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A b s t r a c t

This thesis considers norm al person to person variation in 
facial features, as opposed to aberran t variation usually  classified as 
dysmorphology. An attem pt has been made to categorise the face 
simply, as a combination of a relatively small num ber of variable 
com ponents, in an attem pt to reduce the complexity of individual 
appearance and make the face more am enable to genetic analysis.

Three-dim ensional facial dafcfii ha<A5been collected from over 
1 0 0 0  individuals, both unrelated individuals and family groups, 
using two types of optical surface scanner and the m erits of these 
system s were evaluated. Methods of analysing the da ta  were 
investigated, a traditional landm ark approach was used for direct 
m easurem ent of various facial dim ensions and novel techniques 
exploring properties of surface geometry were used to delineate the 
face into areas of similar shape to facilitate discrete classification.

Aspects of midline features including the chin cleft and nose 
were classified into discrete categories and analysed at both the 
population and family level. When tested for Mendelian segregation in 
available family data  (two-parent plus offspring families), the nose 
band classification fitted to an autosom al dom inant model of 
inheritance (40 families) and the chin cleft fitted to an autosom al co­
dom inant model (49 families studied).

The majority of subjects analysed were norm al individuals but 
a small set of patients (n=14) with Medullary Sponge Kidney (MSK) 
were investigated in order to explore face scanning as an  objective 
diagnostic tool. Minor asym metry of the face, previously described in 
MSK, was assessed  using two landm ark-based approaches bu t was 
not found to be significant compared with m atched controls.

The analysis and m easurem ents made to establish phenotypic 
classification of the face have enabled preliminary genotype- 
phenotype association studies to be performed. Polymorphisms in 2 
candidate genes were typed and analysed in a set of up to 97 scanned 
unrelated  subjects where DNA had been collected. Although no 
significant associations were found this dem onstrated the practical 
feasibility of such an approach for identifying genes responsible for 
facial variation.

This project provides a novel perspective on addressing the 
complexity of the genetics of facial variation. The classifications 
described in this thesis have made aspects of individuality am enable 
to association and family studies and open the way for the 
development of larger-scale initiatives to identify genes responsible 
for facial appearance.
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C h a p t e r  1

Introduction

The overall aim  of th is thesis  is to a tta in  som e u n d e rs tan d in g  of 

the  re la tionsh ip  betw een the  variation in facial appearance  and  the  

underly ing  genetic constitu tion . A lthough h u m a n s  are  extrem ely 

com plex it is possible to view ou r genom e as an  extensive series of 

sim ple assem bly  in struc tions th a t progressively ac t to generate  a  

com plex organism . G enes are  the  sta rting  points; the  genes encode 

pro teins, w hich in tu rn  con tribu te  specific qualities to cells su ch  as 

polarity, adhesion , reception to signals, an d  m etabolism . In norm al 

developm ent a  cell lineage becom es estab lished , cells in te rac t an d  

m orphogenesis, h istogenesis and  growth re su lt in  the  complex 

phenotype. It is from deploying a  relatively lim ited range of basic  cell 

p roperties in various ways th a t a  vast range of com plex phenotypes 

can  be built.

This project h a s  taken  advantage of recen t developm ents in 

bo th  Medical Physics (3D image cap tu re  an d  analysis) and  H um an 

G enetics (gene identification and  function  analysis). Inform ation from 

these  separa te  d isciplines h a s  been  com bined in th is  th esis  to 

p roduce basic  groundw ork tow ards m aking the  face m ore am enable  

to genetic analysis. The rem ainder of th is  in troduction  is organised  

in to  two parts ; the  first ch ap ter is focused on the  descrip tion  of 

m ethods of analysis (including physical techn iques a s  well a s  an
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accoun t of norm al variation) while the  second ch ap te r concerns the  

biology of the  face (including anatom y, embryology, an d  abnorm al 

developm ent).

The appearance  of the  h u m an  face h a s  been  fu ndam en ta l to 

bo th  biological an d  social functioning since the  origin of the  species. 

There are several obvious and  basic  functions of the  face, w hich have 

evolved in h u m an s  and  o ther p rim ates to a  great extent. The face is 

the  focal poin t for com m unication con tribu ting  to speech, expression, 

em otion an d  recognition as well as being the  h u b  for nu trition , 

resp ira tion  an d  the  special senses. O ur ability to recognise and  

identify o ther individuals is dependen t on finely tu n ed  analysis of 

person  to person  variation in facial fea tu res, w hich m akes u s  each  

un ique.

The genetic elem ents of facial fea tu res were inadvertently  

recognised well before the  ac tu a l concept of genes w as docum ented  

an d  it is com m on for p a ren ts  and  o ther relatives to recognise an d  

com m ent on fam ilial fea tu res in a  new born baby. Kin resem blance, 

recognition of ‘identical' tw ins, an th ropom etric  s tu d ies  and  racial 

stereotypes of different populations are all ind irect a ttem p ts  a t 

defining the  genetic basis for norm al variation in the  h u m a n  face.

From  the  late n ine teen th  cen tu ry  the  study  of phenotypic 

varia tion  and  heredity  in m an  w ent into overdrive w ith  sta tis tica l 

analysis of n u m ero u s tra its , bo th  quan tita tive  an d  qualitative 

b rough t u n d e r scru tiny . These are exemplified by the  range of topics
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investigated by Francis Galton and include studies of twins (Galton 

1875), transm ission of acquired habits (Galton 1889), eugenics 

(Galton 1909), fingerprints (Galton 1891), and his fam ous publication 

Heredity Genius (Galton 1869). The tu rn  of the century also brought 

a renewed interest in the phenotypic variation of hum an  faces, in 

particu lar facial pathology and dysmorphology, coinciding with the 

rediscovery of Mendelian laws. There was a well-known dispute 

between Galton and Bateson, a Mendelian geneticist, concerning the 

genetic aetiology of physical deformities. Galton believed tha t 

characteristics such as cleft lip and palate were signs of physical and 

racial degeneracy where as Bateson attributed  such characteristics to 

Mendelian inheritance (cited by Melnick 1997). Galton gave m uch 

thought to the inheritance of physical a ttribu tes in norm al subjects, 

and actively encouraged m em bers of the general population to record 

their personal information relating to growth and development 

(including height, eye colour and tem peram ent) in a family album  

term ed ‘Record of Family Faculties’ (Galton 1884).

This century several a ttem pts have been m ade to try to classify 

and describe various aspects and individuality of the head and face 

for clinical, anthropological and forensic purposes. For instance, 

Galton devised a m ethod of num eralising facial profiles for individual 

identification; a  subject’s profile could be described by four quintets 

of num bers referring to both physical m easurem ents and subjective 

features of their profile (Galton 1910). Early work carried out on the
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genetic basis of morphological variation in general (Osborne and De 

George 1959) used twin studies, not dissim ilar to those carried out by 

Galton, concentrating on the problem of heredity versus environm ent. 

This study found th a t generally anthropom etric m easurem ents 

showed the strongest genetic component when the m easurem ents 

were taken along the longitudinal axis, i.e. height m easurem ents. 

They concluded tha t the following m easurem ents were good 

m easures of ‘genetic only’ influences in both sexes: upper face height, 

nose height, head height, and bigonial breadth. More recent studies 

(Devor 1987), concentrating on the face as a singular complex object, 

addressed the problem caused by gene-environm ent interactions and 

used more complex statistical approaches based on m easurem ents of 

face width and height in an attem pt to identify and define heritability 

of craniofacial dimensions. They concluded th a t it was very difficult 

to differentiate the gene-dependent com ponent of facial similarity 

from other environmentally dependent factors.

Much of the work done on facial classification has been based 

on m easurem ents between an extensive repertoire of landm arks, 

described in detail in m any books (Hrdlicka, 1920; Farkas, 1994). 

Such m easures have been used, directly or to produce average faces 

in num erous studies including analysis of dysmorphology (Zumpano 

et al 1999), facial asym m etry (Shaner et al 2000), sexual dim orphism  

(Rao and Suryaw anshi 1998), ethnic variation in facial form 

(Miyajima 1996), and attractiveness (Perrett et al 1998). While there
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is relatively little change in the  positioning of anatom ical landm arks 

u sed , m ethods incorporating  th in  p late sp lines have been  developed 

to increase  the  repertoire of poin ts available for analysis, especially 

w here there  are  no obvious anatom ical lan d m ark s (Bookstein 1997).

There are  nu m ero u s techn iques for s ta tis tica l in te rp re ta tion  of 

lan d m ark  d a ta  se ts, aside from straightforw ard  calcu lations of angles 

a n d  d istances, popu lar m ethods include; P rocrustes analysis (Mosier 

1939), deform ation/ transfo rm ation  grids (Thom pson 1917 Bookstein 

1977) an d  E uclidean  d istance  m atrix  analysis (EDMA) (Lele 1993). 

These m ethods explore variability w ithin  an d  betw een d a ta  se ts by 

estim ating  average shape, looking a t shape  change a n d  provide 

inform ation on the  direction and  exten t of shape  change betw een 

da ta . Such  m ethods have been applied to clinical pathology, to try  to 

describe the  physical difference betw een norm al an d  abno rm al and  

aid  diagnosis an d  m anagem ent of dysm orphology. A pplications 

include stud ies of sexual dim orphism  (Ferrario et al 1994), abnorm al 

craniofacial growth (Richtsm eier an d  Lele 1990), cleft lip and  palate  

(McAlarney and  C hiu 1997), an d  m alocclusion of the  m andible  (Singh 

et al 1998). These approaches have also been  applied in 

anthropological s tud ies of hu m an  evolution (Bookstein e t al 1999), as 

well as in stud ies of related  individuals (Byard et al 1985).

G enetics h a s  advanced a t a  phenom enal rate: on 25^^ J u n e  

2 0 0 0  th e  two groups working on sequencing  the  whole h u m an  

genom e. H um an Genom e Project and  Celera G enom ics, join tly
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an n o u n ced  th a t  they  h ad  com pleted initial sequencing  of the  h u m an  

genom e ahead  of schedule. The fully fin ished high quality  sequence is 

expected to be available w ithin th ree  years. M ethods for genetic 

analysis su ch  as whole genom e scan s now m ean  th a t  the  ta sk  of 

linking genes w ith facial fea tu res is no t so form idable as previously 

envisaged. W ith the  sequence practically  know n m ore efforts will be 

focused on identifying and  charac terising  genes an d  gene products. 

Extensive w ork on a  range of m odel organism s, h a s  provided u s  with 

an  u n d e rs tan d in g  of the  ‘building b lock’ genes, su ch  as th e  Hox 

genes, w hich are  considered to be a  broadly conserved developm ental 

s ta rtin g  poin t in chordates (Veraksa et al 2000). The advances m ade 

in  u n d e rs tan d in g  the  effects of these  genes, the ir p roducts  and  

in te rac tions have benefited the u n d e rs tan d in g  of h u m an  

developm ent. The genetic basis of a  large n u m b er of h u m an  

pathological an d  dysm orphological conditions is now know n w ith a t 

lea st 40 craniofacial syndrom es having a  well-defined genetic 

aetiology (Winter 1996).

Advances in  com puter technology have led to th e  developm ent 

of a  3D optical surface scan n er th a t is u sed  to record, w ith a  high 

degree of accuracy , the  surface shape  of the  face (Arridge et al 1985). 

The scan  d a ta  provide a  perm an en t record of facial m orphology and  

th is , coupled w ith the  developm ent of new shape  analysis software, 

h a s  m ean t th a t now it is possible to view variation  in h u m an  face 

sh ap e  in a  n u m b er of new and  different ways. This, together w ith
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progress in h u m an  genetics, increases the  feasibility of linking facial 

phenotype w ith DNA genotype.

1.1 Analysis of facial features

The fascination  w ith the  analysis an d  descrip tion  of the  h u m an  

face is reflected in a  vast am oun t and  range of lite ra tu re . There are 

m any  books devoted to th is  sub ject including; The Face (McNeil 

1998), In the  Eye of the  Beholder (Bruce and  Young 1998), About 

Face (Cole 1997), The H um an Face (Liggett 1974) an d  Biology an d  

Cognitive Development: The case of face recognition (Johnson  and  

M orton 1991). These together w ith additional inform ation have been 

sourced  to provide a  brief h istory  of the  quantification  of h u m an  

facial features.

1.1.1 H istorical in troduction  of in te res t in the  face

From  ancien t to m odern tim es the  face h a s  been  the  sub ject of 

w onder. Egyptian a rtis ts  u sed  grid system s in order to draw  h ead s  to 

ideal p roportions (cited by Robins 1994), and  these  an c ien t m ethods 

are  no t greatly d issim ilar to those described  by M oorrees et al (1976) 

to aid cephalom etric analysis.

Ancient G reeks were in te rested  in form ulating  ru les  to define 

beau ty . They u sed  geom etry to record an d  analyse  basic  d im ensions 

a n d  proportions of the  face (Beardsley 1966). A ristotle m ade 

reference to th is  w hen defining genus: ‘a p a r t  f r o m  s u p e r f ic ia l

CHARACTERS, THE ESSENTIAL DIFFERENCES BETWEEN SPECIES ARE MERELY
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DIFFERENCES OF PROPORTION, OF RELATIVE MAGNITUDE OR OF EXCESS AND

d e f e c t ’.

Pythagoros, Plato, Euclid and  o ther em inent figures identified the 

‘golden section’ w hich they believed were the  p roportions th a t 

p roduced  optim um  visual harm ony. These ra tios were th o u g h t to be 

cen tred  on the  n u m b er 1.618, or its reciprocal 0 .618, w hich also 

describes the  ratio  of successive nu m b ers  in the  series described by 

the  Italian  m athem atic ian  Leonardo Fibonacci (cited by R icketts 

1982); it is also referred to as phi. Early Ja p a n e se  B u ddh ists  also 

believed there  w as a  n um ber w hich described perfect proportions, for 

them  it w as 1.414 or the  square  root of two (Nakajim a e t al 1985).

In m edieval tim es superstitions focused on the  occult, and  

sub jec ts  su ch  as fortune and  ch arac te r depiction th ro u g h  phrenology 

a n d  facial fea tu res are  well docum ented. These in te res ts  in 

phrenology an d  physiognom y have persisted  u p  u n til relatively recent 

tim es; con tinu ing  th rough  the  e ighteenth  (Laveter 1789), n ineteen th  

(Cross 1817), an d  tw entieth  (Burr 1935) cen tu ries. M odern stud ies 

^ a lo g o u s  to these  w orks include efforts to m ap cognitive function 

(Terrazas and  M cNaughton 2000) an d  stu d ies  of recognition and  

percep tion  of facial expression (Hassin and  Trope 2000).

The ren a issan ce  period brough t the  in tegration  of a rt and  

science an d  a  resurgence of efforts to describe m athem atically  facial 

form  an d  beauty . Leonardo d a  Vinci’s trea tise  on pa in ting  (published 

after h is death , Parigi 1651), entitled  ‘T ratta to  della p it tu ra ’ included

21



a  guide to a rtis ts  addressing  the  problem  of accura te ly  rep resen ting  

the  face. The book focused on describ ing various ra tio s and  

proportions of the  h u m an  face. For exam ple it show s how  the  face 

could be broken u p  into four m ain  parts ; the  forehead, nose, m outh  

an d  chin. Da Vinci acknowledged the  complexity of the  nose and  

rationalised  its descrip tion  using  th ree  variable p roperties (straight, 

concave and  complex) w hich in various com binations gives a  

g radually  m ore complex s tru c tu re . Leonardo's so-called grotesque 

h ead s  are  also closely linked w ith th is  trea tise . They have been 

described  as carica tu res; b u t actually, they  are varia tions of the 

h u m a n  face in its g radations betw een the  extrem es of beau tifu l and  

ugly, norm al and  abnorm al, dignified an d  vulgar. They also relate to 

anatom ical-physiological stud ies, in w hich old age is co n tras ted  with 

youth .

Da Vinci’s work inspired  the  G erm an m athem atic ian  an d  artist, 

A lbrecht D urer, to produce very detailed stud ies of h u m a n  

proportion. D urer cam e to the  conclusion th a t the  face resem bled  a  

m ultifaceted  form ation, consisting  of sm all geom etric a reas , w hich 

are  jo ined  in various angles. After h is dea th  in 1528, h is  m ajor w ork 

‘F our books on h u m an  p roportions’ w as pub lished , giving system s for 

m easu rem en t an d  guides to the  proportions of different p a rts  of the  

body including  the  head  (Durer 1528).

Both D a Vinci and  D urer were in te rested  in transfo rm ation . For 

exam ple. Da Vinci’s w orks included detailed draw ings show ing the
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transfo rm ation  of a  lion head  into th a t of a  m an. These ideas inspired  

the  Sco tsm an D’arcy T hom pson to describe h is transfo rm ation  grids, 

w hich provided a  prim er to m any of the  m odern  m ethods of s ta tis tica l 

in te rp re ta tion  of variation betw een two form s. T hom pson observed 

th a t there  only a  few generic shapes repeatedly  u se d  by n a tu re . These 

sh ap es are  greatly modified by slight varia tions in the ir physical and  

chem ical environm ent during  growth an d  developm ent. He drew  two 

different species of crab, and  superim posed a  grid over each  an d  by 

m athem atica l transfo rm ation  of the  co-ord inates show ed how a  great 

variety of c rab  shapes m ight be produced from ju s t  one generic crab  

p a tte rn  (Thompson 1917). This pioneering work, w hich basically 

involved recording the  differences betw een form s as d isto rtions in co­

o rd inate  grids, w as very h a rd  to reproduce u p  u n til recently  w hen 

B ookstein (1977) in troduced  the concept of b iorthogonal grids.

The face h a s  also been im portan t in the  field of forensic science 

a s  a  tool for identification and  m ore controversially as a n  index of 

crim inality. C esare Lombroso, an  Italian  physician , p sy ch ia tris t an d  

crim inologist, caused  an  u p ro a r w ith the  publication  of h is book 

‘L'uomo de linquen te’ (Criminal M an 1911). In th is  work, Lombroso 

u se d  D arw inian ideas of evolution to explain crim inal behaviour. He 

m easu red  an d  com pared the heads of living an d  executed  crim inals 

ag a in st the  sku lls of apes, p rehistoric  h u m a n s  an d  'prim itive' 

peoples. From  his com parisons he concluded th a t  crim inals were 

victim s of a tavism  an d  a lthough  he gradually  cam e to th in k  th a t
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social factors were also significant in crim inal d isposition  he still 

believed th a t  a t least forty percen t of crim inals were p risoners 

th rough  the ir biological inheritance.

In m id-n ineteen th  cen tu ry  France, work carried  o u t by 

A lphonse Bertillon w as no t so far rem oved from e-fit descrip tions 

u sed  for crim inal identification today (Rhodes 1956). In 1882 

Bertillon began u sing  h is system  of crim inal identification, on 

offenders deta ined  a t Paris 's Palais de Ju s tice . E ssentially , the  

Bertillon system  entailed  photographing  the  sub ject looking directly 

a t the  cam era, th en  in profile w ith the  cam era  cen tred  u pon  the  right 

ear. Besides the  two photographs, the  heigh t of the  sub jec t w as 

recorded, together w ith the  length  of a  foot, an  arm  an d  a n  index 

finger. By the  early 1890s, Bertillon's techn iques proved extrem ely 

usefu l and  there  are  elem ents of th is  system  still being u sed  by police 

forces and  im m igration au tho rities a round  the  world. Sir F rancis 

G alton also experim ented w ith photography and  w orked w ith 

Bertillon on recording bo th  the  face an d  the  fingerprin ts of crim inals. 

G alton also developed a  technique for p roducing  com posite 

pho tographs, in  o rder to generate  an  average crim inal face an d  also 

an  average family face to illu stra te  sim ilarity in resem blance  (Galton 

1878).

Copies of photographic im ages were expensive to produce and  

posta l services were unreliab le , w hereas m easu rem en ts  could be 

tran sm itted  by telegraph. This p rom pted  G alton to devise h is m ethod
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of num era lising  profiles in order to provide a  m eans of 

com m unicating  a  good likeness of an  individual via te leg raph  using  a  

series of num erica l couplets (Galton 1910). This described  an  

individual appearance, in profile, in  a  form at ideal for 

com m unication, illu stra ted  in Figure 1.1.

The varia tions in facial fea tu res across popu lations have been 

m uch  stud ied  professionally by anthropologists. S tan d ard  

m easu rem en ts  for sexes, e thnic groups, ages (Parkas an d  M unroe 

1987) an d  norm al asym m etries (Parkas and  C heung 1981) a s  well as 

growth s ta n d a rd s  and  collections of norm al physical m easu rem en ts , 

(Hall et al 1989) from extensive descrip tions of an th ropom etric  

m easu rem en ts , have been collected. Such  detailed anthropological 

records of facial d im ensions have facilitated detailed reconstruction  

from skulls (Tyrrell et al 1997).

In addition to m orphological in te res t in the  face there  is also a  

large body of lite ra tu re  on m ore dynam ic a spec ts  of the  face su ch  as 

em otion, recognition, perception, psychology and  a ttrac tiveness. 

Darwin considered the  c ro ss-cu ltu ra l perception of facial expression  

and  em otion in h is book entitled  the  T he expression  of em otion in 

m an  and  a n im a ls’, recently  edited by Paul E km an  (Darwin, Edited by 

E km an 1999). H um an em otion an d  facial expression  h a s  been  a  

focus for m any psychological s tud ies for exam ple the  fam ous 

experim ents carried  ou t by C harles Bell u sing  electrical stim uli to 

artificially induce em otion in a  subject.
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Figure 1.1 G allon ’s n u m eralised  p rofiles for c la ss if ica tio n  and reco g n itio n .
A -an atom ica l landm arks u sed  to  m ake variou s fac ia l h e ig h t and w idth  
m ea su rem en ts . B - m orp h olog ica l d escr ip tio n  o f  fac ia l parts. C - fac ia l p rofiles  
stan d ard ised  for s iz e  and describ ed  n um erica lly . (R eproduced from  paper by  
G alton , 1910)

T he profile is  w ritten  as follow s: Nx n Ny Lx Ip Ly , Ux and Lx are v er tica l
Ux u  Uy . b g 11 k

m ea su rem en ts  ta k en  from  th e  re sp e c tiv e  landm arks to  th e  dropped  
perpend icular X, and Ny, Uy and Ly are h orizon ta l m ea su rem en ts  ta k en  from  
th e  re sp e c tiv e  landm arks to  th e  lin e  B’C’(A). n  d escr ib es th e  m orphology  
under th e  n o se , u  d escr ib es th e  curvature o f  th e  area under th e  n o se  o n to  th e  
upper Up, Ip d escr ib es th e  p rotrusion  o f th e  upper and low er Ups a t rest, b 
d escr ib es th e  fron ton asa l curvature, g d escr ib es th e  profile o f  th e  n o se , U 
d escr ib es th e  s iz e  o f  th e  Ups and k d escr ib es th e  curvature b etw een  th e  end  o f  
th e  low er Up and th e  m andib le.
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Facial expression is an  im portan t variable for a  large n um ber of 

s tud ies on h u m an  in terac tion  and  com m unication  an d  h a s  becom e a  

m easu re  frequently  u sed  in n u m erous stud ies as m any  neurological 

and  psychiatric  d isorders involve aberra tions in expression , 

perception, or in te rp re ta tion  of facial action. Analysis of inappropriate  

facial expressions m ay provide evidence for the  location and  type of 

b ra in  lesions, for exam ple, recen t w ork h as  show n th a t  individuals 

w ith H unting ton  d isease are very poor a t recognising em otion, in 

p a rticu la r d isgust (Sprengelm eyer et al 1996).

There is a  long history  of research  into face recognition and  

in te rp reta tion . However, as th is p resen t study  is concerned  with 

objective quantification  of the  s tru c tu ra l fea tu res of the  face as 

opposed to dynam ically dependen t properties, the  fields of face 

recognition an d  in te rp re ta tion  are no t developed fu rther.

1.2 Methods for measurement of the face

1.2.1 A nthropom etry

A nthropom etry literally m eans ‘m easu re  h u m a n ’. 

A nthropom etry  h as  been extensively applied in clinical analysis 

(Ward an d  Jam iso n  1991), especially of craniofacial dysm orphologies 

an d  in a sse ssm en t of pre- an d  post-operative surgery  to the  head  and  

neck  (Parkas et al 1993). The prim ary  goal in  assess in g  craniofacial 

dysm orphology is to determ ine the  m orphological deviation from 

‘n o rm al’. Patien ts are m atched  for age, sex an d  e thn icity  and

com pared  w ith a  norm al population. G enerally the  norm al range is
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tak en  as the  m ean value p lus or m inus two s ta n d a rd  deviations, w ith 

the  optim al range falling w ithin one s ta n d a rd  deviation (Farkas 

1987).

In o rder to provide a  quan tita tive  a sse ssm en t F ark as described 

a  com prehensive set of 47 landm arks, a  com bination of classical 

anatom ical landm arks a s  well as additional m easu ring  poin ts, to 

m ake linear and  angu la r m easu rem en ts of the  h ead  a n d  face (Farkas 

1994). Detailed m easu rem en ts provide an  ad ju n c t to m ore subjective 

m ethodology. This is particu larly  relevant in the  field of 

dysm orphology w here there  is a  heavy reliance on the  experienced 

clinician to recognise the  overall 'gestalt' of a  pathological facial 

phenotype. In order to acquire an thropom etric  m easu rem en ts , 

callipers and  m easu ring  tape are u sed  and  the  d a ta  are recorded 

directly from the subject. The m ain  sources of error in th is  m ethod 

arise  from the  inaccu ra te  identification of landm arks , relative sizes of 

m easu rem en ts  (sm aller d istances have proportionally  larger error), 

im proper m easu ring  an d  inadequate  u se  of the  m easu rin g  equipm ent 

(Jam ison and  W ard 1993). Additional draw backs are  th a t  the  sub ject 

is requ ired  to sit still for a  long period of tim e while the  

m easu rem en ts  are  being m ade and  only one rep resen ta tio n  of the  

face is produced.
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1.2.2 Photogram m etry

Photogram m etiy  depends on the collection of d a ta  from 

s ta n d a rd  photographs. It is convenient an d  widely u se d  in the  

m edical sector (Kohout et al 1998; B ishara  et al 1995). The m ain  

difficulty w ith photogram m etry  is the  accu ra te  identification of the 

landm arks. Subtle variations in lighting or in the  position  of the  

sub ject w hen photographed m ake it very difficult to m ake accu ra te  

com parisons. It depends upon  veiy careful s tan d a rd isa tio n  of the  size 

of the  photograph  an d  views of the  sub ject (Nechala et al 1999). In a  

com parative study  of 62 m easu rem en ts , taken  from pho tog raphs and  

living sub jects, only 26 of the  m easu rem en ts  were reliable from the 

pho tographs w hen com pared to the  liv ing’ sub ject (Farkas et al 

1980). The b est re su lts  from pho tographs were a tta in ed  w hen the  

lan d m ark s were placed physically on the  face of the  sub jects.

1.2.3 S tereophotogram m etry

W hen the  left and  right eyes view the sam e im age from their

slightly different vantage poin ts the  b ra in  perceives th e  im age in

term s of dep th  as well as latera l an d  vertical position. This is the

b asis  of b inocu lar vision and  is exploited in stereophotogram m etric

techn iques th a t u se  two or m ore cam eras a t a  fixed d istance  apart, to

record  the  sam e object from slightly different view points. The m ain

problem  for the  analysis of facial surfaces is th a t it is difficult to

rep resen t p a rts  of the  face w here there  are  no obvious fea tu res to

reg ister su ch  as the  cheeks an d  forehead. C om panies su c h  as
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Cyberware and  Tricorder have m ade significant p rogress in 

generating  3D im ages of the  face from advanced 

stereophotogram m etric  techniques. In one case, six cam eras record 

the  data . To help w ith the  alignm ent of im ages from each  cam era, a  

p a tte rn  of speckled light points is projected onto the  su rface  of the 

face. The location of the  p a tte rn  from all vantage po in ts  is referenced 

to provide a  3D image. This technique h a s  been  u sed  in  several 

recen t s tud ies  of the  face including stud ies of facial asym m etry  

(Shaner et al 2000) an d  growth (Ras et al 1996).

Moiré photography is an o th e r non-invasive projection 

techn ique for obtaining 3D inform ation from the  face. It involves 

offsetting the  light source and  placing a  light refracting  tra n sp a re n t 

grid system  in front of the  face. The light projects th ro u g h  th e  grid 

twice, first on to the  facial surface and  th en  back  th ro u g h  th e  grid to 

be cap tu red  by a  cam era. This generates an  in terference p a tte rn  of 

d a rk  and  light lines (fringes), each fringe rep resen ts  a  se t of poin ts 

equ id is tan t from the  grid. The fringes ap p ea r as a  series of con tour 

p lots of sim ilar dep th  on the  facial surface. This h a s  been  u sed  to 

evaluate  craniofacial surgical correction (Chen an d  lizuka  1995) and  

to generate  norm al facial m easu rem en ts  (Zhang et al 1990).

1.2.4 Recording 3D landm arks

These m ethods of 3D d a ta  cap tu re  rely on recording  th e  x, y, z

co-ord inates of each landm ark  to a tta in  a  spa tia l re la tionsh ip

betw een landm arks. The full descrip tion  of the  location of the
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lan d m ark  requires inform ation on bo th  the  position a n d  the  

orien tation  of the  poin t in relation to the  body. There are  cu rren tly  

two m ethods; con tact and  non-contact. C ontact techn iques involve 

th e  positioning of a  sty lus a t each  individual lan d m ark  point, w hich 

a lthough  precise is very slow and  therefore no t p rac tica l for collection 

of com prehensive d a ta  sets. Optical surface scann ing  in  co n tra s t is a  

very rap id  non-con tac t m ethod for 3D d a ta  collection an d  is described 

in m ore detail below. C om puterised tom ography (CT) is an o th e r 

m ethod applied to collect 3D d a ta  from the head , b u t b ecau se  of it's 

invasive n a tu re  it is no t practical for th is  project an d  so is no t 

considered further.

Optical Surface scanner

The optical surface scan n er w as designed an d  bu ilt in response 

to the  growing need for clinicians to be able to objectively m onitor the 

outcom e of reconstructive surgery in 3-D (Moss e t al 1988). The 

system  allows th o u sa n d s  of 3D co-ordinates to be recorded  in 

seconds (Arridge et al 1985).

The fixed laser scan n er records the  surface co-o rd inates of the

face u sing  a  low-grade laser beam  th a t is fanned  o u t in to  a  line and

projected onto the surface of the  face. The line is d isto rted  by the

shape  of the  face and  is recorded by a  CCD cam era. Two m irrors are

a rranged  in su ch  a  way th a t the  cam era  can  view the  laser line from

two opposite angles, th is  prevents loss of the  signal c au sed  by

occlusion. In o rder to get a  surface scan  of the  face th e  individual is
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ro ta ted  on a  platform  u n d e r com puter control. The d a ta  set collected 

from one scan  norm ally consists of abou t 40 000 x, y, z co-ordinate 

po in ts lying on the  surface of the  face. The accuracy  of the  d a ta  is 

recorded w ith a  precision be tter th a n  0.5m m . The reproducibility  and  

accuracy  of the  d a ta  from fixed laser scan n ers  h a s  been  analysed  

(Aung et al 1995; B ush  and  A ntonyshyn 1996).

There is now a  wide range of optical surface s c a n n e r s /3D 

digitisers available w hich have applications in surgeiy , clinical 

stud ies, p rosthetics, forensics, archaeology, psychology an d  art. From  

a  p ractical point of view the recen t developm ent of portab le  3D laser 

scan n ers  is particu larly  relevant. One version, the  HLS h a n d  held 

laser scan n er w orks on the  sam e principle a s  the  fixed optical surface 

scan n er b u t h a s  a  transm itter-receiver device th a t records the  

position of the  laser light source relative to the  object being scanned . 

Portable scan n ers  have w idened applications into various fields such  

as 3D an im ation  an d  digitisation for film production . The precise 

m ethod an d  form at for d a ta  acquisition  varies w ith th e  sc an n e r used , 

th is is expanded in C hap ter 3.

1.3 Methods of analysis

It is im portan t to record accurately  differences a n d  sim ilarities

betw een face shapes. Most of the  m athem atica l m ethods for

describ ing the  shape  of the  face are  dependen t on anatom ically

defined lan d m ark  points. A part from the  problem  of identifying

hom ologous poin ts on different sides of the  face an d  am ongst
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individuals, lan d m ark  analysis also excludes a  m ajority  of w hat we 

perceive as the  face, i.e. the  surface betw een lan d m ark  poin ts.

1.3.1 In ter landm ark  d istances

L andm ark  co-ordinates can  be u sed  to determ ine the  

rela tionsh ip  betw een poin ts u sing  basic  m athem atics principles:

If L andm ark  A is (x \ yi, z )̂ and  L andm ark  B is (x^, y^, z^) th en  the 

d istance  betw een the  two landm arks can  be calcu lated  a s  follows:

d istance  12 = + (z, - f

W here d istance  12 is the  d istance betw een two points; 1 an d  2. 

Sim ilarly the  an g u la r rela tionsh ip  betw een poin t can  be calcu lated  by 

first calcu lating  the  d istance  betw een the  po in ts an d  th e n  u sing  

trigonom etry:

If L andm ark  A is (x^, yi, z )̂ and  L andm ark  B is (x^, y2, z^) an d  

L andm ark  C is (x^, y^, z )̂ th en  the  angle betw een the  th ree  landm arks 

can  be calcu lated  as follows:

' — ' 2   2  2
(12 + 23  -3 1  )angle 123 =  ------= — =

2(12x23)

A techn ique applied for analysis of facial asym m etry  u sing  

basic  trigonom etry h a s  been described w here a  se t of 13 lan d m ark s 

are  p laced on the  face an d  u sed  to m ake 13 triang les each  side of the 

face covering the  surface a rea  of the  face. The a re a  of each  of these
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triangles is th en  calcu lated  and  com pared w ith the  corresponding  

triangle on the  opposite side of the  face (Moss et al 1991).

The m ajority of work analysing  facial d a ta  h a s  been  dependen t 

on the  descrip tion  of the  in tegrated  difference of a  se t of hom ologous 

lan d m ark s betw een two d a ta  sets. Principal com ponent analysis, 

P rocrustes analysis and  E uclidean d istance  m atrix  analysis (EDMA) 

are m ethods com m only u sed  to explore configurational changes 

betw een lan d m ark  d a ta  sets.

These m ethods of analysis provide a  s ta tis tic  for th e  descrip tion  

of shape  variation w hen tiy ing  to separa te  d a ta  se ts  in to  groups, on 

the  b asis  of pathology, sex, age or e thn ic  varia tion  (Dean et al 2000; 

Singh et al 1998; H an ihara  1997; R ichtsm eier an d  Lele 1990). The 

m ajor d raw back w ith these  m ethods is the  difficulty of a ccu ra te  and  

reproducible p lacem ent of landm arks in hom ologous positions on 

different sub jects. This is very h a rd  to accom plish  w ith a n  extrem ely 

variable shape  su ch  as the  face an d  additional m ethods have been 

in troduced  to cope w ith th is  problem  th rough  creation  of ‘p seu d o ’ 

landm arks, essentially  in terpo lated  from the  anatom ical landm arks, 

to increase  the  repertoire of poin ts (Bookstein 1997). However an  

approach  relying on overall configurational differences is problem atic 

w hen trying to a sse ss  individual variation  in  te rm s of d iscrete  facial 

com ponents or in assess in g  heritability  of features.
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1.3.2 Eigen faces and  Neural Networks

M uch of the  work in com puter recognition of faces h a s  focused 

on detecting individual fea tu res such  as the  eyes, nose, m ou th , and  

head  outline, an d  defining a  face m odel by the  position, size, and  

re la tionsh ips am ong these  features. These system s u se  au tom ated  or 

sem i-au tom ated  face recognition stra teg ies w hich m odel an d  classify 

faces on the  basis  of norm alised d istances an d  ra tios am ong points 

su ch  a s  the  eye corners, m ou th  corners, nose tip, an d  ch in  point 

(Craw et al 1987).

Recently, au tom ated  approaches have focused m ore on the 

overall configuration, or gestalt-like n a tu re  of facial recognition w ith 

the  developm ent of techn iques such  as eigenfaces a n d  n e u ra l 

netw orks (Haxby et al 2000). The eigenface techn ique b reak s u p  the  

face into com ponent p a rts  (these can  be u p  to 100 iso lated  regions of 

the  face or com binations of features) an d  searches a  d a ta b ase  of faces 

for a  m atch . A n eu ra l netw ork is a  processing  device, e ither an  

algorithm , or ac tu a l hardw are, designed to w ork sim ilarly to anim al 

b ra ins . Most n eu ra l netw orks have som e sort of "training" ru le  

w hereby the  w eights of connections are  ad ju sted  on the  b asis  of 

p resen ted  p a tte rn s  so th a t the  n eu ra l netw orks effectively learn  from 

exam ples. N eural netw orks u sed  for face identification have 

p roperties sim ilar to those of neu rones in  regions of the  p rim ate  

visual cortex th a t respond  selectively to faces. This ap p ro ach  depends
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on the  availability of a  large n u m b er of labelled exam ples of face types 

th a t  can  be u sed  for tra in ing  the  netw ork.

Both n eu ra l netw orks and  eigenface techn iques have been 

successfu l in pilot s tud ies for finding an d  recognising faces, lip- 

reading, sex classification, and  expression recognition. The eigenface 

techn ique  h a s  been successfully  applied to d a tab ases  contain ing  up  

to 8 ,000 face im ages and  is reported  to achieve recognition ra tes  

greater th a n  90% (Turk and  Pentland, 1991). N eural netw orks have 

also been reported  to perform  well in ta sk s  su ch  as h u m a n  sex 

determ ination  from face im ages (Golomb et al 1991).

1.3.3 Surface segm entation

W ith the  developm ent of 3D d a ta  cap tu re  techn iques su ch  as

the  optical surface scan n er there  w as an  opportun ity  to describe

com plete surface m orphology w ithout losing inform ation betw een

lan d m ark  points. Surface type analysis m ethods were developed th a t

could b reak  u p  a  surface into com ponent shape  types. M ethods

described  u se  differential geom etry and  patch-fitting  algorithm s

(Stokely and  Wu 1992) a t a  selected pa tch  su rro u n d in g  each  d a ta

po in t to calcu late  m ean  (H) and  G aussian  cu rv a tu re  (K) properties

across the  surface. The m ean  and  g au ssian  cu rv a tu res  rela te  to the

in trin sic  an d  extrinsic properties, the  s tre tch ing  an d  bending

properties, of a  surface. The theo iy  is well described  by several

a u th o rs  (Besl an d  Ja in , 1985; K oenderink an d  van  D oom , 1992). The

m ean  and  fa u s s ia n  cu rva tu re  values can  th en  be u se d  to segm ent
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th e  surface on the  basis  of eight prim itive surface types th a t  can  be 

colour coded to facilitate in te rp re ta tion  (Besl an d  J a in  1986).

This h a s  been applied to 3D facial d a ta  ob tained  from the  laser 

scan n e r w ith the  aim  of providing a  quan tita tive  descrip tion  of the  

face (Coombes et al 1992) and  also to describe differences in pa tien ts  

faces pre- an d  post- surgeiy  (Coombes et al 1990). The x,y,z co­

o rd inates from the  laser scan  can  be u sed  to com pute m ean  (H) and  

g au ssian  (K) cu rva tu res  across the  surface of the  face to p roduce the 

surface type a t each d a ta  point. The d a ta  poin t is th e n  colour coded 

on the  basis of the  surface type value an d  segm ents the  face into 

regions of sim ilar shape.

The Shape Index value takes th is  classification schem e fu rther 

to cap tu re  the  notion of the  local shape  of a  surface an d  a ttr ib u te  a  

num erica l value (Dorai and  J a in  1997). The Shape Index scale ranges 

from 0 to 1 an d  provides a  con tinuous g radation  betw een convex, 

saddle an d  concave surface shapes using  a  large num erica l 

vocabulary  to describe in term ediary  sh ap es an d  sub tle  shape  

variations. Like the  surface type m ethod, the  Shape Index value is 

calcu lated  from the 3D d a ta  co-ordinates an d  displayed graphically 

th rough  colour coding to rep resen t the  local shape  of the  surface.

1.4 Normal Adult appearance

Studies of facial recognition a ttem p t to achieve w hat pigeons 

can  be tra in ed  to do an d  babies can  do so a s  early as 3 h o u rs  after

b irth  and  w hat the  h u m an  b ra in  does on a  daily b asis  (Johnson  and
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Morton, 1991). Many d istinctions th a t we regularly  m ake betw een 

individuals are based  on very complex recognition of a  certa in  gestalt. 

Very sub tle  variation in size, shape  and  sk in  tone allow u s  to 

determ ine properties abou t a  persons face bo th  individually 

subjective an d  w ith a  high degree of accuracy.

1.4.1 Facial Sim ilarities

‘W e  k n o w  t h a t  c h il d r e n  m o s t  r e s e m b l e  t h e  f a t h e r  o n l y  w h e n  t h e  m o t h e r

HAS A VERY LIVELY IMAGINATION AND LOVE FOR OR FEAR OF THE HUSBAND.’ 

Lavater, 18^  ̂ cen tu iy .

The idea of family resem blance in appearance  is no t new  or 

u n u su a l. The problem  of obtaining a  quan tita tive  estim ate  of the  

resem blance betw een sibs can  be dated  back  to 1875 (Galton 1875) 

and  correlation stud ies of tw ins have con tinued  since for an  extensive 

repertoire of charac teristics  both  qualitative an d  quan tita tive  (Eaves 

et al 1999; B urke and  Healy 1993).

Very few facial fea tu res have been docum ented  a s  being 

inherited  in a  sim ple m an n er following a  M endelian p a tte rn  of 

inheritance. A lthough th rough  family records an d  photos it is 

possible to trace  p a rticu la r fea tu res th rough  the  generations, th is is 

particu larly  the  case in royal families w hich are often well 

docum ented  for m any generations th rough  p o rtra its  an d  scu lp tu res. 

However m ost royal families th rough  the  ages have advocated a  form 

of inbreeding  so th a t the  m onarch  line is kep t ‘p u re ’. T hus it h a s  no t
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been uncom m on for first cousin, aun t-nephew , an d  uncle-n iece 

m arriages to occur.

P ortra its  of E uropean  m onarchs often display strik ing  

sim ilarities betw een related  m em bers of the  family, possibly reflecting 

the  reduction  in genetic heterogeneity. From  the  13^^ to the  20^^ 

cen tu ry  the  H absburg  royal family w as powerful in Europe. A rtists 

unw ittingly docum ented  the  effect of successive generations of 

inbreeding  in  th is  family th rough  po rtra its  (Hodge 1977). The 

phenotypes portrayed  on canvas aided com pilation of an  extensive 

H absburg  family pedigree w ith 409 m em bers, 23 generations and  13 

fam ilies (Wolff e t al 1993). This pedigree displays one of very few 

exam ples of sim ple au tosom al dom inan t M endelian inheritance  of a  

facial feature, the  p rognath ic m andible. The p rognath ic  m andible  was 

observed in 9 successive generations of the  family an d  a lthough  it 

appeared  to be tran sm itted  as an  au tosom al dom inan t tra it th e  m ale 

m em bers were docum ented  as  m ore severely affected.

In addition  to the  genetic s tudy  of a  classical facial tra it  there  

are  nu m ero u s docum ented  in stan ces of m ore individual facial tra its  

in  OMIM (M cKusick-Nathans 2000). This includes lip p its, ch in  

dim ples, ear lobe a ttach m en t and  h a ir line b u t in  m ost cases 

evidence is anecdotal an d  the  judgem en t ab o u t the  genetic b asis  is 

u n certa in .
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1.4.2 Facial Differences

The m ost obvious genetic difference betw een m ales an d  fem ales 

is the  chrom osom al constitu tion , fem ales being the  hom ogam etic sex 

46, XX an d  m ales the  heterogam etic sex, 46, XY. The Y chrom osom e 

is believed to con ta in  relatively few active genes (Graves 1998), the 

m ost im portan t in sex determ ination  being the  SRY gene, often 

referred to as the  m ale determ ining  gene. This gene is clearly involved 

in gonadogenesis b u t w hether or no t it is the  only gene responsib le 

for m ale/fem ale  physical differences is unresolved.

The ta sk  of d istingu ish ing  gender from sta tic  facial cues alone, 

in the  absence  of hairsty le, m akeup  an d  o ther cues is m ore difficult, 

though  h u m an s  still perform  quite well (Burton et al 1993). There are 

general differences betw een the  sexes th o u g h t to be an  im portan t 

factor in aiding sex differentiation. The m uscles of the  fem ale face are 

generally less su b s ta n tia l and  be tter h idden  by fatty  tissu e , an d  the 

female nose is proportionately  sm aller, w ider and  m ore concave with 

the  bridge of the  nose often being depressed . These less ro b u st, less 

mobile fea tu res are believed to m ake the  female face ap p ea r youthfu l 

and  childlike, qualities postu la ted  to be associated  w ith  fem ininity 

(Ligget 1974).

Sexual d im orphism  in h u m an s  is no t a s  m arked  a s  in some

o ther p rim ates (M asterson an d  Hartwig 1998). The a c tu a l difference

betw een m ale an d  female faces is relatively difficult to quantify , as its

b asis  is likely to be very complex reflecting sub tle  growth,
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developm ent an d  endocrine variations. Sexual d im orphism  is 

generally e ither difficult to m easu re  or expressed  in term s of an  

index; su ch  as p ro trusion  of the  m andible or craniofacial index. 

However there  are com prehensive d a ta  available on h u m a n  sex 

differences (Keen 1950; F arkas 1994).

From  b irth , the  height of the  midface, from eye level to the  level 

of the  nostrils , grows steadily u p  un til adolescence, m ore so th a n  the 

re s t of the  face. There is little sexual difference in sku ll size u p  un til 

puberty  by w hen 90% of the  adu lt c ran ial size is a tta in ed  (H um phrey 

1998). A feature  associated  w ith a  younger face is th a t  a  young 

ch ild ’s nose is generally sm all, wide and  concave w ith a  su n k en  

bridge, the  nose develops along w ith the  growth of the  m idface un til 

adolescence. Adolescence brings ab o u t fu rth er change in  face shape, 

the  onset of puberty  in m ales bringing abou t growth a n d  definition of 

the  m andible, an d  in fem ales the  loss of ‘puppy  fa t’ resu ltin g  in a  

m ore w om anly face (Enlow and  H ans 1996).

D erm al changes are  m ainly responsib le  for the  change in  

appearance  th a t  we associate  w ith older age, the  loss of elasticity, 

p igm entation  spots, th inn ing  and  w rinkling of the  skin . W rinkles 

often first ap p ear on the  transverse  lines of the  forehead, along the 

line betw een the  ou ter m ou th  and  the  nose an d  a ro u n d  th e  eye area. 

In te rm s of ageing an d  genetics relatively little is know n, however, 

there  are  a  n u m b er of congenital pathological conditions th a t  are
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associated  w ith p rem atu re  ageing, su ch  as Cockayne syndrom e 

(Nance and  B eriy 1992).

The m ost noticeable differences betw een faces a re  generally 

a ttrib u ted  to differences in ethnic background; th is  is a n  overall 

gestalt of fea tu res ra th e r  th a n  a  singu lar feature. M any s tu d ies  have 

been  carried  ou t on estab lish ing  craniofacial s ta n d a rd s  for different 

e thn ic  popu lations (R ichardson 1980; C hung et al 1982 S halhoub  et 

al 1987; H uang et al 1998; F arkas 1994). Ideas as to w hy different 

ethnic  g roups have evolved w ith d istinc t facial pheno types have 

included the  hypothesis of environm ental ad ap ta tio n  (Carey and  

S teegm ann 1981). T hat is th a t during  the  course  of evolution wide 

an d  flat faces like the  Mongoloid faces were selected for in cold 

clim ates as a  face type w ith no ‘ju ttin g  p a r ts ’ is defended m ore easily 

from the cold. The incidence of o ther facial varia tions su c h  a s  su tu ra l 

va rian ts  as well as  non-m etric  varian ts  h a s  also been  closely looked 

a t in different populations (Berry an d  Berry 1967).

Differences in p igm entation provides the  m ost p ronounced  

v isual differences betw een individuals of different e thn ic  origin and  

m u ch  w ork h a s  been done to try  to u n d e rs ta n d  the  genetic b asis  of 

sk in  co louration (Robins 1973; Nichols 1973). Such  w orks conclude 

th a t  the  genetic basis  of sk in  an d  eye p igm entation  is likely to be 

extrem ely com plex involving considerable n u m b er of genes. However 

recen t s tud ies have associated  the  m elanocy te-stim ula ting  horm one 

recep tor gene w ith pale sk in  and  red h a ir  (Valverde et al 1995).
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C h a p t e r  2  

Biology o f the face

The aim  of th is  section is to bring  together the  anatom y, 

em biyology an d  developm ent of the  h u m an  face in  o rder to apprecia te  

the  complexity of the  processes underly ing  norm al facial variation. An 

u n d e rs tan d in g  of norm al and  abnorm al developm ent can  th en  allow 

u s  to postu la te  cand idate  genes for facial fea tu res on th e  b asis  of 

know n function, expression p a tte rn  an d  tim ing. The m ajor sources of 

reference for th is  section were G ray’s A natom y (38^^ Edition 1995), 

H um an Embryology (Larsen 1997), OMIM (M cK usick-N athans 2000) 

and  London Dysmorphology D atabase  (Winter and  B ara itse r 1998).

2.1 Anatomy of the face
A natom y is the  science of the  s tru c tu re  of an im als, w hich

began as a  descriptive language for physic ians. Com parative anatom y 

h a s  provided u s  w ith the  basis for ou r knowledge on th e  course  of 

hom inid  evolution and  h a s  been essen tia l to biological classification 

an d  ordering of organism s. In term s of the  face there  is, broadly 

speaking, a  un iversal b luep rin t conserved in m am m als. Generally 

th is  b luep rin t com prises two horizontally placed eyes above a  cen tra l 

nose an d  m o u th  w ith a  degree of b ila tera l sym m etry evident (Butler 

2000 ).

ly p ic a l vertebrate  fea tu res su ch  as  the  presence  of a  

notochord, segm ented axial m u scu la tu re  an d  a  h ead  are  believed to
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have developed in response  to an  active life involving p reda tion  in the  

course of evolution. Ja w  developm ent an d  the  developm ent of 

soph istica ted  sensory  organs, necessita ting  a  larger b ra in , also 

exerted evolutionary change on the  shape  of the  skull resu lting  in the  

charac teristic  h u m an  head  shape, a rranged  vertically a s  opposed to 

horizontally. The evolutionary adap ta tions and  changes of the  h u m an  

face also reflect the  im portan t m odifications necessary  for the 

developm ent of complex speech, the  lowering of the  larynx  and  

lengthening  of the  pharynx  and  the  highly developed m uscles of the  

lips, cheeks, m ou th  and  tongue. The a rrangem en t of h u m a n  facial 

fea tu res is a  reflection of sensory, d ietary  an d  linguistic  adap ta tio n s 

m ade in the  course  of evolution so a lthough  we perceive each person  

a s  being individual the  underlying design of the  h u m a n  face is 

identical.

The m andible and  cran ium  together m ake u p  the  skull, the  

c ran ium  com prising the  m id- and  u p p e r facial skeleton. The skull is 

the  m ost e laborate  p a rt of the  vertebrate  skeleton, a d ap ta tio n s  having 

been  m ade th rough  the  process of evolution in order to accom m odate 

the  b ra in  an d  sensory  organs. Protection of the  b ra in  from  external 

im pact is a  m ajor function  of the  skull a s  well a s  con tinua l buffering 

ag a in st s tre sse s  of the  powerful axial and  m astica to r m uscles. The 

rigidity of the  c ran ium  also provides a  pro tected  an d  isolated 

environm ent for cerebral circulation. The facial skeleton  (Fig 2.1) 

com prising the  sup rao rb ita l region an d  orbital cavities, nose and
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Figure 2 .1  (top) S k e le ta l and m u scu latu re co m p o n en ts  o f  th e  face . F igure 2 .2  
Superficia l and m u scu latu re co m p o n en ts  o f  th e  face  (reproduced from  Gray s  
A natom y).
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n asa l cavity an d  the  up p er and  lower jaw s m ay be crudely  divided 

into upper, m id and  lower facial regions respectively. While each  of 

the  regions h as  an  independen t function  they all have a  considerable 

influence on the  overall in tegrated  m orphology of the  facial skeleton, 

the  lower face/m and ib le  pe rhaps con tribu ting  the  g rea tes t effect to 

individual face shape.

Aside from the  skeletal con tribu tion  to varia tion  in facial 

appearance  one m u s t also consider the  con tribu tion  m ade by the  

facial m u scu la tu re . The m uscles of the  head  are crudely  divided as 

craniofacial an d  m astica to rs (Fig 2.2). C raniofacial m uscles, often 

referred to a s  the  m uscles of facial expression, include the  orbital 

m arg ins and  eyelids, the  ou ter nose and  nostrils , th e  lips, cheeks and  

m outh , scalp  an d  sk in  of the  neck. The m astica to r m usc les are 

m ainly concerned w ith m ovem ents of the  tem porom and ibu lar jo in t 

necessary  for eating  b u t they are also involved in facial expression.

2.2 Embryological development of the face

Developm ent of the  face begins a ro u n d  the  4^  ̂w eek of 

embryological developm ent an d  by the  8^  ̂week a  h u m a n  face is

ap p aren t. Subtle differences in relative growth ra te s  and  tim ing of fusion of

the  facial p rocesses (see below), variations in s tru c tu ra l and  extracellu lar

m atrix  pro te ins and  the m echanical effects of underlying s tru c tu re s , su ch  as

the b rain  an d  developing teeth , all appear to con tribu te  to the individuality of 
each  person.
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The head  is a  com posite s tru c tu re , the  end  p ro d u c t of a  

su b s ta n tia l n u m b er of con tribu tions from a  range of cell lineages. The 

m esenchym e is the  source of the  m ajor lineage involved in 

craniofacial developm ent an d  in itself is derived from one of tv^o 

origins: the  n eu ra l c rest and  the  m esoderm . The n eu ra l c rest derived 

m esenchym e m akes a  proportionately  larger con tribu tion  to the 

developm ent of the  head . The cran ial ganglia, odon tob lasts, corneal 

strom al fibroblasts, fascia of m uscles, derm is, m elanocytes, sm ooth 

m uscle (associated w ith m ajor blood vessels) and  the  g rea ter p a rt of 

the  skeletal tissu e  are  all derived from a  population  of cells w hich 

em erge from the  n eu ra l tube  during  neu ra la tion . The m esoderm al 

derived m esenchym e con tribu tes to the  developm ent of angiogenic 

tissue , otic capsule, bones of occipital region, s tria ted  m uscle  and  a  

lim ited am o u n t of connective tissue.

The s tru c tu re s  of the  face develop from 5 prim ordia, w hich are 

active cen tres for m esenchym al growth and  are  derived from  

m igrating n eu ra l c rest cells:

• The fron tonasal prom inence

• Left and  right m axillary prom inence

• Left and  right m and ibu lar prom inence

At the  s ta r t of the  4*  ̂week of em biyological developm ent the  first

overt sign of m orphogenesis is obvious in  the  lifting u p  of the  an terio r

end  of the  em bryonic axis from the su rro u n d in g  extraem bryonic

tissu es, th is  event is term ed the  head  fold. By the  end  of the  4^  ̂week
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th e  fron tonasal m ass (com prising m ainly of n eu ra l c rest cells) 

em erges and  either side of it the  olfactory placodes becom e apparen t.

Along the  em bryonic axis from the  an te rio r end, is a  series of 

five paired  b ranch ia l a rches, num bered  1, 2, 3, 4 an d  6. The 

specialisation  of each  a rch  is characteristic  of m odern  verteb rate  

developm ent; in term s of craniofacial developm ent we are only really 

concerned w ith a rches 1 (m andibular) and  2(hyoid). The m an d ib u lar 

an d  m axillary p rom inences are  derived from the  first b ran ch ia l arch. 

The hyoid or second b ranch ia l a rch  lies caudal to the  first an d  grows 

ventrally  to m eet and  fuse in the  m idline. In term s of the  developm ent 

of facial m u scu la tu re  it is often generalised th a t the  m usc les of 

m astica tion  are  derived from the first a rch  and  the  m usc les of facial 

expression are derived from the second arch.

Early on in developm ent cephalic n eu ra l c rest cells, derived 

from the  posterio r m idbra in -h indbra in , popu late  the  b ranch ia l 

a rches. D uring m igration these  cells undergo  an  epithelial to 

m esenchym al tran sitio n  and  th en  in te rac t w ith bo th  epithelial and  

m esoderm al cell populations w ithin the  a rches leading to the  

form ation of craniofacial bones, cartilage an d  connective tissu es . It is 

believed th a t  the  precise expression of tran scrip tio n  factors plays an  

im portan t role in guiding n eu ra l c rest cells du ring  m igration an d  in 

o rchestra ting  the ir differentiation.

D uring the  six th  week of developm ent the  olfactoiy p lacodes 

begin to th icken  and  the  m edial and  latera l n a sa l swellings grow and
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begin to su rround  the nasal placode ectoderm so th a t the placodes lie 

a t the base of shallow nasal pits. The frontonasal m ass at th is point 

grows forward and downward. In the seventh week there is a  crucial 

time point when the lateral and medial nasal processes contact the 

maxillary processes. The ectoderm remodels so as to produce a 

continuous epithelium  and thf<^ processes on either side of the face 

contribute the cheeks and the alae of the nostrils to the fully 

developed face. At the same time the frontonasal m ass grows to 

provide tissue between the medial nasal processes, the intermaxillary 

process, and the midfacial tissue which includes m ost of the nose 

and the philtrum  (Fig 2.3).

2.3 Molecular biology of facial development

The progression of vertebrates from stem  chordates has 

involved the diversification of fins and limbs, the elaboration of the 

endoskeleton, cephalization, increased sensory organs and neural 

processing. In the course of evolution early vertebrates underw ent a 

m ajor behavioural explosion and started  to occupy m ost ecological 

dom ains, the emergence of the first chordates, the jaw less fish 

coincided with the arrival of the neural crest cells (Northcutt and 

Gans 1983). These m ulti-potent precursor cells originate from the 

neural crest after closure of the neural tube in vertebrate embryos. 

After closure of the neural tube the neural crest cells m igrate and 

populate diverse regions of the embryo.
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Figure 2 .3  Early em bryonic d ev elo p m en t and fu sio n  o f  th e  fa c ia l p ro cesses  
(m odified  from  Larsen’s  H um an Em bryology)
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Cells and  tissu es  derived from the  n eu ra l c rest include the 

peripheral nervous system , endocrine g lands, pigm ent cells, teeth , 

pharyngeal a rches an d  m ost of the  bones an d  cartilage w hich m ake 

u p  the  skull and  jaw . The crest cell population  becom es m ore 

heterogeneous w ith tim e as the  cells m igrate ventrally  an d  encoun ter 

different conditions a t different sites. The n eu ra l c rest cells have an  

in -bu ilt developm ental m echanism  for generating  a  diversity of cell 

types, cell a rrangem en ts and  capacity  to respond  to a  wide variety of 

conditions. The cran ial n eu ra l crest cells can  also ad ap t to changes in 

the  size and  shape of the  brain , sense organs and  b ranch ia l a rches as 

they all lie in the ir m igration p a th  (Le D ouarin  et al 1994). Recent 

w ork h a s  show n th a t cran ial n eu ra l c rest cells do no t follow a  fixed 

p redeterm ined  p lan  in pa tte rn ing  of facial tissues; ra th e r, pa tte rn in g  

is m ain ta ined  by passive tran sfe r of positional inform ation from  the 

h in d b ra in  to the  periphery (Trainor and  K rum lauf 2000).

The m olecular genetics of early n eu ra l c rest form ation can  be 

seen  as 3 m ain  stages (LaBonne an d  B ronner-F raser 1999). Stage one 

is the  form ation of the  n eu ra l crest; th is  involves th e  closure of the  

n eu ra l tube  an d  requ ires the  in teraction  of n u m ero u s genes including 

BMP, W nt, FGF, and  MSX-1. The second stage is the  expression  of 

genes a t the  n eu ra l c rest w hich estab lish  the  p a tte rn in g  an d  

m igration fate of the  n eu ra l crest cells, genes acting  a t th is  stage 

include the  tran scrip tion  factors SNAIL, ZIC, PAX an d  MSH. The th ird
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stage is n eu ra l c rest cell m igration w hich involves genes su c h  as Rho- 

family GTPases and  cell adhesion  m olecules su ch  a s  cadherins.

C ranial n eu ra l c rest cells m igrate to popu late  the  first 

b ranch ia l a rch  and  eventually differentiate into m ultip le cell lineages 

in the  m axilla and  m andible during  craniofacial m orphogenesis . The 

developm ent an d  differentiation of n eu ra l c rest cells w ith in  the  

b ranch ia l a rches relies upon  the  action of n u m ero u s tran scrip tio n  

factors w hich guide m igrating cells and  la te r play a  role in  lineage 

determ ination  expansion  and  differentiation. M any genes have been 

reported  to be involved in b ranch ia l a rch  developm ent, D ix-1 and  

Dix-2 (Qiu et al 1997, Thom as et al 2000), Goosecoid (Boucher et al 

2000), Fgf8 (Tucker et al 1999), Endothelin-1 and  E ndo thelin  

recep tor A (Clouthier et al 2000) have all recently  been  associated  

w ith defects in cephalic n eu ra l c rest derived skeletal e lem ents. The 

m andib le  is p redom inantly  affected an d  overlapping pheno types were 

observed in the  knockout an im als stud ied  (zebraQsh, m ouse  and  

chick).

Normal developm ent of the  head  is th e  re su lt of a n  extrem ely 

com plex sequence of tightly co-ordinated pathw ays d u ring  growth 

and  m orphogenesis. At the  cell level, position an d  tim ing are  critical 

and  sensitive to pertu rba tion .

2.4  Abnormal facial development

Bearing in m ind the  complexity of craniofacial developm ent and

the  necessity  for im m ense precision it is hard ly  su rp ris in g  th a t a
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large proportion of all m ajor b irth  defects involve the  head  an d  face. 

The m ajority of h u m an  syndrom es involving the  craniofacial complex 

are not restric ted  to the  head  and  are associated  w ith m ore 

w idespread defects. The degree to w hich the  face is affected is hugely 

variable and  no t only varies betw een conditions b u t also w ith in  a 

given syndrom e. It is often the  case th a t  the  d istinction  betw een 

‘no rm al’ and  ‘abno rm al’ is not clearly definable. It is conceivable th a t 

an  overlap exists betw een the  extrem ities of the  ‘n o rm al’ range and  

‘ab n o rm al’ range.

Over the  las t decade m any genes th a t are causally  rela ted  to 

different categories of h u m an  craniofacial m alform ation have been 

identified (reviewed by W inter 1996). C lassification of craniofacial 

m alform ations based  on clinical phenotypes is som etim es quite  

different from the genetic findings in pa tien ts . For exam ple, different 

m u ta tio n s in a  single gene can  cause  d istinc t syndrom es, an d  

m u ta tio n s in different genes can  cause  the  sam e or sim ilar 

syndrom es. W inter classifies craniofacial defects in to  five m ain  

groups on the  basis of associated  pathology:

i. C raniosynostoses

ii. Syndrom es w ith b ra in  defects

iii. Syndrom es associated  with card iac m alform ations

iv. Syndrom es associated  w ith p rem atu re  ageing 

V. M ultiple congenital anom alies
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In th is  section a  sim ilar app roach  is taken , concen tra ting  on 

the  type of pathological d isrup tion  ra th e r  th a n  gene fam ilies. Here 

syndrom es largely affecting the  face are  considered an d  are 

subdivided on the  following criteria:

i. C raniosynostoses

ii. B ranch ial arch-derived s tru c tu re s  affected

iii. Midline and  epithelial fusion defects

iv. Overall syndrom ic effect.

Among the genes th a t have been identified MSX2, FGFR2, 

TWIST, SHH, and  TCOFl are considered  in detail in th is  section to 

illu stra te  how signalling m olecules, tran scrip tio n  factors, and  growth 

factor recep tors can  all be involved in the  com plex signalling netw ork 

controlling craniofacial developm ent. It is im portan t to em phasise  

th a t  several of pathological conditions m entioned  could fall u n d e r 

m ore th a n  one of the  groups. However, to reduce the  complexity, they 

a re  only listed  once.

2.4.1 C raniosynostoses

C raniosynostoses are  conditions w here the  skeletal defect is 

largely confined to the  craniofacial area. The grow th function  of the  

c ran ia l su tu re s  term ina tes p rem ature ly  w hen they  differentiate into 

bone too early; th is  prevents the  con tinuation  of grow th of the 

c ran iu m  and  the  brain . As a  re su lt of the  increased  in tracran ia l 

p ressu re , the  shape  of the  c ran ium  can  becom e d isto rted  and  cau se

neuropatho log ical dam age. The Crouzon, Pfeiffer and  Saethe-C hotzen
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syndrom es are all exam ples of skeletal dysp lasias th a t  are 

predom inantly  localised to the  head . Some of the  genes reported  to 

cause  cran iosynostosis as a  p rim aiy  feature  w hen d isru p ted  are 

sum m arised  in Table 2.1; these  include MSX2, FGFRl, FGFR2, 

FGFR3, an d  TWIST.

C raniosynostoses are generally inherited  as au tosom al 

dom inan t conditions. A single am ino acid su b s titu tio n  in the  

hom eobox of the  h u m an  MSX2 gene h a s  been  associated  w ith  the  

dom inantly  inherited , craniofacial d isorder B oston type 

cran iosynostosis (Jabs et al 1993). M ouse m odels have show n th a t 

skull developm ent is very sensitive to Msx2 dosage. A m u ta tio n  th a t 

increases the  binding  affinity of Msx2 for its ta rge t sequence leads to 

an  effective increase  in Msx2 dosage an d  re su lts  in the  pathological 

phenotype (Liu et al 1999). Synostosis of the  sag itta l su tu re  of the  

form ing skull bones generally involves en h an ced  osteob last activity 

an d  enhanced  bone growth associated  w ith localised fusion  of the  

parie ta l bones a t one or m ore sites. Msx2 gene dosage influences the 

n u m b er of proliferative osteogenic cells in the  grow th cen tres of the  

developing skull. It is though t th a t over-expression of M SX2  in  the  

su tu re s  of the  skull m ay keep the  osteoblastic  cells in a  proliferative, 

undifferen tiated  s ta te  for longer. This in tu rn  increases the  

osteoprogenitor pool resu lting  in over-growth of the  parie ta l bones 

into the  su tu ra l space.
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C hrom osom e

Location

C ondition OMIM gene

4 p l6 M uenke syndrom e 600593 FGFR3

5q34-35 Boston craniosynostosis 123101 (MSX2)

7p21 Saethre-C hotzen - 

acrocephalosyndactyly

101400 TWIST

8p l l Pfeiffer syndrom e 101600 (FGFRl)

10q25-26 Pfeiffer syndrom e 101600 (FGFR2)

10q25-26 Crouzon (craniofacial 

dysostosis)

123500 (FGFR2)

10q25-26 Apert syndrom e 101200 (FGFR2)

10q25-26 Jackson-W eiss syndrom e 123150 (FGFR2)

T able  2 .1  S um m ary  o f  g e n e s , ch ro m o so m e lo c a tio n  and  OMIM en tr y  n um ber  
k n o w n  to  b e  a s so c ia te d  w ith  co m m o n  c r a n io sy n o s to s is  sy n d r o m es  (M cK usick  
2 00C ).
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In co n tra s t to these  stud ies, fam ilies have also been reported  

w ith enlarged parie ta l foram ina th a t have e ither deletions of the  

whole M SX2 gene or m u ta tions in the  hom eodom ain (Wilkie et al 

2000). The hom eodom ain b inds DNA th a t in tu rn  regu la tes 

tran scrip tio n  of o ther genes, hence M SX2 basically  ac ts  as a  

tran scrip tio n  factor. This suggests th a t bo th  loss an d  gain of function  

of the  MSX2 gene affects the  differentiation of osteogenic cells in the  

superio r cran ium .

B ecause loss an d  gain of function  of M SX2 have been 

assoc ia ted  w ith extrem e pathological phenotypes, it is also 

conceivable th a t d isrup tion  of th is  gene, w ith a  relatively m ild degree 

of loss or gain of function could explain aspec ts  of norm al variation. 

One of the  fea tu res of B oston type cran iosynostosis is a  p rom inen t 

forehead or bossing  of the  forehead. The M SX2 gene could be 

considered  as a  possible cand idate  gene for fea tu res th a t are  

p redom inantly  skeletal, particu larly  localised to su tu re s  of the  skull, 

su ch  as  the  brow area.

Three m em bers of the  fibroblast growth factor recep tor (FGFR) 

family have been associated  w ith craniosynostosis; FGFR 1, FGFR 2, 

an d  FGFR 3  (Wilkie 1997). The FGFRs relay ex tracellu lar signals from 

the  fibroblast growth factors to the  cytoplasm  an d  play an  im portan t 

role in limb an d  craniofacial developm ent. Several d istinc t fibroblast 

grow th factors (FGFs) b ind  to each  FGFR and  bo th  FGFs an d  FGFRs 

are  widely expressed  in  organogenesis, so it is feasible th a t  signalling
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m ay be dependen t on the  coincidental expression  of certa in  FGFs and  

FGFR isoform s in p articu la r developing sites. Apert syndrom e is a  

distinctive m alform ation syndrom e resu lting  in cran iosynostosis and  

severe syndactyly of the  h a n d s  and  feet. The condition is cau sed  by 

m u ta tio n  of the  FGFR 2  gene (Wilkie et al 1995). The m ajority of 

m u ta tio n s found in Apert syndrom e p a tien ts  are  in the  portion of the 

gene coding for the  im m unoglobulin  like dom ains needed for ligand 

b inding  an d  receptor activation (Park et al 1995).

The phenotype of the  condition varies in severity depending  on 

the  specific location of the  m u ta tion  in the  gene, possibly reflecting 

the  varied p a tte rn s  of expression of the  fibroblast grow th factors 

(Lajeunie et al 1999). M utations in FGFR 2  have also been  associated  

w ith o ther craniosynosto tic  conditions w here there  is a  different 

clinical p resen ta tion ; Crouzon, Pfeiffer an d  Ja ck so n  W eiss syndrom es 

(Meyers et al 1996). The fact th a t different m u ta tio n s in  the  FGFR 2  

gene can  resu lt in different phenotypes suggests th a t the  

m echan ism s of signalling are no t uniform  th ro u g h o u t the  whole body. 

A sub tle  difference in conform ation betw een the  different m u ta ted  

form s of FGFR 2 protein  could tip the  balance tow ards a  g reater 

abnorm ality  of signalling in a  p a rticu la r site, e.g. limb or head , and  

lead to a  m ore severe phenotype localised to th a t body part. It is also 

possible th a t m u ta tion  elsew here in the  gene could have an  even 

m ore sub tle  effect an d  resu lt in m inor degrees of norm al facial 

variation.
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M utations in the  TWIST gene have been  associated  w ith the  

h u m an  cran iosynostosis syndrom e Saethe Chotzen (Howard et al 

1997). TWIST encodes a  nucleolar protein  th a t belongs to a  family of 

tran scrip tion  factors, w hich contain  a  basic  helix-loop-helix (bHLH) 

dom ain. M utation of the  gene leads to loss of function  of th e  p roduct 

b u t there  h a s  been no genotype-phenotype association  betw een 

m u ta tion  and  clinical m anifesta tion  (Gripp et al 2000). A recen t study  

h a s  suggested th a t the  loss of TWIST pro tein  function  in p a tien ts  

could arise  th rough  protein  degradation  an d  lack  of ability to localise 

in the  correct n u c lear location (El Ghouzzi e t al 2000). As there  is no 

obvious association  betw een genotype an d  phenotype it is h a rd e r  to 

postu la te  a  d irect role for TWIST in norm al facial variation. O ther 

s tud ies  have suggested th a t there  is an  overlap in the  expression  

p a tte rn s  of m ouse Twist an d  Fgfr2, Twist preceding Fgfr2 expression  

du ring  su tu re  form ation (Johnson  et al 2000). If th ese  genes bo th  act 

in the  sam e pathw ay in h u m an s  th en  th is  could explain bo th  the  vast 

heterogeneity  observed in cran iosynostoses an d  the  a p p aren t lack of 

genotype-phenotype correlation observed in S aethe Chotzen pa tien ts .

2.4.2 Arch Defects

These defects arise  as a  resu lt of a  problem  in m igration of the

n eu ra l c rest cells, b ranch ia l a rch  growth, or in  the  correct

specification of the  a rch  fate. A lthough th is  type of defect can  resu lt

from exposure to tera togens in the  first 6 w eeks of developm ent

several are  know n to have a  genetic aetiology. The first a rch
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predom inantly  con tribu tes to the  bony s tru c tu re s  of the  developing 

lower face and  abnorm alities generally involve the  m axilla an d  the  

m andible, a  com m on feature  being a  dysm orphic lower face w ith 

m icrognath ia  (underdeveloped jaw). The zygomatic a rches can  also be 

affected, as can  the  orbits, ears and  palate.

T reacher Collins is an  au tosom al dom inan t inherited  form of a 

com m on type of first a rch  defect collectively grouped as 

m andibulofacial dystoses. The T reacher Collins phenotype is veiy 

heterogeneous an d  ranges from a  fatal form due to b rea th ing  

obstruction , to a  veiy mild facial phenotype w ith only m inim al facial 

changes to the  jaw  size and  angle.

M utations in TCOFl have been associated  w ith T reacher Collins 

syndrom e (Wise et al 1997). C urrently  m ore th a n  50 m u ta tions , 

resu lting  in tru n ca tio n  of the  pro tein  p roduct, have been  identified 

th ro u g h o u t the  gene. The phenotypic severity does no t ap p ea r to 

correlate w ith the  location of the  m u ta tion  (Edwards et al 1997). It is 

believed th a t dosage level of the  correct pro tein  p ro d u ct is im portan t, 

as  peak  expression of the  gene coincides w ith early craniofacial 

m orphogenesis (Dixon et al 1997) w ith reduced  levels of the  protein  

producing  the  abnorm al phenotype. It h a s  been  po stu la ted  th a t the  

role of TCOFl is to sh u ttle  p ro teins involved in ribosom e assem bly  

betw een the  cytoplasm  and  the  nuc leus an d  hence affect th e  ra te  of 

p ro tein  tran sla tion , b u t why th is  predom inantly  affects only first a rch  

s tru c tu re s  is unknow n  (M arsh et al 1998).
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2.4 .3  Midline and  epithelial fusion defects

This c lass of defect is often a  reflection of failure of growth, 

contact, fusion and  rem odelling of the  facial p rocesses. This largely 

affects the  developm ental events th a t p roduce the  u p p e r face and  

hence often re su lts  in un ila tera l an d  b ila tera l clefting of the  lip and  

palate . These events can  be isolated or syndrom ic and  are  complex in 

the ir aetiology, and  often are the  resu lt of em bryonic exposure to 

teratogens.

An early reference to m idline defects can  be seen  in H om er’s 

Iliad w ith the  m ention of the  one eyed Cyclops, now m edically 

referred to a s  holoprosencephaly. The m ajority of genes identified to 

date, show n to be responsible  for m idline defects, a re  those  largely 

involved in  the  overall b ilateral pa ttern ing  an d  sym m etry  du ring  early 

em bryonic developm ent (Table 2.1). Midline defects of the  face a re  a  

re su lt of e ither im paired forebrain developm ent, or insufficient 

fron tonasal m ass an d  interm axillary p rocesses. They m anifest 

phenotypically  in  the  holoprosencephalies; these  range from mild, as 

seen  in foetal alcohol syndrom e (Chan 1999) th rough  to extrem e 

phenotypes. Mildly affected individuals m ay p resen t w ith facial 

fea tu res su ch  as  a  sho rt u p tu rn ed  nose, a  shallow  or a b sen t 

ph iltrum , highly arched  palate , and  a  sho rt re trac ted  lower jaw . 

Severe form s of holoprosencephaly  p resen t w ith craniofacial and  

forebrain  pathology (Nanni et al 2000).
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Chrom osom e

Location

C ondition - OMIM gene

2p21 Holoprosencephaly, type-2 157170 SIX3

4q25-26 Rieger syndrom e 180500 PITX2

7q36 H oloprosencephaly, type-3 142945 SHH

13q32 Holoprosencephaly, type-5 603073 Z1C2

1 8 p l l .3 H oloprosencephaly, type-4 142946 TGIF

21q22.3 Holoprosencephaly, ty p e-1 236100 H PEl

Xp22 Opitz syndrom e 300000 MIDI

T able 2 .2  G en es, ch ro m o so m e lo c a t io n  and  OMIM en tr y  n um ber k n ow n  to  be  
a sso c ia te d  w ith  m id lin e  d e fe c ts  (W allis and  M uenke 2 0 0 0 ^ , M cK u sick  2 0 0 0 ).
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A n u m b er of genes have been identified as having a  role in 

m idline pattern ing . M utations of SHH  in h u m a n s  cau ses  a  loss of 

m idline tissu e  (rather th a n  an  expansion) resu lting  in 

holoprosencephaly  (Nanni et al 1999). Opitz syndrom e (OS) is an  

inherited  d isorder w ith m idline defects no t restric ted  to ju s t  the  head . 

The condition is genetically heterogeneous in th a t it h a s  been linked 

to two separa te  chrom osom al locations, Xp22 and  2 2 q l l .2  (Robin et 

al 1995). MIDI (midline 1) is on Xp22 and  is believed to be a  

cand idate  gene for Opitz syndrom e (Quaderi et al 1997). MID 1 

belongs to a  family of tran scrip tion  regu la to rs (B-box) th a t  have been  

im plicated in fundam en ta l processes su ch  a s  body axis p a tte rn in g  

and  control of cell proliferation. The X-linked Opitz syndrom e also 

p resen ts  w ith m ental re ta rdation  and  a  ra re  exam ple of M endelian 

inheritance  of cleft lip an d  palate, the  phenotype is m ore severe in 

m ales th a n  in fem ales.

Now th a t a  n u m b er of genes involved in  m idline developm ent 

have been discovered it m ay be possible to look a t these  genes for 

sub tle  m u ta tio n s or polym orphism s to explain som e asp ec ts  of 

norm al facial variation  in fea tu res su ch  as th e  nose, the  ph iltrum  an d  

eye-spacing.

2.4 .4  Syndrom ic defects w ith facial involvem ent

This category includes conditions w ith a  genetic /  heritab le  b asis  

b u t w here an  abnorm al face is the  no t the  prim ary  problem  a rea  b u t

a  consequence of the  generalised pathology. These include conditions
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resu lting  from abnorm alities of vascularization , storage d isorders, 

m ultiple congenital abnorm alities and  chrom osom al anom alies.

V ascu larisation  defects occur as a  resu lt of d isru p tio n s  in the 

developm ent of the  blood vascu lar system  in the  head  an d  neck  area, 

localised ischaem ia  an d  tissu e  necrosis affecting norm al craniofacial 

developm ent. The hem ifacial m icrosom ias, su ch  a s  the  dom inantly  

inherited  Goldenhar^ syndrom e, are the  m ost com m on of th is  

category. Here a  vascu lar d istu rbance  m ay resu lt in reduced  size, 

dysm orphology or com plete absence of the  following fea tures: the  

m andible, tem porom andibu lar jo in t, associated  m uscles, o u te r and  

in n er ear associated  w ith hearing  loss. While th is  syndrom e h a s  been 

reported  to follow dom inan t segregation (Kaye et al 1992), it is no t 

w ithout exception an d  like m any heterogeneous pathologies can  also 

arise  th rough  exposure to teratogens in early developm ent.

There are  m any cases w here the  face can  be indirectly  affected 

th rough  deficiency or excess of a  toxic m etabolite. Progressive 

coarsen ing  of the  face is observed in m any lysosom al storage 

d isorders an d  is the  resu lt of an  accum ulation  of a  storage p roduct 

for exam ple A lpha-M annosidase B deficiency (Gotoda et al 1998). 

Haem atological abnorm alities su ch  as X-linked a lp h a  th a lassaem ia  

also give rise to characteristic  dysm orphic faces (M cPherson et al 

1995), as do endocrine abnorm alities su ch  as  C ush ing  D isease 

(Blevins et al 1992).
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G ross chrom osom al aneuploidies as well as T u rner syndrom e 

and  Klinefelter syndrom e all have distinctive aspec ts  to the  facial 

appearance  (Epstein 1990; Corvo et al 1988; Brown et al 1993). 

P erhaps the  m ost obvious is Trisomy 21 (Down syndrom e) w here 

there  is the  characteristic  flat ‘m oon’ face, or Mongoloid appearance. 

Here the  condition is the  resu lt of all or p a rt of chrom osom e 21 being 

p resen t in th ree  copies. From  th is  one could po stu la te  th a t  the  Down 

syndrom e critical region could therefore con ta in  genes e ither directly 

or indirectly involved in facial m orphogenesis (R ichtsm eier et al 

2000 ).

O ther chrom osom al anom alies w ith a  facial phenotype include 

syndrom es resu lting  from large deletions su ch  as  DiGeorge, Velo- 

Cardio-Facial, an d  C onotruncal anom aly face syndrom e w here the  

critical deleted region is l.S m b  on chrom osom e 22 (Driscoll 1994). 

C haracteristic  fea tu res of these  syndrom es include abnorm alities of 

the  heart, thym us, para thyro id  and  mild craniofacial 

dysm orphologies.

The fact th a t facial anom alies can  re su lt from a  vast range of 

pathology is a  reflection of the  complexity of em bryonic developm ent. 

A ppreciating the  nu m ero u s ways in w hich these  abnorm al facial 

phenotypes can  arise  can  allow a  be tte r u n d e rs tan d in g  of the  

m olecular p rocesses governing norm al developm ent.
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2.5 Candidate genes for normal facial variation

It is clear from a consideration of the literature on the genes 

and gene products associated with the development of the hum an  

face th a t there are m any potential candidates th a t could be studied 

for an association with a particular facial tra it in the general 

population. As this pilot project progressed and  DNA sam ples began 

to be assem bled from individuals who had participated in the facial 

scanning, a small-scale study of two specific hum an  genes was 

initiated. The details of the results of th is m olecular study are given 

in C hapter 7 bu t it seems more appropriate to provide relevant 

background information here including details of the genes and the 

criteria used to decide th a t these were sensible choices for th is study.

Endothelin 1 (ETl), sometimes referred to as the 

Preproendothelin gene, belongs to a family of structurally  sim ilar 

vasoconstrictor peptides. There are three m em bers in the family, ET- 

1, ET-2 and ET-3, and in each case the m ature peptide is 21 amino 

acid residues long (Inoue et al 1989). Each endothelin binds and 

activates two related receptors, aiwi the Endothelin receptor A (ETRA) 

and B (ETRB) which belong to the seven m em brane-spanning G- 

protein coupled receptor family.

The ET-1 gene is located on chrom osome 6 and  com prises five 

exons and four introns spanning 5.5kb. All of the m ature  peptide 

sequence is contained in exon 2. The ETRA gene is on chrom osome 4

and spans more than  40kb, containing 8 exons and 7 introns. The
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b iosynthesis of ET-1, to produce a  m atu re  peptide th a t  can  bind  to 

the  ETA receptor occurs in 2 stages. The 212 am ino acid (aa) p re ­

proendothelin  is cleaved by a  furin-like p ro tease  a t sites th a t con tain  

paired  basic am ino acids. This produces ‘Big ET-T, w hich is cleaved 

again, th is  tim e by the  pro tease  ECE-1, to produce the  biologically 

active peptide th a t is a  ligand for the  endothelin  recep tors (Fig 2.4).

B ecause the  endothelins have been identified as po ten t 

vasoconstric tors they have been stud ied  extensively as cand idates for 

pathology of the  h ea rt (Tiret 1999; C am bien et al 1999). However, 

recen t work suggests a  role for endothelin  in the  norm al developm ent 

of n eu ra l crest-derived s tru c tu re s . Mice hom ozygous for a  nu ll 

m u ta tion  of ET-1 show  severe craniofacial anom alies including  a 

m arked  reduction  of the  m and ibu lar bone an d  a  hypoplastic  jaw  in 

the  tissu es  th a t are derived from the  first b ranch ia l a rch  (K urihara et 

al 1994). A sim ilar p a tte rn  of abnorm alities is seen  w hen the  ETA 

recep tor gene is d isrup ted  and  includes severe jaw  an d  th ro a t 

abnorm alities. The ETA deficient mice also have h e a rt defects an d  die 

shortly  after b irth  from brea th ing  obstruc tion  (C louthier et al 1998). 

Mice deficient for the  enzyme E C E -1 also have very sim ilar 

craniofacial an d  card iac anom alies suggesting  th a t  the  E T -l/E C E - 

1/ETA pathw ay is critical for norm al face an d  h e a rt developm ent.

The precise role of the  E T-1/EC E -1/ET A  pathw ay  in n eu ra l 

c rest developm ent is not yet know n b u t it m ay be necessary  for 

m igration, proliferation or differentiation. However, it is clear from the
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H um an Preproendothelin-1 protein (212 residues)

MDYLLMIFSLLFVACQGAPETAVLGAELSAVGENGGEKPTPSPPWRLRRS 

KRCSCSSLMDKECVYFCHLDIIWVNTPEHV VPYGLGSPRSKRALENLLPT 

KATDRENRCQCASQKDKKCWNFCQAGKELRAEDIMEKDWNNHKKGKDCSK 

LGKKCIYQQLVRGRKIRRSSEEHLRQTRSETMRNSVKSSFHDPKLKGKPS 

RERYVTHNRAHW*

• • v O

Big Endothelin-1 (38 aal

I FURIN-LIKE
PROTEASE

CSCS SLMDKECVYFCHLDIIWVNTPEHWPYGLGSPRS

i ENDOTHELIN 
CONVERTING 
ENZYME (ECE-1)

M ature Endothelin-1 (21 aa)

CSCSSLMDKECVYFCHLDIIW

I
E n d oth elin  R ecep tor A E n d oth elin  R ecep tor B

Figure 2 .4  T w o-stage sy n th e s is  o f  th e  en d o th elin -1  p ep tid e . T he yellow  
h igh ligh ted  seq u en ce  is  th e  b ig  en d o th e lin  1 p ep tid e . T he green  h igh ligh ted  
seq u en ces  are target s ite s  for a c tio n  o f  th e  p ro tea ses .
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m ouse knock-out w ork th a t  the  E T-1/EC E-1/ETA  pathw ay  is crucial 

for norm al developm ent of the  first an d  second b ran ch ia l arches.

B arni et al (1998) have hypothesised  th a t  ET-1 prom otes 

b ranch ia l a rch  developm ent during  weeks 11-12 of h u m an  

embryological developm ent, coinciding w ith developm ent of the  face. 

It is envisaged th a t the  action of ET-1, m ediated by ETA an d  ECE-1, 

together w ith the  different p a tte rn s  of expression in different cell 

com partm en ts leads to a  differential response  to cell proliferation and  

bone form ation. The phenotype of ET-1 - / -  m ice h a s  considerable 

sim ilarity to m an d ib u lar abnorm alities show n in h u m a n  syndrom es 

w here the  first b ranch ia l a rch  is affected such  as T reacher Collins 

(OMIM 154500) and  Pierre Robin syndrom e (OMIM 261800). The fact 

th a t bo th  the  face an d  the  h ea rt are  affected h ighlights sim ilarities 

w ith the  cardio-facial conditions collectively grouped as CATCH 22 

(Wilson et al 1993).

2 .6 .  Methods of genetic analysis

M apping stud ies and  identification of m u ta tio n s in genes th a t 

cause  craniofacial defects enab les som e u n d e rs tan d in g  of the  

pathw ays involved in the  developm ent of the  face an d  m ay help  to 

identify cand idate  genes responsib le for norm al person  to person  

variation. These approaches have been employed to identify genes 

responsib le  for bo th  complex an d  sim ple pathology.

It h a s  been  estim ated  th a t H um ans are 99.9%  genetically

identical; th is  co rresponds to a  difference of one nucleotide per
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thousand  out of the total 3000 million nucleotides, m eaning an 

average of 3 million differences between any two individuals.

Therefore w ithout the recent rapid progress m ade in gene 

identification, function and expression studies along with progress 

made in sequencing and single nucleotide polymorphism  (SNP) 

identification, the process of identifying genes responsible for hum an  

variation in facial features would have been an impossibly difficult 

task  to undertake.

Complex genetics focuses on individual variation in continuous 

traits. These are graded series of phenotypes from one extreme to 

another with no clearly distinguishable subsets and  where there are 

often elem ents of gene-environm ent and gene-gene interaction. These 

traits include height, weight, and IQ. Complex tra its  are often 

m ultifactoral; the phenotype being dependent on environm ental and 

num erous genetic factors. Also, in contrast to tra its  which follow a 

simple Mendelian pattern  of inheritance the genes contributing to 

complex traits have relatively small effects, and act in concert: as 

such  they cannot be easily identified through segregation analysis.

Very few facial features have been docum ented as being 

inherited in a simple m anner following a Mendelian pattern  of 

inheritance. Furtherm ore, it is likely th a t the genetic m echanism s 

underlying inheritance of norm al facial featuresCîCcomplex in order to 

account for the immense person to person variability. It is assum ed 

th a t the inheritance of quantitative characters depends on
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com binations of genes th a t  are subject to the  sam e law s of 

tran sm iss io n  as sim ple tra it loci. Therefore th rough  the  analysis of 

large families, and  b reak ing  down the complexity of phenotypes into 

sim ple com ponent p a rts , the  effect of each  con tribu to ry  gene m ay be 

ascerta ined . For exam ple, if the  face were to be categorised into 20 

polym orphic fea tu res and  each  of the 20 fea tu res h ad  3 phenotypes, 

th is  alone would accoun t for or 3486784401 facial com binations.

This sim ple calcu lation  ignores variability due to o ther factors su ch

as age, e thn ic  background , sex, and  weight.
Practical considerations

W hen trying to identify genes responsible for pa rticu la r phenotypes there  
a re  broadly speaking two stra teg ies th a t can be used , linkage or association  
analysis.
Linkage analysis-hnksige  looks a t physical rela tionsh ips betw een loci. The 
underly ing  aim  is to see how often a  m arker locus and  a  tra it locus is separa ted  
by meiotic recom bination. The num ber of inform ative m eioses required  to detect 
linkage is dependen t on the  recom bination rate: w ith no recom binan ts it is 
estim ated  th a t 10 m eioses are sufficient to detect linkage w hereas w ith a  
recom bination  fraction of 0.3, 85 would be required in order to get the  sam e level 
of significance. The approach  depends on collecting family d a ta  from large 
pedigrees or nu m ero u s sm all pedigrees and  looking for linkage betw een the 
scored phenotype and  known genetic m arkers. The efficacy w ith w hich linkage 
can  be u sed  to m ap tra its  is variable and  relies in p art upon the type of m arkers 
u sed  and  how densely they are spaced th roughou t the  genom e (Kruglyak 1999; 
Collins et al 1999; W ang et al 1998; Schafer & Hawkins 1998).

Problem s associated  w ith linkage include the need for inform ative m eioses 
and  com plete specification of a  genetic model of the tra it being m apped, including 
m odes of inheritance, segregation data , and  estim ates of gene frequencies and  
penetrance  [Mueller and  Cook 1996; Lathrop, Terwilliger & W eeks 1996; Spence 
and  Hodge 1996; W right C aro thers & P irastu  1999; W ang 2000]. O ther problem s 
include locus heterogeneity  and  false recom binants [W hittemore and  H alpern 
2001]. Model-free m ethods of linkage analysis have also been developed, 
including the  im portan t sib-pair analysis approach , w here efforts are  focused on 
looking a t chrom osom e segm ents shared  by affected individuals. In th is  m ethod 
a  lim iting feature  is the need to collect large enough nu m b ers of sib pa irs  to 
achieve s ta tis tica l significance, especially w here genetic heterogeneity  is a  
problem . Overall, linkage analysis h a s  been the  m ajor m ethod for identifying loci 
th a t determ ine single gene d isorders or conditions in which relatively few genes 
determ ine phenotype. Many of the  craniofacial d isorders cited in th is  section 
were identified using  a  linkage approach.
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Association analysis- allelic association stud ies look a t the re la tionsh ips betw een 
alleles, e ither in affected fam ilies or across populations of affected and  unaffected 
indiv iduals, to see to w hat ex tent an  allele a t a  pa rticu la r m arker locus is 
assoc ia ted  m ore frequently  th a n  random  expectation with a  tra it. A ssociation 
betw een an  allele an d  a  tra it can  arise either because the allele cau ses  the  tra it 
d irectly  or is very closely linked to an  allele th a t does. Allelic association  analysis 
is an  essen tia l tool in determ ining the genetic basis  of complex d iso rd e rs /tra its  
w here linkage analysis is difficult. A m ajor problem  with association  s tu d ies  is 
popu lation  stratification , w hich arises largely from ethnic diversity, b u t age and  
gender m ay also exert an  influence. T hus in case /co n tro l s tu d ies  it is extrem ely 
im p o rtan t to select a  su itab ly  unb iased  control cohort. [Schork et al 2001]. 
A nother problem  w ith association  is th a t the  sta tistica l analysis is often not
su itab ly  s tringen t with reference to the num ber of questions asked , su ch  a s  the 
n u m b er of loci tested . T hus the Bonferroni correction, w hich tak es th is  into 
accoun t, should  alw ays be applied (p= 0 .0 5 /n  w here n is the n u m b er of questions 
asked). Due to the problem  of finding su itab le  controls, association  m ethods with 
in te rn a l con tro ls are  now often used  (Lander and  Schork 1994). For exam ple,
TDT (transm ission  d istortion  test) u ses nuc lear families with one or m ore affected 
offspring and  one p a ren t heterozygous a t the m arker locus u n d er investigation. 
T his test com pares the frequency with which the paren tal alleles are tran sm itted  
to offspring w ith the tra it/d iso rd e r. Deviations from the 50:50 ratio  of 
tran sm iss io n  ind icate  an  association  (Spielm an et al 1993). Such  m ethods have 
been successfu l in identifying genes for complex d isorders such  a s  d iabe tes [Reed 
e t al 1997).

Association analysis h a s  also been used  to great effect w hen a  strong  
‘can d id a te  gene’ h a s  been proposed for a  particu la r phenotype |eg. polycystic 
ovary syndrom e U rbanek et al 1999]. Such genes are usually  selected on the 
b as is  of the function  of the gene product, the p a tte rn  of expression du ring  
developm ent or s tu d ies  of an im al m odels system s. Such explorations are  best 
carried  ou t u sing  several m arkers since some negative resu lts  m ight occur, if for 
exam ple the m ark er polym orphism  h as arisen  su b seq u en t to the tra it or h a s  been 
sep ara ted  by recom bination.

It is believed th a t for complex disorders, an  approach  com bining linkage 
ana ly sis  and  association  s tud ies  is desirable. One of the m ain  goals of the 
genom e project after com pleting the sequencing of the genom e is the system ic 
identification of com m on v arian ts  in all genes, a  project th a t will greatly  facilitate 
fu tu re  association  s tud ies  (Lander 1996). Such stud ies can be very complex, 
especially  if there  are several functional polym orphism s in a  p a rticu la r gene bu t 
the  m ost im portan t aspect of any study  is the accu ra te  classification and  
assignm en t of phenotypes.



With the complete sequence of the hum an  genome now withinS^WV 

it is possible to carry out procedures, such  as whole genome scans, to 

facilitate the task  of gene hunting  through linkage analysis. A 

genome wide approach for m apping complex phenotypes would 

involve developing dense m aps of SNPs throughout the genome in 

order to detect susceptibility genes through linkage disequilibrium  

(Zhao et al 1998). A com puter sim ulation has recently led to the 

questioning of the m erits of this approach (Kruglyak 1999). In 

addition to the complete sequence, an STS m ap of the hum an  

genome has been produced along with an SNP da tabase  under way 

(Bentley 2000). It is believed tha t for complex disorders, an approach 

combining linkage analysis and association studies is desirable. One 

of the m ain goals of the genome project after completing the 

sequencing of the genome is the systemic identification of common 

variants in all genes, a project th a t will greatly facilitate future 

association studies (Lander 1996). Such studies can be very complex, 

especially if there are several functional polym orphism s in a 

particu lar gene bu t the m ost im portant aspect of any study is the 

accurate classification and assignm ent of phenotypes.

2.7 Aims and objectives

The aim of this thesis is to classify norm al hum an  facial 

variation suitable for genetic analysis. The eventual aim  is to link 

facial appearance with underlying genetic constitution. During the

course of th is thesis the hum an genome project reached prelim inary
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com pletion, m aking th is  aim  m ore plausible. Additionally there  h a s  

been an  alm ost exponential explosion in technology, rap id  p rocessing  

and  m anipu lation  of 3D data . The project described  in th is  thes is  h as  

a ttem pted  to h a rn e ss  developm ents in bo th  these  disciplines to 

provide groundw ork for fu tu re  stud ies.

Objectives

• Collect facial d a ta  an d  DNA from un re la ted  and  rela ted  sub jects 

and  th u s  provide a  resource for long term  stud ies

• Explore an d  validate m ethods for analysing  d a ta

• Identify polym orphic facial phenotypes and  devise objective 

p rocedures for classification based  on qualitative an d  quan tita tive  

data.

• Analyse population  d a ta  for frequency an d  d istribu tion  of 

identified phenotypes and  u se  to generate  genetic hypo theses

• Analyse family d a ta  to determ ine if classified phenotypes follow 

p a tte rn s  of sim ple m endelian  segregation

• Investigate facial asym m etry  in  a  specific m edical condition. 

M edullary Sponge Kidney (MSK), an d  com pare w ith norm al 

subjects.

• Explore rela tionsh ip  betw een norm al genetic polym orphism s in 

cand idate  genes and  facial phenotypes.
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C h a p t e r  3  

Materials and Methods

This chap ter provides details of the  m ateria ls an d  m ethods 

u sed  to collect and  analyse the d a ta  assem bled  in th is  thesis . 

Inform ation is provided on recru itm en t of sub jects, two types of 

optical surface scan n er and  software u sed  to collect an d  analyse the  

3D face d a ta  described in C hapters 4 , 5 ,  and  6 as well a s  the  

m ateria ls and  processes u sed  to generate  the  m olecular d a ta  

p resen ted  in C hapter 7.

3.1 Data set

Initially sub jects were recru ited  random ly in UCL. They m ainly 

com prised s tu d en ts  of a t least eighteen years of age. This m ean t th a t 

the  face w as close to fully-grown and  also th a t the  sub jec ts  could give 

w ritten  consen t to partic ipa te  in the  project. A consen t form approved 

by the  UCL ethics com m ittee w as filled ou t by each  partic ipan t, DNA 

in the  form of a  blood or buccal sam ple were ob tained  w here possible 

as well as  personal inform ation.

Some of the  early volunteers were approached  a t a  la te r date  

for two reasons; the  first w as to generate  a  d a ta  set w here face d a ta  

h ad  been collected from the  sam e sub jects a t a  year in terval and  

secondly to begin collection of family data . As the  focus of the  project 

shifted  tow ards collection of family da ta , various stra teg ies were 

em ployed to encourage family participation . These involved gim m icks
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su ch  as offering sub jects their face image as a  p rin tou t, T -sh irt 

tran sfe r or screen  saver. N um erous o ther vo lun teers also em erged 

from various m edia b roadcasts  related  to the  project on th e  television 

and  radio an d  in new spaper articles. O ther in itiatives to ta rge t family 

groups included w eekend scann ing  a t W hiteleys Art gallery in the  

B aysw ater shopping cen tre  and  also weekly scann ing  in th e  ‘Live 

Science' a re n a  in the  new Wellcome Wing of the  Science M useum  

from Ju ly  to D ecem ber 2000. These pro jects bo th  m ade u se  of the  

portable  optical surface scan n er described in section 3.2 an d  enabled 

u s  to double the  nu m b er of family groups collected.

P artic ipan ts  were requested  to fill o u t a  questionna ire  providing 

personal inform ation including age, gender, ethnicity , relevant 

tra u m a / operations to the  face, place of b irth  etc (Table 3.1). The 

com pleted inform ation sheet w as assigned  the  sam e n u m b er as the 

su b jec t’s scan  to en su re  anonym ity of the  da ta . The inform ation was 

collated in a  Microsoft Access da tab ase  in order to m ake th e  d a ta  

m ore accessible for fu rth er analysis e.g. stra tification  of th e  d a ta  for 

ethnicity , sex or age. The extent to w hich th e  inform ation sh ee ts  were 

com pleted w as extrem ely variable and  no t all sub jec ts  provided all 

the  personal inform ation requested .

W here possible DNA sam ples were collected from  partic ipan ts . 

This w as no t practical in public a ren as  su ch  as the  Science M useum  

an d  W hiteleys Gallery. Prof. H opkinson took a  20m l in travenous 

blood sam ple, collected in a  Na-EDTA tube, from vo lun teers (stored a t
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CONFIDENTIAL
CONSENT FORM [investigator’s  file copy]

Title of Study: Genetic analysis of Human Facial Features

Chief Investigator : Professor David A. Hopkinson

To be completed by the volunteer:

1 .  H a v e  y o u  r e a d  t h e  I n f o r m a t i o n  s h e e t  a b o u t  t h i s  s t u d y ?

2 .  H a v e  y o u  h a d  a n  o p p o r t u n i t y  t o  a s k  q u e s t i o n s  a n d  d i s c u s s  t h i s  s t u d y ?

3 .  H a v e  y o u  r e c e i v e d  s a t i s f a c t o r y  a n s w e r s  t o  a l l  y o u r  q u e s t i o n s ?

4 .  H a v e  y o u  r e c e i v e d  e n o u g h  i n f o r m a t i o n  a b o u t  t h i s  s t u d y ?

5. Do you understand that you are free to withdraw from this study

* at any time 

^without giving a reason

6. Do you agree to  take part in this study?

S i g n e d  D a t e  . . .

I n v e s t i g a t o r s  S i g n a t u r e ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D a t e

Please delete as necessary

Y E S / N O

Y E S / N O

Y E S / N O

Y E S / N O

YES/NO

YES/NO

YES/NO

About You:

L a s t  N a m e  _

S e x :

F i r s t  N a m e ( s )

D a t e  o f  B i r t h : P l a c e  o f  B i r t h :

E t h n i c  O r i g i n ; . E t h n i c  o r i g i n  o f  p a r e n t s ; .

A r e  y o u  L e f t  H a n d e d ?  Y e s / N o

A n y  o p e r a t i o n s  o r  d e n t a l  w o r k  t h a t  h a s  a f f e c t e d  y o u r  a p p e a r a n c e ;  Y e s / N o  ( I f  Y e s ,  p l e a s e  g i v e  d e t a i l s  o v e t l e a O  

T e l .  N u m b e r / e m a i l _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

M a y  w e  c o n t a c t  y o u  f o r  f u r t h e r  i n f o r m a t i o n  i f  n e e d e d ?  Y e s / N o

For office use onlv:
D a t e ;  N u m b e r : F i l e  n a m e s : D N A :  S a l i v a / B l o o d

All proposals for research using human subjects are reviewed by an ethics committee before they can proceed. This proposai 
was reviewed by the Joint UCUUCLH Committee on the Ethics of Human Research-

T able 3 .1  E x a m p le  c o n s e n t  form  an d  in fo rm a tio n  s h e e t  u se d
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-70°C u n til required). Buccal sam ples were taken , in the  form of 0.9% 

saline solution m ou thw ashes and  buccal sw abs (placed in 1.5ml of 

O.OSmM EDTA; 0.5% SDS) and  stored a t 4°C for u p  to two weeks. Dr 

M ark Thom as (Dept, of Biology, UCL) provided guidelines for 

collection an d  precip itation  of DNA from buccal sam ples (personal 

com m unication).

3.2 Optical surface scanners

3D face d a ta  were collected from all p a rtic ip an ts  u sin g  e ither a 

fixed or a  portable  optical surface scanner. Both scan n e rs  work on 

the  principles described in C hapter 2.

3.2.1 Fixed scan n er

Collaboration w ith UCL Medical Physics an d  Bioengineering 

d epartm en t m ean t th a t it w as possible to access the  fixed optical 

surface scan n e r housed  in the  UCH m axillofacial u n it. Due to its 

location, th is  system  w as largely u sed  to collect d a ta  from s tu d en ts  

an d  staff in UCL. The equipm ent w as operated  a s  described  in the  

U ser’s Guide, provided by the  D epartm ent of Medical Physics.

The scan n er w as located in a  sm all room  w here it w as possible 

to control the  lighting an d  air conditioning. The equ ipm ent consisted  

of a  ro ta tab le  chair, cam era  and  m onitor, two m irrors, laser light 

source, p rocessor and  com puter. The scan n e r w as operated  from a  

DOS program  ru n  from a  s tan d a rd  PC. It w as possible to ad ju s t the 

in terval an d  region of d a ta  cap tu re  from th is  program . The light

in tensity  w as ad ju sted  according to background  lighting as  well as
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the  sk in  tone of the  sub ject u sing  the  video gain b u t generally w as 

operated  a t the  recom m ended m iddle-range signal sa tu ra tio n  of 125 

(max. a-d  conversion = 255). Fig 3.1 illu stra te s  the  a p p a ra tu s  u sed .

3.2.2 Portable scan n er

The Polhem us FastSCAN™ H andheld  Laser S canner (HLS) 

system  w as p u rch ased  th rough  DBA (D uncan Hynd A ssociates Ltd), 

the ir H andbook of In structions for installing  the  software and  

operating  the  scan n er system  (including se ttings for scanning , 

creating  export files and  calibration) w as followed in the  s ta n d a rd  

recom m ended m anner. This a p p a ra tu s  com prised a  scan n e r w and, 

receiver an d  tran sm itte r  device, p rocessor an d  laptop PC w ith HLS 

operational software. Fig 3.2 illu stra tes the  HLS equipm ent. As w ith 

the  fixed scan n er it w as possible to ad ju s t the  cam era  ‘sensitiv ity’ to 

com pensate  for different lighting conditions and  sk in  tone. This w as 

achieved by changing the  sensitivity se tting  on the  w and  on a  scale 

from 1 to 5, 5 being the  m ost sensitive. For norm al operation  a  

se tting  of 4 w as used .

The HLS software settings could be ad ju sted  for d a ta  cap tu re  

p a ram eters  an d  d a ta  export param eters . It w as essen tia l to save HLS 

scan s in a  .obj export form at th a t could be recognised by the  software 

u sed  for analysis. The export file is defined by the  ‘clipping’ m argin, 

th is  is the  stringency u sed  w hen m eshing  separa te  scan  sw eeps 

ob tained  from the  system . A broad  clipping m argin  (4mm) p roduces

less s tringen t an d  sm oothed d a ta  w here as a  narrow  clipping m argin
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Figure 3 .1  T he MGI laser scan n er. T he su b ject s it s  on  a chair th a t is  
rotated  under com p u ter con tro l. A low  pow er laser lin e  illu m in a tes  th e  
face  and is  v iew ed  by a cam era from  2  d ifferen t d irectio n s u sin g  tw o  wall- 
m ou n ted  m irrors. T he a cq u isitio n  ta k es  a few  seco n d s to  obta in  a fu ll face  
sca n  com p risin g  approxim ately  4 0  DOG x , y , z  data p o in ts.

(Im age ob ta ined  from  M edical G raphics and Im aging h om ep age  
h t t p ; / / w w w .m edphY S.ucl.ac .uk /m gi/^
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Figure 3 .2  HLS eq u ip m en t. A- Scanner wand and re su lts  observed  on  th e  
com p u ter screen  from  sca n n in g  a m odel. B- sca n n in g  o f a 'live* su b ject w h ich  
requires ad d ition a l rece iver  d ev ice  on  th e  headband to  co m p en sa te  for su b tle  
m ovem en t.

(Im ages are reproduced  from  th e  P olh em u s w ebsite: 
h ttp ://w w w .p o lh em u 8 .co m )

http://www.polhemu8.com


(0.5mm) preserves finer detail, generally the  2m m  recom m ended 

clipping m argin  w as used .

3.3 Software

Most of the  d a ta  analysis w as carried  o u t u sin g  CLOUD an d  

LSMVIEW. O ther software w as u sed  for s ta tis tica l d a ta  an d  for the  

analysis of m olecular data .

3.3.1 CLOUD

This program  w as kindly provided by Dr Robin R ichards (UCL 

Medical Physics and  Bioengineering Dept.) an d  largely u sed  for 

viewing raw  scan  data , placing anatom ical lan d m ark s on the  3D scan  

and  calcu lating  d istances and  angles betw een defined points. The 

software could be u sed  on .Ism files by the  fixed scan n e r a s  well as 

.obj files generated  by the  HLS scanner. An additional u se  of CLOUD 

w as to ‘p seu d o -scan ’ .obj files, w hich converted them  into .Ism files, 

an d  th is  allowed direct com parison of the  calcu lated  surface 

segm entation  files derived by the  two types of scan n e r (C hapter 4).

3.3.2 LSMVIEW

Dr R. H ennessy  developed th is  program  in the  MRC HBGU.

This software m ade u se  of Surface Type analysis (STA) (Coombes et al 

1990) and  Shape Index (SI) (Koenderink an d  Van D oom  1992) 

surface segm entation , m entioned in C hap ter 1, an d  th e ir direct 

application  to the  analysis of 3D face data . In o rder to view the 

surface segm entation  the  HK file h ad  to first be calcu lated  an d  th is
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took approxim ately 30 m inu tes per face scan  u sin g  a  s ta n d a rd  PC. 

The HK file is a  calculation  of the  m ean  (H) an d  g au ssian  (K) 

cu rva tu re  a t each  d a ta  point obtained from the  scan  of the  face a n d  is 

u sed  to generate  bo th  STA and  SI segm entations. The program  

selects a  c ircu lar p a tch  w ith 10m m  rad iu s a ro u n d  each  d a ta  po in t to 

calcu late  the  local shape  properties. The effects of a ltering  th e  shape  

and  size of the  pa tch  of poin ts are  d iscussed  in C hap ter 4. LSMVIEW 

w as u sed  to view the  calculated  HK file loaded onto the  3D face scan .

A 2D face m ap of the  SI and  STA analyses could be projected 

from .Ism da ta , b u t no t .obj da ta , u sing  LSMVIEW. A 2D face m ap 

allowed a  specific SI value to be estim ated  a t a  poin t on th e  face. This 

w as u sed  in the  classification of chin  cleft (C hapter 4). As .obj files 

derived from the HLS scan n e r could no t be projected in to  2D face 

m aps (unless converted into .Ism files by ‘p seu d o -scan n in g ’) an  

a lternative m ethod of grading shape variation  w as devised by 

changing the  STA th resho ld  function from the  defau lt p a ram ete r of

0 .005 to 0.05. This generates STA p a tte rn s , w hich accen tu a te  the  

m ore curved m id-face fea tu res as opposed to flatter fea tu res, and  

th u s  w as extrem ely valuable in categorising the  ch in  cleft fea tu re  

(C hapters 4 an d  5). Generally speaking  there  w as good correlation  

betw een classifications using  the  STA and  th e  SI analysis (C hapter 4).

3.3 .3  O ther software

Statistica l analysis w as carried  ou t in M icrosoft Excel u sing

s ta n d a rd  sta tis tica l form ula for F tes ts , T tes ts . Correlation,
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Covariance, C hi-square  analysis, and  calcu lation  of m ean , s tan d ard  

deviation, an d  95% confidence interval values. The C hiprob program  

from GCG w as u sed  to obtain  a  probability  associated  w ith Chi- 

square  analysis and  the  2 by 2 program  from GCG w as u se d  to carry  

ou t F ishers exact test. For analysis of m olecular da ta , ‘Amplify’ was 

u sed  to check  prim er sequence an d  GCG MAP sequence analysis 

p rogram s u se d  to identify restric tion  enzym e sites in v a rian t 

sequences. All GCG program s were accessed  th rough  HGMP.

3.4 Molecular analysis

This section provides brief details on the  s ta n d a rd  techn iques 

and  m ateria ls u sed  to produce the d a ta  p resen ted  in C hap te r 7.

3.4.1 M aterials

Standard reagents:

A nalar grade reagen ts were p u rch ased  from BD H /M erck, F isons and  

Sigma.

Enzymes:

R estriction enzym es were p u rch ased  from New E ngland Biolabs. The 

Taq polym erase u sed  for PCR w as from Advanced Biotechnologies 

and  the  Therm o Sequenase from A m ersham  Life Science 

Electrophoresis reagents:

Agarose w as from BRL an d  Nusieve low m elting po in t agarose from 

FMC B ioproducts. 40%(w/v) acrylam ide an d  2%(w/v) b isaciy lam ide 

were from BIO-RAD. 19:1 acrylam ide/ bisacrylam ide so lu tion  w as
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from Severn Biotech, APS (am m onium  persu lphate) w as from BIO­

RAD and  TEMED (N, N, N’, N’ -  tetram ethylethylenediam ine) w as 

from BDH.

Miscellaneous

dNTPs were p u rch ased  from A m ersham  P harm acia  B iotech UK. Gel 

ex traction  an d  PCR clean u p  k its cam e from Qiagen. The Ik b  DNA 

m ark er u sed  to estim ate  the  size of DNA fragm ents in  agarose gels 

w as bought from Gibco, BRL.

Commonly used Solutions:

10 X  TBE: 890mM  TrisHCL, 890mM  Boric Acid, an d  20mM  EDTA 

1 X TE: lOmM TrisHCL, ImM EDTA, a t pH 7.5

6 X Loading Buffer: 30% Glycerol, 1 x TE, 0.05%  brom ophenol blue 

All so lu tions were m ade using  distilled w ater. The w ater u sed  in 

SSCP an d  PCR w as fu rth er irrad iated  by ultraviolet light (MilliQ p lus 

185) and  autoclaved.

3.4.2 M ethods

G lassw are u sed  w as sterilised  by autoclaving (15psi, 121°C for 20-25 

m inutes), as were com m only u sed  solutions. A utoradiography w as 

carried  ou t by exposure of M R-1 X-ray film (Kodak) a t room  

tem p era tu re  overnight for labelled sequencing.

DNA preparation

I. Islam  (MRC HBGU, UCL) p repared  DNA from blood an d  buccal 

sam ples u sing  s ta n d a rd  p rocedures outlined  by G rim berg et al (1989)
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for the  isolation of genomic DNA from blood sam ples an d  a  phenol 

ex traction  procedure for buccal sam ples (Dr M. Thom as, Dept. 

Biology, UCL personal com m unication).

PCR Amplification 

All reactions u sed  10 x Buffer V (Promega Form ula: SOOmM KOI, 

lOOmM Tris-HCl; pH 8.3 a t 25°C, 15mM MgCb, 1% TritonX-100) 

from Advanced Biotechnologies. Reactions were carried  o u t using; 

~50-200ng of genomic DNA w ith SOpmoles of forw ard an d  reverse 

prim ers (details of prim er design an d  sequence is given in C hap ter 7), 

0.2mM  dNTPs, 1 x Buffer V and  Ipl of Taq all in  a  final volum e of 

lOOpl, m ade u p  w ith sterile distilled w ater. Reaction m ixes were also 

p repared  w here the  DNA w as su b s titu ted  w ith sterile w ater to 

m onitor for DNA contam ination . The reaction  m ixes were p repared  in 

0 .5m l eppendorf tubes , vortexed an d  am plified u sin g  a  Phoenix PCR 

m achine (with a  heated  lid). The s ta n d a rd  cycling conditions for u p  to 

35 cycles were: d én a tu ra tio n  a t 96°C for 30 seconds, annea ling  for 30 

seconds and  extension a t 72°C for 30 seconds. Initially, the  annealing  

tem pera tu re  u sed  w as calculated  as Tm -  4°C, w here Tm is the  m elting 

tem p era tu re  w hereby approxim ately equal p roportions of the  DNA are 

annea led  and  dissociated. Tm w as calcu lated  from the  prim er 

sequence u sing  the  following equation:

Tm = 69.3 +0.41 (%G+C con ten t of p rim er)-(650 /leng th  of primer)

After an  initial PCR, annealing  tem p era tu res  were decreased  or

increased  to achieve specific am plification of the  desired  PCR
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product, the  optim um  PCR cycling conditions for each  exon of E T l 

and  ETRA are  listed in Table 3.2. Once optim um  conditions were 

estab lished  PCRs were carried  ou t in m icrotitre p la tes ra th e r  th a n  

eppendorf tu b es  to facilitate the  hand ling  of g reater n u m b ers  of 

sam ples. For m icro titre  p lates the  Perkin E lm er PE9700 PCR 

m achine w as used .

Agarose gel electrophoresis and  recovery of DNA fragm ents 

DNA fragm ents were resolved in 1.0-6.0%  agarose gels. G enerally a  

1.5% agarose gel w as u sed  for e lectrophoresing PCR p roducts an d  

th is  w as m ade by dissolving 0.75g of agarose in 50m l of Ix  TBE 

buffer solution w ith 1 pi e th id ium  brom ide (at a  concen tra tion  of 

lOOngml'i). The gels were poured  into 8 x 10cm flatbed m oulds and  

w hen set, ru n  a t lOVcm-i in Ix  TBE buffer solution. To enable 

v isualisa tion  of the  DNA fragm ents, by ultra-violet transillum ination , 

e th id ium  brom ide w as also added to the  buffer solution. 3% a n d  6% 

gels were u sed  to obtain  be tter reso lu tion  of the  DNA b an d s if 

diagnostic restric tion  enzym e digestion h ad  been  u sed  on the  PCR 

product.

Single stranded conformation polym orphism  (SSCP)

SSCP analysis w as carried  ou t u sing  Hoefer (SE 600) vertical 

e lectrophoresis u n its . The gels were 16x14 cm  an d  were m ade by 

m ixing the  appropria te  volum es of 40% acrylam ide an d  2% b is­

acrylam ide, in 0.5 X  TBE, w ith 0.16%  (v/v) TEMED an d  4% (w/v)

am m onium  persu lfate  to polym erise the  gel a s  well a s  50% glycerol
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Primer name and sequence 5*—► 3* Anneal
tem p.

Additional

ET- FI ta a a g g g ca c ttg g g c tg a a g g  

ET- R1 c cg a g a c tta c a a g tc a a c g a g 56

30 cycles

ET- F2 t t tg a g g a g a c a tc c c c c a c tg  

ET- R2 g tg g a g cc a g c g c ta a tg a a tg 57

30 cycles

ET- F3 g g a a ta g g tg tg tc c a tg tg tc  

ET- R3 tg a ta g g a a g g a g ttca g g a g g

51 35 cycles, extension 
temp. 60°

ET- F4 c t a t c a t g g t a c t g c c t t c c t g  

ET- R4 a g g c tg c tg g c a tc a c tg a c tg

58 30 cycles

ET- F5 a a a g ttc a c a a c c a g a ttc a g g  

ET- R5 g g g a a c t c c t t a a c c t t t c t t g

53 30 cycles

ETA2AF agca g ca ca a g tg ca a ta a g a g  

ETA2AR a g tc tg c tg tg g g c a a ta g t tg

54 35 cycles

ETA2BF a t t tg g tc c ta c c c a g c a a tg  

ETA2BR c a t t t g t g g t t a c t t c c t a c c

52 35 cycles, denature 
held for 45 sec, anneal 

held for 60 sec
ET A3 F a c t g t g t c t c c t t c t t t c a g c  

ETA3R a a g g g a a a g a a cca ca tta cc

53 35 cycles

ETA4F t tc a g g ta c a g a g c a g ttg c  

ETA4R tg tg g c a ttg a g c a ta c a g g

52 35 cycles, denature 
held for 45 sec, anneal 

held for 60 sec
ETA5F t c a c t t t g a a g t t c t a c c a a g  

ETA5R c a t g a t g t t a t g g g a t t t a c c

50 30 cycles

ETA6F c a c t t t c c t t t a g c g t c g a g  

ETA6R g c g a g ta c a c a g g a tc a ta c

53 30 cycles

ETA7F t t g c t c t a g t t t c t t a c t g c  

ETA7R tg a a a a a tc a tc t ta c c tg g

55

49

5 cycles, anneal held 
for 45 sec 
30 cycles

ETA8F g t c t g t t c c t t c c c c c a g t c  

ETA8R g c a t t t c t t c t t g g g t g t g g

56 35 cycles

Table 3 .2  Prim er seq u en ce  and op tim al an n ea lin g  tem p eratu re u sed  to  
am plify  th e  desired  seq u en ce  from  ET-1 ex o n s  1-5 and ETRA ex o n s 2 -8 . All 
rea ctio n s w ere carried  ou t u sin g  Buffer V. U n less s ta ted  o th erw ise  ea ch  
d én atu ration , an nea lin g , and ex ten s io n  sta g e  w as each  held  for 3 0  
seco n d s, per cy c le .
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solu tion  (if required) to achieve a  gel of desired  cross-linker 

com position. The volum es of acrylam ide an d  b is-acrylam ide were 

a ltered  to achieve the  required %T (total am oun t, in  g ram s of 

m onom ers, of acrylam ide and  bisacrylam ide per 100ml) an d  %C (total 

am o u n t of b isacrylam ide in the  to tal am o u n t of m onom ers). Generally 

two types of gel were m ade, w ith 12% T 2% C and  10%T 1.5%C.

To p repare  the  sam ple for loading onto the  gel Ipl PCR product 

w as added  to 4 pi SSCP loading buffer (95% form am ide pH 7.0, 0.02M 

EDTA, 0.05%  brom ophenol b lue in sterile distilled water) and  3 pi 

w ater and  m ixed well. The m ix w as th en  incuba ted  a t 96°C for 7m ins 

to d en a tu re  the  DNA an d  p lunged into a  bucket of ice before loading 

im m ediately onto the  gel w ith a  long tip pipette. A Ik b  DNA ladder 

and  a  n o n -d en a tu red  sam ple were ru n  on each  gel. The gels were 

electrophoresed  in  0.5 x TBE (also u sed  to flush  ou t the  wells before 

loading the  m ixture) a t room  tem peratu re .

A n u m b er of pa ram eters  were varied to optim ise the  SSCP 

analysis of each  PCR product. These were percen tage of acrylam ide 

an d  bis-acrylam ide, addition of glycerol an d  the  length  of the  ru n  

(volt-hours). Table 3.3 sum m arises the  final SSCP conditions chosen  

for m axim um  reso lu tion  of each  of the  5 exons of ET-1 an d  for exons 

2 to 8 of ETRA respectively (all experim ents were carried  o u t a t room  

tem p era tu re ).

Silver Staining

The DNA band ing  p a tte rn s  were revealed by silver sta in ing  as follows:



ET-1 Gel
Composition

glycerol Volts/hours Example

Exonl 12%T 2%C X 170 volts for 
17 hours

Fig 7.1 C

Exon 2 12%T 2%C X 350 volts for 4 
hours

Fig 7.2 B

Exon 3 12%T 2%C X 170 volts for 
17 hours

Fig 7.3 C

Exon 4 12%T 2%C X 190 volts for 
17 hours

Fig 7.4 C

Exon 5 12%T 2%C X 180 volts for 
17 hours

Fig 7.5B

ETRA Gel
Composition

glycerol Volt/hours Example

Exon 2 (S’) 12%T 2%C / 130 volts for 
19 hours

Fig 7.6 A

Exon 2 (3’) 12%T2%C / 140 volts for 
17.5 hours

Fig 7.6 D

Exon 3 12%T2%C X 350 volts for 4 
hours

Fig 7,7 B

Exon 4 12%T 2%C y 350 volts for 4 
hours

Fig 7.8 C

Exon 5 12%T 2%C y 350 volts for 5 
hours

Fig 7.9 C

Exon 6 12%T 2%C X 140 volts for 
18 hours

Fig 7.11 B

Exon 7 12%T 2%C y 350 volts for 4 
hours

Fig 7.10 B

Exon 8 12%T 2%C y 160 volts for 
18 hours

Fig 7.12 C

T ab le  3 .3  SSC P c o n d it io n s  c h o s e n  to  a c h ie v e  o p tim a l r e so lu t io n  o f  b a n d s  
for e x o n s  1-5 o f  ET-1 and  e x o n s  2 -8  o f  ETRA.
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The gels were fixed by w ashing  for 2 x 3 .5m in  in a  10% e thano l 0.5%  

acetic acid solution, w ith agitation th roughou t, th en  in cuba ted  in a  

freshly m ade 0.1% aqueous solution of silver n itra te  for 2 w ashes of 7 

m in an d  6  m in, w ith con tinuous agitation. After brief w ashes (x2) in 

w ater the  developing solution (1.5% sodium  hydroxide w ith 0.01%  

sodium  borohydride and  0.4% form aldehyde) w as applied. After 3-10 

m in the  developer w as rem oved, the  tim ing being determ ined  by the  

in tensity  of ban d  developm ent. The gel w as finally rin sed  in w ater an d  

dried on a  vacuum  drier a t 83°C for 1.5 hours.

Preparation o f PCR products for sequencing

W hen varian t band ing  p a tte rn s  were observed on SSCP analysis the  

rem ainder of the  corresponding PCR p roduct w as cleaned  u p  for DNA 

sequence analysis e ither directly u sing  the  QIAquick PCR purification 

kit or QIAquick gel extraction kit, after cu tting  ou t th e  desired 

p roduct b an d  from an  agarose electrophoresis gel u sin g  a  sh a rp  

scalpel. The protocol suggested by the  m an u fac tu re rs  w as followed 

w ithout a ltera tion  for bo th  m ethods.

DNA sequencing

PCR p roducts were sequenced u sing  the  dideoxynucleotide chain- 

term ination  m ethod  (Sanger et al 1977), u sin g  the  A m ersham  Therm o 

sequenase  radiolabelled term ina to r cycle sequencing  k it according to 

the  m an u fac tu re rs  in struc tion  in conjunction  w ith the  A m ersham  

P harm acia  radioactive labels (Revidue ^3p labelled te rm in a to rs).
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2 pi T herm osequenase DNA polym erase w as m ixed w ith 2 pi of 10 x 

reaction  buffer (260mM Tris-HCl, pH9.5, 65mM MgCb), 2 .5pm ol of 

prim er and  approxim ately 50-500ng of DNA m ade u p  to a  final 20pl 

volum e w ith distilled w ater. Four 4.5pl aliquots were m ixed w ith 2.5pl 

of A, C, T an d  G term ination  m ixes (each te rm ina tion  m ix com prised 

7.5pM dATP, dCTP, dOTP, dTTP w ith 0.0752pM  (0.2252 pCi) of the  

appropria te  chain  term ina to rs [a- ^sp] ddNTP (ISOOCi/nmol)). The 

reactions were covered w ith 30pl paraffin oil an d  th en  cycled on a  

PCR m achine for 40 cycles of: 95°C for 30 sec, 60°C for 30 sec an d  

72°C for Im in  30 sec. After single s tra n d  am plification 4 pi of stop 

so lu tion  (95% form am ide, 20mM EDTA, 0.05%  brom ophenol blue, 

0.05%  xylene cyanol) w as added to each  reaction  an d  the  m ixture 

rem oved from u n d e r the  layer of m ineral oil. E ach  sam ple w as th en  

d en a tu red  a t 95°C for 5-6m in, before loading 1.2pl of each  m ix onto 

the  sequencing  gel.

E lectrophoresis w as carried  out u sin g  Biorad sequencing

a p p a ra tu s  and  a  den a tu rin g  polyacrylam ide gel. The gel w as p repared

contain ing  42g Urea, 15ml acrylam ide m ix [ACCU gel 19:1, 40%(19:1)

acrylam ide: b isaciy lam ide solution), an d  5ml 20 x Glycerol to le ran t

buffer (GTB)[216g Tris-HCL, 72g T aurine, 4g EDTA in 1 litre] m ade up

to 100ml w ith distilled w ater. 40m l of th is  so lu tion  w as poured  into

the  casting  tray  to seal the  bottom  of the  gel an d  the  rem ain ing  60m l

w as u se d  to c as t the  gel. Prior to pouring, 160pl of 20% APS and

lOOpl TEMED w as added to the  casting  tray  mix an d  120pl of
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20%APS an d  120^1 TEMED were added to the  gel mix. The gel w as 

poured  an d  allowed to set overnight. The gel w as p re -ru n  in 1 x  GTB 

a t 50 w atts to w arm  the  gel to 50°C. The sam ples were d en a tu red  in 

a n  oven a t 80°C prior to loading on the  gel u sin g  a  48-well s h a rk ’s 

tooth  comb. The gel w as electrophoresed for approxim ately  2 -2 .5 h rs  

a t a  c o n stan t 50°C (40-50W). After d isassem bly  of the  a p p a ra tu s , the  

gel w as tran sferred  to W hatm ann paper and  dried in an  80°C oven for 

45 m in. The gel w as exposed to X-ray film overnight a t room  

tem p era tu re  in a  light-tight b lack box.

DNA modification

R estriction enzym e digests were perform ed u sing  the  provided 

incubation  buffers and  carried  ou t according to the  m an u fac tu re rs  

in struc tion  e ither in a  w ater b a th  a t 37°C or 65°C.
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C h a p t e r  4

General aspects o f data collection  and

evaluation

The aim  of th is  thesis  is to classify norm al h u m a n  facial 

variation an d  generate  system s th a t are  su itab le  for genetic analysis. 

Hence the  first objective w as to estab lish  a  reliable m ethod  for 

collecting facial d a ta  from volunteer sub jects. Then cam e the 

investigation of su itab le  m ethods, u sing  conventional an d  novel 

app roaches for the  analysis and  classification of facial fea tu res. This 

ch ap ter provides an  overview of the  initial d a ta  collection procedure 

and  the  general analysis of the  face d a ta  together w ith th e  study  of 

specific polym orphic facial features.

3D face d a ta  h a s  been collected w ith two types of optical 

surface scanner. These d a ta  are briefly a ssessed  from the  poin t of 

view of quality  an d  also in term s of the  feasibility of achieving the 

outlined  objectives. Q uantitative and  qualitative m ethods of facial 

c lassification are explored and  investigate p a rticu la r fea tu res a s  well 

a s  general properties of the  face; the ir relative m erits an d  applications 

for genetic analysis are  d iscussed . The quan tita tive  approach  takes 

two lines, th a t of a n  overall judgem en t of the  sym m etry of the  face as 

well as analysis of a  localised feature  in te rm s of th e  degree of 

p ro tru sion  of the  m andible. Q ualitative m ethods are  described  w hich

provide an  objective classification of several m idline fea tu res. The
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ch ap ter concludes with an  evaluation of the  reproducibility  of these  

analytical p rocedures.

4.1 Collection of 3D data sets

3D surface d a ta  from the  face were collected from  random ly 

recru ited  vo lunteers u sing  the  two types of optical surface scanner, 

described in C hap ter 3.

4.1.1 Scan d a ta  from fixed optical surface scan n e r

More th a n  600 individuals were scanned  u sin g  the  fixed 

optical surface scanner. Four separa te  scan s were m ade of each 

individual; full face, m id face and  one of each  ear (Fig 4.1). The height 

of the  chair w as ad ju sted  to m axim ise the  a rea  of the  face scanned . 

The individual w as aligned vertically ag a in st the  h ead res t and  asked  

to close the ir eyes. The chair w as ro ta ted  m anually  to check th a t  the 

fanned  laser stripe  projected vertically along the  m idline profile of the  

face. The video gain w as ad ju sted  according to background  lighting 

and  sk in  tone, generally to a round  125 u n its , b u t slightly h igher for 

sub jects w ith darker sk in  tone. The full-face scan  began a t the  left 

ear an d  the  chair w as ro ta ted  anticlockw ise 250° u n d e r  com puter 

control to finish approxim ately a t the  right ear, c ap tu rin g  d a ta  a t 

one-degree intervals.

The m id-face scan  w as taken  30° e ither side of the  m idline w ith 

d a ta  cap tu red  a t every 0.25° (Fig 4.2). The raw  d a ta  for each  scan  w as 

saved as a  Laser Scan Multiple file (.Ism), th is  file records the  x, y, z
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Figure 4 .1  Raw data (.Ism) ob ta ined  from  fixed  o p tica l surface scan n er A- 
F ull-face (f) sca n , B- M id-face (n) sca n , C- R ight ear (r) sca n , D- Left ear (1) 
scan .
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Figure 4 .2  A- D en sity  o f  data p o in ts  co lle c ted  from  a fu ll-face sca n , w here  
th e  data are co lle c ted  a t 1° in terva ls on  ro ta tio n  o f  th e  su bject. B D en sity  
o f data p o in ts  co lle c te d  from  a m id-face sca n , data co lle c ted  a t 0.25® 
in terva ls as su b ject is  ro ta ted
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co-ord inates of the  40 ,000 d a ta  po in ts collected from  a  scan . E ars 

were scanned  a t the  sam e resolu tion  as the  full face scans.

4.1 .2  Scan d a ta  from HLS

The h a n d  held laser scan n er works on the  sam e principle as 

the  fixed system . The m ain  difference betw een the  two system s is th a t 

the  fixed scan n er records d a ta  in vertical stripes, a t approxim ately  

one-degree in tervals a ro u n d  the  face from left ear to right ear, an d  

the  HLS cap tu res  inform ation, a t a  sim ilar density , a s  a  b lanke t of 

poin ts from each  sweep m ade w ith the  w and. It is no t essen tia l to 

align the  sub ject carefully before scann ing  since the  in teg rated  

track ing  system  determ ines the  position an d  o rien tation  of the  w and 

during  each  sweep across the  surface of the  face. The com puter 

sim ultaneously  reco n stru c ts  the  3D face on the  screen.

It w as found th a t th ree  overlapping sw eeps covering the  left 

and  right sides of the  face as well as the  m id face region provided 

sufficient da ta . O ptim um  d a ta  w as ob tained  w ith the  w and ab o u t 30 

cm  from the  subject. In general, in  su b d u ed  lighting, the  sensitivity  

level 4 w as u se d  to collect d a ta  w ith the  HLS; if the  sub jec t h ad  

da rk e r sk in  tone th en  a  h igher sensitivity w as used .

The HLS software w as u sed  to m esh  the  d a ta  from th ree  

sw eeps an d  delete overlapping poin ts to p roduce an  ‘export’ file 

com prising 30-40, 000 d a ta  poin ts (Fig 4.3). The export file w as in 

W avefront or object file (.obj) form at an d  could be viewed and

m an ipu la ted  w ith o ther software such  as CLOUD an d  LSMVIEW.
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Figure 4 .3  Data ob tained  from  th e  Hand held  Laser Scanner (HLS) 
disp layed  in  W avefront (Object-obj) form at. A- C om p lete exp ort sca n , B 
D isp lay sh ow ing  data  p o in ts  co llec ted .
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The density  of d a ta  w as show n to vary according to the  speed 

a t w hich the  sweep w as perform ed. Slower sw eeps generated  denser 

d a ta  se ts b u t required  m ore care in m ain tain ing  sm ooth m ovem ent of 

the  w and.

4.1.3. Evaluation of scan  d a ta

D ata  were collected using  bo th  scanners. For bo th  system s 

ad justing  the  scan n er settings could influence d a ta  quality. For 

sub jects w ith d a rk  sk in  the  d a ta  were obtained  by increasing  the  

laser in tensity  and  hence the  sensitivity of the  scanner. In general 

the  slower the  scans the  be tter the  evenness of d a ta  cap tu re .

However, if a  scan  w as too slow there  w as an  increased  risk  of 

m ovem ent in the  subject. Additionally, w ith the  HLS system , a  slow 

speed often resu lted  in a  s tu tte red  appearance  due  to the  difficulty of 

m ain ta in ing  a  consisten t w and speed. For scan s  of young  children, 

who have a  tendency  to move, it w as found th a t  faster scan s were 

better.

a) Fixed scan

The m ain  draw back  of th is system  for o u r study  w as the  lack  of 

portability. This becam e m ore of an  issue  as the  focus of the  project 

shifted to rec ru itm en t of families. Specific problem s included  sub ject 

a lignm ent, h ead res t d istortion, an d  a  lengthy re-calib ration  

procedure. It w as very im portan t to align the  laser stripe  along the  

facial m idline of each  sub ject as the  scan n er cap tu res  d a ta  in vertical

profiles. T hus, any  deviation from m idline a lignm ent resu lted  in
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uneven  d a ta  collection and  occlusion. Problem s also arose if th e  

sub ject moved in betw een alignm ent and  scann ing  an d  w hen a  

precise facial m idline could no t be identified, for exam ple w hen a  

sub ject h ad  a  ‘crooked’ nose. A fu rth er problem  w ith sub ject 

a lignm ent arose if the  head  w as p ressed  too far back  or forward 

because  the  h ead res t w as badly ad justed . The fixed scan n e r 

som etim es required  calibrating  w hich is a  lengthy process. Hence it 

w as very im portan t to en su re  the scan n er calib ration  w as not 

d istu rbed .

b) Portable scanner

The acquisition  of the  h an d  held scan n e r allowed g reater

mobility for d a ta  collection and  in a  sh o rt tim e it provided a

significant increase  in the  n um ber of family d a ta  se ts  collected. We

have found th a t the  m ajor problem  w ith the  HLS system  is the

sensitivity  of the  receiver-tracking system  to the  p resence  of heavy

m etals, su ch  as iron in building s tru c tu re s  an d  fu rn itu re . This

resu lts  in d isto rted  an d  ineffective m eshing  of scan  sw eeps. It w as

found th a t the  m inim al p recau tions were to have the  sub ject seated

on a  non-m etallic  chair a t least a  m etre from all su rro u n d in g

com puter equipm ent and  any o ther m etallic objects an d  wiring.

Subjects were asked  to remove jewellery an d  w atches from  the  h an d

th a t held the  track ing  device. Metallic d isto rtion  proved m ore of a

problem  th a n  we h ad  originally an tic ipated  an d  in som e in s tan ces  it

w as no t alw ays easy to determ ine the source of the  in terference. In
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environm ents w here the  scans were of consisten tly  poor quality  w hen 

m eshed  together, we found th a t increasing  the  clipping m argin  for 

m eshing  provided a  less d isto rted  export file. However th rough  

m aking the  m eshing  less stringent, the  n u m b er of d a ta  po in ts  w as 

reduced  an d  hence too the d a ta  quality /  sensitivity.

The HLS system  also appeared  to be m uch  m ore sensitive to 

m ovem ent rela ted  d istortion  th a n  the  fixed scanner; slight m ovem ent 

of the  eyes, relaxation of the  m ou th  and  swallowing were all relatively 

com m on occurrences in betw een scan  sw eeps of overlapping a reas 

and  th is  led to distortion. These problem s were offset however by the 

speed w ith w hich the  scan  could be repeated , in less th a n  a  m inute, 

w ithout the  need  to realign the  subject.

4.2 Summary of 3D data collected

Facial d a ta  from abou t 1000 sub jects were collected,

sum m arised  in  Table 4.1. The individuals were very heterogeneous

w ith respect to geographical/  e thnic  origin; an d  very few sub jec ts

actually  originated from the local London area. 693 u n re la ted

sub jects could be classified on the  basis  of ethnicity  a s  s ta ted  on the

com pleted inform ation sheet. The m ajority of these  were E uropean

C aucasians (n=584). Individuals of African (n=18), Ind ian  (n=50),

C hinese (n=27) and  Middle E aste rn  (n=14) origin were also exam ined.

These classifications were very broad: African included  people from

Africa an d  the  C aribbean; Middle E aste rn  included  people from Iran,

Iraq, Kuwait an d  Syria; C hinese included sub jec ts  of H okkien
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T o ta l D a ta  

C o lle c te d  

(u n r e la te d )  

N= 9 2 8

750 subjects from initial recruitment 

408 female 

342 male 

55 subjects from Whiteleys project 

123 subjects from Science M useum project

F a m ily  G ro u p s  

C o lle c te d  

N = 1 3 3

78 family groups initially collected 

17 groups recruited from Whiteleys project 

38 groups recruited from Science m useum  

57 two parent groups (1-8 offspring)

E th n ic  O rig in: 

5  g r o u p s  

N = 6 9 3

European N = 584  

Indian N = 50 

Chinese N = 27  

African N = 18 

Middle Eastern N =14

A ges:  

N= 6 6 9

24 subjects over 75  

33 subjects 66-75  

49 subjects 56-65  

85 subjects 46-55  

121 subjects 36-45  

203 subjects 26-35  

127 subjects 16-25  

27 subjects aged 15 and under

DNA C o lle c te d  

fro m  u n r e la te d  

C a u c a s ia n s

78 Blood sam ples

115 Buccal swab sam ples

DNA c o l le c t e d  

fro m  c o m p le t e  

tw o  p a r e n t  

f a m il ie s

2 families: all blood sam ples 

2 families: mixture of blood and saliva  

sam ples

6 families: all saliva sam ples

Table 4 .1  F ace and DNA data co llec ted  th rou gh out th e  project
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background; Indian included individuals from Sri Lanka, and  the  

E uropean  group com prised individuals from B ritain  an d  th e  whole of 

E urope including easte rn  Europe.

D ata  were obtained  from over 133 family se ts  com prising 473 

sub jects. These ranged from cousins, sib pairs , tw ins, to ‘com plete’ 

fam ilies (two p a ren ts  an d  children). 78 family g roups were recru ited  

by d irect approach , the  projects held a t W hiteleys an d  the  Science 

M useum  provided an  additional 55 family groups. A ltogether there  

were 57 ‘com plete’ families w ith betw een one and  eight offspring.

The ages of the  volunteers ranged from 8-90 years; 80% of 

vo lun teers were aged betw een 15 and  55 w ith an  average age of abou t 

35.

4.3  Analysis of 3D data

Initial exam ination  of the  3D scan  d a ta  suggested  sub tle  

pe rson  to person  variation could be identified. For exam ple, the  raw  

d a ta  revealed th a t even w ith the  absence  of im portan t recognition 

cues su ch  as sk in  tone, hair, and  eye colour it w as possible to judge 

the  approxim ate age, sex and  ethnicity  of indiv iduals from a  sim ple 

front or side view of the  3D image.

The d a ta  were th en  looked a t in various general w ays to 

h ighlight those a reas of the  face th a t show ed the  g rea test ap p aren t 

p e rson  to person  variation. For exam ple, c rude  im age processing  

tech n iq u es were em ployed on 2D im ages of the  face scans. Using
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su ch  m ethods, the  left and  right sides of the  face were com pared in a  

se t of sub jec ts  to investigate variability in facial sym m etry (Fig 4.4A).

The d a ta  were also u sed  to generate  a  ‘dep th  m a p ’ of con tours 

based  on the  z co-ordinate values derived from an  aligned scan . The 

variability  of these  p a tte rn s  w as used , for exam ple, to look a t 

varia tion  in chin  shape  (Fig 4.4 B) b u t it becam e clear th a t the  

p a tte rn s  p roduced  were very dependen t on a lignm ent of the  3D image 

before generating  the  dep th  m ap.

The facial profile w as also analysed  in a  set of sub jec ts  in the  

way described  by Gal ton  (1910) u sing  his com bination  of 

m easu rem en ts  an d  subjective criteria  (Fig 4.4C).

In th is  way nu m ero u s facial tra its  th a t appeared  to be 

am enab le  to classification were identified. However w hilst 

encouraging , these  early analyses tended  to be ra th e r  subjective, and  

m ore objective an d  rigorous m ethods of classification were therefore 

sought. T raditional m ethods such  as an th ropom etry  a s  well a s  newer 

tech n iq u es based  on properties of surface cu rv a tu re  were th u s  

investigated  for reliability and  reproducibility.

4.3.1 A nthropom etrical analysis of 3D d a ta

All an th ropom etric  m easu rem en ts were carried  ou t u sing  the 

p rogram  CLOUD generously provided by Robin R ichards. CLOUD 

allowed p lacem ent of landm arks an d  calcu lation  of angles and  

d is tan ces  betw een poin ts. The focus for quan tita tive  analysis w as
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Figure 4 .4  A. Crude a n a ly sis  o f  fac ia l a sym m etry  on  2D  im age from  sca n  
data o f  tw o su b jects , a Raw sca n  data , b im age m ade from  th e  le ft  s id e  o f  
th e  fa ce  paired  w ith  th e  le ft  mirror im age, c  im age m ad e fro m  th e  righ t 
s id e  o f  th e  face  paired w ith  th e  righ t m irror im age.
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F igu re 4 .4  B. Raw sca n  data w ith  z-eo-ord in ate  b ased  'depth  map* applied , 
a- Area m arked in  red is  m agn ifîed  to  illu stra te  p a ttern  a sso c ia ted  w ith  
ch in  shape; b and c  illu stra te  sam e region  in  tw o  oth er u n rela ted  su b jects .

106



32 8 17 14 5 1
25 1 3 .7  8 41

34  5 12 15 3 2
29 6 3 .6  0 52

Figure 4 .4  C. N um eralised  c la ss ifica tio n  o f  fac ia l profile u sin g  th e  m eth od  
d escribed  by G alton (1910). M easurem ents o f  th e  face  are stan d ard ised  by  
m aking th e  d ista n ce  b etw een  landm arks B and C equal 5 0 m m . F ive fac ia l 
landm arks are u sed  to g e th er  w ith  sev en  su b jective  cr iteria  to  produce a 
s e t  o f  num bers u n iq u e to  each  p erson  describ in g  th e  re la tiv e  prop ortion s  
o f th e  fac ia l profile (full d eta ils  are g iven  in  C h a p t e r F i g f C . l )
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initially the  whole face to investigate sym m etry followed by a  m ore 

local study  leading to an  estim ate  of jaw  pro trusion .

a) Triangle area method

A m ethod u sed  to judge asym m etry  of p a tien ts  w ith hem ifacial 

m icrosom ia (Moss et al 1991) w as u tilised  to analyse  m inor facial 

asym m etry. This m ethod involved the  p lacem ent of 19 facial 

lan d m ark s (Fig 4.5A) onto the  3D face scan . These lan d m ark s were 

u sed  to m ake 13 sym m etrical triangles on bo th  the  left an d  right 

sides covering the surface of the  3D face (Fig 4.5B). The leng ths of 

each  side of each  triangle were u sed  to calcu late  the  a rea  from the 

following equation:

A r e a  =SQRT (s  (s - a )(s - b )(s - c )), w h e r e  s = (a  + b  + c ) / 2  o r  p e r im e t e r /2 .  

The a rea  of each  triangle w as th en  com pared  to the  corresponding  

triangle on the  o ther side of the  face to estim ate  the  variability and  

extent of facial asym m etry. This m ethod w as u sed  in  a  study  to 

investigate facial asym m etry  in individuals w ith a  heterogeneous 

kidney disorder. These d a ta  are p resen ted  in  section 6.2.

b) Jaw  protrusion

A  receding m andib le  or re trognath ia  is a  fea tu re  of m any

craniofacial d isorders and  there  are  n u m ero u s reported  angles and

m easu rem en ts  describ ing various aspec ts  of the  jaw  m orphology. In

order to estim ate  the  degree of p ro trusion  of the  jaw  th ree  centrally

located lan d m ark s were chosen, these  were the  n asio n  (n), pogonion

(pg), an d  su b n asa le  (sna). The nasion  w as determ ined  as the
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Figure 4 .5  T riangle area m eth od  u sed  to  e s t im a te  fac ia l a sym m etry . A. 19  
landm arks u sed  to  form  tr ian g les coverin g  th e  su rface o f th e  face. B. 13  
tr ian g les on  le ft  and righ t s id e s  o f  th e  face  u sed  to  e s t im a te  fac ia l 
asym m etry .
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m inim um  point in the  m idline of the  nasofron ta l su tu re . The 

pogonion w as located on the  m ost p rom inen t an terio r m idpoint of the 

ch in  and  the  su b n asa le  the  m idpoint w here the  lower border of the 

nose an d  the  u p p er lip m eet (Fig.4.6A). The angle N-SNA-PG (Fig 

4.6B) w as calcu lated  using  the  x, y, z co-ordinates an d  the  form ulae 

described in C hap ter 2. This feature w as scored in a  su b se t of the  

scanned  population  and  also in fam ilies w here the  offspring were over 

16, the  d a ta  are  p resen ted  in section 6 . 1 .

4.3 .2  Surface Analysis and  segm entation  of 3D d a ta

A surface segm entation  o u tp u t file w as generated  on each  face 

scan  u sing  the  LSMVIEW program . This calcu lates the  m ean  (H) and  

G au ssian  (K) cu rva tu res, m easu res  of the  ex trinsic  an d  in trin sic  

surface cu rvatu re . Segm entation using  the H an d  K param ete rs  

provided an  eight-colour surface type analysis (STA) (Fig. 4.7a), the  

colour rela ting  to the  positive or negative values of the  H and  K 

p aram eters  (Fig. 4.7b). The STA m ethod of analysis colour codes the 

laser-scanned  image on the  basis of the  degree of cu rva tu re , th e  m ore 

positive cu rva tu re  (convex) describing a  peak  sh ap e  an d  the  m ore 

negative cu rva tu re  (concave) describing a  saddle  valley shape. This 

inform ation is added to the  3D view of the  facial surface to generate  

segm entation  of the  face w here a reas  of sim ilar shape  are  delineated 

by the  sam e colour (Fig 4.7).

These values are also u sed  to com pute K oenderink’s modified

Shape Index (SI)(Koenderink and  Van D oom  1992), w hich allows
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47.86), 2(76.69)

: x(0.68), y(-6.32), z

z(98.01)

Figure 4 .6  M easurem ent u sed  to  e s t im a te  jaw  protrusion . A. The th ree  
landm arks ch o sen  w ere n asion  (N), su bn asa le (SNA) and pogonion(PG ). B. 
T he 3D co -ord in ates o f  th e s e  landm arks w ere u sed  to  ca lcu la te  th e  
inc lud ed  an gle N SNA PG u sin g  b a sis  tr igon om etric  form ulae.
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Figure 4 .7  STA su rface a n a ly sis  o f  3D data. A. Colour cod ed  seg m en ta tio n  
o f th e  face  ca lcu la ted  from  raw 3D sca n  d ata, in d ep en d en t o f  o r ien ta tio n  
o f  th e  su bject. B. Colour seg m en ta tio n  is  ca lcu la ted  from  m ean  (H) and  
gau ssian  (K) curvature va lu es.
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colour coded segm entation  and  also provides a  con tinuous num erical 

scale on w hich surface shape  is described (Fig 4.8). This allows a  

single num erical shape  index value to be ob tained  a t each  d a ta  point 

on a  scan . The facial surface is segm ented on the  b asis  of the  average 

shape  of a  pa tch  of poin ts su rro u n d in g  each  d a ta  point. The to tal 

range of all possible shapes is described on a  con tinuous scale from 

zero to one. This scale is subdivided into 9 colours th a t  rep resen t the  

range of sh ap es from spherical cup  (SI value of zero) to spherical cap 

(SI value of one)(Fig 4 .SB). M idpoint shape  types for each  colour- 

coded category are show n in Fig 4 .SC. The colour schem e ranges 

from cold colours (green/blue) to w arm  colours (yellow/red) to 

v isualise an d  d istingu ish  convex from concave sh ap es (Fig 4 .SA).

From  looking a t the  3D rendered  face w ith bo th  the  STA and  SI 

colour segm entations it is possible to refine descrip tion  of several 

fam iliar facial fea tu res by using  the  com ponent shape  types. For 

exam ple w ith the  STA segm entation  (Fig 4.7A) the  nose can  be 

described as saddle ridge w ith a  peak  a t the  tip. The Shape Index 

provides fu rth e r segm entation  (Fig 4 .SA), w ith the  nose described as 

spherical cap a t the  tip su rro u n d ed  by dom e, th en  ridge along the 

length  of the  nose and  saddle ridge a t the  top of the  nose and  aro u n d  

the  nasion  landm ark .

It is possible for the  d a ta  obtained  u sin g  the  fixed scan n e r to be 

^unwrapped' an d  displayed as a  2D face m ap (Fig 4.9). This facilitates 

the  exploration of local surface variation u sin g  cu rv a tu re  profiles,
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F igure 4 .8  K oead eriu k ’s  S h a p e In ëex  (SI) su rface segu aen tatioa  
A. S eg m en ta tio n  applied  to  3D face  data. B. N um erical sca le  describ in g  range  
o f sh a p es, from  co n ca v e  sp h erica l cup (SI v a lu e  zero) th rou gh  to  co n v ex  
sp h erica l cap (SI va lu e one). C. E xam ple o f  sh ap e ty p es  th a t rep resen t th e  
m id p o in t va lu e o f  ea ch  o f  th e  sh ap e in d ex  ca teg o r ies  in  b etw een  sp h erica l cap  
and sp h erica l cup .
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(92, 217J

Figure 4 .9  3D  fa c e  data w ith  SI su rface seg m en ta tio n . Data from  th e  fixed  
scan n er can  be, unw rapped to  produce a 2D colour cod ed  fa ce  m ap o f  ea ch  
data p o in t co llec ted . SI v a lu e  a t sp ec ific  p o in ts  on  th e  face  can  b e  
exp lored  u sin g  th e  v er tica l and h orizon ta l profile fu n ctio n s , for exam ple, 
at th e  p o in t on  th e  ch in  w here th e  tw o  p rofiles in ter se c t, a SI va lu e  o f  
0 .8 5 7 6  is  g iven .
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horizontal and  vertical th rough  the  point of in te res t an d  records the  

co-ordinate location and  SI value a t a  given point. D ata  from the  HLS 

scan n er can  no t be directly transfo rm ed  into a  2D face m ap  due to 

the  in h eren t trian g u la r d a ta  form at of the  .obj file. However it w as 

found by sim ulating  a  rescan  of the  .obj file to m ake it in to  a  .Ism file 

th a t it could th en  be unw rapped . This h a s  the  effect of slightly 

sm oothing the  d a ta  b u t w as u sed  for d a ta  evaluation  s tu d y  an d  is 

d iscussed  fu rth e r in  section 4.5.

4.3 .3  F eatu res identified u sing  surface segm entation

The res t of th is  ch ap ter considers th ree  variable facial fea tu res 

th a t ap p ear to be d iscrete tra its . These were first identified in a  te s t 

panel of tw enty random ly selected sub jects u sin g  e ither SI or STA to 

exam ine the  surface segm entation  p a tte rn s .

a) Chin cleft

V ariation in chin  clefting is dependen t on the  local face shape, and  

hence on the  underly ing  jaw  an d  the  overlying tissu e  layers. It is 

necessary  to take  th is into accoun t in o rder to p roduce  an  accu ra te  

classification. The SI value w as chosen  since it appeared  to be m ore 

inform ative th a n  STA. The SI surface segm entation  of the  d a ta  w as 

selected and  converted into the  2D face m ap so th a t  the  profile function, 

could be u sed  to identify the  chin  cleft a s  a  dip betw een two peaks (Fig. 

4.10).
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(122. 223)
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Figure 4 .1 0  SI co lour su rface seg m en ta tio n  and sca n  data o f  th ree  m ale  
ch in s  w ith  varying  d egrees o f  c h in  c le ft. A Strong ch in  c le ft, has a low  SI 
v a lu e  o f  0 .6 0  at th e  h igh ligh ted  p o in t, B. w eaker ch in  c le ft  h a s a v a lu e  o f  
0 .8 8  at th e  h igh ligh ted  p o in t, C. No ch in  c le ft  d etecta b le , so  a ttribu ted  an  
arbitrary sco re  o f  1.
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The lowest value a t the  dip w as tak en  to be th e  m agn itude  of the  

ch in  cleft an d  the SI value a t th is  point w as recorded. A low SI value was 

indicative of a  strong chin  cleft (Fig 4 ,10 A) and  a  high SI value 

rep resen ted  a  w eaker cleft (Fig 4 .10 B). Some sub jec ts  com pletely lacked 

a  dip and  displayed no variation across the  ch in  surface (Fig 4.10 C). 

These individuals were classified as ‘no cleft’ an d  assigned  an  arb itrary  

value of 1 (high SI values, betw een 0 .9375 and  1, on the  shape  index 

scale correspond to the  least concave shape  type; spherical cap). This 

initial classification produced two d istinc t phenotypes: cleft an d  no cleft 

a lthough  a t th is  stage the  possibility of subdividing the  cleft category into 

w eak and  strong  cleft w as recognised.

D ata  flies from the  portable scan n er could no t be directly 

converted into face m aps so an  a lternative m ethod w as determ ined by 

th resho ld ing  the  STA segm entation  (C hapter 3). U sing th is  system  the 

sam e classification of ch in  clefts w as obtained, for exam ple the  sam e 

th ree  ch ins show n in Fig 4 .10 using  the  SI segm entation  a re  show n 

in Fig 4.11 u sing  the  STA m ethod of analysis

b) Nose Band

The STA surface segm entation  w as applied to the  full-face 

scans. A d iscrete  variation  in nose profiles w as scored according to 

the  p resence or absence of a  red  band  across the  bridge of th e  nose.

The presence  of the  red band  appears to correspond  to a  local 

convexity of the  n asa l profile b u t th is  can  be very slight an d  no t easily

discernible from the  raw  d a ta  or on the  live ’ face (Fig. 4.12).
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Figure 4 .1 1  STA colour surface seg m en ta tio n  and scan  data o f  sam e th ree  
m ale c h in s  w ith  varying d egrees o f  c h in  c le ft. A Strong ch in  c le ft, 
apparent w ith o u t tluresh-holding data  B. w eaker ch in  cleft» c le ft  on ly  
b eco m es apparent upon  th resh  h o ld in g  C. No ch in  c le ft  d etecta b le  ev en  
w ith  th resh -h o ld in g , so  attribu ted  an  arbitrary sco re  o f  1.
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Figure 4 .1 1  STA colour surface seg m en ta tio n  and sca n  data o f  sam e th ree  
m ale ch in s  w ith  varyin g d egrees o f  ch in  c le ft. A Strong ch in  c le ft, 
apparent w ith o u t th resh  h old ing  data B. w eaker ch in  cleft* c le f t  on ly  
b eco m es apparent upon  th resh  h old ing  C. No ch in  c le ft  d etecta b le  ev en  
w ith  th resh -h o ld in g , so  attribu ted  an arbitrary sco re  o f  1.
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A. Banded

t

B. Non banded

-

H- K+ HOK- H+KO ' H+K+

Figure 4 .1 2  STA surface seg m en ta tio n  and scan  data o f  tw o  fem ale  n o ses . 
A. Banded p h en o ty p e , th e  red band across th e  n o se  is  in d ica tiv e  o f  
hum ping in  th e  n o se  profile , B. Non-banded p h en o ty p e , no band across th e  
n o se , th e  n o se  h as a stra igh t profile.
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Individuals w ith a  red band  were term ed ^banded' an d  individuals 

w ithout a  red  band  were term ed ‘n o n -b an d ed ’ (Fig. 4.12). This feature 

w as scored in population  and  family d a ta  se ts, an d  is d iscussed  in 

section 5.2.

c) Brow

The brow  produces complex and  highly variable surface 

segm entation  p a tte rn s  th a t have proved difficult to classify.

Variability w as initially observed in two fam ilies w here there  appeared  

to be evidence for segregation of specific brow p a tte rn s . Four different 

band ing  p a tte rn s  were discernible (Fig 4 .13 A), l^ p e  1 h ad  a  

con tinuous b an d  across the  forehead, Type 2 the  b an d  w as divided a t 

the  centre. Type 3 there  w as no a p p aren t band . Type 4 the  b an d  w as 

divided into four blocks. A relatively in frequen t variation  of the  Type 4 

brow p a tte rn  show ed con tinuation  of the  o u ter blocks of the  brow 

ban d  curving onto the  eye (Fig 4.13 B).

4.4  Consideration of age and ethnicity

D ata  from sub jects of different e thn ic  backgrounds as well as 

from children  of different ages were analysed  for the  effects of age and  

ethnicity  on facial m orphology.

a) Age

D ata  from six m ale sub jects were collected over a  m in im um  of 

four years a ro u n d  the  age of puberty  (11-19). Sim ilar general tren d s
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TYPE 1 TYPE 2

TYPE 3 TYPE 4

Figure 4 .1 3  STA c la ss ifica tio n  sh ow ing  varia tion  o f  th e  brow, on ly  th e  
peak  (red) o f  th e  STA is  sh ow n  for c larity . A. Four ind iv idu als w ith  
differing brow p attern s; T ype 1 p h en o ty p e  is  a co n tin u o u s  red  band a cro ss  
th e  brow, T ype 2  p h en o ty p e  th e  band is  d iv ided  in to  tw o, T ype 3  
p h en o ty p e th e  band is  ab sen t, and Type 4  p h en o ty p e  sh ow s th e  band  
divided  in to  four. B. Raw data and peak  o f  STA c la ss if ica tio n  illu stra tin g  
varia tion  o f  th e  T ype 4  p h en o ty p e  w here th e  ou ter  b lock s o f  th e  brow band  
co n tin u e  round o n to  th e  ey e s .
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Figure 4 .1 4  Raw data, STA and SI surface seg m en ta tio n  file  o f  m ale su bject scan n ed  at ages 11, 13, 15, 17, 19 (left to  right).



were observed in all sub jects and  are illu stra ted  in Fig 4 .14  w hich 

show s d a ta  collected from one sub ject a t tw o-year in tervals from  1 1 - 

19 years (kindly m ade available to me by Prof. Moss). The m ost 

noticeable change in m idline fea tu res is the  appearance  of the  red 

ban d  across the  bridge of the  nose a t age 13 on the  STA display. 

Generally the  m idline features did no t show  as m uch  varia tion  as 

a reas of the  face such  as the  cheeks, w hich reflect the  loss of facial 

fat associated  w ith adolescence. It is in te resting  to note the  effect th a t 

age h as  on the  81 surface colour segm entation. The SI show s a 

progressive decrease in convexity of the  facial surface w ith age 

illu stra ted  by change in  colour com position from red /o ra n g e  to 

yellow /w hite.

The chin  cleft, nose band  and  jaw  angle classifications were 

carried  ou t on th is  sub ject a t each age (Table 4.2). The nose b an d  

tra it becam e co n stan t a t the  age of 13 and  the  chin  cleft value altered  

fairly little th ro u g h o u t the  growth period. The jaw  angle m easu rem en t 

in co n tras t seem ed to be quite variable w ith respect to age and  

show ed stability  only in the  final two scan s betw een ages 17-19.

b) Ethnic origin

A sm all survey of faces from different e thn ic  groups, w hich

com prises individuals of African, Chinese, Indian , E u ropean  an d

Middle E aste rn  origin w as carried  ou t (Fig 4.15). The segm entation

p a tte rn s  are very complex b u t it is possible to see sim ilarities and

differences betw een each  subject. The surface segm entation  provides
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Age Chin
cleft

Nose
band

Jaw angle

11 0.89 2 157.7
13 0.87 1 158.7
15 0.87 1 161.2
17 0.87 1 163.1
19 0.86 1 163.3

T able 4 .2  C om p arison  o f  c la s s if ic a t io n  s c o r e s  for c h in  c le f t ,  n o s e  b and  and  
jaw  a n g le  in  sa m e  m a le  su b jec t sc a n n e d  a t  a g e s  1 1 , 1 3 , 1 5 , 1 7  and  19.
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Figure 4 .1 5  Raw data, STA and SI su rface seg m en ta tio n  o f  fiv e  m ale fa ces o f d ifferen t e th n ic  backgrounds (from le ft  to  right: 
M iddle E astern , C h inese, A frican, European, Indian).



a  novel view of the face draw ing only on s tru c tu ra l differences an d  

sim ilarities.

4.5 Evaluation of data

To investigate the  reproducibility  of the  scan  d a ta  an d  to 

com pare the  d a ta  generated  by the  two types of scanner, 17 sub jects 

were scanned  twice by the  fixed scan n er a t approxim ately  a  one-year 

interval and  also scanned  using  the  HLS system . Scan d a ta  of the  

sam e sub ject from the two different scan n ers  along w ith STA an d  SI 

colour segm entation  are displayed in Figure 4.16.

It is a p p aren t th a t the  p a tte rn  of STA an d  SI segm entation  is 

very sim ilar in the  d a ta  obtained from the  two scann ing  system s. The 

m ain  differences appear over the  cheeks w hereas the  grea test 

sim ilarity is a ro u n d  the  m idline s tru c tu re s . Table 4.3 com pares the  

d a ta  from the  fixed scan  (two a t a  year interval) an d  the  HLS scan  in 

17 sub jects. To obtain  the  direct com parison  of the  SI ch in  cleft 

values, the  HLS .obj files were ‘p seu d o -scan n ed ’ on the  com puter 

u sing  the  CLOUD software to m ake them  into .Ism files in o rder to 

project into a  2D-face m ap. There is good agreem ent betw een th e  d a ta  

from scan s repeated  after a  year w ith the  fixed sc an n e r and  the  scans 

tak en  w ith the  HLS scanner. Therefore it w as decided th a t d a ta  

collected from the  fixed scan n er a n d /o r  the  HLS system  could be 

com bined w ith confidence.
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Figure 4 .1 6 . C om parison o f  raw data and surface seg m en ta tio n  (SI and  
STA) o f  facia l data recorded  u sin g  th e  fixed  scan n er (upper im ages) and th e  
HLS sy s te m  (lower im ages) in  tw o subjects^ A. F em ale European» B. Male 
European. It is  im p ortan t to  n o te  th a t on  b o th  sca n s  from  th e  HLS th ere  is  
a rtefact due to  lig h t re flec tio n , in  th e  first su b ject th is  is  below  th e  righ t 
ey e  and in  th e  o th er su b ject th is  is  on  b oth  eyebrow s. T h is a rtefact is  n o t  
in terp reted  by th e  su rface seg m en ta tio n  softw are and is  co lou red  black.
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Scan
No.

Chin cleft SI i Chin cleft STA 2 

th reshold
Nose 3 Ja w  p ro tru sion  

(degrees)
fixed Iblsf Fixed his fixed his fixed h is

49 0.78 0.77 0.79 0.025 0.030 0.030 2 2 2 163 165 166
22 0.77 0.76 0.79 0.01 0.02 0.025 2 2 2 153 155 155
10 1 1 1 1 1 1 1 1 1 161 160 163

606 1 1 1 1 1 1 1 1 1 159 160 157
6 1 1 1 1 1 1 2 2 2 171 168 169

38 1 1 1 1 1 1 1 1 1 167 167 166
26 0.85 0.84 0.84 0.05 0.05 0.05 1 1 1 171 171 172

286 0.79 0.79 0.79 0.04 0.04 0.04 1 1 1 164 165 163
67 1 1 1 1 1 1 1 1 1 161 161 161
179 0.82 0.83 0.84 0.04 0.05 0.045 1 1 1 163 163 163

5 0.58 0.59 0.62 0.005 0.005 0.005 1 1 1 164 163 164
17 0.85 0.85 0.86 0.05 0.05 0.05 2 2 2 172 171 172
14 0.89 0.89 0.89 0.05 0.05 0.05 1 1 1 161 161 160
76 0.83 0.83 0.85 0.05 0.05 0.05 2 2 2 161 162 161
89 0.81 0.79 0.82 0.045 0.045 0.045 2 2 2 166 165 163
50 0.87 0.84 0.86 0.04 0.040 0.04 1 1 1 158 158 156
8 0.59 0.62 0.63 0.005 0.005 0.005 1 1 1 169 167 167

T ab les 4 .3  C om p arison  o f  s c a n  d a ta  from  fîx ed  an d  p ortab le  sca n n ers  in  s e v e n te e n  su b je c ts . T w o s c a n s  w ere  ta k e n  from  th e  fix ed  
s y s te m  a fter  a p p ro x im a te ly  a  o n e  y ea r  in terv a l. C om p arison  m ad e from  c la ss ify in g  th e  p r ev io u s ly  d escr ib ed  tra its ; C h in  c le f t  (SI 
and  STA), N o se  b and  an d  J a w  a n g le . T h ere  is  v er y  good  a g reem en t w ith  th e  v a lu e s  o b ta in e d  from  re p e a t  s c a n s  ta k e n  b y  th e  f ix ed  
sca n n er  an d  w ith  s c a n s  ta k e n  from  th e  tw o  d ifferen t sca n n ers .

Note:
1 A low SI value is indicative of a  stronger chin cleft, an arbitraiy value of 1 was assigned where no cleft was apparent.
2 A STA value of 0.005 indicates that a  chin cleft is apparent without thresh-holding, a  value of 1 was arbitrarily assigned where there was 
no visible cleft.
3 Nose band score; 1 present; 2 absent
4 In order to classify the chin cleft from the SI value, the HLS scan had to be ‘pseudo-scanned’ to transform it into the LSM file format, 
which could be projected as a 2D-face map.



4.5.1 Evaluation of software

One concern  w as w hether the  m athem atica l pa ram ete rs  u sed  

m ight effect the  tra it classification. The LSM VIEW software calcu lates 

the  colour coded STA and  SI displays by selecting a  specified p a tch  of 

d a ta  po in ts as a  local a rea  and  com puting  local cu rva tu re  properties 

of each d a ta  point (or facet in the  case of obj files). The default 

p a ram eter set w as a  c ircu lar pa tch  w ith 1 0 m m  rad iu s , since th is  was 

found to be generally inform ative in rep resen ting  the  sh ap es of the  

face. The effects of u sing  a  rec tangu lar p a tch  (horizontal an d  vertical) 

and  a  sm aller c ircu lar pa tch  (8 m m  an d  6 mm) were explored in a  set 

of 30 individuals to see w hether these  changes affected the  scoring of 

the  chin  cleft tra it (Table 4.4).

Surface segm entation  files were generated  u sing  the  dense  d a ta  

se ts of the  m id-face scans. The SI value for ch in  cleft in  fifteen m ales 

and  fifteen fem ales (five strong  cleft, five w eak clefts and  five no cleft) 

w as scored u n d e r the  varying pa tch  param eters .

C hanging the  rad iu s  of the  c ircu lar p a tch  generally produced

the  g rea test change in SI value. The chin  cleft becam e progressively

stronger w ith decreased  p a tch  size. C hanging the  shape  of the  p a tch

from a  circle to a  rectangle p roduced th e  m ost noticeable change in

p a tte rn  of segm entation  (Fig 4.17). D ata  segm entation  generated  from

8 m m  an d  6 m m  pa tches w as generally very speckled an d  difficult to

in terp ret. D ata  generated  from a  vertical rec tan g u lar p a tch  were

sim ilarly difficult to in terpret. The horizontal p a tch  seem ed least
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ID 10mm
Circular

8mm
Circular

6mm
Circular

Horizontal
Rectangle

Vertical
Rectangle

F251 0.41 0.35 0.33 0.79 0.57
CM F285 0.67 0.69 0.65 0.83 0.45i F417 0.56 0.43 0.35 0.74 0.57

F5 0 . 6 0.48 0.38 0.73 0.63
Ü F537 0.73 0.56 0.35 0.81 0.730% M105 0.62 0.47 0.35 0.77 0.61
g M il 0.35 0.28 N/A 0 . 6 8 0.48

M136 0.54 0.42 N/A 0.65 0.53CQ M238 0.62 0.56 0.51 0.69 0.51
M248 0.63 0.54 0.46 0.75 0.54
F165 0.82 0.82 0.78 0.85 0.87
F285 0.78 0.53 0.48 0.87 0.77
F518 0.85 0.83 0.79 0 . 8 8 0.81

S F200 0 . 8 6 0.84 0.78 0.89 0.83
Ü F33 0.78 0.63 0 . 6 6 0.83 0.78

M27 0.78 0.78 0.72 0 . 8 0.77< M399 0.78 0.73 0.69 0 . 8 0.75
M559 0.76 0.73 0.69 0 . 8 0.77
M129 0.78 0.74 0 . 6 6 0 . 8 0.73
M488 0.78 0.77 0.72 0.81 0 . 8

F385 1 1 1 1 1

F203 1 1 1 1 1

F148 1 0.9 0.85 1 1

Ë F174 1 1 1 1 1

2 F183 1 0 . 8 6 0.85 1 1o M145 1 1 1 1 1

g M162 1 1 1 1 1

M167 1 1 1 1 1

M206 1 1 1 1 1

M259 1 1 0.93 1 1

T able 4 .4  C om p arison  o f  SI v a lu e s  for c h in  c le f t  tr a it  u s in g  v a ry in g  p a tch  
p a ra m eters  t o  c a lc u la te  th e  SI su r fa ce  s e g m e n ta t io n  f ile .
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Figure 4 .1 7  E ffect o f  p a tch  s iz e  on  SI surface seg m en ta tio n , illu strated  on  m id-face o f  m ale su b ject 105 . A. Raw sca n  data and  
f ile s  w ith  circular p a tch es  (10m m , 8m m  and 6m m ) and horizon tal and v er tica l p a tch es , B. 2D p rojection  to  lo o k  a t e ffec t  o f  SI 
v a lu e  for ch in  c le ft  w ith  re sp e c tiv e  p atch  sh ape and s ize s .



su ited  to the  analysis of a  localised feature  as the  local 

neighbourhood of d a ta  points, constitu ting  the  pa tch , covered a  

relatively large and  variable a rea  of the  chin, w hich w as reflected in 

the  narrow  range of values obtained in the  sub jec ts  analysed . 

V ariations in SI values scored w ith different p a tch  sizes w ere sim ilar 

in m ales an d  fem ales b u t the  range of the  variability in  tra it  scoring 

w as grea test on a  person  to person  basis. This could reflect individual 

variation in overall face size and  shape. R eduction of th e  c ircu lar 

p a tch  size allows increased  localisation on a  specific fea tu re  b u t it 

becam e obvious th a t there  w as an  optim um  p a tch  size, below w hich 

one should  no t go because  of the  in tense  speckling w hich  occurs. 

P erhaps if a  different population  w as targeted , su ch  as  young  

children, th en  it m aybe appropria te  to take  a  sm aller p a tc h  size as 

s tan d ard .

A problem  w ith the STA classification is th a t size can  affect the 
calcu lated  curvatu re . For exam ple, a lthough a  football an d  a  golf ball are 
the  sam e shape the cu rva tu re  on the golf ball is m uch  tigh te r th a n  on the 
football. Subtle m ale-fem ale differences in facial m orphology su ch  as  fat 
deposition, m uscle form ation, m andible w idth and  overall face size will 
affect the  STA segm entation  p a tte rn  for th is  reason . Shape Index is 
independen t of size and  should  provide more reliable classification of 
fea tu res. However, the  ac tua l SI values are dependent in p a rt on the pa tch  
size chosen. The problem  with th is is th a t a  10mm patch  on a  large face 
covers a  proportionately sm aller a rea  th an  a  1 0 m m  patch  on a  sm aller 
face. Generally speaking fem ales have sm aller faces th a n  m ales, and  it is 
possible th a t th is  could affect the  reliability of the shape  index 
classification and  to som e extent explain m ale-fem ale differences. One way 
to overcome th is  problem  would be to scale the pa tch  size according  to the 
size of each face; b u t th is  would create a  fu rther problem  of how best to 
a s se s s  the  size of the  face. Furtherm ore, these d a ta  on overall size are  not 
available from the  face scan s collected.

A lthough all the  face scan s were taken  a t re s t it is also evident from 
som e of the  d a ta  th a t ‘a t re s t’ in itself can be variable. This is particu larly  
evident w ith the  brow classification where looking a t the  c lassifications 
reveals th a t creasing  of the  brow and  n a tu ra l w rinkle lines in th is  region 
can  affect the outcom e of the surface segm entation. While th is  is difficult 
to overcome, excluding older-aged sub jects could help to m inim ise th is  
problem , and  a  program  of rescann ing  m ight alleviate th is  problem .



4 .5 .2  Evaluation of C lassifications

For genetic analysis a  reliable and  reproducible classification of 

pheno types is essential. T hus the resu lts  from independen t observers 

in classifying these  tra its  (chin cleft, nose band, brow and  jaw  angle) 

were com pared. Each feature w as scored in 100 individuals a t least 

twice. The chin  cleft and  nose band classification showed high 

reproducibility  (98% and  99 % respectively with sam e a sse sso r and  

93%  an d  95%  with an  independen t assessor). SI and  STA values for 

ch in  cleft classifications were investigated in ano ther set of 134 

ind iv iduals and  found to be highly correlated (r= 0.92, p < 0.001). In 

the case of the chin  cleft the d iscrepancies were m ainly in female 

su b jec ts  th a t were on the borderline betw een weak and  no cleft. 

However, on d iscussion  the classification w as easily agreed with a  

c lear definition of the phenotype. Sim ilarly d iscrepancies in nose band 

classification  were easily resolved and  largely arose w hen there w as 

ju s t  a  slight suspicion of a  band or an  incom plete band  across the 

nose. The brow phenotype showed relatively high reproducibility by 

the  sam e a sse sso r (8 6 %) b u t w as lower with an independen t a sse sso r 

(72%). For jaw  p ro trusion  there w as high reproducibility for sam e 

a sse sso r (average s ta n d a rd  error betw een m easu res = + / - 1 . 1 °) and  

slightly lower for independen t a sse sso r (average s tan d ard  error 

betw een m easu res = +/-2.4°).

134



C h a p t e r  5

Population and family studies o f chin cleft and

nose band traits

The previous ch ap ter p resen ted  a  general review of qualitative 

an d  quan tita tive  analysis of h u m an  3D face da ta . Two tra its  th a t 

appeared  to be su itab le  for genetic analysis were ch in  cleft and  nose 

band , since they  were show n to be reliable an d  reproducib ly  

classifiable facial features. Both of these  m idline fea tu res were 

deem ed to be good cand idates for population  and  family stud ies , as 

they  appeared  to be c o n stan t individual ch arac te rs , largely unaffected 

by variable background  factors su ch  as obesity an d  periodic w ater 

reten tion . F urtherm ore, the  qualitative n a tu re  of the  surface 

segm entation  approach  as a  m eans of facial classification w as show n 

to provide objectively defined polym orphic tra its . D ata  were therefore 

collected from family groups as well as a  large popu lation  of 

u n re la ted  sub jects and  classified for chin  cleft an d  nose b an d  

phenotypes.

The principle objective of th is ch ap te r is to provide an  

a sse ssm e n t of the  genetic aspec ts of the  chin  cleft an d  the  nose band  

phenotypes. A m ode of inheritance  is p ostu la ted  for each  fea tu re  and  

suppo rting  evidence from family and  population  d a ta  are  assem bled .
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5.1 Chin cleft

S hape Index (SI) and  Surface Type A nalysis (STA) were u sed  to 

classify chin  cleft as described in the  previous chap ter. STA was u sed  

to classify d a ta  exported as object (. obj) files from  the  portable HLS 

system .

5.1.1 Population Analysis

459 un re la ted  sub jects, aged 16-70, w ere scored for ch in  cleft.

The group com prised 402 E uropeans (183 m ales, 219 females), 32

Ind ians (9 m ale, 23 female) and  25 C hinese (16 m ale, 9 female). In

each  group approxim ately one th ird  of the  indiv iduals were c lassed  as

'non-cleft' (SI value of 1 ). The 'cleft' category show ed a  b road  range of

SI values (Fig 5.1) ranging  from 0.15, w hich signifies a  very strong

cleft, to 0 .90 w here the cleft is scarcely d iscernible. The 'cleft' group

w as th e n  subdivided according to the  ex ten t of th e  ch in  cleft. On a

scan n ed  face image a  cleft w ith a  value of 0 .76  or less is generally

easily visible from the raw  scan  d a ta  w ithou t need ing  to scru tin ise

the  su rface  segm entation  file. This seem ed a  logical boundary  to

subdivide the  'cleft' phenotypes. A SI score less th a n  or equal to 0 .76

w as classified as strong  cleft' and  a  cleft w ith a  value grea ter th a n

0.76  w as classified w eak cleft'. T hus th ree  ch in  cleft phenotypes

w ere defined: no cleft (W), w eak cleft (SW) an d  strong  cleft (S).

There appeared  to be clear evidence of three chin  cleft phenotypes,

d istingu ish ing  cleft and  no cleft w as easy using  the  shape  index analysis

profile an d  traversing  the surface of the ch in  looking for an  inden tation .

However separa ting  strong from weak cleft w as no t so simple. After
136%



considerable experim entation, 0.76 w as chosen as  the cut-off point and  

any th ing  above th is value w as deem ed to be a  w eak cleft. This value w as 

chosen  for two reasons: clefts with a  value of <0.76 are visible a s  an  

inden tation  in the scan  before estim ating  a  shape index value, and  0.76 is 

close to the m ean cleft value of the total population.

The d istribu tion  of the phenotypes in the population sam ple w as also 

analysed  using  0.71 and  0.81 as the cut-off values betw een strong  and  

weak. This leads to m arked differences in the calcu lated  frequency of the S 

allele (from 0.41 to 0.57 respectively). These values generated  a  m uch  less 

good fit betw een observed and  expected num bers of chin cleft phenotypes 

in the population sam ple th an  w as obtained with the 0 .76 cut-off value 

(Table 5.3). In the family da ta , altering the cut-off point did not have an 

obvious effect. There w as evidence of both father to son and  m other to son 

tran sm ission  with all three cut-off values; arguing  against sex-linked 

inheritance. With all th ree  of the cut-off values tested  in detail there  were a  

couple of ‘borderline’ fam ilies th a t e ither fitted with the proposed model of 

inheritance  or did not fit on the basis of the cut-off value chosen; in these 

cases it is difficult to ascerta in  w hat the optim um  cut-off should  have 

been.

The analysis w as also carried  ou t on the prem ise th a t there were 2 

phenotypes; cleft and  no cleft, bu t w hen th is w as investigated the family 

d a ta  did not fit as  well to a  model of dom inant or recessive inheritance  a s  

they did to a  3-phenotype model of co-dom inance. Generally the d a ta  

provided the best fit to the au tosom al co-dom inant inheritance  model 

w hen the 0.76 cut-off value w as used .
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Distribution of SI values for chin cleft
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Figure 5 .1  R ange o f  SI v a lu es for ch in  c le ft, w here 1 is  arbitrarily a ssign ed  to  ind iv idu als w ith  no c le ft.



00

European Indian Chinese

M F ALL M F ALL M F ALL

i
N=182 N=220 N=402 N=9 N=23 N=32 N=16 N=9 N=25

NO CLEFT (W) 39 89 128 1 6 7 6 3 9

fr e q u e n c y  a s  p e rc e n ta g e 2 1 A 4 0 . 5 3 1 . 8 1 1 . 1 2 6 . 1 2 1 . 9 3 7 . 5 5 5 ^ 3 6 . 0

CLEFT: 143 131 274 8 17 25 10 6 16

f r e q u e n c y  a s  p e r c e n ta g e 7 8 . 6 59.5 8 8 . 9 75.9 7 8 . 1 6 2 . 5 6 6 . 7 6 4 . 0

WEAK CLEFT (SW) 88 111 199 2 13 15 7 5 12
fr e q u e n c y  a s  p e r c e n ta g e 4 8 . 4 5 0 . 4 4 9 . 5 2 2 . 2 5 6 . 5 4 6 . 9 4 3 . 8 5 5 . 6 4 8 . 0

STRONG CLEFT (S) 55 20 75 6 4 10 3 1 4
fr e q u e n c y  a s  p e r c e n ta g e 3 0 . 2 9 . 1 1 8 . 7 6 6 . 7 1 7 . 4 3 1 . 2 1 8 . 7 1 1 . 1 1 6 . 0

Frequency S Allele' 0.54 0.34 0.43 0.78 0.46 0.55 0.41 0.39 0.4

Frequency W 'Allele' 0.46 0.66 0.57 0.22 0.54 0.45 0.59 0.61 0.6

Table 5 .1 . D istr ib u tion  o f  th e  observed  ch in  c le ft  p h en o ty p es in  th ree e th n ic  groups; E uropean, Indian and C h in ese  show ing  
re la tiv e  freq u en c ies  o f  m ales, fem a les  and com bin ed  se x e s  for each  ch in  c le ft  phenotype; No c le ft , w eak  c le ft  and strong  
c le ft.



All th ree phenotypes were found in varying frequency in both sexes 
of the  th ree  population sam ples (Table 5.1). In all g roups the frequency of 
w eak cleft w as higher in fem ales and  the frequency of

strong  cleft w as higher in m ales. In bo th  the  E uropean  an d  Indian

popu lations the  incidence of no cleft in fem ales w as approxim ately

double th a t found in m ales. This sex difference is particu larly  evident

in th e  large E uropean  population  (%̂ Idf, p < 0.0001) b u t no t

significant in the  Indian  or C hinese populations (p> 0 .1)(Table 5.2).

D espite the  m arked  differences in frequency betw een m ales and  

fem ales, the  prelim inary  family d a ta  suppo rted  ch in  cleft a s  a  

genetically determ ined  trait. Evidence of fa ther to son  tran sm iss ion  

argued  aga in st X-linked inheritance, sim ilarly m other to son 

tran sm iss io n  argued  against Y-linked inheritance. The occurrence of 

th ree  phenotypes in bo th  sexes suggested sim ple au tosom al co­

dom inance as the  m ost likely m ode of inheritance. Particu larly  good 

su p p o rt for th is  hypothesis cam e from the large family w ith eight 

ch ild ren  (Fig.5.2), d iscussed  in m ore detail along w ith the  res t of the  

family d a ta  in section 5.1.2.

A m odel of au tosom al co-dom inance for the  ch in  cleft tra it 

a ssu m e s  th a t two alleles, S and  W, give rise  to the  th ree  phenotypes;

S (strong cleft) and  W (no cleft), the  respective hom ozygotes, an d  SW 

(weak cleft), heterozygous for the  two alleles. B ased on th is  

hypo thesis ‘gene’ frequencies were estim ated  by coun ting  the  nu m b er 

of indiv iduals of each phenotype (Table 5.1). In all popu lations the  

frequency of the  S allele appeared  to be h igher in m ales th a n  in 

fem ales. In the  to ta l E uropean  and  C hinese popu lation  groups the  W  

allele (0.57 and  0.60 respectively) is m ore frequent th a n  the  S allele
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European Indian Chinese

M F M F M F

No Cleft (O) 39 89 1 6 6 3

(E) 57.95 70.05 A97 5.05 5.76 5.24

Cleft (O) 143 131 8 17 10 6

(E) 124.05 149.95 7.05 17.97 10.24 5.76

Table 5 .2  O bserved and ex p ec ted  num bers o f  c le ft and n o  c le ft in  m ales  
and fem ales. T he ex p ec ted  num ber is  ca lcu la ted  on  th e  assu m p tio n  th a t  
th e  proportion  o f c le ft and n o  c le ft  ind iv idu als sh ou ld  n o t b e d ifferen t in  
m ales and fem ales. Chi square a n a ly sis  revea ls  th a t th e  d ifferen ce b etw een  
th e  s e x e s  is  s ig n ifica n t in  th e  large European p opu lation  (p < 0 .0 0 0 1 ) but 
n ot in  th e  o th er tw o p op u la tion s (p > 0 .1).

r

SW
0.78

E ÏÎÎB
SW
0.78

S
0.74

SW
0.79

SW
0.87

SW
0.79

Pig 5 .2  P ed igree o f  large fam ily  d isp lay in g  th e  ch in  c le ft tra it, SI v a lu es  
u sed  to  assign  p h en o ty p es  w ritten  below . Individuals w ith  an SI v a lu e  o f  
0 .7 6  or below  are shaded  b lack  and have a stron g  c le ft  (S), ind iv idu als  
sh aded  h a lf b lack  and h a lf w h ite  h ave an SI va lu e  h igh er th a n  0 .7 6  and are 
w eak  c le ft  (SW), ind iv idu als n o t sh aded  do n o t h ave a c le ft  (W).
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(0.43 and  0.40 respectively) b u t th is  is reversed in the  Ind ian  

population  (S=0.55 an d  W=0,45). However, the  popu lation  groups 

are sm all an d  heterogeneous for the  C hinese an d  Ind ian  sam ples and  

it is difficult to a ttr ib u te  high levels of confidence to these  

observations. This m ight indicate th a t the  difference in genetic 

background  betw een the  groups could modify the  p en e tran ce  of the  

cleft trait. Clearly m ore d a ta  on o ther larger population  groups w ould 

be required to estab lish  th is. N evertheless it is also in te resting  to note 

the  heterogeneity  in the  gender differences in the  calcu lated  allele 

frequencies in these  population  sam ples. There is a  m arked  gender 

difference in the  E uropean  an d  Indian groups, w ith the  S allele 

appearing  m uch  m ore frequently in m ales th a n  in fem ales (0.54 v 

0.34 and  0 .78 v 0 .46 in  E uropean  and  Ind ian  m ales an d  fem ales 

respectively), b u t there  is a  m uch  less noticeable difference in the  

C hinese group (0.41 v 0.39).

The expected Hardy-W einberg proportions were investigated  in 

the  E uropean  d a ta  set. The S and  W, allele frequencies calcu lated  

from the frequencies of the  th ree  phenotypes; S, SW, W (Table 5.1) 

were u sed  to te s t the  m ales, fem ales and  to ta l d a ta  for deviations 

from expected proportions given Hardy-W einberg equilibrium  (Table 

5.3a). For th is  calculation, it w as a ssum ed  th a t  S =p and  W  = q. The 

expected frequency for strong  cleft (S) w as calcu lated  a s  p^, w eak cleft 

(SW) w as calcu lated  as 2pq and  no cleft (W) w as calcu lated  a s  q^ (e.g.
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Male 
8=0.54, W= 0 .4 6

Female 
8= 0 ,3 4 , W= 0 ,6 6

Total 
8=0.43, W = 0.57

No cleft 39 38.5 89 95.8 128 130.6

Weak cleft 88 90.4 111 98.7 199 197.1

Strong cleft 55 53.1 20 25.4 75 74.3

y2 Value 0.14 3.16 0.08

Table 5 .3 a  O bserved and ex p ec ted  num bers o f  th e  th ree  ch in  c le ft  
p h en o ty p es. T he ex p ec ted  freq u en c ies are ca lcu la ted  from  th e  re sp ec tiv e  
alle le  freq u en cies for th e  m ale, fem ale  and to ta l data s e t  a ssu m in g  Hardy 
W einberg equilibrium . W hile all th ree  data s e t s  fit  ex p ec ted  proportions, 
th e  m ale data and th e  com bin ed  data are a b etter  f it  th a n  th e  fem ale  data.

Male Female
S^O.43, W= 0 .5 7 8= 0.43, W= 0.57

O E O E
No cleft 39 59.1 89 71.5

Weak cleft 88 89.2 111 107.8
Strong cleft 55 33.7 20 40.7

Value 20.3 $4.9

Table 5 .3b  O bserved and ex p ec ted  num bers o f  th e  th ree  ch in  c le ft  
p h en o ty p es. T he ex p ec ted  freq u en c ies are ca lcu la ted  from  th e  to ta l  
p opu lation  a lle le  freq u en c ies (S = 0 .4 3 , W =0.57).

Female 
8= 0.54, W= 0.46

O
(n=220)

E
(n=220)

No cleft 89
(41%)

46.6
(21%)

Weak cleft 111
(50%)

109.2
(50%)

Strong cleft 20
(9%)

64.2
(29%)

Table 5 .3 c  O bserved and ex p ec ted  num bers o f  th e  th ree  ch in  c le ft  
p h en o ty p es in  fem a les. T he ex p ec ted  freq u en c ies  are ca lcu la ted  from  th e  
m ale a lle le  freq u en c ies  |S  = 0 .5 4 , W =0.46).
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for the male expected distributions; S = 0.542 x l8 2 , SW = 2 x 0.46 x 

0.54 X  182, W = 0.462 x 182).

Each of the observed data  sets fitted well with expected Hardy- 

Weinberg distributions calculated from the respective gene 

frequencies (Table 5.3a). However, if the total population gene 

frequencies were applied separately, to the female and male data, 

both the males and the females displayed a large deviation from the 

expected proportions (Table 5.3b) em phasising the observed sex 

difference. It is hard  to see how a real difference in allele frequencies 

could occur between males and females. The male da ta  provided a 

closer fit to Hardy Weinberg proportions than  the female da ta  

suggesting th a t males may be more reliably scored. The three 

phenotypes are observed in both sexes with similar ranges of SI 

values perhaps indicating tha t not all females are underscored for the 

trait bu t th a t som ething about female facial morphology m akes 

classification less reliable. This obvious difference in sex ratio could 

suggest th a t the gene for chin cleft m anifests in all m ales bu t only a 

proportion of females. Perhaps in some females of a particu lar genetic 

background there is a sex-limiting modifying gene th a t prevents 

phenotypic expression of the cleft allele.

If the chin cleft phenotype m anifests fully in m ales then  the 

male data  could be used to get an  estim ate of the extent of 

underscoring in females. Table 5.3c shows a  com parison of the 

observed and expected num bers in females based on the male gene
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frequencies. In the  strong  cleft category there  ap p ea rs  to be a  20% 

deficit w ith underscoring  in cleft fem ales w hen com paring the 

observed and  expected frequencies. There is a  m atch ing  20% excess 

of fem ales scored in the  no cleft category. As it is unlikely  th a t a  

strong  cleft female would be classified as no cleft, we can  probably  

assu m e  th a t 20% no cleft fem ales are  w eak cleft an d  20% of w eak 

cleft fem ales are strong  cleft. T hus overall a  female h a s  a  one in five 

chance  of being m isclassified as W w hen shou ld  be SW an d  a  one in 

five chance of being m isclassified as SW and  shou ld  be S.

The incidence of m ating  types in  the  family d a ta  w as calcu lated  

using  the  allele frequencies based  on the  to ta l random  population . In 

fam ilies w here there  w as m ore th a n  one family u n it, only one m ating  

pair w as counted , leaving 39 u n re la ted  couples. C om paring the  

observed and  expected m ating  types (Table 5.4) it can  be seen  th a t  

generally there  is good agreem ent (x  ̂ gives a  value of 5.25 w hich is 

no t significant, p= 0.38). The m ain  difference a rises th rough  a  slight 

deficiency of S x SW m atings and  a  slight excess of W x SW m atings 

in th is  d a ta  set. Overall, the  lack of significant deviation of the  

observed frequencies from the  expected suggests th a t  the  family d a ta  

se t is a  rep resen tative sam ple from the  to tal population .

5.1.2 Segregation Analysis

The d istribu tion  of the  th ree  phenotypes (S, SW an d  W) in the

population , in  the  p a ren ts  of family g roups analysed  as  well a s  the

clear segregation p a tte rn  in a  large pedigree (Fig 5.2) all su p p o rt
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Mating Observed
number

Expected
number

S x S 0 1.3
S x  SW 4 7.1

SWx SW 12 9.4

W xS 4 4.7

Wx SW 16 12.4

Wx W 3 4.1

Total: 39 39

Table 5 .4  O bserved num ber o f  each  m atin g  ty p e  in  fam ily  an a lysis  
com pared to  ex p ec ted  num ber ca lcu la ted  from  p opu lation  a lle le  
freq u en cies (8= 0 .43 , W =0.57). G ives a va lu e  o f  5 .2 5 , sh ow ing no  
s ig n ifica n t d ifferen ce b etw een  observed  and ex p ec ted  num ber o f  m atin g  
ty p es  (p=0.38).

Mating Offspring Strong Cleft (S) Weak cleft 

(SW)

No cleft (W)

S x S 1 1

1 (1)
S X SW 6 1 5

4 (3) (3)
S x  W 13 1 10 2

6 (13)

SWxSW 33 8 17 8

14 (8.25) (16.5) (8.25)

SWx W 31 19 12

19 (15.5) (15.5)

Wx W 9 5

5 (9)
TOTAL: 93 11 55 27

49 (12.25) (48) (32.75)

Table 5 .5  S egregation  data from  4 9  m atin g  pairs producing 9 3  offspring. 
Shaded c e lls  in d ica te  w here no offspring w ould b e ex p ec ted  and figures in  
b rack ets in d ica te  ex p ec ted  p h en o ty p e  d istr ib u tion  o f offspring assu m in g  
an au tosom al co -d om in an t m od el o f  in h er ita n ce .
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autosom al co-dom inance as a  likely m ode of inheritance  for ch in  

cleft. In the  large pedigree p resen ted  (Fig 5.2) bo th  p a re n ts  have the  

w eak cleft phenotype (SW). A ssum ing M endelian segregation the  

expected d istribu tion  of phenotypes in the  eight offspring w ould be 2 

W (no cleft), 4 SW (weak cleft) and  2 S (strong cleft). The ac tu a l 

observation is 2 W, 5 SW and  1 S, w hich fits well w ith the  expected.

D etailed segregation analysis w as carried  ou t on forty-nine 

families w ith 93 offspring using  both  SI an d  STA values to classify the  

cleft tra it (Table 5.5). O ut of the  n inety-th ree  offspring, eighty-six 

fitted well w ith the  expected segregation p a tte rn  for a n  au tosom al co­

dom inan t locus w ith two alleles, especially in the  largest two m ating  

categories; SW x SW and  SW x W. The 35 children  from m atings 

betw een two w eak cleft p a ren ts  show segregation very close to the  

1:2:1 (S: SW: W) ratio  of phenotypes expected (8 strong  cleft, 17 w eak 

cleft and  8 no cleft observed). Similarly in the  31 children  from the  

w eak cleft by no cleft category the  segregation of w eak cleft to no cleft 

phenotypes is close to the  expected 1:1 ratio  (19 w eak cleft an d  12 no 

cleft observed).

There were seven offspring th a t did no t fit w ith the  expected 

segregation model. In these  cases there  w as no knowledge of 

illegitimacy. Indeed in th ree  of the  seven exceptions the  p a te rn a l 

phenotypes were com patible w ith the  offspring b u t the  m aterna l 

phenotype w as incom patible (Table 5.6). As m atern a l illegitimacy is 

very unlikely, an d  there  w as no evidence for adoption, these
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Mating Offspring Strong Cleft Weak cleft No cleft

M X F (S) (SW) (W)

M F M F M F

S X S 1 1 1

SWx 8 0 0

SxSW 4 6 0 1 1 4

WxS 2 5 1 2 2

S x  W 4 8 1 2 5

SWx SW 14 33 5 3 9 8 4 4

WxSW 10 19 6 4 5 4

SWx W 9 12 3 6 2 1

Wx W 5 9 4 1 4

TOTAL; 49 93 7 4 26 29 12 15

Table 5 .6  Raw data segregation  a n a ly sis  for ch in  c le ft  c la ss iA ca tio n  in  4 9  
m atin gs w ith  9 3  offspring sh ow ing  p arental and offspring sex . Shaded  ce lls  
in d ica te  w here n o  offspring w ould be ex p ec ted  assu m in g  an au to so m a l c o ­
d om inan t m od el o f  in h er itan ce .

Mating Offspring Strong Cleft Weak cleft No cleft

M X F M F M F M F

S X S 1 1 1 " s ' /
n ' " ^

SWxS 0 0

S X SW 5 9 1 1 2 5
-

W xS 2 5 1 4

S x  W 3 5
:

1 4

SWxSW 14 33 5 3 7 r 4 4

Wx SW 14 26 : -* 10 4 5 7

SWx W 9 12 A  ̂Z ^ -
A I

T'sKx.'Sff kffLï.
3 6 2 1

Wx W 1 2 F#' 'f 1 1

TOTAL: 49 93 7 4 27 9 ^ 1 12 13

Table 5 .7  Segregation  data after a n a ly sis  and rec la ss if ica tio n  o f  
* exceptions* b ased  on  log ica l d eterm in a tio n  from  m ale offspring  
p h en o ty p es. For ea ch  ca se  on ly  on e  ind iv idu al has e ffec tiv e ly  b een  
ch an ged , in  5 o u t o f  7  ca se s  th e  m atern al g en o ty p e  w as a ltered  and in  tw o  
ca se s  th e  p h en o ty p e  o f  a fem a le  offspring w as a ltered .
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disagreem ents are  very likely to arise  as a  consequence of th e  lack of 

penetrance  of th is  tra it in fem ales leading to underscoring . For 

instance, w here an  S m ale and  W female produced  an  S m ale 

offspring the  fem ale’s genotype m ay have been SVF ra th e r  th a n  the  

ap p aren t WW. These factors led to detailed re-analysis of the  family 

d a ta  in an  a ttem p t to elucidate the  ap p aren t b ias in scoring fem ales 

for the  chin  cleft phenotype.

E ach family w as assessed  individually to see if any  o ther family 

m em bers could explain any of the  seven exceptions in te rm s of ‘n o n ­

p e n e tra n t’ fem ales i.e. genetically or genotype SS (strong cleft) w hen 

scored phenotypically as SW (weak cleft) or genetically SW  w hen the 

phenotype w as scored W (no cleft). This inform ation could come via 

m others, d augh te rs  or both. For exam ple in the  W x W m ating  

category four SW m ales have arisen; in all of these  cases is it likely 

th a t the  m other h a s  been ^underscored’ as W an d  shou ld  in  fact be 

SW. Sim ilarly in the  S ^  W mother m ating  category, if an  S son 

occurs it suggests m isclassification of the  W m other, w hose genotype 

shou ld  be SW.

R e-analysis of d a ta  in th is  way provided explanations for all of 

the  seven offspring th a t did no t fit the  expected segregation. In a  S 

f a t h e r  x  W m o t h e r  m ating, w ith th ree  offspring; SW SW f e m a l e ^  S  m a l e ^  it 

w as decided th a t the  m aterna l phenotype w as m isclassified an d  th a t 

the  genotype should  be SW  on the  basis of h e r S offspring. 

Therefore th is  p u ts  the  family into the  S ^̂ ĥer x SW mother category. In

148



two cases w here the  exceptions arose from W father x S mother m ating  

the  m aterna l phenotype had  to be assu m ed  to be correct a s  S 

rep resen ts  full m anifesta tion  of the  tra it. Here the  exceptions could 

be explained by m isclassification of a  d au g h te r as W, w hen she w as 

genetically SW. In these  non-fit families the  phenotypes of the  

daugh te rs were th u s  reassigned  to the  SW category. The four 

rem ain ing  exceptions (all SW males) cam e from W x W m atings. If we 

a ssu m e  th a t the  m ale genotype is 1 0 0 % p en e tran t th en  the  fa ther 

and  son have been correctly assigned (W and  SW respectively) th en  

we m u st conclude th a t the  m o th er’s genotype is SW. These four 

m atings were therefore reassigned  into the W x SW mother m ating  

category. The revised classification of m ating  types an d  offspring 

based  on these  assum ptions is show n in Table 5.7.

The practical approach  employed to generate  the  d a ta  in  Table 

5.7 h a s  been th a t of m inim al d isrup tion , th u s  only one individual in 

each  family w as term ed as ‘m isclassified’ (i.e. e ither m o ther or 

daughter). This w as sufficient to explain all of the  seven exceptions. 

Also, the  revised d a ta  provides very strong  evidence in su p p o rt of 

au tosom al co-dom inance and  the  observed d istribu tion  of the  

phenotypes am ongst the  offspring is very close to the  expected (Table

5.8).

5.1.3 F u rth e r analysis of the  chin  cleft segregation d a ta

E ach family w as scru tin ised  individually in a n  effort to

determ ine the  ex ten t of variability of penetrance  an d  w here
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Mating Offspring Strong Cleft (S) Weak cleft (SW) No cleft (W)

S X S 1 1 ,  ^ f ^  r i ' H'"'' it
1 (1) i ' f  ̂ }  ?

.. . Cl,.. .... . . . . .  . . .  . . . . L .'2;'', , .A : / .  .  .

S X SW 9 2 7

5 (4.5) (4.5)

S x  W 10 10

5 (10)

SWx SW 33 8 17 8

14 (8.25) (16.5) (8.25)

SWx W 38 23 15

23 (19) (19)

Wx W 2 2

1 (2)

TOTAL: 93 11 57 25

49 (13.75) (50) (29.25)

Table 5 .8  Segregation  data after a n a lysis  and rec la ss if îca tio n  o f  
* exceptions*. T he data generally  fit  w ell to  th e  ex p ec ted  prop ortion s for 
au tosom al co  d om in an t in h er itan ce .
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appropria te  to reclassify the  deduced female genotype. The ground 

ru les for th is  analysis were:

1 . The clefting tra it follows an  au tosom al co-dom inant p a tte rn  of 

segregation

2 . The determ ination  of the  m ale phenotype w as judged  to be 

unequivocal since it is a ssum ed  th a t the  tra it is fully p en e tran t in 

m ales.

3. W here the  phenotype of m ale offspring is inform ative, a  corrected 

m aterna l genotype m ay be deduced.

4. Fem ales were assu m ed  to display one step  of lack  of penetrance  

and  th is  proceeds in one direction for exam ple: a  fem ale W (no 

cleft) individual could be considered to be genotypically SW (weak), 

if she h ad  a  strong cleft m ale offspring, b u t no t S. Sim ilarly a  SW 

female could be considered to be S b u t no t W.

Analysis of each pedigree generated  four different categories 

w ith varying inform ation con ten t an d  confidence of accu ra te  

assignm en t of the  chin  cleft phenotypes (Fig 5.3). In each  in stance, 

two different types of pedigree are illu stra ted , b u t th is  is no t an  

exclusive list. Categories A and  B provide high level of confidence of 

accu ra te  phenotypic assignm ent. The category in to  w hich any 

individual family is placed is determ ined, to a  large extent, by the 

n u m b er an d  gender of offspring in each  family.
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Categon^ A
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Category B

Category C

“ v l
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Category D

»
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Figure 5 .3  F am ily  data co llec ted  and c la ssified  on  th e  b a sis  o f  co n fid en ce  
o f fuU m a n ifesta tio n  o f  th e  tra it in  fem ale  m em bers.
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Category A: Full penetrance  can  be unequivocally a ssu m ed  in all 

family m em bers. E.g. Ŝ ^̂ her x gmother ~> gm

^ f a t h e r  x  S " ^ ° t h e r  ~ >  S W ^ ,  S W ^

In th is  category a  strong  cleft m ale and  a  strong  cleft female 

produce a  strong  cleft m ale offspring. This is the  only possible 

com bination of phenotypes and  hence genotypes. In th is  scenario  full 

penetrance  is obligatory in the  m other. Therefore all m ale offspring 

should  have the  strong cleft phenotype; if a  female offspring does not 

display the  strong  cleft phenotype th en  lack of penetrance  (of her 

genotype SS) can  be assum ed . The o ther family, show ing a  m ating  

betw een a  W m ale and  an  S female, en su res  th a t all offspring are 

genotypically SW since the  S female show s full m an ifesta tion  of the  

tra it and  full m anifesta tion  is always assu m ed  in m ales.

Category B: Full penetrance  can  be a ssu m ed  from the  phenotype of 

m ale offspring. E.g. w ^ ^ ^ h e r  x  g w ^ o t h e r  ~ >  ' \ ^ m ^

g " \ ^ m o t h e r  x  g ' W f a t h e r ~ > ’ \ ^ m

Here a  no-cleft m ale and  a  w eak cleft female p roduce a  no cleft son 

an d  a  w eak cleft daugh ter. In th is  in stance, by following the  ground  

ru les it is possible to determ ine th a t the  cleft tra it is fully p e n e tran t 

in bo th  the  m other and  the  daugh ter. If the  m o ther w as partially  

p e n e tran t and  genetically SS in stead  of SW  th en  we w ould expect to 

see an  S allele tran sm itted  and  fully p e n e tran t in h e r m ale offspring. 

In th is  in stance  full penetrance  can  therefore be assum ed . Sim ilarly
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in  the  second situa tion  the  no cleft m ale offspring resu lting  from two 

w eak cleft p a ren ts  confirm s the m aterna l phenotype to be correct 

Category C: Full penetrance  can  be a ssu m ed  in one female m em ber

b u t no t both. E.g. SŴ ^̂ her ^ SW" °̂^her ~> '\̂ m̂  SW"^,

f̂ather ^ ~> SW"̂ , SW^

In the  first exam ple the  m other can  be a ssu m ed  to be fully penetran t, 

on the  basis  of the  no cleft son to whom  she m u st have tran sm itted  a  

W  allele. As bo th  p a ren ts  are heterozygous it is possible for any  of the 

th ree  phenotypes (W, SW, S) to m anifest in the  children. Therefore it 

is no t possible to m ake an  a ssum ption  abou t the  penetrance  of the 

tra it in the  daugh ter, who could also be n o n -p en e tran t w hen 

genetically she is SW. In the  second scenario  we can  a ssu m e  full 

penetrance  of the  tra it in the  daugh te r b u t it is possible th a t th is 

pedigree could also arise  if the  m other w as n o n -p en e tran t for 

genotype SS.

Category D: Full penetrance  canno t be a ssu m ed  in  m o ther or 

daugh ter. E.g. SW^ t̂her x SW^^other ~> sw f, SW":, SW":

S f a t h e r  x  ^ m o th e r  g W ^ ,  S W ^

In th is  case  bo th  the  p a ren ts  and  all th ree  of the  offspring appear 

heterozygous for the  tra it. From  the ground  ru les bo th  the  fa ther and  

the  two sons can  be assum ed  to be fully p e n e tran t b u t it is possible 

th a t bo th  m other and  d au g h te r could be genetically SS an d  th u s  n o n ­
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penetrant. Similarly there is not sufficient information available to be 

sure of the phenotypes of any of the females in the second scenario.

Looking at the total family data  collected, out of the 49 groups, 

3 fell into category A, 6  fell into category B, 19 were category C and 

20 were category D. However it m ust be noted th a t the occurrence of 

an additional offspring might easily lead to a change from a category 

D to C or from C to B. Nevertheless analysis of the family da ta  in this 

way provides an assessm ent of the problem s associated with the 

variability of penetrance in females.

5 .1 .4  S u m m a ry

The extensive population and family da ta  provides convincing 

evidence th a t the chin cleft is determ ined by a single autosom al 

locus. The population data  suggests th a t the chin cleft is p resen t in 

all ethnic groups studied and in the European da ta  set there 

appeared to be a significant difference in observed frequencies 

between m ales and females. The family data  suggest th a t the pattern  

of segregation for the trait follows simple Mendelian inheritance, 

though scoring of the trait in females is not straightforward. This is 

apparen t in the raw data  collected and evidence becomes stronger 

when the apparen t sex difference in phenotype frequencies is taken 

into consideration and can be used to explain exceptions to the 

segregation data. The exceptions to the model of autosom al co­

dom inance could not be explained by non-paternity  in five of the

seven cases as the phenotype of the offspring fitted with the paternal
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phenotype an d  not the  m aternal. As m aterna l exclusion is very 

unlikely  th is suggests m isclassification of the  female phenotype h a s  

occurred.

The previous lite ra tu re  on the  ch in  cleft phenotype, 

sum m arised  by M ckusick (OMIM: 119000) records the  chin  cleft as 

an  au tosom al dom inan t M endelian tra it, however, m uch  of the  

evidence is anecdotal. One of the  very early papers (Lebow and  Sawin, 

1941) records chin  cleft in a  seven generation ‘pho to ’ pedigree. W ithin 

th is  k indred  there  appeared  to be 15 u n re la ted  indiv iduals (7 m ales 

and  8  females). Only one of these  un re la ted  individuals, a  m ale, 

show ed the cleft phenotype, therefore it is likely th a t the  tra it  w as 

undersco red  in  th is  study  and  probably only the  S phenotype w as 

detected. W ithin the  pedigree there  were 10 m atings; giving rise to 20 

offspring in total, th ree  of these  were cleft by no cleft m atings, w ith 

equal n u m b ers  of cleft an d  no-cleft offspring observed. There were 

seven no cleft by no cleft m atings w ith 1 1  no cleft offspring an d  one 

cleft offspring. As the  photo d a ta  is no t very detailed, an d  several 

m ale m em bers appear to have facial ha ir, it is no t possible to explain 

th is  ap p aren t exception. N evertheless th is  s tudy  provides very good 

evidence of segregation of the  ch in  cleft tra it in  the  pedigree 

p resen ted .

A m ore recen t study  (B hanu and  M alhotra 1972) describes the  

population  genetics of ch in  cleft in India. Once again  it is n o t possible 

to estab lish  the  level of correspondence betw een th is  w ork an d  the
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present study except to note tha t in this study cleft was defined as 

anything from ‘deep fissure’ to ‘trace’. A more interesting fact, which 

emerged from this work however, was th a t considerable variation in 

chin cleft frequency was found in different ethnic subgroups of the 

Indian population. The incidence of chin cleft was reported to vary 

from 4% to 84%, dependent on the population group observed, and 

there was also significant variation in the sex ratio of the trait, which 

is in keeping with the findings from this study.

5.2 Nose Band

The STA classification was used to define the presence or 

absence of a discrete feature, a 'red' band, corresponding to local 

concentration of peak on the STA surface segm entation, across the 

bridge of the nose. This is detailed in section 4.3.2

5 .2 .1  P op u la tion  d a ta

In total 582 unrelated individuals were scored com prising 521 

European (248 males, 273 females), 36 Indian (9 males, 27 females) 

and 25 Chinese (9 males, 16 females) subjects. Individuals who had 

recorded on the information sheet tha t they had broken their nose 

were excluded, as were subjects younger than  sixteen. Two 

phenotypes: banded (B) and non banded (b) were found to be 

frequent in both sexes of all three population sam ples studied (Table

5.9). The banded phenotype was relatively more common th an  non ­

banded in all three population groups and was m ost frequent (0.76)

in the European group. The non-banded phenotype was relatively
1 5 7



m ost frequent in the Chinese group (0.40). These differences in 

relative phenotype frequencies suggest there is variation with respect 

to ethnic background although the Chinese and Indian population 

sample sizes are ra ther small to be conclusive. This is echoed in two 

small groups of African (n=8 ) and Arabic origin (n=8 ), not shown here, 

where in the former the non banded was more common th an  the 

banded phenotype and in the latter the banded was the m ost 

common phenotype. It would be interesting to investigate larger 

sam ples, as well as other ethnic groups, to see if this variation 

persists.

In all three population groups there appears to be a sex bias 

with the banded phenotype observed more often in m ales th an  

females (Table 5.9). This difference was tested in the large European 

population, and found to be significant (p< 0.05 2df). The presence

of two phenotypes in both sexes could suggest an  autosom al mode of 

inheritance. Two alleles B and b giving rise to the two phenotypes 

'banded' (comprising BB homozygotes and Bb) and non banded 

(comprising bb homozygotes), this assum es th a t the B allele is 

dom inant to the b allele. The allele frequencies (Table 5.10) were 

estim ated from the frequency of the less common phenotype b. For 

example, in the total European population, assum ing Hardy- 

Weinberg proportions and B = p and b = q, non banded individuals
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'O

European Indian Chinese

M
N=248

F
N=273

TOTAL
N=521

M
N=9

F
N=27

TOTAL
N=36

M
N=16

F
N=9

TOTAL
N=25

Type 1 (Banded) 203 195 398 7 18 25 9 6 15

P h e n o ty p e  f r e q u e n c y 0.82 0.71 0,76 0.78 0.67 0.69 0.56 0.67 0.60

Type2 (non banded) 45 78 123 2 9 1 1 7 3 1 0

P h e n o ty p e  f r e q u e n c y 0.18 0.29 0.24 0 . 2 2 0.33 0.31 0.44 0.33 0.40
Table 5.9 observed number of each nose phenotype: banded (B) and non banded |b)

EUROPEAN
(N=521)

INDIAN
(N=36)

CHINESE
(N=25)

B b B b B b

ALL 0.51 0.49 0.45 0.55 0.37 0,63

M 0.57 0.43 0.53 0.47 0.34 0 . 6 6

F 0.47 0.53 0.43 0.57 0.43 0 57
Table 5.10 Allele frequencies estimated from the non banded phenotype, assuming two alleles B and b  give rise to the two 
phenotypes B and b, where B is dominant to b.



(bb) rep resen t q2 so the  frequency of q = ^ a n d  q is 1 -p

= 0.51. T hus, in the  to ta l E uropean  d a ta  the  B and  b alleles were 

estim ated  to occur w ith frequencies of 0.51 and  0.49 respectively. 

They were sim ilar in the  Indian population; 0 .45 (B) an d  0 .55  (b), and  

slightly different in the  Chinese population; 0.37(B) an d  0.63(b).

5 . 2 . 2  S e g r e g a tio n  d a ta

Segregation analysis for the  nose b an d  tra it w as carried  ou t on 

forty families w ith 65 offspring (aged sixteen an d  above). There were 

no exceptions to the  expected segregation p a tte rn  for au tosom al 

dom inan t inheritance  w here banded  (B) is dom inan t to non  banded  

(b). The expected nu m b ers  of each phenotype am ong the  offspring 

were calculated , along w ith the  expected n u m b ers  of m ating  types 

(Table 5.11) u sing  the  allele frequencies from the  whole E uropean  

population  (B=0.51 b =0.49). The d istribu tion  of m ating  types 

observed w as close to th a t expected from th is  hypo thesis also the 

observed d istribu tion  of the  offspring in the  banded  (Bb an d  B) and  

non-banded  (b) phenotype categories did no t significantly differ from 

the  expected proportions (p = 0.26, 2.73).

The presence  or absence of a  red  b an d  across the  bridge of the  

nose w as im m ediately evident from the  STA display; there  were no 

in term ediates or am biguous cases in the  study  group. Both 

population  an d  family d a ta  provide strong  evidence for a  sim ple 

genetic basis  for the  nose banding  phenotype. The nose b an d
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T y p e  B  

(B B  a n d  B b)

T y p e  b  

(bb)

M a t in g  

M X F

O E O fT sp r in g O E O E

B x  B
BB X  BB (p2 X  p2)

Bb X BB (2pq x p2) 

BB X  Bb (p2 X  2pq) 

Bb X Bb (2pq x 2pq)

2 5 2 3 .1 3 8 3 1 3 3 . 8

p'’ +2p-^q+2p-q+y4 (4p^q^) = 

p^(p^+4pq+3q^) 

p^+2pq+q-^ =1 

and p  + q =1 

can sim plify as: 

p^(l+2q)

7 4 . 2

p 2 q 2

! B x b

BB x b b ( p 2 x  q2)

1 B b X b b  (2 p q  x  q^)

!
1

1

7 7 . 3 1 3 9 8 . 7

p^q^ +% (2pq'<) =

p q fp +  q)

As p  + q =1 

can sim plify as: 

p q 2

4 4 . 3

p q 3

b  X B

b b  X B B  (q^ x p )̂ 
b b  X B b (q2 x 2 p q )

6 7 . 3 9 4 6 . 0

p-^q^ + V 2(2pq^) =

pq^(p+ q) 

A s p  + q =1 

can sim plify as: 

p q 2

5 3 . 0

p q 3

b X b

bb X bb (q^ x  q^)

2 2 . 3 5 5 5 . 0

T o t a l :

i

4 0 4 0 6 5 4 4 4 8 . 5 2

1

1 6 . 5

T a b le  5 .1 1  S e g r e g a t io n  a n a ly s is  for n o s e  p r o f ile  c la s s i f ic a t io n  in  4 0  m a t in g s  w it h  6 5  
o f fs p r in g . S h a d e d  c e l l s  in d ic a t e  in v a lid  r e s u lt  fo r  a u to s o m a l d o m in a n t  m o d e l  o f  in h e r i t a n c e  
w h e r e  n o n  b a n d e d  (b) i s  r e c e s s iv e  t o  b a n d e d  (B). E x p e c te d  fr e q u e n c ie s  a re  c a lc u la t e d  fr o m  
t h e  e s t im a t e d  p o p u la t io n  a l le le  f r e q u e n c ie s  o f  B (0 .5 1 )  a n d  b (0 .4 9 ) .  T h e r e  is  v e r y  g o o d  
a g r e e m e n t  b e tw e e n  t h e  o b s e r v e d  a n d  t h e  e x p e c t e d  p h e n o t y p e  f r e q u e n c ie s  in  t h e  o f fs p r in g .
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phenotype fits a  sim ple single locus genetic m odel; w ith the  banded

phenotype dom inan t to the  non-banded  phenotype. A lthough the

family d a ta  are  ra th e r  sm all, they  provide strong  su p p o rt for the

proposed m odel an d  the  ratio  of phenotype d is trib u tio n  in the

offspring fits well w ith expected nu m b ers  calcu lated  a ssu m in g

dom inan t segregation of the  tra it.

Considerations w hen  using segregation analysis
Segregation analysis relies on the segregation of alleles by counting  

pheno types of offspring from certain  m ating types in accordance to M endelian 
law s [Mueller & Cook 1996). It is particu larly  useful in determ ining  single gene 
involvem ent in com plex d iseases, genetic heterogeneity and  for estim ating  
proportions of fam ilies with different types of inheritance. In o rder for segregation 
to be observed th e  tra it in question  m u st m anifest in different phenotypic form s 
an d  w ithin a  family a  p aren t m u st be heterozygous in order to observe 
segregation of the trait. Additionally families segregating for the tra it should  be 
acquired  in an  u nb iased  m anner; ascerta inm en t is often difficult to resolve and is 
a  p a rticu la r problem  with recessive traits . Both the nose band and  the chin cleft 
tra its  were am enable  to prelim inary segregation analysis. However, even these 
two sim ple classifications highlighted im portan t considera tions associated  w ith 
segregation analysis including the effects of delayed onset (e.g. developm ent of 
nose band  tra it a t puberty), variable expression (e.g. m ale-fem ale variation  in 
frequency of chin  cleft), and  reduced penetrance, all of w hich can  resu lt in 
deviation from the expected ratio of offspring.

S upport or rejection of a  hypothesis can be dependen t on sam ple size, in 
both  cases m ore family d a ta  would have been desirable especially the  inclusion  of 
m ultigenerational large pedigrees to su b s tan tia te  the hypo theses however, in 
p ractice  th is  is very difficult to a tta in . The analyses presen ted  in th is  thesis  here 
were based  on the assu m p tio n  th a t there w as a  single m ajor locus, responsib le

for the  each trait. Of course th is  m ay not be the case and  so m ore com plex 
m ethods of a ssessing  inheritance of the tra its  m ay need to be considered w ith an  
expanded  d a ta  se t [Lathrop, Terwilliger & W eeks 1996].. Sophisticated  m odels for 
com plex segregation have been developed to allow for m ultigene m odels and  the 
environm ental con tribu tion  to a  phenotype. These techn iques com bine linkage 
and  segregation analyses to find ou t which mode of tran sm ission  yields the 
h ighest lod score; these  lods scores, m axim ised over genetic m odels are  referred 
to a s  m od scores (Clerget-Darpoux 1992), th is approach  h a s  the  advantage th a t it 
bypasses the  ascerta inm en t problem , however, in order for it to be successfu l the 
m ark e r m u st be tightly linked to the tra it in order for it to reveal any  inform ation. 
However, these  m ore complex m odels still suffer the need for very large sam ple 
sizes.
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Chapter 6

Anthropometric assessm ent o f iaw protrusion  

and facial asym metry

This ch ap te r describes the  u se  of lan d m ark s to analyse  two 

separa te  tra its ; the  degree of p ro trusion  of the  m andib le  and  

a sse ssm en t of m inor facial asym m etry. The jaw  angle m easu rem en t 

described in C hap ter 4 w as m ade on a  su b se t of the  E uropean  

population  in order to see if it were possible to devise a  m eans of 

classifying the  ex tent of p ro trusion  of the  m andible. V arious 

approaches, including the  triangle a rea  m ethod also described  in 

C hap ter 4, were applied to investigate facial asym m etry  in  a  se t of 

clinical p a tien ts  w ith a  rare  kidney d isorder w here anecdotal evidence 

h ad  suggested hem ihypertrophy of various body p a rts  including  the  

face (Indridason et al 1996).

6.1 Jaw protrusion

The m easu rem en t is described in  detail in C hap ter 4 b u t 

basically  involves p lacem ent of th ree  m idline facial lan d m ark s 

(nasion, sub  nasale , pogonion) to find the  included angle n  sn a  pg.

6.1.1 Population d a ta

This fea tu re  w as scored in 143 u n re la ted  E u ropeans (72 

female, 71 male); genotyped for one or m ore va rian ts  in the  cand idate
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‘face genes’ described in chap ters  seven and  eight in order to carry  

ou t prelim inary genotype-phenotype association  stud ies.

The jaw  angle values ranged from 148.5° to 177.46° an d  were 

found to be norm ally d istribu ted  ab o u t a  centrally  located  m ean  of 

164.18°, w ith a  s ta n d a rd  deviation of 5.97. The range of values w as 

sim ilar in m ales and  fem ales (150->177° in m ales and  149->177° in 

females), a s  were the  m ean  and  s tan d a rd  deviations (163 an d  6 . 1 2  in 

m ales and  165.5 an d  5.62 in females).

There does no t appear to be a  gender difference in  the  range 

an d  frequency of jaw  angle values (Fig 6.1) b u t there  does ap p ea r to 

be a  slight shift in  the  m ale d a ta  tow ards lower values com pared  to 

fem ales. On close inspection  the  m ale d a ta  fit a  norm al d is tribu tion  

slightly be tte r th a n  the  female data . A large sam ple te s t on the  

difference of m eans betw een m ales and  fem ales suggested  a  

significant difference betw een the  sexes a t the  1% level (z=2.5)(this is 

d iscussed  fu rth er below).

In clinical s tud ies norm al and  optim al m easu rem en ts  can  be

defined on the  basis  of the  population  s ta n d a rd  deviation and  m ean.

The optim al range is defined as m easu rem en ts  th a t  fall w ithin  (+/-)

one s ta n d a rd  deviation of the  m ean, so the  optim al range for these

143 sub jects (male and  female combined) is betw een 158.2° an d

170.2°. The norm al range includes m easu rem en ts  w ith in  two

sta n d a rd  deviations of the  m ean, w hich in th is  case  are  betw een

152.2° and  176.1°, O ut of 143 individuals 137 fell w ithin  the  norm al
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Distribution of iaw protrusion values in males and females
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□  Female

145-150 150-155 155-160 160-165 165-170 170-175 175-180
Jaw angle value (degrees)

Figure 6 .1  H istogram  d isp lay in g  range o f  jaw  protrusion  v a lu es  in m ale  and  
fem ale  u n rela ted  E uropeans.
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range (four m ales and  two fem ales fell ou tside  th is  range) an d  1 0 2  

individuals fell w ithin the  optim al range (tw enty-three m ales an d  

eighteen fem ales fell outside th is range).

The reproducibility  of th is m easu rem en t suggested  th a t on 

average repeat m easu res fell w ithin one degree (either p lu s or m inus) 

of the  original m easurem ent. However as the  range of values for the 

jaw  angle is relatively sm all and  the  s tan d a rd  deviation quite high, it 

w ould be difficult to a ttrib u te  confidence to a  classification th a t 

subdivided the  d a ta  into categories on the  basis  of the  s ta n d a rd  

deviation. Subjects who fell outside of the  norm al a n d /o r  the  optim al 

range could be considered as ‘extrem e’ phenotypes.

Figure 6.2 show s the  jaw  p ro trusion  m easu red  in n ine 

sub jects, the  first set of sub jects falling w ithin the  calcu lated  ‘no rm al’ 

range and  the  o ther two se ts of sub jects falling above an d  below the 

norm al range. From  these  im ages it is qu ite  clear th a t  the  shape  and 

projection of the  ph iltrum  and  u p p er lip, w hich affect lan d m ark  SNA 

can  have a  considerable effect on the  m easu rem en t a tta ined . While it 

m ay seem  th a t  th is  m easu rem en t sim ply a sse sses  jaw  p ro trusion , it 

is in fact an  a sse ssm en t of the  p ro tru sion  of the  whole of the  lower 

face or the  ex ten t of ‘f la tn ess’ of the  face.

6.1.2 Family d a ta

Eighteen m ating  pairs w ith 41 offspring were chosen  w here 

bo th  p a re n ts  and  a t least two ad u lt offspring were scored for th e  jaw

p ro tru sio n  m easu rem en t. The m idpoint p a ren ta l value w as calcu lated
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s l) W ithin 'normal* range

b) Above *normar range

c) Below 'normal* range

Figure 6 .2  V ariability o f  jaw  protrusion , th e  first th ree  su b jects  h ave  a v a le  
w h ich  n t s  w ith in  th e  ca lcu la ted  norm al rang (betw een  152° and 176°), th e  
oth er  tw o  s e t s  o f  su b jects  fa ll o u ts id e  o f  th e  norm al range. S u b jects w hom  
fall above th e  norm al have a va lu e > 176°, and su b jects  w hom  fall below  
th e  norm al range h ave a va lu e  w h ich  is  le s s  th a n  152°.
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for each m ating  pa ir and  com pared w ith the  offspring values (Fig 6.3), 

The correlation coefficient betw een the  m id -paren t and  offspring w as 

0.37 suggesting w eak correlation betw een the  d a ta  se ts (n=41, 

p<0.05). There w as no correlation betw een p a ren ta l values (r = 0.07) 

no r significant correlation betw een sib pa irs  (r=0.35, n= 28 p >0.05).

C orrelation analysis w as th en  carried  ou t betw een p a re n t an d  

offspring an d  the  findings were ra th e r heterogeneous. M other - 

d au g h te r pa irs  p roduced a  positive correlation coefficient of 0.65 

(n=24, p<0.001) w hereas fa ther -  d au g h te r pa irs  show ed a  w eak 

negative correlation (r = -0 .11) (Fig 6.4). This strik ing  sam e sex 

correlation in jaw  p ro trusion  w as observed w ith fa ther -  son  pairs; 

correlation of 0 .59 (n=17, p<0.05) and  there  w as a  low negative 

correlation betw een m others and  sons (n= 17, r  = -0 .12) (Fig 6.4). 

B ecause of the  sm all num b ers  it w as decided to sc ru tin ise  the  to ta l 

family d a ta  se t for m ore sib pa irs  and  sam e sex p a re n t/  offspring 

pa irs  to increase  the  d a ta  set.

Increasing  the  n u m b er of sib pairs did no t a lte r the  fact th a t 

there  w as no significant correlation betw een sib p a ir values (n=45, 

r=0.27, p>0.05). Sam e sex sib pairs were also analysed , in sm all 

n u m b ers  (n=19 female sib pairs, n=7 m ale sib pairs), b u t n e ither 

sexes show ed significant sib pair correlation (m ales r=0.55, p=>0.05, 

fem ales r=0.33, p=>0.05). Increasing  the  fa ther-son  set (n=26) gave a  

decreased  correlation coefficient (r=0.42) b u t w as still significant a t 

the  5% level. Likewise increasing  the  m o th er-d au g h ter se t (n=32)
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Midpoint parent v offspring jaw protrusion
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Figure 6 .3  M idpoint parenta l jaw  angle va lu e v ersu s offspring jaw  angle va lu e , g iv ing  a correla tion  coefH cien t o f  0 .3 7 .
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reduced the correlation coefficient (r=0.59) but rem ained significant 

at the 0.1% level. Although the data  sets were only slightly increased 

the trend in sam e-sex correlation between parent and offspring 

appeared to persist. This result is interesting and supports the 

population analysis finding (6 . 1 . 1 ) th a t suggested th a t there was a 

significant difference between m ean values for males and females.

It is possible tha t the observed difference between m ales and 

females could arise because of the m entioned difference in the degree 

of anatom ical protrusion of the upper lip. In some individuals the 

m easurem ent may be a true reflection of m andibular protrusion bu t 

in others the landm ark SNA and overall ‘fla tness’ of the face might be 

affecting the value obtained in a disproportionate m anner, bu t th is is 

clearly not random . For example, in the family analysis it is possible 

tha t there is genetic similarity between family m em bers, as judged by 

the correlation, which effectively reduces the heterogeneity of the 

m easurem ent and m akes the m ale/fem ale difference more apparent. 

This suggests anthropom etric m easurem ents may be too variable and 

complex and hence not suitable for simple genetic analyses.

Thus, overall in this particular instance the anthropom etric 

m easurem ent being studied provides some evidence of underlying 

genetic factor. However, unlike the qualitative Shape Index and STA 

pattern  it does not provide a distinctive framework for phenotype 

classification.
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6.2 Medullary sponge kidney tMSK) and facial 

asymmetry

The diagnosis of m edullary  sponge kidney (MSK) is based  on 

specific rena l function te s ts  and  is associated  w ith a  som ew hat 

variable clinical p resen ta tion  (Indridason et al). We were approached , 

by renal physic ians in UCL, to see w hether face scann ing  m ight 

provide a  low cost non-invasive diagnostic p rocedure. This idea w as 

based  on reports of hem ihypertrophy associated  w ith th is  d isorder 

(Indridason et al). The physic ians w ith whom  we collaborated  h ad  the 

im pression  th a t in som e cases the ir p a tien ts  show ed sub tle  abnorm al 

facial developm ent, and  asked  u s  to u se  the  scan n e r an d  associated  

software as an  objective m eans of a ssessm en t. T hus, the  pu rpose  of 

th is  study  w as to a sse ss  the  facial m orphology of a  se t of MSK 

p a tien ts  to see if it is possible to d iscrim inate  MSK p a tien ts  or a  

subgroup  of these  p a tien ts  from norm al controls on the  b asis  of 

an th ropom etric  m easu rem en ts .

6.2.1 D ata set

Prof. Unwin recru ited  pa tien ts  from the  nephrology departm en t 

a t the  M iddlesex hospital. Individuals were scan n ed  u sin g  the  fixed 

optical surface scanner, in to ta l 14 MSK p a tien ts  were stud ied , 6  

wom en an d  8  m en. A 2D image w as also tak en  w ith th e  digital 

cam era  of each  ear an d  the  face. All of the  sub jec ts  were of E uropean
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origin. Two control se ts, m atched  for age, sex an d  e thn ic  backg round  

were selected from the  da tabase  of scanned  norm al volunteers.

6.2.2 D ata analysis

Seven lan d m ark s and  eight sim ple m easu rem en ts  were u se d  in 

order to a sse ss  asym m etiy . These m easu rem en ts  were adap ted  from  

B urke et al (1971), so they  were m ore su itab le  for the  d a ta  ob tained  

from the  optical surface scanner as opposed to d irect pa lpation  of the  

subject. The ‘C loud’ program  w as u sed  for location of lan d m ark s  an d  

calculation  of d istances betw een poin ts. The six lan d m ark s u se d  were; 

left exocanthion(A), right exocanthion(B), left cheilion(C), righ t 

cheilion(D), pronasale(E), nasion(F) (Fig 6.5).

The lan d m ark s were located on each  individual an d  the  two 

m atched  control g roups and  the direct d istance  betw een the  

landm arks w as calculated. Having m ade the  m easu rem en ts , the  next 

stage w as to com pare the  left and  right sides, th is  w as first done by 

su b trac tin g  the  m easu rem en t m ade on the  left side from the  

equivalent m easu rem en t m ade on the  right side. The overall 

differences were calcu lated  (Table 6.1) and  in  general the  

m easu rem en ts  m ade on the left side of the  face were slightly larger 

th a n  those  on the  right were, for all groups (patien ts an d  two control 

groups). The overall differences were calcu lated  (Table 6.1) and  in general the 

m easu rem en ts  m ade on the left side of the face were slightly larger th an  

those on the right were, for all groups. This co n tra s ts  with a  previous 

s tu d y  of facial asym m etry  in North Am erican C aucasians, (Farkas and  

C heung 1981)', w hich reported the right side of the face the  largest side.
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p articu larly  in m easu rem en ts  m ade on the upper third of the face. It is 

possible th a t the  p resen t resu lts  reflect a  system atic  b ias in the collection 

of the  d a ta  by the  fixed surface scanner since the left side of the face is 

alw ays recorded  first. It would be p ruden t to evaluate th is conclusion by 

u sin g  the HLS system  to scan  the patien ts, since with th is  a p p a ra tu s  the 

scan  com prises th ree  random  sw eeps covering the surface of the face and  

therefore la tera l b ias should  not occur. It is also possible th a t the 

p lacem ent of lan d m ark s  could bring abou t th is resu lt, especially if there 

w as in accu ra te  identification of the ‘m idline’ landm ark  points.



Figure 6 .5  F acial landm arks u sed  in  in itia l a n a ly sis  o f  fac ia l a sym m etry  
in  MSK p a tien ts  com pared to  con tro ls .
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Mean Measurement (R -L) MSK Patients Control 1 Control 2

B>F -  A>F -3.2 -2 . 0 -1.03

B>E -A>E -4.6 -2.9 -0.61

B>D -A>C -1.7 - 1 . 0 0.7

D>E — E>C 0.4 0 -0.7

T able 6 .1  M ean le f t  r ig h t d if fe r e n c e s  (m m ) in  fou r m e a su r e m e n ts  u se d  
t o  e s t im a te  fa c ia l a sy m m e try  in  s e t  o f  1 4  p a t ie n ts  w ith  MSK co m p a red  
t o  tw o  m a tc h e d  co n tr o l g ro u p s

Mean sum of LR difference 
squared

MSK
Patients

Control 1 Control 2

B > F - A>F 21.9 14.2 4.1

B>E -A>E 38.6 24.5 7.8

B>D -A>C 7.6 12.7 8 . 8

D>E -  E>C 16.4 10.3 2.5

T able 6 .2  M ean su m  o f  r ig h t-le ft  d if fe r e n c e s  sq u ared  u se d  t o  co m p a re  
fa c ia l sy m m e tr y  in  MSK p a t ie n ts  w ith  c o n tr o ls

175



T hé  s u m  of th e  le f t- r igh t d if fe re n ces  s ( |u a re d  w a s  a lso  c a l c u la te d  for 
e a c h  in d iv id u a l  to get a  g e n e ra l  view of n o n -d ir e c t io n a l  a s y in in e lry .  The 
m e a n  v a lu e s  for p a t i e n t s  a n d  c o n t ro l s  a re  p r e s e n te d  in T ab le  6 .2  a n d  s e e m  
to be g r e a t e r  in th e  p a t i e n t s  t h a n  in th e
controls thougn not significant. These simple analyses did not reflect 

any striking differences between patients and controls. However, it is 

interesting to note th a t the two control groups were quite different in 

their values, it was therefore decided tha t further analyses should be 

carried out using an average of the two m atched control groups 

In order to look for fluctuating asymmetry a two-tailed T-test was used on the 

left-right differences squared. Analysis was carried out between patien ts and 

the two controls for the four m easurem ents. The T-test on the m ean differences 

squared did not reveal significant difference between the patients and either of 

the control groups nor between the two control groups. (Patient v Control group 

1 T=0.89, d.f=3;p=0.18, Patient v Control group 2 T= 1.42,d.f=3;p=0.22,

Control group 1 v Control group 2 T=1.29, d.f=3;p=0.30)

In order to investigate this finding further the triangle area 

m ethod was employed as a more sensitive technique to assess 

general facial asymmetry. The landm arks and areas of each of the 

respective triangles were calculated as described in chap ter four. Fig 

6 . 6  illustrates the average area of each of the 13 triangles on the left 

and right side of the face for the set of MSK patien ts and the m atched 

controls. From this histogram  we can see th a t the greatest left right 

difference appeared to occur for triangle 7, however th is is sim ilar in 

both patients and controls probably reflects the trouble in locating 

the landm ark a t the tragion (on the edge of the ear) needed to form 

this triangle. Triangle 8  also shows m arked left right difference in 

area bu t as th is is observed in both patien ts and controls it is also
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Mean va lu es for p a tien ts  and con tro ls
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Figure 6 .6  Average area o f  ea ch  o f  th e  13 tr ian g les on  th e  le ft and right s id e  o f  th e  fa ce , in  a s e t  o f  MSK p a tien ts  and  
m a tch ed  co n tro ls .



likely to reflect poor landm arks. W hen plotted like th is , none of the 

m easu rem en ts appeared  to reflect left-right differences specific to the  

MSK patien ts . A lthough no t a  reflection of left-right asym m etry  it is 

in teresting  to note the  difference in m ean  a rea  betw een th e  pa tien ts  

and  controls for triangle 1 1 .

The to ta l com bined a rea  of the  13 triangles w as calcu lated  for 

the  right and  left sides of the  face for each  sub ject an d  control to 

a tta in  an  estim ate  of to tal left an d  right face area. W ith the  exception 

of one sub ject the  a rea  of the  left side of the  face w as larger th a n  the 

right in bo th  p a tien ts  and  controls. The overall difference in a rea  

betw een left and  right sides of the  face w as no t significantly different 

in p a tien ts  com pared to controls. Fig 6.7 illu stra te s  the  to ta l left right 

difference in a rea  of the  face in five MSK p a tien ts  an d  the ir age/  sex 

m atched  controls.

For each  sub ject the  difference betw een left an d  righ t a reas of 

each of the  th irteen  triangles w as calculated . For each  triangle th is 

value w as analysed  by paired t-test, to look for variability in  triangle 

a rea  betw een the  p a tien t d a ta  set and  the  controls. Paired, 2 -tailed T- 

te s ts  did no t give significant resu lts  for any  of the  triang les 

suggesting th a t  there  is no heterogeneity  of m easu rem en ts  betw een 

pa tien ts  and  controls.

The triang le-area  m ethod did no t reveal any  significant facial 

variation  betw een p a tien ts  and  controls an d  did no t confirm  the  

initial findings from the  sim ple an th ropom etric  analysis suggesting

178
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these  re su lts  should  be trea ted  cautiously . This study  w as carried  ou t 

on 14 p a tien ts  and  m atched  controls and , a lthough  we con tacted  

rena l u n its  in o ther hosp itals, fu rth er cases of MSK were no t 

forthcom ing. T hus it w as no t possible to increase  the  n u m b er in the  

d a ta  set. This could be a  reflection of the  relative infrequency of the  

condition coupled w ith heterogeneous p resen ta tion  of the  com plain t 

and  difficulty in accu ra te  diagnosis of MSK w ithout I VU. However, 

th is  w as a  usefu l pilot study  of 3D face scann ing  on a  sm all group of 

p a tien ts  w ith variable renal problem s associated  w ith  MSK. Analysis 

of the  p a tien ts ' faces in com parison to healthy  m atched  contro ls did 

no t reveal any th ing  u n u su a l in the  sym m etry of the  face an d  suggests 

th a t the  face scan n er is no t a  usefu l ad ju n c t in MSK diagnosis.

Two system s have been used  to analyse facial asym m etry  and  there  are 

p rob lem s an d  benefits associated  with each m ethod. The first m ethod relied on 

6  lan d m ark s  and  4 m easu rem en ts  to estab lish  a  crude index of asym m etry .

The lan d m ark s could be identified accurately  and  were relatively ro b u st, also 

the  m easu rem en ts  were relatively large and  the e rro rs proportionately  lower. 

However, only the cen tra l a rea  of the face w as analysed  and  there  were only 

two m idline points; e rro rs in locating either of these  poin ts could have had  a  

significant im pact on the overall resu lts . A lthough a  T-test on the  raw left-right 

differences proved to be significant, a  T-test specifically investigating 

fluc tuating  asym m etry  did not highlight significant differences betw een the 

p a tien t and  control sets.

The triangle a re a  m ethod did not reveal significant differences betw een 

p a tie n ts  an d  contro ls a lthough  it provided com prehensive coverage of the whole 

of the  facial surface. However, the repertoire of landm arks used  w as more 

variab le  in term s of reliability th an  those used  in the crude system . O ut of the 

19 lan d m ark s  there  were three th a t I Judged to be particu larly  unreliab le; a

cen tra l lan d m ark  on the pogonion, and  the bilateral lan d m ark s on the
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m andib le  an d  the  tragus. It is very likely th a t the inclusion of these  lan d m ark s 

reduces the overall sensitivity of th is approach , particu larly  a s  the analysis 

com pounds any inaccuracy  by com paring the a reas  a s  opposed to direct 

m easu rem en ts . In conclusion both of the techniques used  have their relative 

m erits  and  it is difficult to a sse ss  w hich is the best technique. It is also 

im p o rtan t to recognise th a t the patien t set is sm all and  in itself relatively 

he terogeneous and  only th rough  expanding the d a ta  set can  a  m ore accu ra te  

a sse ssm e n t of reliability be m ade.
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C h a p t e r  7

Molecular analysis o f ETl and ETRA as 

candidate ‘face genes*

A long-term  objective of th is  project is to identify genes th a t 

underlie  the  observed variation in norm al facial features. One 

app roach  to th is  problem  is to investigate ‘cand idate  genes’, u sing  

genetic va rian ts  to look for correlation betw een genotype and  

phenotype. This chap ter investigates two genes selected a s  good 

cand ida tes from a  review of lite ra tu re  - E ndothelin  l(E T l) an d  its 

recep to r E ndothelin  receptor A (ETRA). These are  bo th  strong  

cand idate  ‘face genes’ as judged  by the  following observations;

1. The hom ozygous m ouse knockou ts for both  genes show severely 

m alform ed m andibles (K urihara et al 1994; C louth ier et al 1998).

2. E xpression  stud ies in norm al mice find strong  expression  in the  

first b ranch ia l a rch  during  facial m orphogenesis (Barni et al

1998).

The aim  of the  work described in th is  section w as to investigate the  

exonic sequence of E Tl and  ETRA for genetic varia tion  using  PCR- 

SSCP analysis in DNA from sub jects scored for jaw  p ro tru sion  and  

ch in  cleft.

While my work w as in progress, a  group in  F rance focusing on

the  endo thelins as cand idates for card iac pathology, pub lished

inform ation  on five polym orphism s in the  ET-1 gene (three in 5 ’
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sequence and  two in exonic sequence) and  five polym orphism s in the 

ETRA gene (all in exonic sequence) (Cambien et al 1999). These were 

com prehensive stud ies, carried  ou t on two separa te  populations; one 

Irish and  the  o ther French. In a  separa te  study  Nicaud et al (1999) 

looked a t the  coding regions an d  5 ’ flanking sequence of the  ETRA 

gene, identified an  additional polym orphism  in the  5 ’ flanking region. 

A sum m ary  of these  polym orphism s an d  the ir precise location is 

given in Table 7.1.

Since these  publications there  have been several o ther stud ies 

looking a t the  association  of varian t alleles of E Tl and  ETRA w ith 

various pathologies including; atopic a s th m a  (Mao et al 1999) blood 

p ressu re  (Tiret et al 1999), and  m yocardial infarction (Nicaud et al

1999). So far significant association  (p<0.05) h a s  only been found 

betw een the polym orphism  in exon 5 of E T l and  blood p ressu re  in 

overweight sub jects (Tiret et al 1999). N either E Tl no r ETRA have 

been  conclusively linked w ith h u m an  pathology.

The prim ers an d  PCR-SSCP conditions u sed  in  the  p resen t 

study  were designed independently . The polym orphism s in E T l exon 

5, ETRA exon 6  an d  exonS were all found independently  of the  

pub lished  stud ies (intronic sequence w as no t analysed) an d  no 

additional varian ts  were found.

7.1 DNA amplification and polymorphism detection

Due to lack  of tim e and  resources it w as decided to concen tra te

on tran s la ted  exon sequence of the  two genes ra th e r  th a n  the  whole
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P olym orphism s In E T l P osition

T-1398A 5' flanking

G -1396A 5' flanking

T-1370G 5' flanking

+ /-  A, n t. 138 exon 1 5 ’ UTR

G in. 1 -46 A in tron  1 (46th bp. before exon 2)

T in. 2 -37 C in tron  2 (37th bp. before exon 3)

G 862 T : Lysl98A sp exon 5 codon 198

P olym orphism s in  ETRA P osition

A 231 G exon 1 5 ’ UTR

C 1471 T silen t exon 6  codon 323

A 1507 G silen t exon 6  codon 335

C 1856 G exon 8  (3’ UTR 70 bp. 3 ’ to  stop  codon)

C 3008 T exon 8  (3’ UTR 1222nd bp. after stop  

codon)

T + 5 2  C 3' flanking (52bp after 3 ’ end  of mRNA)

T able 7 .1  P u b lish ed  p o ly m o rp h ism s in  E T -1 and  ETRA (C am bien  e t  a l 
1 9 9 9 , an d  N icaud  e t  a l 1 9 9 9 ) (UTR- U n tra n sla ted  seq u en ce )
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gene sequence. This w as done on the  prem ise th a t v a rian ts  found in 

the  coding sequence would be m ore likely to p roduce a  significant 

change in the  pro tein  s tru c tu re  an d  possibly cause  a  phenotypic 

effect ra th e r  th a n  varian ts  found in n o n -tran sla ted  sequence. Prim ers 

of 20-24 nucleotides long were designed to amplify each of the  five 

exons of the  E Tl gene and  exons 2-8 of the  ETRA gene (ETRA exon 1, 

w hich is entirely 5 ’ UTR, w as not analysed). The prim ers were 

designed so they  would annea l a t a  position w ithin in tron  sequence 

approxim ately 20 basepa irs  (bp) from exon sequence. W here possible, 

the  prim ers were approxim ately 50% G /C  conten t, w ith a  G or a  C a t 

the  3 ’ end; the  m em bers of a  pair of p rim ers were m atched  for length  

an d  G /C  content. All p rim er pairs were checked u sin g  the  com puter 

program  Amplify to en su re  only one p roduct and  no prim er dim ers 

w ould be produced. Prim ers were chosen  to give PGR p roducts 

ranging  in size from 134-393 base  pairs (Table 7.2).

E ach exon an d  in tro n /ex o n  boundary  w as PGR am plified and  

sub jected  to SSGP analysis in order to search  for DNA 

polym orphism s. Initially DNA from 18 sub jects w as u sed  so th a t 

op tim um  PGR and  SSGP conditions could be estab lished . Four 

different SSGP conditions were tried  routinely  to achieve b est 

reso lu tion  of b an d s  and  to increase  the  likelihood of detecting 

additional varian ts . In brief, the  variable conditions were gel 

com position, buffer pH, ru n n in g  tim e an d  voltage. PGR an d  SSGP 

conditions are  sum m arised  in Tables 3.2 an d  3.3 in  C hap ter 3.

184



Prim er Name Prim er Seq u en ce 5*— ►B' iTm - 4°C Product S ize  

(bp)

ET- F I ta a a g g g c a c t tg g g c tg a a g g 58 229

ET- R1 c c g a g a c tta c a a g tc a a c g a g 56

ET- F2 t t t g a g g a g a c a t c c c c c a c t g 58 265

ET- R2 g tg g a g c c a g c g c ta a tg a a tg 58

ET- F3 g g a a t a g g t g t g t c c a t g t g t c 56 294

ET- R3 tg a ta g g a a g g a g ttc a g g a g g 56

ET- F4 c t a t c a t g g t a c t g c c t t c c t g 56 328

ET- R4 a g g c tg c tg g c a t c a c t g a c tg 60

ET- F5 a a a g t tc a c a a c c a g a t tc a g g 53 393

ET- R5 g g g a a c t c c t t a a c c t t t c t t g 54

ETA2AF a g c a g c a c a a g tg c a a ta a g a g 54 265

ETA2AR a g t c t g c t g t g g g c a a t a g t t g 56

ETA2BF a t t t g g t c c t a c c c a g c a a t g 54 274

ETA2BR c a t t t g t g g t t a c t t c c t a c c 52

ETA3F a c t g t g t c t c c t t c t t t c a g c 54 168

ETA3R a a g g g a a a g a a c c a c a tta c c 52

ETA4F t t c a g g t a c a g a g c a g t t g c 53 189

ETA4R ■ tg tg g ca ttg a g c a ta ca g g 53

ETA5F t c a c t t t g a a g t t c t a c c a a g 50 184

ETA5R c a t g a t g t t a t g g g a t t t a c c 50

ETA6F c a c t t t c c t t t a g c g t c g a g 53 167

ETA6R g c g a g ta c a c a g g a tc a ta c 53

ETA7F t t g c t c t a g t t t c t t a c t g c 49 134

ETA7R t g a a a a a t c a t c t t a c c t g g 47

ETA8F g t c t g t t c c t t c c c c c a g t c 57 290

ETA8R g c a t t t c t t c t t g g g t g t g g 53

T able  7 .2  S e q u e n c e  o f  th e  p r im ers d es ig n e d  t o  a m p lify  e a c h  o f  th e  tr a n s la te d  
e x o n s  o f  EXTl an d  ETRA.

1 Tm = 69.3 + (0.41 x A) -  650 /B
Where A = %G/C of primer and B = length (nt.) of primer
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Initially PCR-amplifîed DNAs from 18 sub jec ts  were analysed  

u n d e r the  four different conditions an d  then , PCR p ro d u cts  from u p  

to a  fu rth er 35 sub jects were analysed  u sing  SSCP conditions judged  

to give optim al resolution.

PCR p roducts  showing varian t SSCP p a tte rn s  were sequenced 

to investigate w hether a  DNA change underlay  the  variation. W here 

varian ts  were found MAP analyses of the  wild type and  varian t 

sequences were com pared in order to look for changes in  restric tion  

enzyme sites th a t could be u sed  for rap id  genotyping.

7.2 SSCP analysis of ETl

The five exons of endothelin  -1  were PCR am plified and

analysed  by SSCP analysis. Fig. 7.1 A show s the  sequence of the  exon

1 PCR p roduct w ith the  tran sla tion  in itiation  codon highlighted in

green. Fig. 7.1 B and  C show typical SSCP analyses of th is  p roduct

u n d e r two different electrophoretic conditions. The gel in  Fig 7. IB

(10%T, 1.5%C, p lus glycerol) show s th ree  b ands, th e  cen tra l band

slightly b roader th a n  the o thers suggesting th a t it m ay be a  doublet.

Fig 7.1 C show s the  sam e sam ples ru n  on a  gel w ith  different

bisacrylam ide com position (12%T an d  2 %C glycerol om itted). In th is

gel the  b an d s are m ore widely separa ted  an d  m ore sharp ly  resolved.

The doublet is resolved into two b an d s so th a t  four b a n d s  of relatively

equal in tensities, w ith the  th ird  band  slightly w eaker, a re  seen. A

four-banded  p a tte rn  suggests th a t bo th  the  forw ard an d  reverse

s tra n d s  of DNA have two stable confirm ations u n d e r these
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ET1F1

tCAAAGGGCA CTTGGGCTGA AG0ATCGCTT TGAGATCTGA GGAACCCGCA 

GCGCTTTGAG GGACCTGAAG CTGTTTTTCT TCGTTTTCCT TTGGGTTCAG 

TTTGAACGGG AGGTTTTTGA TCCCTTTTTT TCAGAATGGA TTATTTGCTC 

ATGATTTTCT CTCTGCTGTT TGTGGCTTGC CAAGGAGCTC CAGAAACAGG

TAGGCACGKrr CGTTGACTTG TAAGTCTCG^

<r
ET1R1

8

+

2 1 3 7 6 4 5 9

Figure 7 .1  SSCP a n a ly sis  o f  E T l exon  1. A -the seq u en ce  am pltRed, th e  
prim ers are h igh ligh ted  in  red and th e  tra n sla tio n  in it ia t io n  cod on  is  m arked  
in  green. B SSCP gel: 10%T 1.5% C, p lu s 5% glycerol» C SSCP gel: 12%T 2% 
C. S am p les w ere run for 17hours at 170  v o lts  on  b o th  gels .
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conditions. DNA from a  to tal of 57 individuals w as analysed  u sin g  the  

conditions show n in Fig 7.1C and  no varian ts  were observed.

Fig. 7.2 A show s the  sequence of ETl exon 2 PCR p roduct an d  

Fig. 7.2 B and  C typical SSCP analyses. Both gels, w hich differ only 

in the ir b isaciy lam ide com position (12%T, 2 %C an d  10%T, 1.5%C 

respectively) show  sim ilar band ing  p a tte rn s  com prising two pa irs  of 

bands. The gel w ith h igher cross-linker com position ap p ea rs  to give 

slightly be tter resolu tion  (Fig 7.2B). As for exon 1, the  four-banded  

p a tte rn  seen here  suggests th a t each s tra n d  of DNA h a s  two stab le  

confirm ations u n d e r these  conditions. In to ta l 50 indiv iduals were 

analysed  an d  no polym orphism  w as identified.

Fig. 7.3 A show s the  sequence of E Tl exon 3. The gel in Fig. 7.3 

B show s th ree  bands, the  cen tral band  is b roader an d  m ore in tense  

th a n  the  ou ter two. Fig 7.3 C show s the  sam e sam ples ru n  on a  gel 

w hich is the  sam e com position as B except 5% glycerol h a s  been 

om itted from the  gel. In th is  case the  b an d s  are m u ch  m ore sharp ly  

resolved an d  four b an d s are apparen t. This suggests th a t each DNA 

stra n d  h as  two stab le conform ations, the  h igher m obility set of b an d s  

is m ore in tense  th a n  the  slower two suggesting th a t these  

conform ations are relatively favoured. Sam ples 5 an d  7 in  Fig 7.3 B 

show  an  u n u su a l p a tte rn , the  b an d s are  in  the  sam e relative 

positions b u t differ in in tensity . This variation  is n o t typical of a  

genuine v arian t p a tte rn  and  indeed re-analysis of the  sam e sam ples 

u sing  the  sam e conditions failed to replicate th is  re su lt (not shown).
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ET1F2

(TTTGAGGAG ACATCCCCCA CTgACCTGCT CTTTCTCTCC CCAGCAGTCT 

TAGGCGCTGA GCTCAGCGCG GTGGGTGAGA ACGGCGGGGA GAAACCCACT 

CCCAGTCCAC CCTGGCGGCT CCGCCGGTCC AAGCGCTGCT CCTGCTCGTC 

CCTGATGGAT AAAGAGTGTG TCTACTTCTG CCACCTGGAC ATCATTTGGG 

TCAACACTCC CGAGTAAGTC TCTAGAGGGC ATTGTAACCC TATT|AT!B

rTAGCGCTGG CTCCAC

B
ET1R2

18 17 16 15 14 13 12 11 10 9

Figure 7 .2  SSCP a n a ly sis  o f  E T l exon  2 . A- th e  seq u en ce  PCR am plified , 
th e  prim ers are h igh ligh ted  in  red, B-SSCP gel 12.5%  T 2% C, C SSCP g e l 
10% T 1.5%C. S am p les w ere run for 4  hours at 3 5 0  v o lts  on  b o th  gels.
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ET1F3 '

ISGAAT a g g t g t g t c c a t g t g t Qa t t

TTTGGATAAT

AGAGAGCCTT

AGATGCCAAT

AGCAGGAAAA

TAATATAGTT TCTTTCTCTC 

ACTTGGAAGC CCTAGGTCCA 

AGGCAACAGA CCGTGAGAAT 

AAGTGCTGGA ATTTTTGCCA 

ACCTTTGCTT TTCAATCAGT TTAACAGjCCT CCTGAACTCC TTCCTATCi^

TTAAAGACTA

AGGCACGTTG

GGAGAATTTA

GTGCTAGCCA

GAACTCAGGT

TTAATTACAC

TTCCGTATGG

CTTCCCACAA

AAAAGACAAG

GAGCAGAAAC

B

ET1R3

8

Figure 7 .3  SSCP a n a ly sis  o f  E T l exon  3 , A -sequ en ce am plified , th e  prim ers  
u sed  are h igh ligh ted  in  red, B-SSCP gel 10% T 1.5% C p lu s 5% g lycerol, C 
SSCP gel 12% T 2% C. S am p les on  b oth  g e ls  w ere run for 17 hours a t 170  
v o lts .
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This k ind  of resu lt som etim es occurs if there  is u n eq u a l loading of 

the  sam ples and  in the  gel show n sam ples 5 and  7 seem  to be ra th e r  

w eak com pared to the  o ther sam ples. PCR p roducts from a  to ta l of 53 

individuals were analysed  using  the  conditions show n in C an d  no 

varian ts  were found.

Fig. 7.4 show s the  analysis of exon 4. The d en a tu red  DNA 

resolved into a  four-banded p a tte rn  in w hich the  b an d s  w ith the  

grea test an d  least m obilities were well resolved an d  the  in term ediate  

b an d s less resolved. In som e in stan ces the  in term ediate  b an d s 

ap p ear variable in in tensity , e.g. com pare sam ples 1 0 , 15, 16 an d  17 

on gel B. This variability w as not consisten t on re-analysis by SSCP 

w ith ru n n in g  tim e extended from four h o u rs  to 19 h o u rs  (Fig 7.4C). 

N evertheless in order to en su re  no sequence variation  w as overlooked 

sam ples 10, 15, 16 and  17 on gel B were sequenced  and  no sequence 

differences found. The observed variation  in  band ing  p a tte rn  m ight 

suggest th a t  two of the  DNA conform ations are  highly sim ilar and  

in terchangeable. It m ight be possible to identify electrophoretic 

conditions th a t m ay help to stabilise the  conform ations, p e rh ap s  by 

a ltering  the  pH or cross linker com position (Kukita et al 1997). In 

to ta l 58 individuals were analysed  an d  no polym orphism s were 

observed.

Fig. 7.5 show s the analysis of exon 5, B show s a  typical SSCP 

analysis of the  exon 5 PCR product; five sam ples (6 , 7, 9 10 an d  11) 

show  th ree-handed  p a tte rn s  while five o thers (2, 3, 4, 5 a n d  8 ) show
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ET1F4

CTATCAT GGTACTGCCT TCCT0TTTTA GAGAGACTAA CAGAGACATT

GAAAGTCAGG GTAAAGCTGA ATATAACATT GCTGAAATGT 

GTATTTTAAC AGGGCTGAAG ACATTATGGA GAAAGACTGG 

AGAAAGGAAA AGACTGTTCC AAGCTTGGGA AAAAGTGTAT 

TTAGTGAGAG GAAGAAAAAT CAGAAGAAGT TCAGAGGAAC 

AACCAGGTAA GAGGGAAGGA AGAAAAATTA GGTAAGAGGT

TTTTCCTTGT

AATAATCATA

TTATCAGCAG

ACCTAAGACA

TCACAAGAAC

AACTAGCCCC AGTCAGTGAT GCCAGCAGCC T

ET1R4

B 10 11 12 13 14 15 16 17

$ «
# '  ■ I * ............... -........3 iC

mmm

13 18 12 6 3 19 14 11 15

Figure 7 .4  SSCP a n a ly sis  o f  E T l ex o n  4 . A -the seq u en ce  am plifîed , th e  
prim ers u sed  are h igh ligh ted  in  red, B-SSCP gel w ith  b isacry lam id e  
co m p o sitio n : 12% T 2% C, w ith  th e  sa m p les  run for 4  hours a t 3 5 0  v o lts .  
C -sam ples run on  an SSCP gel w ith  th e  sa m e co m p o sitio n  as in  B b ut  
e lec tro p h o resed  for longer period  o f tim e; 17 hours a t 1 90  v o lts .
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ET1F5 '

ÀA&GTT CACAACCAGA TTCAGGTTTT

TTACATGTTT CTTTTGCCAA 

TCTCTTATCT TGCTTTATTA 

CATCTTTTCA TGATCCCAAG 

GTGACCCACA ACCGAGCACA 

GCCATAGCCT CCACGGAGAG 

GGCTGGGATC AGAGCAGGAG 

ACCAGCGTCC TCGTTCAAAA

AGGGTGATTT

GGTCGGAGAC

CTGAAAGGCA

TTGGTGACAG

CCCTGTGGCC

CATCCTCTGC

GTTTGTGCCA

TTTTAAAATA

CATGAGAAAC

AGCCCTCCAG

ACCTTCGGGG

GACTCTGCAC

TGGTTCCTGA

GATTCTAATT

ACATTTGTTT

AGCGTCAAAT

AGAGCGTTAT

CCTGTCTGAA

TCTCCACCCT

CTGGCAAAGG

CATTClCAAGA AAGGTTAAGG AGTTCCC

ET1R5

B

8 10  11

Figure 7 .5  A nalysis o f  E T l ex o n  5 . A -the seq u en ce  am plified , th e  p rim ers are 
h igh ligh ted  in  red, and th e  seq u en ce  sh ow n  in  Fig 7.^C is  h igh ligh ted  in  yellow . 
The seq u en ce  varian t is  u nderlined  in  b lu e and th e  tra n sla tio n  sto p  co d o n  is  
w ritten  in  red. B-SSCP gel 12% T, 2% C, run for 4  hours a t 3 5 0  v o lts
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four-banded  p a tte rn s . Two of each  type were selected for sequence 

analysis. This show ed th a t each sam ple w ith a  four-handed  p a tte rn  

w as heterozygous for a  G to T change a t nucleotide position  862 (Fig 

7.5C -  the  sequence is highlighted in yellow in Fig 7.5A), th is  is the  

sam e as th a t found by Cam bien et al (1999). The th ree-handed  

sam ples were hom ozygous for the  pub lished  nucleotide sequence (G 

a t n t. 862). The G 862 T varian t causes an  am ino acid change Lys to 

Asn a t residue  198 (Fig 7.50) thereby exchanging a  positively charged 

am ino acid (lysine) w ith a  n eu tra l am ino acid (asparagine).

The base  change also leads to the  loss of a  Cac 81 restric tion  

enzym e site the  pub lished  sequence (G) h a s  a  Cac 81 site and  the  

v arian t (T) does not. Therefore it w as possible to genotype the 

rem ainder of the  face-scanned  panel by direct restric tion  enzym e 

digest of the  PCR p roduct (Fig 7.5D). Sam ples hom ozygous for the  

G862 allele (1, 4, 7 12, 13 and  14 in Fig 7.5D) show ed two b an d s on 

the  digest (176 bp and  217 bp in size) an d  individuals hom ozygous 

for the  T862 allele show ed one u n c u t b an d  of 393 bp  (not shown). 

H eterozygous individuals therefore show ed th ree  b an d s  on a 

restric tion  digest (sam ples 2, 3, 5, 6 , 8 , 9, 10 an d  11 on Fig 7.5D). In 

to ta l 78 E uropean  subjects were genotyped, the  allele frequencies 

were estim ated  as 0 .80 for the  G862 allele and  0 .20 for the  varian t 

T862 allele (Table 7.3). Allele frequencies were also calcu lated  in  a  

sm all population  sam ples of Ja p an e se  (n=42) an d  African (n=26)
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4 7

G AT C G AT C

G/T HETEROZYGOTE G/G HOMOZYGOTE

GIG G/T G/T G/G G/T G/T G/G G/T G/T G/T G/T G/G G/G G/G

Figure 7 .5  C-part o f  th e  exon  5  seq u en ce  from  tw o sam p les (4 and 7) show n to  
have d ifferen t SSCP p attern s in  7 .5B , sam p le 4  is  h etero zy g o u s for a G /T  
p olym orphism  and sam p le 7  is  h o m o zy g o u s for th e  G a lle le  T he seq u en ce  sh ow n  is  
h ig h lig h ted  on  fig  7 .5 A. D th e  T 8 6 2  varian t lo se s  a Cac 81 restr ic tio n  en zy m e s ite ,  
th is  enabled  g en o ty p in g  through  re str ic tio n  en zy m e d ig est.
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EXTl exon  5 G 862T variant European Jap an ese African

samples genotyped 78 43 28

G/G 49 26 13

G/T 27 15 1 1

T/T 2 2 4
frequency G allele 

(95% CI)^
0.80 0.78 0 . 6 6

(0.74-0.86) (0.69-0.87) (0.54-0.78)
frequency T allele 0 . 2 0 0 . 2 2 0.34

(95% Cl) (0.14-0.26) (0.13-0.31) (0.22-0.46)
frequency T a llele  (Irish)* 0.26 n / a n / a

frequency T allele (French)* 0.22 n / a n / a

Table?.3 Genotypes and allele frequencies calculated for the G/T polymorphism in 
exon 5 of BTl. Genotypes were determined by CacSI digests of PCR products. 
*AUele frequencies determined by Tiret et al (1999) in Irish and French 
populations.

95% Confidence interval calculated from standard error calculated as:

1,96 .f— —— where q is frequency of the T allele and N is number of alleles counted. 
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individuals w here the  frequency of the  T862 allele w as 0 . 2 2  an d  0.34 

respectively.

A 95% confidence interval (Cl) w as calcu lated  for each  of the 

observed allele frequencies. It is in teresting  to note th a t a lthough  the 

T862 allele w as m ore com m on in the  African sam ple th a n  in the  o ther 

two p o pu la tions’ stud ied  (0.34 in African com pared  to 0 .20  and  0.22 

in E uropean  and  Ja p an e se  populations respectively) the  95% Cl, 

overlapped in all th ree  population  sam ples. T hus it is possible th is 

difference is due to sm all population  sam ple or a  heterogeneous 

population. The African group were UK citizens w ith African ancestry - 

a  very broad  grouping. This polym orphism  is the  sam e as th a t 

described by Tiret et al (1999) and  the  allele frequencies calcu lated  

here are in agreem ent w ith th is study.

7,3 SSCP analysis of ETRA

Exons two to eight of ETRA were analysed  u sin g  exactly the  

sam e procedures described for E T l. The sam e range of band ing  

p a tte rn s  w as seen, th ree  and  four banded  p a tte rn s  being particu larly  

com m on. As exon two w as relatively large (491 bp) it w as divided by 

PCR am plification in two overlapping fragm ents. Amplification of the 

5 ’ end  w as carried  ou t u sing  the  p rim ers ETA2AF a n d  ETA2AR and  

yielded a  p roduct of 267 bp. The prim ers ETA2BF an d  ETA2BR were 

u sed  to amplify the  3 ’ end  and  gave a  277bp product. Fig. 7.6 A 

show s the  entire  sequence of exon 2  an d  ind icates the  position of the 

p rim ers.
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ETA2AF

GTGAAAAAAA AAGTGAAGGT GTAAAÂGCAG CACAAGTGCA ATAAGAÛATA

TTTCCTCAAA TTTGCCTCAA GATGGAAACC CTTTGCCTCA GGGCATCCTT 

TTGGCTGGCA CTGGTTGGAT GTGTAATCAG TGATAATCCT GAGAGATACA

GCACAAATCT AAGCAATCAT GTGGATGATT TCACCACTTT TCGTGGCACA
ETA2BF ^

GAGCTCAGCT TCCTGGTTAC CACTCATCAA CCCACTA&TT TGGTCCTACC

0AGCAAT0GC TCAATGCAjCA ACTATTGCCC ACAGCAGACÿ AAAATTACTT
 ̂ ETA2AR

CAGCTTTCAA ATACATTAAC ACTGTGATAT CTTGTACTAT TTTCATCGTG

GGAATGGTGG GGAATGCAAC TCTGCTCAGG ATCATTTACC AGAACAAATG 

TATGAGGAAT GGCCCCAACG CGCTGATAGC CAGTCTTGCC CTTGGAGACC

TTATCTATGT GGTCATTGAT CTCCCTATCA ATGTATTTAA g g t a g g a a g t  

a a c c a c a a a t  qj

ETA2BR

B 19 18 17 16 15 14 13 12 11 10

^ j #  Ml
m  m

20 8 14 6 12

*

Figure 7 .6  SSCP a n a ly ses  o f  ETRA ex o n  2 , A th e  seq u en ce  o f  exon  2  
am plified  by tw o s e t s  o f  overlapping prim ers (h igh ligh ted  in  red), th e  
tra n sla tio n  in it ia t io n  cod on  is  ty p ed  in  green . SSCP g e l o f  5 ’ exon  2  
am p lified  by prim ers ETA2AF and ETA2AR, B-12%T 2%C, p lu s g lycero l. C 
10%T 1.5%C p lu s glycerol; b o th  g e ls  w ere run for 19 hours a t 130  v o lts
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Figs 7.6 B and  C show typical SSCP analyses u sin g  two se ts  of 

electrophoretic conditions of the  5 ’ end of exon 2 an d  D an d  E the  3 ’ 

end. E ach gel show s four b ands indicative of two equally stab le  

conform ations for each  DNA strand . 44 sam ples were analysed  for 

exon two and  no varian ts  were observed. Sim ilarly SSCP analysis on 

a  panel of sam ples for exon 3 (n=50); exon 4 (n=38); exon 5 (n=44) 

and  exon 7 (n=50), u sing  electrophoretic conditions w hich gave the  

best reso lu tion  (exon 3 - 7.7 B, exon 4 - 7.8 C, exon 5 - 7.9 C, exon 7 

- 7 .10 C), found no varian ts .

However analysis of exon 6  (Fig 7.11) detected  a  v arian t SSCP 

p a tte rn , in sam ples 4 and  12. These sam ples bo th  have a  pa ir of 

b an d s of different m obility to th a t show n by the  m ajority of sam ples. 

Sam ples 3 and  6  show a  p a tte rn  th a t ap p ea rs  to com prise a  m ix ture  

of the  two p a tte rn s  (Fig 7.1 IB). Sequence analysis of sam ples 2, 3 

an d  4 revealed two DNA changes, a  C 147 IT  change, and  an  A1507G 

change. Sam ple 4 w as hom ozygous for the  T1471 a n d  G 1507 alleles 

an d  sam ple 3 w as heterozygous (Fig 7 .11C). These v a rian ts  are  the  

sam e as  those identified by Cam bien et al (1999), in  the ir study  it 

w as show n th a t the  two varian t alleles a t th is  locus were in com plete 

association  an d  hence only th ree  genotypes a re  found. The C 1471 

allele is alw ays found w ith the  A 1507 allele an d  the  T 1471 allele is 

alw ays found w ith the  G 1507 allele. Both v a rian ts  affect the  th ird  

nucleotide of a  codon and  do no t cause  an  am ino acid change 

(histidine 323 and  glutam ic acid residue  335 rem ain  unchanged).
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8 9 1 0 11 12

12 17 19 15 14 13 10 16

iÉüMii
'VT' .

Figure 7 .6  SSCP a n a ly ses  o f  3* ETRA exon  2 , u sin g  th e  prim ers ETA2BF 
and ETA2BR D-12%T 2%C plus g lycerol. E-10%T and 1.5%C p lu s g lycerol. 
B oth  g e ls  w ere run for 17 .5h rs a t 1 40  v o lts
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ETAF3

a c t g t q t c t c  c t t c t t t c a g  (jTGCTGGCTG GGCGCTGGCC TTTTGATCAC 

AATGACTTTG GCGTATTTCT TTGCAAGCTG TTCCCCTTTT TGCAGAAGTC 

CTCGGTGGGG ATCACCGTCC TCAACCTCTG CGCTCTTAGT GTTGACA#A&

a a t g t g g t t c  t t t c c c t t

ETAR3

B 8 10  11

+

■A''--

Figure 7 .7  SSCP an a lysis  o f  ETRA exon  3  PCR product, A -the seq u en ce  
am p lified , th e  prim ers u sed  are h ig h lig h ted  in  red, B- SSCP g e l 12%T 2%C, 
run for 4hrs a t 3 5 0  v o lts  C SSCP gel 10%T 1.5%C plus g lycero l, run for 
4 .5 h rs  a t 3 5 0  v o lts .
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ETA4F

fe tc a g  GTACAGAGCA GTTGCjCTCCT GGAGTCGTGT TCAGGGAATT 

GGGATTCCTT TGGTAACTGC CATTGAAATT GTCTCCATCT GGATCCTGTC 

CTTTATCCTG GCCATTCCTG AAGCGATTGG CTTCGTCATG GTACCCTTTG

AATATAGGGG TGAACAGCAT AAAAjÇCTGTA TGCTCAATGC CACJ^TCAAAA 

TTCATGGAG <- ETA4R

B
11 12 13 14 15 16

8 10 11 12 13 14

Figure 7 .8  SSCP a n a ly sis  o f  ETRA exon  4  PCR p rod uct A -the seq u en ce  o f  
ex o n  4  am plified  by th e  prim ers (h igh ligh ted  in  red), B- 12%T 2%C, C 
12%T 2%C p lu s g lycero l. B oth  gels  w ere run for 4hrs a t 3 5 0  v o lts .
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ETA5F

k c a c t t t g a a g  TTCTACCAAg ATGTAAAGGA CTGGTGGCTC 

TTCGGGTTCT ATTTCTGTAT GCCCTTGGTG TGCACTGCGA TCTTCTACAC 

CCTCATGACT TGTGAGATGT TGAACAGAAG GAATGGCAGC TTGAGAATTG

CCCTCAGTGA ACATCTTAAG CA|S g t a a a t c  c c a t a a c a t c  atqj

ETA5R

B 8

8 10

.-a,

F igure 7 .9  SSCP a n a lysis  o f  ETRA ex o n  5 , A- seq u en ce  am plified  (prim ers 
in  red), B- 10%T 1.5%C p lu s g lycero l, C 12%T 2%C, p lu s g lycerol. B oth  
g e ls  w ere run for 5h rs a t 3 5 0  v o lts .
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ETA7F

t t g c t c t a g  TTTCTTACTG C|TCATGGATT ACATCGGTAT TAACTTGGCA 

ACCATGAATT CATGTATAAA CCCCATAGCT CTGTATTTTG TGAGCAAGAA

ATTTAAAAAT TGTTT^ÎCAGq t a a g a t g a t t  t t t c j

ETA7R

B
6 8 10 11 12 13 14 15 16

10 8

Figure 7 .1 0  SSCP a n a ly sis  o f ETRA ex o n  7 , A -the seq u en ce  am plified , th e  
p rim ers u sed  are h igh ligh ted  in  red, B- 12%T 2%C p lus g lycero l, run for 4h rs  
at 3 5 0  v o lts . C 10%T 1.5%C, run for 3hrs at 3 5 0  v o lts .
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ETAF6 '

c a c  t t t c c t t t a g  CGTCGAQAAG TGGCAAAAAC AGTTTTCTGC

TTGGTTGTAA TTTTTGCTCT TTGCTGGTTC CCTCTTCACT TAAGCCGTAT 

ATTGAAGAAA ACTGTGTATA ACGAAATGGA CAAGAACCGA TGTGAATTAC

TTAGh fta tg a  t c c t g t q t a c  tc g c j

ETA6R

B
1 2  3 4 5  6 7 8 9  10 11 12

1 / 2  1 2  1 / 2  1 2  1 / 2

Figure 7 .1 1  A nalysis o f  ex o n  6  PCR. A -sequ en ce am plified  w ith  th e  
prim ers h igh ligh ted  in  red, th e  seq u en ce  sh ow n  in  Fig 7 .11C  is  h igh ligh ted  
in  y e llo w . T he seq u en ce  varian ts are u nd erlin ed  in  b lu e B- SSCP an a lysis  
o f  ex o n  6 , 12%T 2%C run for IS hrs a t 1 40  v o lts .
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Sample: 4 3

G AT C G A T C

s s

AG

Ma C C C/T T T C /T  T T C /T  T T T C /T  Ma

Figure 7 .1 1  a n a ly sis  o f  ETRA ex o n  6 , C seq u en ce  across th e  region  
co n ta in in g  th e  C l4 7 IT variant and th e  A 1507G  variant. Sam ple 3  is  
h etero zy g o u s and sam p le 4  is  h om ozygou s for b oth . D- Afl II re str ic tio n  
d ig est o f  PCR p rod ucts sh ow ing  C /C , C /T  and T /T  g en o ty p es.
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The C 147IT varian t a lters an  Afl II restric tion  enzym e site, the  C l471 

allele h a s  a  site for Afl II w here as the  T 1471 allele does not. It w as 

possible to genotype the  rem ainder of the  panel th rough  restric tion  

enzym e digest (Fig 7.1 ID). Sam ples hom ozygous for th e  T1471T (and 

G 1507) allele show ed one undigested  band  on the  gel. C l471C 

sam ples show  one broad band , of greater mobility, com prising two 

b an d s of approxim ately 80 base  pairs.

Afl II digests were u sed  to genotype 97 E uropean  sub jects. The 

T1471 and  G 1507 allele com bination occurred  m ore frequently  (0.67) 

th a n  the  C1471 and  A1507 allele com bination (Table 7.4). E stim ated  

allele frequencies were also calculated  in a  sm all popu lation  sam ples 

of Ja p a n e se  (n=44) and  African (n=26) individuals. A 95% confidence 

in terval (Cl) w as calcu lated  for the  observed allele frequencies and  it 

w as found th a t the  E uropean  allele frequencies overlapped w ith the 

Ja p a n e se  an d  African sam ples, a lthough  only slightly in the  African 

sam ple. However the  95% Cl for the  Ja p a n e se  (T1471 =0.75, C1471 = 

0.25) and  African (T1471=0.48 and  C l471 = 0.52) allele frequencies 

did no t overlap. Overall the  African sam ple gave a  m u ch  h igher 

frequency of the  C l471 allele th a n  the  o ther two popu lations. The 

allele frequencies found in F rench  (C1471 = 0.27) an d  Irish  (C1471 = 

0.22) popu lations in an  independen t study  (Nicaud et al 1999) are  

slightly lower b u t com parable to those found in the  E uropean  

popu lation  here. This suggests th a t the  h igher frequency of the  C
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ETRA exon 6 C1471T  
variant

European Japanese African

samples genotyped 97 44 26

T/T 45 25

C/T 40 16 19
C/C 12

frequency T allele 
(95% Cl) 1

0.67
(0.60-0.74)

0.75
(0.66-0.84)

0.48
(0.35-0.62)

frequency C allele 
(95% Cl)

0.33
(0.26-0.40)

0.25
(0.16-0.34)

0.52
(0.39-0.66)

fr e q u e n c y  C a lle le  (Irish f n / a n / a

f r e q u e n c y  C a lle le  (French)^ 0.27 n / a n / a

Table 7 .4  A llele freq u en c ies ca lcu la ted  for th e  C 1471T  variant in  ex o n  6  o f  
ETRA. 9 7  E uropean C aucasian  su b jects w ere g en o ty p ed  through  Afl II 
re str ic t io n  en zy m e d ig est. Sm all p op u la tion s o f  su b jects  o f  J a p a n ese  and  
African origin  w ere a lso  stu d ied  and a lle le  freq u en c ies w ith  th e  95%  
co n fid en ce  in terva l w ere ca lcu la ted , th e  African sam p le sh ow ed  h igher  
freq uency  o f th e  C a lle le  th a n  th e  o th er tw o  p op u la tion s. * A llele  
freq u en c ies  in  French  and Irish p op u la tion s pub lished  by N icaud e t  al 
(1999)

' 95% Confidence interval calculated from standard error calculated as
g(l — a)

1.96 J —— —- where q is the frequency of the T allele and N is number of 

alleles counted 208



allele in the African population may be genuine and further sam ples 

should be analysed to confirm this interesting observation.

Fig. 7.12A shows the sequence of the exon 8  PCR product. 

Analysis of exon 8  identified three types of SSCP banding pattern  (Fig 

7.13C). These banding patterns were interpreted as representing a 

heterozygous and two different homozygous patterns determ ined by 

two alleles. In Fig 7.13C sample 11 is one type of homozygote, 

sam ples 13 and 15 are the other type of homozygote and sam ples 16 

and 17 are heterozygotes (Fig 7.13 C). These sam ples were sequenced 

which revealed a C 1856 G variant; sample 15 was homozygous for 

the C allele and sample 11 was homozygous for the G allele (not 

shown). This variable site was 70 basepairs dow nstream  from the 

translation  term ination codon and the sam e polymorphism  was 

identified by Cambien et al (1999).

The C1856G polymorphism caused a Tsp45I restriction enzyme 

to be altered; the C l856 allele has a Tsp45I RE site where as the 

G 1856 allele does not. Therefore sam ples homozygous for the G 1856 

allele showed one, undigested band on the gel of approxim ately 

290bp and individuals homozygous for the C l856 allele show two 

bands; one of 220bp size one of 70bp (Fig 7.12D).

In total 89 European subjects were genotyped and the allele 

frequencies were estim ated (Table 7.5). The G 1856 allele was found 

more frequently than  the C l856 allele (G 1856=0.56, C l856=0.44). 

Estim ated allele frequencies were also calculated in a small
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ETAF8

^ t c t g t t c c t "  t c c c c c a g T d  ATGCCTCTGC

CCATGAACGG 

AACACAGACC 

AGCACTCCTC 

AACTGTGACT 

CCACACCCAA

AAGTCTGATG

ACCACGATCA

ATGAACTGAC

GGAGAAAAAA

CCTTCTTCCT

ACCTCGGTCC

AAACAACCAC

CACCCTTAGA

ATCACAAGGC

TAATTCACTC

TGCTGCTGTT

AACAAGCATC

GGAGCAGCCA

GGTACTCCCA

ACCAGTCCAA

CAGTGGAAGA

TAAGGACAGC

TAATCCTCTC

CCGGGAATCT CTTCTCT(

GAAGAAATGC

B

<r

19 18 17 16 15 14 13

ETAR8 

12  11 10

. /I

18 17 16 15 14 13 12 11 10 9 8

Figure 7 .1 2  A nalysis o f  th e  ETRA ex o n  8  PCR product. A -the prim ers are  
h igh ligh ted  in  red and th e  varian t is  u nderlined  in  b lu e. B-A ty p ica l SSCP 
gel for th e  exon  8  PCR product, 12%T 2%C run for 18h rs at 1 80  v o lts . C 
SSCP gel 12%T 2%C p lu s g lycero l run for IS hrs a t 1 6 0  v o lts .
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Ma G / G  G / G  G / G  c / c  c / c  - G / C  G / C  G / C  G / C  C / C  G / G  G / G  G / G  Ma

Figure 7 .1 2  E -Tsp45I restr ic tio n  en zy m e d ig e st o f  th e  exon  8  PCR 
p roduct, th e  G 1856 a lle le  d o es  n o t h ave th e  re str ic tio n  s ite .

ETRA exon 8 C 1856 G 
variant

European Japanese African

samples genotyped 89 44 27

G/G 31 7 2

G/C 37 2 1 1 2

C/C 2 1 16 13
frequency G allele 

(95% Cl) 1
0.56

(0.49-0.63)
0.40

(0.30-0.50)
0.26

(0.14-0.0.38)
frequency C allele 

(95% Cl)
0.44

(0.37-0.51)
0.60

(0.50-0.70)
- 0.74 
(0.62-0.86)

fr e q u e n c y  C a lle le  (Irish)* 0.39 n /a n /a
fr e q u e n c y  C a lle le  (French)* 0.40 n /a n /a

T able? .5 G en otyp es and a lle le  freq u en c ies ca lcu la ted  for th e  C 1856G  
varian t in  exon  8  o f  ETRA. 89  E uropean C aucasian  su b jects  were  
g en o ty p ed  through  T sp45I re str ic tio n  en zy m e d ig e st. Sm all p o p u la tion s o f  
J a p a n ese  and African origin  w ere a lso  s tu d ied  and a lle le  freq u en c ies w ith  
th e  95%  co n fid en ce  in terva l ca lcu la ted . *AUele freq u en c ies  gen erated  by a 
p rev iou s stu d y  (Nicaud e t  al 1999).

’ 95% Confidence interval calculated from standard error calculated as

1 . 9 6 ^ 1 — — —  where q is frequency of the T allele and N is number of allelesyv
c o u n t e d 21



population sam ples of Japanese  (n=44) and African (n=26) 

individuals. A 95% confidence interval (Cl) was calculated for the 

observed allele frequencies in each population sample. With the 95% 

Cl the European and Japanese  frequencies (G 1856=0.40) overlapped 

and the Japanese  and African frequencies (01876=0.26) overlapped. 

However, the 95%CI for the African and European frequencies did not 

overlap and overall the C allele was m uch more frequent in the 

African sample (C l876=0.74) compared to the other two populations 

(C1876 =0.44 and 0.66 in European and Japanese  respectively). The 

C l876 allele frequency was found to be 0.40 and 0.39 in French and 

Irish populations respectively in a previous study (Nicaud et al 1999), 

com parable to frequencies found here in the European sample. This 

also suggests tha t a significant difference in the frequency of the 

G1876C polymorphism exists with respect to ethnic origin. Larger 

African and Japanese  population sam ples should be studied to 

confirm this observation.

7.4 Summary

Exons one to five of ETl and two to eight of ETRA were PCR 

amplified, the products were analysed for variants using SSCP 

analysis. One polymorphism was found in exon 5 of ETl and three 

polymorphism s were found in ETRA, two in exon 6  th a t were in 

complete association and one in the 3 ’ un -transla ted  sequence of 

exon 8  (Table 7.6). All of these variants were identical to those found
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Gene Total 1/1 1/2 2 /2
E T -1  e x o n  5  G 862T  G/G G/T T/T

Males 39

Females 39 78 49 27 2

A llele frequency: G= 0,80; T = 0.20

97 45 40 12

E T A  e x o n  6  C 1 4 7 1 T  T/T T/C C/C

Males 51

Females 46

A llele frequencii: T= 0,67: C = 0 .33

E T A  e x o n  8  C 1 8 5 6 G  G/G G/C C/C
Males 45

Females 44

Allele frequency: G= 0.56: C = 0 .4 4

89 31 37 21

T able 7 .6  S u m m ary  o f  a lle le  fr eq u e n c ie s  o f  o n e  p o ly m o rp h ism  in  E T l and  tw o  
p o ly m o r p h ism s  in  ETRA. W here DNA had  b een  c o lle c te d  in  e ith e r  b lood  or sa liv a  form  from  
s c a n n e d  u n r e la ted  su b je c ts  o f  C au casian  orig in  th e s e  su b jec ts  w ere sco r ed  for th e  c h in  c le f t  
tr a it  an d  u se d  to  carry o u t  a p relim in ary  a s so c ia tio n  a n a ly s is  b e tw e en  g e n o ty p e  and  
p h e n o ty p e , th e  r e su lts  o f  w h ich  are d isp la y ed  in  Table 7 .7 .
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in  a  large independen t study  investigating card iac pathology 

(Cam bien et al 1999).

70-100 E uropean  subjects were typed for these  th ree  varian ts  

u sin g  the  restric tion  enzym es CacSI, Afl II an d  Tsp45. The o ther 

reported  polym orphism s are all in n o n -tran sla ted  sequence an d  so 

no t identified in th is  study. The genotype d a ta  generated  in th is 

analysis is u sed  in the  next section in a  prelim inary association  study  

in conjunction  w ith the  phenotype d a ta  generated  from  C hap ters 4 

an d  5.

7.5 ETl & ETRA and mandibular phenotypes

7.5.1 C hin cleft

The v arian ts  ET-1 G862T, ETRA C l4 7 IT and  ETRA C1856G were 

genotyped in individuals analysed  for chin cleft type. The C hi-square sta tis tic  w as 

used  to investigate w hether the phenotype frequencies varied significantly in the  

different genotype categories; sub jects heterozygous and  hom ozygous for the  rare  

alleles were grouped together to form a  2 x 3 contingency table w ith 2 degrees of 

freedom. There w as no significant difference betw een observed and  calcu lated  

expected frequencies (ET-1 G862T; = 4.2, p= 0.12; 2 d.f, Table 7.7 A; ETRA

C1471T; =6.85, p=0.14, 2 d.f. Table 7.7 B; ETRA C1856G; %2=3.56, p=0.17, 2

d .f Table 7 .7  C), b u t the 2x2 analyses (Table 7.7D-F) suggested there  m ay be a  

significant association  betw een the  ET 1 exon 5 G862T genotype and  the  chin  cleft 

phenotype. However, th is  m u st be treated  cautiously  a s  the  frequency of the  ra re r 

allele is quite  low and  so fu rth er analyses m u st be carried ou t to see if th is  trend  

persists.

Males and  fem ales were also analysed  separa te ly  b u t n e ither 

sex show ed association  betw een phenotype and  genotype (ET-1
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STRONG WEAK NO CLEFT

E T l exon  5 G862T  

G /G

G /T  & T /T

Obs. Exp. Obs. Exp. Obs. Exp.

9 8.7 29 25.4 9 12.9

5 5.3 12 15.6 12 8.1

ETRA exon  6 C 1471T

T /T

T /C  & C /C

Obs. Exp. Obs. Exp. Obs. Exp.

5 7.6 29 24.6 10 11.8

11 8.4 23 27.4 15 13.2

ETRA exon  8 C 1856G

G /G

G /C  & C/C

Obs. Exp. Obs. Exp. Obs. Exp.

8 5 16 17.1 7 8.9

6 9.0 32 31.0 18 16.0

E

ET 1 exo]
S

1 5  G 862T
w

G 92 27

T 18 15

Fishers: p=0.01

ETRA exo:
s

a 6  C 1471T
w

T 50 22

C 86 28

Fishers: p=0.23

ETRA exoi
s

a 8 C1856G
W

G 73 26

C 51 24

Fishers: p=0.25

T able 7 .7  a n a ly s is  (2d .f) o f  th e  d istr ib u tio n  o f  ET-1 G 862T , ETRA C 1 4 7 1 T  an d  ETRA  
C 1 8 5 6 G  a lle le s  a m o n g st  in d iv id u a ls  w h o se  ch in  c le ft  ty p e  h a s  b e e n  d e te rm in ed . In d iv id u a ls  
carry in g  o n e  or tw o  c o p ie s  o f  th e  rarer a lle le  w ere grou p ed  to g e th e r  b e c a u se  o f  low  
n u m b ers.

A 2  X 2  a n a ly s is  w a s carried  o u t  o f  m arker a lle le  fr eq u e n c ie s  v e r su s  c le f t  (i.e . s tr o n g  and  
w eak  g ro u p ed  to g e th e r ) and  n o  c le ft . F ish ers  e x a c t  t e s t  w as u se d  t o  t e s t  for s ig n if ic a n t  
a s s o c ia t io n s .
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G862T: m ales (n=36); %^=0.9, p=0.64, 2 d .f an d  fem ales (n=38); 

X^=2.55, p=0.28, 2 d.f; ETRA C1471T; m ales (n=47); = 1.16,

p=0.56, 2 d .f and  fem ales (n=46); x^=0.27, p=0.87, 2 d.f; ETRA 

C1856G: m ales (n=41); x^=9.1, p=0.06, 2 d .f a n d  fem ales (n=42); 

X^=4.18, p=0.38, 2 d.f).

7.5.2 Ja w  p ro trusion

Sim ilarly sub jects were scored for jaw  p ro tru sio n  and  

genotyped for the  ET-1 G862T, ETRA C1471T a n d  ETRA C1856G 

varian ts . A T -test w as u sed  to investigate w he ther the  m ean  jaw  

p ro tru sio n  value w as significantly different w ith  respec t to allele 

variation  a t each  of the  varian t loci. Individuals hom ozygous for the  

ra re  allele an d  heterozygotes were grouped together an d  tested  

ag a in st sub jects hom ozygous for the  com m on allele. A two-tail T -test 

did no t find any significant difference in m ean  jaw  p ro trusion  values 

w hen com paring the  two genotype groups (ET-1 G862T; n=80 p=0.25, 

ETRA C1471T; n=96 p=0.72 and  ETRA C1856G; n=89 p=0.29). The 

two sexes were also analysed  separately , there  w as no significant 

difference in m ean  values in e ither sex for any  of th e  loci (ET-1 

G862T; m ales p=0.86, fem ales p=0.40, ETRA C1471T; m ales p=0.89 

fem ales p=0.34, an d  ETRA C1856G m ales p=0.37 fem ales p=0.31).
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Chapter 8

Discussion

This thesis  describes a  pilot study, w hich  a ttem pted  to d issect 

the  observed variability in h u m an  facial fea tu res, w ith the  long-term  

aim  of estab lish ing  a  connection betw een facial appearance  and  

genetic constitu tion . This project w as deem ed to be tim ely for two 

m ajor reasons: the  first w as the  rap id  p rogress m ade in sequencing  

the  h u m an  genome, w hich h as  provided a  m assive increase  in  the  

available resources to identify and  analyse genom e regions of in te rest 

as  well a s  cand idate  genes; the  second w as the  technological 

advancem ents m ade, in generating and  p rocessing  3D surface d a ta  

th a t enables rap id  and  accu ra te  collection of d a ta  from the  whole 

face.

A lthough a  direct genotype-phenotype link  w as no t estab lished  

in  th is  study, th is  by no m eans suggests th a t  th is  is an  u n a tta in ab le  

aim . On the  contrary , the  w ork p resen ted  here  h a s  m ade significant 

progress tow ards reach ing  th is goal th rough  p roducing  accu ra te  and  

reproducible  phenotype classifications su itab le  for genetic analysis. 

Use of the  optical surface scan n ers  coupled w ith  the  surface 

segm entation  software enabled  a  full survey of th e  face to be carried  

o u t an d  th is  initial w ork identified two polym orphic fea tu res w hich 

ap p ea r to behave as M endelian tra its . This w ork h a s  also illu stra ted  

the  feasibility of the  process of choosing an d  analysing  cand idate
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‘face’ genes for molecular studies to identify polymorphisms and to 

carry out association studies with facial traits.

Overall, the results generated in this study are exciting for two 

reasons. First, two facial traits, which clearly segregate in pedigrees,

were identified. These are amenable to linkage analysis and, with resources, such
a s  good (juality DNA from com plete  families, could lead to the identification of a p p ro p r ia te  

ch ro m o so m al regions of in te re s t  and  p e rh a p s  to gene identification. T here  w as

not sufficient DNA d a ta  collected from the com plete families in th is  s tu d y  in o rder

for linkage an a ly s is  to be feasible (Table 4.1) e.g. DNA w as  only available  from 10

com plete  families; fu r th e rm o re  th is  w as  a  m ix ture  of blood a n d  saliva sa m p le s

a n d  hence  the re  w as  cons iderab le  varia tion  in the a m o u n t  a n d  quality  of

ex trac ted  DNA. The m o lecu la r  s tudy  il lu s tra te s  the feasibility of sc reen ing

c a n d id a te  genes  once a  ca n d id a te  region can  be identified. Second if th e se  two

fea tu re s  follow simple M endelian  p a t te rn s  of inhe ri tance  th e n  it is possib le  o th e r

fe a tu re s  could  also be relatively simple an d  the u n d e r s ta n d in g  of the  a sso c ia ted

facial ph en o ty p es  an d  the ir  m odes  of inhe ri tance  could reduce  the  a p p a re n t

com plexity  of the  face.
This chapter discusses this project in a general framework. All

aspects are considered starting with the technicalities and logistics of 

the study, including practical considerations on data collection, 

equipment and reproducibility. The data generated is then discussed 

with particular relevance to analysis and the features classified and 

how this approach could be exploited in the future. The genetic 

aspects of these features is also discussed in the context of gene 

identification and finally a general appraisal is given of the potential 

contribution of this work to future attempts to understand the 

genetic basis of normal facial variation.
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A large study  of ‘n o rm ar variation relies heavily on volunteer 

partic ipation . The novel concept of the  project, coupled w ith the  

v isual appeal of the  3D data , led to extrem ely good subject 

rec ru itm en t an d  over 1 0 0 0  vo lunteers were scanned  w ithin the  three- 

year period. Two types of optical surface scan n e r were u sed  to collect 

the  d a ta  generated  in th is  study; a  fixed system  housed  in UCL an d  a  

portab le  HLS system . Both scan n ers  were relatively straightforw ard 

in  term s of the ir operation. It w as easy to tra in  individuals to u se  

e ither of the  scan n ers  an d  generate d a ta  th a t could no t be 

differentiated from those d a ta  generated  by o ther operators. The d a ta  

generated  by the  two different scan n ers  w as a ssessed  an d  found to be 

of com parably  high quality.

A lthough bo th  scanners p roduced accu ra te  3D rep resen ta tion  

of the  m ajority of the  facial surface, n e ither scan n e r w as able to 

collect adequate  d a ta  from the  veiy convoluted surface of the  ear.

This com plex shape  is veiy variable over relatively sh o rt d istances 

an d  the  occluded surfaces proved to be too difficult to cap tu re . A 

large am o u n t of ear d a ta  (not shown) w as collected u sin g  a  digital 

cam era  in an  a ttem p t to overcome th is  problem . However, the  

in h eren t complexity of the  ear rendered  the  2D d a ta  generated  

extrem ely variable an d  difficult to reproduce. In som e cases for 

exam ple, it w as im possible to m atch  the  left an d  right ears of the  

sam e subject let alone identify fea tu res su itab le  for classification.
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The fixed and  the  h an d  held scan n ers  bo th  produced  accu ra te  

s tru c tu ra l rep resen ta tion  of the  face w ith equally high quality. If the  

project w as to s ta r t again th en  the  HLS system  w ould be preferred for 

d a ta  collection since it offers portability, speed an d  convenience 

especially if d a ta  are  required  from families w ith young children. The 

only d isadvantage being th a t the  head -b an d  u sed  in the  track ing  

system  of the  HLS tends to obscure the  u p p er forehead region.

O ptical surface scann ing  w as chosen  in th is  study  to collect 

accu ra te  3D d a ta  from the  face because  the  prim ary  concern  was 

w ith the  classification of facial s tru c tu re s . Collecting the  d a ta  in th is 

m an n er provided a  pe rm an en t resource of the  whole facial surface 

th a t could be repeatedly  analysed u sing  different app roaches. The 

a lternative m ethods of d a ta  collection applicable to th is  project would 

have been  photography or direct physical m easu rem en ts  m ade w ith 

callipers. Photography, given excellent equ ipm ent a n d  su itab le  

conditions (e.g. control of lighting) h a s  the  advantage of being rapid  

and  provides an  accu ra te  reproduction  of sk in  tone, eye colour, h a ir 

colour, overall face shape  and  respective location of the  principal 

features. However, the  classification of fea tu res is very difficult from 

2D im ages, a s  accu ra te  inform ation on the  d im ensions of a  feature 

can n o t be obtained  from a  single photo. The m ain  advantage of 

photography over the  scan n e r is th a t it cap tu res  the  personal aspect 

of the  face (including expression, sk in  tone and  colour) th a t we u se  to 

m ake judgem en ts ab o u t a  person  in every day life. However, th is
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inform ation is inappropria te  for an  objective analysis of s tru c tu ra l 

variation  and  so for th is  study  does no t provide additional 

inform ation. 3D scann ing  perm itted  collection of uniform  d a ta  in 

term s of facial dynam ics as all sub jects were scanned  w ith the ir eyes 

closed and  the  face a t res t reducing  the  chance  of cap tu ring  

individual em otion and  expression. F urtherm ore, it w as easy  to 

ob tain  consisten t repeat scans w ith the  face ‘set a t r e s t’.

D irect physical analysis m ade on a  liv ing’ sub jec t allows 

accu ra te  m easu rem en ts  to be recorded b u t requ ires lengthy 

p rep lann ing  an d  experience to en su re  reproducibility  an d  does no t 

provide a  physical record th a t can  be reanalysed . Prof J . W addington 

and  h is colleagues are  carrying ou t an  in teresting  exam ple of detailed 

w ork of th is  k ind  in Ireland. They have found, u sin g  m orphom etric 

techn iques, m inu te  variation in an  extensive reperto ire  of head  and  

neck  m easu rem en ts  in com paring schizophrenic p a tien ts  to age and  

ethnicity  m atched  control sub jects (Lane et al 1997). To detect these  

m inor facial differences, exhaustive and  lengthy an th ropom etric  

analysis of the  face of each  sub ject w as required . Also, to en su re  

consistency  of m easu rem en ts , the  sam e experienced individuals have 

collected th is  da ta . T hus the  accum ulation  of d a ta  h a s  been  a  slow 

an d  lengthy procedure. Following u p  on ou r successfu l experience 

w ith scann ing  norm al faces W addington’s group is now expanding 

the ir d a ta  se t u sing  an  HLS system . It will be in te resting  to see if they 

are successfu l in reproducing  the ir previous re su lts  ob tained  by
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trad itional m orphom etric analysis an d  w hether additional variation 

can  be detected.

The long-term  aim  of th is  study  w as to identify genes 

responsib le  for norm al facial variation. In order to achieve th is , whole 

genom e linkage analysis com bined w ith cand idate  region association  

s tud ies  w ould be a  logical approach  to take. However, th is  requires 

good quality  DNA, a  d isappoin ting  aspec t to the  c u rre n t project was 

the  DNA collection. There w as a  poor u p tak e  of vo lun teers willing to 

provide blood sam ples. A slightly be tte r response  w as achieved with 

buccal sam ples b u t the  quality  of the  DNA obtained  by th is  m ethod 

w as extrem ely variable. Aside from the  unw illingness of volunteers 

the  o ther factor th a t affected collection of genetic m ateria l w as the 

facilities we were operating  with. DNA collection w as im practical in 

public a re n as  w here the m ajority of the  family d a ta  w as collected. 

W ith h indsigh t th is  could have been be tte r p repared  for, b u t there  is 

the  added difficulty w ith a  study  of norm al variation  th a t  it will 

alw ays be difficult to convince each family m em ber to provide a  2 0 ml 

in travenous blood sam ple sim ply Tor the  good of re se a rc h ’. Buccal 

sam ples were ob tained  by a  non-invasive procedure b u t w hether they 

provide sufficient good quality  genetic m ateria l to u se  for whole 

genom e association  stud ies is doubtful. Perhaps a  m ore realistic  

app roach  to take  would be to scan  fam ilies who have already  been 

extensively genotyped for m arkers th ro u g h o u t the  genom e as p a rt of 

an o th e r study, su ch  as the  extensive series of d iabetic fam ilies
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stud ied  by Todd and  h is colleagues (Todd an d  Farrall 1996) or the  

fam ous collection of CEPH families.

From  the  ou tse t it w as clear th a t  in  th is  pilot s tu d y  it w as 

unlikely th a t a  direct genotype-phenotype link  w ould be m ade. 

N evertheless it seem ed sensible to te s t a s  m any  different a spec ts  of 

th is  project a s  possible during  th is  pilot study. The m ain  purpose  

being to facilitate full-scale analysis and  follow u p  in su b seq u en t 

p h ases  in th is  study  of genes and  faces. T hus in add ition  to collecting 

3D face d a ta  sets, classifying fea tu res an d  carrying o u t population  

and  family stud ies it w as decided from the  ou tse t to carry  o u t a  sm all 

scale cand idate  gene study.

B ased on a  study  of the  lite ra tu re , em erging d u rin g  the  first 

two years of the  project, ET-1 and  ETRA were selected a s  the  m ost 

su itab le  ‘face gene' cand idates. Genetic polym orphism s h a d  no t been 

reported  in e ither of these  genes a t the  tim e th is  w ork began b u t 

w ithin  a  m atte r of m on ths a  n u m b er of va rian ts  were pub lished . In 

practice th is  study  h a s  provided a  satisfactory  te s t of feasibility and  

logistics, in  o ther w ords a  good practical ru n  th rough , helpful for 

fu tu re  stud ies. In term s of identifying a  genotype-phenotype link th is 

w as a  ra th e r  optim istic approach  to take; there  are  m any  of the  

-8 0 0 0  know n nam ed  genes w hich could be biologically justified  as 

good cand idates , as well as a  considerable proportion of the  un n am ed  

genes (Wang et al 1998). The chance of selecting a  cand ida te  gene 

an d  identifying a  varian t th a t segregates w ith a  classified phenotype
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is p retty  slim. However th is  k ind  of approach  w ould be logical to 

employ after a  cand idate  region of the  genom e h ad  been  identified 

though  linkage.

The rap id  advance in sequencing  the  genom e h a s  m ean t th a t 

efforts are  cu rren tly  concen tra ted  on identifying single nucleotide 

polym orphism s (SNPs). It is believed th a t there  are u p  to 2 million 

genetic differences betw een two people (Wang et al 1998). Whole 

genom e SNP association  is cu rren tly  perceived to be th e  u ltim ate  

m ethod of detecting the  genetic con tribu tion  to a  given phenotype. 

Modelling of different populations h a s  enabled  estim ates of the  

m inim al n u m b er of SNPs needed to be screened in o rder to detect 

association . This ranges from the w orst scenario  of 500 000 

(Kruglyak 1999) to 300 000 (Collins et al 1999). While su ch  an  

im m ense u n d ertak in g  is no t conceivable for a  sm all-scale  research  

project it is im portan t to take on board population  considera tions 

u sed  to generate  these  estim ates. The relative power of association  

stud ies can  be increased  th rough  selection of a  popu lation  w here one 

m ight expect to find h igher levels of linkage d isequilibrium . This 

could include s tud ies  of recently  founded population  su c h  as F inland 

or Iceland (Terwilliger et al 1998) w here m uch  of the  genom e is in 

linkage disequilibrium . Or, alternatively by studying  recently  adm ixed 

popu lations, su ch  a s  Hawaii and  Brazil, betw een different ethnic  

groups w here linkage disequilibrium  is generated  a s  a  consequence of
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different allele frequencies in the  respective p a re n t popu lations 

(Briscoe et al 1994).

The d a ta  p resen ted  in th is thesis  w as collected in  London and  

as a  consequence w as a  very heterogeneous group w ith few 

volunteers actually  originating from the  local area. Recently the  

relative m erits of gene h u n tin g  in m etropolitan  popu lations as 

opposed to m ore hom ogenous populations were d iscu ssed  in an  

article en titled  M anhattan  versus Reykjavik (Abbott 2000). The 

advantages of studying  an  isolated population  is th a t the  

hom ogeneity provides a  sim ple genetic background; an  advantage in 

s tud ies of single gene d isorders as well as  m ultifactoral conditions to 

separa te  environm ental from genetic effect. The m erits of studying  an  

u rb a n  population  are  in the  identification of the  genetic b asis  of 

com plex tra its , w here a  large nu m b er of genes p roduce a  relatively 

sm all effect. While an  isolated population  h a s  the  benefits of reducing  

the  effects of genetic background  there  is also the  danger of 

m agnifying the  effect of relative rare  alleles. N onetheless, w hatever 

app roach  or justification  for population  selection is u se d  the  m ost 

im portan t factor still rem ains the  accu ra te  and  reproducible 

assignm en t of the  phenotype.

The u se  of the  surface segm entation  software in th is  th esis  h as  

dem onstra ted  th a t a t least two aspec ts  of norm al h u m a n  facial 

variation; ch in  cleft an d  nose band , can  be classified a s  d iscrete 

tra its , w hich appear to obey M endelian laws of inheritance. The
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family data  provided strong evidence to support th is ra ther simplistic 

model. Nevertheless even these facial traits showed complexities in 

the data  with respect to ethnicity and gender. There were very 

striking male-female differences in chin cleft phenotype frequencies 

for example and strong hints tha t differences in genetic background 

might also affect the phenotype. It is possible th a t some of these 

differences arise because the chin cleft and nose band are secondary 

sex characteristics. That is, the ‘developm ent’ of the phenotype could 

be modified by genes on the sex chrom osomes or affected by male- 

female variations in tem poral-spatial gene expression during 

embryonic development. Interestingly the idea of sex limiting 

modifying genes was pu t forward to explain a similar finding in an 

early study to account for a significant sex bias in an  extensive study 

of diaphyseal aclasia (Harris 1949). Even now it is not clear how such 

characteristics develop though there is increasing evidence for the 

existence of such  genes. Both oestrogen and androgen receptors have 

been found in the skeletal muscle of several anim als. Recent evidence 

of sexually dimorphic gene expression comes from evidence th a t the 

male hormone, testosterone, plays a role in m aintaining myosin 

heavy chain expression in the adult male m ouse m asseter, the m ain 

jaw  m uscle for m astication (Eason et al 2000).

The analysis of jaw  protrusion also revealed evidence of male- 

female differences in facial traits. In the population analysis the 

m ean value was significantly different with respect to gender. In the
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family analysis the  gender difference w as effectively m agnified, since 

there  w as strong  evidence of sam e sex parent-offspring  correlation. In 

th is  scenario  it is difficult to a sse ss  the  ex tent to w hich th is  

observation is due to the  inheritance  of the  degree of jaw  p ro tru sion  

or genetic background , specifically gender. This again  could be 

suggestive of sex-lim iting genes th a t a lte r the  ex ten t of m anifesta tion  

of a  tra it or facial form in general. W hat is also in te resting  is th a t in 

th is  study  the  resu lt w as quite con trary  to th a t expected in  th a t the  

extent of ap p aren t jaw  p ro trusion  in the  fem ales w as grea ter th a n  the  

m ales.

Looking a t chin  cleft and  nose b an d  in the  sm all popu lations of 

individuals of different ethnic origin there  is evidently som e variation 

an d  th is  is an  in teresting  general topic to add ress . For exam ple, can  

different genetic backgrounds have the  effect of ‘m ask ing ’ or 

‘m agnifying’ a  specific phenotype. It will be of general in te res t to look 

a t tra its  in fam ilies w ith in terrac ia l m arriages to see if p a ren ta l 

fea tu res are  m anifest as predicted  in offspring. D uring the  course  of 

th is  study, a  sm all nu m b er of ‘m ixed m arriage’ couples did come 

forward b u t un fo rtunate ly  nom w ere directly inform ative for ch in  cleft 

or nose ban d  tra its .

As well as considering the  effects of genetic background  on the  

m an ifesta tion  of a  tra it, consideration  m u s t also be given to tra it 

heterogeneity, for exam ple w hether an  observed phenotype is 

p roduced  by different alleles w ithin a  gene or by independen t loci.
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There are m any lessons to be lea rn t from stud ies of pathology an d  

these  are  catalogued in M cKusicks m assive com pendium  OMIM 

(M cKusick-Nathans 2000). For exam ple the  ocu lar d isorder R etinitis 

P igm entosa arises from m u ta tion  a t m any independen t loci an d  there  

is evidence of m ultiple allelism  a t m any  loci. Sim ilarly 51 different 

pathogenic m u ta tio n s have been identified in the  TCOF1 gene 

believed to cause  T reacher Collins syndrom e (Splendore et al 2000). 

Such  factors need to be considered w hen analysing  the  genetic basis  

of facial fea tu res as possible explanations for variability in the  

phenotype. The detailed analysis of genetically heterogeneous tra its  

can  often lead to the  recognition of sub tle  phenotype varia tions w hich 

are genetically d istinct, again  re-em phasising  the  im portance  of 

accu ra te  an d  reliable descrip tion of phenotype.

At th is  stage in the  project it is quite difficult to p resen t an  

opinion abou t covariance of facial features. A great deal m ore 

inform ation an d  classification is required . One way of viewing 

covariance of facial fea tu res is to consider say 10 facial fea tu res th a t 

a re  sim ple polym orphic tra its , each  determ ined a t one m ajor 

independen t genetic locus. This w ould constitu te  the  p redeterm ined  

genetic com ponent of the  face. Growth and  developm ent, together 

w ith epigenetic effects, horm onal environm ent, gender and  e thn ic  

variation  etc. th en  m ight affect the  ex ten t to w hich th ese  10 tra its  

in tegrate  together an d  becom e m anifest as the  final form  of the  face 

in an  individual. A prelim inary study  of covariance w as carried  ou t to
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investigate the  association  betw een nose band  an d  ch in  cleft tra its . 

This w as carried  ou t on the  m ale data; judged  to be the  m ost reliable 

da ta , w ith the  a ssu m p tio n  th a t  bo th  tra its  are fully m an ifest in 

m ales. These d a ta  are  p resen ted  in Table 8.1, and  there  is no 

significant association  betw een the  tra its  in m ales.

The m ethod u sed  to generate the  classification of th ese  two 

tra its  w as the  surface segm entation  software. This provided a  colour- 

coded segm entation  file calculated  from the  raw  3D scan  da ta , 

independen t of o rien tation  and  is a  novel app roach  for objective 

classification of facial features. While surface segm entation  is ideally 

su ited  to the  identification of discretely variable facial tra its  it is no t 

c lear how it could be applied to a sse ss  overall a sp ec ts  of facial 

m orphology, or tra its  th a t exhibit a  con tinuous graded variation. 

There is som e scope for varying the p a tch  size u sed  to calcu late  the  

surface segm entation  an d  the  detail of the  p a tte rn s  p roduced . D enser 

d a ta  collection u sing  a  g reater n u m b er of sw eeps w ith the  HLS for 

exam ple, coupled w ith u se  of a  sm aller p a tch  size m ight also  facilitate 

detailed specific feature  analysis. O ther p a ram eters  of surface 

cu rva tu re  th a t m ight be usefu l for tra it identification an d  

classification, for exam ple the  curvedness pa ram ete r (R) described  by 

K oenderink an d  Van D oom  (1992) have been relatively u n d e r 

explored here  b u t m ight be appropria te  for the  analysis of the  tip of 

the  nose for exam ple. The dep th  m ap briefly described  in  C hap ter 4
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C hin C left
S SW W

N 1 47 87 34 168
o (44) (82.4) (41.6)
s
e
b 2 8 16 18 42
a
n (11) (20.6) (10.4)

d

55 103 52 210

Table 8 .1  A sso cia tio n  b etw een  n o se  band and ch in  c le ft  p h en o ty p es  in  
u n rela ted  European m ales. T he ex p ec ted  freq u en c ies are ca lcu la ted  from  
th e  observed. T here w as n o  s ig n ifica n t a sso c ia tio n  b etw een  th e  tw o  
p h en o ty p es  (x  ̂ = 4 .4 9 , p > 0 .0 5 , 2  d.f)

F igure 8 .1  Skull and fac ia l su rface data gen erated  from  a CT sca n  o f  a 
T reacher C ollins p a tien t.
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m ight also be very usefu l if it could be generated  in a  form at 

independen t of o rien tation  of the  3D file.

It would also be in teresting  to analyse CT scan s of the  head  as 

the  CLOUD software can  visualise su ch  d a ta  in a  sim ilar way to the 

surface scan s and  w ould allow both  the  underly ing  skeleton and  

overlying face to be visualised  and  analysed. Fig 8.1 illu stra te s  CT 

da ta , kindly m ade available to me by Robin R ichards, from a  T reacher 

Collins p a tien t of the  skeleton and  overlying facial surface. O ther 

possible sources of skeletal inform ation could include archive d a ta  of 

skull x-rays carried  ou t bo th  an terio r-posterio r an d  laterally. U nder 

the  guidance of Dr J .  Deng, Dept Medical Physics, I w as able to carry 

o u t a  prelim inary  experim ent to investigate the  u se  of u ltra so u n d  to 

ob tain  a  rep resen ta tion  of the  skeletal s tru c tu re . While th is  w as 

relatively m essy, w ith the  equipm ent no t designed for the  face, it did 

produce som e in teresting  resu lts  and  could possibly be modified for 

u se  on the  face.

This thes is  h a s  provided basic  groundw ork an d  a  sizeable 

resource  of m ore th a n  1000 3D face scan s from w hich a  larger scale 

initiative into the  investigation of the  genetic basis  of appearance  can 

develop. Looking ahead , m ore consideration  shou ld  be given to the 

su b s tru c tu re  of the  face, an d  the  specific con tribu tion  of skeleton, 

m uscle  an d  cartilage com ponents to facial s tru c tu re s . The surface 

segm entation  of the  face h a s  by no m eans been exhaustive  and  

fu rth e r detailed feature  classifications shou ld  be possible.
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Heterogeneity also needs to be m ore widely addressed ; bo th  in the  

context of genetic m ultilocus and  allelic heterogeneity  a s  well as 

looking a t m ore complex facial tra its .

W ith the  acquisition  of the  HLS system , the  opportun ities for 

d a ta  collection have been expanded. However it is now clear th a t in 

order to collect good scan  data , as well as personal inform ation  an d  a 

DNA sam ple, m ore th a n  two investigators are  required , pa rticu la rly  in 

public a ren a  scanning . This m u st be an  im portan t considera tion  in 

any  fu tu re  stud ies especially w ith the  focus m oving tow ards gene 

identification and  the  increasing  im portance of acquiring  good quality 

DNA sam ples. F u tu re  priorities should  also aim  to increase  the  family 

d a ta  set; to fu rth er su p p o rt the  p a tte rn s  of inheritance  of ch in  cleft 

an d  nose b an d  as  well as the  analysis of o ther segregating facial 

tra its . While the  possibility of whole genom e SNP screen ing  m ay be 

possible in the  long term , services su ch  a s  the  Linkage Hotel (HGMP) 

shou ld  be explored a s  a  sho rt-term  option to gene identification. If a  

cand idate  region of the  genome could be identified by th is  app roach  

th en  the  process of screening cand idate  genes in the  specified region 

would becom e a  m ore practical p rocedure to take.

One aim  of th is  thesis  w as the classification of facial fea tu res 

su itab le  for genetic analysis w ith the  long-term  aim  of gene 

identification. This study  h as  m ade significant con tribu tion  to th is 

aim  by break ing  down the  complexity of the  face a n d  identifying 

qualitative tra its  for analysis. At th is  stage of the  project I believe it is
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very im portan t no t to u nderestim ate  the  s treng th  of sim ple 

classifications of the  face. Even 10 classified, independen t 

polym orphic tra its , each  w ith th ree  phenotypes w ould generate  abou t 

60 000 different facial com binations w ithout considering  covariance 

an d  o ther genetic effects.

In a  m ore general biological context it will be in teresting  to see 

how m uch  the  genes involved in norm al facial variation  overlap w ith 

those responsib le  for pathological syndrom es and  dysm orphology. It 

will be in teresting  to add ress questions abou t the  face shape  as a  

m easu re  of genetic fitness, and  why so m uch  facial variation  exists in 

h u m an s . It should  also be possible to look a t the  face in the  context 

of w ider sociological aspec ts of h u m an  behaviour; for in stance , a t the  

sim plest level it should  be relatively straightforw ard  to a sse ss  

w hether there  is assortative m ating  based  on facial phenotypes.

Finally, the  long-term  aim s of th is  project u n d e rs tan d ab ly  have 

generated  considerable forensic in terest. The accu ra te  descrip tion  

an d  categorisation  of facial fea tu res h a s  im m ediate a n d  obvious 

prac tical u se s  in facial descrip tion  an d  ‘photo fit' type p o rtra its  of 

su sp ec ts  w here as the  possibility of ‘face gene’ identification h as  

revolutionary im plications. C om puter reconstruction  of a  face from a  

DNA sam ple m ay sound  suspiciously  like the  plot from one of the  

c u rre n t genre of science fiction films, b u t it is no t inconceivable th a t 

in a  relatively sho rt tim e it m ight be possible to m ake reasonable
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predictions abou t som e distinctive norm al facial fea tu res from  the 

analysis of DNA.
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