutation and in these cases genotype/phenotype

investigations have been undertaken.

The results of these studies will aid clinicians to make informed decisions regarding
the timing and type of surgical intervention in some individuals with the common
forms of single suture craniosynostosis. The results of the genotype/phenotype
studies have failed to demonstrate clear differences in Apert syndrome, but the study
population was small. The continuing search for the aetiology of craniosynostosis
remains elusive, but the somatic mutation study and the detailed imaging studies

refine the search for the underlying pathological process.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Cranial sutures are important because they are sites of bone growth which impacts on
the development of the craniofacial skeleton!. They have an unusual combination of
functions in that they also provide a firm bond between adjacent calvarial bones,

while simultaneously allowing some movement between them.

Cranial sutures have had several definitions but concisely have been defined as “the
dense fibrous connections between adjacent intra-membranous calvarial bones which

»2 The differences in terminology between different authors

permit minor movement
is often due to the distinction made between the a suture area which consists of
adjacent edges of bone together with the soft tissue which separates them and a suture

proper which consists solely of the intervening soft tissue’.

During human embryological development in utero the primary ossification centres of
the calvarial bones (parietal, frontal occipital) develop. Growing bone radiates out
from them and, at about 18 weeks gestation, the growing osteogenic fronts meet and
form sutures at the margins of the calvarial bones*. The position of the cranial sutures

is determined by dural reflections and absence of a specific dural reflection may lead




Cranial Sutures Introduction

to failure of a suture to develop with resultant ossification at that site®. The sutures
are formed from the ectomeninx layer of mesenchyme which is derived from
embryological paraxial mesoderm and neural crest cells, but the contribution from
each of these sources varies for each type of cranial suture® (see Figure 1.1 below).
The skull continues to grow in utero by appositional bone growth at the suture. To
allow for the movement of the skull bones in relation to the developing brain and
facial region, the calvarial sutures need to remain as active osteogenic regions but

remain unfused until the brain and facial region stop growing post partum.

At birth the fontanelles, dura mater and pericranium overlying the frontal, parietal and
occipital bones are all continuous with the sutures. The sutures present in most
human populations are the sagittal and. metopic (midline structures) and the paired

coronal and lambdoid sutures. (Figure 1.1)

Bones Fontanelle Sutures
ANTERIOR
Frontal
N | .
2 Metopic
\ Coronal
Parietal ———Pp '\ ]
Sagittal
Lambdoid
Occipital
POSTERIOR
Figure 1.1 The skull of a newborn infant demonstrating the metopic, coronal, sagittal and lambdoid

sutures. Note that the small anterolateral and posterolateral fontanelles cannot be seen on

this view.
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Sutures can occasionally occur in humans in sites other than the common positions
shown previously. These include the paramedian longitudinal suture which is parallel
to the sagittal suture, and the transverse occipital suture which is a horizontal supetrior
suture joining the lambdoids to the nuchal line’. Other common smaller variants may
occur connected to one of the main sutures enclosing an accessory bone. These are
termed Wormian bones which undergo calcification within a suture and are named
after the seventeenth century Danish anatomist who first described them. They occur
most commonly the lambdoid suture and are particularly prevalent in cleidocranial

dysostosis and osteogenesis imperfecta®.

The sutures themselves contain undifferentiated mesenchymal derived tissue that
provides the resource of cells for the growing bone fronts on either side (Figure 1.2).
Within each suture, undifferentiated mesenchymal stem cells produce osteoprogenitor
cells, a committed form of stem cell which can undergo further differentiation to
produce firstly pre-osteoblasts and finally osteoblasts which secrete a collagen-
proteoglycan extracellular matrix (ECM). Mineralization of the ECM traps
osteoblasts which become osteocytes, the final maturation phase of the bone cell

lineage.
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Periosteum

<> Undifferentiated mesenchyme, osteoprogenitor cell ~ @ Osteoblast

. - . Dura mater
<@ Osteoprogenitor cell lining osteogenic front O Osteocyte

@ DPreosteoblast < Fibroblastic cell

Figure 1.2 Schematic cross section of a sagittal suture. Osteoblasts surround bone and osteo-

progenitor cells are present at junction of the bone and the proliferating osteogenic front.

The sutures have important functions in that they permit movement between adjacent
calvarial bone allowing moulding of head to occur during childbirth (which reverts
during the first week post partum). Later the sutures become important as sites for
bone deposition as the calvarial bones increase in size, particularly during infancy
during the period of rapid growth of the underlying brain’. The growth of the skull,
however, slows markedly by the age of four years with most growth occurring during
the first 6 months of life. Interestingly, the brain ceases growth before the calvarial

°. Although suture fusion may (or may not)

sutures stop growing and finally fuse
occur in later adult life the metopic suture behaves differently from the others and

fuses early in life, sometimes in utero but usually by three years of age'’.

Normal suture fusion starts with the cessation of proliferation and the differentiation
of pre-osteoblasts into osteoblasts at the osteogenic fronts. The margins of the sutures

alter and gradually encroach into the intervening space, changing from a flat edge to
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one with increasing interdigitation. Bone bridges are formed usually on the
endocranial surface and the space becomes obliterated with immature calcified tissue.
Final remodelling results in its replacement by a mature bone pattern

indistinguishable from adjacent cranial bone.

In addition to the fusion process that normal sutures may undergo as part of their
natural history, premature (or pathological) fusion of calvarial sutures may also occur.
The pathological process by which a cranial suture undergoes early fusion was termed
craniosynostosis by Otto in 1830, This process has been reported in many different

human populations, with an incidence of 1 in 2500 live births in the Western World".

Craniosynostosis can be classified as either a primary or secondary event. Most cases
are primary and in many cases the cause remains uncertain but some cases are due to
an identified underlying genetic mutation. A much smaller number of individuals
have craniosynostosis secondary to an identifiable cause (including metabolic,
haematological, or growth disturbances, mucopolysaccharidoses or pharmacological

agentslz).

Craniosynostosis has a variety of clinical presentations. It may occur at a single suture
as an isolated anomaly or may occur at multiple sutures sites and may have limb and
visceral anomalies as part of a syndrome. These two types are often distinguished as
non-syndromic and syndromic craniosynostosis. Presentation of all craniosynostosis
usually occurs post partum but the recent recognition that syndromic cases can be

identified before birth has led to increasing antenatal diagnosis".
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The causes of the majority of cases which are the isolated single suture remains
uncertain, but hormonal, mechanical and local factors have all been implicated in the
aeitiologylz. Indeed it has been suggested that the process may be a common end
result of a number of different initiating factors’. Very recently, underlying genetic

. . . . 14
factors have also been identified in occasional cases .

The syndromic forms often have an identified genetic mutation and while all
inheritance patterns are recognised most of the craniosynostosis syndromes have an
autosomal dominant pattern of inheritance. There are over 100 syndromes that show
craniosynostosis as part of the clinical features'®. Commonly inherited forms are
Apert, Crouzon, Pfeiffer, and Muenke syndromes, which all result from mutations of
the FGFRI-3 genesl6"19. Other known causative mutations include Saethre-Chotzen
syndrome which results from mutations of the TWIST gene” and Boston type

craniosynostosis which results from mutations of the Msx gene?.

The relationship between genotype and phenotypes of the common syndromes of
Crouzon and Pfeiffer syndromes is curious. Different FGFR2 mutations can produce
the same syndrome phenotype but the same mutation can also produce different
phenotypesls. Within both syndromes there is a range of severity of the phenotypes
with some overlap of features between the different syndromeszz. However, the
identification of underlying mutations in syndromic craniosynostosis is highly
suggestive that there is likely to be significant genetic coﬁtrol over suture patency and

closure in non-syndromic craniosynostosis.

S S
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This introduction has outlined the structure, function and pathology of the cranial
sutures. These provide an important background to the studies undertaken both to

increase understanding of their natural history and also the mechanisms and

consequences of early pathological fusion (craniosynostosis).

:}(‘ NN

I
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1.2 Literature Review

1.2.1 Intracranial Volume Measurement

Clinicians and scientists have previously attempted to measure the intracranial
volumes in those with craniosynostosis because it has been assumed that a
consequence of early suture fusion would result in a reduction in the intracranial
volume, with implications for subsequent brain development and the basis for surgical
management23. Previous attempts at accurately measuring the intracranial volume
have been limited both by the methodology employed to measure the abnormal skull

volume and also the accuracy of the available normal data.

Previously both direct and indirect methods to measure intracranial volume have been
used. Direct measurement was undertaken using dried skulls and nylon models using
water, rice or mustard seeds to measure the volume?’. Indirect methods have been
attempted utilising 3D CT scans but historically these had the disadvantage of

relatively low resolution®*.

The advent of increasingly higher resolution CT scanners allowed the use an indirect
method, utilising the Cavalieri method whereby slices are processed at each time and
the area measured. The volume associated with each slice is the area of intersection
multiplied by the slice thickness, with the required volume given by the sum of the

, .
volumes for each slice?>*%.
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Previous studies of intracranial volume of cases of craniosynostosis using 3D CT
scans include the investigation of sagittal and metopic craniosynostosis before and
after surgery. The methodology employed used thick (Smm) CT slices and found that
intracranial volume was not diminished when compared to the derived normal

volumes>>**.

In his invited discussion of the study by Posnick et al., Marsh highlighted the major
weakness of all existing CT studies to date which was the use of “normal” values.
These had all been derived using different methodology from the techniques used to

27 The subsequent

measure the intracranial volumes of skulls with fused sutures
measurement of over 300 normal paediatric intracranial volumes using the same
techniques employed to investigate crania affected by craniosynostosis, led to the
development of new normal values for both sexes from birth (the Abbott-Netherway

normals®®). This was an essential foundation to address the acknowledged major

weakness of all the previous studies.

The study of sagittal synostosis is important because it is the commonest of the non-
syndromic single suture craniosynostoses. Metopic synostosis is also an important
condition to study in detail because as well as being relatively common it is
particularly interesting because previously it has been noted that anthropometric
comparisons between the metopic age groups indicate that the trigonocephalic
phenotype worsens through time?® and this raises the possibility that this would

impact on the cranial volume.

10
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There have been no previous attempts to study intracranial volumes as part of the
investigations into genotype/phenotype correlation in Apert syndrome. However,
there have been previous studies into the intracranial volume of a Apert syndrome
where the underlying genotypes have not been recorded”*. These found that the
intracranial volume is within the normal range at birth but beyond six months of age

rises to and then remains above normal values.

The existing genotype/phenotype investigations of other clinical features have
produced conflicting resul‘[s3 134 but interestingly, a worse mental outcome has been
reported overall in cases with a mutation at the 253 position in the FGFR2 gene34.
One explanation for this difference could be that there are pre-operative differences in

the intracranial volumes of the two genotypes. This possibility was investigated as

part of the current study.

The new finding of cases in whom there were simultaneous TWIST and FGFR
mutations inevitably means that there are no previous reports of such cases. In
addition to measuring the intracranial volumes the results were compared to the
intracranial volumes both with Abbott-Netherway normals and values obtained for
each syndrome phenotype with just a single FGFR2 mutation to investigate if there

was any discernable effect attributable to the additional 7WIST mutation.

1.2.2 Genetic Studies of Sutures

The identification of specific genetic mutations underlying the common syndromes

that exhibit craniosynostosisl6'21 is suggestive that there is significant genetic control
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over suture patency and closure. This could also extend to single suture non-
syndromic craniosynostosis which raises the possibility that genetic mutations could
also be present in isolated single suture craniosynostosis. The results of such studies
to date have been disappointing, although very recently there has been identification

of mutations of the ENFA41 gene'® in a small number of cases.

Curiously, there have been clinical reports of somatic mutations occurring in both the
FGFR2 and FGFR3 genes in humans®*¢, In both of these genes it is recognised that

mutations can produce craniosynostosis.

This observation, and the continuing failure to identify underlying mutations in many
cases, led to the hypothesis that non-syndromic craniosynostosis could be due to gene
mutations limited to the affected cranial suture cells, thus displaying the phenomenon

of somatic mutations. This hypothesis was tested as part of this study.

1.2.3 Imaging studies of sutures

Current knowledge of suture biology has been ascertained as a result of
morphological studies of normal cranial sutures (and rarely those undergoing
craniosynostosis). However, many of these studies have used cranial sutures from

3738 5o there is some uncertainty as to how applicable

animals (often mouse or rabbit)
the findings are to humans. These studies were initially undertaken often using

histological investigations with simple staining®. (Figures 1.3 and 1.4).

12
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Figure 1.3 Open coronal suture, H&E x100

Figure 1.4  Fusing sagittal suture, H&E x100 (arrow marks suture remnant)

More recently, sophisticated investigations using antibodies and autoradiography
histological studies have been undertaken to determine the composition of the

sutures’’. (Figure 1.5).

13
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Figure 1.5  Immunohistochemistry to identify Retinol Binding Protein 4 (RBP4) localised to the

cytoplasm of osteoblasts (ob) lining the developing bone (b) in an unfused coronal suture

41
2041 However,

The development of CT scans has led to their use as investigative tools
very recent technological advances have provided the potential to further refine our
understanding of the ultra structure by the use of advanced scanning technology,

which offer the possibility of more detailed resolution. This has been used to study

the ultra structure of the open suture and also those undergoing fusion.
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1.3 Aims of Study

The study of early fusion of a cranial suture, and its consequences on the shape of the
growing cranium, have been of interest to scientists since the pioneering work of
Virchow in the nineteenth century42. These studies of the cranial sutures seek to
extend this work but also refine the existing studies utilising new technologies to

overcome the recognised limitations of the previous investigations.

The specific aims are:

Firstly, to measure the intracranial volumes of two groups of cases with non-
syndromic craniosynostosis, namely sagittal and metopic synostosis, and compare the
values with sex and aged matched normal values. The intracranial volume will be
determined if it is normal or otherwise, and so review the clinical management of

these conditions.

Secondly, to measure the intracranial volumes of cases of Apert syndrome and
compare the results both with sex and aged matched normal values but also to

compare the two common genotypes with each other.

Thirdly, to measure the intracranial volumes of cases with co-existing FGFR2 and
TWIST mutations and to compare the values with sex and aged matched normal
values and also the values of syndrome phenotypes with a single FGFR mutation to

investigate the influence of the additional TWIST mutation.

15
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Fourthly, to investigate the possibility of somatic mutations in cranial suture cells

which have undergone craniosynostosis.

Fifthly, to investigate the ultra structure of open, fusing and fused cranial sutures

using state of the art micro-CT scanning technology.

Lastly, to study the antenatal ultrasound of those born with non-syndromic single
suture craniosynostosis to investigate whether the craniosynostosis can be identified

in utero.

16
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CHAPTER 2
METHODS
2.1 Case selection
2.1.1 Intracranial Volume Measurement

The patients with metopic synostosis and non-syndromic sagittal synostosis studied
in chapter three were identified from the Australian Craniofacial Unit (ACFU)
database. To be included each case had to have a pre-operative high resolution 3D
CT scan (which extended above the vertex to below the skull base), available for

analysis.

The patients with Apert syndrome studied in chapter four again had the selection
criteria of identification from the ACFU database and the availability of a pre-
operative high resolution 3D CT scan, but in addition had to have undergone genetic

screening and the underlying mutation in the FGFR2 gene identified.

The double mutation craniosynostosis patients studied in chapter four similarly had
undergone the same inclusion criteria but had undergone screening of the TWIST gene

to identify the position of the mutation in this gene.
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2.1.2 Genetic Studies of Sutures

The consecutive patients in chapter five with single suture craniosynostosis who had
no underlying mutation of the FGFR or TWIST genes in leukocyte derived DNA were

eligible for entry into the study.

2.1.3 Imaging studies of sutures

The six patients whose sutures were studied in chapter six using micro-CT and
scanning electron microscopy had their sutures collected as part of their transcranial
corrective surgery during a six month period in 2004. One further infant had a suture

specimen collected as part of a craniotomy for intracranial tumour.

The patients with the four different types of craniosynostosis studied in chapter six
who had antenatal ultrasound examinations suitable for examination, all presented to

the Australian Craniofacial Unit over a four month period in 2003.
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2.2 Methods

2.2.1 Intracranial Volume Measurement

3D CT MEASUREMENT

Intracranial volume measurement was undertaken using the Silicon Graphics
Computer workstations of the ACFU. Each CT slice was processed in turn to obtain
the area of intersection. The Persona software package developed by the research unit
at the ACFU, Women’s and Children’s Hospital, Adelaide was used to outline the
bone in each CT slice at the specified soft tissue/bone threshold and to edit the
contours in a clear and detailed fashion®. A threshold of 150 Hounsfield units was
selected for determination of the bone surface for the children in this study. The
software package enabled simultaneous display of coronal, sagittal and axial cuts and

had a magnification facility to precisely identify relevant landmarks on the studies.

Figure 2.1  Simultaneous display of coronal, sagittal and axial cuts showing the contours used for

intracranial volume measurement

20



Cranial Sutures Methods

Measurements were undertaken using slices ranging from 1 to Smm, (the thinnest
possible), to calculate the area and then these values summated to establish the
intracranial volume for each case. An intracranial volume score along with the
standard deviation was determined as the difference between the natural logarithm of
the patient’s intracranial volume and the sex-matched normal curve evaluated at the

patient’s age, divided by the standard deviation.

The results for each case were compared to the sex and age corrected normal using
the Abbott-Netherway curves which are based on normal CT scans measured in the
same manner as the cases with craniosynostosis. This is different to the other
“normal” values of Lichtenberg and Dekaban which are derived values from two

dimensional radiological data®**,

Sample t-tests were then undertaken between the
mean standard deviation scores between the sagittal and metopic synostosis group and

the sex-matched normal group to look for differences.

222 Genetic Studies of Sutures

Suture cells were harvested at the time of transcranial correction in all cases.
Approximately lem?® region from the fused and, where possible a patent suture, was
removed during surgical correction. Each sample included approximately 2mm of
bone either side of the suture which was cut into chips for culture according to

protocol45.

The osteoprogenitor cells from each site were cultured separately in vitro and after the
third passage their DNA was extracted and the comprehensive screen of the FGFRI-3

and TWIST genes was undertaken on the DNA of each suture cell sample.
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DNA samples from the cases were subjected to a comprehensive screen using
denaturing high performance liquid chromatography (DHPLC) for mutations within
the FGFRI-3 and TWIST genes (Figure 2.2). The screening protocol consisted of
examination of all exons previously shown to harbour mutations known to be
responsible for the common craniosynostosis syndromes. These exons included the
FGFRI1 exon 7 (Pfeiffer syndrome), the FGFR2 mutation hot spots associated with
Apert, Pfeiffer, Crouzon and Beare-Stevenson syndromes (exons 8, 10 and 11),
FGFR3 exons 7 (Muenke syndrome) and 10 (Crouzon syndrome with Acanthosis
Nigricans) and the single coding exon of TWIST that is associated with Saethre-
Chotzen syndrome. The screen also included the six additional exons of FGFR?2 that
have previously been shown to contain mutations associated with Crouzon, Pfeiffer or
familial sagittal craniosynostosis. Genomic PCR products showing anomalous

denaturing DHPLC patterns were sequenced to identify any nucleotide alteration.

o~

 FGFR2ex,62 FGFR2 exon 7

FGFR2ex7,63 Reference
T TWIST1a,68 TWIST1a,69 - TWIST
*| TWIST1a,70 Reference
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Figure 2.2  Reference DNA analysis screening for known FGFR2 mutations in exon 7 and TWIST
mutations.
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2.2.3 Imaging studies of sutures

Micro-CT

Specimens selected to undergo micro-CT analysis and following harvest were
immediately placed into a polyethylene container filled with RNA later solution
(Ambion). The position of the specimen in the container was maintained using
polystyrene blocks. Using a Skyscan micro-CT 1172 scanner (Figure 2.3) sutures at
different stages of fusion were scanned at the highest possible resolution. The limit of
the available resolution was inversely proportional to the specimen size. Digital
images were stored and then used both to demonstrate the surface features and to

undertake 3D reconstructions of the microstructure in three planes.

Figure 2.3  The Skyscan micro-CT 1172 scanner
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SCANNING ELECTRON MICROSCOPE

Specimens selected to undergo scanning electron microscopy were stored in alcohol
and dried before being coated with carbon prior to mounting (as previously
described)*®. These were loaded into a Philips XL30 multi-function microanalytical

scanning electron microscope (Figure 2.4).

Figure 2.4  The Philips XL30 multi-function microanalytical Scanning Electron Microscope

The specimens were scanned using 10kV field emission electron gun and both back
scattered images and secondary electron images were obtained. The incorporated
Energy Dispersive Spectrometer combined with an EDAX multi-channel analyser
enabled elemental analysis of increasing distances from the centre of the suture of the
sample of lambdoid synostosis. The sample size for each analysis was approximately

1 micrometer diameter of a flat surface.

All images and the elemental analysis results were all stored on the computer and

reviewed.
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CHAPTER 3

INTRACRANIAL VOLUME MEASUREMENT:

NON-SYNDROMIC CRANIOSYNOSTOSIS

3.1 Introduction

The consequences of early suture fusion of a single cranial suture and its effect on
brain development remains unclear. It has however been recognised by Virchow over

a century ago, that a resulting predictable characteristic head shape occurs.

The impact of the resulting cranial anomaly increases the risk of development of
raised intracranial pressure, which if produced, can affect brain development and
function. One mechanism thought to be important is that the synostosis and the local
absence of calvarial growth result not just in cranial distortion but also in an overall
reduction in the intracranial volume. To investigate this hypothesis, studies of the
intracranial volume have been undertaken to accurately determine this in an affected
population and compare these values to values obtained from age and sex matched

normal population.

Previous attempts to determine the intracranial volume have had the weakness that
different techniques have been used to determine the volumes of the study and normal

populations respectively. Previously a normal population data has been established
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studying over 300 normal CT scans using the same technique as employed in the
present studies. Values from this study have been used to make a comparison with

our study population. This is the first study which overcomes an acknowledged

weakness of all the previous studies.
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3.2 Sagittal Craniosynostosis

Intracranial volume measurement of sagittal craniosynostosis
Anderson PJ, Netherway DJ, McGlaughlin K, David DJ.

J Clin Neurosci. 2007; Vol 14(5): 455-458.

3.2.1 Hypothesis and Aims

Sagittal synostosis is the commonest of the single suture craniosynostoses, occurring
in 1:2500 live births. With the advent of more widespread genetic screening it has
become evident that there is a significant sub-population of those with sagittal

synostosis who have the polymorphism in the FGFR3 gene 294C>T (Asn294Asn).

This study was designed to test the null hypothesis that the intracranial volumes of
those with non-syndromic sagittal synostosis are the same as a sex and aged matched
normal population. A secondary aim was to test the null hypothesis that there is no
difference between the intracranial volumes between individuals with non-syndromic
sagittal synostosis and those who had non-syndromic sagittal synostosis but who had
the common polymorphism in the FGFR3 gene, 294C>T (Asn294Asn) identified on

screening the FGFR genes.

3.2.2 Qutcome

The study identified that those with non-syndromic sagittal synostosis had a

statistically significant increased intracranial volume when compared to sex and aged

28
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matched normal population. This difference existed for both males and females, but

was of greater significance in the female study population.

The study identified that there was no discernable differences between the intracranial
volumes of those with non-syndromic sagittal synostosis and those who had the
polymorphism in FGFR3 gene, 294C>T (Asn294Asn) and sex and aged matched

individuals with non-syndromic sagittal synostosis.

29



Available online at www.sciencedirect.com

ScienceDirect

Journal of

Clinical

Neuroscience

ELSEVIER Journat of Clinical Neuroscience 14 (2007) 455458

www elsevier.com/locate/jocn

Clinical study

Intracranial volume measurement of sagittal craniosynostosis

Peter J. Anderson *, David J. Netherway, Karen McGlaughlin, David J. David

Australian Craniofacial Unit, Women's and Children’s Hospital, 72 King William Road, North Adelaide, South Australia, 5006, Australia
Received 31 January 2006; accepted 4 July 2006

Abstract

We report 41 cases of non-syndromic isolated sagittal synostosis in which evaluation of intracranial volumes was undertaken. Twenty-
six were male and fifteen were female. The measured intracranial volumes were then compared with normal age-corrected values. We
have found that intracranial volumes were significantly larger than the normal population intracranial volumes in both sexes. However
the statistical significance of this finding was much greater in females, (p < 0.00002), than males (p < 0.040), which was only of borderline
significance. The results confirm smaller, earlier studies that intracranial volumes in sagittal synostosis patients are larger than average
for age-corrected normal values. Analysis of a sub-set of six patients with sagittal synostosis who were found to have a common poly-
morphism 294C > T (Asn294Asn) in FGFR3 (fibroblast growth factor Receptor 3) on genetic testing were compared to age and sex
matched cases of non-syndromic sagittal synostosis (without an underlying mutation) which confirmed that there were no discernable
differences in intracranial volumes between the two groups. We conclude that this investigation supports the role of cranial re-shaping

to improve cosmesis as the primary aim of surgical correction in this condition, in the absence of raised intracranial pressure.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The relationship between the early fusion of a cranial su-
ture and resulting characteristic head shape was first recog-
nised by Virchow in the nineteenth century.! The goals of
sagittal synostosis treatment have been cosmetic improve-
ment of a scaphocephalic head shape; however, there is
also a well recognised risk of development of raised intra-
cranial pressure.” In such cases volume expansion is also
important.

Previous attempts have been made to determine the
intracranial volumes of patients with non-syndromic iso-
lated sagittal craniosynostosis to provide clear aims for
undertaking surgical correction. However, these have had
the weakness that they used different investigative tech-
niques to obtain experimental and normal data.>™® Indeed,
it has been previously suggested that any progress in the

" Corresponding author. Tel.: +61 5 8161 7235; fax: +61 5 8161 7080
E-mail address: haemro2@hotmail.com (P.J. Anderson).

0967-5868/% - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jocn.2006.07.001

study of intracranial volumes will only occur once normal
values have been established.” To address this problem the
Australian Craniofacial Unit (ACFU), Women’s and Chil-
dren’s Hospital, Adelaide, Australia, has studied over 300
computed tomography (CT) scans of normal individuals,
which led to the development of normal age-related values
for males and females (Abbott-Netherway normal values).®
‘We have used these normal values (derived by the same
method as our study population), to compare our results
from those with non-syndromic isolated sagittal craniosyn-
ostosis in an attempt to clarify the relationship between
intracranial volume and the resulting scaphocephaly. This
study of intracranial volume measurement in sagittal crani-
osynostosis is the first to address an acknowledged weak-
ness in all previous studies.

Additionally, as a result of genetic testing becoming
more widely available, we have found a significant sub-
population of patients who have sagittal synostosis and
the common polymorphism 294C>T (Asn294Asn) in
FGFR3 (fibroblast growth factor Receptor 3). Currently
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the clinical significance of this finding in relation to sagittal
synostosis is unknown, although the clinical impression is
that it is of minimal significance.

We also aimed to determine the intracranial volume of
this sub-group of patients and compare the results to a sub-
group of age and sex matched controls to identify if there
were any discernable difference which could be attributed
to the presence of the polymorphism.

2. Methods

All patients with a diagnosis of non-syndromic sagittal
synostosis on the ACFU data base with pre-operative high
resolution 3-dimensional (3D) CT scans were reviewed.
The inclusion criteria for the study were clinical scapho-
cephaly and a fused sagittal suture on the CT scans.’ Intra-
cranial volume measurement was undertaken using 3D CT
scans. The horizontal CT slices of each patient were pro-
cessed in turn to obtain the area of intersection of the re-
gion of interest with each slice. The ACFU Persona
software package was used to outline the bone margin in
each slice.

Triangulation of the contours was undertaken to detect
errors. A threshold of 150 Hounsfield units was selected for
these children. Intracranial volume was calculated as the
sum of the cross-sectional areas that intersected the region
of interest multiplied by the slice separation (the Cavalieri
estimator). A bias correction term was applied to compen-
sate for the effects of partial voluming, dependent on slice
thickness and separation. This allowed archived CT scan
data acquired from different scanners to be used.

The intracranial volumes were then compared to the
normal volumes, determined in the ACFU from CT scans
of unaffected individuals. The results were then plotted as
shown (Figs. 1 and 2).

Two sample Student #-tests were used to assess differ-
ences between the intracranial volume (ICV) measurements
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Fig. 1. The intracranial volume (ICV) of 26 males aged 1-9 months with
isolated non-syndromic sagittal synostosis (SS).
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Fig. 2. The intracranial volume (ICV) of 15 females aged 1-9 months with
isolated non-syndromic sagittal synostosis (SS).

of the patients with sagittal synostosis and Abbott-Nether-
way ICV normals.® Before applying the statistical tests, the
ICV measurements of both the sagittal and normal patient
groups were expressed in terms of ‘standard deviation
scores’ to remove the effect of age variation.

The Abbott-Netherway ICV normal curve for each gen-
der has a constant coefficient of variation with age, and for-
mulation is expressed in terms of the logarithm of the ICV
and the logarithm of the age from conception. The intra-
cranial volume standard deviation score for each patient
was determined as the difference between the natural loga-
rithm of each patient’s ICV and the gender-appropriate
Abbott-Netherway normal curve, evaluated at the loga-
rithm of the patient’s age from conception, divided by
the standard deviation.

A subgroup of males who had the commonly occurring
polymorphism 294C > T (Asn294Asn) in FGFR3 were
also studied and compared to age and sex-matched con-
trols to examine if there were any discernable differences
between these two groups.

3. Results

Forty-one patients were identified from the departmen-
tal database. Twenty-six were male and fifteen were female.
The patients’ ages at the time of their CT scans ranged
from 1-9 months. Isolated patients aged over 9 months
were excluded as most were clustered below this age.

The intracranial volumes of patients with isolated non-
syndromic sagittal craniosynostosis ranged from 483 cm?
in a 1-month-old boy to 1127 cm® in a 9-month-old boy.
There was a wide range of values when compared with
the normal curves. Overall, there were more values below
the fiftieth centile than above, which was particularly evi-
dent in the female sample (Figs. 1 and 2).

The two-sample Student’s t-test between the standard
deviation scores of male and female patients with sagittal
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Fig. 3. The intracranial volume (ICV) of six males with isolated sapgittal
synostosis but with the common polymorphism Asn294Asn in FGFR3.

1400
1200 -
= 1000 -
g 00
2 800
600 -
e male FGFR3 NP
400 — male normal
— +/-2sd
1 T I ]
0 6 12 18 24
Age (month)

Fig. 4. The intracranial volume (ICV) of six age matched males with
isolated non-syndromic sagittal synostosis but without the common
polymorphism Asn294Asn in FGFR3.

synostosis and the male and female patients used in the Ab-
bott-Netherway normal, gave the probability that the mea-
surements were from the same distribution as 0.040 and
0.00002 respectively. This is indicative that all of these pa-
tients with sagittal synostosis have a larger intracranial vol-
ume than normal, but this association is much stronger in
the female group.

The subgroup of six males with sagittal synostosis and an
underlying FGFR3 polymorphism had their intracranial
volumes assessed and compared with Abbott-Netherway
normals (Fig. 3). However, there was no statistical differ-
ence between this subgroup and six age and sex-matched
non-syndromic sagittal synostosis controls (Fig. 4).

4. Discussion

Non-syndromic sagittal craniosynostosis can have a
range of severity of appearance at presentation and this

series contains cases that were judged to be of sufficient
severity to require transcranial corrective surgery. We have
attempted to address weaknesses of previous studies, inves-
tigating the intracranial volume by comparing our results
in the sagittal synostosis patients with values from an unaf-
fected (normal) population derived from CT data using the
same measurement techniques.®

All previous studies®” have compared their experimen-
tal results with derived normal values, including those of
Lichtenberg'® and Dekaban,'' which were derived by
mathematical formulae from two-dimensional skull radio-
graphs. This is crucially important since there are signifi-
cant differences between the Abbott-Netherway normal
curves for both sexes and the values previously derived
by other authors, which impact on the findings. For
example, Gault et al. found that ICVs in males were sim-
ilar and were borderline normal values, but in females the
intracranial volumes were smaller than their ‘normal’ val-
ues, which is the exact opposite to this study.’ Close
inspection reveals that the apparent difference is mainly
due to differences in the normal values. It remains uncer-
tain as to why there should be such a difference in the sta-
tistical significance between the male and female groups
but we have noted differences between the sexes in other
types of single-suture craniosynostoses, particularly meto-
pic craniosynostosis.'>"?

There is a recognised risk of developing raised intracra-
nial pressure in sagittal synostosis, which if present alters
the goal of surgical correction. There has been a reported
incidence of 15-17%,'%'® but in our series no cases had evi-
dence of raised intracranial pressure pre-operatively, and
only one case was found to have developed it subsequently,
at age 5 years. This low incidence of raised pressure is sim-
ilar to the other cases of sagittal synostosis treated at the
ACFU over the last 30 years where the incidence of identi-
fied signs of raised intracranial pressure in this condition is
restricted to just a few isolated cases. We speculate this may
be due at least in part to the younger age at assessment
than the previous published studies.'*¢

The mechanism regarding the development of raised
intracranial pressure in craniosynostosis remains uncertain
in many cases, although it has been proposed that it can re-
sult from excessive brain growth relative to skull volume as
a direct result of the craniosynostosis.'” If this is 2 common
mechanism then the results of this study are particularly
significant because of the higher-than-normal values found
for the ICV, especially in females in this study. However
there are other recognised risk factors for the development
of raised pressure and the exact relationship between raised
pressure and ICV remains unclear, not least because the
symptoms may be absent or subtle, and fundamentally
there is no normative intracranial pressure data.'’

The common polymorphism 294C > T (Asn294Asn) in
FGFR3 has been identified in a subgroup of patients with
features of non-syndromic sagittal synostosis. Our results
of a limited morphological assessment of these patients
found no identifiable differences, which lends support to
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the anecdotal clinical impression that there are no discern-
able differences due to the polymorphism.

In conclusion we have found in our study that both
males and females with sagittal synostosis had an increased
intracranial volume when compared to a normal popula-
tion, but that this is more pronounced in the female popu-
lation. This leads us to propose that this data on ICVs
supports surgical treatment for cranial vault remodelling
rather than suture excision, as previously recommended.'®
However, there remains the low risk of raised intracranial
pressure, and if suspected or identified pre-operatively,
then additional volume expansion should also be under-
taken as part of the surgical correction. Finally, there is
no evidence that the presence of the polymorphism
294C > T (Asn294Asn) should lead to any alterations to
the surgical management of the sagittal synostosis.
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33 Metopic Craniosynostosis

Intracranial Volume Measurement of Metopic Craniosynostosis.
Anderson PJ, Netherway DJ, Abbott AH, David DJ.

J Craniofac. Surg. 2004; Vol 15(6): 1014 — 1016.

3.3.1 Hypothesis and Aims

The incidence of non-syndromic metopic synostosis is uncertain; it is less common
than sagittal synostosis but it is now the second commonest single suture
craniosynostosis seen in the Australian Craniofacial Unit. Metopic synostosis appears
to have become increasingly common with a 200% increase in referred cases to the
Australian Craniofacial Unit in the last five years. It is well recognised that there may
be associated developmental delay particularly in speech and language development,
although the mechanisms producing these remains uncertain. One possibility could
be that any reduction in the intracranial volume may predispose to raised intracranial

pressure resulting in developmental delay.

This investigation tested the null hypothesis that there is no difference between the
intracranial volumes of individuals with non-syndromic metopic synostosis and sex

and aged matched normal population.
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3.3.2 Outcome

The results of the study found that in the larger male population that the intracranial
volumes were significantly smaller than those found in the normal male population
(P<0.05). There was no statistical difference between the intracranial volumes of the

smaller female metopic population and the normal female population.
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Intracranial Volume Measurement of
Metopic Craniosynostosis

Peter J. Anderson, MD, FDSRCS(Ed), FRCS(Eng), FRCS(Plast), David J. Netherway, PhD,
Amanda Abbott, PhD, David J. David, MD, FRCS(Eng), FRACS

From the Australian Craniofacial Unit, Women's and Children’s Hospital (Associatad with the University of Adelaide), North Adelaide, South Australia, Australia.

The authors report 32 patients with nonsyndromic
isolated metopic synostosis who have undergone
evaluation of their intracranial volumes. Twenty-
five were male and seven were female. The mea-
sured intracranial volumes were compared with
normal age-corrected values established in the au-
thors’ unit, and any differences were noted.

The authors found that, although there was a
range of intracranial volumes, in the male patients,
intracranial volumes were significantly smaller
than those found in the normal population (P <
0.05). However, this result was not found in the
smaller female sample.

These results contrast with those of smaller
earlier studies, but the authors conclude that intra-
cranial volumes are smaller than average for age-
corrected normal values; this finding highlights the
need for volume expansion in conjunction with cra-
nial reshaping.

Key Words: Craniosynostosis, intracranial volume,
metopic suture

he relationship between the early fusion of

a cranial suture and resulting characteristic

head shape was first recognized by Vir-

chow.! Although improvement in cosmesis

of trigonocephaly is important, it is recognized that

craniosynostosis may result in raised intracranial

pressure, and although the incidence is low, this can
occur even when an isolated suture is affected.?

Previous studies of the intracranial volume mea-

surement of cases of nonsyndromic isolated metopic

craniosynostosis have used different techniques to

obtain values.*® These results (when compared with

normal population values), have suggested that the
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Road, North Adelaide, South Australia, SA 5006, Australia; e-mail:
haemro2@hotmail.com.
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intracranial volume is elevated above a derived “nor-
mal” value. Clearly, any study relying on compari-
son with a normal volume, will be influenced by how
that normal value has been determined. Indeed, it
has been previously suggested that any progress in
the study of intracranial volumes will occur only af-
ter normal values have been established using thé
same method to determine the intracranial volume
as the cases under study.”

To address this problem, the authors” unit has
studied more than 300 computed tomography (CT)
scans of normal individuals (75 male and 82 female
in this population age range), which led to the de-
velopment of normal age-related values for males
and females.®? We have used these normal values (de-
rived by the same method as our study population),
to compare our results from those with nonsyndro-
mic isolated metopic craniosynostosis in an attempt
to clarify the relationship between intracranial vol-
ume and the resulting trigonocephaly. Thus, this
study into intracranial volume measurement in me-
topic craniosynostosis attempts to address an ac-
knowledged weakness of previous studies.

f-

1
METHODS

11 cases of nonsyndromic metopic synostosis on

the Australian Craniofacial Unit (ACFU) data
base with preoperative high-resolution three-
dimensional (3D) CT scans were reviewed. The in-
clusion criteria for the study were clinical trigono-
cephaly with cortical ridging of the fused metopic
suture on the CT scans.” Thirty-eight cases were
identified. However, six cases in which other sutures
could possibly be affected were excluded from this
study, leaving 32 cases available for study. Twenty-
five of the patients were male and seven were female.
The patient’s age at the time of their CT scans ranged
from 1 month to 21 months.

Intracranial volume measurement was under-
taken using 3D CT scans. The horizontal CT slices
were processed in turn to obtain the area-of intersec-
tion of the region of interest with each slice. The
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ACFU Persona software package was used to outline
the bone margin in each slice.

Triangulation of the contours was undertaken to
detect errors. A threshold of 150 Hounsfield units
was selected for these patients. Intracranial volume
was calculated as the sum of the cross-sectional areas
that intersected the region of interest multiplied by
the slice separation (the Cavalieri estimator). A bias
correction term was applied to compensate for the
effects of partial voluming, dependent on slice thick-
ness and separation. This allowed archived CT scan
data acquired from different scanners to be used.

The intracranial volumes were then compared
with the normal volumes, determined in this unit
from CT scans of unaffected individuals. The results
were then plotted as shown in Figs 1 and 2.

Two sample Student ¢ tests were used to assess
differences between the intracranial volume (ICV)
measurements of the patients with metopic synosto-
sis and the Abbott-Netherway ICV normal subjects. ®
Before applying the statistical tests, the ICV measure-
ments of both the patient and normal groups were
expressed in terms of standard deviation scores to
remove the effect of age variation.

The Abbott-Netherway ICV normal curve for
each gender has a constant coefficient of variation
with age, and the formulation is expressed in terms
of the logarithm of the ICV and the logarithm of the
age from conception. The intracranial volume stan-
dard deviation score for each patient was deter-
mined as the difference between the natural loga-
rithm of the patient’s intracranial volume and the
gender-appropriate Abbott-Netherway normal
curve, evaluated at the logarithm of the patient’s age
from conception, divided by the standard deviation.

— Male Normal Curve
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Fig1 The intracranial volumes of 25 males with isolated
nonsyndromic metopic craniosynostosis.
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Fig2 The intracranial volumes of seven females with iso-
lated nonsyndromic metopic craniosynostosis.

RESULTS

he intracranial volumes of males and females

with isolated nonsyndromic metopic cranio-
synostosis ranged from 551 cm? in a 1-month-old girl
to 1,294 cm? in a 21-month-old boy. There was a wide
range of values when compared with the normal
curves, with values both above and below the 50th
centile. There was only a single value outside + 2
standard deviations of the 50th centile. Overall, there
were more values below the 50th centile than above,
which was particularly evident in the larger male
sample (see Figs 1 and 2).

The two-sample Student ¢ test between the stan-
dard deviation scores of male patients with metopic
synostosis and the male patients used in the Abbott-
Netherway normal gave the probability that the
measurements were from the same distribution as
0.039, with a mean standard deviation score of —0.48
(see Table 1). This is indicative that patients with
metopic synostosis have smaller intracranial volume
than normal.

The (smaller) female sample did not give a sta-
tistically significant.difference between the intracra-
nial volume and normal value.

Di1sCUsSION

Nonsyndromic metopic craniosynostosis can
have a range of severity of presentation. This
series contains examples of a range of clinical sever-
ity, but all of these cases were judged to be of suffi-
cient severity to require subsequent surgery. Some-
times cases of subtle simple ridging are noted in
clinical practice,'® but none were available for inclu-
sion in this study.

In previous studies®® comparing the intracrani-
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Table 1. Statistics of the Standard Deviation Scores of the Intracranial Volume of Patients With

Metopic Synostosis

Gender No Mean Median SD Minimum Maximum P
Metopic M 25 -0.48 -0.39 1.01 -2.27 1.46 0.039
Normal M 75 0.00 -0.14 0.99 ~-1.82 2.11
Metopic F 7 0.27 0.00 1.02 -1.00 1.90 0.428
Normal F 82 -0.04 0.05 0.99 -2.38 2.64

al volumes of patients with craniosynostosis and a
reference normal, the validity of the reference nor-
mal, particularly when it has been derived using
techniques different from those used to determine
the intracranial volume in craniosynostosis, has been
questioned.’ '

We have attempted to satisfy this concern by
comparing our results in the patients with metopic
synostosis with values from an unaffected (normal)
population derived from CT data using the same
measurement techniques.® This is different from pre-
vious studies,®” which have compared their results
with derived normal values, including those of Lich-
tenberg,r11 and Dekaban,'® which were derived by
mathematical formulae from skull radiographs.

Clearly, there are differences between our re-
sults and those of earlier studies.>® We propose that
this may be attributable at least in part to the age-
and gender-dependent differences between the Ab-
bott-Netherway normals used in this study and the
Lichtenberg normals used in previous studies. There
are differences between the normal curves for both
sexes, which we have previously highlighted,® but of
particular importance is that Lichtenberg’s male
curve is substantially lower than the Abbott-
Netherway normal curve between 8 months and 4
years.
In conclusion, we have found in our study that
males with metopic synostosis had a decreased in-
tracranial volume when compared with a normal
population. This result was not found in the female
population, but our female sample was much
smaller, and additional studies will be undertaken to
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clarify if there is a true gender difference in this con-
dition.
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CHAPTER 4

INTRACRANIAL VOLUME MEASUREMENT:

SYNDROMIC CRANIOSYNOSTOSIS

4.1 Apert syndrome

Analysis of Intracranial Volume in Apert Syndrome Genotypes
Anderson PJ, Netherway DJ, Abbott AH, Cox T, Roscioli T, David DJ.

Pediatr Neurosurg. 2004; 40: 161 -164.

4.1.1 Hypothesis and Aims

Apert syndrome is caused by a mutation of the FGFR2 gene, with 99% cases the
mutation occurring in one of two adjacent positions on the gene. There have been
conflicting reports that a worse neurosurgical outcome is associated in the sub-group
who have the mutation at the 253 position. This study investigated whether clinically
subtle morphological differences could result in differences in the intracranial

volumes which could account for the reported differences in surgical outcomes.

The first null hypothesis is that there is no difference between the intracranial

volumes of Apert syndrome individuals and sex and aged matched normal population.
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The second null hypothesis is that there is no difference between the intracranial
volumes of Apert syndrome individuals who have the Ser252Trp mutation in F GFR2

compared to those with the Pro253 Arg mutation in FGFR2.

4.1.2 Outcome

All individuals with Apert syndrome in the study population (except two) had greater
than their sex and age adjusted mean intracranial volumes. Comparison of the two
genotype sub-populations demonstrated no discernable differences between the two

groups.
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Abstract

Objective: Apert syndrome is caused by a mutation of
the fibroblastic growth factor type 2 gene and in nearly
all of the cases where the mutation has been identified it
occurs in one of two adjacent sites of the gene, either
position 252 or position 253. There is currently uncertain-
ty whether a worse neurosurgical outcome occurs in
association with a particular genotype. We investigated
whether there were clinically subtle {but relevant) mor-
phological differences in the craniofacial skeleton, which
would result in differences in the intracranial volume,
which might account for apparent differences in surgical
outcome. Method: Three-dimensional CT scans of pre-
operative Apert syndrome whose genotype had been
identified had the intracranial volume measured using
the Cavalieri estimator with correction for partial volum-
ing effects. The values were compared to age and sex
normals and then the two genotypes compared. Results:
Intracranial volumes were measured for 22 cases, 16
with the 252 mutation and 6 with the 253 mutation. Con-
clusions: All cases except two had greater than their sex-
and age-adjusted mean normal intracranial volumes. For

the 2562 and 253 genotypes there were no discernible dif-
ferences in intracranial volumes between the two geno-

types.

Copyright© 2004 S. Karger AG, Basel

Introduction

Apert syndrome is characterised by craniosynostosis
and limb anomalies [1]. The cause of the condition is a
mutation of the type 2 fibroblastic growth factor gene, and
in nearly all of the cases where the mutation has been
identified it occurs in one of two adjacent sites of the gene,
either position 252 or position 253 in exon 7 [2]. There
have been previous investigations as to whether there are
subtle phenotypic differences between the two genotypes
but the results to date have been conflicting [3, 4]. There
are also conflicting reports regarding outcome of cranial
surgery, with a report that those with the mutation in the
253 position have a better neurosurgical outcome follow-
ing cranial surgery [5], while mental outcome has been
reported to be poorer by a separate study in the same
genotype [6].

We decided to investigate whether the differences in
genotype might result in differences in cranial morpholo-
gy with consequent differences in intracranial volume in
our cohort Apert syndrome cases. If differences exist then
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Fig. 1. Graphs to show the pre-operative intracranial volume (ICV)
in males with the different genotypes.

this may impact on the neurosurgical outcome of the two
groups. To evaluate each case we measured and compared
the pre-operative intracranial volumes with each other
and normal values.

Method

Cases of Apert syndrome were identified from departmental rec-
ords. Only those cases who had their genotype identified and who
had a high-quality CT scan prior to any surgical intervention were
included in the study.

To measure the intracranial volume, the intracranial region was
outlined on each slice in turn to obtain the cross-sectional area using
the “Persona’ software package developed in the department. Trian-
gulation of these outlines between slices to produce a three-dimen-
sional surface was used to facilitate error detection. A threshold of
150 Hounsfield units was selected for the children. Intracranial vol-
ume was calculated as the sum of the cross-sectional areas that inter-
sected the region of interest multiplied by the separation (the Cava-
lieri estimator). A bias correction was applied to compensate for the
effects of partial voluming, dependent on slice thickness and separa-
tion. This allowed archived CT scan data acquired using different
scanners, with different thickness and spacing protocols, to be used.

The results of the intracranial volume measurement were firstly
compared to normal sex- and age-adjusted values (Abbott-Nether-
way normal values), and secondly, the results from the two genotypes
were compared with each other.
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Fig. 2. Graphs to show the pre-operative intracranial volume (ICV)
in females with the different genotypes.

Results

Twenty-two cases of Apert syndrome were available
for study. This included 11 males and 11 females. The
genotypes were 16 cases of the 252 mutation and 6 cases
of mutation at the 253 position.

The intracranial volumes were then compared with the
normal curves (fig. 1, 2). These confirm that the intracra-
nial volumes are significantly greater than the normal
intracranial volumes for both males and females.

However, it can also be seen that when the results for
the two genotypes are compared there are no discernible
differences between the two genotype groups.

Discussion

Apert syndrome with its range of clinical severity is
usually the result of one of two adjacent point mutations
of the FGFR2 molecule [2], the other causative mutations
being exceptionally rare [7]. The existence of two geno-

Fig. 3. Three-dimensional CT scans of the craniofacial skeleton of 2
females aged 4 months with Apert syndrome with 252 (a, b) and 253
(c, d) mutation, demonstrating subtle morphological differences.

Anderson/Netherway/Abbott/Cox/Roscioli/
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types has allowed investigation as to whether there are sig-
nificant differences in the clinical presentation in the two
main genotypes, and the evidence is conflicting [3, 4]. We
have previously found from our studies of the range of
craniofacial morphology of Apert cases using three-
dimensional CT scans, that there is some suggestion that
there may be morphological differences in age- and sex-
matched genotypes (fig. 3).

Although possible differences related to genotype in
various phenotype parameters (including the incidence of
cleft palate and severity of the syndactyly of the hands)
have been investigated, it is the previous attempts to
relate the neurosurgical outcome to genotype which are of
particular concern to neurosurgeons. However, this too
has produced conflicting results with one study finding
that the neurosurgical outcome was better in the 253
cohort [5], and the other study where the mental outcome
was worse in the 253 cohort [6]. The findings of our study
demonstrating that comparison of the two groups showed
no obvious differences in the intracranial volumes is per-
haps not surprising. This does require some caution given
the numbers of cases available for study, but review of our
clinical records also failed to find any obvious differences
in outcome between the two genotypes with regard to sur-
gical re-operation or psychological development.

This study is notable in that the method of determining
the intracranial volume from the three-dimensional CT is
the same method that has been used to produce the nor-

References
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mal intracranial volume values to which our sample cases
have been compared [8]. Previous studies of intracranial
volumes in Apert syndrome have used either cases where

the genotype is not known and normal values derived !

using different techniques including radiographic mea-
surements [9].

All of the cases (except 2) in this series had an enlarged
intracranial volume when compared to age- and sex-
matched normals. This is similar to an earlier study from
this unit which did not distinguish between the genotypes
[9], and this confirms the finding of an earlier study [10].

In conclusion the results from this study demonstrate
that there is no discernible difference in intracranial vol-
umes between the two genotypes. So if there are morpho-
logical differences (and this is the subject of further
study), they do not significantly affect the intracranial vol-
ume and so this does not explain any difference in neuro-
surgical outcome (if it truly exists at all). If in the future it
becomes established that there are differences in the neu-
rosurgical outcome attributable to genotype, then they
must be due to factors other than differences in the pre-
operative intracranial volume.
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4.2 Double mutation

Do Craniosynostosis syndrome phenotypes with both FGFR2 and TWIST
mutations have a worse clinical outcome?
Anderson PJ, Netherway DJ, Cox T, Roscioli T, David DJ.

J Craniofac. Surg. 2006; 17(1): 166 -172.

4.2.1 Hypothesis and Aims

It has become recognised that the commonly occurring craniosynostosis syndromes of
Crouzon, Pfeiffer, Apert and Saethre-Chotzen can result from mutations of either the
FGFR or TWIST genes. We have recently identified three patients who uniquely have
mutations in both genes. These appear on clinical examination to have phenotypes
consistent those in the spectrum of Crouzon, Pfeiffer and Apert syndromes. The
natural history is unclear because there has been no previous study of such
individuals. The possibility that there might be morphological consequences resulting
from two genetic mutations prompted the investigation of their intracranial volumes

as part of the assessment into their clinical examination and review of their history.

The null hypothesis is that the intracranial volumes of individuals with co-existing
FGFR and TWIST mutations are the same as those sex matched with the same

phenotype due to a single FGFR mutation.
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4.2.2 Outcome

The study consisted of just three cases, but there was no clear difference between
these exceptional cases and the Crouzon and Pfeiffer phenotypes with just a single
FGFR mutation. However, the Apert phenotype had a smaller intracranial volume

than the normal value unlike any single FGFR mutation phenotype.
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Case Report

Do Craniosynostosis Syndrome Phenotypes
with Both FGFR2 and TWIST Mutations have
a Worse Clinical Outcome?

P J. Anderson. MD, FDSRCS, (Ed)FRCS, (Eng)FRCS, (Plast)FRACS,* D. J. Netherway, PhD,”
T Cox, PhD.! T. Roscioli, MD,* D. J. David, MD, FRCS, (EA)FRCS, (Eng)FRACS™

Adelaide, Australia

The recent discovery of underlying multiple genetic
mutations in some patients with syndromic cranio-
synostosis phenotypes after genetic analysis has
raised questions as to the clinical significance of
each mutation. We review the clinical outcome in
three such cases; each case has a different syndrome
phenotype, and two patients have reached skeletal
maturity.

Key Words: Craniosynostosis, mutation, Apert, Crou-
zon, Pfeiffer

he underlying mutations commonly found

in Apert, Crouzon, and Pfeiffer syndromes

are different mutations affecting the FGFR2

gene.' Another of the common craniosy-
nostosis syndromes, Saethre-Chotzen syndrome,
has been found to result from mutations affecting
the TWIST gene.*

We have recently identified three craniosynosto-
sis patients who had mutations of both the FGFR2
and the TWIST genes (i.e., double muta tions).? These
cases have Pfeiffer, Crouzon, and Apert syndrome
phenotypes, respectively. These individuals have
been treated according to our protocols for a mini-
mum of 10 years, and two have reached skeletal ma-
turity. We retrospectively review their clinical course
to assess whether their phenotype and clinical

* Australian Craniofacial Unit, Women'’s and Children’s Hospital,
Adelaide, Australia, *Monash University, Melbourne, Australia,
¥South Eastern Laboratory Services, Sydney Australia, and
SUniversity of Adelaide, Adelaide, Australia.

Address correspondence to Dr. P. J. Anderson, Australian Cra-
niofacial Unit, Women’s and Children’s Hospital, Adelaide, South
Australia, SA 5006; E-mail: haemro2@hotmail.com.

outcome is different from the cohort of craniosynos-
tosis patients with phenotypes resulting from a single
mutation treated in this unit.

CASE REPORTS

Case 1

An Indonesian female age 16 years with a clinical
diagnosis of Pfeiffer syndrome was referred for
assessment (Fig 1). She had a history of breathing dif-
ficulties and was noted to have mid-face retrusion
and proptosis with corneal exposure and a divergent
squint. Her other notable feature was hearing loss of
—50 dB bilaterally. She had no previous cranial sur-
gery. Clinical genetic assessment highlighted broad
big toes (Fig 2), but her thumbs were unremarkable.
She was given a diagnosis of a type 1 Pfeiffer pheno-
type. However, the formal DNA testing identified
that she had mutations in FGFR2 exon 9 resulting
in Cys342Arg substitution and an insertion TWIST
¢.603-604 Ins21bp.
After multidisciplinary assessment, it was decided
to manage her with simultaneous fronto-orbital
and midface osteotomies with insertion of distractors
to maximize the facial advancement and to allow dif-
ferential movement (a technique we have previously
described).® The fronto-orbital bar was advanced
12 mm horizontally, whereas the mid-face was ad-
vanced using a vector with both inferior and anterior
components a total of 30 mm. After 8 weeks consol-
idation, the distractors were removed and a cranio-
maxillary fixation placed. Apart from a cerebrospinal
fluid (CSF) leak postoperatively, which was managed
conservatively and resolved spontaneously after 5
days, her recovery was otherwise unremarkable.
This skeletal position has remained stable, and
she is shown at her last review, 3 years after surgery
in Figure 3. This figures shows that she has some

1
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Fig1 Case 1: preoperative age 15 years. AP and Lat, and three-dimensional computed tomography scan.

lower lid fullness, which was confirmed clinically, and
she is currently awaiting bilateral blepharoplasties.

Case 2

A Chinese female, age 4 years, was referred for as-
sessment and further management of orbitostenosis
(Fig. 4). She had no extracranial anomalies, and her
development was above normal; a clinical diagnosis
of Crouzon syndrome was made. At the time of refer-
ral, she had already undergone a limited coronal cra-
niectomy by local neurosurgeons for craniosynostosis
at age 6 months. Subsequent DNA testing revealed
her to have mutations in the FGFR2 exon 9 leading

f B At [ I e e ey e e vy i
Fig 2 Case 1: both feet. Note the wide big toes. Fig3 Case 1: postoperative age 18 years. AP and Lat.

2
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to a Cys342Ser substitution and a deletion mutation
in TWIST c.604-621 dell8.

After multidisciplinary assessment a fronto-
orbital advancement to provide ocular protection
was undertaken. After an otherwise unremarkable
postoperative course, she was kept under outpatient
review. By the age of 8 years, she was noted to have
worsening mid-face hypoplasia, although she was
still above average in psychologic testing. She under-
went a Le Fort lIIl mid-face advancement osteotomy,
which was complicated by a dural tear and CSF leak.
One month later, with no improvement, re-operation
and dural repair combined with a repeat fronto-
orbital advancement for persisting proptosis was
undertaken. Her postoperative course was unre-
markable, and she remained under review.

On review 11 years later, she was completing
high school before starting university. On clinical ex-
amination, it was found that the frontal advance had
been maintained and mandibular growth was normal
(Fig 5), but once again, there was marked mid-face
retrusion. She subsequently underwent a Le Fort
III mid-face advancement osteotomy and placement
of distractors. Distraction of 28 mm bilaterally was

Fig4 Case 2: age 5 years preoperative. AP and
Lat. Intraoral view showing malocclusion and
three-dimensional computed tomography scan.

Fig 5 Case 2: AP view, age 17 years.
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undertaken to skeletal class II position before re-
moval, along with onlay bone graft to both molars,
browlift, canthopexies, and right entropion correc-
tion. Postoperatively, she has remained under regu-
lar review, and 3 years later, the result is skeletally
stable (Fig 6).

Case 3

A Chinese male, aged 5 years, was referred for assess-
ment and treatment. He had the clinical appearance
of Apert syndrome with turribrachycephaly and
marked retrusion of the forehead (Fig 7). Subsequent
analysis revealed mutation in FGFR2 exon 7 resulting
in Ser252Trp substitution and a deletion in TWIST
c244-262 del 18.

However, radiology of spine showed no obvious
fusion, his hands were well formed with both his
thumbs and little fingers free (Upton type 1), and
he had a submucous cleft palate. However, speech
and language development were both severely
delayed.

Previously, it was recorded that he had beenborn
by emergency caesarian section at term. A few days
later, he had respiratory distress and was noted to
have choanal atresia, which was operated on at age
1 month with improvement in his airway. At age
3 months, he developed recurrent epilepsy for which
he has been maintained on long-term valproate. His
outpatient follow-up was noted to be satisfactory,
apart from the persisting developmental delay, until
his last review, when he was noted to have developed
snoring.

After multidisciplinary assessment, he was marn-
aged by fronto-orbital advance with palatal split to
improve his airway and mid-face osteotomy, and

placement of distractors was undertaken at age 6
years. Syndactyly, release was undertaken 1 month
later. Two months later, the mid-face distractors were
removed.

He has remained under regular review and is
shown at age 10 years . Currently, he has noisy breath-
ing at night but has not required any further surgical
intervention, although further mid-face surgery at
skeletal maturity is considered inevitable in his case.

DISCUSSION

he existence of craniosynostosis cases with both

FGFR2 and TWIST mutations has only recently
been reported.” These three cases not only have very
unusual double mutations of both the FGFR2 gene
and the TWIST gene but have different phenotypes
on clinical examination. None of these cases have
features of Saethre-Chotzen syndrome (low hairline,
beaked nose),8 and significantly, this diagnosis was
not considered for any of these cases, suggesting
that the FGFR2 mutation has a bigger influence on
the resulting phenotype than the TWIST mutation.
All cases have until recently been managed with-
out the identification of their underlying mutations,
which suggests that their clinical behavior has been
similar to phenotypes resulting from a single FGFR2
mutation. Each case will be scrutinized in more detail
in turn.

In patient, 1-the Pfeiffer phenotype is perhaps
unusual from other Pfeiffer phenotypes in that she
did not seek treatment until she had almost reached
skeletal maturity. Although she underwent an ex-
tensive procedure, with advancement of both the
forehead and the mid-face, overall, her treatment
is indistinguishable from a Pfeiffer syndrome who

Fig 6 Case 2: Postoperative age 19
years. AP and Lat.
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Fig 8 Case 3: Radiographs of spine. AP and Lat,
right hand with photograph.
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Fig 9 Case 3: postoperative AP view, age 10 years.

had a single mutation. Her phenotype demonstrated
moderate to severe craniofacial manifestations at
presentation with marked proptosis and mid-face
retrusion. However, it is notable that there was no
developmental delay on psychologic assessment,
and she was in mainstream high school and has sub-
sequently completed tertiary education, an achieve-
ment few of the remaining cohort of Pfeiffer cases
in this unit have achieved. The only extracranial man-
ifestation is the enlarged big toes, and curiously, she
has with normal sized thumbs, which has been rec-
ognized in Pfeiffer syndrome.’

Case 2 history is more unusual in that it suggests
that the condition was apparent shortly after birth
with the undertaking of a limited craniectomy. Cer-
tainly, the history of recurrent forehead advancement
and two episodes of mid-face advancement repre-
sents a greater number of surgical interventions than
many Crouzon cases under the care of the unit. How-
ever, the forehead and mandibular growth continued
during skeletal maturation with just the mid-face
requiring surgery at skeletal maturity. The absence
of any extracranial manifestations again is notable,
with even the elbow movements noted to be normal;
these have been reported to be restricted in almost
50% of cases.'’

Case 3 is different from the two previous cases in
that the patient has not yet reached skeletal maturity.
However, he has been managed since shortly after
birth, and his operative history is again indistinguish-
able from other Apert cases. However, he remains

6

significantly developmentally delayed, even when
compared with other Apert children, but whether
this is as a result of his double mutation is unclear.
The craniofacial anomalies have so far had a similar
operative history, repeat forehead advancement and
mid-face advancement, to other Apert cases. Curi-
ously, his extracranial anomalies are relatively mild
with an absence of fusions in his cervical spine, rel-
atively well-developed hands, and just a submucous
cleft palate. It is interesting that the FGFR2 mutation
in his case is at the 252 position, which has been re-
ported to be more commonly associated with cleft
palate and less severe forms of hand syndactyly," al-
though another study failed to find this.'* Despite
this, there can be no doubt that the absence of cervical
fusions at age 5 years in Apert syndrome is unusual."

Studying all three cases to look for common
features is difficult. An objective assessment was
attempted by measuring the intracranial volume be-
fore fronto-orbital advancement surgery and com-
paring with age and sex-matched normals™ and
single mutation syndrome genotypes to investigate
whether there was a more severe phenotype. The re-
sults are shown in Figures 10 and 11. Cases 1 and 2,
the Pfeiffer and Crouzon phenotypes, show no dis-
cernible difference from Crouzon and Pfeiffer cases
with single FGFR2 mutations. However, Case 3, the
Apert phenotype, has a smaller intracranial volume
than either the single 252 or 253 mutation Apert gen-
otypes. There is no sex and age comparison, but,
given his significant developmental delay, the possi-
bility is raised that his case is a more severe cranio-
facial manifestation, and this may be related to his
marked developmental delay. It is noteworthy that

— Female Normal
—+2sd

—-2sd

A FGFR2 Mutation

m FGFR2 Mutation+Twist

300 +—r—r—r—T—T"T"T
0 24 48 72
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96 120 144 168 192 216 240
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Fig 10 Normal intracranial volume for females. Single
FGFR2 mutation (triangles); double mutations with FGFR2
and TWIST mutations (squares).
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Fig 11 The normal Intracranial volume for males. Single
FGER2 mutations (triangles). Double mutation with FGFR2
and TWIST mutations (square).

it has been reported that outcome of the craniofa-
cial surgery in Apert syndrome can be related to
genotype," although our earlier study of preopera-
tive intracranial volumes as a factor in this failed
to identify any difference between 252 and 253
geno’cypes.16

The extracranial anomalies in all three cases are
significant in that all three have only mild (and none
in case 2) extracranial anomalies. Because both cases
who have reached skeletal maturity (nos. 1 and 2)
have completed formal education, this suggests that
this phenotype is no worse than phenotypes with
just FGFR2 mutations.

In conclusion, we have reported three cases of
syndromic craniosynostosis who had unusual double
mutations in both FGFR2 and TWIST genes. Assess-
ment of their phenotype and clinical course does
not suggest that they have a more severely affected
phenotype and have a poorer clinical outcome, and
any future cases will continue to be treated using

the existing craniosynostosis syndromes protocol
management in this unit.
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CHAPTER S

GENETIC STUDIES

5.1 Somatic Mutations

Somatic FGFR and TWIST mutations are not a common cause of isolated non-
syndromic single suture craniosynostosis.
Anderson PJ, Cox TC, Roscioli T, Elakis G, Smithers L, David DJ, Powell BP.

J Craniofac. Surg. 2007; Vol 18(2): 312-314.

5.1.1 Hypothesis and Aims

The phenomenon of somatic mosaicism for FGFR gene mutations has been reported
to underlie a variety of clinical presentations, including epidermal mosaicism for
FGFR2 mutations in acne’, and a less severe skeletal dysplasia variant distinct from
thanatrophic dysplasia associated with the FGFR3 R248C mutation (which usually
results in lethal Thanatrophic Dysplasia)s. Given this background the null hypothesis
is that there is no evidence to suggest that somatic mutations occurring within either
the FGFRI-3 or TWIST genes might be identified within cells of, and thus be
responsible for, the abnormally fusing sutures in individuals with the more common

single suture craniosynostosis.
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5.1.2 Qutcome

There is no evidence to suggest that the phenomenon of somatic mutations of the

FGFRI-3 genes or the TWIST genes is common in non-syndromic craniosynostosis.
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Somatic FGFR and TWIST Mutations are not
a Common Cause of Isolated Nonsyndromic
Single Suture Craniosynostosis

Peter J. Anderson, MD(Edin), FDSRCS(Ed), FRCS(Eng), FRCS(Plast Surg), FRACS,* IS
Timothy C. Cox, PhD,*! Tony Roscioli, FRACP,” George Elakis, BSc(Hons),*
Lisa Smithers, BAppSc,t David J. David, AC, MD, FRCS(Ed), FRCS(Eng), FRACS,*

Barry Powell, PhD™*'t

Pathogenic mutations in FGFR2 and TWIST genes
are detected in the majority of individuals with
Crouzon, Pfeiffer, Apert, and Saethre-Chotzen
syndromes. In contrast, mutations have been
identified rarely in cases of nonsyndromic, single
suture craniosynostosis. Recently, two studies con-
firming somatic mosaicism with local expression of
an FGFR mutation have been reported. This study
investigates whether somatic mosaicism could
account for nonsyndromic, single suture craniosyn-
ostosis. Eight individuals with single suture cra-
niosynostosis who were negative for known
mutations in FGFR1-3 and TWIST after screening
in their leucocyte DNA were tested for the presence
of pathogenic mutations in suture cell-derived
DNA. Five had sagittal synostosis, two had metopic
synostosis, and the other unicoronal synostosis.
Osteoprogenitor cells from surgically excised fus-
ing sutures and an adjacent open suture were
cultured. DNA from the cultured cells grown to
passage 3 was then examined for underlying FGFR
and TWIST mutations. No mutations within the
exons of the FGFR or TWIST genes studied were
identified in any suture cells. This study found no
evidence to support the notion that mosaicism for
FGFR or TWIST mutations, normally associated
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with syndromal forms of craniosynostosis, occur in
single suture craniosynostosis. Thus, any under-
lying genetic defects must occur in regions outside
those normally implicated in syndromal craniosy-
nostosis, or this disorder could arise as a conse-
quence of some other epigenetic modification.

Key Words: Craniosynostosis, mutation, gene

raniosynostosisis the end product of pre-

mature cranial suture fusion occurring as

an isolated anomaly affecting a single

suture or as part of a syndrome, with an
incidence of 1: 2,500 live births.! The development of
craniosynostosis can be a consequence of a number of
different molecular factors. The most common syn-
dromal craniosynostoses, Crouzon, Pfeiffer, Apert,
and Saethre-Chotzen syndromes, are associated with
mutations within one of three FGFR (FGFR1-3)
genes™™ or the TWIST gene.” In total, more than 50
mutations have been reported. This contrasts with
the vast majority of cases of single suture craniosy-
nostosis in which mutations have been occasionally
identified.® :

The phenomenon of somatic mosaicism for
FGFR gene mutations has been reported to underlie
a variety of clinical presentations, including epider-
mal mosaicism for FGFR2 mutations in acne” and a
less severe skeletal dysplasia variant distinct from
thanatophoric dysplasia associated with the FGFR3
R248C mutation (which usually results in lethal
thanatophoric dysplasia).® In addition, an achondro-
plasia phenotype, which commonly is the result of
the FGFR3 G380R mutation,” was caused by possible
mosaicism for the FGFR3 R248C mutation." Given
this background, we hypothesized that somatic
mutations within either the FGFR1-3 or TWIST
genes might be identified within cells of, and thus

1
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be responsible for, the abnormally fusing sutures in
individuals with the more common single suture
craniosynostosis.

METHODS

Leucocyte-derived samples from a large cohort of
craniosynostosis cases were subjected to a
comprehensive screen using denaturing high-
performance liquid chromatography (DHPLC) for
mutations within the FGFR 1-3 and TWIST genes.
The screening protocol (primers available upon
request) consisted of examination of all exons pre-
viously shown to harbor mutations known to be
responsible for the common craniosynostosis syn-
dromes. These exons included the FGFRI exon 7
(Pfeiffer syndrome), the FGFR2 mutation hot spots
associated with Apert, Pfeiffer, Crouzon, and Beare-
Stevenson syndromes (exons 8, 10, and 11), FGFR3
exons 7 (Muenke syndrome) and 10 (Crouzon
syndrome with acanthosis nigricans), and the single
coding exon of TWIST that is associated with Saethre-
Chotzen syndrome. The screen also included the six
additional exons of FGFR2 that have previously
been shown to contain mutations associated with
Crouzon, Pfeiffer, or familial sagittal craniosynosto-
sis. Genomic polymerase chain reaction products
showing anomalous denaturing DHPLC patterns
were sequenced to identify any nucleotide altera-
tion. Bight cases of single suture craniosynostosis
that were scheduled for surgical repair and that
were found to have no underlying mutation of the
FGER or TWIST genes in leucocyte derived DNA
were entered into the study once ethical committee
guidelines were completed. Suture cells were
harvested at the time of transcranial correction in
all cases. An approximately 1 cm? region from the
fused and, where possible, patent suture were
removed during surgical correction according to
established protocols.'’ The osteoprogenitor cells
from each site were cultured separately in vitro,
and after the third passage, their DNA was
extracted, and the comprehensive screen (as out-
lined above) was repeated on each DNA sample.

RESULTS

E ight cases of single suture craniosynostosis were
selected for inclusion in this study because
previous screening of white cell DNA failed to
identify any mutations in the regions of FGFRI-3 or
TWIST previously associated with the syndromal
forms of craniosynostosis. Three cases had the
common polymorphism 294C > T (Asn294Asn) in

2
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the FGFR3 gene (Table 1) in their leucocyte DNA.
Four of the patients were females and four males.
Five patients had sagittal synostosis, two patients
had metopic synostosis, and the remaining had
unicoronal synostosis (Table 1). The five cases of
sagittal synostosis also had suture cells cultured from
patent cranial sutures. In each case, microscopy
assessment of cell morphology and growth patterns
revealed no discernible differences between osteo-
progenitor cells from fused and patent sutures from
all patients and controls. DHPLC screening of all
gene regions revealed no sequence abnormalities in
the FGER or TWIST genes in any of the DNA samples
from the cultured suture cells (either from fused or
open sutures). Furthermore, the three patients with
the FGFR3 polymorphism in their leucocyte DNA
also had this polymorphism in their osteoprogenitor
cell DNA consistent with the lack of mosaicism.

DiSCUSSION

The underlying cause of most cases of single
suture craniosynostosis remains unknown
despite its prevalence and social impact. The reports
that somatic mosaicism has been identified in a
syndrome with craniosynostosiss“m prompted us to
investigate whether this phenomenon could also
occur as an isolated anomaly in the suture cells
undergoing premature fusion in cases of nonsyn-
dromal, single suture craniosynostosis, the most
commonly encountered craniosynostosis type.
Under this scenario, such changes would be irres-
pective of the suture involved because this would
depend simply on the timing or site at which the
somatic mutation arose.

The finding of the FGFR3 ¢.882T > C,
Asn294Asn polymorphism in three cases in both

Table 1. Genotypes in single suture craniosynostoses.

Sex Synostosis Blood Genotype Suture Genolype

F Sagittal Negative Negative

F Sagittal Negative Negative

F Sagittal Negative Negative

M Sagittal FGFR3 ¢.882T >C, FGFR?3 ¢.882T >C,
Asn294Asn Asn294Asn
polymorphism polymorphism

M Sagittal Negative Negative

M Metopic FGFA3 ¢.882T >C, FGFR3 ¢.882T>C,
Asn294Asn Asn294Asn
polymorphism polymorphism

F Metopic Negative Negative

M Coronal FGFR3 ¢.882T >C, FGFRA3 ¢.882T >C,
Asn294Asn Asn294Asn
polymorphism polymorphism




circulating leucocyte DNA and suture cells is not
statistically significant when compared with a
larger cohort of 39 mutation negative individuals
with unisutural synostosis (x* = 0.8, P = 0.37). No
clinical consequences have been recognized, and no
difference in craniofacial morphology has been
identified in those patients with sagittal synostosis
when compared with age- and sex-matched
patients of sagittal synostosis without the polymor-
phism (K. McGlaughlin, personal communication).

The results of our extensive screening protocol
demonstrate the absence of mutations in all exons
known to harbor mutations in syndromal forms of
craniosynostosis in the cranial suture cells of
individuals with single suture craniosynostosis.
These data suggest that somatic change in regions
of the FGFR1-3 or TWIST genes known to be
mutational hotspots in syndromal forms of cranio-
synostosis are unlikely to be a major cause of
isolated single suture craniosynostosis.

CONCLUSIONS

We conclude that single suture craniosynostosis
may be caused by gene sequence variants
present outside all regions implicated in the
syndromal forms of craniosynostosis. These studies
therefore highlight the need to focus on either
regulatory regions of the FGFRI-3 and TWIST
genes, those genes known to underlie less common
syndromal craniosynostoses, for example, involv-
ing the MSX2 gene,'” or even possibly those genes
implicated from murine studies such as the ALX4
gene.”” Another possibility worthy of future
investigations is that epigenetic or environmental
factors contribute to the high incidence of this
common form of craniosynostosis.

| Anderson et al
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CHAPTER 6

IMAGING STUDIES

6.1 Micro-CT/ Scanning Electron Microscope

Scanning Electron Microscope and micro-CT evaluation of cranial sutures in
health and disease.
Anderson PJ, Netherway DJ, David DJ, Self P.

J Craniofac. Surg. 2006; 17(5): 909 - 919.

Imaging studies can be used to study both the structure of the cranial sutures
themselves and the resultant effects on the morphology of the cranial vault cranial
occurring as a result of normal or abnormal function. Recent advances in technology

with enhanced resolution provide the possibility of more detailed studies.

6.1.1 Hypothesis and Aims

Micro-CT examination of human sutures has been undertaken using a Skyscan micro-
CT 1172 scanner. The specimens were harvested at corrective transcranial surgery
and immediately placed in RNAlater (Ambion). The resolution was inversely
proportional to the specimen size, so the specimens were trimmed so that they only

had 2mm of bone adjacent to each suture. However due to the suture conformation
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this resulted in different sized samples and that the highest possible resolution was

inconsistent. The aim of the study was in all cases to undertake scanning at the

highest possible resolution.

Scanning electron microscopy has been undertaken on human cranial sutures using a
Philips XL30 multifunction microanalytical scanning electron microscope. Scanning
was undertaken which allowed the production of both back scattered images and
secondary electron images. This machine also had an incorporated EDAX multi-
channel analyser which enabled elemental analysis to be undertaken of the suture and
the surrounding bone at different distances away form the suture. The sample size for
each analysis was 1um diameter of a flat surface. The aim of the study was to
investigate different human cranial sutures at different stages of fusion at the highest
possible magnification. The second aim was to undertake elemental analysis of the

suture at increasing distances from it to assess the composition of the structures.

6.1.2 QOutcome

The high resolution images from the micro-CT scanner helped assess the architecture
of the trabeculae in the bone adjacent to the suture. The scanning electron microscope
images aided the understanding of the structure of the unfused suture, while the
elemental analysis demonstrated an increase in calcium composition of the bone the

further away from the suture the samples were tested.
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Scientific Studies

Scanning Electron Microscope and Micro-CT
Evaluation of Cranial Sutures in Health

and Disease

Peter J. Anderson, MD, FDSRCS, FRCS, FRACS,*t* David J. Netherway, PhD,**
David J. David, MD, FRCS, FRACS,*s Peter Self, PhD!

North Adelaide, South Australia

Current knowledge of suture biology has been
ascertained as a result of morphological studies of
normal cranial sutures (and rarely those undergoing
craniosynostosis). These were initially undertaken
often using histological investigations, or more
recently using CT scans, as investigative tools, but
have often used animal models. However, recent
technological advances have provided the potential
to refine our understanding of the ultrastructure by
the use of new advanced scanning technology, which

offers the possibility of more detailed resolution.
Our aim was to undertake detailed scans of

normal, fusing and fused sutures from patients
with craniosynosotosis affecting different sutures,
to study the detailed structure at different stages of
the fusion process using a modern micro-CT
scanner and a microanalytical scanning electron
microscope. We wished to include in our study all
the human sutures because previous studies have

mostly been undertaken using the sagittal suture.
Ten sutures from seven patients have revealed a

complex ultra-structural arrangement. The different
patterns of bone ridging seen on the ectocranial and
endocranial surfaces of the fused sagittal suture
were not repeated on closer inspection of either fused
coronal or lambdoid sutures. Elemental analysis
confirmed that the amount of calcium increased
and the amount of carbon decreased as sampled areas
moved away from the suture margin.

From the *Australian Craniofacial Unit, and TC’hild Health Research
Institute, Women's and Children’s Hospital, North Adelaide, South
Australia; ¥Dental School, and 8Department of Surgery, University of
Adelaide, South Australia; and 'Department of Microscopy, Medical
School, University of Adelaide, South Australia.

Address correspondence and reprint requests to PeterJ. Anderson,
MD, FDSRCS, FRCS, FRACS, Australian Craniofacial Unit, Women’s
and Children’s Hospital, North Adelaide, SA 5006, South Australia;
E-mail: haemro2@hotmail.com

We conclude that scanning allowed detailed
assessment and revealed the complex arrangement
of the structure of the human cranial sutures and
those undergoing the process of craniosynostosis,
with some differences in final structure depending
on the affected suture.

Key Words: Scanning electron microscope, micro-CT
scan, cranial suture, craniosynostosis

ranial sutures are articulations in which the

margins of adjacent bones are united by a

thin layer of fibrous tissue. Their functions

include contributing to craniofacial growth
as well as allowing movement between the adjacent
cranial bones during childbirth. Current understand-
ing of the structure of the normal cranial suture is still
largely based as a result of histological investiga-
tions.! Since then, investigations into structure and
function have been undertaken using immunohisto-
chemistry,? autoradiography,® and more recently
conventional CT* and micro-CT scans.” However,
most of these earlier studies had used animal models
including mice, rats and rabbits.>™*

The underlying causes of both normal suture
fusion in adulthood-and premature fusion in cranio-
synostosis remain unclear. The study of craniosynos-
tosis remains important because it provides a model
for the study of suture fusion and the factors main-
taining normal suture patency and function. While
underlying genetic mutations have been identified in
the common craniosynostosis syndromes® the causes
of non-syndromic craniosynostosis remain uncertain
but are thought to be multi-factorial with mechanical,
genetic and hormonal factors all implicated.”

Since the initial recognition that the cranial
sutures could be studied using micro-CT,” there
have been no further published reports. This is re-
gardless of the development of improved technology
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Fig1 Low-power view of a micro-CT scan of an open coronal suture, demonstrating interdigitation of the bone margins.

producing enhanced image resolution with the
current generation of scanners.

Our aim was to investigate the morphology of all
the human cranial sutures (both open, fused and
undergoing the pathological process of craniosynos-
tosis), using a modern micro-CT scanner and micro-
analytical scanning electron microscope (which
enables elemental analysis of the sample), to evaluate
the ultra-structural morphological changes associated
with craniosynostosis. In particular, we wished to
study the appearances of the endocranial and ectocra-
nial surfaces of fused coronal and lambdoid sutures to
investigate whether the ridging patterns associated
with a fused sagittal suture’ occur with other sutures.

METHODS

he sutures from non-syndromic sagittal synostosis
. (three patients), metopic synostosis (one patient),

F—— 1 mm

unicoronal synostosis (one patient), unilambdoid
synostosis (one patient) and approximately 6 mm of
adjacent bone were harvested during corrective
transcranial surgery. In three cases an adjacent open
suture was harvested along with the abnormally
fused or fusing suture providing nine sutures for
study. The patients were aged from 6-25 months,
with 3 female and 3 male. One further suture sample
(normal lambdoid) was obtained from an infant male
with an intracranial tumor.

Specimens selected to undergo micro-CT anal-
ysis and following harvest were immediately placed
into a polyethylene container filled with RNAlater
solution (Ambion). The position of the specimen in
the container was maintained using polystyrene
blocks. Using a Skyscan micro-CT 1172. scanner
sutures at different stages of fusion were scanned at
the highest possible resolution. The limit of the
available resolution was inversely proportional to the
specimen size. Digital images were stored and then

F— 1 mm

Fig 3 Low-power view of micro-CT scan of the same
coronal suture as Figure 2, demonstrating fusion of the
endocranial surface (inferiorly) but the ectocranial surface
is still undergoing fusion.

Fig 2 Low-power view of micro-CT scan of a coronal
suture starting to undergo craniosynostosis, demonstrating
the rounded edges of both bone margins.
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shortly the bone margins are rounded with no inter-
digitation (Fig 2).

The micro-CT images of the fusing suture allow
multiple sections to be built up (Figs 2-4) and these
confirm that the process of closure arises at different

Fig6 (A) A low-power scanning electron microscope se
with the collagen fibers in multiple orientations. (B) A hig

view to show the remains of centra

912

levels along all sutures and occurs at different levels
starting at the deep surface next to the dura (Fig 3).
The bone micro-architecture matures along the
suture and rapidly becomes undistinguishable from
the pattern in the adjacent bone (Fig 4).

condary electron image to show the remains of central the suture

h-power scanning electron microscope secondary electron image

| the suture with the collagen fibersin multiple orientations.



CRANIAL SUTURES IN HEALTH AND DISEASE [/ Anderson et al

Fig7 A higher-power scanning electron microscope secondary electron image view to show the bone margin of a suture
with newly formed bone shown here in white, with the architecture of the collagen fibers maintained.

The low-power views of the reconstructed
scanning electron microscope images of the ectocra-
nial surface revealed the arrangement of the normal
open suture showed that the collagen fibers were
parallel to each other and the periosteum (Fig 5). In
contrast the lambdoid suture undergoing closure
due to craniosynostosis the remaining collagen
fibers show a variety of orientations (Figs 6A, B).

The higher-power scanning views show that
the collagen fibers in the suture become calcified
but initially maintain the same architecture as the
collagen fibers (Fig 7). In a suture undergoing
fusion due to craniosynostosis (Fig 8A) the scan-
ning electron microscope reveals the first connec-
tions are fine strands bridging between the adjacent
bone margins (Fig 8B). As the fusion process
progresses these become calcified by spherical
globules (Fig 8C).

Bone further away from the suture interface
changes in ultrastructure, gradually converting into
the mature highly organized pattern (Fig 9). This
arrangement of the bone then becomes identical to
that found at the site of a fused metopic suture and is
cancellous bone (Fig 10).

The elemental analysis confirms that the center
of an open suture is composed largely of carbon
(Fig 11). Assessment of the suture margin demon-
strates that calcium is now present (Fig 12), but that

the amount of calcium increases and the carbon
component decreases as the bone matures in samples
further away from the suture margin (Fig 13).

Comparison of the fusion patterns of different
sutures revealed a clear difference between the
ectocranial and endocranial surfaces of a fused
sagittal suture (Figs 14A, B). However, studies of
the lambdoid and coronal sutures failed to show
any ridging at (the site of or adjacent to) either
surface with detailed low-power scanning electron
microscope examination of the fusing suture (Figs
15A, B). In addition the highest resolution the
fusing site on the endocranial surface also had the
same appearance as noted on the ectocranial sur-
face, with fine .strands with attached -calcified
masses (Fig 16).

DISCUSSION

uman cranial sutures are formed by dural re-
flections.” The sutures are normally patent until
adulthood, and consist of 90% type 1 collagen, cell
adhesion proteins (osteopontin, fibronectin), calcium
binding proteins osteonectin and bone sialoprotein),
proteins involved in mineralization (osteocalcin) and
enzymes (collagenase and alkaline phosphatase).'
Current understanding of the histology of the
normal human cranial suture has identified two
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Fig 8 (A) A low-power scanning electron
microscope back scattered electron image
view to show the fusing lambdoid suture
undergoing craniosynostosis. (B) A high-
power scanning electron microscope back
scattered electron image view to show the
fusing lambdoid suture with the fibrous
strands bridging between the adjacent bone
margins. (C) A high-power scanning electron
microscope back scattered electron image view
to show the fusing lambdoid suture (closer to
the fused region), with the fibrous strands
bridging between the adjacent bone margins
but now with attached spherical calcified
regions.
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Fig 9 The appearance of the bone 5 mm from the suture interface demonstrating the maturing pattern with the
development of cancellous bone.

Fig 10 The appearance of the mature bone at the site of a fused metopic suture demonstrating typical cancellous bone.
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Fig 11 Elemental analysis of the
dark central suture revealing the
high carbon composition. 0.50 1.00

structural patterns of collagen fibers between the bone
margins. Either parallel to the suture margin or in other
cases the fibers were perper'.div.:ular.2 Using our refined
technology in normal sutures we too have observed
collagen fibers parallel to the overlying periosteum
(Fig 5), but not perpendicular. However, we have also
noted the collagenfibers to be multi-orientated imme-
diately prior to closure due to craniosynostosis (Fig 6B).
We speculate that the perpendicular orientation noted
previously could be a two-dimensional representation
of the multi-orientated fibers identified by the 3-D
scanning electron microscope.

The study of craniosynostosis remains impor-
tant because it provides a model for the study of
suture fusion and the factors maintaining normal

0.50 1.00 1.50 2.00 2.50 3.00 3.50
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suture patency and function. It has previously been
noted in histological studies of craniosynostosis that
suture closure involves bone spicules extended
from the suture margins bridging the gap.” The
advances in the quality and resolution of scans have
enabled more detail study of the process of cranio-
synostosis. The high magpnification images produced
by the scanning electron microscope show that the
process occurs firstly with fibers crossing the gap
(Fig 8B) but these then associate with calcium
globules (Fig 8C). This pattern is seen on examina-
tion of both the endocranial and ectocranial sur-
faces. (Fig 15).

Previous micro-CT suture study of human
suture focused on the sagittal suture, and our results

Fig 12 The elemental analysis of
the contents of suture margin bone
with peaks for calcium, phosphorus

4.00 4.50 and oxygen.
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Fig13 Theelemental analysis of the
mature cancellous bone trabeculae,

1.00 2.00 3.00 4.00 5.00 6.00 7.00

confirm the previous findings at this site, particularly
that the craniosynostosis starts at different levels of a
suture, (usually the endocranial surface, Figure 3), as
well as ridging on both surfaces of a fused suture.”
However, our findings of lambdoid and coronal
sutures undergoing craniosynostosis on both sur-
faces identified that here too craniosynostosis
started at the endocranial surface and progressed
to the ectocranial surface. This could be explained
by the report that paracrine factors in the dura are
important initiators of the fusion process. 12
However, we also identified a marked difference
from the previous sagittal suture studies, with no
evidence of ridging on either surface of a fused
suture (Figs 15A, B). We speculate that these
differences may be related to differences between

8.00 9.00 with a reduced peak for carbon.

the embryological development of the lambdoid and
coronal sutures and sagittal suture.’

Elemental analysis has been shown to be a re-
liable method of undertaking mineralization studies
of bone.'* Our results have confirmed that the center
of the suture is composed largely of carbon, which is
in keeping with its known content of type 1 collagen.
The results at the studies at the suture margin with its
new formed bone compared to the more mature bone
away from the suture margin demonstrate that the
calcium content increases while carbon content
proportionally decreases. This finding is in keeping
with the report that the degree of mineralization
increases with time."

In conclusion, we have shown that the modern
scanning technology can advance the understanding

Fig 14 Micro-CT views of endocranium and ectocranium surfaces in sagittal synostosis demonstrating ridging.
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Fig15 (A)Low-power scanning electron microscope view of the ectocranium of lambdoid synostosis. Note the absence of ridging.
(B) Low-power scanning electron microscope view of the endocranium of lambdoid synostosis. Note the absence of ridging.

Fig 16 A high-power scanning elec-
tron microscope back-scattered elec-
tron image view to show the fusing
lambdoid suture on the endocranial
side, with the fibrous strands bridg- : :
ing between the adjacent bone mar- ¢ SpotiDe o e B
gins but now with attached spherical :
calcified regions.
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of the process of suture closure. We speculate that
further developments in the understanding of
human suture fusion may come from studies using
specimens stored in RNAlater for micro-CT scanning
and subsequent correlation with gene expression
patterns of the scanned tissue cells using recombi-
nant DNA technology.
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6.2 Foetal Ultrasound

Anderson PJ, McLean NR, David DJ.
Craniosynostosis and Childbirth.

Eur J Plast. Surg. 2005; 28: 94 -98.

6.2.1 Hypothesis and Aims

Can foetal ultrasound examination be used as an investigative tool to study the timing

as to when the process of craniosynostosis starts in utero?
This study is a preliminary investigation as to whether different types of non-
syndromic single suture craniosynostosis can be identified by antenatal ultrasound

examination.

6.2.2 Qutcome

This study demonstrates that sagittal, unicoronal, bicoronal and metopic cranio-

synostosis can all be identified on antenatal ultrasound examination.
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Abstract The current management of craniosynostosis is
focussed on an affected child who presents with ab-
normality of the head shape shortly after birth, We re-
port four cases of non-syndromic craniosynostosis,
recently seen in a 4-month period, presenting to the
Australian Craniofacial Unit (ACFU) where all the
mothers had prolonged and difficult labour. This in-
cluded emergency caesarian section in two cases, and
perineal repair in the other two cases. Interestingly, all
these women had undergone pre-natal ultrasound ex-
amination and critical retrospective review highlighted
that craniosynostosis could be observed in their children
pre-natally. These cases highlight that children with
craniosynostosis at birth can be associated with mor-
bidity of both mother and her child, but this may be
preventable as careful review of an ante-natal ultra-
sound examination tends to reveal craniosynostosis.

Keywords Craniosynostosis - Ultrasound examination *
Caesarian section

Introduction

The process of labour and delivery of children with
craniosynostosis has received little attention with most
of the management directed to the care of an affected
child only after it is born and the condition diagnosed.

However, the presence of even a single suture affected
by craniosynostosis may have consequences during de-

P. J. Anderson (X)) - D. J. David

Australian Craniofacial Unit, Women’s and Children’s Hospital,
University of Adelaide, 72, King William Street, North Adelaide,
SA, 5006, Australia

E-mail: haemro2@hotmail.com

Tel.: +61-8-81617000

Fax: +61-8-81617080

N. R. McLean - D. J. David
Australian Craniofacial Institute, University of Adelaide,
226, Melbourne Street, North Adelaide, SA, 5006, Australia

livery since the physiological “moulding” of the head
which occurs during delivery requires normal cranial
sutures. The possibility of ante-natal diagnosis of cra-
niosynostosis could influence subsequent obstetric
management.

We report four cases where the mothers of children
with four different patterns of craniosynostosis have had
a prolonged labour and an adverse delivery. We suggest
that these might have been avoided with careful review
of the ante-natal ultrasound examination.

Case reports
Case 1

A 3-month-old girl was referred for assessment by
ACFU with trigonocephaly (Fig. 1a). She was the sec-
ond child of parents both aged 24, and was born at term,
the other non-surviving twin having been lost in the first
trimester.

Induction was performed at 41 weeks and after 22 h
of labour, a child weighing 2,975 g and with an abnor-
mal head shape was delivered. However, during delivery
the mother sustained a significant perineal tear, which
required repair. An ultrasound examination at 18 weeks
had identified the abnormal head shape and a sub-
sequent examination at 34 weeks showed flattening of
the frontal bones (Fig. 1b).

After 3 months during which she developed sa-
tisfactorily, she was referred to ACFU for further as-
sessment. The diagnosis of trigonocephaly due to
metopic synostosis was confirmed (Fig. 1c). She subse-
quently underwent frontal remodelling.

Case 2

A 3-month-old girl was referred for assessment of fore-
head asymmetry, who was otherwise thriving and de-
veloping normally (Fig. 2a).
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Fig. 1 a Case 1, vertical view of the child’s head demonstrating the
trigonocephaly. b The foetal ultrasound examination at 34 weeks,
demonstrating the flattening of the frontal bones, suggesting
trigonocephaly. ¢ Case 1, 3d CT reconstruction, age 3 months

She was the fourth child of a mother aged 34 and a
father aged 33, and she was born at term after a pro-
blematic pregnancy due to minimal foetal movement
during the last 10 weeks. The mother went into labour
spontaneously before successfully delivering her baby,

who weighed 3,800 g, 24 h later. This was associated
with disruption of the perineum which required repair.
This labour was much longer than any of her previous
three deliveries, and in addition to this was the most
difficult to achieve pain control. Ultrasound at 19 weeks
was reported as showing no abnormality, although a
retrospective  review revealed cranial asymmetry
(Fig. 2b).

The child was noted to have a similar marked head
asymmetry at birth, and when this worsened at 5 weeks,
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Fig. 2 a Case 2, age 3 months, viewed from above. b Case 2, foetal
ultrasound, aged 18 weeks. ¢ Case 2, 3d CT scan demonstrating
unicoronal synostosis

radiological examination suggested unicoronal synos-
tosis which was subsequently confirmed (Fig. 2c). Sur-
gical correction was undertaken.

Case 3

A 4-month-old boy was referred for assessment of sca-
phocephaly (Fig. 3a). He was the second child of father
aged 36, mother aged 32. The pregnancy was compli-
cated by the onset of gestational diabetes and pre-
eclampsia at 32 weeks.



The mother was induced at 39 weeks but after a trial
of labour lasting for 16 h, she underwent emergency
caesarian section. An ante-natal ultrasound examination
had been performed but was reported as normal
(Fig. 3b). The cranial deformity of scaphocephaly was
obvious at birth.

He was subsequently assessed as having sagittal sy-
nostosis and underwent calvarial remodelling.

Case 4

A 3-month-old girl was referred for assessment of bra-
chycephaly, who was otherwise thriving and developing
normally.

She was the first child of a mother aged 23 and a
father aged 39; she was born at term after an uneventful
pregnancy. After 24 h of labour and failing to progress,
an emergency caesarian section was performed. Birth
weight was 3,060 g and it was documented that she had

Fig. 3 a Case 3, age 5 months,
lateral view. b Case 3, foetal
ultrasound, age 32 weeks
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an abnormal skull shape at delivery. An ante-natal ul-
trasound examination of the foetus at 19 weeks had
been carried out, but this was reported as normal.

Skull radiographs were undertaken which suggested
bilateral coronal synostosis and this was confirmed at
specialist review. She has since undergone calvarial re-
modelling.

Discussion

These four cases of non-syndromic craniosynostosis
having different sutures affected presented within a 5-
month period in our department. In each case, the cra-
nial anomaly was clinically apparent either at birth or
shortly afterwards, and in all the four, the mothers had
undergone prolonged labour and complicated delivery.

All the four cases had undergone ultrasound ex-
amination and in each case, the biparietal diameter
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CHAPTER 7

DISCUSSION

7.1 Discussion

These papers describe three different approaches to investigate the structure and
behaviour of human cranial sutures and the clinical consequences of their early fusion
(craniosynostosis). These three approaches: the investigation of intracranial volumes,
the cytological genetic studies, and the suture ultrastructure and timing of
craniosynostosis, have each contributed to the overall understanding of the behaviour
of the human cranial sutures. The significance of each will be considered in turn

during the chapter.
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7.2 Intracranial Volume Studies

The pathological premature fusion of the cranial sutures produces disturbances in
cranial growth not just at the site of fusion but also compensatory changes in the
adjacent unfused sutures leading to the characteristic changes in cranial morphology
depending on the affected suture’’. It has been assumed by clinicians that the local
restriction of suture growth following craniosynostosis has an overall effect of a
reduced intracranial volume. This has led to the philosophy underlying surgical
correction with excision of the affected sutures and simultaneous expansion of the

. . %)
intracranial volume®.

These studies overcome the recognised weaknésses of the existing published studies
which test the underlying hypothesis that the intracranial volume is reduced in cases
craniosynostosis. Early attempts at direct measurement were made using water” and
mustard seeds*®. These approaches were both found to be unreliable methods and
yielded inconsistent results. This was due to air bubbles in the water and the mustard
seeds having variable packing density. To overcome these flaws of the direct
measurement further studies using indirect measurement became possible with the

advent of using 3D CT scans.

The early studies of indirect intracranial volume measurement in cases with single
suture cra.niosynostosisza’24 have had the disadvantage that they used normal values for
intracranial volume derived using a different method of calculation than the method
used to calculate the intracranial volume in the individual study. This raised concerns

regarding the validity of the results and suggested that this could be improved using
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normal values determined in the same manner as the experimental subjects®’.
Comparison of the normal intracranial volume determined by the Abbott-Netherway
curves with Lichtenberg values demonstrates significant differences between the two
sets of normal data®® and indeed explains the apparent differences between the

conclusions of this study into sagittal synostosis and the earlier study by Gault et al”.

The findings of the sagittal synostosis study does confirm the findings of the previous
study that overall the intracranial volume is increased in both males and females™.
The clinical significance of these findings is that the goal of surgical correction of
isolated non-sagittal synostosis, in the absence of raised intracranial pressure, is

calvarial re-modelling alone without volume expansion.

The findings of the study of metopic synostosis is significant because this is the first
time that it has been found in any study of children with non-syndromic
craniosynostosis that they have a smaller intracranial volume than an unaffected age
and sex matched normal population. Although this is new it cannot be completely
unexpected given the previous finding that cranial dysmorphology in this condition
worsens through time?®. While the numbers in this study are still small and only the
values for the male group have reached statistical significance, further studies of
males aged over six months using larger numbers (and all females), will clarify the

relationship between trigonocephaly and intracranial volume.

The study of Apert syndrome genotypes is interesting as it suggests that there is no
discernable difference in the intracranial volumes of the two genotypes. The study

has the disadvantage in that there are relatively few cases and requires some caution
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in forming conclusions. It does confirm the results of the earlier studies of Gault and
Posnick that the intracranial volumes for Apert syndrome as a whole are greater than
normal. However, it is interesting to compare this outcome with the findings of the
study by von Gernet et al.* which identified differences in the mental outcomes of the
two Apert genotypes. If there is a true difference in mental outcome then this must be
related to neurological factors other than differences in the pre-operative intracranial

volume.

The intracranial volume in the Case reports with both FGFR and TWIST mutations
when compared to the intracranial volumes of the Crouzon and Pfeiffer phenotypes
with single (FGFR) mutations fails to identify any discernable differences. This
suggests that in these cases the consequence of the additional TWIST mutation is
minimal on the resulting cranial morphology. However, this contrasts with the Apert
syndrome where the intracranial volume in the double mutation case is the only value
below the age and sex matched normal value when compared to all the other Apert
syndrome cases in this unit and indeed in the other previous studies®?’. Interestingly,
the clinical course has been similar to other Apert cases despite the clear difference in
intracranial volume. Clearly, the significance of the additional TWIST mutation will
become clearer as more cases are available for study but the currently available
evidence suggests that the additional effect of this mutation in the presence of a pre-

existing FGFR2 mutation is minimal.
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7.3 Somatic mutations

The underlying cause of most cases of non-syndromic single suture craniosynostosis
remains unknown. It is established that pathological conditions with somatic
mutations affecting the FGFR2 and FGFR3 genes occur. The possibility that non-
syndromic craniosynostosis could be the result of somatic mutations of genes which,
when mutated, are known to be responsible for syndromic craniosynostosis was
worthy of investigation. The subsequent finding that there is an absence of FGFR
and TWIST mutations in all exons known to contain mutations in syndromal forms of
craniosynostosis in the cultured fused cranial suture cells tested suggests that somatic
mutations of these genes are unlikely to be a major cause of single suture non-

syndromic craniosynostosis.

However, the possibility of somatic mutations occurring in cranial suture cells hasn’t
completely been excluded by the study as there are other explanations of the current
findings. Firstly, it is possible that mutations of FGFR and TWIST (if they occur) are
in sites that have not been previously recognised. Some support for this comes from
the recent finding of the mutation in FGFRI gene underlying Kaliman syndrome49
which uniquely occurs in the intracellular component of a fibroblastic growth factor
receptor. Secondly, it is possible that somatic mutations could occur in other genes
known to be important in craniosynostosis including Msx2*' and Alx4>°. Finally, it is

also possible that epigenetic and environmental factors contribute to this common

form of craniosynostosis.
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Despite the negative finding of this study it remains likely that there will be genetic
mutations associated with the process of craniosynostosis. Additional studies of the
genes of fused and unfused suture cells will aid the investigation and aid the
identification of the genes which control the intracellular processes which are central
to the fusion process. The use of microarray technology will be invaluable to this

study and preliminary results have already identified some candidate genes’ !
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7.4 Ultrastructural Studies

The use of high resolution scanning electron microscopy to study sutures undergoing
craniosynostosis has yielded images which reveal the orientation of the collagen
fibres at the calcification front. These studies confirm that the process advances at
different levels within the same suture and also that it usually appears to commence at
the endocranial surface. Further studies may clarify if this is always the case in all
sutures. This is important for clarifying the relationship between the dura mater and

the cranial sutures.

Micro-CT scans allow accurate assessment of the suture patency and have the
advantage that the whole suture can be visualised when compared to its histological
evaluation. This is particularly so in cases where the process occurs at different levels
between the endocranial and ectocranial surfaces. This technique will become
particularly useful to study ex-vivo suture culture studies. The pattern and orientation
of the trabeculae can also be studied using this tool, which may provide clues to the

mechanical forces present in and around the suture.

It has previously been recognised that cranial anomalies associated with syndromic
craniosynostosis can be identified during the second and third trimester of antenatal
ultrasound examinations'>. The small investigation undertaken here identifies that
non-syndromic single suture craniosynostosis can also be recognised on foetal
ultrasound examinations during the second trimester. This is the case with sagittal,
metopic and coronal sutures. Further retrospective studies of the antenatal ultrasound

examinations of a large cohort of children with non-syndromic craniosynostosis will
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clarify whether the timing of the process is constant for a particular affected suture.
Further study of the timing of this fusion process is worthy given that it is also
currently recognised that the onset of craniosynostosis may not start until several
years after birth®>>® suggesting that there is a long period during which the fusion

process can be initiated.
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7.5 Overall

The importance of the cranial sutures is that their development and function plays a
critical part of craniofacial development. Abnormalities of this process, particularly

craniosynostosis, impact on the developing craniofacial skeleton.

The study of the cranial anomalies resulting from craniosynostosis and accurately
determining the intracranial volume are important aids to the considered clinical
management of children with craniosynostosi523. The finding that the intracranial
volume is increased in comparison with age and sex normal values in sagittal
synostosis but decreased in males older than six months with metopic synostosis both
impact on surgical practice. It also suggests that further study of the other affected
sutures in non-syndromic individuals is warranted. Preliminary results on small
samples have identified that intracranial volumes are often greater than age and sex
normal values in both unicoronal and unilambdoid craniosynostosis but without

. ol = m 4
reaching statistical 51gn1ﬁcance5 .

It has been the working hypothesis of craniofacial surgeons that craniosynostosis
results in reduced intracranial volume and surgical correction has included volume
expansion to correct this. These studies challenge the validity of the underlying
hypothesis and it would appear that calvarial remodelling is the more important
surgical goal in cases of non—syr.ldromic sagittal craniosynostosis. In Apert syndrome
although the intracranial volume may be above normal the rationale for undertaking a

fronto-orbital advancement remains when despite the subsequent increase in
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intracranial volume it is undertaken for the exorbitism to provide protection of the

corneas.

Further studies using larger populations and a wide range of clinical and
morphological parameters will be required to fully elucidate the relationship between

genotype and phenotype in Apert syndrome.

At the cellular level there is still much which remains to be discovered particularly
regarding the intracellular processes resulting in the process of craniosynostosis.
While there has been the discovery of underlying genetic mutations in the more
common craniosynostosis syndromes, a cause for underlying factors in the more
prevalent single suture craniosynostosis remains largely elusive. It would appear
likely from the currently available evidence that the intracellular pathways which
control the processes of suture cell differentiation and proliferation are key to the
understanding of the pathological process of craniosynostosis in non-syndromic
individuals. In this regard an increased understanding of molecular biology will be

important to further study.

In the long term, improved understanding of these cellular processes could provide
the foundation to develop treatments aimed at slowing or stopping the premature
differentiation process of the suture cells and thereby interfere therapeutically with the
process of craniosynostosis. This goal would have very significant beneficial clinical

consequences to patients and their families, as well as the wider community.
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APPENDIX TWO Ethical Approvals
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2. Molecular pathways of Craniosynostosis project REC 1033/10/2005
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